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Editorial on the Research Topic 


Floral adaptations and pollinator dynamics in a rapidly changing environment


Across ecosystems, the delicate synchrony between plants and their pollinators sustains organism abundance and diversity, food webs, and ecosystem resilience. Yet this synchrony is increasingly strained by a rapidly changing environment. Alterations in temperature, precipitation, and land use reshape species distributions, flowering times, and pollinator behaviour. As the pace of change accelerates, the once stable evolutionary partnerships between plants and pollinators are entering a period of unprecedented flux. Understanding the mechanisms, outcomes, and adaptive responses within these systems is therefore among the most urgent challenges in contemporary plant and conservation science.

The Research Topic “Floral Adaptations and Pollinator Dynamics in a Rapidly Changing Environment” brings together an interdisciplinary Research Topic that explore how plants and pollinators interact, adapt, and possibly decouple under shifting ecological and climatic conditions. The contributing articles span ecosystems from tropical forests and temperate grasslands to alpine and Arctic regions, providing a broad biogeographic perspective on pollination processes. Together, they reveal how environmental gradients, climate change, habitat fragmentation, and evolutionary history shape floral traits, reproductive strategies, and network dynamics.




Integrating perspectives from climate gradients to community networks

Several contributions examine how climatic variability influences floral traits and pollination success. van Delden et al. investigate plant traits across New Zealand’s diverse climatic zones, showing that nectar volume, concentration, and sugar composition vary systematically with temperature and rainfall. The study revealed species-specific correlations between plant traits and climate factors in New Zealand tree species. Such physiological plasticity may allow plants to maintain pollinator attraction across changing environments, but it also highlights the vulnerability of specialized mutualisms under shifting conditions.

At the other end of the globe, Khorsand et al. analyze spatial and temporal variation in plant–pollinator networks in the Alaskan Arctic, where short growing seasons and rapidly warming temperatures compress phenological windows significantly. Their results reveal how changes in floral resource availability influence network structure and resilience, providing valuable insights into the mechanisms underpinning Arctic ecosystem responses to climate change.

Complementing these macroecological perspectives, Magray et al. explore how floral traits, pollinator behavior, and breeding systems interact to determine reproductive success in the Himalayan medicinal herb Phytolacca acinosa Roxb. Their integrative approach underscores the importance of considering multiple dimensions of plant reproduction when assessing vulnerability to environmental shifts. Similarly, Yan et al. examine scaling relationships between tepal mass and area in the daylily, Hemerocallis fulva (L.) L., linking floral symmetry and allometric patterns to developmental and evolutionary constraints that may mediate adaptive responses to changing pollination contexts.





Vulnerability and resilience under climate change

As the effects of climate change progresses, mismatches between plant phenology and pollinator presence and activity are emerging as a recurrent theme. Watteyn et al. assess this Research Topic in species of the orchid genus Vanilla Mill., revealing that wild populations and their pollinators may soon face spatial mismatches due to changing climatic envelopes. The study integrates species distribution modeling with ecological data, offering a predictive framework to guide the crop’s resilience and the conservation of tropical orchids and their specialized pollinators.

In the shrublands of northwestern China, Chen et al. document how habitat fragmentation influences pollinator visitation and reproductive success. Their findings demonstrate that fragmentation not only reduces visitation rates but can also alter selective pressures on floral traits, with implications for long-term evolutionary trajectories. In contrast, Reiter et al. present a hopeful perspective from restoration ecology: they show that co-planting with rewarding species may be an effective approach for improving pollination success of threatened orchids. This work exemplifies how integrating pollinator ecology into conservation design can enhance restoration success.

The interplay between floral polymorphism and reproductive strategy is further explored by Duan et al., who study two color morphs of Paeonia delavayi Franch. They reveal contrasting reproductive strategies linked to morph-specific pollinator preferences, suggesting that maintaining phenotypic diversity may serve as a buffer against environmental stressors.





Expanding methodological and conceptual frontiers

Advancing our understanding of plant–pollinator interactions in changing environments requires innovative tools and perspectives. Several studies in this Research Topic exemplify such innovation. Montero et al. employ pollen metabarcoding to uncover that low-intensive farming practices that promote the presence of common ruderal plants combined with nearby protected forests contribute to maintaining diverse insect communities that provide crucial pollination services. Their results highlight that even in modified habitats, pollinator foraging can connect a wide array of wild and cultivated plants, suggesting that maintaining heterogeneous landscapes may sustain pollination networks.

Meta-analytical and modeling approaches also provide valuable synthetic insights. Alquichire-Rojas et al. compile evidence from multiple studies to evaluate how increased temperatures affect floral rewards and pollinator interactions. Results showed that global warming affects floral rewards in both wild and crop plants, providing insights into the effects of changing climatic conditions on plant-pollinator interactions and pollination service. Similarly, Miao et al. demonstrate that the rise of interannual temperatures leads to more uniform phenological matching between the invasive Stellera chamaejasme L. and its pollinators across different elevations. This counterintuitive result underscores the complexity of climate effects: while native species may suffer from mismatches, some invasive plants could gain reproductive advantages under warming conditions.

Expanding the spatial and temporal scope of pollination studies is another emerging frontier. Teng et al. address this challenge by integrating diurnal and nocturnal pollen data into the construction of pollination networks in a subalpine wetland community. Their approach reveals that excluding nocturnal interactions can underestimate network complexity and functional diversity, advocating for more comprehensive sampling frameworks that capture the full temporal dimension of pollination ecology.





Toward a predictive understanding of floral adaptation

Collectively, the contributions in this Research Topic converge on a central message: the adaptive potential of plants and the resilience of pollination systems depend on complex interactions among organisms. Floral evolution is not a static outcome but a dynamic process continuously shaped by ecological pressures and environmental change.

A key implication is that studying floral adaptations requires moving beyond single-species or single-factor perspectives. Integrative approaches—combining physiology, morphology, genetics, and community ecology—are essential to predict how plant–pollinator systems will respond to future scenarios. Moreover, linking field-based research with experimental manipulations and modeling can help disentangle the feedback between trait evolution and pollination dynamics.

The studies included here also highlight the importance of geographic breadth and methodological diversity. From the Arctic to the tropics, from meta-analyses to metabarcoding, they demonstrate that understanding pollination under global change demands both global coordination and local insight. In doing so, they contribute to a growing framework for anticipating ecological tipping points, identifying conservation priorities, and guiding restoration actions.

As we move deeper into the Anthropocene, the fate of many plant species will depend on their ability to maintain effective pollination. Some will adapt through phenotypic plasticity or shifts in floral reward chemistry; others may rely on generalist pollinators or human-assisted restoration efforts. Yet, as the research in this Topic demonstrates, resilience is not guaranteed for all organisms in an ecosystem. Understanding and mitigating pollination disruption will require collaboration across disciplines, linking plant physiology, evolutionary biology, landscape ecology, and conservation management.

The breadth and depth of work presented in this Research Topic embody this integrative spirit. Together, these studies provide not only snapshots of current challenges but also a roadmap for future inquiry: one that recognizes floral diversity as both a record of past adaptation and a key to sustaining life in an uncertain future.
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Introduction

Sampling for describing plant–pollinator interaction networks has been performed using techniques that either focus on the plants (with flower-visit data) or the animals (with analyzing pollen on the body surface of flower visitors). The differences in the structure of the networks obtained using these methods likely influences our understanding of the contribution of nocturnal pollinators, yet this key finding has yet to be the focus of study.





Methods

In this study, we conducted an intensive diurnal field survey in the subalpine meadows of the Dajiuhu Wetland and supplemented the data with an analysis of diurnal and nocturnal pollen data to examine the changes in pollination networks.





Results

We observed 41 plant and 154 pollinator species, corresponding to 665 specific interactions. Visitation and pollen analyses showed significant differences in the composition and interaction between network plants and pollinators, resulting in important structural changes in the network. Given that the diurnal pollen data showed new links that were preferentially attached to highly connected nodes, the level of asymmetric specialization did not decrease; however, nestedness increased 1.3-fold, and mean pollinator connectivity from 3.1 to 5.1. As the behaviors of nocturnal pollinators tended to be more specialized, the inclusion of nocturnal pollen data led to an increase in the number of extreme-specialist pollinator species. Consequently, nestedness decreased 0.8-fold, but mean plant connectivity went from 14.2 to 16.2.





Discussion

These findings suggest that the structure of pollination networks is influenced by the sampling methods and the level of detail of the investigation. Our study has strong implications for the development of monitoring schemes for plant–pollinator interactions. Due to the practical difficulties of nocturnal field visitation, when conducting research, combining diurnal field visitation with both diurnal and nocturnal pollen analyses is the most convenient and realistic method to capture the full complexity of these networks.
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1 Introduction

Pollinators help stationary plants deliver pollen to exchange gametes with other plants or with themselves (Loy and Brosi, 2022). Flowering plants offer food resources to pollinators in exchange for pollination services (Ollerton et al., 2011). There is global concern about the recently observed declines in the diversity and distribution of pollinators and the consequences these declines will have for pollination services (Potts et al., 2010; Janousek et al., 2023). Given that the reproductive success of up to 94% of flowering plants can be affected (Ollerton et al., 2011) by pollinator loss, it is clear that pollinators play a critical role in maintaining plant biodiversity, ecosystem stability, and resilience (Bronstein et al., 2006; Ashworth et al., 2009; Memmott, 2009; Vázquez et al., 2009; Potts et al., 2010). This has created an urgent need to monitor plant and pollinator diversity and characterize the interactions between them. Interaction network approaches at the community level can be used to rapidly examine the interactions between plants and their potential pollinators, and provide insight into whether there are general rules governing which pollinators contribute most to these ecological services (Baldock et al., 2011; Chamberlain et al., 2014). However, if the pollination network obtained is not sufficiently detailed, the rules obtained are biased. Therefore, identifying the best approaches for pollinator monitoring is an important goal in ecology.

Although nocturnal animals have been overlooked in previous studies, they play a vital role in pollination and sexual reproduction in plants (Teng et al., 2024). Among them, moths are nocturnal pollinators that can carry pollen over greater distances than diurnal insect pollinators (Devoto et al., 2011; Macgregor et al., 2017). Moths contribute significantly to pollination by facilitating higher quality plant production during visits, surpassing the effectiveness of other pollinators (Devoto et al., 2011; Fijen et al., 2023). They play a crucial role in the pollination of non-crop plants and are essential for the preservation of biodiversity within ecosystems (Hahn and Brühl, 2016). Although some researchers have recently begun to focus on nocturnal pollination (Knop et al., 2017, Knop et al., 2018; Walton et al., 2020; Giavi et al., 2021; García et al., 2024), it has often been overlooked, partially because of the intrinsic difficulty of field experimentation at night. Nocturnal field visitation surveys are undoubtedly more difficult, especially at the community level, and only a few surveys have gathered direct observations (Knop et al., 2017, Knop et al., 2018). Alternatively, light traps are widely used to attract nocturnal insects because they allow large numbers of specimens to be caught with minimal effort (Atwater, 2013; Banza et al., 2015; Hahn and Brühl, 2016). However, the relationship between insects and plants cannot be determined by using light traps alone. This problem can be solved by nocturnal pollen analysis (identification of plant species visited by nocturnal insects using pollen from the bodies of pollinators) after nocturnal insects are captured using light traps (Devoto et al., 2011; Souza et al., 2022). García et al. (2024) constructed the nocturnal pollen network by the methods above and suggested that ignoring the nocturnal component of plant−pollinator networks may cause changes in network properties different from those expected from random undersampling of diurnal pollinators (Table 1).

Table 1 | Comparison of characteristics of visitation (V) and insect pollen load (P) networks in seven related studies.


[image: A table comparing pollination studies across several analyses. Each study, from 2009 to this study, evaluates factors such as plant and pollinator species, interactions, connectivity, specialists, NODF, centralization, modularity, and significant modules. The changes are represented by arrows indicating increase, decrease, or no change, with “n.a.” for not applicable.]
Sampling bias often accounts for some of the data gaps found and can, therefore, influence pollinator network structure (Petanidou et al., 2008). Pollinator monitoring can be accomplished through a variety of methods, most of which are based on direct observations, including transects and observation of contact between visitors and flowers in the field. Plant and pollinator abundances are usually thought to be important, although some rare species can remain undetected (Gómez et al., 2007). More intense sampling can reduce the probability of missing some interactions but can increase the time and personnel costs of the experiment (Olesen et al., 2011). Using visual surveys combined with pollen from the bodies of pollinators (pollen analysis) is an alternative method for comparing the two sampling methods (Bosch et al., 2009; Alarcón, 2010; Dorado et al., 2011; Olesen et al., 2011; Popic et al., 2013; Zhao et al., 2019; de Manincor et al., 2020; Tourbez et al., 2023; Cirtwill et al., 2024). These studies have highlighted the effects of sampling on network structure (summarized in Table 1). Most studies have suggested that by adding the pollen data, the connectance, nestedness and connectivity of plants and pollinators increased, and the number of extreme specialists decreased (Bosch et al., 2009; de Manincor et al., 2020; Tourbez et al., 2023; Cirtwill et al., 2024). However, some studies have suggested that when ‘cheater’ pollinators—those recorded visiting certain plants but not carrying their pollen—are excluded from the pollen data, the connectivity of plants and pollinators, as well as the nestedness, decreases (Alarcón, 2010; Zhao et al., 2019).

Interactions between different plants and their pollinators can reveal structural features of interaction networks, such as nestedness, specialization, modularity, and asymmetric dependence (Vázquez et al., 2009). Numerous studies have shown that plant-pollinator networks exhibit nested structures, whereby specialists (species that interact with one or a few other species) tend to interact more frequently with certain species that are subsets of more generalized species (Bascompte et al., 2003; Olesen et al., 2008; Petanidou et al., 2008). If the degree of specialization within a community follows a truncated power law distribution, this indicates that most species are specialized, while a few species have interaction frequencies significantly above the average (Jordano et al., 2002; Vázquez and Aizen, 2004; Potts et al., 2006). Different network characteristics indicate varying ecological states. For instance, higher connectance and nestedness within a network enhance the stability of interaction networks (Thébault and Fontaine, 2010). Nested structures can buffer the temporal fluctuations in the abundance of specialized pollinators or reduce the risk of secondary extinctions caused by the loss of specialized pollinators, as a plant species can be pollinated by other more generalized species (Tylianakis et al., 2010). Increased network connectance may enhance ecosystem stability, and for networks of specific sizes, higher connectivity among involved species could provide a buffering effect against fluctuations in their interacting partners (Tylianakis et al., 2010). Modularity refers to the division of a network into modules, where interactions among species within a module are stronger than interactions with species in other modules; thus, modules can represent subnetworks within the overall network. Species within a module may exhibit convergent characteristics to some extent, and these characteristics and modules can be considered units of co-evolution among species (Olesen et al., 2008). In pollination networks, these units may correspond to species exhibiting the same pollination syndrome, specifically the composite traits of plants and their corresponding functional groups of pollinators (Fenster et al., 2004; Carstensen et al., 2014). Therefore, different network parameters can be computed to compare the structural characteristics of diverse pollination networks and to preliminarily assess network stability. Additionally, the interactions between plants and pollinators are influenced by the composition and abundance of both plants and pollinators, and changes in community structure can significantly impact plant-pollinator interactions at the community level.

In this study, we analyzed the structure of plant–pollinator interactions in a subalpine wetland community in Dajiuhu, central China, based on diurnal visitation and both diurnal and nocturnal pollen analyses, including both diurnal and nocturnal pollination networks. We aimed to test the hypotheses of complementarity and redundancy in pollination networks with the inclusion of both diurnal and nocturnal pollen data. If diurnal and nocturnal pollen data is complementary to diurnal pollination, we expect to observe new plants and pollinators involved in the network, thereby increasing the overall range of the pollination network. If diurnal and nocturnal pollen data is redundant, we expect to see the same set of pollinators interacting with different plants, or different pollinators interacting with the same plants, thus adding redundancy to the existing network. To test these hypotheses, we will compare the structure and composition of diurnal and nocturnal pollination networks. Diurnal pollen data holds the potential to complement plant–pollinator interactions not recorded by diurnal visitation data, and nocturnal pollinators are different from diurnal pollinators (Borges et al., 2016; Knop et al., 2018). We predicted that the network structure may change after adding diurnal or nocturnal pollen data to the diurnal visitation network, which will provide a more complete view of the interaction network, resulting in higher connectance and connectivity. Because diurnal pollen data may record more rare species interactions (Bosch et al., 2009; Cirtwill et al., 2024), the nestedness of the network may increase and modularity may decrease; thus, this may support the redundancy hypothesis for diurnal pollination. Simultaneously, because nocturnal pollinators are different and more specialized than diurnal ones (Fontaine et al., 2008; Devoto et al., 2011), we predicted that the addition of nocturnal pollen data decreases the nestedness and increases the modularity of the network; therefore, this aligns with the complementarity hypothesis for nocturnal pollination. Wetlands play a major role in the biosphere by providing habitats for certain plants, animals, and other life forms and may also serve as the last refuge for many rare and endangered species (LePage, 2011). Therefore, we designed this study to understand how sampling approaches affect the assessment of interaction networks that can help inform appropriate conservation strategies to preserve, maintain, and improve wetlands.




2 Materials and methods



2.1 Study site and data collection

This study was conducted in a subalpine wetland located in Dajiuhu, Shennongjia National Park (31°30′15′′N, 109°59′47′′E, 1750 m a.s.l.), in western Hubei Province, central China. The experiment was conducted during the peak flowering season from mid-July to late August 2018. The region has a climate with short, warm, and wet summers and long, cold winters because of its higher altitude. There are no plants that bloom during the winter season (November–April) (Ma et al., 2008).

As details of the study community, including pollinator observations, nocturnal light traps and pollen analysis have been previously described by Teng et al. (2024), we present only a brief description here. All the surveys were conducted in six meadows that covered an excess of c. 5000 m2 and were c. 200 m apart. We observed plant-pollinator interactions at five intervals throughout the season (Figure 1). Each census comprised 24 observation periods, with each period lasting 15-min, resulting in a total observation time of 6 h per census (Supplementary Materials). The corresponding plant taxa were recorded for each visitor. To ensure accurate pollen analysis, each flower visitor was captured individually and promptly transferred to a separate vial. This precautionary measure prevented any potential pollen contamination that could occur from contact with other collected insects. Within each meadow, we randomly established nine 2 × 2 m2 plots to measure floral abundance and flowering phenology. Once per census, all open flowers or floral visual units were counted for all taxa present in each plot (Gong and Huang, 2009) (Supplementary Materials; Supplementary Table 1).
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Figure 1 | Detailed methodologies for representing pollination networks in a subalpine wetland in Dajiuhu, focusing on the specific steps of diurnal field visitation, diurnal pollen analysis, and nocturnal pollen analysis during peak flowering from July to August in 2018.

Nocturnal flower visitors were sampled using light traps equipped with 160 W mercury tubes powered by 12 V batteries. Selection of sampling nights was based on favorable weather conditions, with low wind speeds and no rain. Traps were strategically positioned along a path close to the meadows. They were operational from 2000 to 2400 h, encompassing a four-hour duration (Kadlec et al., 2009; Atwater, 2013). In total, six light traps were deployed, with each trap spaced at intervals of 5–10 d. To preserve diurnal and nocturnal captured insects, we placed them individually in tubes and stored them in a freezer until further processing (Bosch et al., 2009; Devoto et al., 2011).

The captured insects were washed multiple times to ensure the thorough removal of all pollen grains adhering to their bodies for pollen analysis. Pollen grains were identified with the aid of a pollen reference collection from the study area, based on the morphological characteristics of the pollen grains found in insect bodies (Supplementary Materials). To confirm the visitation to a particular plant species, we considered the presence of at least five pollen grains from that species in our pollen counts (Knop et al., 2017).

All flower visitors were determined to the genus or family level and, where possible, to the species level (Supplementary Table 2). DNA barcoding is a rapid and efficient method for species identification that analyzes DNA sequences extracted from small tissue samples of any organism (Kress and Erickson, 2012; Wilson et al., 2017). The identification process involved a combination of morphological and molecular techniques. For the molecular analysis, we used DNA barcoding methods with the CO1 gene to achieve accurate pollinator species identification whenever possible. We divided all visitors into 10 functional groups: (1) bumblebees (Bombus spp.); (2) honeybees (Apis cerana); (3) solitary bees (Halictidae, Melittidae, Eucera spp., Andrenidae, Braconidae, Cerceridae, Scoliidae, Ichneumonidae, Pemphredonidae, Tenthredinidae); (4) hoverflies; (5) other flies; (6) beetles; (7) stinkbugs and cicadas; (8) butterflies; (9) moths; and (10) others (ants, mosquitos, Orthoptera, Mecoptera, Trichoptera). All insect species were prepared as pinned specimens and stored at the Gong Laboratory at Wuhan University.




2.2 Network construction and analysis

We built five plant–pollinator qualitative binary matrices with data from diurnal field visitation (matrix Vd), diurnal pollen analysis (matrix Pd), diurnal visitation and pollen analysis (matrix VdPd), nocturnal pollen analysis (matrix Pn), and all three types of data (matrix VdPdPn) (Supplementary Table 3; Figure 2). The superimpose method involves sequentially adding interactions that were not recorded by the previous method to obtain a new pollination network (Bosch et al., 2009).
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Figure 2 | Bipartite networks illustrating the plant-pollinator interactions of (A) Vd matrix (diurnal field visitation); (B) Pd matrix (diurnal pollen analysis); (C) VdPd matrix (diurnal field visitation + diurnal pollen analysis); (D) Pn matrix (nocturnal pollen analysis); and (E) VdPdPn matrix (diurnal field visitation + diurnal pollen analysis + nocturnal pollen analysis). The rectangles represent insect species (top) and plant species (bottom), and the connecting lines represent interactions among species. The width of the boxes represent the number of types of interactions.

For each network, we calculated the following parameters using the ‘bipartite’ package (Csardi and Nepusz, 2014) in R version 4.0.2 (R Development Core Team, 2020). Connectance (network-level) is the proportion of observed links divided by the number of total possible links, whereas connectivity (species-level), represented by s, measures the number of interaction partners of one species (species degree), and is a measure of its generalization. Degree centralization is a measure of the level of centralization in the network, where maximum centralization (DC = 1) is reached in star networks, with a central node linked to the rest of the nodes, which are not linked between themselves (Borgatti and Everett, 1999). NODF is the tendency for specialist species to interact with generalists and the stability of plant–pollinator communities (Beckett et al., 2014). Modularity is an index of modularity that measures the extent to which species have more links within their modules than expected if linkage was random (Guimerà and Nunes Amaral, 2005). We ran the QuanBiMo algorithm following the methodology established by Schleuning et al. (2014) and the default specifications of the computeModules function in bipartite. Each species was sorted into peripheral, connector, module hubs, and network hubs (Olesen et al., 2007). To assess the significance of the two network metrics (NODF and Modularity), we compared the observed values to those generated by null models. We controlled the effect of the network size by standardizing the network links using Z scores, comparing them against 1000 random network models generated with the ‘r2dtable’ function from the Vegan package in R (Dormann and Strauss, 2014).




2.3 Data analysis

To differentiate the sampling approach, that is, field visitation data versus pollen data and/or the increased sampling effort, we used the R package iNEXT to generate rarefaction curves (mean ± 95% confidence intervals) of the expected accumulation of interactions with the five datasets (Vd, Pd, VdPd, Pn and VdPdPn).

To examine the cumulative distribution of connectivity, we used the R package to fit three different models to the distribution of connectivity in our five matrices, namely exponential, power law, and truncated power law (Jordano et al., 2002; Gillespie, 2015). Linear regression was also used to explore the relationship between f (interaction frequency and number of observed flower visits) and s (connectivity). We used ANCOVA to compare the slopes of the regression lines between s and f of the three matrices (Vd, VdPd and VdPdPn) for plants and pollinators. This was conducted to determine whether the f-s relationship changed significantly after the addition of pollen data. Linear regression was used to determine whether the increase in s was related to the number of specimens sampled. All censuses were log-transformed prior to analysis.

Generalized linear mixed models (GLMM) with a binomial distribution were used to compare significant differences in the percentage of within- and between-module link gain with the addition of diurnal and nocturnal pollen data among species belonging to various modules (Supplementary Table 6). The percentage of within- and between-module link gain served as the response variable, while within- and between-module factors served as fixed factors, with each module and species treated as random factors. All analyses were conducted using R version 4.0.2 (R Development Core Team, 2020).





3 Results



3.1 Changes in network composition

Diurnal field visitation (Vd) recorded 1693 individual plant–pollinator contacts involving 115 pollinator species and 25 plant species, representing 352 specific interactions. The analysis of pollen from the body of the 272 diurnal insect specimens (Pd, mean ± SE: 4.32 ± 0.50 per species) captured provided evidence for 413 interactions. Of these, 183 interactions were also recorded in the Vd dataset, while 230 were new interactions identified solely through pollen analysis. In contrast, 169 interactions were recorded exclusively during the field surveys and were not detected through pollen analysis. Analysis of pollen from the body of the 753 nocturnal insect specimens (Pn, mean ± SE: 3.60 ± 0.21 per species) captured provided evidence for 96 interactions. Of these, 83 interactions were recorded only in nocturnal pollen (Pn) (Figure 2). Therefore, the combination of field visitations and diurnal and nocturnal pollen data resulted in a 1.89-fold increase (665 interactions) (Table 2; Figure 3).

Table 2 | Parameters describing the structure of the pollination network based on diurnal field visitation (Vd), diurnal pollen analysis (Pd), diurnal field visitation + diurnal pollen analyses (VdPd), nocturnal pollen analyses (Pn), and diurnal field visitation + diurnal pollen analyses + nocturnal pollen analyses (VdPdPn).


[image: Table comparing ecological metrics across five scenarios: Vd, Pd, VdPd, Pn, and VdPdPn. Metrics include plant and pollinator species counts, interactions recorded, connectance, mean connectivity, extreme pollinator specialists percentage, nestedness, degree centralization, modularity, and significant modules. Significant nestedness and modularity values are marked for Vd, Pd, VdPd, and VdPdPn scenarios.]
[image: Chart showing the interaction between different families of pollinators, including bumblebees, honeybees, solitary bees, hoverflies, other flies, beetles, stinkbugs and cicadas, butterflies, moths, and others with various plant families such as Liliaceae, Lamiaceae, Primulaceae, Fabaceae, and more. Colored blocks indicate presence and intensity of interaction.]
Figure 3 | Interactions between animal and plant species of VdPdPn matrix (diurnal field surveys + diurnal pollen analyses + nocturnal pollen analyses) can be depicted as matrices, where an animal species occupies a row and a plant species occupies a column, and an interaction between the two is denoted by a square. Interactions can be uncovered by different color squares (only Vd: red squares; only Pd: yellow squares; Vd overlaps Pd: orange squares; only Pn: blue squares; Vd overlaps Pn: purple squares; Pd overlaps Pn: green squares; Vd, Pd, and Pn overlap: black squares).

Although diurnal field visitation as well as diurnal and nocturnal pollen analysis were sampled simultaneously and continuously throughout the active period, species tended to exhibit notably different sets of interaction partners in the visitation and pollen-load networks (Figure 3). However, the interaction overlap between Lamiaceae and Fabaceae plants with bumblebees and honeybees pollinator groups was relatively high in both diurnal field visitation and diurnal pollen data methods, with overlap percentages of 100% and 68%, respectively. Diurnal pollen data supplemented almost all the interactions between plant and pollinator groups, whereas nocturnal pollen data mainly supplemented interactions between plants and moths or other pollinator groups (Figure 4A). In terms of plants, diurnal and nocturnal pollen data supplemented the majority of interaction patterns between plant species and pollinators, except for Bidens frondosa, Cosmos sulphureus, and Polygonum lapathifolium. Furthermore, interactions of 39% of plant species were supplemented through diurnal and nocturnal pollen analyses (Figure 4B).
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Figure 4 | Proportion of diurnal and nocturnal interactions per pollinator groups (A) and plant species (B). Proportion of interactions of the different pollinator groups and plant species in the diurnal visitation network (Vd; red bars) and proportion of interactions added by diurnal pollen analysis (Pd; yellow bars) and nocturnal pollen analysis (Pn; blue bars).




3.2 Changes in network structure

With the addition of diurnal pollen data, connectance, mean plant connectivity, and mean pollinator connectivity increased, whereas the extreme specialist pollinator species decreased by 0.8-fold (Table 2). After adding nocturnal pollen data, the connectance decreased 0.9-fold, mean plant connectivity went from 14.20 to 16.22, and mean pollinator connectivity went from 5.06 to 4.35, respectively. The proportion of extreme specialist pollinator species increased from 36.52% to 39.87%. The degree of centralization was low in all five matrices and increased slightly with the addition of pollen data (Table 2). This strengthened the differences in connectivity among species. NODF increased with the addition of diurnal pollen data but decreased with the addition of nocturnal pollen data. Except for the Pn matrix, the other four matrices were significantly nested (Table 2), likely because the nocturnal network was relatively small.

All five matrices recorded interaction rarefaction curves that exhibited a clear rise in interaction richness across the curve, with a decrease in gradation towards the end (Supplementary Figure 1). These rarefaction curves indicated that our sampling was relatively detailed and that we captured a significant portion of the interaction richness pool. Pollinator and plant connectivity distributions followed a truncated power law in all five matrices (Supplementary Figure 2). Changes in specialization and nestedness did not alter the shape of connectivity distribution.

Connectivity increased with interaction frequency (f), for plants and pollinators (Supplementary Table 4). The slopes of the three plant or pollinator f–s regression lines (Vd, VdPd, and VdPdPn) were almost identical (Plant: F2,103 = 0.53, P = 0.588; Pollinator: F2,379 = 1.61, P = 0.202). These results have demonstrated that the relationship between f and s does not change with the addition of diurnal or nocturnal pollen data. For diurnal matrices, the pollinator increase in s was positively related to the number of specimens sampled (from Vd to VdPd: R2 = 0.69, P < 0.0001, slope = 0.816). This suggested that connectivity could still be increased, at least for rare diurnal species. However, for nocturnal pollen analysis, we captured a large number of insects using light traps without distinguishing their pollination roles, which likely increased the capture of rare species (from VdPd to VdPdPn: R2 = 0.083, P = 0.053, slope = 0.257).




3.3 Module analysis of networks

The Vd, Pd, Pn, VdPd, and VdPdPn matrices yielded six (M = 0.33; P < 0.001), five (M = 0.26; P < 0.001), nine (M = 0.48; P < 0.001), five (M = 0.27; P < 0.001), and seven (M = 0.29; P < 0.001) significant modules, respectively. Moreover, the modularity of the network decreased with the inclusion of diurnal pollen analysis data but increased with that of nocturnal pollen analysis data (Table 2; Figure 3; Supplementary Figure 3).

In the Vd matrix (Figure 5A), the only network hub was a pollinator species belonging to Module 4 (Adelphocoris suturalis). Connectors accounted for 34.8% of the total species, with 55.0% of the connector species being flies. No modules or network hubs were found in the VdPd matrix (Figure 5B). Connectors accounted for 27.6% of the total, and most (69.8%) of the connector species were flies. In the VdPdPn matrix (Figure 5C), the only network hub was a species belonging to Module 6 (A. aureopunctata). Connectors accounted for 34.0% of the total, and the most common connector species were bees (25.8%) and flies (31.8%). Most connector plant species exhibited high flower densities and were widely distributed across the plots. The high proportion of connector species (Vd: 35%; VdPd: 28%; VdPdPn: 34%) indicated that our network was also significantly modular, but these modules were far from isolated. The additional interactions significantly occurred intramodularly (Figures 5D, E; Supplementary Table 6), indicating an increase in modularity.

[image: Graphs depicting between-module connectivity and within-module degree for plants and pollinators across multiple modules. Plots (a), (b), and (c) show scatter plots with modules distinguished by shape and color. Plots (d) and (e) are bar graphs comparing percentages of within-module and between-module connectivity, with significant p-values noted (p = 0.001 and p < 0.0001, respectively). MH, NH, P, and C labels are used on axes to categorize data.]
Figure 5 | Distribution of plant and pollinator species according to their network role in the (A) Vd matrix (diurnal field visitation); (B) VdPd matrix (diurnal field visitation + diurnal pollen analysis); (C) VdPdPn matrix (diurnal field visitation + diurnal pollen analysis + nocturnal pollen analysis). MH, module hub; NH, network hub; P, peripheral; C, connector. Triangles, circles, and squares may represent more than one species. Comparison of the significant differences in the percentage of within- and between-module link gain with the addition of diurnal pollen data (D) and nocturnal pollen data (E) in species belonging to the various modules of the Dajiuhu pollination networks.

Most new links shown by the diurnal pollen data (VdPd) involved species from Module 5 (Supplementary Table 4A; Figure 5A). After the addition of nocturnal pollen data and the VdPdPn matrix, most new links revealed by nocturnal pollen data included species from Module 2 (Supplementary Table 5B; Figure 5B). We found that the plant species in these two modules were relatively similar. Some pollinator species overlapped, most of which were bees, butterflies, and moths with long tongues.

With the addition of diurnal pollen data, the pollination syndromes of plants and pollinators in the modules of the VdPd matrix were better matched. Plants with higher abundance in the same meadow mostly appeared in the same module. Module 2 included seven species that were found in the same field (Meadow 2) with higher abundance, except Coreopsis basalis. Module 3 included seven species, four of which were found in the same field (Meadow 3) with a higher abundance. Module 4 included five plant species, with Anaphalis aureopunctata and Erigeron annuus growing together (Meadow 6) and Hemerocallis fulva and Inula hupehensis growing together (Meadow 2). With the addition of nocturnal pollen data, for the VdPdPn matrix, the number of modules increased to seven, and the pollination syndromes of plants and pollinators in the modules were more closely matched. However, some species, such as Clinopodium chinense, Trifolium pratense, and E. annuus were separated from the original modules to form a unique module that destroyed distinctive regional components.





4 Discussion

The diurnal pollen data showed that new links were preferentially attached to highly connected nodes, increasing the network’s nestedness by 1.3-fold and mean pollinator connectivity from 3.1 to 5.1. This indicates that diurnal pollination added complexity and connectivity to the network without reducing the level of asymmetric specialization. These findings support the redundancy hypothesis for diurnal pollination, as the new interactions enhanced the existing network structure but did not fundamentally alter the specialization patterns. In contrast, the nocturnal pollen data revealed that nocturnal pollinators exhibited more specialized behaviors, leading to an increase in the number of extreme-specialist pollinator species. This resulted in a 0.8-fold decrease in nestedness but an increase in mean plant connectivity from 14.2 to 16.2. These findings support the complementarity hypothesis for nocturnal pollination, as the inclusion of nocturnal pollination data introduced new pollinator species and increased the overall connectivity of plants in the network.

Most plant–pollinator networks have been quantified using direct observations of contacts between visitors and flowers in the field, which is a method that has been subject to undersampling (Vázquez et al., 2009; Blüthgen, 2010; Olesen et al., 2011). The use of pollen found on insect bodies is an alternative method that may help to reconstruct a more accurate image of the entire network (Bosch et al., 2009; Gibson et al., 2011; King et al., 2013; de Manincor et al., 2020; Tourbez et al., 2023; Cirtwill et al., 2024). The pollen analysis revealed a considerable number of previously undetected interactions that were overlooked during the field visitations. The opposite was also true; a non-negligible fraction of the interactions observed in the field surveys were not detected in the pollen analyses (Figure 3). Cirtwill et al. (2024) also suggested that each method may favor the detection of different species and interactions and noted that pollen load observations typically reveal more interactions per individual insect than visit observations. Therefore, pollen analysis should not be regarded as a substitute for visual surveys but rather as a complementary method. Some studies thought pollen analysis was conducted to determine which flower visitors acted as potential pollinators (pollen vectors) or as cheaters (those not carrying pollen of the visited plants) (Zhao et al., 2019). However, according to the data recorded in our pollen analysis, only 5 species of insects did not carry more than 5 grains of pollen. Although some pollinators recorded visiting certain plants but did not record carrying pollen of that plant, this may be related to individual differences, and the possibility of insects carrying pollen of that plant cannot be ruled out with the increase in the number of recorded specimens. Therefore, we do not think that the role of “cheater” pollinators can be easily identified. These insects can be used as possible pollinators of plants, but it is only a matter of pollination efficiency. Nocturnal pollinators have been proven to contribute key pollination services to several wild plant families, in addition to providing functional resilience to diurnal networks (Banza et al., 2015; Knop et al., 2017; Walton et al., 2020). In this study, the pollinator species recorded in the nocturnal pollen data were almost completely different from those recorded during the day, with only eight pollinator species and 13 interactions occurring during both day and night (Figure 3).

A subsequent study showed that the f–s relationship and the distribution of specialization were robust to reductions of sampling effort (Nielsen and Bascompte, 2007). It remains to be seen whether increases in sampling effort lead to higher connectivity increases in rare species compared to abundant species, resulting in a flattening of the f–s relationship. In our study, the slope of the pollinator f–s regression line in the Vd matrix showed no significant difference in the VdPd matrix, indicating that species with low s in the Vd matrix did not experience a greater increase in the VdPd matrix. Another reason for our results may be that we included pollinator species that yielded no pollen records, which lowered the increase in s for rare species. Asymmetry in interaction networks may be explained by the distribution of species abundance, at least in part. Abundant species are highly connected because they have frequent encounters, whereas rare species are less connected because of their rarity (Vázquez et al., 2007). Vázquez et al. (2009) suggested that relative species abundance and complementarity in spatiotemporal distribution contributed substantially to the generation of observed network patterns. CaraDonna et al. (2017) proposed that species phenology and relative abundance can predict the occurrence of pairwise interactions. Overall, the species abundance was important for network construction. In our study, s (as obtained in VdPd) was positively correlated with both flower and pollinator abundance (Supplementary Table 7; pollinators: n = 115, R2 = 0.79, P < 0.0001; plants: n = 25, R2 = 0.68, P < 0.0001; log-transformed data), indicating the importance of abundance in the construction of plant–pollinator networks in this study area.

The addition of diurnal and nocturnal insect pollen data to diurnal visitation networks increased the number of plants and insect species and their unique interactions, which changed the composition and structure of the network. Tourbez et al. (2023) indicated that networks constructed with pollen data were more diverse in plant species and interactions, exhibiting lower modularity and specialization and higher nestedness than those of visitation networks based on field observations. Similarly, our results demonstrated that the inclusion of diurnal pollen data reduced the number of extreme specialists and modularity while increasing nestedness. This result could be attributed to diurnal pollen data capturing interactions between more abundant or generalist pollinators and plants that may not be documented in diurnal field surveys. These differences are largely explained by the greater number of interactions per individual insect revealed by pollen loads, which reflect the visits made over recent days or weeks by the insect.

The inclusion of nocturnal moth pollinators significantly alters the properties of the pollination network, leading to a decrease in total connectivity, connectance, and nestedness, while simultaneously increasing web asymmetry and modularity (García et al., 2024). The nocturnal pollen network (Pn matrix) contained up to 50% extreme specialists among the pollinators, and there was a 3% increase in the number of extreme specialists in the VdPdPn matrix after incorporating nocturnal pollen data. The extensive specialization observed in nocturnal pollination networks has been thoroughly documented (Devoto et al., 2011; Banza et al., 2015; Borges et al., 2016), indicating that nocturnal pollinators likely developed distinct interactions with particular plant species. The reason that the connectance of the VdPdPn matrix decreased after the addition of nocturnal pollen data may be that the number of total potential links increased significantly. However, the increase was relatively small in the proportion of observed links. This pattern is consistent with the notion that as networks become more specialized, the proportion of realized interactions tends to decrease, leading to lower connectance. Modularity is expected to increase with link specificity (Lewinsohn et al., 2006). In our study, the incorporation of diurnal pollen data into the VdPd matrix resulted in a decrease in the number of modules to five. When the nocturnal pollen data were incorporated, it appears that distinct groups of pollinators began to specialize even further, forming separate modules that reflect their unique interactions with specific floral resources. This may indicate that nocturnal and diurnal pollinators exploit different niches within the broader pollination community, which can lead to increased resilience of the network as a whole while simultaneously reducing redundancy. Ultimately, the patterns of decrease and subsequent increase in modularity underscore the complex dynamics of pollination networks, where the introduction of new participants can shift network properties in unexpected ways.

Three of the modules obtained from our VdPd matrix exhibited clear regional components. This result was consistent with most plants in these three modules growing and blooming in large numbers in a certain meadow, coupled with the high connectivity obtained in our VdPd matrix. Modularity may be driven by the evolution among plant species in various key traits (Lewinsohn et al., 2006). We also found that most of the plants in one module matched the pollinators’ pollination syndrome. Plant species that represented mostly clustered flowers or inflorescences with less nectar production were generally clustered with medium-sized hoverflies or flies. Meanwhile, plant species that produced a certain amount of nectar and had corolla tubes were clustered with bees and butterflies with long tongues. There is a clear seasonal component within the module and that pollinator distribution is mainly driven by flowering phenology (Bosch et al., 1997, Bosch et al., 2009; Ramosamp, 2018). However, we only selected peak flowering with the highest plant abundance, and most of the plants had overlapping floral phenologies. Therefore, seasonality had little effect. We found that the regional component was no longer evident after the addition of nocturnal pollen data. This may be because of the high flight ability of nocturnal moths. Pollen is carried over greater distances by moths than by most diurnal insect pollinators (Devoto et al., 2011; Macgregor et al., 2017).

Unfortunately, nocturnal field visitations had to be overlooked because of the intrinsic difficulty of field experimentation at night, which may have had some impact on our network. It is considered that the number of pollen carried by insects to different plants may not only be related to the number of visits, but also to the pollen yield of different plants and the pollen-carrying ability of pollinators. Only qualitative binary matrixes were constructed to analyze the pollination networks obtained by superimposing data from different methods. Constructing a better quantitative pollination network may need to consider information such as the number of pollen grains deposited on the stigma after a single visit by the pollinator. Simultaneously, since this study was conducted in a specific habitat, our results have certain limitations and cannot be easily generalized to other habitats or broader ecosystems. This study provides a preliminary exploration of the impact of incorporating both diurnal and nocturnal pollen analysis into daytime flower visitor observations on pollination networks. However, research conducted in different locations and habitats may yield different results. Therefore, we suggest that future studies be carried out in various habitats and across a broader geographical range to further extend our findings. We also recommend the use of more data points and longer monitoring periods to attain more comprehensive and representative results.

In addition, we would like to emphasize that this study focuses on the role of sampling completeness in network structure by constructing a multi-layered qualitative binary matrix of plant-pollinator interactions. Although we utilized the same visitation data as Teng et al. (2024), our research objectives and methodologies exhibit significant differences. While Teng et al. (2024) concentrated on quantitatively comparing the diurnal and nocturnal pollination networks to reveal differences in composition and structure, as well as to explore their respective contributions to plant reproduction, our study demonstrates the profound impacts of sampling methods and detailed recording on pollination network structure. By progressively integrating different data sets, we provide a new perspective on how sampling completeness can influence pollinator monitoring schemes. Thus, our findings not only contribute to a more comprehensive understanding of this topic but also have practical implications for enhancing conservation efforts and future ecological research.




5 Conclusion

Our study added both diurnal and nocturnal insect pollen data to visitation data and constructed a more informative plant–pollinator network. Transect and insect pollen data have different utility and efficacy for monitoring different aspects of plant–pollinator interaction biodiversity. Based on the species composition of the pollen load, we unveiled a significant number of interactions undetected in diurnal plant-centered field visitations that resulted in significant changes in some fundamental properties of the network structure. The insect pollen data revealed interactions involving rare plant species and a greater diversity of new connections between high-abundance plants and pollinators. Simultaneously, owing to the large differences between nocturnal and diurnal animal taxa, the addition of nocturnal insect pollen data increased the number of pollinator species. By including nocturnal pollination data, we were able to uncover significant interactions and structural changes that would have remained hidden if we had only focused on diurnal pollination. This approach reveals the full complexity of the pollination network, demonstrating how nocturnal pollinators contribute uniquely to the ecosystem. Specifically, the inclusion of nocturnal data allowed us to observe an increase in the number of extreme-specialist pollinator species, which significantly altered the network’s nestedness and connectivity. Our study introduces a novel approach by integrating both diurnal and nocturnal pollen data to analyze pollination networks. Understanding the complete interaction network of pollinators in the community will help us explore the true niche partitioning in plants and pollinators and their evolutionary trajectories. In turn, this information will provide more detailed and feasible strategies for facing a series of threats from environmental changes. In the future, we hope to increase awareness of the importance of network integrity when revealing certain rules of pollination.
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Supplementary Figure 1 | Interaction-based rarefaction curves (mean ± 95% confidence intervals) showing the expected interaction richness for diurnal field visitation (Vd), diurnal pollen analyses (Pd), diurnal field visitation + diurnal pollen analyses (VdPd), nocturnal pollen analyses (Pn) and diurnal field visitation + diurnal pollen analyses +nocturnal pollen analyses (VdPdPn) data. The number of interactions (x-axis) observed is represented by the solid portion of each colored line, whereas the dashed portion indicates extrapolation in the rarefaction analysis using the R package iNEXT. 95% confidence intervals are shown as shaded areas.

Supplementary Figure 2 | Cumulative distribution of connectivity (number of links per species) for pollinators and plants in Dajiuhu, based on diurnal field visitation (Vd), diurnal pollen analysis (Pd), diurnal field visitation + diurnal pollen analysis (VdPd), nocturnal pollen analysis (Pn), and diurnal field visitation + diurnal pollen analysis + nocturnal pollen analysis (VdPdPn). Each circle may represent more than one species. Plant connectivity distribution follows a truncated power law (Vd matrix: γ = 1.42; Pd matrix: γ = 1.44; VdPd matrix: γ = 1.41; Pn matrix: γ = 1.57; VdPdPn matrix: γ = 1.39), and pollinator connectivity also distribution a truncated power law (Vd matrix: γ = 1.82; Pd matrix: γ = 1.47; VdPd matrix: γ = 1.64; Pn matrix: γ = 2.04; VdPdPn matrix: γ = 1.70).

Supplementary Figure 3 | Comparison of observed with null model Patefield in all five matrices. Non-overlapping with the density curve suggests a significant difference between the network parameters of the observed network and those of the random network.

Supplementary Figure 4 | Interactions between animal and plant species can be depicted as matrices, where an animal species occupies a row and a plant species occupies a column, and an interaction between the two is denoted by a square. (a) VdPd matrix (diurnal field surveys + diurnal pollen analyses) and (b) VdPdPn matrix (diurnal field surveys + diurnal pollen analyses + nocturnal pollen analyses). The structure of matrices follows the modular pattern, and the interactions of the same module are put in one black box. Interactions can be uncovered by different color squares (only Vd: red squares; only Pd: yellow squares; Vd overlaps Pd: orange squares; only Pn: blue squares; Vd overlaps Pn: purple squares; Pd overlaps Pn: green squares; Vd, Pd, and Pn overlap: black squares).

Supplementary Table 1 | For the plant species found in the three datasets, corresponding module numbers have been indicated Supplementary Figure S3.

Supplementary Table 2 | List of all recognizable taxonomic units, corresponding family and order, identified in the diurnal and nocturnal dataset. The module numbers have been indicated.

Supplementary Table 3 | The data of the five plant–pollinator qualitative binary matrices: diurnal field visitation (matrix Vd), diurnal pollen analysis (matrix Pd), diurnal visitation and pollen analysis (matrix VdPd), nocturnal pollen analysis (matrix Pn), and all three types of data (matrix VdPdPn).

Supplementary Table 4 | Linear regression was used to explore the relationship between f (interaction frequency and number of observed flower visits) and s (connectivity) for both plants and pollinators.

Supplementary Table 5 | Within- and between-module link gain with the addition of diurnal pollen data (a) and nocturnal pollen data (b) in species belonging to the various modules of the Dajiuhu pollination networks.

Supplementary Table 6 | Comparison of the significant differences in the percentage of within- and between-module link gain with the addition of diurnal pollen data and nocturnal pollen data in species belonging to the various modules of the Dajiuhu pollination networks. GLMM: generalized linear mixed models. Family: binomial (logit). Test statistics (test stat.): z value for glmer.

Supplementary Table 7 | Linear regression was used to explore the relationship between the species abundance and s (connectivity, obtained in VdPd) for both plants and pollinators. The floral abundance of plant species here refers to the floral visual units in each sample plot (Supplementary Table 1), and the abundance of pollinators refers to the number of recorded individuals of the pollinators. All censuses were log-transformed prior to analysis.
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Exploring how environmental changes induce alterations in the phenology matching between plants and pollinators is significant for predicting species’ reproductive output and population dynamics. Our study focused on the invasive poisonous weed Stellera chamaejasme, widely distributed in the Qilian Mountains, China. By continuously monitoring its flowering phenology and flower visitors’ activities across different elevational ranges, we compared phenological matching patterns between S. chamaejasme and its potential pollinators across years with varying environmental temperatures. We found that S. chamaejasme, a typical early-flowering alpine species, begins its flowering in early June. Despite variations in the composition of flower-visiting insects across elevations and years, it maintained stable interactions with four major groups: Meloidae, Tachinidae, Scarabaeidae, and Noctuidae. Phenological mismatches between the peak flowering period of S. chamaejasme and the peak abundance of major potential pollinators were generally observed across its range, with higher phenological matching at higher elevations. This enhanced matching at higher elevations may drive the rapid invasion of S. chamaejasme in these areas. In the year with higher ambient temperature, phenological matching increased across its range, and its elevational sensitivity decreased, potentially contributing to its ongoing expansion in different elevations. The results of our study advance a new insight into the population expansion of invasive species in mountain ecosystems.
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1 Introduction

As a central focus of population ecology, the study of plant population dynamics has garnered widespread attention, with climatic conditions as one of the primary drivers (Tay et al., 2018). One of the critical challenges in predicting the impacts of climate change on organisms is understanding how environmental conditions influence the dynamics of population sizes and numbers (Tomasek et al., 2019). Although extensive research has explored the ecological and evolutionary processes influencing plant dispersal (such as local adaptation and physiological constraints), our understanding of the mechanisms underpinning plant responses to environmental changes, especially concerning reproductive dependency, still exhibits certain deficiencies (McLean et al., 2016; Oldfather and Ackerly, 2019). For seed plants, reproductive success dictates seed output, forming the foundation for population renewal and expansion. This process relies on mutualistic interactions between flowering plants and pollinating insects (Dai et al., 2018). This mutualism arises from long-term evolution and adaptation under specific phenological and spatiotemporal constraints, rather than by chance (Santamaría and Rodríguez-Gironés, 2007; Stang et al., 2009). A greater degree of phenological overlap is crucial for efficient reproduction (Visser and Gienapp, 2019).

Increasing global evidence indicates a trend of phenological shifts in biological systems (Root et al., 2003). Asynchronous phenological responses among species, resulting from differing reactions to climate change, have been particularly noted (Wang et al., 2024). Specifically, the differential sensitivities of plants and pollinators to environmental changes, especially climate change, have caused shifts in the timing of plant flowering and pollinator activity (Petanidou et al., 2014; Kharouba et al., 2018). These changes in phenological overlap periods vary among interacting species (Wang et al., 2024). For instance, plants that flower earlier due to warming temperatures often face a scarcity of pollinators, while some pollinators may experience periods of food shortage or absence, resulting in reduced plant seed set and a decline or disappearance of pollinating insects, thereby severely impacting community structure (Kudo and Ida, 2013). Conversely, some studies show that the activity times of insects and flowering times of plants may shift synchronously under climate warming, thus maintaining their mutualistic relationships and minimizing impacts on plant reproductive success (Rafferty and Ives, 2011; Forrest, 2015). Therefore, it is crucial to investigate how environmental changes alter the phenological matching between plants and pollinators (Li et al., 2024).

Compared to the latitudinal and longitudinal geographical boundaries of flora and fauna, the elevational distribution in mountainous systems represents a condensed spatial distribution pattern (Van Beusekom et al., 2015). Due to the highly heterogeneous habitat types within a relatively small spatial scale and their high sensitivity to climate change, mountainous regions provide a good platform for elucidating the dynamics of phenological matching in species interactions under climate change (Tito et al., 2020). This study focuses on the native invasive poisonous weed Stellera chamaejasme, widely distributed in the Qilian Mountains, and utilizes elevational gradients as a means of analysis to investigate the environmental responses of phenological matching between S. chamaejasme and its pollinators (Li et al., 2024). S. chamaejasme is self-incompatible and relies entirely on pollen vectors for seed production. As an indicator species of grassland degradation, the rapid spread of S. chamaejasme has altered herbaceous community composition and reduced grassland quality, negatively impacting the sustainable development and ecological security of grassland pastoralism (Li et al., 2019). Current explanations for the mechanisms behind the spread of S. chamaejasme, such as the “fertility island” effect and allelopathic inhibition, have primarily focused on the positive feedback effects of environmental selection pressure release on growth fitness from either the plant or soil perspective (Li et al., 2019). However, these explanations have yet to fully elucidate the rapid population spread (Van Beusekom et al., 2015). The study of the phenological matching between S. chamaejasme and its pollinators in the context of environmental change may provide an additional explanation for understanding population expansion. Therefore, our research aims to provide new evidence for understanding the population expansion of S. chamaejasme in the mountain system by comparing the elevational patterns of phenological matching between S. chamaejasme and its potential pollinators across different years with varying temperature fluctuations.




2 Materials and methods



2.1 Study area and focus species

The study site was located within the Zhengnangou watershed of the Qilian Mountains (38°33′20″-38°35′10″N, 100°8′47″-100°13′46″E), with an elevation range of 2400-3100 meters. The natural landscape within the watershed is representative of the region. Based on monitoring data from the comprehensive observation station within the watershed (elevation: 2750 meters), the long-term average temperature was 1.7°C, and the annual precipitation ranges between 300-500 mm, indicative of a typical temperate continental climate (Du et al., 2019). Grasslands cover 59.4% of the watershed area, making it the most widespread vegetation type (Wang et al., 2022). The grasslands are species-rich, including life forms such as grasses, sedges, and forbs (Wang et al., 2022). Dominant species include Stellera chamaejasme L., Stipa krylovii Roshev., Potentilla acaulis L., Thermopsis lanceolata R. Br., and Polygonum viviparum L., primarily distributed on sunny slopes, semi-sunny slopes, and semi-shady slopes (Wang et al., 2022).

S. chamaejasme is a perennial herbaceous plant and one of the primary poisonous weeds in the natural grasslands of northern and northwestern China (Sun et al., 2009). It exhibits strong reproductive capacity and is highly drought and cold tolerance (Sun et al., 2009). S. chamaejasme has hermaphroditic flowers, with capitula borne at the apex, typically consisting of 5 to 15 inflorescences per individual and a white, radially symmetric corolla, and being self-incompatible, it relies on insect-mediated pollination and seed reproduction, with a relatively high seed set rate (Zhang et al., 2011). Typically, in the Qilian Mountains, S. chamaejasme resumes green growth in early May, flowers from mid to late June, sets fruit in July, and completes its life cycle by late summer (Gong and Huang, 2007). In recent years, the spread of S. chamaejasme populations has become increasingly severe due to the impacts of climate warming and grazing disturbances, posing a continuous threat to the survival of high-quality forage species (Li et al., 2024).




2.2 Investigation and monitoring



2.2.1 Investigation of flowering period

Sampling sites were established along an elevation gradient (at 100m intervals) within the distribution range of S. chamaejasme. The selection of sampling sites was based on criteria of large continuous grassland areas with the same slope direction and minimal human disturbance. Five sample points were set up between 2500m and 2900m. Within each sampling site, an area of 50m by 50m was designated, and within this area, four 2m by 10m transects were randomly placed. All S. chamaejasme individuals appearing within these transects over time were marked and monitored. Continuous phenological monitoring was conducted on 553 individuals of S. chamaejasme during their reproductive season.

The flowering period was monitored from May to August of 2021 and 2022, from when the first individual began to flower until the last individual finished flowering. Monitoring was conducted every 2 to 5 days under clear weather conditions, recording the flowering abundance of each individual during each session. Monitoring sessions at different altitudes were completed within the same day, with a total of 10 sessions conducted per year at each altitude. At each sampling site, an air temperature and humidity recorder (MicroLite 5032, Israel) and a tip-bucket rain gauge (QT-50, China) were installed to simultaneously record temperature and precipitation at different altitudes, with meteorological data collected every half-hour.




2.2.2 Monitoring of insect visitation

Current methods for monitoring insect visitation to flowers include timing with a stopwatch, direct observation (stationary and tracking), and recording with digital or video cameras (Gong and Huang, 2007; Gilpin et al., 2017). Compared to traditional methods, high-definition cameras provide more precise timing through video playback and allow for larger sample sizes (Westphal et al., 2008; Gilpin et al., 2017). Since S. chamaejasme has numerous capitula, attracts various flower-visiting insects. We chose to use high-definition cameras to record insect visitation behaviors, ensuring accurate species identification, potential pollinator determination, and documentation of the visitation process, thus ensuring data continuity and accuracy.

Flower visitors were monitored on clear days (with daily maximum temperatures above 15°C) during frequent insect activity hours from 9:00 to 18:00, starting from the beginning of the flowering period of individual plants. A high-definition digital camera (Sony, Japan, 48-megapixel) was used to continuously record the flower-visiting behavior of insects on the open capitula. The selection of individuals for filming was based on those with 8-10 branches per individual (with 8-10 fully blooming capitula per branch). The number of cameras deployed at each altitude was proportional to the abundance of flowering individuals, with at least two cameras used for replication in each monitoring session at each monitoring site. Throughout the monitoring period, a total of 90 cameras were deployed, capturing corresponding flower visit records. During post-processing, video playback was used to extract information on the identity of visiting insects, the frequency of visits for each insect, and the duration of each visit.

To study the population dynamics of flower-visiting insects, Malaise traps were employed to collect insect individuals. Beginning at the start of the flowering period, Malaise traps were placed at the center of each 50m by 50m sampling site, maintaining a certain distance from the transects. The traps were set every three days for a two-day capture period, after which they were removed to allow insect populations to recover naturally. This method ensured continuous population data while avoiding the impact of intensive collection on insect populations (O’Connor et al., 2019; Buffington et al., 2021). Since Malaise traps are less effective in capturing Coleoptera and Lepidoptera, yellow pan traps were also used to attract insects sensitive to colors by filling the pans with a small amount of alcohol (Buffington et al., 2021). We used three yellow pan traps at each sampling site, placing them 5 meters away from the Malaise trap, with each pan trap positioned at a 120-degree angle around the Malaise trap. This arrangement was consistent across all altitudes. The placement and retrieval frequency of the yellow pan traps matched that of the Malaise traps. Throughout the monitoring period, the Malaise traps and yellow pan traps were deployed and retrieved 19 times, with a total deployment duration of 38 days. The captured insects were counted and preserved as specimens for species identification.





2.3 Data analysis



2.3.1 Determination of the flowering phenology

The flowering abundance data of S. chamaejasme were standardized by calculating the ratio of the flower abundance on each monitoring date to the total flower abundance across all monitoring dates. The standardized time series curves were then smoothed and fitted using the Gumbel Probability Density Function, which is widely used for probability analysis of extreme values in ecology, hydrology, and meteorology (Katz et al., 2005; García and Borda-de-Água, 2017), expressed as
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where x and y represent time and standardized flower abundance, respectively, y0 is the minimum value of y (set to 0 in this study), A is the amplitude between y0 and the highest point of the curve, x0 is the time corresponding to the highest point of the curve (i.e., the center of the curve, as the location parameter), and ω is the width of the curve (as the scale parameter). The significance of the fitting was tested using the F-test with a significance level of p < 0.05. Additionally, the mean goodness-of-fit (R²) of the data exceeded 0.95, indicating that the fitted curves effectively represented the distribution characteristics of the observed values. For the fitted flower abundance curves, the time corresponding to the peak (x0) was designated as the full bloom period (i.e., the peak of the flowering period). The start and end of the flowering period were determined using the relative threshold method, identifying the dates on the ascending (left) and descending (right) curves that reached 5% of the peak value as the start and end of the flowering period, respectively. The difference between these two dates was defined as the length of the flowering period (d). To examine the differences in flowering phenology of S. chamaejasme at different altitudes, Tukey’s Honest Significant Difference (HSD) test was conducted in the analysis of variance (ANOVA). The changes in the start and end times of the flowering period along the altitude in the same year were analyzed using general linear regression.




2.3.2 Determination of major potential pollinators

For the flower visitation videos we collected, an initial manual review categorized behaviors into “brief pauses” (visits under 5 seconds), “prolonged resting” (visits over 60 seconds), and “petal nibbling.” Videos were selected based on whether the insect made contact with the anthers and stigma (Boff et al., 2018), determining their validity, and documenting the duration and frequency of visits (Ojija et al., 2019). From a total of 373 videos, 191 were ultimately deemed valid. Taxonomic experts identified insect species using both video images and specimens of the same insects captured in the videos. Prior research indicated considerable differences in pollination characteristics between insect families, but smaller differences within families; therefore, families were used as the functional classification basis to determine the flower-visiting insect community of S. chamaejasme (Aleixo et al., 2017). In practice, more insect groups were captured through traps than those appearing in the videos of Stellera chamaejasme. To maintain consistency, the captured insects were screened according to the morphological characteristics of those appearing in the videos. Since S. chamaejasme is a generalized pollinator plant attracting various insects, the pollination contribution of each potential pollinator was determined by the visitation frequency and duration for each family (Gong and Huang, 2007; Boff et al., 2018), weighted equally at 50% of each (visiting rate (%) = frequency of visits per family/total frequency of all families at all altitudes * 50% + duration of visits per family/Total duration of all families at all altitudes * 50%).

Results were further standardized to the inflorescence level to account for the potential effects of differences in the number of inflorescences between S. chamaejasme individuals at different elevations on visiting rate comparisons. For visit duration, records of visits lasting less than 5 seconds were first removed to exclude short stays by insects. Then the total duration was ratioed based on the number of inflorescences of the monitored individuals. Finally, records of single inflorescence visits lasting more than 60 seconds were removed to exclude the effects of prolonged resting on the analysis results. For visit frequency, effective visits were counted, assuming that each insect visit included all inflorescences on the individual plant. The average visiting rate over two years was used to determine the pollination contribution of each flower-visiting insect. Due to the similar pollination contribution of insects, it was finally determined that insects with visiting rates exceeding 10% were the major potential pollinators. The major potential pollinators mean that they are the most persistent and active visitors of S. chamaejasme.




2.3.3 Determination of insect foraging

Insects collected using Malaise traps and pan traps were categorized by family, based on the major potential pollinator groups identified from flower-visitation videos. These insect counts were then standardized using a method similar to that applied to plant flower abundance data. Specifically, the number of insects on each monitoring date was expressed as a ratio of the total number of insects of the same family across all monitoring dates. The standardized abundance curves were smoothed and fitted for each potential pollinator group using the Gumbel probability density function (Katz et al., 2005; García and Borda‐de‐Água, 2017). Since insect activity throughout the year can be influenced by multiple generations, nectar availability, predator dynamics, and adverse weather conditions, their abundance curves may exhibit multiple temporal peaks rather than a single peak distribution (Thomson and Page, 2020). Therefore, we applied a multi-peak fitting method to smooth the standardized data, identifying the corresponding time points for multiple peak values.




2.3.4 Phenological matching analysis

Given the reliability of the phenological peak in the trend test and its evolutionary significance, we used the peak time difference to measure the absolute mismatch degree of phenological matching between S. chamaejasme and its major potential pollinators (Miller-Rushing et al., 2008). A larger peak time difference indicates poorer phenological matching, i.e., a higher degree of phenological mismatch, whereas a smaller difference suggests better matching or lower mismatch. Before analysis, we needed to accurately determine the phenological peak periods of the major potential pollinators. To achieve this, we synthesized the abundance dynamics information of the major potential pollinators by weighting their temporal abundance according to their visitation rates, resulting in a composite abundance dynamic curve. Specifically, for each insect group, we first standardized the abundance data over time by calculating the ratio of the insect count on each monitoring date to the total count of the same family across all monitoring dates. Then, we multiplied these standardized temporal abundance data by their respective visitation rate proportions to obtain weighted standardized temporal abundances for each group. Finally, we summed the weighted abundance data of the four groups (Meloidae, Tachinidae, Scarabaeidae, and Noctuidae) and fitted them with a Gumbel probability density function to smooth the curve, ultimately identifying the activity peak periods of the major potential pollinators. Considering the possibility of multiple peaks in the temporal distribution of insect activity, the peak periods of insect abundance closest to the flowering peak were used to calculate the peak time difference for phenological matching.

To analyze the elevation differences in phenological matching between S. chamaejasme and its major potential pollinators, we established a linear regression relationship between the peak time difference and elevation, which was analyzed separately for each year. This approach allowed us to explore the sensitivity of phenological matching to elevation differences by examining the slope of the fitted linear relationship. Given that S. chamaejasme completes its flowering period before the end of July across all elevations, and considering the thermal accumulation and vernalization required for flowering, we defined the period from January to July as the effective timeframe for assessing the temperature impact on flowering. We calculated the average temperature during this period and used it as the independent variable. Then, we used the peak time difference as the dependent variable to analyze how sensitive phenological synchrony is to temperature variations through linear regression and analyzed each year separately. The slope of this regression represented the temperature sensitivity of phenological matching. Additionally, we considered interannual differences by comparing the trends of phenological matching across elevations under varying temperature fluctuations in different monitoring years (2021 and 2022). This comparison allowed us to explore the impact of varying environmental temperature conditions on the sensitivity of phenological matching to elevation and temperature between the two years.






3 Results



3.1 Phenological patterns of S. chamaejasme flowering

In the study area, early-season (January to May) precipitation in 2022 was 6.1% lower compared to 2021, and the accumulation of low temperatures (daily mean temperatures of 0-5°C) before the season (January to May) saw a 9.7% decline. Conversely, there was a 34.2% rise in heat accumulation (the cumulative sum of daily mean temperatures greater than 0°C) before the flowering period (January to May), with high temperatures continuing throughout this period (early June to late July). This created a relatively warmer growth environment for S. chamaejasme populations at all elevations, accompanied by a significant temperature gradient, with a lapse rate of 0.69°C for every 100 meters of elevation gain. Moreover, the average annual temperature rise of 0.56°C, is markedly higher than the interannual temperature rise of 0.02°C per year observed over the past 58 years, indicating notable temperature fluctuations between the study years. Monitoring the phenological patterns of S. chamaejasme flowering across various elevations showed consistent elevation-related trends between the study years. Both the onset and end of the flowering period started later with increasing elevation, with average shifts of 7.0 days per 100m for the onset (R² = 0.80, p < 0.001) and 6.5 days per 100m for the end of flowering (R² = 0.78, p< 0.001), calculated using general linear regression.

Additionally, temperature variations between the two years led to differences in the flowering period of S. chamaejasme. Overall, in 2022, the onset and end of the flowering period were on average 3.2 days and 3.7 days earlier, respectively, compared to 2021(Figure 1, Supplementary Table S1). This interannual phenological difference also exhibited elevation specificity, with the most pronounced changes occurring at higher elevations. For instance, at 2900m, the onset of flowering in 2022 was 8.3 days earlier than in 2021, whereas at 2500m, it was only 1.1 days earlier (Figure 1, Supplementary Table S1). In terms of the flowering duration of different years, there were marginally significant differences in flowering period length across altitudes in 2021 (F=2.83, p=0.041, η²=0.27), while in 2022, there were no significant differences (F=1.50, p=0.20, η²=0.019).
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Figure 1 | Altitudinal patterns and interannual variation in the phenology of S. chamaejasme. According to the ANOVA test, different letters represent the same phenological event (the start/end of the flowering period) in the same year with significant differences among different elevations.




3.2 Visitation rates and abundance dynamics of major potential pollinators

S. chamaejasme attracted a diverse assemblage of insect visitors, spanning 24 families across 4 orders (Figure 2, Supplementary Tables S2, S3). Considering both visitation frequency and duration across the entire altitudinal range in the two years, the major potential pollinators of S. chamaejasme with a high two-year average visiting rates (%) were identified as Meloidae (17.3%), Tachinidae (12.1%), Scarabaeidae (11.2%), and Noctuidae (10.0%). Other insects were categorized as unstable visitors or occasional visitors with disproportionate visitation frequency and duration. Although many species of flower-visiting insects were present, there was substantial variation in visitation rates across different elevations and between years (Figure 2, Supplementary Tables S2, S3). From 2021 to 2022, the number of visiting insect species mostly decreased, with an average reduction of 1.6 families per 100 m (R2 = 0.84, F = 21.33, p = 0.019), while the overall visiting rate did not change significantly. Although the total visitation rate did not change significantly, there were notable variations within specific elevation ranges: between 2500m and 2700m, the visitation rate decreased by an average of 5.7%, whereas between 2800m and 2900m, it increased by an average of 8.5%. The number of visitor families at all altitudes in 2021 (20 families) was greater than in 2022 (12 families), with only 8 families common to both years. The interannual differences in major potential pollinators’ composition were mainly due to variations in the unstable and occasional visitors, while the overall visitation by major potential pollinators remained relatively stable between the years.

[image: (A) Bar charts compare visiting rates in 2021 and 2022, showing various heights with highest in 2021. (B) Heatmap depicts insect family visiting rates at different altitudes from 2500m to 2900m, using color gradients from blue to red to indicate increasing rates.]
Figure 2 | Altitudinal differences and interannual variation in visitation rates of flower-visiting insects to S. chamaejasme. The total visitation rate (A) for all insects at each altitude in 2021 and 2022, along with the corresponding visitation rate (B) for each insect family, is represented with filled colors indicating the intensity of the visitation rate. The legend indicates the intensity of specific visit rates.

The standardized abundance over time of major potential pollinators of S. chamaejasme, weighted by their respective visitation rates, is shown in Figure 3 and Supplementary Table S4. The abundance dynamics of the potential pollinators typically exhibited a multi-peaked pattern, usually bimodal, with two relative abundance peaks separated by a certain time interval (usually more than half a month). This pattern likely reflects temporal distribution differences among various potential pollinators. Additionally, there were elevation-specific differences in the activity patterns of insects, with foraging peaks rarely occurring simultaneously across elevations. From the perspective of inter-annual changes, the timing of peak insect abundance at the same elevation varied between years. In 2022, the peak abundance periods were generally earlier than 2021, with an average advancement of 5.8 days.

[image: Density plot showing snowmelt timing over two years (2021, 2022) at elevations from 2500m to 2900m. Peaks indicate snowmelt around day 190, with variations in timing and intensity across elevations.]
Figure 3 | The combined abundance dynamics of the four major potential pollinators in 2021 and 2022. Different colors represent the phenology of pollinator activity at different altitudes. Where certain altitudes exhibited two peaks of flower-visiting activity in the main pollinators, the pollinator peak closest to S. chamaejasme bloom is shown in color while the peak furthest away from S. chamaejasme bloom is shown in grey.




3.3 Elevation differences in phenological matching

By comparing the peak flowering periods of S. chamaejasme with the peak abundance periods of neighboring pollinators across different elevations and varying temperatures, we assessed the phenological matching between them. Figure 4 and Supplementary Tables S5, S6 show a certain degree of phenological mismatch between S. chamaejasme and its major potential pollinators at all elevations. This mismatch is characterized by the nearest activity of major potential pollinators occurring later than the peak flowering abundance (Δ2021 = 9.1 days, Δ2022 = 6.8 days). Linear regression fitting indicates that phenological matching is greater at higher elevations compared to lower elevations, and this trend reached statistical significance in 2021 (F = 24.33, p = 0.016). Between the two years, the mismatch between the peak flowering period of S. chamaejasme and the peak activity period of its major potential pollinators shorted in 2022 compared to 2021, with an average reduction of 2.3 days. This reduction in mismatch was more pronounced at lower elevations. For example, the phenological matching at low and middle elevations improved by an average of 3.8 days, whereas at elevation of 2900m, less than a day in advance. When correlating elevation with temperature, we found that the peak time difference showed a positive correlation with temperature (β1 = 1.64, Figure 4, Supplementary Table S5). However, in 2022, the trend of increasing peak time difference with temperature slowed, as reflected by the decrease in the regression coefficients (β1 = 1.29, Figure 4, Supplementary Table S6).

[image: Scatter plots labeled (A) and (B) show the relationship between peak-time difference and altitude in meters, and temperature in degrees Celsius, respectively. Plot (A) shows a negative correlation with significant R-squared and p-values, while plot (B) shows a positive correlation with significant R-squared and p-values. Different markers represent data from 2021 and 2022. Solid and dashed lines indicate regression lines for each year.]
Figure 4 | Phenological matching under altitudinal (A) and average temperature (B) differences in 2021 and 2022. The straight line represents the linear fitting curve of the peak time difference with altitude (A) and its corresponding average temperature (B), based on the linear regression model of the form y = β0 + β1x. The solid line is the fitting curve of 2021, and the dashed line is the fitting curve of 2022.





4 Discussion



4.1 Phenology of S. chamaejasme flowering period

Flowering phenology is a crucial rhythmic event in the sexual reproduction process of angiosperms, which largely determines the reproductive behavior of plants and is regarded as a key fitness influencing factor for many flowering plants (Kudo and Cooper, 2019). Studies have revealed that the flowering phenology of early-flowering plants is highly sensitive to environmental changes, similar to other vegetative growth stages like budburst and greening (Muhanguzi and Ipulet, 2012). In the studied high-altitude grassland communities, S. chamaejasme begins flowering in early June, classifying it as an early-flowering species within the region’s flowering period of June to August (Wang et al., 2024). Previous research has shown that species that flower earlier in the spring are more sensitive to temperature changes (Bertin, 2008; Wolkovich et al., 2012). This characteristic was also confirmed by our comparisons of the years 2021 and 2022 where the flowering period began earlier in the warmer year (2022), especially in high-altitude populations, possibly suggesting that S. chamaejasme is actively adapting to variations in environmental temperature.

Plants may adapt to environmental changes through phenological plasticity, such as extending flowering periods or advancing flowering onset, thereby increasing reproductive opportunities (Wang et al., 2024). The high sensitivity of the flowering period to temperature may be a favorable condition for its rapid expansion in high-altitude areas. Studies have shown that with rising environmental temperatures, pollinator activity may advance more significantly than changes in plant flowering periods (Kudo and Ida, 2013). In this case, for plants such as S. chamaejasme, the high sensitivity of their flowering phenology to environmental changes will help maintain synchronization with pollinators to track environmental signals, sustaining high reproductive advantages in natural communities and promoting population expansion.




4.2 Major potential pollinators of S. chamaejasme

For entomophilous, seed-reproducing angiosperms, pollinators play a crucial role in the pollination process (Ollerton, 2017). Our research identifies S. chamaejasme as a generalist pollinator type, visited by insects from 24 families across Coleoptera, Diptera, Lepidoptera, and Hymenoptera. Compared to other studies, we observed a greater variety of flower-visiting insects, providing more comprehensive information on potential pollinators, as our monitoring encompassed the full altitudinal range of S. chamaejasme distribution, offering a more objective perspective than single-point or single-altitude studies (Sun, 2022). We also noted that in a warmer year (2022), the number of visitor groups generally decreased.

Although S. chamaejasme has many potential pollinators, the visitation rates of different insects vary significantly with altitude and year, particularly among unstable visitors and occasional visitors with generalized pollination attributes. These insects are likely to switch to other more “valuable” plant hosts if their activity period decouples from the flowering period (Wratten et al., 2012). For S. chamaejasme, interactions with these insects are more opportunistic, constantly changing with interannual temperature fluctuations or altitudinal environmental differences. Conversely, the major potential pollinators of S. chamaejasme (Meloidae, Tachinidae, Scarabaeidae, and Noctuidae) exhibit relatively stable visitation rates across the years, establishing stable interaction relationships.

Our study focuses on major potential pollinators rather than the most frequent flower visitors because we lack data on the pollination efficiency (i.e., pollen transfer rate) of each group. Instead, we use visitation rates to identify potential pollinators (Boff et al., 2018). For a more objective analysis, we conservatively define major potential pollinators. Our temporal monitoring of the population dynamics of the four major potential pollinators shows that insect abundance curves often exhibit multi-peak distribution patterns. This phenomenon may result from inconsistent feeding activity times among different insect groups (Thomson and Page, 2020). Additionally, even within the same insect group, individual abundance dynamics often do not follow a single-peak distribution, possibly influenced by multiple generational reproduction, predator dynamics, and adverse weather events (Stefanescu et al., 2013). Although we have gained further insights into the major potential pollinators of S. chamaejasme, it is important to acknowledge that classifying at the family level remains a relatively coarse standard. Future studies with detailed classification at the genus and species levels would provide more precise data on pollinators, though this approach would be challenging.




4.3 Phenological matching between S. chamaejasme and its potential pollinators

Pollinating insects form specific coupling relationships with flowering plants during their visitation periods, shaping the phenological matching patterns between plants and pollinators (Hegland et al., 2009). The establishment of phenological matching is crucial for the reproductive success of flowering plants and depends on the synchronization between the plant flowering phenology and the activity rhythms of their pollinators (Root et al., 2003). Previous studies have found that the phenological matching between plants and pollinators is highly susceptible to environmental changes, leading to asynchronous shifts in their phenological periods and resulting in phenological mismatches (Rafferty and Ives, 2012). In our study, we observed a general phenological mismatch between the peak flowering period of S. chamaejasme and the peak abundance of its major potential pollinators, which is consistent with previous research suggesting that achieving perfect phenological matching is uncommon in natural communities (Rafferty and Ives, 2011; Forrest, 2015; Wang et al., 2024). However, when comparing the phenological matching across different altitudinal zones, we observed that high-altitude regions exhibited a greater degree of phenological synchrony compared to low-altitude regions. This suggests that at higher altitudes S. chamaejasme populations experience higher phenological synchrony with their major potential pollinators, possibly stabilizing reproductive capacity and demographics. This phenomenon might be a significant driving factor behind the rapid upward invasion of S. chamaejasme in mountainous systems, as reported in recent studies (Wang et al., 2019; Zhang et al., 2015).

Temperature plays a crucial regulatory role in the life cycle activities of both plants and animals (Bartomeus et al., 2011; Kehrberger and Holzschuh, 2019). Consequently, temperature changes associated with climate change significantly impact the phenological matching between plants and pollinators (Bartomeus et al., 2011; Rafferty and Ives, 2011). Through interannual comparisons of the phenological matching between S. chamaejasme and its major potential pollinators, we found that in relatively a warmer year (e.g., 2022), the degree of phenological mismatch decreased. This might be due to differential responses of flowering phenology and insect activity to rising environmental temperatures. While both the flowering period of S. chamaejasme and the activity period of its major potential pollinators started earlier at higher temperatures in 2022, the degree of advancement was not the same, narrowing the gap between their peak times. The increased phenological matching may suggest that the higher environmental temperatures in 2022 facilitated more synchronized interactions between S. chamaejasme and its major potential pollinator within its distribution range. Given that S. chamaejasme does not have the ability for vegetative reproduction (Xing et al., 2004) and relies entirely on pollinators for cross-fertilization, the increase in phenological synchrony may be one of the key factors influencing its successful establishment and spread.

When comparing the changes in phenological matching across different altitudes in a warmer year (2022), we observed that the increase in phenological matching was more pronounced at lower altitudes compared to higher altitudes. This could be attributed to the fact that the peak flowering period of S. chamaejasme typically occurs earlier than the insect activity peak, especially at higher altitudes, where flowering time advances more significantly, maintaining relative synchronization with insect activity. In contrast, at lower altitudes, the smaller shift in flowering time, compared to the more substantial advancement in insect activity, narrows the peak time gap between them. This suggests that rising temperatures may strengthen the interaction between low-altitude populations and their major pollinators, gradually reducing the altitude and temperature sensitivity of phenological matching. We speculate that the current increase in environmental temperatures could add to the continued success of S. chamaejasme populations expanding across various altitudes in mountainous systems. However, whether this phenological matching will further strengthen in the future remains to be seen and would require long-term monitoring.

It is important to note that our analysis primarily focuses on phenological peaks, which may not capture the full extent of phenological overlap outside of the peak periods. Many interactions between plants and pollinators could occur before or after the peak activity periods, particularly for taxa with extended activity durations. Furthermore, phenological activity is often asymmetrically distributed around the peak, and focusing solely on peak times may obscure important overlapping phases that contribute to overall phenological matching. While peak times are commonly used in phenological studies, future research could benefit from considering full phenological distributions to better understand the dynamics of plant-pollinator interactions across different environmental conditions. This is particularly crucial as environmental changes may alter the symmetry of these distributions, leading to more complex shifts in phenological matching.





5 Conclusion

This study provides a case demonstrating that fluctuations in environmental temperatures between 2021 and 2022 led to changes in the phenological matching between the flowering abundance of S. chamaejasme and the abundance of major potential pollinators across different altitudinal gradients in mountain systems. Our results indicate that short-term environmental warming has enhanced the phenological synchrony between the dominant poisonous weed S. chamaejasme and its major potential pollinators in the Qilian Mountains, with reduced temperature sensitivity observed at various altitudes. This synchrony may be one of the important factors facilitating the reproductive expansion of S. chamaejasme across different elevations. We propose that this mechanism could be a key driver behind the continued spread of insect-pollinated, seed-reproducing invasive plants. Our case study emphasizes the importance of focusing on phenological matching between plants and pollinators for accurate predictions of population dynamics under environmental change. As climate change intensifies, patterns of phenological matching may become crucial in determining species interactions. Mismatches in phenology often lead to reduced visitation by efficient pollinators, which can significantly influence species establishment and reproductive success in new environments. Therefore, understanding and predicting phenological synchronization is essential for managing and conserving biodiversity in the face of ongoing climate change.
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Flowering plants produce pollinator rewards such as nectar and pollen, whose quantity and quality usually depend on the whole-plant state under specific environmental conditions. Increasing aridity and temperature linked to climate change may force plants to allocate fewer resources to these traits, potentially disrupting plant-pollinator interactions. In this study, for the first time, both quantitative review (vote-counting procedure) and meta-analytic approach were used to assess the implications of increased temperatures linked to global warming on floral rewards, including nectar (sugar concentration, content, and volume) and pollen (germination and viability), as well as on pollinator visits. Furthermore, we explored whether observed effects of warming are related either to temperature range, plant type (wild vs crop), or study approach (greenhouse vs field experiments). We also assessed the correlations between elevated temperatures and the characteristics that were affected by the temperature range. The results of the vote-counting technique showed that higher temperatures led to a decrease in floral rewards but did not affect the number of pollinator visits. Concurrently, meta-analysis detected adverse effects of warming on pollen germination and viability. Warming effects depended on the plant type for pollen germination and viability, on study approach for nectar sugar concentration and pollen germination, and on temperature range for pollen germination and pollinator visits. Additionally, we found that pollen germination and pollinator visits significantly decreased as temperature range increased. Our results showed that global warming affects floral rewards in both wild and crop plants, providing insights into the effects of changing climatic conditions on plant-pollinator interactions and pollination services.
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Introduction

Global surface temperatures have increased by approximately 1.5°C over the last two decades, threatening ecosystem functioning and biodiversity worldwide (IPCC, 2021). Global warming is expected to alter biodiversity and species distributions and disrupt ecological networks, including plant-insect interactions (Parmesan and Yohe, 2003; Kearns et al., 1998; Chen et al., 2011; González-Teuber et al., 2023). Since most flowering plants depend on pollinator assistance for seed set and reproduction, insect pollination emerges as a crucial service for the proper functioning of ecosystems (Ollerton et al., 2011; Brzosko et al., 2021; Sidemo-Holm et al., 2021). Increased temperatures may disrupt this mutualism by modifying floral traits such as morphology, scent, and rewards, affecting pollinator attraction, visits, and behavior (Dormont et al., 2019; Kuppler et al., 2016). Disruption of pollination is likely to have a global impact on the reproductive success of 90% of wild plants and the yields of 85% of major food crops (Klein et al., 2007). While several studies have independently evaluated the impact of increased temperature on the floral traits of some species (see Table 1), there is currently a gap in straightforward and comprehensive multi-species assessments. Conducting such multi-species tests to assess effects of warming on distinct floral traits and pollinator visits can provide valuable insight for more accurate predictions regarding the potential consequences of forecasted climate changes on plant-pollinator interactions, as well as ecosystem pollination service.

Table 1 | Studies used in meta-analysis of response by pollinator attractors and pollinator visits to increasing air temperature including natural plant populations and crops, response trend and number of observations reported in each publication.


[image: A table analyzes the effects of various pollinator attractors on plant types under increasing temperature treatments. It includes columns for pollinator attractors, plant type, effect (indicating increased, decreased, or constant trends), number of observations, and references. Categories like nectar sugar concentration, nectar sugar content, nectar volume, pollen germination, pollen viability, and pollinator visits are assessed. The table shows percentages of cases supporting models, with entries indicating varied responses for natural plant populations and crops. Percentages summarize supporting publications.]
Floral rewards such as nectar and pollen play a major role in the acceptance of the flower by pollinators, serving as primary food sources for them (Hegland et al., 2009; Willmer, 2011; Celedón-Neghme et al., 2016; Vaudo et al., 2020, 2024). Nectar is rich in carbohydrates and amino acids (González-Teuber and Heil, 2009a, 2009b), whereas pollen provides essential proteins and lipids (Roulston and Cane, 2000). Higher concentrations of these metabolites usually enhance floral attractiveness of flowers to visiting insects (Somme et al., 2015; Zhao et al., 2016; Descamps et al., 2018). Increased temperatures have been linked to alterations in nectar and pollen (Borghi et al., 2019). Some studies have reported that both nectar volume and sugar content and concentration are negatively impacted by increased temperatures (Descamps et al., 2018, 2020, 2021a, 2021b), although effects appear to be species-dependent (Descamps et al., 2020; Göttlinger and Lohaus, 2019). Similarly, pollen fertilization traits appear to be highly sensitive to elevated temperatures (Raja et al., 2019). Many studies have shown that increased temperatures often lead to pollen abortion and asynchronous pollen and stigma development, negatively affecting pollen viability, germination, and pollen tube growth (Parrotta et al., 2016; Müller and Rieu, 2016). While variations in pollen quality (i.e., nutritional composition) in response to increased temperatures have been little studied, some studies have shown evidence that reductions in protein and starch concentrations contribute to failures in pollen development and viability (Pressman et al., 2002; Sato et al., 2006; Muth et al., 2016), suggesting a link between pollen nutrition and pollen fertilization.

Floral trait modifications may lead to bottom-up effects on flower visitation by pollinators, affecting their foraging behavior, pollen transfer, and, ultimately, plant reproductive success. Although pollinator flower preferences are unequivocally based on nectar and pollen taste, how variations in these floral rewards may alter pollinator behavior in a warming climate remains uncertain (Descamps et al., 2018, 2021a, 2021b). Here, we assembled a global dataset of distinct floral traits (nectar volume, nectar sugar concentration, nectar sugar content, pollen germination, and pollen viability) and pollinator visitation to test how these traits change under increased temperatures in a global warming context. We provide a comprehensive quantitative synthesis and conduct a meta-analysis based on available data in the published literature, examining the effects of experimentally increased temperature on multi-trait displays of flowers in both natural plant populations and crop species. Since floral traits attract pollinators, we hypothesize that reductions in floral rewards (nectar and pollen) linked to climate warming should be accompanied by decreased pollinator visits. Specifically, we initially tested, using the available literature, whether experimentally increased temperatures harm floral rewards and pollinator visits. Subsequently, we assessed how the increase in air temperature influences floral rewards and pollinator visits, considering various explanatory variables (plant type, study approach, and temperature range). Furthermore, we explored relationships between increased air temperature and all evaluated traits impacted by global warming. Relevant implications for pollinator services and recommendations for future research directions are additionally discussed. While there is evidence of floral trait responses to climate change drivers such as drought (see Kuppler and Kotowska, 2021; Jaworski et al., 2022), to our knowledge, this study represents the first direct, comprehensive assessment of the potential effects of global warming on floral rewards and floral-visitor interactions.





Materials and methods




Study selection and data collection

We conducted a search in the Web of Science and Scopus using multiple search term combinations with no restriction on publication years for one of the following flower rewards traits keywords: nectar sugar concentration ‘OR’ nectar sugar content ‘OR’ nectar volume ‘OR’ pollen viability ‘OR’ pollen germination ‘OR’ pollinator visit ‘OR’ plant-pollinator interaction; AND all of following global warming keywords: climate change ‘OR’ global warming ‘OR’ heat stress ‘OR’ high air temperature. Our initial search yielded 1561 publications, which were reviewed to assess their suitability. To be included in the analysis, studies had to inform measurements of floral rewards and/or pollinator visits (i.e., mean value, standard deviation or standard error, and sample size) in control and observational or experimental air temperature increase treatments. To ensure the comparability of studies, we established a maximum range of increased temperature treatment of 12°C. Despite both relating to nectar quality, we distinguished nectar sugar concentration and nectar sugar content. The former refers to amount per gram of tissue, while the latter exclusively refers to amount per tissue (Brzosko et al., 2021; Descamps et al., 2021a; Nicolson, 2022). Studies regarding variations in the nutritional composition of pollen as a consequence of increased temperatures could not be included in the meta-analysis, because of the low number of available studies (Egger et al., 1997). A total of 28 publications met these criteria, and we estimated the percentage of studies verifying the effect of increased air temperature on floral reward traits and pollinator visits (vote-counting procedure; Table 1).





Statistical analysis

To examine the mean effects of experimentally increased temperature (warming) on floral traits and pollinator visits, we calculated Hedge’s effect size (g) using the scalc function from the metafor library (Viechtbauer, 2010) in R environment (R Core Team, 2024). Hedge’s g represents the standardized difference in means between floral traits (and pollinator visits) under increased and non-increased or control temperature conditions. Positive values of g indicate an increase in floral reward traits (or pollinator visit) following warming, whereas negative values signify a decrease. We conducted a random-effects meta-analysis using the rma.mv function for each floral trait, incorporating “species” and “study” as random factors. The former was included to account for variability across plant responses to temperature increases, and the latter to address heterogeneity among study cases (Gurevitch and Hedges, 1999):

M1<–rma.mv(EffectSize, Vi, random = list(~1|study, ~1|species), data = Data)

Heterogeneity tests (QT and QM) were performed to assess effect size homogeneity in each of the six analyses (nectar sugar concentration, nectar sugar content, nectar volume, pollen germination, pollen viability, and pollinator visit). All analyses showed significant heterogeneity (Table 2). To examine sources of variation, we included explanatory variables (i.e., moderators): plant type (wild vs crop), study approach (greenhouse vs field experiments), and increased temperature ranges ([0.99; 4°C], [4.1; 8°C], and [8.1; 12°C]). Categorical random-effects models tested the effects of each moderator on floral reward traits and pollinator visits.

Table 2 | Total heterogeneity (QT) and between-group heterogeneity (QM) of man effect sizes (Hedges’ g) in studies comparing floral reward traits in response to increasing air temperature in phylogenetically uninformed and informed models.


[image: Table comparing phylogenetically uninformed and informed models for floral reward traits. Shows overall, plant type, study approach, and temperature range as moderators. Includes values for nectar sugar concentration, nectar sugar content, nectar volume, pollen germination, pollen viability, and pollinator visits with \(Q_T\), \(Q_M\), and p-values. Significant p-values less than 0.05 are bolded.]
Additionally, we carried out linear meta-analysis random models to evaluate the association between the reported increased temperature (as a continuous moderator) and warming-influenced traits. Models included studies as a random factor again, and heterogeneity tests were also implemented. Despite the small number of plant species included in the analysis, we implemented a phylogenetic correction for the overall model by specifying a species phylogenetic correlation matrix in the R argument of the rma.mv function. We constructed a phylogenetic tree of the species in this study based on the megaphylogeny of plants (Jin and Qian, 2023) using the S.Phylomaker function (Jin and Qian, 2022) and phytools package (Revell, 2012). Then, we extracted the correlation matrix for all species using the vcv function from the ape package (Paradis and Schliep, 2019), which applies a Brownian-motion evolution model. In this matrix, closely related species exhibit higher correlations, reflecting their expected similarities. The Egger et al. (1997) test was used to detect publication bias, and a weighted method was applied to calculate the fail-safe number to evaluate whether unpublished data may have affected our conclusions (Rosenberg, 2005).






Results

The literature survey (i.e., vote-counting) found that warming (increased temperature) had detrimental effects on floral reward traits and pollinator visits (65% of cases) (Table 1), considering 31 plant species (Supplementary Table S1). Information about origin of plants species is indicated in Supplementary Table S1. Specifically, warming decreased nectar sugar concentration (63% of cases), nectar sugar content (21% of cases), nectar volume (84% of cases), pollen germination (85% of cases), pollen viability (all cases), and pollinator visit (38% of cases). The meta-analyses showed that warming significantly decreased pollen germination (g = -2.19, p = 0.000) and viability (g = -2.41, p = 0.047), whereas nectar sugar concentration, nectar volume, and even pollinator visits tended to non-significantly reduce (Figure 1). Conversely, nectar sugar content tended to increase due to warming, though not significantly (g = 0.25, p = 0.572). These results were consistent for the phylogenetically uninformed-informed models (Supplementary Figure S1). We did not detect trait phylogenetic signals, which indicate that study species are less related than expected by chance, suggesting that species can be considered as independent samples. Alternatively, the lack of phylogenetic signal can be due to the small size of the phylogeny (Chamberlain et al., 2012). Phylogenetic corrections were found to result in more conservative estimators, likely influenced by the phylogenetic relationships among species, despite the inclusion of 16 distinct plant families in the study.

[image: Forest plot showing effects on six traits: nectar sugar content, nectar sugar concentration, nectar volume, pollen germination, pollen viability, and pollinator visits. Each trait is plotted with a confidence interval, indicating change from -5 to 2. Traits are labeled with their sample sizes. Dashed vertical line at zero represents no effect, with arrows showing decrease to the left and increase to the right.]
Figure 1 | Mean effect sizes (Hedges’ g) of differences in floral reward traits in response to increasing air temperature in phylogenetically uninformed models. Error bars depict 95% confidence intervals (CIs). A mean effect size is significantly different from zero when CIs do not overlap zero. Significant results are shown in black. Negative (or positive) effect sizes indicate a decrease (or increase) in floral reward traits due to warming.

We found that for only some studied traits moderators explained a significant proportion of their variation in Hedges’ effect sizes (g) (Table 2 and Figure 2). While effect sizes of nectar volume and sugar content did not differ significantly by any moderator, we found a significant effect of between-group heterogeneity (QMs) for nectar sugar concentration, pollen germination, pollen viability, and pollinator visits (Table 2). Specifically, nectar sugar concentration was influenced by study approach moderator, showing a significant decrease and increase in g values under greenhouse and field experiments, respectively (Figure 2A). Pollen germination and viability were influenced by temperature range moderator, where g values in crop species consistently decreased, but in wild plant type, they did not change (Figures 2B, C). Although g values in pollinator visits are being influenced by temperature range moderator (Table 2), no significant decrease was observed for any temperature range category (Figure 2D). The g values for pollen germination (z = -4.470, p = < 0.05) and pollinator visits (z = -5.976, p = < 0.05) were observed to significantly decrease as experimental temperature increases (Figures 3A, B).

[image: Four forest plots (A, B, C, D) show effect sizes (g) for different plant traits. Each plot details categories: overall, plant type (wild, crop), study approach (greenhouse, field experiments), and temperature ranges (≤ 4°C, ≤ 8°C, ≤ 12°C). The horizontal axis indicates the decrease or increase in traits. Numbers of studies (n) and specific g values are provided, with significant results marked by asterisks. Each plot varies with the magnitude and direction of effects across the conditions shown.]
Figure 2 | Group-specific mean effect sizes (Hedges’ g) for floral rewards traits in response to increasing air temperature. Nectar sugar concentration (A), Pollen germination (B), pollen viability (C) and pollinator visit (D) phylogenetically uninformed models. Effect size g have been grouped according to plant type, study approach and temperature range. Mean effect size, their 95% confidence interval (CI) and the number of effect sizes (n) for phylogenetically uninformed overall and with moderator models are shown. *P < 0.05; **P < 0.01.

[image: Two scatter plots labeled A and B show relationships between temperature range in degrees Celsius and effect sizes measured by Hedges' g. Both plots include a trend line. Plot A shows a negative slope, ranging up to about twelve degrees Celsius and a wide effect size range of about negative fifteen to zero. Plot B also shows a negative slope with the temperature range up to about ten degrees Celsius and effect sizes from approximately negative two to four.]
Figure 3 | The relationship between effect sizes (Hedges’ g) and increased air temperature of pollen germination (P < 0.05) (A) and pollinator visit (P < 0.05) (B).





Discussion

This study represents the first comprehensive, multi-species examination of the impact of global warming (i.e., increased temperature experiments) on floral rewards, encompassing nectar and pollen-associated traits, and plant-pollinator interactions. A quantitative literature survey, including 31 plant species from tropical and temperate climates, supported detrimental effects of increased temperature on floral reward traits and pollinator visits in 65% of cases. Our meta-analysis revealed that pollen-associated traits were highly sensitive to increased temperature, whereas negative yet non-significant effects of increased temperature were reported on nectar traits (except nectar sugar content) and pollinator visits. Significant heterogeneity in effect size was detected across all analyses, with the primary explanatory factor being the experimental temperature range, followed by plant type (wild vs crop), and lastly, study approach (greenhouse vs field experiment).

Contrary to our expectations, nectar rewards (i.e., nectar sugar content, nectar sugar concentration, and nectar volume) showed no consistent pattern in response to temperature treatments. Significant heterogeneity in effect size, however, was observed for nectar sugar concentration; some of which was explained by the study approach (greenhouse vs field experiments). Nectar sugar concentration showed a significant inverse tendency depending on this moderator, declining in response to temperature increases under controlled conditions, while increasing under field conditions. An earlier meta-analysis of floral trait responses showed similar divergence between controlled- and field experiments, with declines in nectar volume in response to water deficit observed in indoor conditions, but not outdoor conditions (Kuppler and Kotowska, 2021). Even when mechanisms involved in these opposite tendencies between indoor and outdoor conditions are not fully understood, some factors might help to explain this phenomenon. For example, in natural conditions (i.e., field experiments) plants are compelled to invest in nectar production to maintain pollinator interactions, despite potential costs it may involve in stressful environments (Willmer, 2011). This investment is likely unnecessary in indoor conditions in the case that no pollinators consume the nectar. Nectar is a plastic trait, whose secretion may be adjusted according to the intensity of consumption, or, it can be even reabsorbed in the case of non-consumption (Pacini et al., 2003). Furthermore, nectar volume and concentration are highly influenced by environmental factors such as air temperature and humidity. Many of the studies, covered in this meta-analysis, quantified either the nectar volume or its concentration, but not both. The latter might lead to high variations in nectar secretion measurements, since both must be considered together in order to effectively calculate the realistic amounts of secreted soluble solids (Heil, 2011). While nectar variation might be an inherent limitation across studies, the use of a rigorous statistical meta-analytic framework has allowed us to have a reliable estimation of the effects of increased temperatures on nectar traits.

Our results supported the detrimental effects of increased temperature on both pollen germination and viability; nevertheless, declines in pollen germination and viability were only observed for crop species, but not for wild species (Figure 2). Numerous studies have shown that crops are highly sensitive to temperature increases, particularly during reproductive phases (Driedonks et al., 2016). Crop plants are more sensitive to abiotic stresses than their wild-type relatives because breeding selection for yield is not necessarily linked to an adaptive stress tolerance strategy (Villalobos-López et al., 2022).

Pollen germination and viability usually have a direct influence on seed set and fruit set ratio. Even when impacts of increased temperatures on seed and/or fruit set were not included in this meta-analysis, numerous studies have reported that negative effects on pollen viability and germination due to higher temperatures are accompanied by declines in seed set (Powell et al., 2012; Tolessa and Heuvelink, 2018; Yang et al., 2019; Shenoda et al., 2021). Given that 75% of all food crop species rely on insect pollination for seed set (Klein et al., 2007), higher temperatures potentially represent a threat to yields and food security. Pollen germination and viability were significantly reduced by temperature range (Figures 2B, C; 3A), with the former more sensitive to temperature increases than the latter. Whereas pollen germination was negatively affected by all temperature increments (Figure 2B), pollen viability was only negatively affected by temperatures over 8°C (Figure 2C). Development and functioning of the male gametophyte (or pollen) are known to be the most temperature-sensitive processes within the plant life cycle (Zinn et al., 2010). Furthermore, both pollen germination and viability are highly sensitive at even short periods of high temperature exposure (Müller et al., 2016). Thus, differences observed in the temperature-sensitive range between pollen germination and viability might be explained by genetic variation for thermotolerance among plant species included in the current study.

The results from our meta-analysis and literature survey did not align with the prediction of detrimental effects on pollinator visits due to warming. Specifically, the meta-analysis showed that temperature increases did not significantly affect pollinator visits. Likewise, the literature survey only recorded 38% support for our prediction. Although the high heterogeneity of effect sizes could certainly be a contributing factor, results might be at least partially explained by the temperature range (Table 1; Figure 3B). There was a clear trend of decreasing pollinator visitation with increasing temperature (Figure 3B). It is known that elevated temperatures can influence pollinator activity both directly and indirectly (Descamps et al., 2018). Whereas direct effects are mainly associated with changes in pollinator activity and flower-visiting behavior (Descamps et al., 2018), indirect ones (i.e., those mediated via at least one other interacting species) may result from changes in floral signals and rewards (Knauer and Schiestl, 2015; Descamps et al., 2018). Insect pollinators are typically only active within certain temperature limits, becoming inactive at temperatures above and below these thresholds (Corbet et al., 1993; Kühsel and Blüthgen, 2015; Plos et al., 2023). Moreover, since pollinators rely exclusively on floral rewards for food (Hegland et al., 2009; Willmer, 2011), variations in the quantity and quality of nectar and pollen are expected to lead to changes in pollinator-visiting behavior; and thereby, may influence plant reproduction (Robertson et al., 1999; Konzmann and Lunau, 2014; Descamps et al., 2018; Plos et al., 2023). In our study, temperature effects on pollinator visits were not differentiated based on either direct or indirect effects (information not provided in the studies). Since both types of effects may interact (Kharouba et al., 2018; Kharouba and Yang, 2021; Freimuth et al., 2022), future research should consider both in order to determine the overall outcome of climate change impacts on species interactions.

Our meta-analysis revealed that increased temperatures affect floral rewards, particularly pollen traits, which likely scale up to pollinator interactions. Climate models predict that the global mean temperature will increase by 1-4°C by the end of the twenty-first century (IPCC, 2021). Nevertheless, most detrimental effects on plants seem to be caused by heat waves or extreme temperature events (López et al., 2022), which are projected to increase in both intensity and frequency (Meehl et al., 2007). Heat waves are predicted to have short-term durations of a few days, but with an increase in temperatures of over 5°C (IPCC, 2021). Heat-induced pollen damage is related to reductions in seed and fruit set. Therefore, understanding how floral traits, particularly pollen development, respond to extreme weather events is key to predicting how reproduction in natural plant populations and agricultural systems may be affected by climate change. Moreover, if heat-related shifts in pollen traits are likely associated with a decline in pollinator visits, this scenario may be much more serious. A recent meta-analysis reported that without pollinators, half of all the flowering plants would suffer a decline in fertility of over 80%, while a third would not produce seeds at all (Rodger et al., 2021). While ecological consequences of other climate change-associated factors such as drought on floral traits and plant-pollinator interactions are relatively well established, to our knowledge, this is the first meta-analytic approach to assess potential effects of global warming on floral rewards and floral-visitor interactions. Elevated temperatures, however, are usually accompanied by increased risk of a range of other abiotic stresses (such as drought and light intensity); therefore, future studies should explore combinations of these factors to improve understanding of climate change effects on floral metabolism and plant-pollinator interactions.
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Despite the widely recognized role of pollinators in ecosystem services, we currently have a poor understanding of the contribution of Natural Protected Areas neighboring agricultural landscapes to crop pollinator diversity and plant-pollinator interactions. Here, we conducted monthly surveys over a period of one year to study the diversity of insect visitors in dominant fruit crops—avocado, plum, apple, and blackberry—and used pollen DNA metabarcoding to characterize the community of plant sources in and around low-intensive farmland bordered by protected montane forest in Costa Rica. We found that crops and native plants had distinct communities of flower visitors, suggesting the presence of fine-scale habitat differences. DNA metabarcoding coupled with a custom-built reference database, enabled us to identify plant sources among pollen samples with high taxonomic resolution (species or genus level). We found that insect visitors carried pollen from a large diversity of plant taxa, including species native to the montane forests and highland páramos of Costa Rica. The diversity and composition of plant sources were variable across fruit crops and insect groups. Wildflower visitors such as bumblebees and syrphid flies, use a diverse range of plant taxa at similar levels to managed honeybees. This indicates the potential contribution of a diverse community of insect visitors to the pollination services of fruit crops and native flora. Overall, our study suggests that low-intensive farming practices that promote the presence of common ruderals combined with nearby protected forests contribute to maintaining diverse insect communities that provide crucial pollination services.
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Introduction

The expansion of farmland and urban areas has led to an accelerated biodiversity loss, threatening the provisioning of ecosystem services (Vanbergen and Insect Pollinators Initiative, 2013). Safeguarding pollination services has become a priority issue since a large and increasing number of crops depend on biotic pollination (Aizen et al., 2019; Ashworth et al., 2009; Klein et al., 2006; Novais et al., 2016). Tropical regions proportionally account for a larger production area of pollinator-dependent crops compared to temperate regions (Aizen et al., 2008; Porto et al., 2021); however, the potential role of wild pollinator communities in providing ecosystem services to tropical agricultural crops remains poorly understood.

Natural habitats act as reservoirs of diverse communities of pollinators, which may provide an important ecosystem service to neighboring farmlands by increasing crop yield (Carvalheiro et al., 2011). Pollinator diversity can increase the time span and number of flowers visited (Fründ et al., 2013; Hoehn et al., 2008) contributing to the stability of plant-pollinator interactions (Garibaldi et al., 2011). Wild bees, for instance, are the main pollinators of economically important crops such as coffee (Klein et al., 2003; Ricketts et al., 2004), watermelon (Kremen et al., 2002; Winfree et al., 2007), and mango (Carvalheiro et al., 2012). For other crops, like avocado, hoverflies are the most abundant and effective pollinators (Celis-Diez et al., 2023). Furthermore, whilst managed honeybees play a crucial role in crop production (Morse and Calderone, 2000), their wild counterparts have been shown to be efficient pollinators (Freitas and Paxton, 1998; MacInnis and Forrest, 2019; Pérez-Méndez et al., 2020). Our study aims to improve our understanding of the ecosystem services provided by wild insect flower visitors in highland tropical farmland. We studied the community of insects visiting four dominant fruit crops—avocado, plum, apple, and blackberry—growing in the valley of San Gerardo de Dota in the highlands of Costa Rica. Local fruit crop farmers conduct infrequent mowing as an alternative to applying herbicides, plant a mix of native and introduced species alongside crops to prevent erosion and promote pollination, and have recently (during the last 10 years) reduced the use of pesticides as a measure to prevent the loss of biodiversity (personal communication from local farmers). Moreover, this region is characterized by low-intensity fruit farming surrounded by a protected area of montane forest, Los Quetzales National Park.

As a first objective, we characterized the diversity and composition of insect communities visiting fruit crops and wild herbaceous and shrubby plants in San Gerardo. The presence of native flowering plants close to and within crops can increase pollinator pools, provide semi-natural habitats that enhance pollinator movement (Krimmer et al., 2019), increase the likelihood of pollen-mediated gene flow (Cane and Love, 2018), and positively impact crop productivity (Carvalheiro et al., 2012). Evaluating their contribution to maintaining insect communities will enable us to identify management and conservation strategies (Carvalheiro et al., 2011) to promote pollination services in local fruit crops.

Our second objective was to determine the diversity of floral resources used by the insect communities visiting fruit crops. Plant-pollinator interactions are crucial to the stability of pollination systems (Huang et al., 2021). However, flower visitation surveys provide a partial understanding of plant-pollinator interactions, focused mainly on the perspective of one end of the interaction, i.e., the plant, rather than both interaction partners (Bosch et al., 2009). To gain a better understanding of the pollinator perspective, we complement visitation surveys with pollen identification using DNA metabarcoding (Bell et al., 2017; Richardson et al., 2015). This approach enabled us to evaluate the diversity of plants visited by the insect community in fruit crops, thus providing some insight into the contribution of wild native plants to maintaining pollination services.





Materials and methods




Study area

We conducted fieldwork in the valley of San Gerardo de Dota (9°33´´N, 83°47´W, 2300 masl), located in the Pacific slope of the Talamanca Mountain Range, San José province, Costa Rica. The upper montane cloud forest of the Talamanca Mountain range in Costa Rica is an evergreen forest dominated by oaks (Quercus spp.). Epiphytes (including bromeliads, orchids, mosses and lichens), tree ferns, and bamboo form a characteristic component of the montane forest vegetation (Kappelle et al., 1992). Daytime average temperature at the study site is 17°C with a median annual precipitation of 2,500 mm. This region experiences two seasons: a dry season from December to March and a wet, rainy season from April to November.

The valley of San Gerardo is flanked by Los Quetzales National Park, Tapantí National Park, and Los Santos Forest Reserve. Most human activities in San Gerardo occur in the upper basin of the Savegre River (Figure 1A illustrates the presence of montane forest on the hilltops of San Gerardo and fruit crops in the valley). Low-intensity fruit orchards (apple and peach) were planted to replace pastures in the 1980’s. Avocado plantations were established at the beginning of the 1990’s. Currently, avocado is the dominant fruit crop, followed by apple, blackberry, and remnant patches of plum trees. Ecotourism is the predominant economic activity in San Gerardo de Dota, which encourages farmers to minimize the use of agrochemicals and to attract avifauna and insects by means of ornamental gardens and native trees (e.g., Ocotea sp.). Farmers perform mowing every two months to manage weed growth.
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Figure 1 | Diversity of insect visitors in fruit crops and wild plant transects in San Gerardo de Dota. (A) The valley of San Gerardo is surrounded by protected areas (in the picture, the forest in the background corresponds to Los Quetzales National Park) with fruit crops growing on the hills surrounding the valley. Avocado plantations (foreground) are the dominant fruit crop in the study site. (B) Venn diagram showing the number (and percentage) of taxa (lowest taxonomic assignment) shared among visitors in fruit crops and wild plants during the dry and rainy seasons. (C) Hill-diversity estimates of insect visitors between fruit crops and wild plants during the dry and wet seasons. (D) Hill-diversity estimates among the four fruit crops (apple (Malus domestica), avocado (Persea americana), plum (Prunus domestica), and blackberry (Rubus spp.)) studied in San Gerardo. Error bars correspond to 95% CI.





Flower visitation surveys

We conducted monthly surveys to estimate the diversity of insect visitors to the flowers of local native plants, focusing on herbs and shrubs, including ruderals commonly found growing within the fruit crops. The four transects were about 150 m in length and 4km away from the fruit farms, respectively. We sampled insect visitors of avocado (2 farms), apple (2 farms), plum (1 farm), and blackberry (2 farms) (Supplementary Table 1). Two farms (Lauraceas and Sueños del Bosque) rent Apis mellifera apiaries from October to February. The farms were roughly 4 km apart from each other. We visited farms during the peak blooming periods of each fruit crop. Crop and wild plant surveys consisted in collecting all insects in a focal flowering plant or tree during a 15 min period. We collected insects on flowers using handheld nets or by positioning a clean transparent plastic bag on the plant and directing the insects into the bag. Insects were then stored in collection tubes with 70% ethanol for later identification in the lab. We carried out surveys during the morning hours of clear, warm days, avoiding rainy and windy days. Surveys lasted between 2 and 8 hours, depending on weather conditions and flower availability.

Insects were identified by trained taxonomists and specialists (G. R-M., N. G-B, P. H., and M. A. Z.) using available keys (Brown et al., 2009; Brown et al., 2010; Michener et al., 1994) and, when needed, comparing specimens collected with those deposited in entomology collections, namely the Museo de Zoología, Universidad de Costa Rica (UCR), and the Museo Nacional de Costa Rica. Most tropical insects lack taxonomic keys at the species level, and a considerable number of these insect species are undescribed; thus, many of the species collected in this study were assigned to morphospecies based on the criteria of expert taxonomists. We deposited voucher specimens in the Museo de Zoología (UCR). A subset of 242 insects collected from the fruit crops were further processed to isolate DNA from the pollen grains attached to the insects. Collection tubes were stored at -20°C in the lab at UCR until further processing.





Pollen DNA metabarcoding




Sample processing

We used 242 pollen samples to extract DNA for metabarcode analysis. Due to the low amount of pollen carried by Diptera species, we combined pollen from at least three individuals of the same species or morphospecies for a given sampling session to obtain adequate pollen quantity. The number of pooled individuals from each species or morphospecies varied according to the species and size of the insect species, as well as the amount of pollen observed on its body. For example, for small-sized Syrphidae and Muscidae, we pooled samples from 3–5 individuals of the same species. Pollen grains were removed from the insect’s body using alcohol and a cotton swab following previously published protocols (Klečka et al., 2022; Suchan et al., 2019). Then the cotton swab was soaked in a 1.5 ml Eppendorf tube filled with 0.5 ml of 95% alcohol and pressed against the inner wall to release pollen grains. The pollen mixture was centrifuged at 14 000 rpm for 10 minutes, leaving a visible pellet at the bottom of the tube. We removed the supernatant ethanol by pipetting the liquid without disturbing the pollen pellet and allowed the residual ethanol to evaporate at room temperature for 24 hours under a chemical hood. Samples were incubated at 60° C and shaken at 900 rpm for 1h with 500 μl of Cell Lysis Solution and 10 µl of Proteinase K (Qiagen, Hilden, Germany). Pollen grains were ground using a TissueLyser II (Qiagen, Hilden, Germany) with a mixture of silica beads of the following sizes: 106µ (30%), 150-212µ (50%), 212-300µ (10%), and 425-600µ (10%), using four cycles of 1 min at 30 Hz. DNA was extracted using the protocol of the Wizard® Genomic DNA Purification Kit (Promega) for plant tissue, with the following modifications: a) the time of incubation with Nuclei Lysis Solution was extended to 1 hour, and b) the precipitation with isopropanol was extended overnight at -20°C. DNA extractions were quantified with a Quantus Fluorometer (Promega).





Amplicon sequencing

We characterized pollen diversity by amplifying a fragment of the ITS2 region (Cheng et al., 2016) using the primers ITS2p4_f: “YGACTCTCGGCAACGGATA” and ITS2p4_r: “CCGCTTAKTGATATGCTTAAA”. The ITS2 region was amplified using a PCR reaction with a total volume of 30 µl, which included 15 µl of PlatinumTM SuperFiTM PCR Master Mix (Invitrogen), 0.5 M of the forward and reverse primers, and approximately 10 ng of DNA template. We used a Veriti 96-Well Thermal Cycler (Applied Biosystems) with the following cycle conditions: 3 minutes at 98°C denaturation, 30 cycles of 30s at 98°C, 30s at 60°C, and 30s at 72°C, followed by a five-minute final extension step at 72°C. Samples with a clear band on a 2% agarose gel were purified using magnetic beads following the Pronex (Promega) and concentrations were quantified with a Quantus fluorometer. Subsequently, we used Nextera XT indices (Illumina) to tag with identical dual indexes for all amplicons. This was done in accordance with the Metagenomic Library Sequencing Preparation Protocol from Illumina, which was executed using the Qiagen Multiplex PCR Kit. The indexed libraries were normalized to 4 nM, pooled, and sequenced on MiSeq Illumina (2 x 250 pair-end) at the Unidad de Secuenciación Masiva of the Instituto Nacional de Medicina Genómica (INMEGEN), México.





ITS2 data processing

The data generated by amplicon sequencing of the ITS2 marker was processed with the DADA2 algorithm (Callahan et al., 2016) implemented in the R program, version 4.2.2 (R Core Team, 2023) using the libraries dada2 (Callahan et al., 2016), ShortRead (Morgan et al., 2009), Biostrings (Pagès et al., 2023) and stringr (Wickham and RStudio, 2022). Primers from the demultiplexed reads were trimmed with the external tool cutadapt (Martin, 2011) using the sequences of the primers as cut points. Low-quality reads were filtered based on the parameters minLen = 50, maxLen = 600, maxN = 0, maxEE = c(2,2), and truncQ = 2. The learnErrors function was then used to generate a parametric model of the error in the data. DADA2 estimates the error rate of sequenced samples to probabilistically discriminate sequences that are the product of real variant sequencing errors. Using this model, inference of the assigned sequence variants (ASVs) was then performed using the dada function (Callahan et al., 2016).

We constructed an ITS2 reference database following the DB4Q2 pipeline (Dubois et al., 2022) to assign taxonomy to ASVs. The DB4Q2 pipeline generated a curated baseline, which was imported into the qiime2 environment (Bolyen et al., 2019). To ameliorate the limitations of taxonomic classification in metabarcoding studies (Arstingstall et al., 2021), we created a local database of ITS2 sequences consisting of plant specimens collected at our sampling site as well as other common and endemic species of the montane forest and paramo ecosystems. We sequenced a total of 140 species from 102 genera across 57 families of plants (see Supplementary Text S1 for details). We manually merged both ITS2 sequence databases (i.e., sequences from NCBI and the local database) to create the RDP trained classifier file to assign taxonomy using a native Bayesian method (Wang et al., 2007) implemented in the dada2 library using the assign Taxonomy function. Taxonomic predictions have been previously shown to be influenced by user-defined choices when processing and curating sequence data of custom-built databases (Dubois et al., 2022). Critically, the impact of these choices is often project-specific. For this reason, we built a total of 16 databases and explored their performance with regard to the fraction of reads assigned to plant taxonomy. A detailed description of database processing parameters is provided in Supplementary Text S1.

Sequence variants were classified and binned to the lowest taxonomic level (i.e., genus or species). We removed ASVs with poor taxonomic resolution (i.e., ASVs classified to family or above) for downstream analysis. The dataset was then transformed into presence/absence data.






Statistical analyses




Diversity and composition of insect visitors

We characterized diversity based on incidence data across surveys, which were considered units of replication (i.e., relative number of species detected across fruit crops and wild plant transects). We summarized the occurrences of each taxon per sampling unit and used the presence-absence matrix as input in the function iNEXT to calculate sample completeness and in the function estimateD to compute coverage-based Hill-diversity estimates using the iNEXT package (Chao et al., 2014; Hsieh et al., 2016).

Coverage-based estimators were used to adjust for differences in sampling time among sites and seasons. We used three measures of Hill diversity (richness, Hill-Shannon, and Hill-Simpson) to provide insight into evenness and dominance patterns in insect visitor communities (Alberdi and Gilbert, 2019a; Roswell et al., 2021). Coverage-based analyses of Hill-diversity and associated 95% confidence intervals (CI) enabled us to compare alpha diversity of insect visitors between fruit crops and wild plants and between the dry and wet seasons. We also tested for differences in insect visitor diversity across fruit crops in San Gerardo. Non-overlapping 95% CI indicated significant differences among groups.

We used the permutational analysis of variance (PEMANOVA) (vegan::adonis2) to test for differences in insect visitor community composition between fruit crops and wild plants during the dry and wet seasons, and differences among fruit crops. We used analysis of variance (ANOVA) to test for equal dispersion in the data (i.e., homogeneity of multivariate variances) using the vegan::betadisper function. We found differences in the overall dispersion between fruit crops and wild plant data (F = 9.76, P = 0.003) and between the dry and wet seasons (F = 14.08, P = 0.004). However, dispersion was similar when comparing individual fruit crops and wild transects (F = 1.21, p = 0.32). For consistency, we used Hill-number dissimilarity measures for the analysis of community composition. Specifically, we calculated Sørensen dissimilarity (1-CqN) as a measure of overlap using the function pair_dist for q values 0, 1, and 2, implemented in the hilldiv package (Alberdi and Gilbert, 2019b). We used non-metric multidimensional scaling (NMDS, vegan::metaNMDS) to visualize the extent of differences in the composition of insect visitors between seasons and across fruit crops and wild plant transects.





Diversity and composition of plant sources

We explored the patterns of diversity in pollen samples based on fruit crop type and insect visitors. For the latter, we grouped samples in five categories: the managed honey bee Apis melifera, bumblebees Bombus ephippiatus, hoverflies (Syrphidae), non-syrphid flies and other insect visitors (Hymenoptera genera Partamona and Lasioglossum, and the Coleopteran Astylus). For analysis, we used the same statistical approach as with insect visitor diversity using Hill-numbers on plant species (or genera) incidence data.







Results

A main objective of our study was to characterize the community of wild flower visitors in fruit crops surrounded by montane forest. Overall, we conducted 48 sampling sessions (234 hours) between June 2021 and November 2022, 28 (137 hours) in the fruit crop farms and 29 (97 hours) in the wild plant transects (Supplementary Table 2). We identified 46 species from 23 families of flowering herbaceous plants and shrubs (full list of species and flowering dates may be found in Supplementary Table 1), the majority of which belong to the Asteraceae (30%). Close to half (46%) of the plants surveyed in the wild plant transects also occur in the fruit crops (Supplementary Table 1).

We recorded a total of 1303 insect visitors along the wild plant transects and 2806 in the four fruit crops. The most abundant visitors were managed honeybees (17%), followed by syrphid flies (16%), sweat bees (Lasioglossum sp., 5%), and bumblebees (5%) (see details of insect taxonomic classification in Supplementary Table 3 to Supplementary Table 8 and representative taxa shown in Supplementary Figure 1). Most taxa were identified to species or morphospecies (n = 3313, 81%). Overall, we identified 144 genera in 94 families from 5 insect orders. We removed individuals unassigned to family level (n = 77, 1.9%) and used the highest taxonomic assignment of an individual for analyses.




Diversity of insects visiting fruit crops and wild plant flowers

We used Hill-diversity estimates to describe the diversity patterns of flower visitors according to season and site (i.e. fruit crops and wild plant transects). A larger number of taxa (40%) were unique to fruit crops sampled during the rainy season compared to the dry season (3%) (Figure 1B). We found that the diversity of flower visitors was similar in fruit crops compared to wild plant transects, a result that was consistent across seasons and Hill-diversity estimates (Figure 1C; Supplementary Figures 2, 3). Fruit crops flowered at different times of the year. Avocado trees had the most extended flowering periods, followed by blackberry, apple, and plum crops (Supplementary Table 2). Apple and plum varieties planted in the region bloom twice a year (in July-August and January), with short (approx. 1 month) windows of flowering bouts. We observed that avocado plantations differ from the other fruit crops in that they tend to attract a higher diversity of insect visitors during the flowering period although diversity was not significantly different across fruit crops (Figure 1D; Supplementary Figures 4, 5).

We found that there is little overlap in the composition of insect visitors between fruit crops and wild plants (Cq=1N: F = 7.18, p < 0.0001, R2 = 0.11) and a significant, albeit weaker effect of season (Cq=1N: F = 2.42, p = 0.004, R2 = 0.04) (Figure 2A). Results were consistent across estimates based on the three Hill q levels analyzed (Supplementary Figure 6). Furthermore, we found a strong effect (R2 = 0.24) of type of fruit crop on community composition (F = 2.51, p < 0.0001), suggesting fruit crop-specific insect communities (Figure 2B; Supplementary Figure 7).
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Figure 2 | Non-metric multidimensional scaling (NMDS) of insect visitor composition using the Hill number Sørensen-type dissimilarity. (A) Clustering of sampling units according to whether insect visitors were sampled in fruit crops (filled dots) or in wild plant transects (filled squares), and clustering according to the dry or wet season, designated with yellow and green colors, respectively. Ellipses denote the standard error of the centroid insect community for fruit crops (solid lines) and wild plants (dotted lines) at 95% confidence. (B) Distinct community composition across fruit crops and wild plant transects, each designated with different colors. Ellipses denote 95% confidence intervals. Note that for plum, the sample size was insufficient to draw an ellipse (N sampling units = 2).





Sequencing of pollen DNA from insect visitors

We amplified and sequenced the ITS2 region of 157 out of 242 pollen samples (65%) to characterize the plant sources found in flower visitors of fruit crops. Obtaining high quality DNA from pollen samples for sequencing was a major challenge in our study; 12% of samples yielded no DNA, 7% did not amplify, and 15% were not indexed for sequencing due to very low concentrations in the first step of PCR. Close to half of the pollen samples that failed to yield high-quality DNA were from insects in the order Diptera (49%, all collected in the avocado farms), followed by Apis (27%), and Coleoptera (10%). The low amount of pollen grains attached to the bodies of dipterans may have been the main limiting factor in obtaining sequencing data for this group. As stated in the previous section, we found a higher diversity of insect visitors in avocado trees compared to the other fruit crops. Hence, the number of insect taxa used to study the diversity of plant sources via pollen metabarcoding from fruit crop insect visitors was greater for avocado, particularly for Diptera, since taxa in this group were diverse and abundant (Supplementary Table 9).

We detected 2,387 sequence variants in a total of 3,064,745 quality-filtered, denoised, and chimera filtered sequencing reads with an average sequencing depth of 18,508 reads per sample (range 880 - 40,627). In our study, a reference database that incorporated local diversity and built from sequences specific to the Neotropics (i.e., with a geographic restriction applied to sequence retrieval from NCBI, Supplementary Text S2) yielded the highest proportion of reads assigned to genus (95%) and to species (85%) (Supplementary Figure 8A). We did not observe an impact of dereplication (i.e., merging identical sequences with identical taxonomic annotations into a unique sequence, Supplementary Text S1) but extracting primer-specific amplicons can result in a low fraction of reads with taxonomic assignment (Supplementary Figure 8).

Among the 2,387 pollen sequence variants, we identified a total of 153 species of plants, spanning 140 genera, 68 families, and 37 orders. Of these, 29 plant taxa (25 of which were identified to species and 4 to genus level) were relatively common (i.e. > 20% prevalence) (Figures 3A–K). A large proportion of plant taxa were rare (i.e., close to half (48.7%) of plant taxa were found in up to two samples). Moreover, we identified a mean of 18.5 (range 3 - 48) plant taxa per sample (Supplementary Figure 9). We found that two endemic plant species, Meliosma irazuensis (Sabiaceae, 72.4%) and Viburnum costaricanum (Adoxaceae, 71.8%), and other herbaceous plants, such as flatweed (Hypochaeris radicata), glossy nightshade (Solanum americanum), and pink knotweed (Persicaria capitata), were among the most common plant species in pollen samples (> 65% prevalence) (Figure 3A). Other endemic plants were also commonly detected, including Hypericum irazuense (Hypericaceae, 26.3%) and Diplostephium costarricense (Asteraceae, 18.6%). The oak species Quercus salicifolia, native to central Mexico and Central America, featured among the most frequent plant species (52.56%) recovered from pollen samples (Figure 3A). Regarding pollen from the fruit crops, we found that plum (57.1%), followed by blackberry (37.8%) and apple (37.1%) were more commonly detected as plant sources, compared to an observed low prevalence of avocado (0.04%).

[image: Chart and images depicting plant species distribution and prevalence.   a. Bar chart showing various plant species' prevalence percentages across different plant families.  b-j. Photographs of different plant species, each labeled with their scientific names: Ageratina kupperi, Monticalia andicola, Vaccinium consanguineum, Quercus salicifolia, Hypericum irazuensis, Phytolacca rugosa, Persicaria capitata, Rubus eriocarpus, Viburnum costaricanum.  k. Treemaps illustrating the classification and distribution of plant species across four categories: Malus domestica, Persea americana, Prunus domestica, and Rubus, indicating family and species relationships.]
Figure 3 | Plant sources detected via pollen metabarcoding. (A) Barplot showing the prevalence of common plant taxa (> 20%) across all pollen samples. (B–J) Examples of plant species identified in the pollen carried by flower visitors. Photo credits: Alfredo Cascante-Marín (K) Treemap showing the composition of plant taxa (> 3% within fruit crop prevalence) found in each fruit crop. Each tile represents a plant species (or genus), with labels shown for common species only (>20%). The area of the tile and label font size is proportional to the within fruit crop prevalence. The fill colors correspond to plant families and family labels are in bold typeface.





Diversity of plant sources among insect visitors of fruit crops

We used incidence data to test for differences in alpha diversity of plant species (or genera) identified in the pollen samples. Sampling completeness was relatively consistent across the four fruit crops (range: 94% - 99%, Supplementary Figure 10) and the groups of insect visitors (range: 89% - 97%, Supplementary Figure 12) studied in San Gerardo. We found that the diversity of plant sources according to richness was similar across fruit crops and across insect visitors (Figures 4A, B, overlapping CI in q = 0 in Supplementary Figure 11 and Supplementary Figure 13). Richness error estimates were particularly high for pollen samples collected from syrphid flies, likely due to pooling individual flies for pollen analyses (Figure 4B). In contrast to richness estimates, the patterns of diversity, according to Hill-Shannon and Hill-Simpson, revealed consistent differences between crops. Estimates of evenness in apple and plum crops were higher compared to avocado and blackberry (Figure 4A; Supplementary Figure 11). These results suggest that in avocado and blackberry farms, insects visited fewer dominant plant taxa compared to the other fruit crops. We found a similar diversity of plant sources across insect groups according to Hill-Shannon estimates, but Hill-Simpson estimates revealed lower diversity in syrphid flies compared to all the other insect groups (Figure 4B; Supplementary Figure 13).

[image: Graphs comparing richness, Hill-Shannon, and Hill-Simpson diversity metrics for different fruit crops (Malus, Persea, Prunus, Rubus) and insect visitors (Apis, Bombus, Non-Syrphidae, Other, Syrphidae). Plots (a) and (b) show diversity metrics with error bars. Plots (c) and (d) are NMDS plots depicting clustering of fruit crops and insect visitors with colored ellipses indicating grouping.]
Figure 4 | Alpha and beta diversity of plant species detected by pollen metabarcoding. Hill-number diversity estimates according to fruit crop (A) and insect visitor group (B). Error bars correspond to 95% CI. Diversity estimates are based on coverage. NMDS (stress q1 = 0.126) showing the differences in composition of plant species according to fruit crop (C) and insect visitor group (D) recovered from pollen metabarcoding using the Hill number Sørensen-type dissimilarity.

With respect to patterns of plant species composition, we found that fruit crops were a stronger predictor (Cq=1N: F = 7.75, p < 0.0001, R2 = 0.13) compared to insect group (Cq=1N: F = 2.39, p < 0.0001, R2 = 0.059). We observed that pollen samples from plum and apple farms cluster closer together, while pollen samples from blackberry appear to have a distinct composition of plant species. The community of plant taxa in avocado seems to be highly heterogeneous (Figure 4C). We found a large overlap in plant sources among the insect groups (Figure 4D; Supplementary Figure 14).






Discussion

Crop flower visitation by wild insects is considered a reliable proxy for pollination services (Garibaldi et al., 2013); however, patterns of wild pollinator diversity in tropical agricultural landscapes are relatively scarce. We found a species-rich community of insect visitors that carried pollen from a large diversity of plant taxa, including species native to the montane and páramo ecosystems of Costa Rica’s highlands. Together, these results suggest that current farming practices as well as proximity to protected areas likely contribute to maintaining pollination services in the region.




Diversity of fruit crop and wildflower visitors

We found that fruit crops attract a large diversity of insect pollinators. These farming practices appear to have a positive impact on pollinator diversity by promoting the presence of native plants that provide additional food sources that attract a diverse community of pollinators. Indeed, we observed that close to half of the species of herbaceous and ruderal plants surveyed in the wild plant transects were also present in fruit crop farms.

An additional factor that might have a positive impact on the diversity of flower visitors is the proximity of protected forest to the fruit crops in San Gerardo, as has been previously shown for other tropical crops such as avocado, coffee, and mango (Carvalheiro et al., 2010; Celis-Diez et al., 2023; Hipólito et al., 2018; Villamil et al., 2018). Fruit crop farms in our study region are surrounded by ornamental gardens, stands of introduced cypress trees (Cupressus lusitanica), patches of secondary montane forest, and/or protected forest on the hilltops. The montane forests of San Gerardo are characterized by a species-rich plant community shaped in part by deforestation and other human activities since the mid 50’s. Clearance led to the emergence of open habitats such as pasture land and shrublands that enabled the migration and establishment of herbaceous plants from the higher altitude páramo and subalpine dwarf forests (Kappelle et al., 2000). It is possible that, besides providing additional feeding resources for pollinators, ruderal vegetation in and around fruit crops and undisturbed nearby montane forests provide microhabitats that sustain rich and abundant populations of insect pollinators. For instance, larvae of the dipteran family Sciaridae, feed on decaying plant material, an abundant substrate on the ground covered by the layer of ruderal plants and inside forest edges. Other larvae scavenge on dead bodies of wild (small and large) animals that die in the forest or feed on mammal dung (e.g., Sarcophagidae); yet the larvae of various fly families recorded in our study (e.g., Syrphidae) prey on the larvae of other insects (Rojo et al., 2003; Zumbado, 2006). The bumblebee Bombus ephippiatus, the most common native species in our study, builds nests underground, usually in drained terrain covered with a dense herbaceous layer (Laverty and Plowright, 1985); GB unpublished data).

Our study revealed that avocado farms tend to host a higher diversity of insect floral visitors compared to other fruit crops. The presence of a diverse floral visitor community is consistent with previous studies of avocado orchards (Okello et al., 2021; Perez-Balam et al., 2012; Villamil et al., 2018). We found that fruit crops and wild plants have a distinct community composition of flower visitors, and that insect composition was also specific to the type of fruit crop. Together, these results suggest that pronounced differences in microhabitat influence the presence or absence of insect taxa at different sampling sites. However, we are currently unable to distinguish the factors shaping these diversity patterns. Studies that incorporate surveys of wild plant diversity in parallel with insect surveys in farmlands might provide useful insights for future farming practices, such as evaluating the relationship between wild plant diversity and insect visitor diversity.

We found an effect of season on insect visitor community composition. Climate models predict that high-elevation tropical environments will experience a strong decrease in precipitation, higher temperatures, and increased variability of both precipitation and temperature (Karmalkar et al., 2008). Our results suggest that insect composition in San Gerardo are sensitive to seasonal effects. Given that high-elevation tropical ecosystems are regions of high endemism but also emerging hot-spots for climate change (Giorgi, 2006), long-term assessments of flower visitor community dynamics are crucial for understanding the potential effects of changing climatic conditions on plant-pollinator interactions.

Overall, the observed diversity of flower visitors in this study provides a baseline understanding of pollinator communities and their potential role as bioindicators of ecosystem health. The observed variability in diversity patterns of flower visitors across fruit crops and wild plant transects suggests the presence of fine-scale habitat differences that deserve further attention. For instance, the need to conduct studies that aim at identifying the main predictors of insect diversity and composition, such as the influence of distance to protected forest, the effect of farming practices, and the relationship between different wild plant assemblages and pollinator diversity. Currently, Latin America’s landscape conversion is largely driven by regional development (Keys, 2010; Klepeis and Turner, 2001; Newcomer et al., 2022). A main challenge to preserving biodiversity is therefore not only to effectively manage protected areas but also to ensure that rural areas develop in a more sustainable manner (Lambin et al., 2003). Costa Rica, despite its known efforts to protect biodiversity, represents a good example of this struggle (Broadbent et al., 2012; Kappelle and Juárez, 1995; Sanchez-Azofeifa et al., 2002). Our results suggest that tropical highland farmers have the potential to improve their crop yields and preserve ecosystem services by encouraging the growth of ruderals in and around their fields and by preserving tracts of undisturbed habitat.





Diversity of plant sources revealed by pollen metabarcoding

A main outcome of this study was the relatively large number of plant species identified in pollen samples that were not necessarily observed in the fruit crops nor in the wild plant transects. We found that a high proportion of plant sources (close to 50%) were detected in up to two samples, illustrating the sensitivity of pollen metabarcoding in detecting rare taxa among flower visitors (Bell et al., 2017; Milla et al., 2021; Richardson et al., 2021). Insect visitors carried pollen from common ruderals and a variety of wild and endemic species. Some of these correspond to plant species with distributions restricted to the Talamanca mountain range (i.e., Vaccinium consanguineum (Ericaceae), Ageratina kupperi (Asteraceae), Viburnum costaricanum (Adoxaceae), Hypericum irazuense (Hypericaceae), Sciodaphyllum pittieri (Araliaceae), Quercus costaricensis (Fagaceae) and Diplostephium costaricense (Asteraceae)). These findings provide evidence that insect visitors benefit from the resources provided by vegetation co-occurring in fruit crop farms, plants from ornamental gardens, and nearby undisturbed habitat. This diverse community of flower visitors likely contributes to the pollination services of fruit crops and native plant species in San Gerardo, with nearby protected areas playing a crucial role in maintaining pollinator populations during periods when crop flowers are not in bloom.

Results of plant sources among pollen samples in fruit crops mirror the differences in composition observed in insect visitor data, i.e., the type of fruit crop was a strong predictor of similarity among pollen samples, suggesting that fruit crop farms have a relatively distinct community of herbaceous wild plants that attract different insect visitors and that these visitors exploit different foraging resources. Furthermore, we found that estimates of plant species diversity (Hill-evenness) in pollen samples were higher in apple and plum farms compared to avocado and blackberry crops. Differences in the distance between crops and the natural protected areas might contribute to the observed variation in diversity. The plum and one of the two apple farms were closer to the montane protected forest compared to the other study sites. Higher diversity in these fruit crops might reflect the greater availability and diversity of floral resources associated with nearby undisturbed habitats (Muñoz et al., 2021). The fact that the number of plant taxa detected per sample was highly variable suggests that a large proportion of plant sources identified through analyses of pollen samples correspond to the detection of heterospecific pollen picked up by flower visitors. High levels of heterospecific pollen can be an indication of high diversity of floral resources (Willmer et al., 2017) and phenological overlap (Aizen and Rovere, 2010).

We found differences in diversity with respect to groups of insect visitors; estimates of Hill-evenness were lower in syrphid flies compared to the other insect groups in our study. Syrphid flies appear to carry pollen of a few dominant plant species, including common ruderals planted by farmers to attract pollinators (e.g., pinkweed, Persicaria capitata). Lower diversity of plant sources in Syrphid flies might be explained by differences in morphological traits such as smaller body length and fewer setae compared to other flies like Tachinidae, which hinder pollen adherence (Cullen et al., 2021; Földesi et al., 2021).

Montane tropical forests are characterized by low temperatures and very humid conditions, which may have a negative effect on the activity of managed populations of honeybees (Corbet et al., 1993). In contrast, non-syrphid flies are more resilient to these unfavorable conditions (Levesque and Burger, 1982), which explains similar estimates of diversity of plant sources for non-syrphid flies compared to Apis and Bombus bees. Moreover, the high diversity of plant sources found in bumblebee samples highlights the importance of these insects as crop and wild plant pollinators. Bumblebees are the most prevalent wild pollinators in the understory of montane forests in the region (Cristóbal-Perez et al., 2024), remain active throughout the day, and have been shown to carry a high percentage of conspecific pollen grains (Wesselingh et al., 2000). Together, our findings echo previous work demonstrating the importance of studying wild pollinators in farmlands and their role in ecosystem services (Larson et al., 2001; Orford et al., 2015).

Our findings suggest that small-scale fruit crops may facilitate insect movement between forest patches, increasing gene flow and decreasing genetic structure among native and endemic plant species (Jha and Dick, 2010). Increased connectivity is crucial for maintaining the genetic diversity of native species, which is essential for their adaptability and population viability (Frankham, 2005; Newman and Tallmon, 2001; Richards, 2000). However, agricultural expansion may compromise landscape connectivity, resulting in habitat fragmentation that could disrupt insect movement between forest patches, reducing gene flow and thereby increasing the detrimental effects of genetic drift on native plant populations (Fuchs et al., 2003). Consequently, our results highlight the importance of preserving natural habitats and managing agricultural landscapes in a way that safeguards the genetic variability of native flora (Kamm et al., 2009; Van Geert et al., 2010).

Pollen metabarcoding is a valuable tool to assess the diversity of plant taxa available to insect visitors; however, this information is largely qualitative (Bell et al., 2019) and can be subject to amplification, sequencing and data processing biases (Arstingstall et al., 2021). While this method enabled us to characterize potential foraging resources associated with farmland near protected montane forests in Costa Rica, distinguishing pollination from other types of interactions (i.e., neutral or resource parasitism) remains a challenge. Future studies that combine direct measurements of pollinator effectiveness (e.g., via studies of single-visit deposition King et al., 2013) with pollen metabarcoding to identify plant sources in flower visitors are needed to evaluate the extent of pollination services provided by the diverse community of flower visitors observed in tropical montane agrosystems.






Concluding remarks

The highland forests in Costa Rica are a species-rich region with very high levels of endemism (Horn and Kappelle, 2005; Anderson et al., 2008). Reliably assessing high species richness has been a major limitation to our understanding of plant-pollinator communities in the tropics (Freitas et al., 2009). Monthly surveys of insect flower visitors in farmlands located in the montane forests of San Gerardo revealed the presence of a diverse insect community. Through pollen metabarcoding techniques, we successfully examined the diversity of plant sources available for insect communities associated with fruit crops. These data revealed that insects visit a wide variety of native flowers, including endemic plants and plants found primarily in natural protected areas. These results highlight the important role of undisturbed habitat in sustaining pollinator populations. Furthermore, our findings indicate that a custom-built reference database that incorporates sequences from local plants is crucial for capturing genus or even species-level diversity, and provides empirical support for the value of pollen analyses to characterize and monitor local biodiversity (Bell et al., 2023; Hornick et al., 2022). Overall, this study emphasizes the interdependence of wild and cultivated plants, highlighting the importance of preserving natural habitats for the ecosystem services they provide.
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The diversity in floral coloration results from a complex reproductive system, which has evolved in response to multiple pollinators and is intricately linked to the development of pollination mechanisms. To investigate how floral trait variations influence reproduction in Paeonia delavayi, we conducted pollination experiments, observed insect visitation, measured floral traits, estimated petal and anther colors as perceived by pollinators and analyzed floral scent for two floral morphs (red and yellow) at two distinct sites. P. delavayi depended on insect pollinators for seed production. Multiple comparisons revealed that seed yields and seed sets under natural pollination were significantly higher than those under artificial pollination (homogamy and geitonogamy) and anemophilous pollination. However, there was no significant difference in seed yields(LWS, p = 0.487; XGLL, p = 0.702) and seed set (LWS, p = 0.077; XGLL, p = 0.251) between two floral morphs under natural pollination. Both morphs shared common pollinators, primarily honeybees, bumblebees, and syrphid flies. Major pollinators visited the yellow morph more frequently than the red morph, although there was no significant difference in the duration time of visits between the two morphs. Studies utilizing insect vision models, based on color reflection spectra, revealed that major pollinators could distinguish differences in petal and anther colors between the two morphs. However, there is variation in how pollinators perceive their flower colors. On the one hand, the yellow morphs contrast against the leaves background, enhancing their visual attractiveness  to bees and flies. On the other hand, the red-flowered morph compensates for its visual disadvantage through olfactory cues, ensuring successful reproduction despite lower visual attractiveness. This study highlights the intricate interplay between visual and olfactory signals in plant-pollinator interactions, emphasizing their combined influence on reproductive outcomes.
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1 Introduction

The evolution of plants is intricately linked to their pollination systems, with the combinations of pollinators for specific species varying across time and space. When pollinators switch their foraging activities among co-flowering, co-existing plant species, pollen may be transferred between different species. Interspecific pollen transfer can significantly decrease reproductive success by causing competition, influencing the separation of flowering periods or trait divergence, and leading to the deposition of heterospecific pollen on stigmas and misdirected pollen transfer during visits to flowers of different species (Wei et al., 2021). Floral fitness is optimized by improving pollen distribution to flowers of the same species and ensuring sufficient receipt of compatible pollen for ovule fertilization (Mitchell et al., 2009). Pollinator effectiveness, defined by how well a pollinator optimizes male and female fitness, is influenced by foraging patterns, floral constancy, foraging behavior, and visitation frequency (Ne’eman et al., 2010; Armbruster, 2014). These factors collectively influence the degree to which pollinators enhance plant reproductive success.

Plants might derive benefits from reduced intraspecies floral trait diversity, maintaining high floral stability. Pollinators tend to prefer visiting flowers of the same species consecutively while searching for nectars, often ignoring other rewarding flowers during the process (Gegear and Laverty, 2001). This phenomenon, known as “flower constancy,” is observed in the pollination behaviors of honeybees (Goulson, 2003; Hayes and Grüter, 2022), bumblebees (Ishii and Kadoya, 2016; Takagi and Ohashi, 2025), and dipterans (Goulson and Wright, 1998). Research indicates that pollinators possess remarkable learning abilities, enabling them to remember movement patterns or handling techniques associated with the flowers of specific species (Tsujimoto and Ishii, 2017). As a result, pollinators often remain focused on one or a few species to minimize the costs associated with re training flower-handling skills after each switch (Woodward and Laverty, 1992). Additionally, pollinators can search for flowers based on color and structure by visiting flowers of a single species or those of different species with similar colors (Wilson and Stine, 1996). Such learned behavior forms the basis for the co-evolution of plant flower colors and pollinators.

The floral traits of co-flowering plants significantly influence the degree of floral constancy. Factors such as flower color, size, structure, pollen, and nectar affect the behavior and visitation strategies of pollinators (Raguso, 2004; Kemp et al., 2019; Marquardt et al., 2021). Among these, color is a critical visual signal regulating plant–pollinator interactions (Holopainen, 2013; Chen et al., 2020b). Flower colour polymorphism refers to the variation in flower colours observed within or between natural populations of the same species, including both gradual transitions and, more prominently, discrete differences among morphs (Wang et al., 2013, 2016; Kellenberger et al., 2019; Dafni et al., 2020). The diversity of flower colors impacts the attractiveness and foraging behavior of pollinators, while pollinator-mediated selection drives changes in flower color. Guided by different flower color phenotypes, pollinators exhibit variations in visitation frequency, which may enhance gene flow between species (Marina and Brian, 1979) and contribute to the diversification of flower colors in plants (Fenster et al., 2004; Schiestl and Johnson, 2013). How do pollinators perceive and respond to changes in flower color within a population? It depends on the intensity and direction—whether facilitation or competition—of pollinator selection for flower color signals among flowering plant species (Kagawa and Takimoto, 2016; Benadi and Gegear, 2018; Whitney et al., 2020; Sapir et al., 2021; Trunschke et al., 2021).

Peony is one of the ten traditional famous flowers in China, renowned for its beauty and fragrance. Paeonia delavayi belonging to the family Paeoniaceae, genus Paeonia, and section Moutan, has been listed as a second-class nationally protected wild plant (State Forestry and Grassland Administration, Ministry of Agriculture and Rural Affairs of the People's Republic of China, 2021). It is primarily distributed in the central, northwestern, and northern regions of Yunnan Province, as well as in southeastern Tibet and western Sichuan (Zhao et al., 2021). Its flowers exhibit a rich diversity of colors, including white, pink, yellow, red, purple, and green. This diverse coloration enhances its ornamental value and makes it an important parent for breeding new varieties of cultivated peonies (Gong et al., 2003; Pan, 2015; Li et al., 2016). Paeonia delavayi is a cross-pollinated plant mediated by bees (Li et al., 2013). Understanding the color vision of pollinating insects in recognizing and responding to petal and anther coloration is essential for explaining pollination and reproductive efficiency differences among plants of the same species with varying color morphs. The following three scientific questions are proposed to address these aspects: (1) What are the differences in reproductive success between the two color morphs of P. delavayi? Is insect pollination necessary? (2) What types of pollinating insects are associated with the two color morphs of P. delavayi, and do they share pollinators between species? (3) Are there significant differences in floral traits between the two color morphs, and how does flower color affect visual attraction to pollinators? Pollination experiments were conducted on the two color morphs in two germplasm resource gardens to verify these questions. The impact of pollinating insects on the reproduction of P. delavayi was assessed, the primary pollinating insects were identified, and the pollination efficiency and visitation patterns of these insects for the two color morphs were compared. Additionally, the correlation between floral morphological characteristics and pollinators was explored. In the visual model of the primary pollinating insects, the color distances between petals and leaves and between anthers and leaf backgrounds were calculated.




2 Materials and methods



2.1 Research location and plant materials

Paeonia delavayi plants, established for more than 5 years, were selected as experimental materials from the Lianwang Mountain(LWS) and Shangri-La(XGLL) Germplasm Resource Garden, as well as the Shangri-La Ski Resort (Supplementary Table 1). Conspecifics with floral colors described as dark red, moderate red, deep red, light red, grayish red, vivid red, and deep purplish red were categorized as the red morphs, whereas conspecifics with floral colors described as vivid yellow or yellow petals with red-colored veins or spots were classified as the yellow morphs. Surveys were conducted during the flowering season from April to May of 2023 over two consecutive years.




2.2 Evaluation of the reproductive success of insect pollinators

The red and yellow morphs of P. delavayi were selected as parental plants from April to May 2022 to assess the impact of insect pollinators on plant reproduction. Six flowers of consistent size, in the late translucent stage, were chosen from each plant for six treatment groups: (1) natural pollination without any treatment (the control group), (2) emasculation without bagging to allow for natural pollination (emasculation), (3) emasculation with bagging, during which pollen was collected from the same flower and manually controlled for pollination three times during the receptive period of the stigma (artificial homogamy), (4) emasculation with bagging, during which pollen was collected from another flower of the same plant and manually controlled for pollination three times during the receptive period of the stigma (artificial geitonogamy), (5) emasculation with bagging, during which pollen was collected from a different flower of a different plant and manually controlled for pollination three times during the receptive period of the stigma (artificial xenogamy), and (6) the flowers were tagged and enclosed in nylon mesh cages (mesh size: 1 mm) to prevent insect pollination (anemophilous pollination). Between 30 and 60 flowers were allocated to each treatment. After hybridization, the flowers were tagged for identification. Mature follicles were collected according to the different experimental treatments in mid to late September, and the number of follicles, seeds, and ovules in each treatment was recorded. Seed set was calculated as: Seed set (%) = (Number of full seeds / Number of ovules per flower) × 100. One-way ANOVAs were used to evaluate differences among treatments, followed by Tukey’s tests. An independent samples t-test was conducted to assess the differences between the two morphs.




2.3 Survey of composition and flower-visiting frequency of insect pollinators

To clarify the differences in the composition of insect pollinators visiting the two color morphs, flowers with at least one dehisced anther (with fewer than 10 dehisced anthers) were randomly selected from different trees during the flowering period and tagged. An audio-video recorder was directed at the target flowers (daytime 8:00–18:00) to capture footage from the onset of anther dehiscence until its end, recording daily the number of dehisced anthers. Concurrently, the visiting insects were photographed using a macro camera while walking through the habitat of the target plants. Insects resting on the flowers were captured with a net, placed in bottles containing 75% alcohol, and transported to the laboratory for specimen preparation and species identification. Subsequently, the recorded videos were analyzed, and the results of the field survey were combined to document the types of flower-visiting insects, number of visits, duration of stay, and behaviors exhibited by the pollinators in the flowers (nectar feeding, pollen feeding or collecting, and predation). Floral visitors were recorded hourly and summarized the two flowering seasons dates, resulting in a total of approximately 600 observation hours for 12 trees in LWS and 950 observation hours for 19 trees in XGLL. Mann–Whitney U analysis were employed to test differences in visit frequency between the two color morphs among major pollinators. Moreover, we investigated the seed production of open flowers visited by insect pollinators in mid to late September.

A Generalized Linear Model (GLM) was employed to assess the impact of insect pollinator visitation frequency on seed production in natural pollination. First, the data were checked for normality using the Shapiro–Wilk test and transformed when needed and feasible. A multiple regression model was employed, with the seed set rate of P. delavayi as the response variable and the frequency of insect pollinator visits as the explanatory variable. All analyses were conducted using the “stats” package in the R programming language, and plots were generated using the “ggplot2”package.




2.4 Floral traits and fluorescent characteristics of anthers

To explore the potential influence of floral traits on attraction of flower-visiting insects, a total of 60 flowers from each color morph were randomly selected to measure flower diameter, flower height, stamen diameter, stamen height, and pistil height using a vernier caliper with an accuracy of 0.01 mm, and counted number of stamens and petals at their full-bloom stage. One-way ANOVAs were employed to analyze differences in flower morphology between the two color morphs. Principal Component Analysis (PCA) was conducted to detect whether there is a significant differentiation in floral traits between the two flower color morphs.

Three fully bloomed flowers from each color morph of P. delavayi were selected for observation. The anthers were examined and photographed using a LEICAM205 FA stereomicroscope to determine whether the epidermis of the anther wall emitted blue fluorescence under ultraviolet light. Ultraviolet images of the P. delavayi flowers were captured using an ultraviolet imaging device (Beijing 61, model WD-9403C, reflection wavelength 365 nm).




2.5 Measurement of the reflectance spectrum of flowers

One hundred and four blooming flowers and leaves were collected from LWS, and 77 blooming flowers and leaves were collected from XGLL. The samples were placed in ziplock bags and transported to the laboratory using a car refrigerator. The reflectance spectra of the petals, anthers (in the unopened state), and leaves were measured using a spectrometer (USB Ocean Optics 2000+). A fiber optic probe was installed in a black tube to minimize the influence of environmental light on reflectance spectrum measurements. A diffuse reflection whiteboard made of polytetrafluoroethylene (WS-1, Ocean Optics) was used as a reference for instrument calibration. The light source was a DH-2000 halogen-deuterium lamp (Ocean Optics Inc., Dunedin, FL). The probe was positioned at a 45° angle to the object, at a distance of approximately 5 mm, during the measurements. Measurements were taken from the most vibrant part for petals exhibiting multiple colors. Each sample was measured three times to reduce errors. Spectral data processing and color vision model simulation were conducted using the R package “pavo.” (Maia et al., 2013, 2019) Subsequent analyses, calculations, and plotting were performed in R.




2.6 The role of flower color in pollinator vision

Based on the findings from Section 2.3, honeybees, bumblebees, and syrphid flies were identified as the main pollinators of P. delavayi. In previous studies (Chen et al., 2020b; Huang et al., 2024), flower color was quantitatively analyzed within the color vision models of these pollinators.

The color hexagon model (CH model) is well suited for modeling the vision of Hymenoptera. This model represents a color in the color space as a point based on the stimulation of photoreceptors by that color. The Euclidean distance (in CH units) between color points was calculated to determine color contrast (color distance). A greater distance between the two color points indicated a higher contrast, making the colors easier to distinguish (Chittka, 1992). If the distance between the two colors was lower than 0.11 hexagonal units, bees cannot recognize them (Dyer and Chittka, 2004). A visual model was constructed using the photoreceptor sensitivity curves of Apis mellifera (Menzel et al., 1986; Chen et al., 2020b). Due to the lack of sensitivity curves for Bombus (Alpigenobombus) genalis, the curves for Bombus terrestris, a closely related species in the same family, were utilized to create the visual model (Skorupski et al., 2007).

A fly color vision model (the categorical color vision model) was employed to evaluate the flower colors perceived by hoverfly pollinators (Troje, 1993). This model widely applies to dipteran insects (Lunau, 2014), with a minimum color recognition distance for syrphid flies set at 0.021 Troje units (Hannah et al., 2019). Distances greater than 0.096 Troje units are easily distinguished by flies (Garcia et al., 2022), establishing 0.096 Troje units as the color recognition threshold (Huang et al., 2024).

Among these three models, the average reflectance spectrum of the corresponding leaves for the two morphs was used as the background spectrum to calculate the color contrast between petals, anthers, and their respective leaf backgrounds. A one-sample t-test was applied to assess differences in color distance between petals and leaf backgrounds and between anthers and leaf backgrounds.




2.7 Flower scent

The fresh petals and anthers of the two morphs were collected in LWS. and placed in a separate polyethylene-based fresh bag, and stored in a car refrigerator. Refer to Yu ‘s method (Yu et al., 2022), the flower volatiles were extracted and identified using an Agilent Technologies HP 6890 Plus Gas chromatograph (USA) (three flowers per colour morph). The GC conditions are as follows: use a DB-624UI capillary column (60m×0.32mm×1.80µm), with helium as the carrier gas, at a flow rate of 1.0 ml/min. Differences in flower scent composition between the petals and anthers of the two morphs were analyzed with permutation-based multivariate analysis of variance (PERMANOVA) using the ‘adonis’ function in the ‘vegan’ R package. The analysis was conducted using pairwise adonis (Factor: sample; Permutations = 100 000) (Anderson, 2001; Oksanen et al., 2019). The composition of flower volatiles was visualized utilizing non-metric multidimensional scaling (‘metaMDS’) according to Bray–Curtis dissimilarities. To examine the differences in the total amount of floral volatiles between the petals and anthers of the two morphs, we used a one-way ANOVA, followed by Tukey’s tests. All statistical analyses were conducted using R version 4.1.1.





3 Results



3.1 Reproductive success of insect pollinators

Significant differences in seed yields (the number of seeds per flower) (one-way ANOVA, the red morphs, F5,234 = 20.11, p < 0.001; the yellow morphs, F5,234 = 27.14, p < 0.001) and seed sets (one-way ANOVA, the red morphs, F5,234 = 22.97, p < 0.001; the yellow morphs, F5,234 = 33.18, p < 0.001) were observed across different pollination methods in LWS. Multiple comparisons revealed (Table 1) that seed yields and seed sets under natural pollination were significantly higher than those under artificial pollination (homogamy and geitonogamy), anemophilous pollination, and emasculation without pollination (p < 0.05, Tukey test). However, seed yields (p = 0.206, Tukey test) and seed sets (p = 0.455, Tukey test) under artificial xenogamy from different individuals of the yellow morphs did not differ significantly from those under natural pollination, with no significant difference in seed yields (one-sample t-test, t = − 0.697, d.f. = 118, p = 0.487) and seed sets (one-sample t-test, t = −1.785, d.f. = 118, p = 0.077) between yellow-flowered and red morphs under natural pollination.

Table 1 | Effects of different pollination treatments (mean ± s.e.) among the two morphs of P. delavayi in LWS.


[image: Table showing the effects of different pollination treatments on seed yield and fruit set for red and yellow morphs. Treatments include natural pollination, emasculation, artificial homogamy, artificial geitonogamy, artificial xenogamy, and anemophilous pollination. Values are presented as mean plus-minus standard error with sample sizes (n) provided. Statistical analysis is based on Tukey’s test with significant differences indicated by different letters. F-values, degrees of freedom, and P-values are listed, all showing significance at P less than 0.001.]
Due to the limited number of yellow-flowered P. delavayi in XGLL, only red morphs were used for the pollination experiment. The variation in seed yields (one-way ANOVA, F5,154 = 5.448, p < 0.001) and seed sets (F5,154 = 5.328, p < 0.001) differed significantly among treatments. Multiple comparisons indicated (Supplementary Table 2) that seed yields and seed sets for natural pollination were higher than for artificial pollination (homogamy, geitonogamy) and anemophilous pollination (p < 0.05, Tukey test). However, seed yields and seed sets in artificial xenogamy were slightly greater than those in natural pollination, with no significant difference between the two methods (p > 0.05, Tukey test). In addition, there was no significant difference in seed yields (one-sample t-test, t = − 0.385, d.f. = 44, p = 0.702) and seed sets (one-sample t-test, t = − 1.163, d.f. = 44, p = 0.251) of natural pollination between the two morphs.




3.2 Insect pollinators and visitation frequency

Nine species of flower-visiting insects were associated with P. delavayi in LWS, belonging to three orders and six families (Supplementary Table 3). Hymenoptera were the most numerous, with five species present. They were Halictidae sp., Apis sp., B. (Alpigenobombus) genalis, Formica fusca Linnaeus, and Formica sinensis Wheeler. F. fusca and F. sinensis remained on the flowers for extended periods to feed on nectar but did not promote pollen transfer. Halictidae sp. had an exceptionally low flower-visiting frequency, primarily stealing pollen and nectar. Apis sp. and B. (Alpigenobombus) genalis actively collected pollen from the stamens or fed on nectar by flying or crawling. Only one species of Diptera, Syrphidae sp., stayed on the flowers for a long time, feeding on nectar and licking pollen. Three species of Hemiptera, Lygaeus vicarius, Dysdercus sp., and Nysius ericae, did not interact with the anthers or stigma during their visits and exhibited low visitation frequencies. According to pollinator standards (Huang et al., 2024), the primary pollinating insects were honeybees (Figures 1A–C), bumblebees (Figure 1D), and syrphid flies. Mann–Whitney U test revealed that there was no significant difference in the residence time (per flower per hour) of flower visits for honeybees (U = 341, n1 = 30, n2 = 30, p = 0.105), bumblebees (U = 323, n1 = 30, n2 = 30, p = 0.052), and syrphid flies (U = 353, n1 = 30, n2 = 30, p = 0.135) between the two morphs. However, the number of visits by honeybees (U = 311, n1 = 30, n2 = 30, p = 0.040), bumblebees(U = 324, n1 = 30, n2 = 30, p = 0.045), and syrphid flies(U = 313, n1 = 30, n2 = 30, p = 0.034) to the yellow morphs were significantly higher than those of the red morphs (Table 2).

[image: Four images labeled A to D show close-up views of flowers with bees. Image A features a dark red flower with a bee on its center. Image B shows a yellow flower with two bees collecting pollen. Image C displays a dark maroon flower with a single bee carrying pollen. Image D depicts a bright red flower with a bee in the middle.]
Figure 1 | Insects visiting P. delavayi flowers. (A, B) Honeybee visiting a red and yellow flower; (C) Honeybee visiting a nectar-bearing flower. (D) Bumblebee (B. (Alpigenobombus) genalis) visiting a red flower;.

Table 2 | Visitation frequency and residence time(s) (mean ± s.e.) by major pollinators of P. delavayi in LWS.


[image: Table comparing visitation frequency and residence time of red and yellow morphs by three insect pollinators: Apis, Bombus (Alpigenobombus) genalis, and Syrphidae. Red morphs show lower visitation frequency but shorter residence time compared to yellow morphs across pollinators. Significant differences are indicated by different letters in the same column, according to Mann-Whitney U tests at p less than 0.05. Values are presented as means plus or minus standard error.]
Seven species of insects visited the flowers of P. delavayi in XGLL, also belonging to three orders and six families (Supplementary Table 3). Lasius himalayanus Bingham, Musca domestica, Lygaeus vicarious, Dysdercus sp., and N. ericae primarily fed on nectar or pollen without contacting the anthers or stigma. At the same time, Apis sp. and Syrphidae sp. facilitated pollen transfer. According to pollinator standards (Huang et al., 2024), the primary pollinating insects were honeybees and syrphid flies. There was no significant difference in the number of visits (U = 870, n1 = 60, n2 = 35, p = 0.163) and duration (per flower per hour) (U = 855, n1 = 60, n2 = 35, p = 0.131) for honeybees between the two morphs. Notably, syrphid flies had longer visits(U = 675, n1 = 60, n2 = 30, p = 0.049) and residence time (U = 663, n1 = 60, n2 = 30, p = 0.040) to the yellow morphs compared to the red morphs (Supplementary Table 4).



3.2.1 Visitation frequency of primary pollinating insects and daily activity patterns

The daily activity patterns of different pollinating insects exhibited distinct characteristics. In LWS, honeybees demonstrated two peak visitation periods: 10:00 to 11:00 and 13:00 to 14:00 (Supplementary Figure 1A). bumblebees peaked between 11:00 and 12:00 (Supplementary Figure 1E), while Syrphid flies peaked from 12:00 to 13:00 (Supplementary Figure 1C). In XGLL, honeybees peaked from 11:00 to 12:00 and 14:00 to 15:00 (Supplementary Figure 1B), while syrphid flies peaked from 12:00 to 13:00 (Supplementary Figure 1D). Overall, the peaked activity periods of pollinating insects were staggered, reducing competition for the pollen of P. delavayi and enhancing complementary pollination. The main daily activity patterns of pollinating insects showed similar trends across both color morphs.




3.2.2 Visitation frequency of primary pollinating insects at different pollen dispersal speeds by stamen

The gradual pollen presentation strategy of P. delavayi facilitated distribution to more pollinators. The visitation frequency of honeybees correlated with the amount of pollen exposed in the anthers. Statistics indicated that when the petals were in the initial blooming stage, and the stamens had not yet cracked to release pollen, honeybees rarely lingered on the flowers; if they did visit, they left quickly. As the amount of pollen released from the cracking anthers increased, honeybee visitation visits initially rose and then declined. In LWS, the visitation frequency of honeybees, bumblebees and syrphid flies reached its peak on the third day of pollen release when 55%–58% of the stamens were cracked. However, as the number of cracked stamens increased from 79% to 80%, the visitation frequency gradually decreased, falling to nearly zero when 98% of the stamens were cracked(Figures 2A–D). In XGLL, the highest frequency of honeybee visitation visits occurred when 48% to 54% of the stamens were cracked (Supplementary Figures 2A, B). The visitation patterns of syrphid flies (Supplementary Figure 2C) mirrored those of honeybees. Across different pollen release rates, the primary pollinating insects exhibited similar trends in both color morphs.

[image: A series of charts display data on flower morphs over five days. Panel A shows pie charts representing morph percentages: mostly red (R), decreasing over days, while yellow (Y) increases. Panel B depicts visitation frequency and residence time, with yellow morphs peaking on day three. Panel C also shows visitation frequency and residence time, with similar trends but lower values than panel B. Panel D focuses on lower visitation frequency, with yellow morphs again peaking on day three. The overall trend indicates a shift in dominance from red to yellow morphs over time.]
Figure 2 | Visitation frequency and residence time(s) (mean ± s.e.) of honeybees (B) and bumblebees (C) and syrphid flies (D) in LWS, across different anther dehiscence schedules (A). R represents red indehiscent anthers, Y represents yellow indehiscent anthers, and D represents dehiscent anthers.





3.3 Effects of insect visitation frequency on seed set

The generalized linear models demonstrated that the effect on seed production in natural pollination showed a positive effect of the visitation frequency of honeybees (GLM, p = 0.0147) and bumblebee (GLM, p = 0.0303) (Supplementary Table 5). On the other hand, the residence time of honeybees (GLM, p = 0.00198) and bumblebee(GLM, p = 0.00563) in each flower positively affected seed production (Supplementary Table 6). However, the seed set was not associated with the visitation frequency(GLM, p = 0.3491) and the residence time(GLM, p = 0.59337) of syrphid flie. Overall, the seed set was positively affected by insect visit frequency (R2 = 0.6657, F-statistic=20.91, d.f. = 3,27, p < 0.001; Figure 3A) and the residence time (R2 = 0.6916, F-statistic=23.42, d.f. = 3,27, p < 0.001; Figure 3B). These results demonstrated that higher pollinator visitation rates resulted in a higher seed set at two distinct sites.

[image: Scatter plots A and B show the relationship between seed set percentage and two variables: visitation frequency and residence time. Data points represent three insect types: bumblebees (red), honeybees (green), and syrphid flies (blue). Both plots indicate a positive correlation with statistical significance (P < 0.001), shown by the increasing trend lines with shaded confidence intervals. Plot A correlates seed set with visitation frequency; plot B correlates seed set with residence time.]
Figure 3 | Results of linear regression analysis testing the response of the seed set of P. delavayi in each flower in average frequency (A) and residence time (B) of insect visits. Linear regressions ± 95% confidence intervals are depicted. ***indicate significant difference at 0.001 level.




3.4 Floral traits and fluorescence characteristics of anthers

There were significant differences in flower diameter, flower height, stamen diameter, stamen height, pistil height, stamen-pistil shortest distance, number of stamens, and petal number of the two morphs in two distinct elevational sites. Specifically, number of stamen of the red morphs was significantly larger than those of the yellow ones (Supplementary Table 7), implying that they provided more pollen for pollinators. The spatial separation between the anthers and stigmas in plants of the two color morphs limited self-pollination within the same inflorescence, necessitating assistance from wind or other insects. Principal component analysis (PCA) results indicated that the first principal coordinate component explained 29.8% to 38.7% of the variation in floral traits, while the second principal coordinate component explained 22.3% to 23.9% of the variation. It was evident that there was a significant overlap in floral traits between individuals of the two color morphs (Supplementary Figures 3A, B).

When the anthers of red-flowered and yellow morphs released pollen, they emitted different fluorescence under 365 nm ultraviolet light (Figures 4A–D; Supplementary Figures 4A–D). In contrast, the petals did not exhibit fluorescence at this wavelength. The pollen in the stamens provided visual cues for honeybees from a distance.

[image: Four panels comparing flower images under white light and UV light. Panel A shows a red flower under white light and its dark version under UV. Panel B displays a yellow flower similarly transformed. Panel C shows a red and yellow pollen-covered stamen under white and a darkened version under UV. Panel D depicts a yellow stamen under white light, appearing dark under UV. Scale bars are present, indicating the size.]
Figure 4 | Photographs of the flowers and anthers in LWS. (A, B) Flower of P. delavayi and (C, D) its anther under white light (left) and UV 365 nm light (right). Scale bars, 2 mm for A–D.




3.5 Main flower colors perceived by primary pollinators

The reflection spectra of the red-flowered and the yellow morphs in distinct elevational sites were measured, revealing that the middle petals and anthers of both morphs exhibited similar absorption values at ultraviolet (300–400 nm) and red wavelengths (600-700 nm), and had an absorption peak around 650 nm. However, the yellow morphs showed a significantly greater absorption value than the red ones at green wavelengths (500–600 nm) (Figures 5A, B; Supplementary Figures 5A, B).

[image: Graphs A and B show reflectance percentages over wavelengths from 300 to 700 nm. Graph A represents LWS-petal with red and yellow lines, while Graph B represents LWS-anther with orange lines. Insets depict a red flower and a yellow flower for each graph.]
Figure 5 | Diffuse reflectance spectra of P. delavayi flowers. (A) Reflectances of petals and (B) its anthers in LWS.

Significant differences in color distances were observed for the petals and anthers of the various colored flowers in the honeybee visual model (hexagon model) (one-way ANOVA, F7,342 = 48.180, p < 0.001). The mean chromatic contrast between yellow and red petals and background leaves varied(LWS and XGLL) significantly exceeded 0.11 hexagon units (one-sample t-test, t = 10.820, d.f. = 180, p < 0.001; Figure 6A; Supplementary Figure 6A), as did the contrast between yellow anthers (LWS and XGLL) and red anthers (XGLL) (one-sample t-test, t = 10.366, d.f. = 142, p < 0.001; Figure 6B; Supplementary Figure 6B). This finding suggested that honeybee pollinators could effectively distinguish petals and anthers from the leaf background. By contrast, the mean chromatic contrast of red anthers and background leaves(LWS) (mean colour distance = 0.090 CH units) was significantly lower than the threshold(one-sample t-test, t = −2.413, d.f. = 25, p < 0.05; Figure 6B), indicating that they were unable to distinguish red anthers from the leaf background.

[image: Graphs display color distance models for honeybee, bumblebee, and flower flies' vision using red and yellow. Violin plots show distributions with higher distances for red. Associated hexagonal charts depict color space perception, marked with dots for various colors. Graphs in panels A and B are for honeybees, C and D for bumblebees, E and F for flower flies, with differing visual models noted.]
Figure 6 | Flower characteristics and color loci in pollinator color spaces in LWS. (A, B) Colour distances between petals and leaves, as well as anthers and leaves, calculated using the bee color hexagon model. The dashed line indicates 0.11 hexagon units, which is the discrimination threshold of bees. (C, D) Color distances between petals and leaves, as well as anthers and leaves, calculated using the bumble bee color hexagon model. The dashed line indicates 0.11 hexagon units, which is the discrimination threshold of bumblebees. (E, F) Color distances between petals and leaves, as well as anthers and leaves, calculated in the fly color model. The dashed line indicates the fly threshold of 0.096 Troje units. ***p < 0.001.

Notable differences in color distances were observed for the petals and anthers of the different colored flowers in the bumblebees visual model (one-way ANOVA, F7,342 = 45.821, p < 0.001). The average chromatic contrast between yellow and red petals and background leaves varied (LWS and XGLL) significantly exceeded 0.11 hexagon units (one-sample t-test, t = 11.708, d.f. = 180, p < 0.001; Figure 6C; Supplementary Figure 6C), as did the contrast between yellow anthers (LWS and XGLL) and red anthers (XGLL) (one-sample t-test, t = 9.441, d.f. = 142, p < 0.001; Figure 6D; Supplementary Figure 6D). This result indicated that bumblebee pollinators could effectively distinguish petals and anthers from the leaves background. However, the average chromatic contrast of red anthers and background leaves varied (LWS) was only 0.085 CH units, falling below the recognition threshold for bumblebees (one-sample t-test, t = −3.204, d.f. = 25, p < 0.05; Figure 6D), suggesting that they could not distinguish red anthers from the leaf background.

Marked variations in color distances were observed for the petals and anthers of the different colored flowers in the fly visual model (one-way ANOVA, F7,342 = 58.730, p < 0.001). The average chromatic contrast between yellow and red petals and background leaves varied (LWS and XGLL) significantly exceeded 0.096 Troje units (one-sample t-test, t = 19.854, d.f. = 180, p < 0.001, Figure 6E; Supplementary Figure 6E), as did the contrast between yellow anthers (LWS and XGLL) and red anthers (XGLL) (one-sample t-test, t = 10.331, d.f. = 142, p < 0.001; Figure 6F; Supplementary Figure 6F). This result indicated that fly pollinators could easily distinguish petals and anthers from the leaves background. By contrast, the average chromatic contrast of red anthers and background leaves(LWS) (mean colour distance = 0.073 Troje units) was notably below the threshold(one-sample t-test, t = −3.690, d.f. = 25, p < 0.05; Figure 6F), implying that they could not accurately discriminate red anthers from the leaf background.




3.6 Flower scent

Research on the chemical composition of P. delavayi flowers reveals that a total of 161 compounds were detected in both the petals and anthers of the two morphs in LWS (Supplementary Table 8). Among the identified compounds, terpenoids were the most abundant (60 compounds, 37%), followed by alcohols (15 compounds, 9%), esters (23 compounds, 14%), aromatics (8 compounds, 5%), alkanes (22 compounds, 14%), ketones (4 compounds, 2%), phenols (5 compounds, 5%) and others compounds (20 compounds, 12%) (Figure 7A).

[image: Image A shows a pie chart detailing volatile compound composition: terpenoids 37%, esters 14%, alkanes 14%, alcohols 9%, aromatics 5%, phenols 5%, others 12%, ketones 2%, and aldehyde 1%. Image B displays an NMDS scatter plot with clusters for red-petal, red-anther, yellow-petal, and yellow-anther groups, with a stress value of 0.131 and p-value of 0.001.]
Figure 7 | Floral volatile composition (A) and differences in both the petals and anthers of the two morphs in LWS, analyzed using non-metric multidimensional scaling (B).

Petals of the red morphs contained a greater diversity of terpenes of petals (43 compounds) and anthers (29 compounds) than the yellow ones (petals, 25 compounds; anthers, 20 compounds). The most abundant terpenes in the red morphs were caryophyllene, terpinolene, α-copaene, β-cubebene, β-cadinene, β-funebrene, DL-limonene and linalool. Notably, the content of linalool was considerably higher in both the petals(15.02 ± 0.31) and anthers (4.3 ± 0.18) of red-flowered plants than yellow-flowered ones (petals,0.79 ± 0.28; anthers, 0.14 ± 0.03).

The total concentration of floral volatiles did not differ significantly between the petals and anthers of the two morphs (one-way ANOVA; F3,46 = 0.464, p = 0.709). However, the composition of floral scents differed significantly between the petals and anthers of the two morphs (PERMANOVA, F3,46 = 4.684, R2 = 0.56, p = 0.001) (Figure 7B). Overall, the the two morphs exhibited distinct volatile compositions.





4 Discussion



4.1 Breeding system evaluation and outcrossing rate

The breeding system is a crucial factor influencing the genetic diversity of plants (Ollerton et al., 2011). This study conducted extensive field pollination experiments on P. delavayi, confirming it as a cross-pollinated species reliant on pollinators. Both red and yellow morphs could produce seeds through artificial self-pollination, although the seed yields and sets rates were low. Notably, seed yields and sets rates under artificial monogamy pollination were significantly lower than those under artificial cross-pollination between different plants. However, there were no significant differences between artificial cross-pollination and natural pollination. These findings suggest that under natural conditions, P. delavayi could achieve effective cross-pollination via pollinating insects. In Shangri-La, seed set from artificial cross-pollination was marginally higher than that from natural pollination in both morphs, suggesting potential pollen or pollinator limitation (Sorokhaibam et al., 2024). Seed sets under natural and artificial pollination in P. delavayi below 50%. Similarly, other species in the genus Paeonia also exhibit low seed sets (Luo et al., 1988; Li et al., 2013; Peter et al., 2013; Chen et al., 2023). These low seed sets could contribute significantly to the endangerment of plants within the genus Paeonia.

Several ecological factors could potentially influence seed set in naturally pollinated plants. Firstly, species with analogous floral features and with similar blooming periods may contend for the service of the same pollinators, which could lead to lowered reproductive success (Mesgaran et al., 2017). In this study, we noted several co-flowering plants with significant abundances, such as Paeonia suffruticosa and Paeonia lactiflora, which likely competed for pollinators, negatively impacting the reproductive success of P. delavayi. Moreover, the abundance and geographic range of P. delavayi have been notably influenced by human-induced disturbances, leading to habitat fragmentation (Chen and Zuo, 2019). This fragmentation not only alters pollinator diversity but also influences other factors that affect seed set, such as the size of habitat patches and the density of flowering plants (Conner and Rush, 1996). Additionally, P. delavayi’s reliance on less efficient pollinators may result in substantial declines in pollination success, particularly if harsh environmental conditions and climate change disrupt pollinator activity (Cosacov et al., 2008). In certain populations, flowers that were pollinated manually yielded a lower number of seeds compared to those pollinated naturally. This difference might be potentially due to stigma harm resulting from hand pollination, adverse impacts of excessive pollen concentration on pollen tube growth (stigma clogging), lower diversity of pollen donors, and pollen transfer by insect pollinators treating the stigma as a food source. Additionally, the delivery of inadequate or incompatible pollen during hand pollination may contribute to the observed lower seed set (Young and Young, 1992). We propose that conservation strategies for plant species with low seed set might be improved by promoting pollinator visits and movement between individuals of the same species. These goals can be accomplished by strengthening the competitive edge of plant populations (Mayer et al., 2012), improving the management of surrounding habitats to enhance pollinator activity (Ghazoul, 2006), and decreasing the spatial separation between conspecific populations to foster greater gene flow (Van Rossum and Triest, 2010).




4.2 Shared pollinator mediation

When plants in the same area share pollinators, pollinator-mediated competition can enhance trait diversity (Bergamo et al., 2018). For instance, studies on hummingbird–plant interactions in South American temperate forests reveal that interspecies competition driven by shared pollinators leads to diversifying plant traits (Aizen and Rovere, 2010). Research in the Andes has shown that Solanaceae can evolve new flower colors due to such competitive dynamics (Muchhala and Thomson, 2012). Pollinator-mediated characteristics of the same species across different regions may vary based on pollinator types and preferences. For example, Papaver rhoeas in its native Eastern Mediterranean is primarily pollinated by local beetles attracted to visible red light. At the same time, poppies introduced to Central Europe have adapted to reflect red and ultraviolet light to attract honeybees (Martinez-Harms et al., 2020). Bees were the major pollinators during the flowering period of Paeonia plants (Li et al., 2013; Peter et al., 2013), and are found to be effective pollinators in areas where they are the predominant species of wild hymenopterans (Sorokhaibam et al., 2024). Syrphid flies played an important role in plant pollination in high-altitude ecosystems (McCabe and Cobb, 2021). Our results showed that the two morphs of P. delavayi share common pollinators at the same site but exhibit different color preferences, as evidenced by varying visitation frequencies, which may influence floral color divergence patterns. At Liangwang Mountain, honeybees, bumblebees, and syrphid flies visited the yellow morphs more frequently than the red morphs. Notably, in Shangri-La, syrphid flies not only visited the yellow morphs more often but also spent longer durations on them compared to the red morphs. Geographic differences concerning floral visitor preferences can stem from variations in pollinator assemblage, frequency, and variability (Price et al., 2005). As a result, foraging preferences influenced by pollinators may cause shifts in the optimal floral traits (Gómez et al., 2009). This suggests that pollinators may facilitate gene flow among plants of the same species in a shared environment (Vazquez et al., 2005; Landry, 2013).

Pink is likely the ancestral flower color of Paeonia plants, evolving into other colors with pink components as well as white, while yellow is considered a more derived flower color (Yuan and Wang, 2003). Floral color evolution in P. delavayi is primarily driven by the pollinator-driven selective influences that have pronounced preferences for specific traits (Kagawa and Takimoto, 2016; Chen and Zuo, 2019; Sapir et al., 2021; Trunschke et al., 2021). In this study, two color morphs of P. delavayi display relatively large interspecific variations in flower color. Over two years of observation, honeybees were found to rarely switch between the two morphs within the same study region. Additionally, the handling skills of pollinators influence their visiting behavior. For example, in blue-white and blue-yellow bicolored artificial flower clusters, honeybees exhibit color constancy, favoring either blue or yellow flowers. When rewards are provided, pollinators are not restricted by flower color to visit shallow-well flowers (Sanderson et al., 2006). The red morphs compensate for vision differences by increasing pollen production and adjusting the schedule of pollen presentation to match the abundance and efficiency of pollen transfer by their pollinators.




4.3 Sensory characteristics of pollinators and reproductive success

Plants convey pollination signals through flower colors to attract pollinators (Kemp et al., 2019). Hymenoptera, such as bees and bumblebees, possess trichromatic colour vision with maximum sensitivities in the ultraviolet(λmax ≈ 340 nm), blue(λmax ≈ 430 nm) and green (λmax ≈ 535 nm) regions (Peitsch et al., 1992; Zhang et al., 2024). However, they struggle to distinguish visible red signals because they lack red photoreceptors in their eyes (Dyer et al., 2021). Pure red flowers provide a moderate stimulation to green receptors at the edge of pollinators’ spectral sensitivity. This stimulus, combined with moderate stimulation of the ultraviolet and blue receptors, produces equal signals across all receptors, leading to an achromatic perception (Chittka, 1992; Chittka and Waser, 1997). Such flowers may still be detected and discriminated by honeybees and bumblebees through achromatic contrast (Martínez-Harms et al., 2010), although this mechanism is relatively weak (Lunau et al., 2011). Furthermore, although rare, some red flowers in nature are indeed pollinated by bees (McNaughton and Harper, 1960; Chittka et al., 1994; Chittka and Waser, 1997; Martínez-Harms et al., 2010; Chen et al., 2020a), rather than all red flowers being exclusively bird-pollinated. Our results showed that the mean color distance between petals and leaves of red-flowered P. delavayi is slightly above the discrimination threshold of the relevant model, indicating that the red morphs are still detectable by bees (Chittka and Waser, 1997). However, to honeybees, the red morphs appear less conspicuous against the leaf background compared to yellow morphs. Nevertheless, this plant provides abundant nectar (Li et al., 2013, 2023) and pollen rewards to pollinators, which attract pollinators visits. This may explain why honeybees visit both the red and yellow morphs of P. delavayi. Bumblebees with similar color receptors exhibit identical color recognition to honeybees. It has been demonstrated that syrphid flies can discern subtle color differences, but visual cues play a relatively minor role in the foraging behavior of many Diptera species (Huang et al., 2024). Syrphidae insects typically favor yellow and white flowers (Lunau et al., 2018) and are less responsive to other colors (Li et al., 2019). Observations confirm that these flies frequently visit yellow flowers, while their visits to red morphs are significantly less common. Moreover, The fluorescent properties often exhibited by pollen may also change how flower colors are perceived (Castellanos et al., 2006). The anther of P. delavayi emits blue fluorescence from its epidermis of the anther wall under UV light. Therefore, the manner in which pollinators perceive and distinguish between flowers with distinct colors, and how they respond to these perceived differences by preferred visits, may drive the divergence of flower colors among morphs or species (Trunschke et al., 2021).

Scent is a more important guide for pollinators in locating flowers that are not easily visible (Shuttleworth and Johnson, 2012). Terpenoids, which are among the most prominent plant volatiles, help mediate interactions between plants and pollinators (Schiestl, 2005; Schiestl and Schlüter, 2009; Li et al., 2023). Insects possess a highly sophisticated olfactory system, enabling them to detect and identify floral cues in the air, thereby responding and facilitating pollination driven by the volatiles emitted by the flowers (Zhang et al., 2023). Earlier studies have shown that certain compounds, such as linalool, act as innate attractants, eliciting strong responses in the antennae of bees and bumblebees (Kubo and Ono, 2014; Li et al., 2023). Notably, some studies have addressed whether increased concentrations of linalool result in stronger insect attraction. for instance, stingless bees display a significant tendency to prefer citrus, which comprises 12.7% linalool, over lemon, which is rich in 62.89% limonene, during feeding (Grajales-Conesa et al., 2012). Furthermore, the odours, which contain linalool, α-copaene, caryophyllene, terpinolene and β-cubebene, emit a fruity scent that may attract fly pollinators (Jaleel et al., 2019; Zhang et al., 2023; Huang et al., 2024). Our study revealed that that P. delavayi is a typical bee-pollinated flower (Wilson and Stine, 1996; Willmer, 2012; Li et al., 2023), containing abundant terpenoids in its petals and anthers. Floral volatiles vary in both the petals and anthers of the two flower morphs. Specifically, the red-flowered form of P. delavayi exhibits a diverse array of terpenoids, including linalool, α-cubebene, β-cubebene, caryophyllene and terpinolene, which play a crucial role in attracting bee and fly pollinators. Notably, the concentration of linalool is significantly higher in both the petals and anthers of red-flowered plants compared to those with yellow flowers.

Polliation is crucial for the sexual reproduction of seed plants, and the frequency of pollinator visits seems to be an effective predictor of reproductive success (Tewksbury et al., 2002). Pollinator groups vary in their perception, detection, and preferences for flower color, scent, shape, size, and rewards, which may lead to significant differences in fruit or seed set among floral morphologies (Pisanty et al., 2016). There were no differences in natural seed set between the yellow and red morphs of P. delavayi; however, pollinators showed a preference for yellow morphs, which demonstrated a male fitness advantage (Stanton, 1987). Our results support the view that higher pollinator visitation rates lead to increased seed set (Chen and Zuo, 2019). The generalized linear model (GLM) demonstrated that the frequency of visits by honeybees and bumblebees positively influenced seed production in naturally pollinated flowers, highlighting their crucial role as pollinators for the two morphs of P. delavayi. This finding is supported by prior research indicating that honeybees and bumblebees are primary pollinator assemblages, as evidenced by their high visitation frequency (Zych et al., 2013). In contrast, this research did not find evidence that increased visitation by syrphid flies significantly affects the reproductive success of P. delavayi. Reproductive success in many plants hinges on pollinators. However, environmental factors, such as temperature and altitude, can disrupt pollinator numbers and activity (Shrestha et al., 2014; Basnett et al., 2019). In high-altitude environments, the harsh environment (Li et al., 2016) and limited pollinator availability (Tur et al., 2016) may adversely affect reproductive success of P. delavayi. Harsh environmental conditions commonly result in diminished diversity and population of pollinators. These demographic changes can negatively influence the reproductive success of plants. In regions with restricted pollinator presence, plant reproductive success is to a large extent hindered, mainly due to pollen or pollinator limitation (Larson and Barrett, 2000). The setting rate of P. delavayi in XGLL is lower than that in LWS, highlighting the need for future studies on the effects of altitude gradients on pollinator-mediated interactions.





5 Conclusions

This study investigated the influence of floral traits on reproduction in two color morphs of P. delavayi, emphasizing their interaction with pollinating insects. Our findings indicate no significant difference in seed yields and seed sets between the two color morphs despite sharing pollinators and exhibiting minimal differentiation in floral morphological traits. However, there is variation in how pollinators perceive their flower colors. On the one hand, the yellow morphs contrast against the leaves background, enhancing their attractiveness to bees and flies. On the other hand, the red-flowered morph compensates for its visual disadvantage through olfactory cues, ensuring successful reproduction despite its lower visual attractiveness.
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In many geographic regions grasslands have been heavily cleared and degraded, which represents a challenge for translocating threatened flora back into these landscapes. As most plant species require animals for pollination, pollinators are potentially a key limitation for re-establishing populations. For the Critically Endangered orchid Diuris fragrantissima, we identify the pollinator(s), survey for pollinators at candidate translocation sites, test if remnant size affects bee species richness, and test if pollination rates can be enhanced through co-planting with rewarding plant species. We found that D. fragrantissima is visited by ten species of bee but is only effectively pollinated by two native species, Lipotriches (Austronomia) sp. (Halictidae) and Lasioglossum (Chilalictus) orbatum (Halictidae), and the introduced honeybee Apis mellifera (Apidae). Interestingly, A. mellifera was responsible for the greatest number of pollinia removals and depositions. Pollinators of D. fragrantissima were not detected at some candidate translocation sites, with bee species richness and overall abundance significantly increasing with grassland remnant size. The pollination of D. fragrantissima was significantly enhanced through the presence of Wahlenbergia stricta (Campanulaceae) within 30 cm of plants, but not Arthropodium strictum (Asparagaceae) or Dianella reflexa (Asphodelaceae). We recommend that prior to conservation translocations of Diuris that pollinator surveys are undertaken, with preference given to larger grassland remnants. Apis mellifera may serve to buffer D. fragrantissima against loss of native pollinators from remnant grassland but could have adverse effects on other native species. We show that co-planting with rewarding species may be an effective approach for improving pollination success of threatened orchids.
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Introduction

In many geographic regions temperate grassland ecosystems have been adversely impacted by a combination of clearing for agriculture (Richter and Osborne, 2014; Mark and McLennan, 2005; Carbutt et al., 2017), degradation through altered management (Veldman et al., 2015; Sühs et al., 2020; Bardgett et al., 2021), and invasion by weed and shrubs (Eldridge et al., 2011; Van Auken, 2009; Archer et al., 2011). In temperate grasslands across six continents this has led to many species of endemic grassland flora becoming threatened (Linusson et al., 1998; Austrheim et al., 1999; Cousins and Eriksson, 2001; Silcock and Fensham, 2018). Reinstating threatened flora back into grasslands will require appropriate habitat management (Andrade et al., 2016; WallisDeVries et al., 2002) combined with conservation translocations. In conservation translocations, seed or propagated plants are used to bolster existing populations or found new insurance populations, as part of an overall aim of reducing extinction risk to a threatened species (IUCN/SSC, 2013). As most plant species require animals for pollination (Ollerton et al., 2011), a key element of habitat suitability for most plant species is the presence of suitable pollinator species (Phillips et al., 2020). Therefore, when translocating plants into grasslands, one needs to consider selecting sites where appropriate pollinators are present and managing the site to support pollinators. However, pollinators are typically not accounted for when selecting sites for conservation translocation (Silcock et al., 2019), which may contribute towards low rates of translocation success in some plant groups (e.g. Reiter et al., 2016).

Accounting for pollinators in conservation translocations may be most important for plants with relatively specialised pollination systems, as the patchy distribution of specific pollinators in the landscape means not all areas can support translocated plants. For example, when translocating an endangered orchid species, Reiter et al. (2017) had to survey over 100 sites to locate bushland that was of the correct vegetation association to support the threatened orchid, but where the pollinating wasp was also present. This issue is likely to be exacerbated in fragmented landscapes or areas of poorly managed habitat, as the focal pollinator species is likely to be lost from certain remnant patches of habitat (e.g. Pauw and Hawkins, 2011; Phillips et al., 2015). Given the evidence for reduced diversity and abundance of some pollinator groups in small habitat remnants (e.g. Steffan-Dewenter, 2003; Meneses Calvillo et al., 2010; Williams, 2011) and degraded grassland areas (Kwaiser and Hendrix, 2008; Sexton and Emery, 2020), plants with multiple pollinator species may also experience low pollinator availability through declining pollinator populations.

When pollinators are present at a candidate translocation site, there is the potential to manage the site to increase the reproductive success of the focal plant species. For threatened herbs, which often have a smaller display or lower nectar/pollen reward relative to other growth forms, one possible approach is to co-plant with food plants for the pollinator species. Having rewarding plants nearby can lure pollinators into an area, which then service co-occurring rewardless plants (Thomson, 1982; Laverty, 1992; Johnson et al., 2003; Peter and Johnson, 2008). However, there are also examples where co-occurring rewarding plants outcompete the focal plant in the attraction of pollinators, leading to reduced reproductive success (Lammi and Kuitunen, 1995; Internicola et al., 2006). As such, for threatened species conservation programs, there is a need to experimentally evaluate the consequences of co-planting before implementing this approach. Co-planting with rewarding plants may be a particularly effective strategy for grasslands, where the rewarding plants are predominantly herbaceous and can reach flowering age in a relatively short period of time in cultivation.

Southern Australia has a diverse terrestrial orchid flora, characterised by a high incidence of rarity (Phillips et al., 2011; Jones, 2021) and numerous specialised pollination systems (see data reviewed in Ackerman et al., 2023). In particular, the grasslands of south-eastern Australia contain a large proportion of threatened species, as most of the grasslands have been converted to pasture or cleared entirely, with between 76 and 100% decline in the extent of natural temperate grassland communities since European colonisation (Morgan and Williams, 2015; Lunt, 1994). However, due to weak implementation of conservation legislation and polices (Victorian Auditor-General’s Office; 2020), most remaining grasslands in this region are further threatened by weed invasion, altered fire regimes, climate change and extensive grazing by introduced herbivores (Morgan and Williams, 2015; Driscoll et al., 2019). One of the most threatened grassland orchid genera is Diuris, where members of the D. chryseopsis and D. punctata complexes are primarily grassland dwelling (Jones, 2021). Diuris contains 29 threatened species listed under state and/or national legislation. Among Diuris, there is evidence of specialised pollination systems in subgenus Xanthodiuris sect. Xanthodiuris and Hesperodiuris where pollinating Trichocolletes (Colletidae) bees are attracted through a general resemblance to a guild of co-occurring Fabaceae (Beardsell et al., 1986; Indsto et al., 2006; Scaccabarozzi et al., 2018, 2020). Alternatively, in subgenus Xanthodiuris sect. Pendunculatae, pollination of D. chryseopsis occurs by a range of bee species, particularly in the genus Lasioglossum (Halictidae), but without the Diuris bearing any close morphological resemblance to co-occurring food plants (Grinter, 2023). At present, there are relatively few detailed pollination studies of Diuris, but the precedent for both specialised and generalised pollination systems make it difficult to predict the importance of pollinator availability for selection of translocation sites. Of the four species tested for nectar to date, three species are nectarless (Diuris maculata, subgenus Xanthodiuris Indsto et al., 2006; Diuris aurea, subgenus Hesperodiuris Indsto et al., 2007; Diuris magnifica, subgenus Hesperodiuris Scaccabarozzi et al., 2020; for an exception see Diuris alba, Indsto et al., 2007; subgenus Diuris), meaning that co-planting with rewarding plants is a potential strategy to increase reproductive success. Indeed, in Diuris brumalis, there is evidence for increased reproductive success in the presence of the pollinating bee’s food plants, though in this instance the trend could arise through either magnet effects or more effective deception of the pollinators when the rewarding model flowers were relatively more abundant than the mimetic orchid (Scaccabarozzi et al., 2018).

Diuris fragrantissima (subgenus Diuris) is a Critically Endangered orchid that is endemic to the grasslands of the eastern Victorian Volcanic Plains (VVP), a region that contains over 60 species of flora listed as threatened under the Victorian Flora and Fauna Guarantee Act (1988). The remaining wild site is within the suburbs of the city of Melbourne. While no data are available on the pollinators of D. fragrantissima, Exoneura bees (Apidae) remove pollinia from the related species D. alba (Indsto et al., 2007), suggesting that D. fragrantissima is probably bee pollinated. Diuris fragrantissima was formerly locally common on the grasslands of the VVP to the west of Melbourne (AVH, 2024). As recently as 1966 D. fragrantissima was known from six sites (Jones, 2021). However, due to extensive degradation and destruction of the grasslands of the VVP (Morgan and Williams, 2015), D. fragrantissima now occurs only at one natural site. This site contains approximately 30 naturally occurring individuals (Duncan and Moloney, 2018), plus approximately 330 propagated plants (Karen Lester pers. comm.). In addition, there are two populations established via conservation translocation, but persistence at these sites is uncertain given a long history of failed translocations in this species (Duncan and Moloney, 2018). In the past, rates of fruit set were consistently low at the translocation site (5%, 2006-2013; Duncan and Moloney, 2018), and more recently (2018–2020) at both the wild supplemented site and translocation site (4.85 ± 3.03 SE % calculated from data in Duncan, 2021). Our study had two objectives; to more effectively select conservation translocation sites for D. fragrantissima and investigate options for improving reproductive success. Specifically, for D. fragrantissima we aim to: (1) identify the pollinator(s); (2) determine the presence of the pollinators at the wild sites, existing translocations and potential translocation sites; (3) investigate if low numbers of pollinators or diversity of potential pollinators are related to size of the remnant grassland and (4) investigate if pollination can be enhanced through the presence of co-flowering plants.





Methods




Study species

While the original decline of D. fragrantissima likely occurred due to the conversion of native grasslands into pasture, urban sprawl on the western side of Melbourne means that this area is now comprised of housing, industry and small areas of degraded grassland. Given its small geographic range, attractive flowers, and close proximity to Melbourne, there is a long history of attempted conservation actions with D. fragrantissima. Introductions have been undertaken with this species in 1950, 1982-1985, 2004 to 2005 (Murphy et al., 2008) and 2019-2023 (of an additional > 800 plants Karen Lester pers. comm.) in a 50-ha area of degraded remnant grasslands (site LA). All translocations up until 2005 failed (Duncan and Moloney, 2018) and there has been no natural recruitment recorded at the wild or translocations sites since monitoring began. The population at the wild site (site SU) has been supplemented by the Victorian Government Department of Energy, Environment and Climate Action (DEECA) in 2018 (approximately 170 propagated plants pers. comm. DEECA) and 2023 (approximately 160 propagated plants pers. comm. Karen Lester). In 2023, a new population of 144 plants was established using propagated plants at the site FE (Karen Lester pers. comm.). Previous research has determined the optimal size of plants and season of planting for translocations (Smith et al., 2009). All plants from this study are derived from the ex-situ living plant collection at the Royal Botanic Gardens Victoria.

Diuris fragrantissima plants have two channelled leaves to 20 cm long, which are produced during late summer and early autumn and maintained until late spring, with the plant persisting as a tuber through a short dormancy in summer (N. Reiter pers. obs.). A single scape is produced during the October-November flowering season (Jones, 2021). Each inflorescence has up to 12 nectar-less flowers (Supplementary 1) that are white with purple markings (VicFlora, 2024). Flowers are strongly fragrant with a similar sweet chocolate floral smell to Arthropodium strictum (Asparagaceae) on warm days (N. Reiter pers. obs.). Although pollinia are friable, the pollinia can be removed in their entirety via a basal viscidium and are clearly visible on pollinators to the naked eye. There were no other orchid species at these sites flowering concurrently that had pollinia with the same morphology as D. fragrantissima.





Study sites

In areas of remnant grassland (see Table 1, Figure 1), we undertook pollinator observations using cultivated D. fragrantissima and surveyed for the presence of the pollinators with either cultivated bait plants and/or vane traps depending on the location (Table 1). These sites included the one remaining wild site within the suburbs of Melbourne (Site SU, Figure 1), two existing translocation sites (LA and FE), and 13 potential translocation sites; IR, CH, IL, CR, MD, MR, MC, EV, OA, FO, LF, AJ and IN (Figure 2). Full site names have been withheld to protect the location of current and future populations. The sites were selected based on the presence of remnant grasslands or derived grasslands and secure land tenure. The majority of these locations are within the natural geographic range of D. fragrantissima. However, CH and IL are further west on the Victorian Volcanic Plain, CR and LF are on the east side of Melbourne, and OA and FO are in the Riverina region of southern New South Wales. The motivation for surveying for potential translocation sites outside of the geographic range of D. fragrantissima, but on suitable soils with similar vegetation, is that the majority of habitat within its known range has been destroyed for housing or agriculture, thereby limiting candidate translocation sites.

Table 1 | Study sites for a pollination study of D. fragrantissima, denoting sites with pollinator observations, pollinator surveys with vane traps, and the collection of fruit set data.
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Figure 1 | Map of study sites. Black square = the only remaining natural site (which has been supplemented) of D. fragrantissima. Black star = translocation sites of D. fragrantissima. Black circles= potential translocation sites of D. fragrantissima.

[image: Grouped images of various flowers labeled A to E. A shows a small purple flower with long stamens. B displays a cluster of violet star-shaped flowers. C features a purple flower with visible stamens. D highlights a light purple and white flower with labeled parts: P, D, L, LS. E depicts a tall plant with white flowers and thin stems.]
Figure 2 | Species used to test if the addition of co-flowering species increases pollination in Diuris fragrantissima., (A) Dianella reflexa (B) Wahlenbergia stricta, (C) Arthropodium strictum, (D) the flower of D. fragrantissima (P = petal, D = dorsal sepal, L = labellum, LS = Lateral sepals) (E) inflorescence of D. fragrantissima.





Pollinator identification and behaviour

Pollinator observations were undertaken using propagated flowers as bait for pollinators. Baiting for pollinators was originally used in studies of sexually deceptive orchids (Stoutamire, 1983; Peakall, 1990), where moving a picked flower to a new position in the landscape renewed the response of sexually attracted male pollinators. However, a similar approach can also be effective for orchids pollinated by food foraging pollinators, if many flowering scapes are used to increase the visual and/or chemical stimulus (e.g. Reiter et al., 2018; Scaccabarozzi et al., 2018; Phillips et al., 2020). Here, due to the Critically Endangered status of D. fragrantissima, we used flowering stems from ex-situ nursery plants as our bait plants (voucher specimens have been submitted to the National Herbarium of Victoria; MEL 2554603, MEL 2554604). Between 2019 and 2023, pollinator baiting was undertaken in October and November on sunny days >16°C, with low winds, between 10 am and 4 pm. Pollinator baiting was conducted with 6-8 stems held in a vial of water, giving 30-35 flowers in total. At each position in the landscape baiting was conducted for 6 minutes, before the bait flowers were shifted to a new position approximately 15 to 20 m away. Pollinator observations of D. fragrantissima were undertaken at the wild site (SU), the translocation site (LA), potential future translocation sites (IR, LF, CH, MD, MC, EV, IN, IL), and outside the natural geographic range but in intact grasslands (OA, FO) (Table 1). Pollinator observations were conducted for a total of 21 days (126 hrs) across the five years of the study.

To supplement direct pollinator observations, motion-activated game cameras for small insects were built using Raspberry Pi’s according to the github instructions of Whithead and Lanfear (https://github.com/roblanf/raspberrytrap). These methods were altered by substituting the recommended camera to a Raspberry Pi high-quality camera mount and associated 16 mm telephoto C-mount lens along with installing the realtime clock PCF8523 RTC module. Raspberry Pi’s were positioned on stakes in the field within 30 cm of the focal flowers. Flowers of D. fragrantissima were strapped to bamboo skewers to minimise movement in the wind. Video recordings using Raspberry Pi’s were undertaken in the same environmental conditions as the pollinator observations. At total of 156 hrs of observations were recorded. Two Raspberry Pi’s were used over a total of 12 hrs over 5 days at the FO and OA site in 2019 (Table 1). In 2020, seven Raspberry Pi’s were used for 6 hrs at site SU (total of 42 hours observation) and nine Raspberry Pi’s were used over 6 hrs at site LF (total of 54 hours observation) (Table 1). Over two days in 2021, eight Raspberry Pi’s were used for 6 hrs each at the site SU (total 48 hrs observation) (Table 1).

When recording pollinator behaviour, we noted pollen or pollinia removal and deposition. Here, we refer to pollen if only fragments of pollen were removed and pollinia if entire pollinia were removed. Deposition was noted by subsequent inspection of the flower’s stigma, while pollen or pollinia removal was via visual observations that showed pollinia were clearly removed by the animal when visiting the flower or pollen was partially removed during foraging behaviour. A subset of floral visitors was collected for identification. Pollinators were identified using published keys (Houston, 1981; Walker, 1986, 1995; Michener, 2007; Maynard, 2013; Leijs et al., 2017; Walker and Sparks, 2024).





Surveying for pollinators at candidate translocation sites

To help determine which candidate pollinator species were present at the wild site (SU), existing translocation sites (LA and FE), and potential translocation sites (MC, MD, IL, MR, AX, FO and CH), in both 2022 and 2023 we collected bees using blue vane traps for five consecutive sunny days with low winds and temperatures >16°C during the flowering time of D. fragrantissima (October-November). Blue vane traps were used as they offer a consistent, repeatable level of survey effort, and because they have been shown to be effective for surveying the relevant bee genera in south-eastern Australia (Hall, 2018). We used the Blue vane traps available from Banfield Bio®, which are based on the description by Stephen and Rao (2005). The traps consist of a clear plastic collecting jar, 15 cm dia × 15 cm high, fitted with a blue fabricated polypropylene screw cap funnel into which two blue 24 x 13 cm (3 mm thick) polypropylene cross vanes are inserted. In 2022, two vane traps per site (100 m apart) were installed at the sites LA, MC, MD, IR, MR and AJ (Figure 1). In 2023, this trapping procedure was repeated at the sites LA and IR, and implemented at IL, FE, SU and CH. As our observations revealed that D. fragrantissima is bee-pollinated, only bees were identified from the vane traps.





Does remnant grassland size affect bee diversity and abundance?

To test if bee diversity and abundance was affected by the spatial extent of the remnant area of grassland, we estimated the area of each remnant grassland where the bee community was surveyed. The perimeter of the remnant grassland was visually assessed, before Google Earth was used to determine the area of the grassland remnant. Grassland reserves were distinct from the surrounding environments, which were either houses, industrial estates or agricultural pasture. Methods for surveying for bees vary in their effectiveness for a given genus of bee (Prendergast et al., 2020), and not all methods (Raspberry pi’s, baiting with flowers and Blue vane traps) were deployed at all our sites. Therefore, we restricted the analysis on the effect of grassland remnant size on bee diversity and abundance to the Blue vane trap data from the ten sites where they were used (Table 1). We acknowledge that using a single method may not truly reflect the complete diversity of bees present at these sites.





Does D. fragrantissima self-pollinate?

In 2021, 35 individuals of D. fragrantissima were placed in an insect-proof shade house to test for pollination without an insect vector, while 35 individuals were hand pollinated (6-12 flowers per plant) as a control to confirm fruit production in shade house conditions. Plants were observed for capsule formation.





Fruit set at wild and translocation sites

The fruit set of wild D. fragrantissima over eight years (2006-2013) was recorded as very low (5.2% Duncan and Moloney, 2018). Subsequent pollination rates were recorded from 2018–2020 as 4.85 ± 3.03 (S.E) % (calculated from data in Duncan, 2021). Since then, there has been extensive habitat modification by DEECA and community members from the Australasian Native Orchid Society Victoria (at the wild site SU and LA), including removal of weed species and planting of a mixture of grassland forbs and grasses. Therefore, we quantified the pollination rates at site SU, LA and the recent translocation at FE. In addition, we quantified fruit set for an experimental population of potted plants at CR (see below) where pollinators were confirmed to be present. In 2023, the number of flowers and the number of flowers pollinated on each individual D. fragrantissima at each of these four sites were recorded. Percentage fruit set for a given year was calculated by dividing total number of fruits formed in a population by the total number of flowers.





Is fruit set increased by hand pollination?

As reproduction of D. fragrantissima is overseen by land managers, we were not able to test the full extent of pollen limitation to fruit set. Ideally, this requires comparing fruit set between unmanipulated wild plants and wild plants where all flowers are pollinated by hand. However, it has been observed by land managers that in D. fragrantissima, hand-pollinations lead to higher rates of fruit set than typically encountered in wild plants. Therefore, we have made a comparison between wild rates of fruit set, and those resulting from hand-pollinations by land managers, which tests if there is some level of pollen limitation. In 2023, 38 D. fragrantissima flowers were hand-pollinated by land managers and DEECA, representing 13 flowers from 10 plants at Site FE (resulting in one plant with three pollinated flowers and another with two), 13 flowers from 10 plants at Site LA (three plants with two pollinated each), and 12 flowers from 11 plants at Site S (one plant with two pollinated). Each plant was identified by a tag, the pollen donor and recipient recorded, and the position on each plant of the flower pollinated was noted to discern between hand pollinations and natural pollinations. We compared the unmanipulated plants and artificially pollinated plants at each site to determine if hand pollinations led to an increase in the average number of flowers setting fruit set per plant.





Is pollination enhanced through the presence of common co-flowering plants?

An experiment was undertaken at site CR to test if co-planting with commonly co-occurring native species is a potential management strategy for increasing reproductive success of D. fragrantissima. Plant species were selected for the experiment on the basis of (i) being bee pollinated (ii) naturally occurring at the wild site of D. fragrantissima (iii) flowering at the same time of year as D. fragrantissima (iv) being readily propagated at scale for any future plantings. This led to the selection of Arthropodium strictum (Asparagaceae), Dianella reflexa (Asphodelaceae) and Wahlenbergia stricta (Campanulaceae) (Figure 2), all of which provide a pollen reward and are therefore likely to primarily attract female bees. In the context of D. fragrantissima, this was considered appropriate as preliminary observations revealed that the majority of native visitors to D. fragrantissima were female bees (Supplementary Table 1). The site where the experiment took place was a derived grassland, which was originally the ecological vegetation community classified as Grassy Woodland (The State of Victoria Department of Sustainability and Environment 2004) prior to the removal of the eucalypt overstory. This site was selected as it was secure for the purposes of an experiment involving a threatened species in pots, and pollinator species of D. fragrantissima were present.

For this experiment, we had four treatments: 1) D. fragrantissima on their own, 2) D. fragrantissima with W. stricta, 3) D. fragrantissima with A. strictum and 4) D. fragrantissima with D. reflexa. Each D. fragrantissima replicate used in this experiment contained a single stem in a pot with 4-13 flowers. The co-flowering plants were also single plants in a pot, containing at least 10 flowers on each replicate plant. Co-flowering plants were placed 30 cm from the flowering D. fragrantissima plants. The treatments were set up in an experimental grid (108 x 8 m) in a strip of comparatively intact natural vegetation, which contained numerous forbs in addition to native and introduced grasses. The grid contained 27 rows, each containing one representative of three of the four treatments, with each replicate separated by 4 m. There were no other flowering plants within the grid experiment or within 10 m either side. To prevent consumption of experimental plants by the abundant herbivores at CR, each plant was surrounded with a plastic cage consisting of 5 cm mesh but with an open top. Based on previous studies of orchids pollinated by food foraging insects, these cages readily permit visitation by insects (e.g. Reiter et al., 2018, 2019a; Grinter, 2023).

To test if the experimental grid of potted plants led to increased pollination of D. fragrantissima, two additional control plots were established. These contained 12 D. fragrantissima each and were set up 23 m away from each end of the grid. Each block was 12 m by 8 m and plants were separated as they were in the above experiment by 4 m from each other. No co-flowering plants of the above species were present in the control plots.

Plants were checked daily and watered as required. Plants were left out for three weeks during the flowering period (which included 10 days of no rain and low winds) before being brought into a closed pollinator proof shade house where pollen deposition was assessed by visual inspection and confirmed by capsule formation.





Statistical analysis

All analysis was conducted in R version 4.3.3 (R Core Team, 2023). A Generalised Linear Mixed Model (GLMM) in the glmmTMB package (Brooks et al., 2017) was used to test if the grassland remnant size affected the number of individual bees or the number of species of bee caught using vane traps. As surveys were conducted over two years, Year was treated as a random effect. We used a negative binomial distribution. For ‘number of bee species’, the control argument in glmmTMB() was used to adjust the maxfun parameter to specify the maximum number of function evaluations during optimization (1,000). The fit of the nbinom1 and nbinom2 distribution models was compared using AIC in the MuMIn package (Barton, 2012), with nbinom2 the better fit.

A Generalised Linear Model with a binomial error distribution was used to investigate the effect of co-flowering plants on the pollination of D. fragrantissima. As individual D. fragrantissima plants had multiple flowers, each plant was treated as a replicate. Each replicate included the number of flowers pollinated out of the total number of flowers available per individual.

A GLMM with a binomial error distribution (and quadrate as a random effect) was used to test the difference between control D. fragrantissima in the co-flowering grid (i.e. those without a co-plant) and those in the two nearby control quadrats.

For all analyses, model diagnostics were tested using the ‘DHARMa’ package (Hartig, 2022). Model comparisons were run using the package MuMIn (Barton, 2012). Model diagnostics showed no evidence of overdispersion or outliers, and good overall model fit based on residual plots.






Results




Pollinator identification and behaviour

From the combined direct observations and recordings with Raspberry Pi camera traps, five genera and 14 species of bee were observed landing on D. fragrantissima (Table 2; Supplementary Table 1). This included nine species of Lasioglossum (Halictidae), one species of Amegilla (Apidae), one species of Lipotriches (Halictidae), two species of Lasioglossum (Homalictus) (Halictidae) and the introduced Apis mellifera (Apidae). In total, 434 bees were observed landing on the labellum, 115 landed on the lateral sepals and 50 on the petals (Table 2, Figure 3D for flower structure, Supplementary Table 1). A total of 45 bees exhibited behaviour indicative of attempting to forage from the flower. Here, we refer to pollen when small amounts of friable pollen have been removed (through foraging) and pollinia when intact pollinia have been removed. In the larger bee species Lipotriches (Austronomia) sp., Lasioglossum (Chilalictus) orbatum and Apis mellifera, bees moved head-first to the base of the column and did not make any attempt to collect pollen (Figures 3C, D). This movement to the base of the column was associated with pollinia removal and deposition. Alternatively, the smaller bee species Lasioglossum (Chilalictus) willsi, Lasioglossum sp. and Lasioglossum (Homalictus) sphecodoides, used both their front and hind legs to attempt to remove the orchid pollen from behind the stigma, but did not appear to search for nectar or attempt to collect pollen from other parts of the flower (Figures 3A, B).

Table 2 | Floral visitors and pollinators of Diuris fragrantissima.


[image: A table listing various bee species, their families, and behavioral observations. Columns include species name, family, flower approach (A), landing (L), foraging (F), column contact (C), pollen removal (PR), pollen deposit (PD), and sites visited with years. Notable species include *Apis mellifera* and *Lasioglossum (Chilalictus) sp.*, showing diverse behaviors and site visits across different years.]
[image: Four-panel image showing different bees and flowers. Panel A: A small bee on a lavender flower. Panel B: A small bee on a similar lavender flower. Panel C: A small bee on a hanging lavender flower. Panel D: A close-up of a honeybee on a white surface.]
Figure 3 | Floral visitors and pollinators of Diuris fragrantissima (A): Lasioglossum (Chilalictus) willsi collecting pollen and (B) dislodging pollen onto the stigma; (C) Lipotriches (Austronomia) sp. entering D. fragrantissima flower contacting column and (D) Apis mellifera with pollinia on head.

Thirty-two individual bees were observed removing pollinia and eleven were observed depositing pollinia (Table 1). Bees removing pollen or pollinia in their entirety were Lipotriches (Austronomia) sp. (N = 6), Lasioglossum (Chilalictus) orbatum (N = 1), Lasioglossum (Chilalictus) willsi (N = 1), Lasioglossum sp. (N = 9), Lasioglossum (Homalictus) sphecodoides (N=1) and A. mellifera (N = 14). In Lipotriches (Austronomia) sp., Lasioglossum (Chilalictus) orbatum and A. mellifera (N = 14), pollinia was removed entirely and attached to the frontal region of the head (Figures 3C, D). Alternatively, the bees Lasioglossum (Chilalictus) willsi, Lasioglossum sp. and Lasioglossum (Homalictus) sphecodoides attempted to collect pollinia from the orchid. While dislodging the pollen with their legs, on occasion some friable pollen was lodged on the stigma, self-pollinating the orchid (Figures 3A, B). Based on these observations, H. sphecodoides and Lasioglossum (Chilalictus) willsi were not considered effective pollinators. Those species that transferred pollinia between flowers or plants were Lipotriches (Austronomia) sp. (N = 1), Lasioglossum (Chilalictus) orbatum (N = 1) and Apis mellifera (N = 8). The numbers of observations of pollen deposition is expected to be low, as there were only flowering D. fragrantissima at sites SU and LA. For the bee species that transferred pollen between plants, the percentage of individuals visiting flowers that removed or deposited pollen was: Lipotriches (Austronomia) sp. (9.4% removal, 1.6% pollination, N = 64 visits); Lasioglossum (Chilalictus) orbatum (8.0% removal, 8.0% pollination, N = 12 visits); Apis mellifera (6.8% removal, 3.9% pollination, N = 205 visits).





Surveying pollinators at suitable translocation sites

Across the ten sites, 288 bees were trapped from seven genera and 24 species (Table 3). The majority of species trapped (16) were from the genus Lasioglossum, with the most common species caught being Lasioglossum (Chilalictus) lanarium (N = 91). There was a difference in the proportion of males and female bees caught, with 83% of all bees captured being female (Table 3).

Table 3 | A vane trap survey of the availability of confirmed pollinators of Diuris fragrantissima at the natural site * (SU), existing translocation sites # (LA and FE), and candidate translocation sites + (all other sites, Figure 1).


[image: Table listing bee species observed at various sites during 2022 and 2023. Each row details the site, year, and bee species encountered, including their quantity. Species observed to interact with pollen are in bold. Sites include SU, LA, FE, IR, MC, MD, MR, AJ, CH, and IL.]
Of the ten sites surveyed with vane traps, five sites, including the natural site (SU), had the native pollinators of D. fragrantissima present (Table 3). Lipotriches (Austronomia) sp. was detected at five of the sites, one of which also had Lasioglossum (Chilalictus) orbatum (Table 3). It is worth noting that baiting for pollinators with D. fragrantissima flowers detected the pollinator Lasioglossum (Chilalictus) orbatum at the CH site while vane traps did not. In addition, baiting with flowers also detected the pollinators Lasioglossum (Chilalictus) orbatum and Lipotriches (Austronomia) sp. at the CR site, which did not have vane traps deployed. Using vane traps, A. mellifera was detected at eight out of 10 sites, with IR and IL being the only sites where this species was not detected.





Does remnant grassland size affect bee diversity and abundance?

The ten sites surveyed with vane traps (Table 3) differed markedly in the species richness and number of individual bees caught with vane traps. At IL, neither the native nor introduced pollinators were detected using vane traps. At LA in 2022, IR in 2022 MD and MR only two or three bee species were caught. The highest number of species caught was at MC, CH and IL with eight or nine species. The lowest number of individual bees caught was LA (both years), IR (2023), MD (2022) and FE (2023), with less than 10 individual bees caught across a five-day period. The highest number of individual bees caught was at MC (73) and CH (74).

The area of remnant grassland had a significant effect on the total number of bees caught within a site (P < 0.001, N remnants = 10, Table 4). The area of remnant grassland also had a significant effect on the number of species of bee caught (P = 0.021, Table 4). Larger areas of remnant grassland were positively correlated with both total number of bees and number of bee species.

Table 4 | Results of generalised linear mixed models investigating the influence of grassland area (km2) on total species of bees present or total number across 10 reserves.


[image: Table displaying the analysis of the effect of grassland area on bee species and total number of bees. Significant explanatory variables include Grassland Area for both species and total bees, with estimates of 0.147 and 0.384, and p-values of 0.021 and less than 0.001, respectively. Significance is determined by likelihood-ratio tests, with significant predictors in bold.]




Fruit set at wild and translocation sites

The mean percentage of individual plants setting fruit across sites was 44.96 ± 4.30 (mean ± SE) % (N = 4 populations, 191 flowering plants in total) and the mean percentage of individual flowers setting fruit per population was 13.36 ± 2.22% (N = 4 populations, 985 flowers in total). The percentage of flowers setting fruit across the population varied from 19.9% at the wild site SU to 10.0% at the translocation site LA (Supplementary Table 3).





Does Diuris fragrantissima self-pollinate?

All 35 individual plants (with 6-12 flowers each) that were hand pollinated in the shade house set seed. In the absence of hand pollination, no plants (35 plants with 6-12 flowers each) formed seed capsules.





Does hand pollination increase fruit set?

At each site, hand pollination led to increased fruit set of wild plants relative to unmanipulated plants (Site S: supplemental pollination = 1.75 ± 0.16 fruits per plant (mean ± SE), plants unmanipulated = 0.06 ± 0.04 fruits per plant. Site F: supplemental pollination = 1.73 ± 0.24 fruits per plant, plants unmanipulated = 0.59 ± 0.11 fruits per plant. Site L: supplemental pollination = 1.63 ± 0.24 fruits per plant, plants unmanipulated = 0.65 ± 0.24 fruits per plant).





Is pollination enhanced through the presence of common co-flowering plants?

Within the experimental grid the average pollination rate of D. fragrantissima without other flowering plants was 9.95 ± 3.05% (mean ± SE). When placed adjacent to A. strictum the pollination rate was 11.46 ± 4.05%, with D. reflexa it was 9.34 ± 2.78% and with W. stricta it was 18.73 ± 4.66%. Increased pollination success of D. fragrantissima was associated with the presence of co-flowering W. stricta (P<0.05, Table 5). There was no significant effect of any other co-flowering treatment. There was no significant difference between the pollination rate of D. fragrantissima without co-flowering plants within the experimental grid 9.95 ± 3.05% and those in the nearby plots 12.14 ± 4.18% (Table 5).

Table 5 | Results of generalised linear models testing the influence of co-flowering plants on pollination success in D. fragrantissima.


[image: Table displaying statistical analysis of pollination success. Response variable is pollination success; explanatory variables include Intercept, *Arthropodium strictum*, *Dianella reflexa*, *Wahlenbergia stricta*, and *D. fragrantissima* (alone). Columns show estimates (Est), standard errors (S.E.), degrees of freedom (df), z values, and p-values (Pr(>|z|)). Significant variables, with p-value less than 0.05, are in bold: *Wahlenbergia stricta* (p=0.041).]





Discussion

Here, we have shown that the Critically Endangered orchid Diuris fragrantissima attracts a range of food-seeking bee species. While small members of the species-rich genus Lasioglossum were the native bees most frequently removing pollen, this typically resulted in geitonogamous pollen transfer. The only native species observed transferring pollen between flowers were the larger-bodied species L. orbatum and Lipotriches sp., though this was rarely recorded. A challenge with working with such a rare orchid species is that the chances of observing pollen deposition is low, as there are very few wild plants available to donate pollen. The potential habitat for D. fragrantissima is now just a series of remnant patches of grassland and the majority of grasslands surveyed in this study within the previous geographic range of D. fragrantissima were depauperate in bees. In addition to the bee species we observed, it is possible that other larger bee species may have originally contributed to reproduction of D. fragrantissima but have gone locally extinct.

Pollination of D. fragrantissima by Lasioglossum and Lipotriches contrasts with D. brumalis and D. magnifica, which are pollinated by Trichocolletes species that feed primarily on Fabaceae (Scaccabarozzi et al., 2018, 2020). Rather than pollination via mimicry of a guild of rewarding plants, as in D. brumalis, it is likely that D. fragrantissima is primarily using a deceptive strategy where the nectar-less flowers attract food-seeking bees through conspicuous floral signals but without close resemblance to other members of the flowering community (e.g. Ackerman, 1981; Nilsson, 1983; Fritz, 1990; Phillips and Batley, 2020). When the larger species of bee visited the flower, they moved to the base of the column, obscuring their head from view, meaning it was impossible to observe the mouthparts. However, in the absence of any attempts to collect pollen from the flower (e.g. D. brumalis, Scaccabarozzi et al., 2018), it is likely that they are searching for nectar when they visit D. fragrantissima. Alternatively, the smaller bees focused on attempting to collect the pollinia, but in attempting to do this, small amounts of pollen were deposited on the stigma leading to self-pollination (Figures 3A, B). Interestingly, while all species of bee primarily landed on the labellum, numerous individuals landed on the long, projecting lateral sepals, an unusual feature of subgenus Diuris, whose function remains unclear.

Despite a range of Lasioglossum species being detected at our study sites, in our baiting trials, the introduced A. mellifera was the species most often responsible for the removal and deposition of pollen. At the SU and LA populations of D. fragrantissima, we did not observe pollination by A. mellifera despite its presence at the sites. However, this may be due to bees experiencing the nectarless flowers of wild D. fragrantissima prior to our baiting for pollinators and therefore being less likely to respond. Though the proportion of A. mellifera removing pollen is much lower than observed for Trichocolletes bees in Diuris magnifica (25.5%, Scaccabarozzi et al., 2020), the rate of pollen removal and deposition by A. mellfiera is similar to the native bee species observed in D. fragrantissima and Diuris brumalis (Scaccabarozzi et al., 2018). While introduced A. mellifera are often less effective than natural pollinators in other plant species (e.g. Scaccabarozzi et al., 2018, 2024), because most orchids are pollen limited in a flowering season (Tremblay et al., 2005), A. mellifera can still contribute to plant reproduction. Globally, Apis mellifera visits a range of orchid species, typically those that are pollinated by bees rather than other pollination functional groups (see Ackerman et al., 2023). In Australia, records of A. mellifera visiting orchids are most frequent from species that are pollinated by food-seeking bees or wasps (e.g. Reiter et al., 2018, 2019a, 2019b; Scaccabarozzi et al., 2018, 2020), rather than species pollinated by sexual deception of wasps or fungus gnats (Phillips et al., 2017; Hayashi et al., 2025). At present, there are few reported cases of introduced bees making a substantial contribution to pollination of orchids. However, in the Andes of South America, introduced honeybees and bumblebees are highly effective pollinators of the orchid Chloraea virescens, replacing the declining native pollinators (Sanguinetti and Singer, 2014). Outside of orchids, there is evidence that A. mellifera can be effective pollinators of other Australian plants that were originally pollinated by bees (Gross, 2001) or a combination of birds and non-flying mammals (Gilpin et al., 2017; Wawrzyczek et al., 2024). Nonetheless, our result in D. fragrantissima is one of very few confirmed cases where introduced A. mellifera appear to be making an important contribution to the pollination of an endangered plant (see Caraballo-Ortiz et al., 2011; DeNittis and Meyer, 2022; Wawrzyczek et al., 2024).

The role of A. mellifera as a pollinator of D. fragrantissima in these small and often-degraded grassland remnants raises the possibility that for some Australian plant species A. mellifera may be an important pollinator in landscapes where native pollinators have declined. At the existing wild site in our study, bee diversity in the vane trap survey was generally low and was further reduced in smaller grassland remnants. For example, the most species rich sites in our study had a bee species richness that was similar to the mean recorded in agricultural habitats elsewhere in south-eastern Australia when using comparable survey methodology (e.g. Hall et al., 2019). However, the introduced A. mellifera is superabundant in southern Australia, reaching densities as high as 150 nests km2 in some wooded habitats (Paton, 1996; Oldroyd et al., 1997). Therefore, it is plausible that in areas where native pollinators have declined that A. mellifera may make a substantive contribution to pollination of some species. However, we argue that we should not be managing for A. mellifera, given that there is a high abundance of feral hives and that it likely competes for floral resources with other nectivorous insects (Wills et al., 1990). Further, the presence of introduced A. mellifera can lead to reduced fecundity of native bees (e.g. Paini and Roberts, 2005) and declines of hollow nesting birds via nest site competition (e.g. Johnstone and Kirkby, 2007).

Given that the abundant A. mellifera is contributing to pollination of D. fragrantissima, it is possible that pollinator availability may not impose a major limitation for selecting translocation sites for this species. However, in more intact areas of grassland, halictid bees may make a greater contribution to pollination of D. fragrantissima in addition to that of A. mellifera. As such, given that the diversity and overall abundance of native bees was greater in larger areas of remnant grassland, we predict that these would make for more effective translocation sites. Through their larger size, they may also be more buffered against declines of pollinator populations or invasion of weeds from adjoining areas.

In the year of our study, fruit set at populations of D. fragrantissima ranged between 10 and 20%. This is lower than the average of 20.7% for deceptive orchids in Tremblay et al. (2005) but exceeds those recorded for D. brumalis (approximately 2%; Scaccabarozzi et al., 2018) and D. magnifica (3.3%; Scaccabarozzi et al., 2020). Alternatively, the pollination rate for D. fragrantissima is far lower than observed in a closely related species in subgenus Diuris, D. callitrophila (30-60%, N. Reiter, unpublished data), which also grows in remnant grasslands, but in a different biogeographic region. In the co-planting experiment, pollination rates approximately doubled when W. stricta was positioned adjacent to D. fragrantissima plants (from 9.95% to 18.73%). While this result only applied to one of our three candidate species, other untested species of co-occurring plants may also be effective for increasing pollination of D. fragrantissima. For example, as a species that attracts pollinators via a pollen reward, W. stricta is unlikely to be effective for attracting male bees to D. fragrantissima, though it is unclear how much they contribute to pollination. It would be interesting to test if co-planting benefits are associated with plants that are visually conspicuous or provide larger rewards.

From a management perspective, the question remains if the beneficial effect of W. stricta would apply once the D. fragrantissima begin to reproduce at an introduction site, with some seedlings likely to be distant from an individual W. stricta. As pollinator attraction appears not to be based on floral mimicry, the increased pollination to D. fragrantissima could arise because W. stricta increases the conspicuousness of the overall floral display, leading to increased attraction of pollinators to the pair of plants. Alternatively, pollinators may focus their foraging on W. stricta and incidentally visit D. fragrantissima. In either of these scenarios the benefit of co-planting is likely to operate on very small scales (e.g. Gumbert and Kunze, 2001). Benefits to the orchid population in general may arise from a magnet effect, where pollinators are lured to a patch of vegetation by the aggregation of W. stricta (e.g. Johnson and Steiner, 2003), meaning that the orchid may benefit through increased pollinator visitation even if not in the immediate vicinity of the rewarding plants. In the present study, the other treatments in the experimental grid and the adjoining control plots did not differ in pollination rate, only those that were next to W. stricta, which suggests that a magnet effect was not operating. However, if W. stricta were supplemented at a site in larger numbers, a magnet effect may occur.

In conclusion, the Critically Endangered orchid D. fragrantissima appears to be pollinated by a small number of species of halictid bees and the introduced A. mellifera. The diversity of bees in these areas of remnant grassland is generally low, meaning that in remnants where native pollinators have declined A. mellifera may make a substantial contribution to the pollination of D. fragrantissima. We recommend prioritising larger remnants for conservation translocations of D. fragrantissima, as they support larger populations of Lasioglossum and Lipotriches bees, and are more likely to buffered against degradation in a fragmented landscape. As most native habitat remnants on the VVP are highly degraded (Morgan and Williams, 2015), selection of future translocation sites will need to factor in appropriate management for grassland habitat, including control of introduced herbivores (Olff and Ritchie, 1998), appropriate fire regimes (Lunt, 1994; 2012) and reduction of weed cover, particularly those that have allelopathic affects or reduce inter tussock spaces for recruitment (Humphries et al., 2021). In addition, site selection should incorporate which part of the VVP will be most climatically suitable for D. fragrantissima following predicted climate change. Once suitable sites are selected, we demonstrate the plausibility of co-planting with rewarding plants to increase reproductive rates in D. fragrantissima. It will be interesting to test if this applies to other native food plants, and if this is a useful strategy for other threatened herbs.
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Flowering shrubs in fragmented habitats often experience pollen limitation, which can lead to strong natural selection on floral display and affect reproductive success. Effective management and protection of dominant shrubs in fragmented habitats require a thorough understanding of the factors driving plant reproduction. However, the impact of fragmented habitats on reproductive success through floral display and pollinator visitation has not been experimentally quantified. We examined pollen limitation by comparing female fitness between open-pollinated and hand-pollinated plants. We also assessed the impact of natural selection (β) on floral display by comparing natural selection gradients in plants from natural and fragmented habitats. Our results show that this species is pollen-limited, with supplemental pollen increasing female fitness by 32%. This species exhibits directional selection for more open flowers and longer keel petals. We found that the number of open flowers is the main factor influencing pollinator visitation frequency and female fitness, and that pollinator visitation positively affects female fitness. This study provides insights into how fragmented habitats influence linear selection gradients related to the number of open flowers. Furthermore, this study highlights that fragmented habitats significantly influence reproductive success, with floral display being a crucial factor to consider when designing conservation strategies for this population.
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Introduction

Habitat fragmentation is widely recognized as a major driver of biodiversity loss and the growing isolation of ecosystems (Newman et al., 2013). In evolutionary ecology, the floral display of plants influences reproductive success by affecting pollinator transfer efficiency. Habitat fragmentation can affect the plant flowering period and flower number, while human disturbance influences pollinator visitation. These factors result in variations in floral display that may ultimately impact pollination success (Zhong et al., 2019; Chen et al., 2022). Desert ecosystems typically feature sparse vegetation and are particularly sensitive to human disturbance (Villagra et al., 2009). Environmental changes can lead to variations in floral display (such as flower number and spatial arrangement) and pollinator activity (Chen et al., 2020). As human disturbance and environmental changes persist, alterations in habitat structure caused by degradation and desertification will diminish the reproductive success of many plant communities (Chen et al., 2022).

An insufficient supply of pollen can reduce pollination success and limit fecundity (Lennartsson, 2002; Knight et al., 2005). Pollen limitation refers to the insufficient quantity or quality of pollen transfer that impedes reproductive success (Gómez et al., 2010). Habitat fragmentation alters plant-pollinator mutualisms, as many flowering plants depend on pollinator services. The diversity and abundance of pollinators decrease in isolated habitats (Chen et al., 2020). Pollinator visitation can be limited by factors such as resource availability (e.g., rewards and the number of open flowers), which influence pollen transfer efficiency (Asikainen and Mutikainen, 2005). Inadequate pollen transfer is a key factor that limits pollinator visitation efficiency (Chen et al., 2022; Fernández et al., 2012). The quality and quantity of pollen that reaches the stigma are crucial factors influencing pollination success (Corbett, 2003; Harder and Aizen, 2010). There is substantial evidence of pollen limitation caused by insufficient pollinator visitation. Floral traits, particularly in flowering plants, show remarkable diversity in their impact on pollinator visitation efficiency (Ishii and Kadono, 2002).

Floral specialization plays a key role in plant-pollinator interactions, and the influence of natural selection on floral display warrants greater attention (Sletvold and Ågren, 2010). Floral display is positively correlated with pollinator visits, which in turn enhances female fitness (Sletvold et al., 2010; Sun et al., 2018). Pollen reception efficiency often influences natural selection on floral display and female reproductive success in many plant species (Knight et al., 2005; Ashman and Morgan, 2004). Pollinators are typically attracted to flowers with higher densities, as these flowers tend to offer more pollen and rewards (Ashman et al., 2004; Hadley and Betts, 2012). Additionally, pollinator visitation may decline in fragmented habitats, as environmental fragmentation and isolation can reduce pollinator foraging time and activity (Steffan-Dewenter et al., 2006). Pollinator-mediated selection for flower number may enhance pollination success (Sletvold and Ågren, 2010). A related study suggests that female reproductive success is positively correlated with plant height, flower number, and spur length in orchids (Gigord et al., 2001).

Caragana korshinskii Kom., a leguminous shrub, is a dominant species in desert steppe ecosystems, playing a crucial role in ecosystem stabilization and soil erosion prevention (Newman et al., 2013). As a nitrogen-fixing legume, it acts as a pioneer species for sand fixation in arid regions, enhancing soil fertility, promoting herbaceous vegetation growth, and bolstering ecosystem resilience (Yao et al., 2019). However, despite its ecological significance, C. korshinskii faces challenges related to habitat fragmentation and limited pollination, which may impact its long-term survival and regeneration. Predominantly pollinated by insects, the species’ reliance on biological pollination raises concerns about pollen limitation in fragmented habitats (Chen and Zhao, 2019). Given its ecological importance and dependence on pollinators, C. korshinskii serves as an ideal model for studying the effects of habitat fragmentation on pollen limitation in desert steppe ecosystems. However, studies directly quantifying the effect of natural selection on this species remain scarce, limiting the understanding of how floral display drives reproductive evolution in fragmented habitats. This study aimed to: 1) test the differences in pollen limitation intensity between open-pollinated and hand-pollinated plants, 2) quantify natural selection on floral display across different habitats, and 3) examine how fragmented habitats influence reproductive success via floral display, while comparing the relationships between pollinator visitation frequency and female fitness. Furthermore, this study provides strategies to improve reproductive success and conservation efforts for dominant shrub species.





Materials and methods




Study site

This study was conducted in the Urat desert steppe (106°59’-107°05’E, 41°06’-41°25’N, Figure 1), located in the western part of Inner Mongolia Province, northwestern China. The region experiences a mean annual precipitation of approximately 153.9 millimeters, with the majority of precipitation concentrated between May and September, characteristic of a temperate steppe climate (BSk, Köppen Climate Classification; Guo et al., 2022). In this region, Caragana korshinskii Kom is the dominant shrub species (Wang et al., 2022).

[image: Map showing regions of Inner Mongolia with a focus on the Urat Desert Steppe, indicated in red, located within a blue-shaded Inner Mongolia area. The map includes geographical coordinates and a legend identifying key features: Urat Desert Steppe, Buryan Nur City, and research stations. Additional inset maps highlight land ecosystems, distinguishing grassland and desert areas in color. A scale bar shows distances in kilometers.]
Figure 1 | The study area is located in the Urat Desert steppe in Inner Mongolia Province, northwestern China.





Study species

C. korshinskii, a widespread leguminous shrub in desert grasslands, is a vital component of these ecosystems. It significantly contributes to soil stabilization, nitrogen fixation, and the formation of the vegetation structure. This species is distributed across Inner Mongolia and Ningxia provinces in northern China. The flowering period of C. korshinskii typically lasts from May to July, while the fruiting period extends from July to August. Furthermore, C. korshinskii, primarily an outbreeding species with partial self-compatibility, relies on pollinators for effective pollen transfer despite some self-fertilization capacity (Chen and Zuo, 2019).





Field experiment design

The experiment was conducted from May 2017 to September 2023. In 2017, age-matched C. korshinskii plants were selected for the study, with plant height standardized through regular cutting. Two experimental habitats were designed: 1) a natural habitat and 2) a fragmented habitat. Twelve plots were selected for each habitat, with habitats separated by 1 km to minimize pollinator interference. The fragmented habitat was located in a desert area with eroded topsoil. In the fragmented habitat, the twelve plots were distributed across cleared vegetated regions. The corresponding natural habitats were arranged similarly, with the same plant population (Figure 2). In 2023, experiments were conducted on floral display, natural selection, and pollinator visitation efficiency in both natural and fragmented habitats.

[image: Diagram comparing natural and fragmented habitats. Panel A shows nine solid green squares representing a natural habitat, with 50-meter spacing indicated by an arrow. Panel B displays nine green squares with a crossed line pattern, representing a fragmented habitat with similar spacing.]
Figure 2 | Experimental design for two treatments, natural habitat (A) and fragmented habitat (B), from 2017 to 2023. The 24 selected plots (50 m × 50 m) were separated by mown vegetation (white area).





Measured floral display

To assess floral display in both habitats, 144 plants with flowering buds were tagged across twelve natural and twelve fragmented plots (six plants per plot). In 2023, three inflorescences per tagged plant were marked, and digital calipers were used to measure keel petal length and corolla size (length and width) at the onset of flowering. In late May, tagged inflorescences with similar numbers of flower buds were selected. The number of open flowers was also recorded in June. Floral display indices of C. korshinskii were assessed as follows:

[image: The formula depicts I subscript FD equals open parenthesis I multiplied by AC close parenthesis divided by one hundred.]	

where IFD is the floral display index, I is the number of inflorescences, and AC is the area (m²) covered by plants in the natural and fragmented habitats. Seed production of the marked plants was evaluated during the seeding period, along with the relative female fitness of C. korshinskii in both habitats.





Quantified natural selection

We quantified the intensity of natural directional selection (β) by analyzing floral displays and estimating the selection gradients in both natural and fragmented habitats (Sletvold and Ågren, 2010). We also evaluated floral displays, including the number of open flowers, corolla size, and keel petal length, and compared the selection gradients (βN and βF) between natural and fragmented habitats.





Pollen limitation

In 2023, we tested whether C. korshinskii plants experience pollen limitation by measuring mean female fitness in both open-pollinated and hand-pollinated plants. In each plot, we tagged 18 inflorescences (six plants, three per plant) with flowering buds for both open- and hand-pollinated treatments. During the flowering period, we conducted supplemental hand pollinations, and all the tagged flowers received supplemental pollen from untagged individuals. In late September, we counted mature seeds and seed masses in the laboratory. We calculated an index of pollen limitation using the mean fitness (number of intact seeds × seed mass) of open-pollinated (MFC) and hand-pollinated (MFHP) plants in different habitats:

[image: The formula displayed is \( I_{PL} = 1 - (MF_C / MF_{HP}) \).]	

Positive values indicate greater mean fitness in the hand-pollinated (HP) treatment than in the open-pollinated (C) treatment, suggesting that C. korshinskii experiences pollen limitation. Negative or zero values indicate no pollen limitation.





Effect of pollinator visitation on female fitness in fragmented habitats

We assessed the relationship between pollinator visitation frequency and relative female fitness to determine whether visitation frequency influences female fitness (Gómez et al., 2010). We tagged 144 plants (six per plot) in both natural and fragmented habitats based on floral display measurements. During the flowering period (June–July), we marked the number of open flowers on each tagged inflorescence and selected three inflorescences per labeled plant. We observed the labeled plants for five days during the flowering period. To prevent self-pollination, we removed the stamens from selected flowers. We recorded pollinator behavior and visit duration for the tagged flowers using an HD camera from 08:00 to 18:00. We captured the dominant pollinator with an insect net and identified it to the species level. A microscope was used to check whether the pollinators carried pollen grains. To prevent pollen contamination, we euthanized the captured insects in numbered glass bottles, each containing a single insect. In September, we recorded the number of open flowers (OF), pollinator visitation frequency (VF), and measured relative female fitness (RFF; individual fitness divided by mean fitness) for the tagged flowers.

We compared the relationships between OF and VF and between VF and RFF to estimate how pollinator visitation affects female fitness (FF) in the visited flowers.

The pollinator visitation frequency is expressed as follows:

[image: Formula showing V sub F equals N sub V divided by T sub P.]	

where NV is the number of pollinator visits to tagged plants and TP is the observation period (in days).





Statistical analysis

We used Analysis of Variance (ANOVA) to assess the impact of fragmented habitats on OP, corolla size, and keel petal length. We applied the same models to test the impact of floral display on female fitness. When significant effects were detected, we performed post-hoc tests using Fisher’s least significant difference. We then performed linear regressions to measure selection.

Relative female fitness was used as the response variable. Floral displays (standardized by Z score: OF, corolla size, and keel petal length) were used as explanatory variables. Additionally, we quantified mean female fitness (number of seeds × seed mass) and calculated the standardized values for each floral display.

Initially, we evaluated female fitness and standardized floral displays in each habitat, incorporating quadratic terms (γii) to quantify nonlinear selection. However, quadratic gradients were statistically insignificant, so we report only linear gradients. We also assessed multicollinearity by inspecting variance inflation factors (VIFs) and found that the VIF for floral display was < 2.5, indicating that collinearity was not a significant issue.

The same models were applied to explore the relationships between OF and VF. Additionally, we conducted Spearman correlations. We performed linear regressions to assess the relationship between OP and VF. We also conducted linear regressions to explore the relationship between VF and FF in different habitats. Finally, we applied piecewise structural equation modeling (SEM) to examine the direct and indirect pathways through which floral displays (OF, corolla size, and keel petal length) and pollinator visitation frequency influence female fitness in fragmented habitats (Hu et al., 2024). Model adequacy was assessed using Fisher’s C statistic in the “piecewiseSEM” package (R4.3.2) (Lefcheck, 2016). All statistical analyses were conducted using RStudio (R Core Team, 2023.09.1).

ANCOVA was applied to test whether different habitats affect linear selection gradients. We used relative fitness as the dependent variable. Additionally, standardized floral displays, habitat type (natural vs. fragmented), and the interaction between floral display and habitat were used as independent variables. To examine the effect of fragmented habitats, we quantified the estimated selection gradient for each floral display in different habitats. The analyses were performed using SPSS 24.0.






Results




Floral display

The number of open flowers, corolla size, and keel petal length for C. korshinskii are shown in Table 1. Our results show that both habitats had similar corolla sizes and keel petal lengths, but the number of open flowers was significantly greater in the natural habitat than in the fragmented habitat (P < 0.05; Table 1). Female fitness was significantly correlated with the floral display index (R² = 0.68, Natural; R² = 0.82, Fragmented; Figure 3). Plants with a higher floral display index had greater seed production and seed mass.

Table 1 | Floral display (Mean ± SD) for natural plants (N) and fragmented plants (F) in the C. korshinskii.


[image: Table comparing floral display characteristics between natural and fragmented environments. No. of open flowers: Natural 29.0 ± 5.0, Fragmented 20.2 ± 3.9, P < 0.05. Corolla size: Natural 3.2 ± 0.9 cm², Fragmented 2.8 ± 0.5 cm², P > 0.05. Keel petal length: Natural 17.2 ± 3.2 mm, Fragmented 15.4 ± 4.2 mm, P > 0.05.]
[image: Scatter plot showing the relationship between mean fitness and the index of floral display. Two groups are compared: Fragmented (red line) and Natural (green line). Both lines show positive correlations, with shaded areas indicating confidence intervals. The Fragmented group shows a stronger correlation (R² = 0.83) compared to Natural (R² = 0.68).]
Figure 3 | Mean female fitness was significantly related to the index of floral display.





Pollen limitation

Female fitness was significantly higher in hand-pollinated plants compared to open-pollinated plants in both habitats (P < 0.05; Table 2). Our results suggest that pollen supplementation significantly increased mean fitness in both natural and fragmented habitats (Figure 4). Additionally, supplemental pollen increased female fitness by 32%, and the index of pollen limitation (IPL) was 0.24 in the natural habitat. Our findings indicate that this species experiences severe pollen limitation. For open-pollinated plants, the mean fitness was 6.5 in the natural habitat and 4.6 in the fragmented habitat. Plants in the natural habitat had significantly higher mean female fitness than those in the fragmented habitat (Habitat effect, df = 1, P < 0.001; Table 3).

Table 2 | Mean female fitness (Mean ± SD) for open-pollinated plants (C) and hand-pollinated plants (HP) in different habitats.


[image: Table comparing habitats showing natural and fragmented conditions. Under habitat "Natural," values for C are 6.5 ± 1.6 and HP are 8.6 ± 1.1. Under "Fragmented," values for C are 4.6 ± 1.1 and HP are 5.3 ± 0.8. Both have P-values less than 0.05.]
[image: Box plot comparing mean fitness across different conditions: Natural and Fragmented. Category C shows higher fitness for Natural (red) than Fragmented (blue). Category HP shows higher fitness for Natural (yellow) than Fragmented (green). Mean fitness ranges from zero to fifteen.]
Figure 4 | In natural and fragmented habitats, the mean fitness of C. korshinskii under different treatments (C and HP). C, open pollination treatment; HP, hand pollination treatment.

Table 3 | Impact of treatments (C and HP) and different habitats (Natural and Fragmented) on mean female fitness of C. korshinskii.


[image: Table showing the effects of treatment and habitat on certain traits. For treatment, degrees of freedom (df) is 1, F-value is 11.050, and P-value is less than 0.05. For habitat, df is 1, F-value is 55.674, and P-value is less than 0.001. For treatment and habitat interaction, df is 1, F-value is 4.968, and P-value is less than 0.05. C refers to open pollination treatment; HP refers to hand pollination treatment.]




Natural selection gradients for floral display

In C. korshinskii, directional selection favored plants with more open flowers and longer keel petals (Figure 5A, C). Additionally, corolla size was not significantly associated with selection (Figure 5B). Our findings suggest that the number of open flowers and keel petal length underwent significant positive directional selection (Table 4).

[image: Three scatter plots (A, B, C) show relationships between plant traits and relative female fitness. Graphs compare fragmented (red) and natural (green) groups. A: Number of open flowers; B: Corolla size; C: Spur length. Trend lines and R-squared values indicate varying correlations.]
Figure 5 | Standardized linear phenotypic selection gradients for (A) number of open flowers, (B) corolla size, and (C) keel petal length within the natural and fragmented habitats.

Table 4 | Phenotypic linear selection gradients for plants in natural habitat (βN) and for plants in fragmented habitat (βF) in C. korshinskii.


[image: Table showing floral trait data with two measures, β sub N and β sub F, and their corresponding p-values for display and display multiplied by habitat. Traits include number of open flowers, corolla size, and keel petal length. Significant values are noted as less than 0.001 for number of open flowers and keel petal length.]
Our results show that natural selection differed between the natural (βN) and fragmented habitats (βF; Table 4). In the natural habitat, the directional selection for the number of open flowers (βN) was 0.24, while the selection gradient for open flowers in the fragmented habitat was lower (βF = 0.18; Table 4). Moreover, the intensity of directional selection on the number of open flowers and keel petal length in natural habitats was significantly higher than that in fragmented habitats (PDisplay < 0.001; Table 4). In both habitats, our results also showed that habitat type significantly affected linear selection gradients for the number of open flowers (habitat effect, PDisplay × Habitat < 0.05; Table 4).





Effect of pollinator visitation frequency on female fitness in fragmented habitats

During the observation period, Apis mellifera ligustica Spinola was the most frequently observed floral visitor, constituting 81% of the 120 recorded insect visits. Additionally, the list of occasional insect visitors is provided in Supplementary Table S1. We found that C. korshinskii flowers possess a tripping mechanism, with visiting pollinators acting as tripping agents. Pollinators use their bodies to touch the petals, causing the flowers to open earlier. Furthermore, the visitation time of A. mellifera coincided with the observation period.

Pollinator visitation frequency significantly differed between the natural and fragmented habitats (P < 0.05). In both habitats, standardized pollinator visitation frequency was positively correlated with the number of open flowers (R² = 0.91, Natural; R² = 0.92, Fragmented; Figure 6A). In the natural habitat, seed production per selected flower was 4.6, and pollinator visitation frequency was 22.6. Our findings show that relative female fitness was significantly positively correlated with standardized pollinator visitation frequency (R² = 0.85, Natural; R² = 0.63, Fragmented; P < 0.01; Figure 6B).

[image: Panel A shows a scatter plot of standardized pollinator visitation frequency against the standardized number of open flowers, with red and green lines of fit for fragmented and natural groups, respectively. Panel B displays relative female fitness against standardized pollinator visitation frequency, also with red and green lines for both groups. Shaded areas represent confidence intervals. Statistical values indicate strong correlations in both panels.]
Figure 6 | Relationships between number of open flowers (OF) and pollinator visitation frequency (VF) influence female fitness (FF). (A) Relationships between OF and VF, and (B) relationships between VF and FF.

Although the fragmented habitat strongly affected the number of open flowers (OF) and corolla size, SEM results showed that the number of open flowers primarily influenced female fitness through its indirect effect on pollinator visitation frequency (OF → VF, covariance coefficient = 0.72) and direct effect on female fitness (OF → FF, covariance coefficient = 0.37) (Figure 7A). Our results indicate that keel petal length did not directly or significantly affect pollinator visitation frequency or female fitness. Furthermore, the fragmented habitat indirectly affected female fitness by cascading its effects on the number of open flowers, which in turn affected pollinator visitation frequency (VF → FF, covariance coefficient = 0.56). By calculating the total effects of each individual driver on female fitness, our findings suggest that the number of open flowers had the greatest positive and integrated effect on female fitness, followed by pollinator visitation frequency (Figure 7B). Additionally, the fragmented habitat had negative effects on female fitness.

[image: Diagram with two panels labeled A and B. Panel A is a path analysis showing relationships between variables affecting female fitness, such as fragmented habitat, corolla size, pollinator visitation frequency, and number of open flowers, with R-squared values indicating effect sizes. Arrows denote directions of influence and their significance, with colors indicating positive or negative effects. Panel B is a bar chart displaying standardized total effects on female fitness for the same variables, with sections showing direct and indirect influences. Colors represent positive (green) and negative (red) effects.]
Figure 7 | Structural equation modeling that depicts the direct and indirect impacts of fragmented habitat on female fitness. (A) Structural equation modeling revealing the impacts of the OF and VF on female fitness (Fisher’s C= 13.65; P = 0.32; df = 12). The red and green arrows respectively show significant positive and negative effects (P < 0.05), while gray arrows indicate non-significant relationships. The values adjacent to the arrows represent standardized path coefficients. The width of the arrows corresponds to the strength of the path coefficients. R2 donates the proportion of variance explained. Significant levels for each predictor are denoted as *P < 0.05, **P < 0.01, ***P < 0.001. (B) Standardized total effects of all variables on female fitness derived from the SEM depicted above.






Discussion




Study limitations

While this study advances our understanding of pollen limitation dynamics in fragmented habitats, three key methodological considerations warrant explicit discussion to contextualize its contributions. First, although we established correlations between pollinator visitation frequency and female fitness, our experimental design did not incorporate two critical components of pollination efficiency: (1) taxonomic identification of floral visitors, and (2) quantitative pollen transfer metrics (e.g., pollen load quantification on insect vectors or stigma pollen deposition counts). This gap constrains our ability to mechanistically link specific pollinator behaviors, such as interspecific variation in pollen carryover rates to observed differences in floral display selection pressures between habitat types.

Second, although pollen limitation assessments were conducted in both 2021 (pilot phase) and 2023, we strategically focused on 2023 data to minimize confounding effects of interannual environmental variability. While this approach aligns with our core objective of disentangling spatial drivers of pollen limitation, it necessarily excludes temporal dimension analyses. Future longitudinal studies spanning at least five reproductive cycles could elucidate whether the observed patterns represent evolutionarily stable selective regimes or ephemeral ecological responses.





Pollen limitation and pollinators in fragmented habitats

Pollen quantity and quality may decrease due to insufficient pollen delivery or inefficient pollinator visits, leading to pollen limitation (Knight et al., 2005; Ashman et al., 2004). Many flowering plants experience severe pollen limitation due to limited pollen availability and unreliable pollinator visits (Lennartsson, 2002; Nayak and Davidar, 2010). The intensity of pollen limitation is also related to pollinator visitation efficiency, as pollination services are crucial for animal-pollinated plants (Liu et al., 2020). Previous studies indicate that fragmented habitats often reduce pollinator visitation efficiency and disrupt pollination processes (Newman et al., 2013; Chen et al., 2016). In this study, variation in floral displays often translates into differences in female fitness due to its effect on pollinator visitation frequency in fragmented habitats. Our findings show that C. korshinskii experiences more severe pollen limitation in fragmented habitats than in natural habitats, with supplemental hand pollination being the dominant factor influencing female fitness.

Our results demonstrate a positive impact of open flower number on female fitness within fragmented habitats (Figure 7A). This stems from enhanced nectar and pollen availability due to more open flowers, crucial for attracting pollinators. Consequently, optimal floral displays boost pollinator visitation and pollination efficiency (Vaughton and Ramsey, 2010). Moreover, our study indicates that floral resource abundance significantly influences pollinator visitation frequency and female fitness (Figure 5), highlighting the key role of open flower quantity in determining reproductive success for pollinator-dependent plants.





Natural selection on floral display affects reproductive success in fragmented habitats

To understand how fragmented habitats influence floral display evolution, it is essential to quantify them as selective agents (Sletvold et al., 2017). An optimal floral display attracts pollinators and increases visitation frequency, with a positive correlation between flower density and pollinator visits (Ortíz et al., 2010). In fragmented habitats, plants with fewer flowers may experience directional selection, and floral display can reduce pollination efficiency (Kishore et al., 2012; Sletvold et al., 2017). In C. korshinskii, habitat fragmentation influences the selection pressure on the number of open flowers.

Plant–pollinator interactions drive floral diversity, and pollen transfer limits female reproductive success, suggesting that natural selection on floral display is widespread (Ashman and Morgan, 2004). Pollinators typically prefer more open flowers and longer keel petals, with the number of open flowers often setting the upper limit on seed production (Ashman et al., 2004; Gómez, 2003). Many studies show that the number of open flowers influences pollinator visitation and outcrossing rates, leading to higher seed production (Ortíz et al., 2010). In our study, 42% of plants in the natural habitat were strongly selected for more open flowers. In the fragmented habitat, 50% of plants were under directional selection for a greater number of open flowers. Shortening keel petal length significantly reduces female fitness, while longer keel petals enhance pollination efficiency (Sletvold et al., 2017; Gómez, 2003). Additionally, this species exhibits directional selection for longer keel petals, though habitat type does not significantly affect the linear selection gradient for keel petal length. Our study is the first to experimentally quantify the impact of natural selection on floral display in *Caragana* species across different habitats. This study enhances our understanding of how fragmented habitats shape floral display evolution in C. korshinskii.

Many studies have noted a challenge in quantifying natural selection through hand-pollination treatments, particularly in distinguishing the effects of display variation on pollen quality and quantity (Sletvold et al., 2017). In this study, however, the impact of the hand-pollination treatment on pollen quality was minimized. In C. korshinskii, self-pollination efficiency is low. Additionally, hand-pollinated plants received a mixture of pollinator-transferred and hand-supplemented pollen, with minimal differences in pollen quality. Therefore, natural selection on floral display reflects variation in pollen deposition quantity.





Relationships between pollinator visitation and female fitness in fragmented habitats

Plants are immobile and rely on pollinators for pollen transfer, a critical strategy for sexual reproduction (Harder and Aizen, 2010). Pollinator selection of floral display plays a key role in pollen transfer and seed production (Karron and Mitchell, 2012; Gómez, 2003). Over the past two decades, the fragmentation of natural habitats due to urbanization and human disturbance has increased significantly (Delnevo et al., 2019). In fragmented habitats, the spatial distance between animal-pollinated plants increases, while pollinator visit time decreases, resulting in lower pollinator visitation frequency and increased genetic isolation of plants (Newman et al., 2013). Pollinator services primarily depend on visitation efficiency, which is considered a direct causal factor influencing female fitness (Knight et al., 2005; Herrera, 2020). Pollinator visits are positively correlated with flower resource density, and higher visitation frequency can enhance cross-pollen transport (Ortíz et al., 2010). Additionally, habitat fragments increase edge effects on potential pollinator visits, which may prevent or hinder pollinator movement between fragments. In this study, *Apis mellifera* was more common in natural habitats. Moreover, plants in natural habitats exhibited more open flowers than those in fragmented habitats, offering an explanation for the observed difference in female fitness.

Habitat fragmentation is a widespread change in terrestrial ecosystems that profoundly impacts plant-pollinator interactions (Potts et al., 2016). Plant reproductive success significantly affects the population viability and ecological stability of desert steppes (Chen et al., 2022). In desert steppes, pollinator abundance and diversity are declining due to human-related factors such as habitat fragmentation, climate change, and overgrazing (Potts et al., 2016). Habitat change affects biomass allocation to reproductive organs, leading to altered reproductive strategies (Revel et al., 2012). A suitable floral display can enhance pollination services and reproductive success (Sletvold et al., 2017). Previous studies suggest that floral display influences pollinator selection and is linked to habitat loss and climate change (Revel et al., 2012; Delnevo et al., 2019). Similar studies have shown that plants exhibit lower female fitness when pollinator visitation frequency decreases, with visitation linked to reproductive success (Cresswell, 1997; Suzuki, 2000; Jones and Agrawal, 2017). In our study, pollinator visitation frequency positively influenced female fitness, which is considered a key indicator of reproductive success. Most importantly, we found that the number of open flowers, rather than corolla size or keel petal length, was the primary driver influencing the relationship between pollinator visitation frequency and female fitness, with fragmented habitat affecting female fitness through its cascading effects on the number of open flowers. Our study provides strong evidence that the effects of habitat fragmentation cascade through multiple levels, influencing various factors. Most previous studies on floral display-reproduction relationships focus on a single level, whereas this study advances our understanding of the overall effects of habitat fragmentation on female fitness from multiple perspectives. Therefore, this study demonstrates that fragmented habitats affect reproductive success through natural selection on the number of open flowers and pollinator visitation frequency in desert steppes.






Conclusions

We experimentally quantified how fragmented habitats affect floral display and natural selection on pollinator visitation. In C. korshinskii, 42% of plants in the natural habitat were strongly selected for more open flowers (βN = 0.24), and 50% of plants in fragmented habitats showed directional selection for greater numbers of open flowers (βF = 0.18). We conclude that the number of open flowers is the primary selective factor, with fragmented habitats significantly influencing the linear selection gradients for this trait. Additionally, the number of open flowers directly and significantly impacts pollinator visitation frequency and female fitness. Our work provides the first evidence that changes in the number of open flowers in fragmented habitats are a primary driver of floral display-reproduction relationships. This study highlights the need to investigate the interactions between floral display and pollinator visitation in fragmented habitats to better manage pollen limitation and reproductive success in dominant Fabaceae species.
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Climate change is expected to drive substantial shifts in species’ geographic ranges. Species-specific responses of interacting species, such as plants and their pollinators, may lead to a spatial mismatch in their future distributions, disrupting these interspecific interactions. The crop wild relatives (CWRs) of the tropical cash crop vanilla hold valuable genetic resources for use in crop breeding, but their persistence is dependent on the presence of their pollinators, and at risk due to several anthropogenic pressures including climate change. To contribute to the safeguarding of this wild Vanilla gene pool, the present study aims at better understanding the effects of climate change on Vanilla species and their pollinators, and to identify potential spatial mismatches between both. Focusing on the Neotropical realm, we used MaxEnt species distribution models (SDMs) to predict potential changes in the range overlap between Vanilla and their pollinators by 2050 under the SSP2-4.5 and SSP3-7.0 climate change scenarios. We were able to compile enough occurrence records to generate SDMs for 11 Neotropical Vanilla CWRs, of which data on pollinator identity was available for four animal-pollinated species. Our models showed varying results among Vanilla species, with some predicted to undergo a net contraction (-1% to -53%) and others predicted to experience a net expansion (+11 to +140%), while the area of suitable habitat for all pollinators was predicted to decline (-7% to -71%). Our models predict a decline in range overlap between animal-pollinated Vanilla species and their pollinators under climate change, and this spatial mismatch was more pronounced for species reliant on a single known pollinator (-60% to -90%). Furthermore, the proportion of overlapping ranges located within protected areas is predicted to shrink for all species if no action is taken. Based on these findings, we propose priority areas for in situ and ex situ conservation to safeguard Vanilla’s genetic resources.
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1 Introduction

Climate change is expected to cause substantial shifts in species’ geographic ranges, thereby altering the composition of species communities and disrupting interspecific interactions (Scheffers et al., 2016). The relationship between a plant and its pollinator(s) is an example of an ecological interaction that may be at risk due to differential responses of species to climate change, which may result in spatial mismatches between their future distributions (Gérard et al., 2020). Pollination contributes to species coexistence within plant communities, affects their geographic range, and drives evolutionary phenomena such as reproductive isolation or diversification rates between plant lineages (Phillips et al., 2020). The great majority (± 87.5%) of known flowering plants rely on animal vectors for cross-pollination (Ollerton, 2021), which are essential for shaping the genetic structure of populations of flowering plants by facilitating pollen (and gene) flow within and between populations. This process enables the spread of beneficial mutations that support adaptive responses to environmental changes (Conner and Hartl, 2004), so disruptions to this fundamental relationship could significantly reduce plant reproductive success and survival. Understanding the factors driving spatial and temporal changes in plant-pollinator networks is therefore critical for maintaining community structure and function and for developing efficient biodiversity conservation strategies (Burkle and Alarcón, 2011).

An important group of plants that is at risk due to climate change and other human-induced changes are crop wild relatives (CWRs) (Castañeda-Álvarez et al., 2016). CWRs are closely related to domesticated crop species and harbor a wealth of – often untapped – genetic diversity vital for crop improvement (Maxted et al., 2006; Vincent et al., 2019). Moreover, approximately 75% of plants used in food production depend, at least partially, on pollination by animal vectors, making pollinators essential to both natural and agricultural ecosystems (Van der Sluijs and Vaage, 2016). Understanding how climate change affects the range dynamics and ecological interactions of CWRs is therefore critical for protecting this wild gene pool and ensuring future food security.

An example of a crop with several wild relatives spread across the tropics is vanilla (Vanilla Mill., Orchidaceae Juss.), a globally valued spice and the most important orchid used in the food industry. Cultivated lineages of the commercial crop species Vanilla planifolia Andrews are, however, susceptible to biotic (e.g., pests, diseases) and abiotic (e.g., droughts, heat) stresses (Besse, 2004; Schlüter et al., 2007; Bory et al., 2008). Climate change is expected to aggravate their vulnerability to these stresses, leading to significant global yield declines (Bramel and Frey, 2021; Goettsch et al., 2021; Armenta-Montero et al., 2022; Karremans, 2024). Strengthening the resilience of vanilla cultivation systems will be essential to meet the growing demand for natural vanilla (Climate Bonds Initiative (CBI), 2023), with Vanilla CWRs playing a crucial role (Flanagan and Mosquera-Espinosa., 2016; Pérez-Silva et al., 2021, 2025; Bramel and Frey, 2021; de Oliveira et al., 2022; da Silva Oliveira et al., 2022; Watteyn et al., 2023a). Vanilla CWRs include wild populations of V. planifolia, as well as related species belonging to the same (Vanilla sect. Xanata) or to different sections as V. planifolia (Vanilla sect. Tethya, Vanilla subg. Vanilla). Many of these are considered as (critically) endangered by the IUCN Red List (Hernández-Fernández et al., 2020; Herrera-Cabrera et al., 2020; Wegier et al., 2020). Anthropogenic pressures such as climate change, habitat conversion, agricultural intensification, and illegal extraction from the wild are threatening the survival of remaining Vanilla CWR populations (Goettsch et al., 2021). Urgent action is therefore required to implement policies that support both in situ and ex situ conservation to safeguard these genetic resources (Bramel and Frey, 2021; Goettsch et al., 2021; Karremans, 2024).

Several Vanilla species, including V. planifolia, are self-compatible (Bory et al., 2010), explaining the success of hand-pollination in commercial plantations. However, in their natural habitat, most Vanilla species appear to be allogamous and rely on biotic vectors for sexual reproduction (Bory et al., 2010; Karremans, 2024). This dependence on pollinators corresponds with the broader pattern in orchids, where about 75% of the species require animal vectors for pollination (Ackerman et al., 2023). To date, effective pollinators of Vanilla species have been identified across several bee tribes, including Allodapini (Petersson, 2015; Gigant et al., 2014, 2016), Anthophorini (Gigant et al., 2014), Centridini (Nielsen & Ackerman unpublished; Pansarin et al., 2013), Euglossini (Ackerman, 1983; Lubinsky et al., 2006; Householder et al., 2010; Soto Arenas and Dressler, 2010; Pansarin et al., 2013; Anjos et al., 2017; Watteyn et al., 2022, 2023b), and Halictini (Chaipanich et al., 2020). Several previous studies cited stingless bees (Meliponini) as the suspected pollinators of Vanilla, but without clear evidence (e.g., Bouriquet 1946; Pijl and Dodson, 1996; Fouché and Jouve, 1999). A recent study of Karremans (2024) shows a stingless bee with pollen grains on its back while exiting a V. planifolia flower and suggested that these bees could remove pollinaria on occasion, but that it is unlikely that they are the main pollinators, given their small size. Pansarin and Ferreira (2022a) reported hummingbirds as pollinators of Vanilla palmarum, yet their statement lack evidence of pollen removal. The abovementioned pollinator groups interact with Vanilla species through various mechanisms, such as nectar rewards in the case of Vanilla hartii Rolfe (Watteyn et al., 2023b) or a food deceptive strategy in the case of V. planifolia (de Oliveira et al., 2022; Pemberton et al., 2023). Other species, such as Vanilla pompona Schiede, employ a dual mechanism with floral fragrances to attract pollinators and food deception to induce pollen removal and deposition (Watteyn et al., 2022; Pansarin, 2023). Plant species with such specialized pollinator interactions are expected to be more vulnerable to climate change-induced plant-pollinator decoupling than more generalist species (Gérard et al., 2020). As such, Vanilla species and their pollinators may be at risk of a spatial mismatch under changing climate conditions.

To support the conservation of Vanilla CWRs and their pollinator interactions, a critical first step is to identify those areas where they co-occur, and how these areas may change under projected climate change scenarios. Species distribution models (SDMs) provide a useful tool for this purpose, as they generate predictions of the distribution of suitable habitat, even for species with limited occurrence data, supporting targeted conservation actions (Guisan and Thuiller, 2005; Hirzel et al., 2006). Moreover, they can be used to predict spatial (mis)matches between species by overlaying single species distribution predictions or using joint SDMs. Previous studies on orchid conservation, for example, used SDMs to identify potential spatial mismatches in future distributions between orchids and their pollinators, information that can subsequently be integrated in land management policies (e.g., Tsiftsis and Djordjević, 2020; Kolanowska et al., 2021a, 2021b; 2023; Liu et al., 2024). As for Vanilla, however, existing SDM studies centered on current and future distribution patterns of the commercial crop species V. planifolia in Mexico (Hernández-Ruíz et al., 2016; Armenta-Montero et al., 2022; Maceda et al., 2023) and Vanilla CWR in Costa Rica (Watteyn et al., 2020). Rather than SDMs, Ellestad et al. (2021) applied a landscape-based approach to circumscribe the current geographical distribution of V. planifolia by accounting for the co-occurrence of pollinators and seed dispersers, as well as habitat quality and disturbance. No studies to date have modeled Vanilla species alongside their pollinators under predicted climate change scenarios, leaving a significant gap in understanding the spatial dynamics critical for their conservation.

The present study aims to evaluate the current overlap of suitable habitats between Vanilla CWRs and their pollinators, as well as to predict how this overlap might shift under future climate conditions. The focus is on tropical America, which harbors at least 63 of the 118 Vanilla species naturally found across the tropics (Karremans et al., 2020). Interestingly, this area also harbors all the so-called aromatic species (38 in total) belonging to the section Xanata, which are the species with most potential for use in crop breeding. We use MaxEnt SDMs to predict changes (contraction or expansion) in the range overlap between Vanilla and their pollinator species under the SSP2-4.5 and SSP3-7.0 climate change scenarios. The findings of this study can help to prioritize in situ conservation areas where both Vanilla species and their pollinators are predicted to continue to co-exist. Additionally, by identifying areas predicted to lose suitability, the results can be used to identify potential locations of Vanilla populations that may require ex situ conservation or assisted migration.




2 Materials and methods



2.1 Species distribution modeling



2.1.1 Occurrence data

Georeferenced presence data of all currently known Neotropical Vanilla species (n = 63) (Supplementary Table S1) was compiled from several sources, including Karremans et al. (2020) and Watteyn et al. (2020), among others (see Supplementary Table S2 for a complete overview), and complemented with data recently collected by our research group (2023-2024) as part of an ongoing genetic study of Vanilla populations (Watteyn et al., in prep.). More specifically, we compiled presence data within the geographical extent of (sub)tropical America considering the currently known distribution of Neotropical Vanilla species (-118.37°W, -28.85°E; -33.75°S, 32.72°N). We cleaned the presence data using the R package CoordinateCleaner (Zizka et al., 2019) and removed (i) records located in the ocean, GBIF headquarters, urban areas or biodiversity institutions (e.g., museums, botanical gardens, universities), and (ii) records with outlier, zero, rounded or invalid coordinates, and identical latitude/longitude. We also removed records older than 1950 or with missing collection dates. After spatial filtering (see section 2.1.3.), only Vanilla species with ≥ 30 occurrence points were retained, as the number of presence points greatly affects model accuracy (Wisz et al., 2008). This resulted in a total of 11 Vanilla species that could be modeled, including 7 animal-pollinated and 4 autogamous species (Table 1). Information about the pollinators of the animal-pollinated Vanilla species was derived from recent studies, resulting in 11 potential pollinators described in the literature, of which seven are supported by robust observations of pollen removal and identifications of the pollinators at species level (Table 1). Georeferenced presence data of these seven pollinator species was compiled from GBIF and literature (Supplementary Table S2). The data were cleaned with the same procedure as for the Vanilla species, to obtain a final dataset comprising seven pollinator species with sufficient occurrence data (≥ 30 points). All modeled species belonged to the bee tribe Euglossini, including four Euglossa and three Eulaema species.

Table 1 | Set of Neotropical Vanilla species (N = 11) with enough presence data to build accurate models, along with the identified pollination mechanism and corresponding pollinator species in case of animal-driven allogamy.
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2.1.2 Predictor variables

As predictor variables, we used the bioclimatic variables from the WorldClim database, with a spatial resolution of 30 arcsec (ca. 0.9 km at the equator), both for the near-current historical baseline (1970-2000) and future (2041-2070) climate conditions (Fick and Hijmans, 2017). Following Booth (2022), the variables bio8, bio9, bio18 and bio19 were removed due to known spatial artefacts. No further variable selection was carried out, as Maxent models can handle multicollinearity (Feng et al., 2019). For the Vanilla SDMs, we also included eight soil variables with a spatial resolution of 250 m (SoilGrids) from the International Soil Reference and Information Center (ISRIC, Hengl et al., 2017) and 4 topographic variables with a spatial resolution of 30 m from the ASTER Global Digital Elevation Model v3 (DEM, Abrams et al., 2022), both resampled to a resolution of 30 arcsec to match the resolution of the bioclimatic variables. An overview of the predictor variables can be found in Supplementary File 1 (Supplementary Table S3). The pollinator SDMs only included climatic variables, as previous studies have shown that bee distribution ranges are mainly driven by climate, and other variables do not significantly improve the models (Silva et al., 2014; Nemésio et al., 2016).

We selected five general circulation models (GCMs) from the sixth Coupled Model Intercomparison Project (CMIP6) (Eyring et al., 2016) with the highest combined weight of performance (i.e. ability to predict past climate conditions) and independence according to Brunner et al. (2020) that are available through the WorldClim database: ACCESS-CM2, GISS-E2-1-G, INM-CM5-0, MIROC6, MPI-ESM1-2-HR. For each of these GCMs, we focus on two climate change scenarios: the Shared Socioeconomic Pathways SSP2-4.5 and SSP3-7.0 (Riahi et al., 2017). These SSPs are projections in terms of international policies towards environmental sustainability and GHG emission reduction. SSP2-4.5 (“middle of the road”) assumes that nations will work toward but make slow progress in achieving sustainability in development goals, while SSP3-7.0 (“rocky road” – regional rivalry) is a more pessimistic scenario, with greater regional conflicts and less global cooperation to mitigate climate change. We choose these two SSP scenarios as we aimed to include scenarios which may best reflect reality, considering a more optimistic and pessimistic vision, respectively. The other scenarios reflect very optimistic or pessimistic views on the future. For example, SSP1-1.9 and SSP1-2.6 envision a world where ambitious mitigation efforts lead to significant GHG reductions, reaching net-zero emissions by 2050 or 2070, respectively, while the very pessimistic SSP5-8.5 scenario envisions a world where emissions continue to grow at very high rate, which is unlikely (Huard et al., 2022).




2.1.3 Species distribution modeling

We used the maximum entropy algorithm (MaxEnt version 3.4.3) (Phillips et al., 2006; Elith et al., 2011) to model the distribution of Vanilla species and their corresponding pollinators under current and future climate conditions. MaxEnt has become a popular tool for predicting species distributions, as it can cope well with sparse, irregularly sampled data and minor location errors (Graham et al., 2008). MaxEnt is a niche modeling algorithm based on the maximum entropy theory (Phillips et al., 2006, 2017). It is a presence-only algorithm that compares presence locations to all the environments that are available in the study region, i.e. the ‘background’.

To reduce the effects of spatial bias on model calibration, we applied the target background approach, which involves the selection of background records from grid cells with presence data of species that belong to a similar group as the target species, under the assumption that these locations reflect a similar bias as the sampling bias of the target species (Phillips et al., 2009). In our case, the target group for the Vanilla SDMs consisted of all hemi-epiphyte and liana species growing in the Neotropics (tropicos.org), while the target group for the pollinator SDMs consisted of all bee species (Apidae) found in the Neotropics (Dorey et al., 2023). Presence data of the target group species were compiled from online databases and the literature (Supplementary Table S2) and cleaned using the same method as explained in section 2.1.1. To further reduce the effects of spatially biased presence points on model calibration, we thinned the presence points using the R package spThinR (Aiello-Lammens et al., 2015), using a thinning distance of 10 km.

The MaxEnt models were implemented and optimized using the R package ENMeval v2 (Kass et al., 2021). For each species, a total of 15 model parametrizations were evaluated by using multiple combinations of five feature classes (L, LQ, H, LQH, LQHP, where L = linear, Q = quadratic, H = Hinge, P = Product) and three regularization multiplier (RM) values (1, 3, 5). To evaluate the models, we performed a spatial block cross-validation using the R package blockCV (Valavi et al., 2019), in which presence and background data were divided into 100 km wide squared blocks arranged in eight cross-validation folds. To obtain the best model among the 15 models, we first chose the four models with the highest Area Under the receiver-operating characteristic Curve (AUC), and then selected the model with the smallest difference between training and testing AUC, which is a measure for overfitting (i.e. among the four models with highest AUC we selected the model with least overfitting). The use of AUC has been criticized, mainly because AUC values are easily inflated by increasing the geographical (i.e. environmental) extent in which background points are selected (Lobo et al., 2010). To avoid this, we only selected background points within a convex hull around the presence records, extended by a buffer of 20% of the longest distance between presence records. Projections were made for the entire geographical extent of (sub)tropical America (see 2.1.1) but further analysis and interpretation was restricted to the area encompassed by the convex hulls, to minimize extrapolation to conditions under which the models were not trained. Models with AUC values greater than 0.7 (i.e., acceptable accuracy; Raes & ter Steege, 2007) were selected for further analysis.

The final models were used to predict habitat suitability under both current and future conditions. Suitability maps were converted to presence-absence maps using the threshold at which the sum of the sensitivity (true positive rate) and specificity (true negative rate) was highest (Liu et al., 2005; Jimenez-Valverde and Lobo., 2007). From the five GCM binary outputs for each SSP, we used a majority vote rule to predict suitability to generate a single output for future projections. We then calculated changes (km2) in habitat suitability (contraction, expansion, no change) between current and future distributions for all modeled species separately. All analyses were carried out in R v4.3.3 (R Core Team, 2025) and the final maps were visualized using QGIS v3.40.





2.2 Vanilla-pollinator range overlap and identification of priority conservation areas

QGIS v3.40 was used to visualize the overlap in distribution range (hereafter “range overlap”) between the animal-pollinated Vanilla species and its known pollinator(s) and to assess changes in this overlap under the two SSP scenarios by 2050. We calculated the area of range overlap between each Vanilla species and its pollinator(s) under current and future climate conditions. For Vanilla species with more than one known pollinator, we summed the presence maps of their individually modeled pollinator species before overlaying them with the presence map of the corresponding Vanilla species. Presence-absence maps displaying habitat suitability for Vanilla species and their pollinator(s) were then used to identify areas suitable for in situ conservation and to highlight Vanilla populations that may require ex situ conservation or assisted migration. Using the World Database on Protected Areas (WDPA) map (UNEP-WCMC & IUCN, 2024), we assigned high-priority in situ conservation areas where Vanilla species and their pollinator(s) are predicted to continue to coexist under future climate scenarios. We distinguish between areas already under protection, and priority conservation areas that need to be established (i.e. no protection status at present). Furthermore, we identified populations located in areas that are expected to become unsuitable by 2050 and may need ex situ conservation (e.g., in botanical gardens) or assisted migration (e.g., relocation of these populations to areas expected to remain or become suitable).





3 Results



3.1 Climate change effects on the distribution of Vanilla and its pollinators

The Vanilla and pollinator models showed a high level of predictive accuracy (average AUC = 0.84 ± 0.07 SD and average AUC = 0.81 ± 0.09 SD, respectively) (Supplementary Table S4). Based on the permutation importance, we found that the most important variables predicting the current distribution of the modeled Vanilla species were related to climate rather than soil variables (Supplementary Tables S4, S5). Specifically, the distribution of five species (V. bicolor, V. hartii, V. mexicana, V. phaeantha, V. trigonocarpa) was mainly predicted by precipitation variables, including annual precipitation (bio12), precipitation of driest month (bio14), and precipitation seasonality (bio15). The habitat suitability of the other six species (V. chamissonis, V. inodora, V. odorata, V. palmarum, V. planifolia, and V. pompona) was primarily predicted by temperature variables such as temperature seasonality (bio4), minimum temperature of coldest month (bio6), and temperature annual range (bio7). Moreover, we found that the distributions of V. bicolor, V. phaeantha, and V. pompona is also predicted by soil pH. The remaining climate, soil and topography variables seem to be less important in predicting Vanilla species distributions. The distribution of the pollinators is mainly predicted by temperature variables (Supplementary Tables S4, S6), including annual mean temperature (bio1 - Euglossa tridentata, Eulaema meriana), mean diurnal range (bio2 - Euglossa cybelia), mean temperature of coldest month (bio6 - Eulaema cingulata), and mean temperature of coldest quarter (bio11 - Euglossa asarophora, E. dilemma, Eulaema nigrita).

Figure 1 shows the changes in habitat suitability of Vanilla and pollinator species predicted under both scenarios (SSP2-4.5 and SSP3-7.0) for the year 2050 relative to the near-current historical baseline (1970-2000), to which we will refer to as ‘present’ for simplicity. In the SSP2-4.5 scenario, the habitat suitability of four Vanilla species (V. hartii, V. inodora, V. palmarum, V. pompona) is predicted to decrease, with net changes in suitable area ranging from -1% to -46%. For the other seven species (V. bicolor, V. chamissonis, V. mexicana, V. odorata, V. phaeantha, V. planifolia, V. trigonocarpa), our models predicted an increase in habitat suitability, with net changes ranging from +12% to +140%. A similar trend is predicted under the SSP3-7.0 scenario, with a decrease (net change ranging from -3% to -53%) or increase (net change ranging from +11% to +139%) in habitat suitability for the same species.

[image: Bar charts showing changes in suitable habitats for various species under SSP2-4.5 and SSP3-7.0 scenarios. The horizontal axis represents percentage change, with red indicating habitat contraction and green indicating expansion. Each species is listed on the vertical axis.]
Figure 1 | Predicted changes in suitable habitat by 2050 under the “middle of the road” (SSP2-4.5) and “regional rivalry” (SSP3-7.0) scenarios for the 11 modeled Vanilla species and seven pollinator species. Calculations were made considering the area encompassed by the convex hulls around the presence points of the modeled species (see 2.1.3).

The habitat suitability of all modeled pollinator species is predicted to decline, with slightly higher negative net changes under the SSP3-7.0 compared to the SSP2-4.5 scenario (Figure 1). The greatest reduction is predicted for the Euglossa species, with net changes ranging from -24.6% to -68.2% under the SSP2-4.5 scenario and -31.7% to -70.7% under the SSP3-7.0 scenario. The predicted decrease in habitat suitability for the three Eulaema species was less compared to the other pollinator species, with net changes ranging from -6.9% to -27.4% under the SSP2-4.5 scenario and -18.5% and -31.6% under the SSP3-7.0 scenario.

Vanilla and pollinator presence-absence maps for current climate conditions as well as the maps demonstrating the predicted future changes can be found in Supplementary File 1 (Supplementary Figures S1, S2), together with an overview of the predicted changes in suitable habitat (km2) and net change (%) for both Vanilla and pollinator species (Supplementary Table S7).




3.2 Climate change-induced shifts in Vanilla-pollinator range overlap

Table 2 shows the predicted climate change-induced shifts in Vanilla-pollinator range overlap for the animal-pollinated Vanilla species for which data on pollinators was available (i.e. four of the in total 11 modeled Vanilla species): (i) V. hartii and pollinators Euglossa cybelia and E. tridentata, (ii) V. planifolia and pollinator Euglossa dilemma, (note: observations of pollen removal made by Pemberton et al. (2023) took place outside the native distribution range of V. planifolia (Florida) but Euglossa dilemma has been recorded within V. planifolia’s native range hence may be considered as a pollinator), (iii) V. pompona and pollinators Eulaema cingulata, V. meriana, and E. nigrita, and (iv) V. trigonocarpa and pollinator Euglossa asarophora. Overall, our models predict a decrease in range overlap by 2050 (Figure 2). This predicted spatial mismatch is slightly larger in the SSP3-7.0 scenario for V. hartii, V. pompona, and V. trigonocarpa, while it is very similar in both the SSP2-4.5 and SSP3-7.0 scenarios for V. planifolia and V. trigonocarpa. The largest spatial mismatch is predicted for V. trigonocarpa, with a decline in plant-pollinator range overlap of about 90% relative to the present situation, followed by V. planifolia, V. pompona, and V. hartii.

Table 2 | Area of range overlap (km2) between Vanilla species and their pollinator(s) under present and future climate conditions, and the net change in range overlap between present and future climate conditions (%).


[image: Table detailing range overlap and net change for various vanilla species and their pollinators under different climate scenarios. Columns include Vanilla species, Pollinator species, Scenario, Range overlap (km²), and Net change in range overlap by 2050 (%). Data shows significant declines in range overlap across different SSP scenarios, highlighting potential climate impact on vanilla and pollinator interactions.]
[image: Map series showing the potential distribution of Vanilla and pollinator species in Central and South America across different scenarios: Present, SSP245, and SSP370. Each row represents a different Vanilla species paired with a pollinator, with color coding indicating range overlap (blue), Vanilla species (brown), and pollinator species (yellow). The maps illustrate changes in distribution patterns under different environmental scenarios.]
Figure 2 | Maps showing the range overlap between animal-pollinated Vanilla species and their corresponding pollinator(s) under present climate conditions (left) and predicted climate change scenarios SSP2-4.5 (middle) and SSP3-7.0 (right) for 2050. Projections were made for the entire geographical extent of (sub)tropical America but interpretation was restricted to the area encompassed by the convex hulls (red dotted line) under the assumption that models are extrapolated more outside these hulls. Areas outside the hulls were given a lighter color.

Table 3 gives an overview of the proportion of protected suitable areas shared between Vanilla species and their pollinators under present and future climate conditions. For example, of the total amount of area predicted to be suitable for both V. pompona and its pollinators (i.e., range overlap) under present climate conditions, about 42% is currently protected. By the year 2050, the proportion of protected shared suitable area is expected to decrease to about 21% (SSP2-4.5) and 17% (SSP3-7.0). Vanilla species with multiple known pollinators (V. hartii and V. pompona) have a higher proportion of protected shared habitat compared to those with only a single known pollinator (V. planifolia and V. trigonocarpa). All Vanilla species show a decreasing trend of protected Vanilla-pollinator shared area by 2050 if no actions are taken. Figure 3 shows a map indicating priority conservation areas, using V. pompona as an example. The same maps for the other Vanilla species are available in the Supplementary File 1 (Supplementary Figure S3). These maps show (i) currently protected areas where the range of a Vanilla species and its pollinator(s) overlap, (ii) currently unprotected areas with range overlap between a Vanilla species and its pollinator(s), which could be prioritized new conservation areas, and (iii) areas that harbor populations that may need ex situ conservation or assisted migration, as they are predicted to become unsuitable in the future.

Table 3 | Overview of the proportion of range overlap between a Vanilla species and its known pollinator(s) located within protected areas, and this under model predictions for present and future (SSP2-4.5 and SSP3-7.0) climate conditions.


[image: Table showing the proportion of shared suitable area within protected areas for different Vanilla species across various scenarios. "Vanilla hartii" has 55.6% at present, 39.6% in SSP2-4.5, and 31.3% in SSP3-7.0. "Vanilla planifolia" shows 31.0% at present, 14.7% in SSP2-4.5, and 15.9% in SSP3-7.0. "Vanilla pompona" has 41.9% at present, 21.0% in SSP2-4.5, and 16.8% in SSP3-7.0. "Vanilla trigonocarpa" shows 42.5% at present, 4.5% in SSP2-4.5, and 4.0% in SSP3-7.0. Each vanilla species lists associated pollinators.]
[image: Map of Central America showing habitat suitability for Vanilla pompona in 2050. Color-coded areas indicate protected and unprotected overlaps, suitability, and current unsuitability. Red dots denote Vanilla pompona records. A legend explains the colors, and an inset locates the main map in a larger context.]
Figure 3 | Map indicating currently protected areas where the range of a Vanilla species and its pollinator(s) was predicted to overlap in 2050 (dark brown), currently unprotected areas with a predicted range overlap between a Vanilla species and its pollinator(s) in 2050, which could be prioritized new conservation areas (light brown), and areas that harbor populations that may need ex situ conservation or assisted migration as they are found in areas that are predicted to become unsuitable by 2050 (blue). We used the species V. pompona and the SSP2-4.5 scenario as an example.





4 Discussion

Focusing on the crop wild relatives (CWRs) of the high-value cash crop vanilla, we generated SDMs for 11 Neotropical CWRs, of which data on pollinator identity was available for four animal-pollinated species, including the commercially cultivated V. planifolia. The models showed varying results among Vanilla species, with some predicted to undergo a net contraction and others predicted to experience a net expansion. However, all four animal-pollinated species were predicted to experience a decline in range overlap with their pollinators. This spatial mismatch was even more pronounced for Vanilla species reliant on a single known pollinator. At present, the proportion of shared suitable habitats located within protected areas varies among Vanilla species, but strong declines are expected for all species by 2050 in case no action is taken. Our spatially explicit results can be used to guide in situ and ex situ conservation strategies.



4.1 Varying effects of climate change on the distribution of Vanilla and its pollinators

Climate change is expected to cause a decline in the area of suitable habitat of the modeled Vanilla species, as orchids are known to have higher extinction rates, tend to inhabit narrower habitats, and are more susceptible to disturbances than many other plants (Gravendeel et al., 2004; Cozzolino and Widmer, 2005; Swarts and Dixon, 2009; Shrestha et al., 2021). Also, the only Vanilla SDM study (Armenta-Montero et al., 2022) comparing present and future habitat suitability of V. planifolia predicted a progressive reduction in both cultivated and natural distribution areas. Conversely, our models forecasted varying results among Vanilla species, with a net expansion in area of suitable habitat predicted for some species and a net contraction for others. These findings align with previous studies showing varying responses of orchids to climate change, even among closely related species currently occupying similar habitats (e.g., Evans et al., 2020; Kolanowska et al., 2020; Smallwood and Trapnell, 2022; Qiu et al., 2023; Liu et al., 2024).

The area with suitable habitat of four species is predicted to decrease by 2050, with greater declines in the SSP3-7.0 compared to the SSP2-4.5 scenario. The higher vulnerability of these species to climate change may be due to the prevalence of species-specific plant traits and adaptations to specific climate conditions leading to narrower environmental niches, amongst others. For example, V. inodora only inhabits cloud forests and lowland sites with more than 2500 mm of rainfall (Soto Arenas and Dressler, 2010), while V. palmarum mainly occurs in hot and semi-arid regions with a long dry season (e.g., Caatinga and Atlantic Forest of Brazil). Moreover, V. palmarum has a phorophyte specificity with certain palm species (Householder et al., 2010; Barberena et al., 2019 and references herein), and considering this phorophyte dependency in future models might result in even stronger declines. As stated before by Aitken et al. (2007) and shown in previous studies (e.g., Thuiller et al., 2005; Kolanowska, 2023; Fan and Luo, 2024; Cho et al., 2024; Wysocki et al., 2024), these kind of specificities can greatly limit a plant’s distribution under changing environmental conditions.

The models predicted an increase in area with suitable habitat for the remaining seven Vanilla species, meaning that climate conditions for these species may become more favorable by 2050. For example, V. odorata has a large distribution and naturally grows in a range of bioclimatic regions (Jiménez et al., 2017). This wide niche breadth possibly leads to a higher tolerance to changing environmental conditions, as previously observed in species with wider niche breadths (e.g., Carrillo-Angeles et al., 2016; Evans et al., 2020). V. phaeantha seems to be more common in the drier lowland tropical rainforests (Soto Arenas and Dressler, 2010; Karremans et al., 2020). Future changes in precipitation will vary regionally, with some areas projected to become hotter and drier, especially in South America (Castellanos et al., 2022; Feron et al., 2024), hence driving the expansion of xerophytic species. Interestingly, our models predicted an increase in suitable habitat for V. planifolia. Previous research forecasted a progressive reduction in suitable area for this species in Mexico (Armenta-Montero et al., 2022). However, this study only used occurrence data from Mexico, which may lead to an overestimation of climate change impacts as a consequence of only covering a part of the species’ niche (Barbet-Massin et al., 2010). Our dataset included V. planifolia occurrence records across its entire native distribution range (Mexico to Colombia, Karremans et al., 2020).

The pollinator models predicted a decrease in suitable habitat, with greater declines expected for the smaller Euglossa bees compared to the larger Eulaema bees. Insect pollinators face worldwide declines due to climate and land use change, with species emerging earlier, phenological mismatching with floral resources, or changing range distributions (Whipple and Bowser, 2023). Most SDM studies of bees – generally seen as the most important plant pollinator group (Ollerton, 2021) – focused on the widespread bee genera Bombus and Apis, and forecasted contractions in distribution ranges, except for common species with larger niche breadths and dispersal capabilities (e.g., Casey et al., 2015; Kerr et al., 2015; Rasmont et al., 2015; Jacobson et al., 2018). Studies on other bee genera are scarce and have led to varying results. In the Neotropical realm, for example, research on orchid bees took primarily place in Brazil, with several species predicted to become more restricted under climate change (e.g., Giannini et al., 2012, 2013, 2020; Faleiro et al., 2018), while the suitable habitat of other species has been predicted to expand (e.g., Silva et al., 2015; Nemésio et al., 2016; Teixeira et al., 2018). Overall, however, a decrease in abundance, distribution, and diversity is expected for most orchid bees (Faleiro et al., 2018), and these changes are likely to disrupt plant-pollinator interactions, such as the ones between Vanilla species and their known Euglossini pollinators.




4.2 Climate-induced reductions in Vanilla-pollinator range overlap

Our models predicted varying responses for the modeled Vanilla species, with some species experiencing a contraction and others an expansion in the area of suitable habitat. However, a decrease in suitable habitat was predicted for all modeled pollinators, leading to strong reductions in range overlap between the animal-pollinated Vanilla species and their pollinators (Table 3). Pronounced declines were predicted for V. planifolia and V. trigonocarpa, species dependent on a single pollinator species (or at least with only one pollinator species known so far), as the area in suitable habitat of their pollinators (Euglossa dilemma and E. asarophora, respectively) within the distribution range of the corresponding Vanilla species is already limited at present. So despite the predicted increase in suitable habitat for the Vanilla species, their pollinator-dependency might imperil the remaining populations of these species.

The importance of assessing the distributions of both a plant and its pollinator(s) to predict the potential effects of a changing climate on a plant’s future distribution has been repeatedly recognized (e.g., Araújo and Luoto, 2007; Van der Putten et al., 2010; Engelhardt et al., 2020), especially for orchids given their specialized interactions with pollinators (e.g., McCormick and Jacquemyn, 2014; Robbirt et al., 2014; Ackerman et al., 2023). Tsiftsis and Djordjević (2020), for example, predicted a stronger decrease in suitable habitat for Ophrys species in models that integrated pollinator interactions compared to the ones without. Kolanowska et al. (2021a; 2021b; 2023). observed similar trends in other orchids (e.g., Leporella, Limodorum, Traunsteinera). Specifically, they predicted an expansion of the orchid’s geographical ranges under climate change, but due to the negative effects of climate change on their pollinators, their range overlap was predicted to decrease. These studies demonstrate a clear trend of plant-pollinator decoupling under climate change, affecting the distribution and genetic structure of corresponding species, and potentially leading to increased isolation (Karremans, 2024). In accordance with abovementioned studies, we highlight the importance of accounting for the highly specialized relationships between orchids and their pollinators to obtain more accurate insights into potential distributional changes under changing environmental conditions. Considering the observed plant-pollinator decoupling, the future may look brighter for autogamous species such as V. bicolor, V. chamissonis and V. mexicana, for which our models predicted increases in habitat suitability.

Pollinator specificity is common in the orchid family, with a median number of only one pollinator species, especially for species employing some means of deceit (Scopece et al., 2010; Ackerman et al., 2023). It is, however, possible that some of the animal-pollinated Vanilla species modeled in our study have more pollinators than the ones we identified based on the limited available literature, which could lead to higher functional redundancy and thus more resilient plant-pollinator networks. Ellestad et al. (2021), for example, using a landscape-based approach rather than SDMs, considered all Euglossa and Eulaema species as potential pollinators to determine the present distribution of V. planifolia, and predicted a larger potential distribution of this species when including the abovementioned Euglossini. Yet, their results must be interpreted with caution, as previous studies (e.g., Watteyn et al., 2022, 2023b) demonstrated the need for a morphological fit between vanilla flowers and bees for pollen removal to occur, restricting effective pollinator species to the ones showing a perfect fit with specific flower traits. This morphological fit could be used to select potential effective pollinators to be considered in future SDMs.

The existing knowledge gap in Vanilla pollination research clearly limits the current possibilities of SDMs, and thereby also the conservation efforts that can be informed by such modeling. Moreover, limited occurrence data further restricts the assessment of climate change effects on Vanilla-pollinator range overlap, as only 11 of the in total 63 Neotropical Vanilla species had enough occurrence records to model them, of which only four species are known to be animal-pollinated. Taking collaborative action to improve our knowledge on basic biological and ecological aspects is urgently needed to overcome these challenges (Karremans, 2023, 2024). This also includes data on other biotic interactions such as the ones between orchids and their seed dispersers, as well as microbial leaf litter and soil communities and mycorrhizae. Recent studies focusing on animal-mediated seed dispersal in Vanilla identified a wide range of seed dispersers of several Vanilla species, including bees (euglossine and stingless bees) and mammals (rodents, marsupials) (Karremans et al., 2023b, 2023a, Pansarin and Suetsugu, 2022b; Pansarin, 2024, 2025), providing the necessary information to assess potential future limitations in Vanilla distributions due to spatial mismatches with both pollinators and seed dispersers. In addition, Vanilla species also seem to depend on specific micro-organisms to ensure seed germination in situ (i.e., symbiotic germination) (e.g. Porras-Alfaro and Bayman, 2007; Alomia et al., 2017; Wong et al., 2024). A large knowledge gap still exists regarding this topic and future work untangling these symbiotic relationships would contribute to develop more comprehensive Vanilla conservation strategies. Finally, additional information on the effects of climate change on, for example, pollen germination and viability, and pollinator foraging, reproduction and emergence could further enhance our understanding of how Vanilla species could keep pace with global warming predictions.




4.3 Priority conservation areas for Vanilla and its pollinators

The loss of a subset of functionally important pollinator species can have a disproportionate impact on plant-pollinator networks (Leitão et al., 2016), and great concern exists about the possible disruptive effects of land use and climate change on the relationships between orchids and their complex ecological interactions (Karremans, 2023). Our models are a first step to indicate range overlap between a Vanilla species and its pollinator(s), and to assess if these areas are currently under protection or not. The map created for V. pompona (Figure 3) (maps for other species can be found in the Supplementary Figure S3) specifies in situ conservation areas as well as areas potentially holding populations that may need ex situ conservation or assisted migration. Specifically, areas with suitable habitat for V. pompona and its pollinators (i.e., range overlap) are areas that need conservation prioritization (especially areas currently holding known V. pompona populations). Yet, the priority further depends on the location, with areas of range overlap inside protected areas (less concern as already protected) or outside of protected areas (priority areas for establishing new conservation areas) protected areas. Areas predicted to become unsuitable in the future but currently holding V. pompona populations may require ex situ conservation (i.e. in botanical gardens or seed banks) or assisted migration to green areas (i.e. existing protected areas overlapping with area suitable for Vanilla and pollinator species in 2050). We need to recognize, however, that these outcomes may shift when more information would become available on Vanilla pollinators.




4.4 Concluding remarks

Although an increase in habitat suitability may be expected for some Vanilla species based on changes in climatic conditions, there are several other factors besides climate (e.g., habitat destruction and degradation, ecological interactions) that are limiting the geographical extent of a species. Our study showed that climate change may lead to reduced overlap in suitable habitats for Vanilla species and their pollinators, thereby causing plant-pollinator decoupling and possibly affecting the survival of Vanilla populations. Moreover, the predicted proportion of shared future habitat is relatively limited. The spatially explicit recommendations made using the modeled distribution ranges and range overlap are a first step to develop comprehensive conservation strategies for Vanilla and its pollinators across the Neotropics. Future studies could integrate detailed information on species population biology and life-history dynamics, behavior plasticity and genetic adaptation as well as land management and restoration strategies to further refine conservation priorities.
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Floral symmetry plays an important role in the evolution and ecology of flowering plants, yet quantifying the symmetry of the perianth remains challenging. Here, we quantify the floral symmetry of the daylily (Hemerocallis fulva) with a focus on tepal mass, area, and shape. H. fulva was selected for this study because its perianth exhibits weak bilateral symmetry, providing a unique opportunity to investigate floral forms that are transitional between radial and bilateral symmetry. Toward this end, the tepal fresh mass (FM), dry mass (DM), tepal area (A), and the ratio of tepal width to length (W/L) of 136 flowers of H. fulva were quantified. In addition, the tepal roundness index (RI) and the standardized index for bilateral asymmetry (SI) were calculated. For the purpose of comparison, the FM, DM, and A of 202 leaves were measured and calculated. Reduced major axis regression protocols were then used to fit the scaling relationships of mass vs. area for tepals and leaves. With the exception of W/L, there were no significant differences in the means of FM, DM, A, RI, and ln(SI) between any two of the three inner whorl tepals or between any two of the three outer whorl tepals. However, there were significant differences in the means of these six measures between inner and outer whorls of tepals. The 95% confidence intervals of the scaling exponents of FM vs. A and DM vs. A of the outer whorl included unity. In contrast, the lower bounds of the 95% confidence intervals of the scaling exponents of FM vs. A and DM vs. A of the inner whorl and leaves of H. fulva exceeded unity. Different metrics for size (i.e., tepal mass vs. area) and shape (i.e., the degree of deviation from a standard circle and the degree of bilateral symmetry) yield different assessments of H. fulva perianth morphometrics (i.e. radial vs. bilateral symmetry), thereby highlighting the challenge of assessing symmetry. The scaling relationships of perianth parts and leaves are statistically congruent and consistent with the phenomenon called “diminishing returns” and the classical hypothesis of serial homology.
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1 Introduction

Symmetry plays an important role in physics, mathematics, and biology (Bahadur et al., 2019; Damerval et al., 2021) in part because it is generally sufficient to describe a variety of forms (Almeida and Galego, 2005; Manuel, 2009; Yu et al., 2022). In biology, symmetry also reflects how organisms adapt three-dimensionally to their environment (Damerval et al., 2021; Yu et al., 2022). This is particularly true for angiosperms whose floral symmetries affect pollination and thus seed production and fitness (Citerne et al., 2010; Jiang and Moubayidin, 2022). A typical flower consists of several organ-types (i.e., sepals, petals, stamens, and carpels), with each organ-type fulfilling a specific function (Jiang and Moubayidin, 2022). The ground plan consisting of a short axis with ovules protected by carpels, followed by stamens, and the perianth, which is typically composed of petals and sepals, is arranged sequentially from the center outward (Bateman et al., 2006; Reyes et al., 2016; Damerval et al., 2021). Thus, the flower has a well-conserved ground plan that can nevertheless manifest many different adaptive phenotypes (Citerne et al., 2010). Among these phenotypic variations, floral symmetry plays an important role because it can influence plant-pollinator interactions (Regal, 1982; Endress, 2001; Sargent, 2004; Wang et al., 2015; Vujić et al., 2015; Carleial et al., 2017; Savriama, 2018; Spencer and Kim, 2018; Wang et al., 2023).

Flowers are predominantly symmetrical and rarely asymmetrical (Citerne et al., 2010; Endress, 2012). Among symmetrical flowers, there are two main types of symmetry: actinomorphy (radial symmetry) and zygomorphy (bilateral symmetry) (Endress, 1999; Citerne et al., 2010; Endress, 2012; Jiang and Moubayidin, 2022; Naghiloo, 2020). Radially symmetric flowers are divided into equal halves by three or more planes of symmetry (Naghiloo, 2020; Jiang and Moubayidin, 2022), whereas bilaterally symmetric flowers are divided into two mirror images by a single plane (or axis) of symmetry (Naghiloo, 2020; Jiang and Moubayidin, 2022). In general, radially symmetric flowers are considered the ancestral state and are morphologically accessible to diverse pollinators from all directions (Soza et al., 2022; Wang et al., 2023). Bilaterally symmetric flowers are considered the derived state that can motivate pollinators with more precise pollen placement (Neal et al., 1998; Ushimaru et al., 2009; Ramírez et al., 2011; Soza et al., 2022). Although the transition from radial to bilateral symmetry may increase pollinator specificity (Fenster et al., 2009; Jesson and Barrett, 2002), it can also engender a greater reliance on specific pollinators, which presents a risk if reliable pollinators reduce in number and become extinct (Reyes et al., 2016; Wang et al., 2023). In addition, the symmetry of flowers is often correlated with their orientation. Most radially symmetric flowers are typically oriented horizontally, allowing pollinators to approach from multiple directions (Damerval et al., 2021; Jiang and Moubayidin, 2022), whereas bilaterally symmetrical flowers are usually oriented vertically, with only one direction displaying their unique symmetry (Ostler, 1976; Endress, 2001; Sargent, 2004; Citerne et al., 2010; Reyes et al., 2016; Wang et al., 2023).

Despite the importance of floral symmetry and its well-recognized role in the evolutionary dynamics of flowering plants, its quantitative analysis has presented a challenge, particularly because organic symmetry is often a size-dependent trait. One approach to this particular challenge is the use of scaling theory, which has revealed relationships among size-dependent traits such as mass and area (Niklas, 1994; Niklas et al., 2007). In this context, prior research has shown that the exponents governing the mass vs. area scaling relationships of foliage leaves typically exceed unity (i.e., increases in area typically fail to keep pace with increases in mass) a phenomenon known as “diminishing returns” (Niklas, 1994; Milla and Reich, 2007; Niklas et al., 2007; Wang et al., 2024). This phenomenon has important implications for the biomass allocation patterns of floral parts, which are considered homologs of foliage leaves (Wolff, 1774; Goethe, 1790; Eyde, 1975; Bailey, 2008; Guo et al., 2022).

The goal of this study was to quantify the floral symmetry of the daylily (Hemerocallis fulva) and to explore the scaling relationships of tepal mass vs. area and leaf mass vs. area. H. fulva (Asphodelaceae) was selected for this study not because it exhibits strict bilateral symmetry, but because it represents a transitional floral form. The flower’s slight bilateral symmetry, as shown by the curvature of its stamens and stigma (Figure 1), allows us to examine how different metrics may converge or diverge in assessing floral symmetry. Studying such a transitional species helps elucidate the complexity of symmetry as a continuous trait, rather than a binary state, and highlights the challenges in quantifying it rigorously. H. fulva is broadly available in temperate and subtropical regions of China, Israel, Afghanistan, and Southeast Asia (Chen and Junko, 2000). Its flower (known as “Jin Zhen Cai” in China) has been used as a “vegetable” and medicinal herb for 3,000 years (Hsu et al., 2023; Lei et al., 2024).

[image: Illustration of an orange daylily on the left, with a close-up on the right showing labeled sections of the flower: O1, O2, O3, I1, I2, I3, divided by a dashed line. The scale indicates two centimeters.]
Figure 1 | Representations of the above-ground morphology of a typical H. fulva plant (left) and a representative mature flower (right). I1, I2, I3, O1, O2, and O3 represent the tepals at the six positions denoted in the text and figures. The blue arrow denotes the stamens and stigma-styles; the white dashed line represents the reflection of insipient bilateral symmetry.

2 Materials and methods


2.1 Species and collection of information

A total of 136 mature, undamaged flowers and 202 leaves of H. fulva were randomly collected at the Xinzhuang Campus of Nanjing Forestry University, Nanjing, Jiangsu Province, China (32°4′51ʺN, 118°48′57ʺE) in early June 2024. The samples were immediately placed in an insulated box and transported to the laboratory within 20 minutes. Each flower consists of six tepals, arranged in two whorls (inner and outer), each containing three tepals (Figure 1). Thus, a total of 816 tepals (136 flowers × 6 tepals) were collected and used in the study. The stamens and stigma of mature flowers of H. fulva consistently curve upwards (Figure 1), establishing a top, bottom, left, and right orientation for each flower. The outer and inner tepals (denoted as “O” and “I”) were labeled in a clockwise direction (1, 2, 3). Specifically, I2 and O3 correspond to the top and bottom, I1 and O1 to the left, and O2 and I3 to the right (Figure 1).


2.2 Image processing and data acquisition

The fresh and dry mass (FM and DM, respectively) of tepals and leaves were measured because the former reflects the mass that must be mechanically supported, whereas dry mass is a measure of carbon allocation, with each metric providing different functional traits (Kramer and Boyer, 1995; Niklas and Spatz, 2012), using an electronic scale with a precision of 0.01 g (JM-A3002; Chaozeheng Equipment Company Limited, Zhuji, Zhejiang, China). Each tepal and leaf was subsequently scanned at 600-dpi resolution with an Epson photo scanner (V550, Epson Indonesia, Batam, Indonesia). Adobe Photoshop 2021 (version 22.4.2; Adobe Systems Incorporated, San Jose, CA, USA) was used to obtain black and white images of tepal and leaf edges, which were saved as bitmap images at a resolution of 600-dpi. We used the Matlab (version ≥ 2009a; MathWorks, Natick, MA, USA) procedure developed by Shi et al. (2018a) and Su et al. (2019) to calculate the pixel values of each image and obtain the planar coordinates of tepal and leaf boundary points.

The “bilat” function in the “biogeom” package (version 1.4.3; Shi et al., 2024) based on the R software (version 4.2.0; R Core Team, 2022) was used to calculate the tepal area (A), tepal length (L, defined as the distance from the apex to the base of the tepal), tepal width (W, defined as the maximum distance between two points on a tepal profile through a straight line perpendicular to the tepal length axis), tepal perimeter, the standardized index for bilateral asymmetry (SI), and lamina area (LA). The ratio of tepal width to length (W/L) was also calculated.

Flower and leaf data are available in online Supplementary Tables S1, S2.


2.3 Tepal shape deviation from a standard circle and symmetry measures

The roundness index (RI) was used to measure the deviation of tepal or leaf shape from a standard circle (Niinemets, 1998; Peppe et al., 2011) and SI (Shi et al., 2018b; Mu et al., 2024) was used to assess the degree of bilateral symmetry.

RI was calculated using the equation

RI=4πAP2,(1)

where P is tepal or leaf perimeter and A is tepal or leaf area. A larger RI reflects a smaller degree of shape deviation from a standard circle. To measure the extent of tepal bilateral symmetry, 1000 equidistant strips (rectangles) were established (Figure 2, where only five strips are displayed for clarity). According to Shi et al. (2018b), SI was developed to reduce the influence of organ size on symmetry measurement, and they used 999 strips in their analysis. Similarly, Mu et al. (2024) adopted 1000 strips for quantifying SI in leaves with complex shapes. While both studies did not systematically test the effect of strip number, their consistent use of a large number of strips suggests that such resolution improves stability. In this study, we adopted 1000 strips based on this precedent. The intersection between each strip was divided into upper (left) and lower (right) parts. The standardized index (SI) for tepal or leaf asymmetry quantifies the average of the relative area differences between the left and right parts for all the 1000 intersections of the strips. The mathematical expression of SI is

[image: Plot showing a central horizontal axis and a shape enclosed within red lines, spanning x-values from 0 to 8 centimeters and y-values from -4 to 4 centimeters. Vertical divisions separate the shape into sections with labels L1 to L5 and R1 to R5, indicating different regions.]
Figure 2 | An illustration of the protocols used to calculate the standardized index of bilateral asymmetry (SI), showing only five equidistant strips as opposed to 1000 strips for simplicity, which were used in this study. The intersection between each strip and the tepal in each strip was divided into the upper (left) and lower (right) parts: L1 to L5 represent the areas of the left part, and R1 to R5 represent the areas of the right part.
SI=11000∑i=11000|Li−RiLi+Ri|,(2)

where i represents the i-th strip, and Li and Ri represent the left and right areas of the i-th strip, respectively. A smaller SI reflects a higher degree of bilateral symmetry; SI was log-transformed to ensure normality. Equations 1 and 2 were used to quantify the shape and bilateral symmetry of each tepal.


2.4 Data analysis

A power-law function was used to describe the scaling relationships of FM vs. A and DM vs. A, as well as LFM vs. LA and LDM vs. LA, i.e.,

Y1=βY2α,(3)

where Y1 and Y2 are any two interdependent variables (e.g., tepal area and mass), β is the normalization constant, and α is the scaling exponent of the relationship between Y1 and Y2 (Niklas, 1994). When both sides of Equation 3 were log-transformed, the power-law function takes the form

y=γ+αx,(4)

where y = ln(Y1), x = ln(Y2), and γ = ln(β). The parameters γ and α in Equation 4 were determined using reduced major axis regression protocols (Niklas, 1994; Quinn and Keough, 2002). Tukey’s HSD test (α = 0.05) was used to determine differences in FM, DM, A, W/L, RI, and ln(SI). The bootstrap percentile method (Efron and Tibshirani, 1993; Sandhu et al., 2011) with 3000 bootstrap replicates was used to obtain the 95% confidence intervals (CIs) of scaling exponents of Y1 vs. Y2.

All calculations were performed and figures constructed using R software (version 4.2.0; R Core Team, 2022).


3 Results

Different metrics for symmetry obtained different results. Specifically, there were no significant differences in the means of FM, DM, A, RI, and ln(SI) among I1, I2, and I3, or among O1, O2, and O3 (Figure 3). These metrics indicate that both the inner and outer tepal whorls manifest radial symmetry. In contrast, there were significant differences in the means of W/L between I1 and I2 and between O2 and O3 (Figure 3D), indicating that the inner and outer tepal whorls are not radially symmetrical.

[image: Grouped boxplots displaying various metrics across conditions I1, I2, I3, O1, O2, and O3. Each plot illustrates a different measurement: (A) FM (g), (B) DM (g), (C) A (cm²), (D) W/L, (E) RI, and (F) ln(SI). Data points are marked with letters (a, b, c, etc.) indicating statistical group differences. Each metric shows the distribution and variability among the conditions, with colored boxes representing data quartiles and whiskers indicating variability outside the upper and lower quartiles.]
Figure 3 | Boxplots of (A) tepal fresh mass, (B) tepal dry mass, (C) tepal area, (D) the ratio of width to length of tepals, (E) the tepal roundness index values, and (F) the natural logarithm of the standardized index for bilateral asymmetry values for each of the six tepals of H. fulva. The lowercase letters a–d indicate the significance of the difference in means between any two tepals based on the Tukey’s HSD test. Means with different letters are significantly different at P < 0.05. The horizontal solid lines represent the medians, and the asterisks within each box represent the means. In the x-axis label, I1, I2, I3, O1, O2, and O3 denote the six tepals (see Figure 1).
Likewise, there were significant differences in the means of FM, DM, A, W/L, RI, and ln(SI) between the inner and outer whorls (Figure 4), indicating that the inner and outer whorls differed significantly in both size and shape, i.e., the inner whorl had larger means of FM, DM, and A compared to the outer whorl (Figure 4). These metrics indicated that the inner whorl is larger than outer whorl, reflecting a petal vs. sepal duality. In addition, the inner whorl had larger means of W/L and RI, and smaller means of ln(SI) than the outer whorl (Figure 4), i.e., the inner whorl manifested a broader shape, lower degree of shape deviation from a standard circle, and a greater degree of bilateral symmetry compared to the outer whorl.

[image: Six box plots labeled A to F compare measurements between two groups, I and O. Plot A shows FM (g), B shows DM (g), C shows A (cm²), D shows w/L, E shows RI, and F shows ln(SI). Each plot compares the median, quartiles, and range for both groups with slight variations in distribution.]
Figure 4 | Boxplots of (A) tepal fresh mass, (B) tepal dry mass, (C) tepal area, (D) the ratio of width to length of tepals, (E) the tepal roundness index values, and (F) the natural logarithm of the standardized index for bilateral asymmetry values for the inner and outer tepal whorls of H. fulva. The lowercase letters a and b above the numerical values on the top of each box indicate the significance of the difference in means between any two tepals based on the Tukey’s HSD test. Means with different letters are significantly different at P < 0.05. The horizontal solid lines are the medians, and the asterisks within boxes represent the means. In the x-axis label, I and O represent the inner and outer whorl tepals, respectively.
The 95% CIs of the scaling exponents of both FM vs. A and DM vs. A for outer whorl included unity (Figure 5), indicating that both scaling relationships are isometric. However, the lower bounds of the 95% CIs of the scaling exponents of both FM vs. A and DM vs. A for the inner whorl exceeded unity (Figure 5), indicating a “diminishing returns” phenomenon, i.e., increases in tepal area fail to keep pace with increases in tepal mass. These scaling analyses were based on a total of 816 tepals, including 408 inner and 408 outer tepals (136 flowers × 3 tepals per whorl), with n = 408 representing the number of tepals in each whorl, as shown in Figure 5. Likewise, the lower bounds of the 95% CIs of the scaling exponents of LFM vs. LA and LDM vs. LA both exceeded unity (Figure 6), indicating “diminishing returns”, i.e., increases in lamina area fail to keep pace with increases in leaf mass.

[image: Scatter plots labeled A and B display data comparing natural logarithms of variables. Plot A shows ln(FM, g) versus ln(A, cm²), with equations \(y = -3.528 + 0.983x\) and \(y = -3.957 + 1.1x\), and respective \(r²\) values of 0.608 and 0.732. Plot B presents ln(DM, g) versus ln(A, cm²), with equations \(y = -5.926 + 0.991x\) and \(y = -6.273 + 1.076x\), and respective \(r²\) values of 0.504 and 0.495. Data points are categorized using circles and triangles, with \(n = 408\) for both plots. Confidence intervals are provided for equation slopes.]
Figure 5 | The log-log bivariate linear fit of tepal fresh mass vs. tepal area for the inner whorl and outer whorl of tepals of H. fulva (A). The log-log bivariant linear fit of tepal dry mass vs. tepal area for the inner whorl and outer whorl tepals of H. fulva (B). CI is the 95% confidence interval of the slope; r² is the coefficient of determination; n is the number of tepals for both inner and outer whorl tepals.
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Figure 6 | Log-log bivariate scaling relationships for leaf (lamina) H. fulva. (A) Lamina fresh mass vs. lamina area. (B) Lamina dry mass vs. lamina area. CI is the 95% confidence interval of the slope; r² is the coefficient of determination; n is the number of leaves in each sample.

4 Discussion

The data presented for the daylily H. fulva indicate that different metrics used to evaluate floral symmetry and size yield different results. The following sections discuss the implications of these results regarding the assessment of floral symmetry by comparing the inner and outer whorls of tepals, and the scaling relationships of lamina and tepal mass vs. area.


4.1 Floral symmetry

Floral symmetry has traditionally been described using the characteristics of perianth shape and size (e.g., symmetry, mass, and area) and the number and arrangement of stamens and carpels (Busch and Zachgo, 2009; Jiang and Moubayidin, 2022). The standardized index for bilateral asymmetry (SI) is a key metric for assessing the degree of bilateral symmetry (Shi et al., 2018b; Mu et al., 2024). However, we used it in combination with other size and shape metrics to capture distinct aspects of floral symmetry. No single metric can comprehensively describe the complex geometry of floral symmetry. By comparing multiple metrics, we aimed to provide a more comprehensive and nuanced evaluation of floral symmetry. Among these metrics, those quantifying shape have presented arguably the greatest challenges. For example, the data gathered for H. fulva indicate no significant differences in the means of fresh and dry mass (FM and DM) and the surface area (A) of the three tepals of the inner whorl or the three tepals of the outer whorl (Figure 3). Likewise, two metrics used to assess symmetry (RI and ln(SI)) revealed no differences among  the three tepals for each of  the two whorls. However, there are significant differences in the means of W/L between tepals I1 and I2, and between tepals O2 and O3 (Figure 3D). Thus, in terms of size, degree of shape deviation from a standard circle (RI), and the degree of bilateral symmetry (SI), both the inner and outer whorls of H. fulva are assessed as radially symmetrical, whereas in terms of W/L, they are asymmetric.

These seemingly conflicting results might be explained by the corrugated and often folded structure of H. fulva tepals (Figure 1). However, corrugations and folds do not easily explain differences in FM or DM, or in W/L, all of which are comparatively easily measured when tepals are weighed or flattened manually. A more likely explanation is rarely perfect in biology. Indeed symmetry is often “approximate”, with deviations emerging from finely tuned responses to microenvironmental conditions during development and maturation (Damerval et al., 2021). We suggest that the shape irregularities observed for H. fulva tepals indicates a level of responsive developmental flexibility that can result in structural complexity (Jiang and Moubayidin, 2022). Indeed, “symmetry breaking” is reported to be an adaptive strategy to adjust floral interactions with pollinators (Endress, 1999; Mora-Carrera et al., 2019).

This hypothesis is consistent with the observation that the stamens and stigma-styles of mature H. fulva flowers exhibit a sigmoidal curvature (Figure 1), which achieves different degrees of bilateral symmetry in the entire flower depending on the orientation of flowers with respect to the horizontal. This phenomenon can result in a widespread, weak or strong bilateral symmetry, as observed in many other angiosperm species (Citerne et al., 2010; Endress, 2012; Naghiloo, 2020). This type of bilateral symmetry is directly influenced by the position of the flower and may provide a precondition for the evolution of more elaborate bilateral symmetry (Endress, 2012; Naghiloo, 2020). In addition, symmetry may change during flower development, with the symmetry in early developmental stages differing from that in the mature flower (Damerval et al., 2021; Jiang and Moubayidin, 2022).

For example, Vincent and Coen (2004) report that in Antirrhinum majus, the early meristem shows bilateral symmetry. At sepal initiation, the bud is nearly radially symmetrical, but subsequently develops into and maintains bilateral symmetry. In the case of H. fulva, the sigmoidal curvature of the stamens and stigma commonly develops late in floral development (Endress, 2012). Thus, it is possible that in the early stages of H. fulva flower development, the stamens and stigma have not yet curved (i.e., the floral symmetry of H. fulva is radial) and only later assume varying degrees of bilateral or asymmetric morphology. Ontogenetic analyses are required to evaluate this proposition.


4.2 Comparison of inner and outer whorl tepals

A variety of metrics used in this study [i.e., FM, DM, A, W/L, RI, and ln(SI)] indicate that there are statistically significant differences in size and shape between the inner and outer whorls of H. fulva (Figure 4). The tepals in the inner whorl are larger, broader, and have a lower degree of deviation of tepal shape from a standard circle, and a greater degree of bilateral symmetry compared to the outer whorl. These trends are consistent with an incipient differentiation between sepals and petals reflecting different functionalities. For example, the tepals in the inner whorl may provide positional cues for pollinators, whereas the tepals of the outer whorl may provide protection during the development of stamens and carpels. Similar proposals have been presented (Citerne et al., 2010; Jiang and Moubayidin, 2022).

In addition, the 95% CIs of the scaling exponents of FM and DM vs. A for the outer whorl tepals include unity (Figure 5). In contrast, the lower bounds of the 95% CIs of the scaling exponents of FM vs. A and DM vs. A for the inner whorl tepals exceed unity (Figure 5), which is consistent with the phenomenon called “diminishing returns” (Niklas et al., 2007). These differences once again likely reflect different functionalities. For example, each tepal need only bear its own weight or that of neighboring tepals, as well as dynamic forces, such as wind (Gardiner et al., 2016). Wind pollination, a key mechanism in many plant species (Regal, 1982; Wang et al., 2019; Butcher et al., 2020), further contributes to the environmental pressures faced by tepals. The inner whorl tepals, which have a significantly larger area compared to the outer whorl (Figure 4), are closer to the stamens and stigma compared to the outer whorl tepals, and may provide positional cues for pollinators. Together, these factors may explain the “diminishing returns” phenomenon between mass and area for the inner whorl tepals.


4.3 Scaling relationships of mass vs. area for tepals and leaves

Classical botanical theory interprets floral parts as metameric homologues of foliage leaves, a concept of serial homology that emerged from the writings of J. W. von Goethe (Wolff, 1774; Goethe, 1790; Eyde, 1975; Bailey, 2008; Guo et al., 2022). The 95% CIs of the scaling exponents of FM and DM vs. A include unity for the outer whorl tepals of H. fulva (Figure 5), indicating that these relationships are isometric. In contrast, for the inner whorl tepals, the lower bounds of the 95% CIs of the scaling exponents of FM and DM vs. A exceed unity (Figure 5), indicating that increases in tepal area fail to keep pace with increases in tepal mass, consistent with the phenomenon called “diminishing returns” (Niklas et al., 2007). Similarly, increases in leaf lamina area fail to keep pace with increases in leaf mass, as evidenced by the lower bounds of the 95% CIs of the scaling exponents of LFM vs. LA and LDM vs. LA, which exceed unity (Figure 6). This may be due to the slender and elongated nature of the leaves of H. fulva (Figure 1), which not only bear more static weight from the upper parts of the plant but also withstand greater dynamic forces, such as wind, compared to flowers (Gardiner et al., 2016). Although the homology between floral parts and leaves has not been directly confirmed, our data can be interpreted to indicate that the leaves and perianth parts of H. fulva may have evolved distinct adaptive biomass allocation strategies, particularly in terms of mechanical traits.


5 Conclusions

This study provides additional insights into the floral symmetry of H. fulva and explores the scaling relationships of tepal mass vs. area and leaf mass vs. area. Significant differences in size, shape, and the scaling relationship between tepal mass and area for the inner and outer whorl tepals were detected, which can be interpreted to indicate that the adaptive functionalities of the inner and outer whorls differ. The scaling relationships between tepal mass and area, as well as leaf mass and area, reveal a finely tuned balance in resource allocation and mechanical performance. Perhaps more important, the data indicate that different metrics for measuring size and shape can yield what appear to be conflicting assessments of symmetry, which highlights the challenge of evaluating biological symmetries. Future studies are required to explore how floral symmetry and scaling relationships influence ecological adaptation and pollination efficiency in other plant species.
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Understanding the reproductive ecology of plants is crucial for devising strategies for their sustainable utilization and effective conservation. In this context, the present study investigates the reproductive biology of Phytolacca acinosa, a multipurpose medicinal herb of the Himalaya. The study aimed to examine the floral and pollen biology, breeding behavior, and pollination ecology of the species to inform conservation strategies. The results showed significant variation in floral traits across sites along an elevational gradient, reflecting reproductive adaptation to varying environmental conditions. Pollen grains were found to be tricolpate, prolate, and ellipsoidal. The pollen–ovule ratio indicates a facultative xenogamous breeding system is operative in the target species. Reproductive indices, including the outcrossing index (OCI), self-incompatibility index (SI), and selfing rate (S), along with bagging experiments, revealed that the species is both self and cross-compatible. Moreover, Phytolacca acinosa exhibits a mixed mating strategy, favoring geitonogamy over xenogamy. The pollination syndrome is ambophilous, with generalist pollinators—mainly from the order Hymenoptera—playing a dominant role. Based on insect visitation efficiency and pollen load on insect body, Crabronidae and Apis cerana indica were identified as the most effective pollinators. Although the inflorescence architecture, stigmatic movement, and likely apocarpous nature favor geitonogamy, the breeding system of P. acinosa does not conform strictly to a particular evolutionary strategy, oscillating between selfing and outcrossing. Overall, the findings offer valuable insights that will contribute to the development of effective conservation and sustainable utilization strategies for this high-value medicinal species.
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Introduction


The current geological epoch, the Anthropocene, is characterized by a rapid decline in global biodiversity caused by human activities (Ashraf et al., 2018; Chandra et al., 2021). Consequently, there is an urgent need for effective conservation strategies. Medicinal plants, especially those with high economic value, are particularly threatened in their natural habitats due to overexploitation, highlighting the need for sustainable use of these plant species (Van Wyk and Prinsloo, 2018). To protect these species, a comprehensive understanding of their reproductive biology is essential for developing conservation plans, restoring habitats, and species recovery (Verma et al., 2008; Wani et al., 2022). Identifying reproductive challenges can significantly improve conservation efforts (Sreekala, 2017). However, knowledge gaps in the reproductive biology of many medicinal plants in biodiversity-rich developing countries hinder species recovery and habitat restoration (Marbaniang et al., 2018; Tripathi et al., 2019). Therefore, expanding our scientific understanding of plant reproduction is crucial for successful conservation and restoration efforts.


Reproductive biology plays a significant role in determining the reproductive success of a plant species, thereby impacting the overall viability of populations (Carrió et al., 2009). A comprehensive understanding of various aspects of reproductive biology, including flowering phenology, breeding systems, pollination, presence and activity of pollinators, fruit set, seed germination, and seedling recruitment, is crucial for understanding species adaptations and mechanisms contributing to the decline in species population (Li et al., 2018).


The breeding system plays a crucial role in generating genetic variation and shaping the evolutionary trajectory of a species (Grant, 1971). An effective pollination system is equally essential for reproductive success, as it ensures adequate pollen transfer and seed development. Pollen traits such as viability, morphology, and exine structure, along with stigma receptivity, are key determinants of reproductive success, as they influence pollen-stigma compatibility, pollination efficiency, and fertilization timing (Shivanna and Rangaswamy, 1992; Ankush et al., 2011; Souza et al., 2016; Lone et al., 2021). This knowledge also provides insights into genetic diversity patterns, the degree of inbreeding depression, and the mechanisms driving plant-pollinator interactions (Sletvold et al., 2012; Blambert et al., 2016). Furthermore, understanding the pollination mechanisms and ecological factors that affect a species’ breeding system is vital for comprehending its life history strategy (Gamba and Muchhala, 2020). Plant-pollinator interactions are critical to the life history of flowering plants, influencing the success of sexual reproduction (Ganie et al., 2021). Since pollination is a fundamental step in plant sexual reproduction, studies on pollination ecology can offer valuable insights into the drivers and patterns of species extinction (Adler, 2007; Aguirre-Gutiérrez et al., 2015). Understanding seed biology, including germination, dormancy, dispersal ability, and seedling establishment, is also essential for improving the quality, propagation, and conservation of medicinal plants (Bareke, 2018). Phytolacca acinosa shows low seed germination and seedling establishment in natural habitats (Magray et al., 2023). Furthermore, while P. acinosa produces fleshy berries that are dispersed by frugivorous birds (Cruz et al., 2013), habitat fragmentation and a decline in disperser abundance may limit effective seed dispersal, restricting the colonization of new or suitable microsites (Cordeiro and Howe, 2003). Consequently, dispersal limitation, coupled with low seedling recruitment, contributes significantly to demographic instability and population decline over time.


Himalaya–a mega biodiversity hotspot harbors a large share of biodiversity, including a huge percentage of economically valuable medicinal flora (Tali et al., 2019; Ganie et al., 2020; Dar and Khuroo, 2020; Magray et al., 2023). However, in the past few decades, the rapidly increasing land use change, invasion of alien species, overexploitation, and climate change have posed significant threats to this rich biodiversity (Tali et al., 2015; Ganie et al., 2019; Hamid et al., 2020). Among the different factors, the unsustainable harvesting of medicinal plants is a primary driver of biodiversity loss in the Himalayas, placing numerous species on the verge of extinction (Ganie et al., 2019). One such species is Phytolacca acinosa Roxb., a multipurpose plant native to the Himalaya (POWO, 2024). Traditionally, it is used to treat various ailments such as sores, edema, and eye disorders (Basnet and Kalauni, 2020), and is known to possess anti-inflammatory, antibacterial, antiviral, and anticancer properties (Bailly, 2021). The plant is also used as a natural red dye for fabrics, as a vegetable, and as an ornamental species (Wu et al., 2016; Cheng et al., 2017; Liu et al., 2022). Additionally, it has been reported to have phytoremediation potential for removing heavy metals from contaminated soils (Xue et al., 2010; Zhao et al., 2014; Liu et al., 2022). All these factors have resulted in the excessive harvesting of P. acinosa in recent years, leading to a decline in its population size and number (Cheng et al., 2017; Magray et al., 2022, 2023). Insect herbivory, climate change, and anthropogenic activities like habitat destruction, deforestation, construction activities, trampling, and climate change further increase the pressure on populations in the wild (Ganie et al., 2019; Wani et al., 2024). Although many studies on various aspects of P. acinosa have been conducted (Mei et al., 2012; Krishan et al., 2022; Magray et al., 2022, 2023), studies on its reproductive biology remain lacking.


Against this backdrop, the current study investigated the reproductive biology of P. acinosa, particularly focusing on its floral biology, breeding strategies, and pollination ecology. Previous studies on Himalayan species such as Actaea kashmiriana, Swertia thomsonii, and Rheum webbianum have revealed diverse reproductive strategies, including mixed mating systems, floral plasticity, and the involvement of both insect- and wind-mediated pollination (Wani et al., 2022; Rashid et al., 2023b; Wani et al., 2023). These findings underscore the adaptive significance of reproductive flexibility in alpine and subalpine environments. Based on this context, we hypothesized that P. acinosa optimizes reproductive output through a complex interplay of trait adaptations, pollinator interactions, and breeding strategies, which together shape its reproductive fitness in the Himalayan environment. We further hypothesized that variations in floral traits influence pollinator attraction and behavior, while the plant’s breeding system directly impacts reproductive output. Pollinator diversity and efficiency are expected to significantly affect fruit and seed set, shaping the overall reproductive fitness of the species in its native Himalayan environment. Based on these hypotheses, the study was designed to address specific questions: (i) What are the main floral features that facilitate or hinder the reproductive success of P. acinosa? (ii) What type of pollination and breeding strategies are operative in P. acinosa, and how they influence the reproductive output of the species? (iii) What are the main pollinators of P. acinosa, and how are their pollination adaptations and efficiency vital in the plant-pollinator interaction? since comprehending reproductive biology is critical for developing conservation strategies. Therefore, answering these questions will aid in the successful conservation and sustainable use of P. acinosa. The scientific insights gained may also benefit other species in the genus Phytolacca and other medicinally valuable species worldwide.







Materials and methods






Study area


This research was conducted in the Kashmir Himalaya, India, located between latitude 33°20′ to 34°54′N and longitude 73°55′ to 75°35′E. This region is known for its rich floristic diversity, including a variety of economically important medicinal plants (Tali et al., 2019; Ganie et al., 2020). During the current study, intensive field surveys were conducted across the Kashmir Himalaya to locate the wild populations of P. acinosa for sampling. Four sites—Drung, Gogaldara, Gulmarg, and Doodhpathri were selected for this study based on the population size of the target species and site accessibility. The latitude, longitude, and elevation of each selected site are provided in 
Table 1
. Data collection and experimentation were carried out over three consecutive years, from 2020 to 2022. The study region experiences cold winter conditions and pleasant summers, with snow cover typically from November to April. The average daily summer temperatures range between a minimum of 15°C and a maximum of 32°C, while winter temperatures range between a minimum of −4°C and a maximum of 4°C (source: India Meteorological Department, Srinagar).



Table 1 | 
Latitude, longitude, and elevation (m asl) of the four study sites in the Kashmir Himalaya, India.





	Study site

	Latitude (N)

	Longitude (E)

	Elevation (m asl)






	Drung
	34° 2’ 16.2”
	74° 24’ 39.81”
	2239



	Gogaldara
	34° 2′ 35.41″
	74° 30′ 51.3″
	2448



	Gulmarg
	34° 2’ 16.93”
	74° 23’ 45.19”
	2609



	Doodhpathri
	33° 51’ 26.27”
	74° 33’ 55.06”
	2715















Target species



Phytolacca acinosa (Phytolaccaceae) is locally known as “Hapath wachie” and “Kafal” (Farooq et al., 2011). The species is native to the East Asian and Himalayan region (POWO, 2024) and is mostly found along roadsides, inside forests, and forest margins at an elevation of 1500–3400 m (Krishan et al., 2022; Magray et al., 2022). It is a perennial herb, stems up to 2 m tall, erect, and longitudinally grooved. The root system forms a thick, fleshy, obconic pleiocorm. Leaf petiolate, blade elliptic or lanceolate-elliptic, base cuneate, apices acuminate. Flowers are arranged in dense, erect, elongated racemes. Flowers pedicellate, bisexual; tepals 5, white or yellowish green, elliptic, ovate, or oblong, reflexed at anthesis. Nectary circular at the base of the ovary. Stamens numerous as long as tepals; filaments persistent, white, subulate, base broad; anthers elliptic. Carpels are usually 8, distinct, each terminating in a short, erect stylodium with a curved apex. Ovule campylotropous. Infructescence erect. Berry purplish black when mature. Seeds reniform, 3-angulate, smooth (
Figures 1A–P
) (FOC, 2024; Pladias, 2024).


[image: A series of labeled images showing plant structures. A: An inflorescence on a plant. B to I: Close-ups of flowers at various developmental stages, revealing different petal and stamen arrangements. J: Close-up of a flower bud. K and L: Flower parts and stamens shown separately. M: Detailed view of a flower's center. N: Magnified view of a seed within a red casing. O: Round, black fruit with distinct lobes. P: Shiny, oval black seed with a measurement scale indicating 0.5 millimeters.]
Figure 1 | 

(A-P) Floral features of Phytolacca acinosa: (A) inflorescence; (B-I) variable stamen and carpel number; (J-K) carpel; (L) stamen; (M) nectary; (N) ovule; (O) fruit; (P) seed.









Floral biology


For floral trait analysis, 30 mature individuals were randomly selected and tagged at each study site. At peak flowering in July 2020–22 at Gulmarg, P. acinosa populations were sampled for various floral traits, including inflorescence length (IL), shape, size, and number of flowers (FN), tepal length (TPL), tepal breadth (TPB), stamen length (STL) and carpel length (CPL), pedicel length (PL), and peduncle length (PDL). Morphometric analyses were conducted on 30 fully open flowers from each site. Inflorescence length and peduncle length were measured using a measuring tape. Tepal length, tepal breadth, stamen length and carpel length, and pedicel length (PL) were measured using a digital Vernier caliper (Model Insize basic, 0–150 mm; Insize Co., India) with 0.01 mm precision (Irwin, 2000). The number of flowers per inflorescence was counted manually. The tagged plants at all selected sites were monitored regularly from the initiation to the completion of anthesis, and observations were made on floral organ movement (stigma and anthers), anthesis duration, and anther dehiscence (n = 30) were recorded (Li et al., 2018; Ganie et al., 2021). All floral parts were photographed under a Leica S9 D stereo-zoom microscope (Leica Microsystems, Wetzlar, Germany) equipped with LAS X imaging software. Destructive harvesting of plants was strictly avoided throughout the study.







Pollen morphology and pollen viability


Pollen morphology was examined by gently tapping mature anthers to release pollen grains onto glass slides, which were then stained with 2% acetocarmine. The slides were then observed under a light microscope (Leica DM-750; Leica Microsystems, Wetzlar, Germany) (at 1000x magnification) to determine the pollen shape, size, and surface ornamentation. In addition, scanning electron microscopy (SEM) was performed to study the micromorphological features of the pollen grains. Pollen micromorphology was examined using a GeminiSEM 500 field emission scanning electron microscope (FE-SEM) (Carl Zeiss AG, Oberkochen, Germany).


Pollen viability was assessed using three standard methods: (i) Mature pollens were incubated in 1% fluorescein diacetate (FDA) solution for 2–5 minutes, with viable pollens showing fluorescent cytoplasm and non-viable ones showing non-fluorescent cytoplasm (Verma et al., 2021). (ii) Anthers ready to dehisce were squashed in aniline blue-lactophenol (1%) and examined after 15 minutes under a Leica DM-750 light microscope (Leica Microsystems, Wetzlar, Germany) (Dionne and Spicer, 1958). (iii) Mature anthers ready to dehisce were placed in 1% triphenyl tetrazolium chloride (TTC) solution for 1–2 hours, then squashed and examined under a Leica DM-750 light microscope (Leica Microsystems, Wetzlar, Germany) to determine pollen viability (Stanley and Linskens, 1974). In both cases, viable pollens appeared plump and well-stained. The pollen viability percentage for all three methods was calculated using the following formula:



Pollen viability 
(
%
)
=


Number of viable pollen grains


Total number of pollen grains observed


×
100











In vitro pollen germination



In vitro pollen germination was evaluated using a slightly modified version of Brewbaker and Kwack’s (1963) method. Fresh pollen grains were collected at peak anthesis from Phytolacca acinosa individuals growing at the Gulmarg site during 2020-2022. Pollen grains were cultured in 18 different media compositions, containing varying ratios of sucrose (10% and 20%), boric acid (500 ppm), calcium nitrate (500 ppm), magnesium sulfate (500 ppm), potassium nitrate (500 ppm), and polyethylene glycol (10%) (
Supplementary Material S1
). The cultures were incubated in cavity blocks at 21 ± 1.5°C for 12–24 hours, then slides were prepared and scanned under a microscope (Leica DM-750; Leica Microsystems, Wetzlar, Germany). A pollen tube length of greater than 1 mm was used as a criterion for pollen germination. For each treatment, five replicates were used, and a minimum of 100 pollen grains were observed per replicate.







Stigma receptivity and pollen to ovule ratio


Stigma receptivity was assessed by fixing hand-pollinated stigmas of varying ages in Carnoy’s fixative (ethanol:glacial acetic acid, 3:1) for 3–4 hours, followed by transfer to 70% ethanol for future use. For microscopic analysis, the stigmas were stained with 1% aniline blue for 3–4 hours, following Hauser and Morrison (1964), and examined under a Leica DM750 light microscope (Leica Microsystems, Wetzlar, Germany) and a fluorescence microscope (Nikon Eclipse 80i; Nikon, Tokyo, Japan) (Wani et al., 2022). Stigmas bearing germinating pollen grains were considered receptive. Besides this, stigma receptivity was also determined by the hydrogen peroxide (H2O2) method (Dafni and Maués, 1998). In this method, stigmas were immersed in hydrogen peroxide solution for approximately 3 minutes, and the presence of oxygen bubbles was examined under a microscope (Leica DM750; Leica Microsystems, Wetzlar, Germany) as an indicator of peroxidase activity, signifying stigma receptivity. A total of 30 stigmas, collected from 10 individual plants, were tested using this method.


The pollen-to-ovule (P/O) ratio was calculated using Cruden’s (1977) method to assess the breeding system. For each site, 30 flowers (one per plant) were randomly selected. The number of pollen grains in each flower was estimated by collecting one indehiscent anther per flower, immersing it in 1 mL of detergent solution, and opening it with a lancet. Ten 10 µL subsamples were taken from the suspension and mounted on slides. Pollen grains were counted under a Leica DM-750 light microscope (Leica Microsystems, Wetzlar, Germany) at 40x. The average number of pollen grains per anther was calculated and multiplied by the total anthers per flower to estimate the total pollen production per flower. The ovary was dissected with a fine needle, and ovules were counted under a Leica S9 D stereo-zoom microscope (Leica Microsystems, Wetzlar, Germany) (Carrió et al., 2009). The P/O ratio was computed individually for each flower by dividing the total number of pollen grains by the number of ovules. The mean P/O ratio for each site was calculated from these individual values.







Breeding system


To determine the breeding system operative in Phytolacca acinosa, seven bagging experiments were conducted during the peak flowering season (June–August) from 2020 to 2022 on natural plant populations growing at the Gulmarg site. A total of 150 flowers from 15 individuals (i.e, 10 flowers per plant) were randomly selected for each treatment. The experiments included: (i) apomixes – flowers emasculated before anthesis and bagged with butter paper; (ii) autogamy (spontaneous selfing) – flower buds non-manipulated and bagged with butter paper before anthesis; (iii) forced selfing – the stigma of flowers were manually pollinated with their own pollen grains with the help of a sterilized brush and bagged with butter paper to prevent cross-pollination; (iv) geitonogamy – emasculated flowers were pollinated with pollen from other flowers of the same plant and bagged with butter paper; (v) xenogamy (forced cross) – emasculated and bagged flowers were pollinated with pollen grains from other individuals; (vi) anemophily – emasculating flower buds and bagging them with mesh fabric; (vii) open pollination (control) – unmanipulated flowers left open for pollination (natural condition). All the flowers used were tagged, and fruit set, seed set, seed mass (per 100 seeds), and fruit dimensions (fruit length and diameter) were recorded for each bagging experiment after ca 50 days.







Measurement of fruit and seed traits


The fruit dimensions were measured using a digital Vernier Caliper (Model Insize basic,0–150 mm; Insize Co., India) with 0.01 mm accuracy (Irwin, 2000). The seed mass was estimated using an electronic weighing balance (Sartorius-BSA223S, accuracy = 0.001 g). The fruit set and seed set were determined as:
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Reproductive indices


The outcrossing index (OCI) was calculated following Dafni (1992) and Barman et al. (2018). Flower diameter, anther, and stigma positions, and the timing of stigma receptivity and anther dehiscence were recorded and compared to Dafni’s (1992) criteria to determine the breeding system in the species studied.


To determine the self-compatible/incompatible nature of the plant, the index of self-incompatibility (ISI) was calculated following Ruiz-Zapata and Arroyo (1978).



ISI
=


fruit set in manual self pollination


fruit set in manual cross pollination







ISI values ≥ 1 indicate self-compatibility; ISI = 0.2 to 1 partial self-compatibility; ISI< 0.2 mostly self-incompatible; ISI = 0 total self-incompatibility.


Selfing rate (S) was employed to assess self-pollination frequency and was calculated following Charlesworth and Charlesworth (1987).
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where Px= number of seeds produced in cross pollination; Po= number of seeds produced in open pollination; and Ps=number of seeds produced in self-pollination.







Pollination mechanism


To understand the pollination ecology of P. acinosa, pollination censuses were conducted at peak flowering in the months of June and July during 2020–22 at Gulmarg. Various floral characteristics like the position of reproductive parts, nature of stigma, pollens and corolla were meticulously studied in 30 different flowers. To check anemophily, glycerine-smeared slides were positioned at 15, 25, and 35 cm around the target plants for 24 h, then stained with aniline blue and observed under microscope to determine the pollen number present on these slides (Wani et al., 2023). To check entomophily, we keenly observed whether insects visited the flowers, recorded the rewards (nectar and pollen) provided by the flowers, and monitored the insect behavior to assess their potential role in pollination. The flower visiting insects were captured, anesthetized in chloroform, and examined under a stereo-zoom microscope for the presence of pollens on their bodies. Representative insect specimens were identified by expert entomologists based on morphological characters. Further, pollination indices, including foraging behavior (FB), index of visitation rate (IVR), foraging speed (FS), insect visiting efficiency (IVE), and pollen load were estimated for all the pollinators to assess their contribution to pollen transfer. FB of insect visitors was determined through regular field visits. It was calculated as the time spent by a particular pollinator per inflorescence per visit using a stopwatch (Sajjad et al., 2009; Wani et al., 2022). FS was calculated as the mean number of flowers visited per unit time by a particular pollinator (Pando et al., 2011). The IVR and IVE were determined using the set methodology of Talavera et al. (2001) and Bingham and Orthner (1998), respectively. IVR provides a relative measure of pollinator visitation rate by incorporating both the frequency of visits and the activity rate of floral visitors. It was calculated using the formula:



IVR
=
F
×
AR





where, ‘F′ is the number of individuals belonging to a visiting-insect category relative to the total number of insects included in the census, and AR denotes the activity rate (Activity rate means the number of times an insect visits flowers included in the census).


IVE was calculated to assess the efficiency of a pollinator during a single visit. It was determined using the formula:



IVE
=


Number of flowers visited by an insect in one visit


Total number of flowers available 







For estimating pollen load (pollen grains carried on the insect body), insect visitors of P. acinosa were captured with sweep nets, preserved in 10 ml of 70% ethanol, and vortexed to remove pollen. Pollen suspension samples (n=5) were examined under a microscope, and the total pollen load was estimated by multiplying the average pollen count per sample by the total volume (i.e, 10 ml) of the suspension (Delaplane et al., 2013). Pollen load was quantified to assess the potential of each visitor as an effective pollinator.







Statistical analysis


Statistical analyses were conducted using IBM SPSS Statistics software, version 23.0 (IBM Corp., Armonk, NY, USA). Prior to analysis, assumptions of normality and homogeneity of variance were tested using the Shapiro–Wilk and Levene’s test, respectively. One-way ANOVA was used to assess differences in floral traits across sites, as well as to compare fruit and seed set, and other reproductive metrics across pollination treatments. Post-hoc Tukey’s tests were used for the comparison of means. Statistical significance was set at p ≤ 0.05. Data are presented as the Mean ± SE.








Results






Floral biology



In Phytolacca acinosa, anthesis exhibited notable asynchrony both within individual plants and across different individuals in the population. Flowering progressed in an acropetal sequence along the inflorescence. Anther dehiscence occurred asynchronously, beginning 2–3 days after anthesis, with pollen released through longitudinal slits in the anther wall. Before anthesis, stamens and carpels remained closely aligned; however, after anthesis, the stamens diverged away from the carpels, resulting in a pronounced spatial separation between the anthers and stigma, an apparent adaptation that promotes outcrossing. Key floral characteristics are illustrated in 
Figures 1A–P
.


In the present study, analysis of variance (ANOVA) revealed significant differences (p< 0.05) in all floral traits across the study sites, except for carpel length (
Table 2
). Inflorescence length varied from 26.12 ± 1.47 cm at Doodhpathri to 33.17 ± 1.42 cm at Drung, while the number of flowers per inflorescence ranged from 151.5 ± 6.48 (Doodhpathri) to 182.4 ± 7.47 (Drung). The maximum tepal length (5.15 ± 0.12 mm) and tepal breadth (2.99 ± 0.09 mm) were recorded at Doodhpathri. Stamen length showed significant variation among sites, ranging from 3.71 ± 0.04 mm at Drung to 5.18 ± 0.07 mm at Doodhpathri, with the latter recording the maximum value.



Table 2 | 
Floral traits of Phytolacca acinosa across the study sites.





	Floral trait

	SITE




	Drung

	Gogaldara

	Gulmarg

	Doodhpathri






	TPL
	3.68 ± 0.09* c

	5.2 ± 0.06a

	4.23 ± 0.08b

	5.15 ± 0.12a




	TPB
	1.79 ± 0.11c

	3.31 ± 0.05a

	2.26 ± 0.15b

	2.99 ± 0.09a




	STL (mm)
	3.71 ± 0.04c

	5.11 ± 0.06a

	4.23 ± 0.09b

	5.18 ± 0.07a




	CPL (mm)
	3.39 ± 0.08a

	3.64 ± 0.07a

	3.45 ± 0.07a

	3.63 ± 0.05a




	IL (cm)
	33.17 ± 1.42a

	28.04 ± 1.49ab

	30 ± 1.55ab

	26.12 ± 1.47b




	FN
	182.4 ± 7.47a

	164.5 ± 7.79ab

	171.6 ± 7.64ab

	151.5 ± 6.48b




	PL
	0.8 ± 0.01a

	0.73 ± 0.01b

	0.76 ± 0.01ab

	0.62 ± 0.01c




	PDL
	3.66 ± 0.11b

	4.92 ± 0.12a

	3.35 ± 0.14b

	4.55 ± 0.13a








TPL, tepal length; TPB, tepal breadth; STL, stamen length; CPL, carpel length; IL, inflorescence length; FN, flower number; PL, pedicel length; PDL, peduncle length.

*Values represent mean ± Standard error (SE). Means with the different superscript letters in the same row are significantly different (p ≤ 0.05).




Similarly, pedicel and peduncle lengths varied significantly among sites, with the longest pedicel (0.80 ± 0.01 mm) observed at Drung and the longest peduncle (4.55 ± 0.13 mm) at Doodhpathri. Although carpel length varied slightly, ranging from 3.39 ± 0.08 mm to 3.64 ± 0.07 mm, the differences were not statistically significant (
Table 2
).







Pollen morphology, pollen viability, and in vitro pollen germination


Scanning electron microscopy (SEM) and light microscopy revealed that pollen grains of P. acinosa are tricolpate, prolate, and ellipsoidal in shape (
Figure 2B
). The exine is thick and characterized by perforate, microechinate ornamentation (
Figure 2C
). The colpus is elongated and extends across both across both ends of the pollens (
Figure 2B
). Pollen grains are lightweight, with a polar axis measuring 26–35 µm and an equatorial axis of 21–25 µm.


[image: A collage of 14 microscopic images showing various aspects of pollen. A: Close-up of pollen on a filament. B: Scanning electron microscope image of pollen grain. C: Surface texture of pollen. D: Stained viable and non-viable pollen. E: Light microscope image highlighting pollen viability. F: Fluorescence detection of pollen viability. G and H: Pollen tube formation. I: Germinating pollen on a stigma. J and K: Pollen grains on a receptive surface. L, M, and N: Fluorescent images of pollen tubes and stigmatic interactions. Each sub-image highlights different aspects of pollen structure, viability, and interaction with floral tissues.]
Figure 2 | 

(A-N). Pollen biology and stigma receptivity (A) Anther dehiscence; (B) SEM graph showing tricolpate, ellipsoidal pollen; (C) Pollen with microechinate and perforate exine ornamentation; (D-F) Pollen viability (D-aniline blue-lactophenol, E-TZ, and F-FDA test); (G, H) In vitro pollen germination; (I-L) Stigma receptivity (I and J-aniline blue-lactophenol, K-hydrogen peroxide, and L-fluorescence method); (M) Pollen tube growing through style (N) Pollen tube entering ovule.




Our results revealed a high percentage of pollen viability, ranging from 84.97% to 88.63%, across the four study sites. The highest viability was recorded at the Drung, with 88.63%, 87.76%, and 86.93% observed in the aniline blue-lactophenol, tetrazolium chloride, and fluorescein diacetate (FDA) tests, respectively (
Supplementary Material S2
). In contrast, the Doodhpathri site exhibited the lowest viability, with corresponding values of 85.84%, 85.19%, and 84.97% in the same three tests (
Supplementary Material S2
). Further, our findings demonstrated that sucrose, boric acid, and calcium nitrate are the key nutrients required for in vitro pollen germination. Among the various media compositions tested for in vitro pollen germination of P. acinosa, the highest pollen germination (64.90%) was recorded in M6 media containing sucrose (20%) and boric acid (500 ppm), followed by M4 (60.17%) and M8 (59.26%). The lowest germination (1.20%) was observed in M14, which contained sucrose (20%), magnesium sulfate (500 ppm), boric acid (500 ppm), and potassium nitrate (500 ppm) (
Supplementary Material S3
).







Pollen-ovule ratio


The pollen and ovule numbers per flower, along with the calculated pollen-to-ovule (P/O) ratios of Phytolacca acinosa across the four study sites, are presented in 
Supplementary Material S4
. The highest mean number of pollen grains per flower was recorded at Drung (15,733 ± 1298.1), while the lowest value was observed at Gulmarg (10,250.4 ± 1609.69). In contrast, the mean ovule number per flower showed a slight increasing trend from Gulmarg (7.03 ± 0.20) to Drung (7.80 ± 0.18). The P/O ratios ranged from 1422.43 ± 47.45 at Doodhpathri to 2017.5 ± 62.11 at Drung, indicating that P. acinosa exhibits a facultative xenogamous breeding system (Cruden, 1977).







Stigma receptivity


Stigmas exhibited visible changes associated with receptivity, including increased moisture and curvature. On the 1st day of anthesis, pollen grains were absent from the stigmatic surface. Stigma receptivity began on the 2nd day after anthesis and peaked on the 4th and 5th day, as indicated by germinating pollen grains with tubes penetrating the stigma and growing through the style toward the ovules (
Figures 2J, L–N
, 
3
). After this peak, stigma receptivity gradually declined with the increasing age of the carpels (
Figure 3
). By the ninth day after anthesis, receptivity had ended, as evidenced by the withering of the stigma and absence of germinating pollen grains (
Figure 3
).


[image: Line graph showing the number of pollen grains over nine days after anthesis. The blue line (PD) peaks at day three with about 140 grains, then declines sharply. The orange line (PG) peaks at day four with around thirty-five grains, followed by a decrease.]
Figure 3 | 
Stigma receptivity in Phytolacca acinosa as indicated by pollen deposition (PD) and pollen germination (PG) on the stigma surface from Day 0 (bud stage) to Day 9 after anthesis. (PD, Pollen Deposited; PG, Pollen Germinated).




The hydrogen peroxide test also revealed the absence of stigma receptivity at the bud stage and on the 1st day of anthesis, as little to no oxygen bubbles were produced. However, on the 4th–5th day after anthesis, at peak flowering stage, stigmatic secretions increased significantly, producing the highest number of oxygen bubbles (64.2 ± 4.2) in response to hydrogen peroxide (
Figure 2K
; 
Supplementary Material S5
). Following this stage, receptivity declined rapidly, with the lowest bubble production (20 ± 2.89) observed at the withering stage (
Supplementary Material S5
).







Breeding system and reproductive indices


The results of controlled pollination experiments revealed that no fruit was produced in emasculated and bagged floral buds, indicating the absence of apomixis in P. acinosa. Fruit and seed set in both self- and cross-pollination treatments suggest that the species exhibits a mixed-mating strategy and is both self and cross-compatible. Significant variation in fruit and seed set was observed among the different pollination treatments (
Table 3
). The highest fruit set (86 ± 2.94%) and seed set (82.45 ± 1.02%) was recorded in open pollination (control) followed by geitonogamy (83 ± 1.78% fruit set; 79.13 ± 0.66% seed set), xenogamy (80 ± 2.04% and 73.75 ± 0.6%), and forced selfing (75 ± 2.65% and 71.5 ± 0.65%). The lowest fruit and seed set were recorded in autonomous self-pollination (53 ± 2.86% and 60.3 ± 0.73%, respectively). In anemophily (wind pollination), a relatively lower fruit set (71 ± 2.27%) and seed set (68.58 ± 0.65%) were recorded compared to other treatments.



Table 3 | 
Reproductive outcome of various bagging experiments on Phytolacca acinosa.





	Treatment

	Fruit set (%)

	Seed set (%)

	Seed mass per 100 seeds (g)

	Fruit length (mm)

	Fruit diameter (mm)






	Open pollination
	86 ± 2.94*a

	82.45 ± 1.02a

	1.29 ± 0.07ab

	0.69 ± 0.04a

	0.94 ± 0.04a




	Xenogamy
	80 ± 2.04ab

	73.75 ± 0.6c

	1.42 ± 0.07ab

	0.65 ± 0.03a

	0.87 ± 0.05ab




	Autogamy
	53 ± 2.86c

	60.3 ± 0.73e

	1.56 ± 0.08a

	0.56 ± 0.04a

	0.75 ± 0.03b




	Gietnogamy
	83 ± 1.78a

	79.13 ± 0.66b

	1.63 ± 0.09a

	0.67 ± 0.02a

	0.9 ± 0.04ab




	Anemophily
	71 ± 2.27b

	68.58 ± 0.65d

	1.14 ± 0.06b

	0.6 ± 0.04a

	0.8 ± 0.04ab




	Forced selfing
	75 ± 2.65ab

	71.5 ± 0.65cd

	1.54 ± 0.09a

	0.64 ± 0.03a

	0.83 ± 0.03ab








*Values represent mean ± Standard error (SE). Means with the different superscript letters in the same column are significantly different (p ≤ 0.05).




The relatively high seed set observed in geitonogamy and forced self-pollination treatments suggests that geitonogamy is the primary breeding strategy of P. acinosa in natural habitats. One-way ANOVA also revealed significant differences (p ≤ 0.05) in fruit diameter, fruit length, and seed mass among pollination treatments (
Table 3
). These traits varied across treatments, with fruit length ranging from 0.56 ± 0.04 to 0.69 ± 0.04 mm, fruit diameter from 0.75 ± 0.03 to 0.94 ± 0.04 mm, and seed mass per 100 seeds from 1.14 ± 0.06 to 1.63 ± 0.09 g. The maximum fruit length (0.69 ± 0.04 mm), fruit diameter (0.94 ± 0.04 mm), and seed mass (1.63 ± 0.09 g/100 seeds) were recorded in the geitonogamy.


The self-incompatibility index (ISI), outcrossing index (OCI), and selfing rate (S) calculated for Phytolacca acinosa were 0.9, 4, and 1.1, respectively. An OCI value of 4 suggests that the species predominantly follows a mixed mating strategy. An ISI value of 0.9 (i.e., ≥ 0.2) indicates partial self-compatibility, while an S value of 1.1 (i.e., > 1) further corroborates the species’ self-compatible nature.







Pollination ecology and pollination indices



Phytolacca acinosa exhibits an ambophilous pollination system, involving both entomophily (insect-mediated) and anemophily (wind-mediated pollination). The presence of floral traits such as a ring-shaped nectary, inflorescence structure, asynchronous anthesis, and spiny pollen exine, along with observations of insect visitation, supports its entomophilous and xenogamous nature. Anemophily was confirmed by collecting airborne pollen grains on glycerine-coated glass slides placed at different distances (15, 25, and 35 cm) from the plant. The average pollen counts recorded were 1078 ± 62, 260 ± 12, and 65 ± 5, respectively, showing a decrease in pollen number with increasing distance. Furthermore, fruit and seed set observed in insect-exclusion experiments confirmed the role of wind pollination. The fruit and seed set percentages were lower for anemophily compared to entomophily.


A total of 10 insect species belonging to two orders were recorded visiting the flowers (
Table 4
; 
Figures 4A–I
). Hymenoptera and Diptera represented 70% and 30% of the total insect visitors, respectively. Based on pollination indices such as insect visiting efficiency and pollen load, Crabronidae, Apis cerana indica, and Symphyta sp.1 were identified as the most effective and dominant pollinators. In contrast, Calliphora vomitoria and Calliphora sp. were infrequent and inefficient visitors. Moreover, direct field observations on foraging behavior also showed that Formica sp. acted as a nectar robber, while Tachina sp. spent the highest time per inflorescence. The pollination indices for each insect visitor are presented in 
Table 4
.



Table 4 | 
Pollination indices for various insect pollinators/visitors of Phytolacca acinosa.





	Pollinator

	Foraging behavior

	Insect visiting efficiency

	Foraging speed

	Index of visitation rate

	Pollen load






	
Apis cerana indica (Hymenoptera)
	71.2 ± 6.1
	0.10 ± 0.005
	10.1 ± 1.7
	8.3 ± 1.0
	4392.5 ± 117.4



	
Calliphora sp. (Hymenoptera)
	50 ± 5.6
	0.06 ± 0.01
	4.6 ± 1.0
	7.8 ± 0.9
	100 ± 26



	
Calliphora vomitoria (Diptera)
	73.3 ± 6.4
	0.06 ± 0.008
	6.3 ± 1.06
	4.1 ± 0.3
	54.8 ± 4.1



	
Crabronidae

(Hymenoptera)
	40 ± 5.1
	0.16 ± 0.04
	16.2 ± 2.1
	12.6 ± 1.5
	5031.4 ± 128



	
Episyrphus balteatus

(Diptera)
	36 ± 4.2
	0.05 ± 0.007
	5.9 ± 1.4
	3.8 ± 0.6
	2638.4 ± 115.3



	
Formica sp. (Hymenoptera)
	81.2 ± 1
	0.04 ± 0.002
	4.2 ± 0.8
	2.6 ± 0.2
	45.2 ± 5.1



	
Lasioglossum sp. (Hymenoptera)
	70 ± 6.2
	0.06 ± 0.004
	8 ± 1.4
	3.9 ± 0.8
	904 ± 20.1



	
Symphyta sp. 1 (Hymenoptera)
	40 ± 4.7
	0.07 ± 0.008
	6.6 ± 1.3
	4.4 ± 0.5
	2706.2 ± 101.2



	
Symphyta sp. 2 (Hymenoptera)
	38 ± 3.0
	0.06 ± 0.007
	6.1 ± 1.2
	3.1 ± 0.4
	194.3 ± 14.5



	
Tachina sp.
(Diptera)
	81 ± 6.4
	0.04 ± 0.009
	6 ± 1.3
	4.9 ± 0.9
	970 ± 29.44










[image: Nine images of different insects on flower spikes designated with labels A to I. Each panel shows a close-up of an insect interacting with light green flower clusters, including bees and flies. The background consists of green foliage.]
Figure 4 | 

(A-I) Insect pollinators/visitors of Phytolacca acinosa: (A) Apis cerana indica; (B) Episyrphus balteatus; (C) Crabronidae; (D) Symphyta sp. 1; (E) Symphyta sp. 2; (F) Calliphora vomitora; (G) Lasioglossum sp.; (H) Tachina sp.; (I) Formica sp.










Discussion


This study provides comprehensive insights into the reproductive ecology of Phytolacca acinosa, a medicinal plant native to the Himalaya, highlighting how floral traits, pollinator interactions, and breeding mechanisms influence its reproductive success. The observed variation in floral traits, pollen viability, and pollination strategies across sites reflects the species’ ecological adaptability and reproductive plasticity in response to environmental heterogeneity.






Floral biology


In Phytolacca acinosa, the morphometric analysis revealed significant variation in most floral traits across different study sites. These variations in traits can be attributed to the environmental heterogeneity across sampling sites (Tao et al., 2008; Julien and Sobrino, 2009). The floral traits, including inflorescence length and number of flowers, varied significantly (p≤ 0.05) along the elevation gradient, with the lower elevation site (Drung) having maximum values of these traits. At higher elevations, limited pollinator availability drives plants to produce smaller inflorescences and decrease investment in attracting pollinators, suggesting an adaptive strategy to conserve resources and promote self-fertilization (Cuartas-Hernández et al., 2019). In resource-limited environments, prioritizing resource allocation to vegetative organs becomes crucial for survival rather than investing resources in sexual reproduction (Ganie et al., 2017). The reduction in floral traits like inflorescence length, pedicel length, and peduncle length are adaptation to the strong, high-velocity winds typical of higher altitudes (Körner and Cochrane, 1985; Wani et al., 2022).


Further, floral characteristics, including tepal length, tepal breadth, and stamen length, showed a significant association with elevation. Our results are in line with Qadir et al. (2022) and Wani et al. (2023), who found that petal length and breadth varied significantly with elevation. This may be due to the heterogeneity in different ecological factors that influence the size of tepals and stamens across the different sites along the elevation gradient. Plants are sensitive to micro-environmental conditions and often adjust their reproductive traits, including tepal length, tepal breadth, and stamen length, to ensure reproductive success under varying climatic conditions.


In P. acinosa, the presence of sculptured exine with microechinate ornamentation suggests an adaptation for entomophily (Konzmann et al., 2019), as entomophilous species typically have pollens with a highly sculptured exine (Lumaga et al., 2006). Pollen morphology, particularly shape and exine structure, plays a crucial role in determining the pollination mechanism of a species (Ganie et al., 2016).


The study also revealed considerable variation in pollen viability across the four study sites, with the lowest viability observed at the high-elevation site Doodhpathri. This reduction in viability is likely due to rapid and extreme weather fluctuations during the reproductive stage, a common challenge for angiosperms in alpine environments (Rodríguez-Riaño and Dafni, 2007; Wani et al., 2022). The decreased pollen viability may adversely affect seed set, thereby reducing the overall fitness and fertility of the species (Khan et al., 2021).


Successful in vitro pollen germination requires optimal nutrients and environmental conditions. Our results showed that boric acid, sucrose, and calcium nitrate are crucial for the in vitro pollen germination of P. acinosa, with optimum temperature ranging between 20–25°C (
Supplementary Material S3
). Compounds like boric acid, sucrose, and calcium nitrate play a significant role in in vitro pollen germination (Parton et al., 2002; Kopp et al., 2002). In seed-bearing plants, successful fertilization and seed set depend on both pollen germination and subsequent pollen tube growth (Tiwari et al., 2017). Sucrose serves as a vital osmoregulator and nutrient, crucial for both pollen germination and tube growth, as also observed in the present study (Taylor and Hepler, 1997; Liu et al., 2013; Lin et al., 2017). Boron deficiency is known to inhibit pollen germination and cause tube bursting (Perica et al., 2001; Stino et al., 2011), while calcium is essential for the elongation and stability of pollen tubes (Hepler and Winship, 2010; Muengkaew et al., 2017). The knowledge obtained about in vitro pollen germination is essential for devising breeding programs and conservation strategies for the target species.


In P. acinosa, stigma receptivity was found to be prolonged, lasting 6–7 days, with peak receptivity occurring on the 4th–5th day of anthesis. This extended receptivity period maximizes reproductive success under varying environmental conditions (Wang et al., 2018; Wani et al., 2022). Given the broad elevational range of this species, prolonged stigma receptivity likely represents an adaptive strategy that enhances reproductive success across diverse climatic conditions.







Breeding system


The breeding system analysis revealed that P. acinosa is both cross-fertile and self-compatible. The pollen-to-ovule (P/O) ratio in this species falls within the range indicative of facultative outcrossing according to Cruden (2000), which corresponds well with the outcomes of the controlled pollination experiments. This intermediate P/O ratio suggests that while P. acinosa primarily relies on cross-pollination; it retains the capacity for self-fertilization under limited pollinator availability (Wani et al., 2023). This reproductive flexibility may enhance its ability to adapt to varying pollination environments. Significant differences in fruit and seed set were observed across various pollination treatments (
Table 3
), with the highest fruit and seed set recorded in geitonogamy, followed by xenogamy. Geitonogamy, a form of selfing, frequently occurs in self-compatible plants that produce numerous flowers simultaneously (Harder and Barrett, 1996; Barrett, 2003). The likelihood of geitonogamous pollination increases with clonal growth, larger plant size (Barrett, 2003), and the presence of large inflorescences, where the probability of pollen transfer between flowers of the same individual is significantly higher (Ganie et al., 2016). P. acinosa employs a mixed mating strategy, evidenced by high fruit and seed set in both selfing and outcrossing experiments. This strategy provides reproductive assurance in fluctuating environmental conditions. However, the movement of the stigma helps prevent self-pollination, promoting cross-pollination and suggesting that the breeding system of P. acinosa is in an evolutionary transition between selfing and outcrossing. Similar mechanisms have been reported in Rheum webbianum, Actaea kashmiriana, and Trillium govanianum (Wani et al., 2022; Rashid et al., 2023a; b). Cross-pollination increases heterozygosity, enhancing genetic variability and adaptability (Maynard-Smith, 1978; Ganie et al., 2015), while self-pollination ensures seed set and survival in challenging environments (Wani et al., 2023). Consequently, many plant species have adopted a mixed mating strategy, shifting between pollination modes under limiting conditions (Goodwillie et al., 2005; Ganie et al., 2021).







Pollination ecology


In Phytolacca acinosa, experimental evidence from insect exclusion trials, along with field observations, indicates the involvement of both wind and insect pollination. This dual strategy, called ambophily, likely enhances reproductive reliability, particularly under fluctuating environmental conditions and variable pollinator availability. Similar strategies have been reported in other plant species as adaptive mechanisms to maximize gene flow and reproductive efficiency (Mayer et al., 2011; Yamasaki and Sakai, 2013; Verma et al., 2021; Rashid et al., 2023b; Wani et al., 2023).


Pollinator behavior significantly influences pollen flow and genetic structure of plant populations (Shah et al., 2011). Based on pollination indices, Crabronidae and Apis cerana indica were identified as the most efficient and dominant pollinators for P. acinosa. Other insect visitors, such as Episyrphus balteatus, Symphyta sp., and Tachina sp., efficiently collect pollen while foraging, demonstrating their effectiveness as pollinators (Inouye et al., 2015). Ants, frequent floral visitors in P. acinosa, have also been observed as significant visitors in other species (Cursach and Rita, 2012; Rashid et al., 2023b). Most pollinators of P. acinosa belong to the order Hymenoptera, followed by Diptera, consistent with other studies identifying these orders as dominant pollinators (Raina et al., 2013; Wang et al., 2018). Pollinator activity peaked at noon on sunny days and was minimal or absent during late hours and cloudy days. Fluctuations in the local climate, including temperature, wind velocity, and humidity, are known to affect insect foraging behavior (Hoiss et al., 2015). The data generated for P. acinosa in this study will serve as a basic guide for devising appropriate restoration and conservation strategies for the proper management and sustainable utilization of this economically important medicinal plant.







Implications for conservation and sustainable utilisation


This study provides a detailed understanding of the reproductive biology of P. acinosa, an important medicinal herb from the Kashmir Himalaya. The wild populations of this species are experiencing significant decline due to factors like insect herbivory, habitat degradation, deforestation, constructional activities, trampling, and climate change (Ganie et al., 2019; Magray et al., 2023; Wani et al., 2024). Human activities like road construction and deforestation have degraded much of the species’ natural habitat in the study area, leading to a reduction in population size (Ganie et al., 2019). Trampling during both vegetative and reproductive phases, caused by the movement of large herds through the region, has also contributed to a decline in the number of mature individuals. Additionally, excessive local exploitation for medicinal and other uses has further exacerbated the reduction in population size (Tali et al., 2015; Ganie et al., 2019). Phytolacca acinosa is also threatened by projected climate change, with currently suitable habitats predicted to become unsuitable in the near future (Wani et al., 2024). During the past five years, due to these pressures, a decline in mature individuals was observed in Gulmarg from 1,500 (2019) to 1,410 (2024), Gogaldara from 1,120 (2019) to 780 (2024), Drung from 1,246 (2019) to 975 (2024); and Doodhpathri from 960 (2019) to 780 (2024).


Our research identified various reproductive challenges in P. acinosa, highlighting its vulnerability. Low seed production directly restricts recruitment by reducing the number of viable seeds that can germinate, establish, and grow into reproductive adults in natural populations. The reduction in seed output can be driven by factors like low pollen viability, floral abortion, or inefficient pollination. An efficient pollination system is indispensable to deliver a suitable quantity and quality of pollen, and ultimately for effective seed maturity.


A better understanding of floral biology, including floral morphology, breeding system, pollen viability, stigma receptivity, and pollination dynamics can inform conservation interventions by identifying reproductive bottlenecks and enabling targeted actions. For example, determining whether the species is self-compatible or relies on cross-pollination can guide planting strategies or pollinator conservation efforts. Knowledge of the timing and conditions for optimal fertilization can also enhance ex situ seed production and germplasm conservation.


Efficient pollen transfer in this species depends on both biotic and abiotic factors. With the species relying on various pollinators for pollination, ongoing regional land-use changes and climate shifts (Hamid et al., 2020) may disrupt plant-pollinator interactions (Rather et al., 2023), further threatening the survival of the species. To ensure pollen viability for longer durations, the optimal storage conditions identified in our study should be prioritized for germplasm conservation. Additionally, the standardized pollen germination media developed could be used for in vitro germination of this species and potentially applied to other high-elevation plants.


Our findings contribute to effective conservation strategies, combining in situ and ex situ methods. In situ conservation should focus on protecting natural habitats and mitigating unsustainable anthropogenic activities, while ex situ efforts, such as seed collection and germination, are crucial for habitat restoration and sustainable utilization. Restoring natural populations through seedlings raised under ex situ conditions offers a promising approach to reviving this valuable medicinal species in the Himalaya.








Conclusions


The present study revealed significant variation in floral traits across different habitats, reflecting the phenotypic plasticity in reproductive traits and adaptability of P. acinosa in varying environmental conditions. The presence of conspicuous nectary, sculptured pollens, and spatial separation between stamens and carpels are contrivances favouring entomophily and outcrossing. The fruit set observed in the insect exclusion experiment confirmed anemophily, indicating that the species is ambophilous. The reproductive indices (OCI, SI, and S) and breeding experiment results demonstrated that the species is both self and cross-fertile. Further, species exhibited a mixed matting strategy, preferring geitonogamy. The breeding system of P. acinosa does not follow a specific evolutionary path and is ticking between selfing and outcrossing. Therefore, the results of the study indicate that P. acinosa utilizes both phenotypic and reproductive plasticity to endure challenging and stressful environmental conditions in natural habitats. Finally, the information generated is highly significant and will greatly contribute to the development of effective strategies/programs for the mass cultivation, conservation, and sustainable utilization of the species.
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Predicting shifts in plant-pollinator communities as a result of warming requires an accurate understanding of floral availability, insect activity, and spatio-temporal patterns of plant-insect interaction. Plant-insect visitor network studies from the High Arctic have demonstrated high generalization and rapid temporal turnover, yet comparable data are lacking for the Low Arctic. We worked in two tundra plant community types on the North Slope of Alaska in 2022 and 2023 to construct the first plant-insect visitor networks for this region of the Arctic and document temporal patterns of floral resource availability and insect visitation. We found temporal differences in floral availability between community types. Both floral density and the number of species in anthesis peaked earlier in the dry heath tundra compared to the moist acidic tundra. In addition, Hymenopteran visitation rates showed a bimodal peak (early- and late-season) while Dipteran visitation rates showed a unimodal pattern. Network complexity peaked earlier in the dry compared to the moist community. Our results suggest that temporal heterogeneity in floral resources between plant community types may increase the duration of floral availability for insects at a landscape scale. Given this region’s low species diversity and increasing vulnerability to extreme weather events, spatio-temporal heterogeneity in floral resources may play a critical role in the resiliency of this system.
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1 Introduction

The Arctic is warming up to four times the rate of the global average as a result of Arctic amplification (Rantanen et al., 2022). Warming may impact biotic communities at multiple levels, including mutualistic interactions between tundra plants and pollinators. Plant biotic responses to warming have been well documented, specifically shifts in community composition and variation in phenology. For example, erect, deciduous shrubs are becoming increasingly dominant in Arctic plant communities (Myers-Smith et al., 2011; Elmendorf et al., 2012; Henry et al., 2022). Shrubification may result in decreased competitive ability of prostrate species, many of which provide critical floral rewards and berries to insects, birds, and mammals (Arft et al., 1999; Ikeda et al., 2015; Kettenbach et al., 2017). In addition to compositional changes of the Arctic tundra, phenological shifts including advanced flowering are well documented (Chapin and Shaver, 1996; Wipf and Rixen, 2010; Oberbauer et al., 2013; Bjorkman et al., 2015; Khorsand Rosa et al., 2015; Semenchuk et al., 2016; Collins et al., 2021). The duration of the flowering season appears to be increasing at the community level (Collins et al., 2021) although other studies show contraction of flowering duration because of earlier onset by late-flowering species (Høye et al., 2013; Prevéy et al., 2019). These contrasting results justify further research on the duration of floral resource availability across tundra plant communities, as well as within specific community types.

Plant-pollinator interactions represent a dynamic relationship between the abiotic and biotic environment. The Arctic tundra is a patchwork of vegetation types and microsites determined by variation in snow regime including snow accumulation and timing of snowmelt (Molau, 1993; Stanton et al., 1994; Walker, 2000). Snowmelt date has been shown to relate closely to flowering phenology (Billings and Mooney, 1968; Bjorkman et al., 2015). In addition, warming can influence the timing of peak flowering at the community level as well as the overlap of peak flowering among species, with implications for the pollinator community (Gillespie et al., 2016). From the insect perspective, timing of snowmelt appears to be the primary predictor of Arctic insect phenology (Høye and Forchhammer, 2008) and insects further rely on floral resources throughout the growing season (Høye et al., 2007; Kudo and Cooper, 2019). While asexual reproduction and autogamy are considered common in Arctic plants (Molau, 1993), many plant species still depend on insects for optimal seed set (Williams and Batzli, 1982; Philipp et al., 1996; Fulkerson et al., 2012; Tiusanen et al., 2016; Urbanowicz et al., 2018; Koch et al., 2020). Thus, unpacking the complex relationship between floral resources, insect population dynamics, and plant reproductive success in the Arctic is increasingly important in the context of rapid warming.

Bipartite network analyses are critical analytical tools used to describe community-level plant-insect interactions (Jordano, 1987; Olesen and Jordano, 2002). Interactions or links between plants and insects can be represented as a binary (presence/absence) or as a weighted value relating to the strength of interaction (e.g. number of visits observed). Standardized network parameters like nestedness (Bascompte et al., 2003), modularity (Olesen et al., 2007), and connectance (Blüthgen et al., 2006) not only provide a framework for understanding network assembly and stability over time (Gillespie and Cooper, 2022), but also provide a systematic way to describe temporal patterns of plant-visitor interactions (Pradal et al., 2009; Burkle and Alarcón, 2011). A comprehensive understanding of spatio-temporal patterns in plant-visitor networks requires examining these network parameters at a “static” level (using accumulated data from the entire growing season) as well as a “dynamic” level (using data from various “time-slices” or sampling points to determine temporal changes) (Olesen et al., 2008; Pradal et al., 2009).

Temporal dynamics of plant-visitor networks have been shown to vary within a single growing season. For example, in the High Arctic, Olesen et al. (2008) found that network dynamics were stable across years but varied substantially within a single growing season. Similarly, Cirtwill et al. (2023) reported more within-year-variation in the High Arctic network structure than between-year-variation. This variation may be linked to strong seasonal changes characteristic of the Arctic tundra. In addition to the inherently stressful and highly variable abiotic environment (Kankaanpää et al., 2018), stringent climate conditions impose a short window of time for plants and insects to interact (Pradal et al., 2009; Schmidt et al., 2016). Rapid warming may exacerbate these harsh conditions by increasing the frequency of extreme climactic events and advancing snowmelt, potentially decreasing sexual reproductive success in plants (Panchen et al., 2021) and increasing network specialization (although elevation may also play a role, see Hoiss et al., 2015). Given the Arctic tundra’s strong seasonality, patchy distribution of floral resources, and species-specific flowering phenology, it is crucial to assess the temporal dynamics of the plant-visitor community within a single growing season.

A major concern with accelerated warming and advanced flowering phenology is the potential for plant-pollinator phenological mismatch (Gérard et al., 2020), although evidence of mismatch is still scarce (Iler et al., 2013; Forrest, 2015; Gillespie and Cooper, 2022). Arctic plant-pollinator communities may be particularly vulnerable to asynchrony given the short growing season and low species diversity (Høye et al., 2013; Vasiliev and Greenwood, 2021). Many Arctic plant species have brief flowering phenophases of only a few weeks leading to rapid turnover of species within the growing season (Olesen et al., 2008; Cirtwill et al., 2018). Furthermore, Arctic networks have been shown to exhibit strong temporal dynamics (Pradal et al., 2009; Semenchuk et al., 2016; Gillespie and Cooper, 2022). Although floral resources in this harsh environment are relatively limited, a generalist network, characterized by high generalization and flexible resource use by insects (Steffan-Dewenter et al., 2006), can increase the number of potential plant-pollinator interactions and potentially buffer individual species from phenological mismatch (Gillespie and Cooper, 2022). Thus, determining the degree of network generalization is a crucial step in accurately predicting the resiliency of the plant-pollinator community (Burkle et al., 2013; Caradonna et al., 2017).

We investigated the spatio-temporal dynamics of floral resources, insect visitation, and network structure over two growing seasons in two tundra plant community types, dry heath and moist acidic, on the North Slope of Alaska. Specifically, we observed floral phenology and collected insect floral visitors to construct static and dynamic plant-visitor networks. Our study addresses the following research questions: (1) How do floral resources, defined as floral density and number of species in anthesis, vary spatially and temporally throughout the growing season? (2) How does insect visitation vary spatially and temporally throughout the growing season? And (3) How does network size and structure change over the growing season as well as across plant community types? To our knowledge, these are the first plant-visitor networks created for this understudied region of the Arctic. These baseline data are crucial to test for potential plant-pollinator phenological mismatch and species compositional shifts as the North Slope continues to warm.




2 Materials and methods



2.1 Study site and experimental design

We conducted fieldwork in 2022 and 2023 at two sites on the North Slope of Alaska, USA: Toolik Lake (68° 38’ N, 149° 36’ W, elevation 730 m) and Imnavait Creek (68° 37’ N, 148° 18’ W, elevation 930 m), approximately 12 km from each other. The two sites are very similar in terms of climate and timing of snowmelt, although inter-annual variation occurs. Within each site, we worked in two tundra plant community types, dry heath tundra (“Dry”) and moist acidic tundra (“Moist”). Dry heath tundra is generally characterized by shallow snow accumulation and low soil organic matter, high wind exposure, and relatively low vascular plant diversity. In contrast, snowbeds and relatively high soil organic matter, lower wind exposure and higher plant diversity characterize moist acidic tundra. See Walker et al. (1994) and Khorsand et al. (2024) for a description of the field sites and their plant-pollinator communities.

Between June 1 and August 5 of each study year, we quantified flowering phenology, floral density, and insect visitation rates in a total of 64 1m2 plots in dry and moist communities (n = 16 plots per community type per site). In addition, we systematically collected insects in two large sampling areas at Toolik only (see section 2.4).




2.2 Flowering phenology

At each site, we conducted biweekly phenological surveys on all control plots. During these surveys, we noted all plant species in anthesis in each plot. We defined anthesis (synonymous with “in bloom” or “flowering”) as petals and reproductive structures being intact/not withered, and pollen dispersing from the anthers. Additionally, we quantified floral density in a 30.5 by 30.5 cm frame in the center of each plot by counting all open flowers. For most species, every flower was counted individually. However, we considered an inflorescence as the unit of measurement in a subset of species: Bistorta officinalis, all catkin-bearing species including Salix spp. and Betula nana, and all species of Asteraceae including Antennaria monocephala and Petasites frigidus.




2.3 Floral visitor observations

We performed biweekly, ten-minute floral visitor observations to quantify insect visitation rates in each community at each site (2022: N = 341 observations; 2023: N = 350). Plots were randomly chosen each day from a pool of flowering plots using a digital random number generator. In both years, individual plots were observed no more than three times per day between 09:00 and 17:00 on days with favorable weather conditions (free of rain, major wind, or freezing temperatures). Additional unmarked plots were observed when marked control plots lacked flowers. We defined visitation as an insect landing on a flower and/or contacting floral reproductive structures (anthers or stigmas). For each visitation event, we recorded the following: plant species, visitor insect order, number of visitor individuals, number of distinct visits made, and visitor behavior including foraging activity and duration of visit. Insect collection was not performed during floral visitor observations so as not to affect visitation rates.




2.4 Insect collection and identification

We collected insects at least twice a week between 9:00 and 17:00 on days with favorable weather conditions although sampling protocols differed between years. In 2022, insects were collected opportunistically from plots in both community types at both sites. In 2023, we restricted insect collection to both communities only at Toolik and implemented a standardized collection protocol. Standardizing our collection effort on each flowering plant species ensured abundant and rare plant species were sampled equally (Olesen et al., 2008; Gillespie and Cooper, 2022). Other studies have validated this approach to reduce bias toward abundant taxa and accurately reflect network diversity (Gibson et al., 2010; Jordano, 2016). We systematically collected insects in two large sampling areas, one in Dry (2.75 Ha) and one in Moist (2.60 Ha). These sampling areas were established directly adjacent to our plots (where 2022 collections took place). On each collecting day, observers walked a standardized route through each sampling area, noting every plant species in flower and marking rare species with flags. Each plant species was observed in a patch size of up to 2m2 for 20 minutes. During each 20-minute period, we netted all flower-visiting insects on that particular plant species. In cases where an insect escaped netting, we identified it to the highest taxonomic level possible and recorded as one observation.

In both years, insects were transferred to clean vials, placed in kill jars charged with ethyl acetate, frozen for 24 hours, then thawed and pinned (Kearns and Inouye, 1993). We identified all insects to order and family, and when possible, species. That said, we were unable to identify all individuals to species as species-level keys were unavailable for some taxa in this region of the Arctic. Therefore, we constructed networks at the family level. We emphasize that our results reflect sampling at the plant species-insect family level and should not be compared to species-species level network studies. While less rigorous than a species-level network, sampling at the insect family level still demonstrates community patterns of interaction and facilitates comparison with other Arctic network studies (Gillespie and Cooper, 2022). Insect voucher specimens are currently being stored in the Entomology Collection at Colorado College with the goal of returning all specimens to Alaska (Museum of the North, UAF).





2.5 Statistical analyses

All statistical analyses were performed using R (R Core Team, 2023). The mgcv package (Wood, 2017) was used to fit Generalized Additive Mixed Models (GAMMs), the bipartite package (Dormann et al., 2008) to construct plant-insect interaction networks and run null models, and the vegan package (Oksanen et al., 2024) to evaluate network sampling completeness.



2.5.1 Temporal dynamics with GAM models

To investigate the temporal patterns in the number of species in anthesis, floral density, and insect visitation, we fit GAMMs with a Poisson distribution for the number of species in anthesis and a Tweedie distribution for floral density and insect visitation, which better accounts for over-dispersion and high occurrence of zeroes. When looking at individual species, we modeled the proportion of plots specifically in anthesis out of all plots in which that species occurred (flowering or not) using a GAMM with a binomial distribution. Plant species which received no insect visits were excluded from all GAMMS. The models used penalized thin plate regression spline smoothers with Julian Day as the primary predictor. For species in anthesis and floral density, we modeled the difference in temporal trends between Dry and Moist for each site, with Dry as the reference level. GAMM outputs also provided mean differences between community types for each response variable including the number of species in anthesis. For insect visitation, we modeled the difference between the number of visits per observation period by insect order (Hymenoptera and Diptera) for each of the two community types, with Diptera as the reference level. We also computed models combining communities and sites. In all models, plot identifier was considered a random effect, and estimates were done via restricted maximum likelihood (REML). We visualized predictions with 90% confidence bands to identify weeks in which temporal patterns differed.




2.5.2 Bipartite network analysis

To construct networks, we used insect collections and visitor observations to identify links between plant species and insect families. Data were aggregated into data-matrices based on year, community type, and week, then plotted as networks using the function visweb in bipartite. We define the following terms used to describe our networks: (1) cumulative: both community types; (2) subset: dry or moist community; (3) static: entire growing season; (4) dynamic: growing season separated into weekly time slices; (5) binary: describes the presence/absence of a plant species-insect family link; and (6) weighted: accounts for the frequency of each plant species-insect family link.

We also calculated six network metrices using the function networklevel: Connectance (C), Nestedness (N), Nestedness based on Overlap and Decreasing Fill (NODF), Network-level specialization (H2’), Mean number of links per plant species-insect family (L¯
), and Quantitative modularity (Q). We compared observed static networks to baseline or random networks using bipartite’s nullmodel function with 1000 repetitions and the “r2dtable” method (Dormann et al., 2008). We reported Z scores as a measure of effect size, with positive values indicating that the observed metric was higher than the mean of the simulated values.

C (range 0-1) is defined as the proportion of the actually observed interactions to all possible interactions (Blüthgen et al., 2006). N (0-100) is the extent to which generalist species interact with specialists, and vice versa. A low N value indicates a highly nested network, or a non-random structural pattern generating asymmetrical interactions in which specialist species interact with a subset of partners that interact with the more generalist taxa (Bascompte et al., 2003). NODF (0-100) is a quantitative metric of nestedness that expands beyond binary matrices (presence/absence) and accounts for paired overlap and decreasing fill among columns and rows of the network matrix (Almeida-Neto et al., 2008). H2’ (0-1) refers to the degree of specialization in the entire network where 0 indicates extreme generalization and 1 indicates extreme specialization (Blüthgen et al., 2006). L¯
 is the mean number of links, or interactions, between a plant species and floral visitor family. Q (-1-1) is a measure of how well species interactions or links are organized into modules or functional units within the bipartite network (Paine, 1980; Olesen et al., 2007; Dormann and Strauss, 2014).

For 2022, we constructed a cumulative static network to visualize binary links between plant species and insect families for the entire study area (both Toolik and Imnavait) over the complete growing season. This preliminary network serves to document plant and insect diversity over a larger spatial area on the North Slope. However, owing to the non-standardized collection protocol in 2022 we did not investigate temporal or spatial differences in the 2022 network or compute weighted indices (H2’, Q). For 2023, we constructed weighted static networks for each community type (Dry and Moist) at Toolik, as well as a weighted static network for both community types together (cumulative). To investigate patterns in network complexity over the growing season, we also created dynamic networks using weekly time slices for cumulative, dry, and moist datasets. Week one started on May 29, 2023 (DOY 149).




2.5.3 Sampling estimates

The degree to which a community is sampled can influence network structure (Schwarz et al., 2020). We used the Chao1 estimator of asymptotic richness to estimate sampling completeness (Chao, 1984) and sampling coverage (Chao and Jost, 2012) of plants, floral visitors, and links in each network. Sampling completeness refers to the proportion of detected species, families, and links compared to Chao1 estimates (Schwarz et al., 2020). Sampling coverage is a weighted measure of sampling completeness and refers to the proportion of all individuals or interaction events in the community belonging to the species or links represented in the sample used to construct a network (Chao and Jost, 2012). We calculated these values for the static and dynamic networks, obtaining absolute coverage values for the entire growing season, as well as median coverage values considering weekly time slices.







3 Results



3.1 Spatio-temporal patterns of floral resources

Across both sites and years, floral density peaked between weeks five and seven of the growing season (DOY 177-191, June 26-July 10). However, considering each community type, floral density peaked earlier in Dry than in Moist in both years and sites (Figure 1, Supplementary Table 1). We also found the number of flowering peaks differed between community types and sites. At Imnavait, two flowering peaks occurred in Dry compared to only one peak in Moist (Figure 1). In contrast, only one peak occurred in each community at Toolik. Specific species explain these community- and site-level differences. In Dry, Arctous alpina, Dryas octopetala, and Kalmia procumbens explain the first peak in floral density while Rhodendron tomentosum and Vaccinium vitis-idaea explain the second peak (Figures 1 and 2A). One species, K. procumbens, was abundant in the dry at Toolik, but absent at Imnavait. The two predominant species driving the flowering peak in the moist were R. tomentosum and V. vitis-idaea, and to a lesser degree, Bistorta officinalis. Anthesis of B. officinalis lasted over 60 days in each site. Although we found significant differences in the temporal pattern of mean floral density between plant community types, we did not find that mean flower density, itself, differed between communities in either year or site (Supplementary Table 1).

[image: Line graphs compare floral density at two sites, Imnavait and Toolik, during 2022 and 2023. Floral density is plotted against the day of the year. Three community types are shown: Dry and Moist (green), Dry (orange), and Moist (purple). Peaks in floral density vary across sites, years, and community types, with noticeable fluctuations during the study period.]
Figure 1 | GAMM predictions (smooth trendlines) with 90% confidence bands (shaded) and daily means (points) for floral density per plot. The first row shows Imnavait and Toolik sites combined, while the second and third rows show the individual sites, separated by community type. Gray vertical lines mark the beginning of each study week.

[image: Graph comparing floral density and anthesis for species AA, DO, KP, RT, and VVI over specific days in 2022 and 2023. Upper panels show density peaks, lower panels show anthesis timing. Box plots below illustrate insect order visits (Diptera, Hymenoptera) for each species.]
Figure 2 | (A) GAMM predictions for floral density (first row) and proportion of plots in anthesis (second row) for Arctous alpina (AA), Dryas octopetala (DO), Kalmia procumbens (KP), Rhododendron tomentosum (RT), and Vaccinium vitis-idaea (VVI). Visitor observations and/or collections were done on days marked with a black tick. Grey vertical lines mark the beginning of each study week. (B) Boxplots showing the temporal distribution of insect visits by Dipterans and Hymenopterans to each of the five plant species, including data from insect observations and collections.

Across both years and sites, the number of species in anthesis peaked in weeks six and seven (DOY 184-190, July 3-July 10). Similar to floral density, the temporal pattern in the number of species in anthesis differed significantly between community types, with Dry peaking before Moist in both years and sites (Figure 3, Supplementary Table 2). In addition, the number of species in anthesis was significantly higher in Moist (2022: Mean = 1.38, SD = 1.51; 2023: M = 1.24, SD = 1.49) compared to Dry (2022: M = 0.86, SD = 0.89; 2023: M = 0.83, SD = 1.02) in both years at Toolik (2022: z = 2.07, p = 0.04; 2023: z = 6.06, p < 0.001) (Supplementary Table 2). We found no significant difference in the mean number of species in anthesis between community types at Imnavait (Supplementary Table 2).

[image: Graphs showing species in anthesis from 2022 to 2023, divided by both sites, Imnavait, and Toolik. Lines represent dry and moist, dry, and moist communities with data points plotted over time in days of the year.]
Figure 3 | GAMM predictions (smooth trendlines) with 90% confidence bands (shaded) and daily means (points) for the number of species in anthesis per plot. The first row shows Imnavait and Toolik sites combined, while the second and third rows show the individual sites, separated by community type. Grey vertical lines mark the beginning of each study week.




3.2 Visitation patterns

Dipterans and Hymenopterans comprised 98.8% of all floral visits and occurred in both communities. Lepidopterans, Coleopterans, Hemipterans, and Trichopterans comprised the remaining 1.2% of visits. In Dry, the temporal pattern of visitation differed significantly between Dipterans and Hymenopterans in both years (2022: F5.90 = 5.67, p < 0.001; 2023: F5.50 = 2.81, p = 0.01) (Supplementary Table 3). In Moist, the temporal pattern of visitation differed between Dipterans and Hymenopterans only in 2022 (F2.74 = 3.08, p = 0.03) (see Supplementary Table 3 for all F statistics and p-values including non-significant values). In both years and community types, Hymenopteran floral visits peaked in the early flowering season between weeks two and four (DOY 156-169, June 5-June 18) and again, between weeks eight and nine (DOY 198-211, July 17-July 30) (Figure 4). We recorded very few Hymenopteran visits between weeks four and seven (DOY 170-197, June 19-July 16) and few to no bumblebees (Bombus spp.) in the study area during this period. In contrast, visitation by Dipterans showed a more stable pattern, gradually building to a peak beginning in week three and lasting through week seven (DOY 163-197, June 12-July 16). While Hymenopteran and Dipteran activity overlapped to an extent, each order dominated during a different point of the flowering season; Hymenopterans dominated during the early- and late-flowering season, and Dipterans during the mid-flowering season (Figure 4). This pattern held true across community types and sites. That is, Hymenopteran activity showed a bimodal peak (early and late season) while Dipteran activity showed a unimodal peak (Figure 4).

[image: Line graphs showing insect visitation by Diptera and Hymenoptera during dry-and-moist, dry, and moist conditions in 2022 and 2023. Visitation peaks in early and late season, with distinct trends for each order.]
Figure 4 | GAMM predictions (smooth trendlines) and daily means (points) for the number of observed insect visits per 10-minute visitor observation. For better visualization, the y-axis was limited not to exceed 13 (a few points were above this value and are not displayed in the plot). Because Dipterans and Hymenopterans made up 98.8% of the insect visits, other orders were excluded from this plot. The first row shows Dry and Moist communities combined, while the second and third rows show the individual communities, separated by visitor order. The dashed trendline (Both) is the sum of predicted visits by Diptera and Hymenoptera. Grey vertical lines mark the beginning of each study week.

To connect floral resources and visitation rates, we focused on five plant species for which we had the most floral density and visitation data: Arctous alpina (AA), Dryas octopetala (DO), Kalmia procumbens (KP), Rhododendron tomentosum (RT), and Vaccinium vitis-idaea (VVI). Flowering occurred sequentially, beginning with the earliest species, A. alpina, followed by D. octopetala and K. procumbens, then R. tomentosum, and finally, V. vitis-idaea (Figure 2A). Flowering in Arctous alpina peaked (i.e. flowered in the greatest proportion of plots) between weeks three and four (DOY 163-176) in both study years (Supplementary Figure 1). With respect to visitation rates, A. alpina was visited almost exclusively by Hymenopterans, specifically bumblebees (97% of visits in 2022 and 100% of visits in 2023) (Figure 2B). Dryas octopetala peaked between weeks four and five (DOY 170- 183, June 19-July 2) (Supplementary Figure 2) and was visited primarily by Dipterans (2022: 97% Dipterans vs 3% Hymenopterans; 2023: 95% Dipterans vs 5% Hymenopterans) (Figure 2B). Kalmia procumbens peaked between weeks four and five (DOY 170-183, June 19-July 2; Supplementary Figure 3) and received visits from both Hymenopterans and Dipterans, although Hymenopterans dominated in both study years (2022: 85% Hymenopterans vs. 15% Dipterans; 2023: 67% Hymenopterans vs. 33% Dipterans) (Figure 2B). Interestingly, in 2023 K. procumbens received more visits from bees early during flowering, while flies were more common at the end of flowering (Supplementary Figure 3). Rhododendron tomentosum peaked between weeks five and seven (DOY 177-197, June 26-July 16) (Supplementary Figure 4) and was visited exclusively by Dipterans in both years (Figure 2B). Vaccinium vitis-idaea flowered the latest of the five focal species between weeks six and eight (DOY 184-204, July 3-July 23) (Supplementary Figure 5) and was visited primarily by Hymenopterans, although we found substantial interannual variation (2022: 50% Hymenopterans vs. 50% Dipterans; 2023: 96% Hymenopterans vs. 4% Dipterans) (Figure 2B).




3.3 Plant-insect visitor network

In 2022, we collected 255 insect specimens belonging to 5 orders and 28 families. In 2023, we collected 283 specimens and recorded an additional 127 confirmed visitation events by individual identifiable insects, totaling 410 observed interactions (Supplementary Table 4). In both years, the majority of insects belonged to Diptera (69%) and Hymenoptera (24%). Within these orders, the most abundant insect families were Syrphidae, Muscidae, and Apidae. Remaining collections/observations belonged to Order Lepidoptera, Coleoptera, Hemiptera, and Trichoptera (7%). While we constructed our networks at the insect family level, we were able to identify some insect taxa to higher taxonomic levels. For example, we collected eight species of Bombus within the Apidae family. Bombus jonellus and B. sylvicola were the most common species in both years. We also collected individuals of B. cryptarum, B. johanseni, B. kirbiellus, B. natvigi, B. neoboreus, and B. polaris. Although Coleopterans comprised a minority of collected specimens (<2%) and recorded visits, lady beetles (Coccinellidae: Hippodamia arctica), flower beetles (Cantharidae), and weevils (Curculionidae) were also found in both community types (Supplementary Table 4).



3.3.1 2022 cumulative static network

The 2022 cumulative, static network consisted of 41 plant species, 28 insect families, and 128 unique plant-insect links (Supplementary Figure 6). All computed network metrices differed significantly from the null models including connectance (C = 0.11, z = 7.94, p< 0.001), nestedness (N = 4.71, z = -2.59, p< 0.001; NODF = 44.61, z = 8.97, p< 0.001), and links per species (L¯
 = 1.86, z = 7.60, p< 0.001) (Table 1). Bistorta officinalis, Rhododendron tomentosum, and Salix pulchra were visited by the greatest number of insect families. Syrphidae, Muscidae, and Apidae interacted with the greatest number of plant species.


Table 1 | Summary of cumulative and sub-set static network indices for each year.
	Year
	Site
	Comm.
	Plant
	Insect
	Links
	C
	N
	NODF
	H2’
	Q
	



	2022
	T, I
	Cumu.
	41
	28
	128
	0.11*
	4.71*
	44.61*
	NA
	NA
	1.86*


	2023
	T
	Cumu.
	26
	31
	123
	0.15*
	7.29
	45.67
	0.34*
	0.30*
	2.16*


	2023
	T
	Dry
	19
	22
	85
	0.20*
	10.98
	53.50
	0.32*
	0.31*
	2.07*


	2023
	T
	Moist
	17
	18
	51
	0.17*
	9.26
	39.21
	0.45*
	0.40*
	1.46





T, Toolik; I, Imnavait; Comm., community type; Cumu., cumulative; Plant, number of plant species; Insect, number of insect families; Links, total number of links; C, Connectance (0-1); N, Nestedness (0-100); NODF, Nestedness based on Overlap and Decreasing Fill (0-100); H2, Network-level specialization (0-1); Q, Modularity (0-1); L, mean number of links per plant species insect family. H2’ and Q values only apply to the weighted (2023) network.*indicates significant difference from null models at p< 0.05.






3.3.2 2023 cumulative static network

The 2023 weighted, cumulative, static network consisted of 26 plant species, 31 insect families, and 123 unique links (Figure 5). Connectance (C = 0.15, z = -5.42, p< 0.001), network-level specialization (H2’ = 0.34, z = 10.64, p< 0.001), modularity (Q = 0.30, z = 12.91, p< 0.001) and links per species (L¯
=
 2.16, z = -5.1, p< 0.001) all differed significantly from the null models. In contrast, neither metric of nestedness differed significantly from the null models (Supplementary Table 5). The core of plant species was similar, but not identical, to that of 2022. Three plant species were visited by the greatest number of insect families: Bistorta officinalis, Dryas octopetala, and Rhododendron tomentosum. The core of insect families was identical to that of 2022: Muscidae, Apidae, and Syrphidae interacted with the most plant species (Figure 5). We found evidence for modularity as several plant species were visited primarily or exclusively by bumblebees (Apidae) including Arctous alpina, Chamerion latifolium, Kalmia procumbens, and Vaccinium vitis-idaea. In contrast, the core plant species (B. officinalis, D. octopetala, and R. tomentosum) were primarily visited by Muscidae and Syrphidae, and to a lesser degree other Dipteran families including Culicidae, Empididae, and Fanniidae.

[image: A grid with plant species listed in rows and insect family names in columns, showing various gray shades to indicate relationships or interactions. Darker shades represent stronger relationships.]
Figure 5 | Weighted, cumulative (Dry and Moist combined) static plant-insect visitation matrix based on the log number of visits observed during the 2023 growing season. Plant species are represented on the y-axis and insect families are on the x-axis. A filled box indicates an observed link between a plant and insect. Shading indicates the frequency of the interaction measured by the log number of visits [log(visits+1)]. Each matrix is organized in a nested fashion such that the most generalized species/families occur at the top left and interact with the most partners.




3.3.3 2023 dry and moist static networks

The weighted, static networks for dry (Figure 6) and moist (Figure 7) communities were structurally similar to the cumulative network. For example, Bistorta officinalis and Rhododendron tomentosum formed the core of plant species in both networks, although R. tomentosum was more generalized in Moist than Dry (i.e. higher frequency of links with a greater number of insect families) (Figures 6, 7). Other core species consisted of Dryas octopetala and Geum glaciale in Dry and Tephroseris frigida and Stellaria borealis in Moist.

[image: A grid chart displaying interactions between twenty plant species and various insect families. Plant species, such as Bistorta officinalis and Dryas octopetala, are listed on the left, and insect families like Apidae and Muscidae are listed on the bottom. Shaded squares indicate interactions, with varying shades representing different interaction strengths.]
Figure 6 | Weighted, subset (dry heath tundra) static plant-insect visitation matrix based on the log number of visits observed during the 2023 growing season in. Plant species are represented on the y-axis and insect families are on the x-axis. A filled box indicates an observed link between a plant and insect. Shading indicates the frequency of the interaction measured by the log number of visits [log(visits+1)]. Each matrix is organized in a nested fashion such that the most generalized species/families occur at the top left and interact with the most partners.

[image: Grid displaying the interaction between plant species (y-axis) and insect families (x-axis), with shades representing interaction strength. Darker shades indicate stronger interactions, notably between Bistorta officinalis and Muscidae.]
Figure 7 | Weighted, subset (moist acidic tundra) static plant-insect visitation matrix based on the log number of visits observed during the 2023 growing season. Plant species are represented on the y-axis and insect families are on the x-axis. A filled box indicates an observed link between a plant and insect. Shading indicates the frequency of the interaction measured by the log number of visits [log(visits+1)]. Each matrix is organized in a nested fashion such that the most generalized species/families occur at the top left and interact with the most partners.

The dry network included more plant species (19 Dry vs. 17 Moist), insect families (22 vs. 18), and links (85 vs. 51) than the moist network (Table 1). Although ten plant species (38%) were active in both communities, nine plant species (35%) were restricted to Dry and seven species (27%) were restricted to Moist (Figures 6, 7).

The core of insect families was also similar in both communities: Apidae, Muscidae, Syrphidae, and Culicidae. However, Apidae was more generalized in Dry owing to frequent interactions with plant species that occur exclusively in the dry community such as Chamerion latifolium, Kalmia procumbens, and Arctous alpina (Figure 6). Twelve insect families were collected in both communities (39%) while ten (32%) and six (19%) were only found in Dry and Moist, respectively. For example, Empididae was only found in Dry and Dolichopodidae was only found in Moist (Figures 6, 7).

Connectance, specialization, and modularity differed significantly from those of null models in both communities (Dry C = 0.20, z = -3.95, p< 0.001, Moist C = 0.17, z = -1.87, p< 0.05; Dry H2’ = 0.32, z = 11.84, p< 0.001, Moist H2’ = 0.45, z = 2.05, p< 0.05; Dry Q = 0.31, z = 12.21, p< 0.001, Moist Q = 0.40, z = 2.93, p< 0.01). In contrast, neither metric of nestedness differed significantly from those of the null models in either community. Links per species differed significantly from those of the null models only in Dry (L¯
=
 2.07, z = -3.72, p< 0.001).




3.3.4 Temporal patterns and 2023 dynamic networks

Over the growing season, we observed a buildup and decline in network size reflected through the number of plant species, insect families, and links. The size of the cumulative, dynamic network gradually increased until a peak during week six (DOY 184-190, July 3-July 9), then decreased over the next four weeks (Figure 8). In this way, the duration of network buildup was longer than the duration of network decline. We also found that the number of plant species and links in Dry peaked during week four (DOY 170-176, June 19-June 25) compared to week six (DOY 184-190, July 3-July 9) in Moist. The temporal pattern in the number of insect families was even more distinct between communities; Dry peaked in week four (DOY 170-176, June 19-June 25) and Moist peaked in week eight (DOY 198-204, July 17-July 23) (Figure 8).

[image: Nine line graphs show trends over days of the year for plant species, insect families, and ecological metrics (C, N, NODF, H2', Q, L̅). Three lines represent total, dry, and moist communities. Each graph illustrates variations in data by community type over time.]
Figure 8 | Network indices for the 2023 dynamic network. Grey vertical lines mark the beginning of each study week. Total refers to the cumulative dynamic network, Dry and Moist refer to the subset dynamic networks. C = Connectance (range 0-1), N = nestedness (0-100), NODF = Nestedness based on Overlap and Decreasing Fill (0-100), H2’ = network-level specialization (0-1), Q = quantitative modularity (-1-1), and L¯
 = mean number of links per plant species-insect family.

In the cumulative network, connectance peaked at the beginning and end of the season, reaching a minimum during week six (DOY 184-190, July 3-July 9) (Figure 8, Supplementary Table 5). Nestedness was highest between weeks two and four (DOY 156-176, June 5-June 25), and again during weeks eight and nine (DOY 198-212, July 17-July 31). Network-level specialization (H2’) increased slightly over the growing season, while modularity (Q) peaked during week six (DOY 184-190, July 3-July 9). The mean number of links (L¯
) showed a gradual increase and decline, peaking in week four (DOY 170-176, June 19-June 25). Network metrices for the dry and moist communities often mirrored trends in the cumulative community. However, the moist community had higher H2’ and Q, and lower L¯
 than the dry. These patterns in specialization and modularity were most pronounced at the end of the growing season (Figure 8, Supplementary Table 5).





3.4 Sampling estimates

In both the cumulative and subset networks, sampling completeness and coverage were higher for plants and visitors than links (Supplementary Figures 7 and 8). Specifically in the 2023 cumulative static network, sampling coverage was highest for plants (99%) and visitors (97%), and lowest for links (84%). In other words, we sampled 99% of the plants and 97% of the floral visitors present, but only 84% of the interactions. Similarly, median sampling coverage by week in the cumulative dynamic network was higher for plants (98%) and visitors (90%) than links (76%).

Sampling coverage in the subset static networks followed the same pattern: Dry plants (99%) and Dry visitors (97%) vs. Dry links (82%), Moist plants (99%) and Moist visitors (92%) vs. Moist links (72%). Median sampling coverage by week showed consistently higher coverage in Dry compared to Moist for plants (Dry = 96% vs. Moist = 86%), visitors (90% vs. 84%), and links (77% vs. 60%) (Supplementary Figure 8). From a temporal perspective, sampling coverage was more constant over the growing season for plants and visitors than links. That said, sampling coverage of plants, visitors, and links was lowest when network size peaked (weeks 6-7) (Supplementary Figure 8). These results suggest that our ability to capture the entire network was limited when the greatest number of plant species were in bloom.





4 Discussion

We tested three research questions examining floral resources, visitation rates, and network structure in two tundra plant community types. We found temporal differences in floral availability and visitation rates between community types. Network buildup also differed between communities, with the dry peaking before the moist.



4.1 Spatio-temporal patterns of floral resources

Floral density and the number of species in anthesis peaked earlier in Dry compared to Moist. We attribute differential timing in floral abundance to both abiotic conditions and community composition. Snow depth and duration are the most important factors differentiating tundra plant communities as they determine other important abiotic variables including soil temperature and moisture, thaw depth, and resource availability (Molau, 1993). The dry community is characterized by less snow accumulation and earlier snowmelt than the moist (Walker et al., 1994).

Timing of snowmelt and depth of snow are related to flowering phenology and abundance (Wipf and Rixen, 2010; Oberbauer et al., 2013; Semenchuk et al., 2016). For example, in the High Arctic, Bjorkman et al. (2015) found a strong relationship between timing of snowmelt and flowering phenology, particularly in early-flowering species. Species that occur in dryer habitats are exposed to lower snow cover and earlier melt-out than those growing in moister habitats. Physiological characteristics of early-flowering species may render them more frost hardy and able to flower in colder temperatures, characteristic of the early season (Semenchuk et al., 2013). In our sites, peak floral resource abundance in the dry community was driven by early-flowering species including Arctous alpina and Dryas octopetala. Such species can tolerate shallow and inconsistent snow cover during winter (Walker et al., 1994). Thus, early flowering species are adapted to early snowmelt associated with the dry community and drive the first flowering peak we observed.

In addition to snow regime, community composition explains differential timing in floral abundance. For example, within the dry community type, we observed two defined flowering peaks at the Imnavait site compared to one broader peak at the Toolik site. The evergreen shrub, Kalmia procumbens, helps explain this difference. At Toolik, K. procumbens flowered between early flowering species such as Arctous alpina and mid- to late flowering species such as Vaccinium vitis-idaea, consequently bridging the two flowering peaks. We did not see this pattern at Imnavait due to the absence of K. procumbens. Thus, the presence of a single species, especially one that has high floral density such as K. procumbens, can influence the community’s flowering peak.

With respect to the quantity and type of flowers, temporal differences between community types may result in more consistent floral resource availability for mobile pollinators than if flowering occurred synchronously. Differences in timing of snowmelt and heterogeneous snow depth across the landscape can lead to an overall longer flowering duration and increased temporal availability of resources (Gillespie and Cooper, 2022). In our study, important floral resources for insects in the early season (based on floral density) were Arctous alpina, Dryas octopetala, Kalmia procumbens, and Salix pulchra in the dry heath. These species produce valuable nectar and pollen resources for floral visitors (Williams and Batzli, 1982; Tiusanen et al., 2016; Khorsand et al., 2024). As flowering waned in these species, other species such as Rhododendron tomentosum, Bistorta officinalis, and Vaccinium vitis-idaea became increasingly important. All three of these species are considered mid- to late-flowering species at our sites and occur in both community types, corresponding with the second peak in the dry and the broad, singular peak in the moist. Thus, heterogeneity in the timing and taxa of floral resources lengthens the overall duration of resources available to insects. This turnover is important because the flowering season is inherently short and the duration of the season appears to be contracting in the High Arctic (Høye et al., 2013), although this pattern has not yet been empirically demonstrated in the Low Arctic. Given the potential for a shorter growing season, floral resource heterogeneity may provide a critical refuge for the pollinator community.





4.2 Insect visitor community and visitation rates

Dipterans and Hymenopterans accounted for the majority of observed visits and collected specimens. However, visitation by each insect order varied temporally over the growing season. Hymenopterans, predominantly bumblebees (Bombus spp.), showed bimodal visitation activity at the beginning and end of the season while Dipteran visitation was more stable and unimodal. Closely linked plant-pollinator phenology may explain the temporal differences in visitation activity (Bartomeus et al., 2011 and 2013). Bumblebees depend on floral resources for their entire life cycle in contrast to flies, whose larval diet does not depend on floral resources (Forrest, 2015; Raguso, 2020). In early spring, solitary queens emerge from overwintering diapause to forage and garner resources to produce broods of workers, then finally males and new queens (Williams et al., 2024). Near Atkasook, Alaska, queen bumblebees were observed in late May/early June, followed by workers in early to mid-July, and finally males and new queens in late July/early August (Williams and Batzli, 1982). In our study, we observed a similar temporal pattern of bumblebee activity aligning with caste emergence. Our collections and visitor observations indicate that emerging queens of multiple Bombus species feed on A. alpina and K. procumbens early in the season, presumably to support the production of eggs. We propose that the lull in bumblebee visitation during the mid-season flowering peak may correspond with the incubation of the first worker brood, during which time queen bumblebees are still responsible for maternal care of larvae in the nest (Gustilo et al., 2023). Then, during the mid- and late-season, V. vitis-idaea and C. latifolium provide critical resources for emerging workers, and later, males and new queens. In contrast, Dipteran larval development does not rely on floral resources, which may explain its stable activity through the growing season (Forrest, 2015; Raguso, 2020).

At the family level, muscid flies were more abundant (comprising the majority of insect collection) and collectively responsible for more links than any other insect family. Other Dipteran families including Syrphidae, Empididae, Fanniidae, and Culicidae were also abundant and generalized floral visitors. These findings corroborate other High Arctic and alpine studies that point to Dipterans, especially muscids and syrphids, as dominant floral visitors (Lundgren and Olesen, 2005; Robinson et al., 2018; Tiusanen et al., 2016). In addition to their ability to transport pollen (Pont, 1993; Skevington and Dang, 2002), Muscids are active for a long period of the growing season (Cirtwill et al., 2023), increasing the probability that they serve as effective pollinators in the Arctic. That said, our results demonstrate that bumblebees (Apidae) are also an important part of the plant-pollinator network on Alaska’s North Slope. In contrast to High Arctic studies in which bumblebees are rare (Elberling and Olesen, 1999; Olesen et al., 2008; Robinson et al., 2018) or absent (Burns et al., 2022; Gillespie and Cooper, 2022), our network was relatively species rich containing eight species of Bombus. Bumblebees carry significantly higher pollen loads than any other insect family with the exception of Muscidae (Khorsand et al., 2024; Khorsand unpublished data), suggesting they may be effective pollinators at our sites. Future research quantifying pollen loads on floral visitors and temporal patterns in pollen transport is necessary to determine the role of Muscidae and Apidae in our network.




4.3 Network complexity and structure

Temporal dynamics in flowering strongly influence network structure, particularly for networks that are sampled at a broader scale (weeks to months) (Schwarz et al., 2020), such as ours. We observed that network size, floral abundance and richness, as well as the number of insect families active in the cumulative network all peaked simultaneously. Network size parameters peaked earlier in the dry community compared to the moist community, also matching the temporal patterns in floral resource availability we recorded in the two plant community types. Previous studies in temperate and alpine systems have shown alignment between network structure and weekly floral changes (Burkle and Alarcón, 2011; Simanonok and Burkle, 2014), suggesting that changes in the network mirror changes in the plant community. In the High Arctic, Robinson et al. (2018) found that flower diversity in Nunavut was a stronger predictor of network complexity than the insect community. Gillespie and Cooper (2022) described build-up in Svalbard network complexity coinciding with peak flower production and insect visitation rates, followed by a period of network “stasis” as plant senescence occurred. In contrast, Pradal et al. (2009) found that the Greenlandic network collapsed at the end of the season instead of declining gradually, perhaps in response to the abiotic environment. That said, the authors also found a very high correlation between the disappearance of pollinators and disappearance of plants from the network. These studies, in conjunction with our current study, point to the diversity and abundance of floral resources as major drivers of network timing and complexity. Although abiotic factors such as air temperature influence plant phenology, biotic factors such as biodiversity may be more important in shaping network structure over time (Robinson et al., 2018).

The 2022 and 2023 cumulative static networks exhibited compositional and structural similarities despite sampling at different spatial scales. We restrict our interpretation of network metrices to 2023, as the 2022 network was constructed from opportunistic collections. Nevertheless, the shared taxonomic similarity between years highlights the consistency in plant-visitor interactions and community composition.

We found some key structural differences in our static networks compared to other Arctic plant species-insect family networks. First, our 2023 cumulative static network had higher plant and insect richness than observed networks in Abisko, Sweden (Elberling and Olesen, 1999), Uummannaq, Greenland (Lundgren and Olesen, 2005), Alexandra Fjord, Canada (Robinson et al., 2018), and Adventdalen, Svalbard (Gillespie and Cooper, 2022), all of which are at higher latitudes than our sites (see Table 2 in Gillespie and Cooper, 2022, but also see Olesen et al., 2008). Species richness of both plants and insects is expected to decrease with latitude (Willig, 2000; Orr et al., 2020). Second, our network exhibited lower connectance than all aforementioned High Arctic networks. Network size and connectance are inversely related (Olesen and Jordano, 2002), suggesting that in more speciose networks, fewer total possible links will be realized. We sampled in two community types, capturing higher plant species richness and consequently, a larger network. In addition, high temporal turnover of plant species can result in low network connectance. A network that is active for longer than one month will inevitably include plant species with non-overlapping phenologies (Basilio et al., 2006), leading to forbidden links, or links that cannot form because species are temporally separated (Olesen et al., 2011). Thus, a large network sampled over months and characterized by high species turnover will likely have lower connectance (Burkle et al., 2013), as we found at our sites. That said, we acknowledge that network size could be even larger and connectance lower if we accounted for insect species instead of family. Future plant-pollinator network studies are warranted in the Arctic, specifically at higher taxonomic resolution of insects.

While true specialization is rare in Arctic networks (Olesen and Jordano, 2002), our H2’ values were significantly higher than null model expectations. Other Arctic studies do not necessarily compute this network metric (Gillespie and Cooper, 2022), complicating a direct comparison. However, additional specialization metrices such as links per species were lower in our network (i.e. more specialized) than these studies. These findings suggest that while our network appears more specialized than other documented High Arctic networks, it is more generalized at the taxonomic level we examined compared to temperate and tropical networks (Olesen and Jordano, 2002). High generalization is expected at high latitudes (Olesen and Jordano, 2002). While our nestedness metrices did not significantly differ from null models, we observed moderate values and typical patterns of nestedness including a generalized ‘core’ and two ‘tails’ of more specialized plant species and insect families (Olesen et al., 2008). Other Arctic network studies have also reported high generalization and nestedness, corroborating our findings (Elberling and Olesen, 1999; Lundgren and Olesen, 2005; Olesen et al., 2008; Robinson et al., 2018; Gillespie and Cooper, 2022).

Within the generalized network, specific modules characterized by more specialized interactions emerged. Although our Q values for both the cumulative and subset static networks were moderate, modularity in these networks significantly exceeded the null models. High plant species turnover contributes to the formation of modules as temporal separation among plant species can lead to more specialized interactions (Schwarz et al., 2020). In addition, the presence of bumblebees (Bombus spp.) helps explain module formation in our network. Bumblebees dominated or were exclusively responsible for recorded visits to these four plant species: Arctous alpina, Kalmia procumbens, Vaccinium vitis-idaea, and Chamerion latifolium. Sequential flowering of these species provides consistent foraging resources for bumblebees over the growing season, thereby allowing the module to persist. In contrast to Apidae which showed strong preference for specific species and formed a clear module, we observed that the most abundant fly families had more generalized preferences and did not form clear modules. Thus, the turnover of floral resources coupled with the presence of specific pollinators and their unique life history may act synergistically to shape network structure.

Sampling approach and effort may also explain the observed patterns in connectance, specialization, and modularity. Any network study must acknowledge the difference between the ‘true’ network and the ‘observed structure’ (Vázquez et al., 2009), as the latter is inherently influenced by sampling effort and bias (Vázquez and Aizen, 2006; Jordano, 2016). Both species abundance and flowering duration can lead to oversampling some links more than others. In a generalist network, the most abundant species will have the highest frequency of interactions with the highest number of species. These abundant species will, therefore, appear more generalized than rare species. Other Arctic studies have reported that the most abundant plant and insect species with the longest phenophases shared the most interactions with other taxa (Olesen et al., 2008; Gillespie and Cooper, 2022). Conversely, rare species tend to comprise the specialized tails of the network (Olesen et al., 2008). We utilized a focal plant species observation method in 2023 to reduce the sampling bias towards abundant species. However, we observed species with longer phenophases more than species with short phenophases, which may contribute to the specialized tails in our network and corresponding low connectance. That said, our sampling coverage estimations demonstrate that we sampled the majority of links and more than 90% of plants and floral visitors. Unobserved links may be less critical in a seasonal network than in a short-term network (Schwarz et al., 2020).

One plant species, in particular, stands out as a key resource for floral visitors both from a spatial and temporal perspective. In the dry and moist networks, Bistorta officinalis formed the core of each network, attracted the most insect families, and received the most visits. Goldstein and Zych (2016) consider B. officinalis to be a “hub species” because it is a core resource for the insect visitor community. Furthermore, B. officinalis is the longest flowering species at our sites. Plants with longer phenophases tend to accumulate more links over time, leading to lower network specialization (Schwarz et al., 2020). Thus, as one of the core species, B. officinalis contributes substantially to the number of links and connectance in both dry and moist tundra, and may function as a network “connector” (Gonzalez et al., 2010). In addition, B. officinalis has been shown to be pollen-limited (Khorsand et al., 2024). Given this species’ dependence on floral visitors for fruit set, a long flowering phenophase may increase the number of interactions with floral visitors and facilitate reproductive success of this species.




4.4 Network resiliency in a warming Arctic

Spatio-temporally dynamic systems may promote network resiliency (Caradonna et al., 2017). Heterogeneity in floral resources, flexibility in resource use by insects, and overall diversity in network structure permit ‘rewiring’ of the network (Cirtwill et al., 2023). Previous studies have underscored the critical role rewiring plays in maintaining community structure and stability (Olesen et al., 2008; Kaiser-Bunbury et al., 2010; Staniczenko et al., 2010; Caradonna et al., 2017). As the intensity and frequency of extreme weather events become more common in the Arctic (Landrum and Holland, 2020), variation in habitat-specific abiotic conditions may increase, potentially altering plant community composition and foraging resources for insects. Low species diversity presents another challenge to Arctic networks in the face of climate change (Vasiliev and Greenwood, 2021). Habitat diversity and asynchronous flowering may buffer species from abiotic stressors and expand niche availability for plant-insect interactions to persist (Burkle et al., 2013; Carvell et al., 2017). In our study, network timing, size, and structure differed between the dry and moist communities, with each community offering favorable foraging habitat at different points of the growing season. Thus, spatio-temporal variation in floral resources and network generalization have the potential to protect the network from ongoing environmental extremes and disturbance. Even temporally co-occurring species can rewire the links of a network by switching interaction partners over time (Poisot et al., 2012). However, the core must remain stable to ensure the integrity and resiliency of the network (Cirtwill et al., 2023). A decline in a few core plant species and/or a few visitor families could affect the entire network. Thus, we argue that the existing diversity of our network, albeit low in a global context, is critical to its own persistence.





5 Conclusions

In conclusion, we show temporal differences in floral resource availability between plant community types. While the overall network was generalized with specific cases of modularity, we found temporal differences in the buildup and decline of network structure in each community corresponding with floral resource availability. These findings suggest that habitat variation is critical to the integrity of the plant-pollinator network and may buffer the system against the rapid changes associated with anthropogenic warming. Both bumblebees and muscid flies were key to the network, but had temporally distinct visitation rates. Given the importance of bumblebees as visitors to numerous plant species in the network and their short pulses of activity corresponding with life history, we emphasize the need for further research on bumblebee pollination in the Alaskan Arctic. This is particularly important because bumblebees form a specialized module within the generalized network. Consequently, bumblebee-pollinated plant species may be more susceptible if plant-pollinator mismatch occurs under the warming scenario.
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Introduction

To evaluate whether plant traits (nectar volume, concentration, sugar mass, flower fresh mass, and size) vary regionally in response to climate, we examined eight native New Zealand tree species. 





Methods

Flowers were sampled using micropipettes from seven sites across five climate zones spanning both main islands (37–45°S/170–177°E) after having been bagged for 24 hours. Trait data were standardized (0–1 scale) and pooled into a global dataset for cross-species analysis. We used linear regression to assess correlations between plant traits across and within species, followed by parametric and non-parametric tests to examine regional variation. Generalized additive mixed models (GAMMs) were applied to model trait responses to regional climate factors, identifying significant correlations within and across species. 





Results

Sampling yielded 4,276 flowers and 2,240 μL of nectar from 164 trees. Nectar volume ranged from 0.3–72 μL, concentration from 0.4–53°Brix, sugar mass from 0.01–13 mg, flower fresh mass from 4–1116 mg, and flower size from 4–54 mm. Across species, nectar concentrations were generally higher in drier regions (Canterbury and Hawke’s Bay) located in the rain shadow of axial mountain ranges on New Zealand’s east coast. Nectar volumes and flower masses were greatest in Dunedin, likely influenced by high relative humidity and low sunshine hours. In Nelson-Tasman and Marlborough, flowers were larger, but this trend was unexplained by climatic factors. Within species, plant traits exhibited regional variation, with highly species-specific trait relationships. GAMMs revealed significant climate-trait correlations in 87.5% of species, with climate variables explaining 18–84% of regional variation. Annual sunshine hours and rainfall had the strongest effects, and South Island nectar contained the highest sugar amounts in 67% of species. 





Discussion

Although no uniform trend was evident across species, nectar volumes tended to be lower in sunnier regions, while flowers were larger and nectar concentrations higher in drier areas. Future studies should examine closely related species with larger sample sizes per region, ideally incorporating microclimate data from standardized measurement periods prior to sampling.





Keywords: flower traits, regional variation, Pittosporum, Sophora, Fuchsia, Metrosideros, Leptospermum, Cordyline





1 Introduction

Abiotic regional differences exert various pressures on local plant populations, leading to genotypic and phenotypic variation, such as changes in flower size (e.g. Domínguez et al., 1998; Hattori et al., 2015; Garcia et al., 2021). Interspecific variability in nectar volume and composition among plant species is well-documented (e.g. Percival, 1961; Baker and Baker, 1983; Palmer-Young et al., 2018), but intraspecific variation in nectar characteristics remains less well-understood (Lanza et al., 1995).

Other than being influenced by biotic factors such as microbial colonization and animal pollinator visits (e.g. Herrera et al., 2008; Keasar et al., 2008; Mittelbach et al., 2015), nectar characteristics may vary within species due to environmental factors such as solar radiation (e.g. Shuel, 1952; Pleasants, 1983; Boose, 1997), ambient humidity/vapor pressure (e.g. Shuel, 1952; Chabert et al., 2020), air temperature (e.g. Shuel, 1952; Clearwater et al., 2018; Noe et al., 2019), rainfall/plant water status (e.g. Wyatt et al., 1992; Keasar et al., 2008; Clearwater et al., 2018), and soil nutrient concentrations (e.g. Nickless et al., 2017).

Solar radiation has a strong and consistent influence on nectar production and sugar secretion across multiple plant species. In controlled glasshouse experiments with Trifolium pratense L. (red clover, Fabaceae), increased solar radiation was found to be highly and directly correlated with nectar sugar secretion (Shuel, 1952). Nectar sugar production in Ipomopsis aggregata (Pursh) V.E. Grant (scarlet gilia, Polemoniaceae) was shown to decrease by 47% over 24 hours on overcast days compared to sunny days, reinforcing earlier findings (Pleasants, 1983). In greenhouse-grown Epilobium canum (Greene) P.H. Raven (California fuchsia, Onagraceae), nectar production rates were significantly influenced by light availability, with plants grown under a 70% reduction in ambient light producing 27% less nectar than controls (Boose, 1997). Solar radiation also accounted for significant between-site (n = 5) variation in nectar sugar amount and composition in wild-grown Leptospermum scoparium L. (mānuka, Myrtaceae) in New Zealand (Noe et al., 2019).

Atmospheric moisture conditions, such as vapor pressure and vapor pressure deficit (VPD), can influence nectar concentration and volume, though effects vary by species. Higher vapor pressure during the 12 hours prior to nectar extraction was found to be strongly inversely correlated with nectar concentration in red clover, accompanied by a highly significant, though weaker, direct correlation with nectar volume (Shuel, 1952). In contrast, a positive relationship between nectar concentration and vapor pressure deficit was reported when nectar secretion was studied in 34 sunflower (Helianthus annuus L., Asteraceae) hybrids under controlled environmental conditions (Chabert et al., 2020).

Air temperature can influence nectar traits, though its effects may depend on timing, species, and interaction with other environmental factors. Investigations into the effects of air temperature on nectar production in red clover revealed no significant differences between plants exposed to a mean night temperature of 60°F and those at 70°F under similar daytime conditions (Shuel, 1952). In contrast, night-time temperature was found to contribute partially to intraspecific nectar variation in Leptospermum scoparium, with air temperature and solar radiation together explaining 80% of site variation (Noe et al., 2019). Nectar sugar amounts in the same species were also positively correlated with the daytime temperature of the preceding day rather than the day of collection (Clearwater et al., 2018).

Water availability, rainfall, and soil conditions significantly influence nectar production, often in interaction with plant genotype and species-specific responses. Nectar production rates in Epilobium canum were also found to be significantly influenced by water availability, with plants grown under reduced watering over a 14-week period—receiving only 25% of the water given to controls—producing 26% less nectar (Boose, 1997). Similarly, drought stress reduced sugar production in Silphium perfoliatum L. (cup plant, Asteraceae) (Mueller et al., 2020), and both nectar volume and total sugar amounts in Epilobium angustifolium L. (fireweed, Onagraceae), although concentration remained unchanged (Carroll et al., 2001). In contrast, some species such as Ipomopsis longiflora (Torr.) V.E.Grant (flaxflowered gilia, Polemoniaceae) (Villarreal and Freeman, 1990) and Leptospermum scoparium (Clearwater et al., 2018) showed little or no response to lower water availability. Other studies have reported positive effects of rainfall on nectar volumes the day prior to sampling (Wyatt et al., 1992; Keasar et al., 2008). In one such experiment, simulated rainfall equivalent to 10 cm increased nectar volume and sucrose amounts approximately twofold in Asclepias syriaca L. (common milkweed, Apocynaceae) (Wyatt et al., 1992). Variation in nectar volumes also appears to have a heritable component, as shown in Echium vulgare L. (viper's bugloss, Boraginaceae) genotypes, although water availability significantly influenced nectar output as well (Leiss and Klinkhamer, 2005). Increased water availability particularly boosted nectar production in genetically low-producing lines, highlighting a genotype-by-environment interaction. High-nectar lines exhibited greater root mass and drought resilience, maintaining higher nectar output under dry conditions. Field observations further indicated that additional watering increased nectar production across all genetic lines. In New Zealand, regional nectar variation in Leptospermum scoparium has been attributed to both environmental and phylogenetic influences (Williams, 2012), a conclusion supported by subsequent findings (Noe et al., 2019). Additionally, soil type variation was shown to interact with genotype to influence nectar yield in three Leptospermum scoparium cultivars, despite soil type alone having no significant effect on nectar composition or production (Nickless et al., 2017).

Nectar research in New Zealand has often focused on the contribution of nectar to pollinator energetics, incorporating a limited number of plant species and sites, or relying on estimated rather than measured nectar values (Whitaker, 1987; Rasch and Craig, 1988; Butz Huryn, 1995; Castro and Robertson, 1997; Ladley et al., 1997; Murphy and Kelly, 2003; Ausseil et al., 2018), with the exception on nectar variation in Leptospermum scoparium, based on the species being highly valuable for the honey industry (e.g. Nickless et al., 2017; Clearwater et al., 2018; Noe et al., 2019).

One reason for the lack of information on regional variation in nectar production by individual species is the difficulty of collecting nectar samples. Accurately sampling nectar, given its dynamic nature and the multitude of influencing floral factors, presents significant challenges for research (e.g. Petit et al., 2011; Faegri and van der Pijl, 2013; Brito Vera and Pérez, 2024).

Given these challenges, our study aims to examine the influence of various abiotic factors on the nectar traits of native New Zealand tree species, utilizing the country’s diverse climatic zones, which range from warm temperate in the north to cooler temperate in the south, influenced by a broad latitudinal range and complex geography (Kidson, 2000; NIWA, 2018). This unique setting allows us to explore nectar trait variability across different environmental conditions.

Building on previous studies that show the impact of environmental factors on nectar traits, we questioned the extent to which common New Zealand species vary in their nectar-related responses across different climatic regions. Understanding this variation could help scale nectar production across landscapes. It also raises important questions about the reliability of using species averages to predict nectar abundance and composition and whether environmental variables should be included in models predicting nectar availability across landscapes.

Our study aims to clarify the influence of climate on nectar (volume, sugar, concentration) and floral (flower fresh mass and size) traits (grouped as ‘plant traits’) variation in common tree species across diverse coastal climate zones in New Zealand. We hypothesized that relationships between (1) climate drivers and plant traits, and (2) floral and nectar traits would be consistent across species. For climate effects, we expected that (a) nectar volumes would be highest in regions with high humidity due to nectar’s hydrophilic nature; (b) nectar concentrations would be highest in the driest regions, particularly on the east coasts of both islands, where limited precipitation and higher evaporation rates are common; and (c) nectar sugar mass, flower fresh mass, and flower size would be highest in regions with the most sunshine hours, which support photosynthesis and the growth of larger, sugar-rich flowers.




2 Materials and methods



2.1 Study sites

Sampling was conducted across eight New Zealand sites between 37–45°S and 170–177°E (Table 1 & Figure 1). On New Zealand’s North Island, we sampled Auckland (north), Taranaki (west), Hawke’s Bay (east), and Wellington (south). On the South Island, we collected flowers from Nelson-Tasman/Marlborough (north), West Coast (west), Canterbury (east), and Dunedin (south). Due to insufficient sample sizes, we excluded the West Coast site from further analysis.


Table 1 | Overview of sample sites (with all species sampled across all sites; n trees/sp. ~ 3), climatic 30-year norms (NIWA, 2018), and sampling details, with ‘MAR’, mean annual rainfall in mm/a; ‘MAT’, mean annual air temperature in °C; ‘MRH’, mean annual relative humidity in %; ‘MSH’, mean annual sunshine hours; ‘LAT’, latitude in °S; ‘LON’, longitude in °E; ‘Flowers emptied’, number of flowers sampled for nectar; ‘Flowers measured’, number of flowers measured for size; ‘Flowers weighed’, number of flowers weighed for fresh mass).
	Sample sites and climate
	Sampling amounts


	Site
	Climate zone
	MAR
	MAT
	MRH
	MSH
	LAT
	LON
	Trees
	Flowers
	Nectar


	mm
	°C
	%
	h
	°S
	°E
	n
	Emptied
	Measured
	Weighed
	µL



	Auckland
	Northern North Island
	1119
	15.6
	81
	2062
	36.8
	174.7
	22
	395
	398
	366
	5000


	Taranaki
	South-West North Island
	1683
	14
	85
	2197
	39
	174
	21
	466
	382
	618
	6147


	Wellington
	1249
	12.8
	79
	2110
	41.2
	174.7
	24
	410
	414
	560
	5132


	Hawke’s Bay
	Eastern North Island
	786
	14.6
	71
	2265
	39.5
	176.8
	23
	432
	423
	551
	5877


	Nelson-Tasman/Marlborough
	Northern South Island
	959
	12.7
	82
	2472
	41.2
	173.2
	26
	471
	483
	563
	6373


	Canterbury
	Eastern South Island
	594
	11.6
	81
	2143
	43.5
	172.6
	24
	428
	410
	628
	4578


	Dunedin
	968
	11.1
	85
	1681
	45.8
	170.5
	24
	620
	489
	990
	11334







[image: Map of New Zealand with regions labeled: Taranaki, Wellington, Nelson-Tasman & Marlborough, Auckland, Hawke’s Bay, Canterbury, and Dunedin. Each region is linked to a bar chart showing four data sets: MAR/100, MAT, MRH/10, and MSH/100. Each region's chart displays different values for the data sets. North and south orientation indicated with compass.]
Figure 1 | Geographical locations and regional climate data of the seven sampling sites in New Zealand’s six climate zones (orange dots; climate zones labeled in blue, simplified zoning boundaries in alignment with suggested areas by Kidson, 2000). Latitude (°S) and longitude (°E) coordinates are provided. Regional mean annual climate data is displayed for each site, with transformed scales for consistency: blue bars (MAR/100) represent mean annual rainfall (mm*100), red bars (MAT) indicate mean annual temperature (°C), gray bars (MRH/10) show mean annual relative humidity (%*10), and yellow bars (MSH/100) denote mean annual sunshine hours (h*100).

Because each site was sampled multiple times over two flowering seasons (2019/20) based on each species’ phenology—which peaked at different times along a north-to-south gradient (37°S to 45°S, spanning approximately 1,500 km)—we opted to use annual mean climate data in our analysis to examine plant trait variation in relation to general climate rather than daily weather. This approach simplified the identification of broad trends, avoiding the considerable complexity of analyzing daily microclimate data from 164 samples across seven sites and eight species. Although this method may mask some underlying effects, it still provides a resolution of results suitable for discussing overall trends.

In the seven analyzed sites, the annual mean air temperature (MAT) ranged from 11.1–15.6 °C, the annual mean relative humidity (MRH) from 71–85%, the annual sunshine hours (MSH) from 1681–2472 hours, and the annual mean rainfall (MAR) from 594–1683 mm (based on 30-year norms, 1981–2010, for each sample region, NIWA, 2018). The sample sites fell within five of the six climate zones identified by Kidson (2000) (Table 1 & Figure 1).




2.2 Species

Based on their broad distribution across New Zealand (Martin, 1961), this study analyzed eight species (Figure 2). The selected species included three Asterids: karo (Pittosporum crassifolium Banks & Sol.; henceforth abbreviated as ‘PC’ in figures and tables, Pittosporaceae), kōhūhū (Pittosporum tenuifolium Gaertn.; ‘PT’), and tarata (Pittosporum eugenioides A. Cunn.; ‘PE’). Additionally, we sampled four Rosids, including three members of the Myrtales: kōtukutuku (Fuchsia excorticata L. f.; ‘FE’, Onagraceae), pōhutukawa (Metrosideros excelsa A. Cunn. ex G. Don; ‘ME’, Myrtaceae), and mānuka (Leptospermum scoparium J. R. Forst. & G. Forst.; ‘LS’, Myrtaceae), and one member of the Fabales: kōwhai (Sophora microphylla Aiton; ‘SM’, Fabaceae). Lastly, we analyzed tī kōuka (Cordyline australis Forster; ‘CA’, Asparagaceae), representing monocotyledons.

[image: A multi-panel image showcasing different plant species, with headers for each column: Plant, Inflorescence, and Flower. Rows depict Mānuka, Kōhūhū, Kōtukutuku, Pōhutukawa, Tarata, Karo, Kōwhai, and Tī kōuka, each with their scientific names. Inflorescences and flowers are highlighted, often with bees or arrows indicating specific features. Each has a scale bar for size reference.]
Figure 2 | Photos of the eight sampled species (rows), with columns showing the overall appearance, whole flower or inflorescence, and a detailed close-up of its nectar secretion with arrows indicating the location of nectar within the flower (photographs: JD) and bars indicating the shown structure’s size. The scale bars in the left column (‘Plant’) represent 5 cm, while all other scale bars indicate 5 mm.




2.3 Sampling

We sampled all eight species across seven sites with an average of three trees per species at each site, totaling 164 trees (Tables 1–3, Supplementary Tables S1a–h). Across all sample sites, we collected flowers from 18 trees each from tī kōuka and kōhūhū, 19 trees from tarata, 20 trees each from mānuka and pōhutukawa, 21 trees each from karo and kōwhai, and 27 trees from kōtukutuku. The sampled individuals were predominantly naturally occurring wild plants growing in parks and forest reserves. Some individuals may have been planted, but ornamental cultivars were excluded. During each species’ peak anthesis period (iNaturalist, 2018–20; Newstrom-Lloyd, 2013) in the spring and summer of 2019 and 2020, we selected 20–40 fully opened flowers from each tree, totaling 340–889 flowers per species and 4,276 flowers overall.


Table 2 | Overview of species–specific sampling ranges (top row) and means (± standard deviation; bottom row) across individuals.
	Species
	Nectar
	Flowers


	Name
	Trees
	Samples
	Sugar/ Flower
	Concentration
	Volume/ Flower
	Fresh mass
	Size
	Per nectar sample
	Nectar removed from
	Weighted/ Tree
	Measured/ Tree


	n
	n
	(mg)
	(Brix)
	(µL)
	(mg)
	(mm)
	n
	n
	n
	sum
	n



	Cordyline australis
	18
	18
	0.03–0.44
	1–12
	2–4
	8–34
	5–9
	15–20
	345
	20–50
	440
	16–33


	0.2 ± 0.1
	6 ± 3
	3 ± 1
	19 ± 6
	7 ± 1
	19 ± 2
	24 ± 10
	20 ± 3


	Fuchsia excorticata
	27
	27
	0.04–7.11
	2–25
	2–47
	68–512
	10–28
	5–44
	492
	6–50
	633
	11–38


	3.3 ± 2.4
	13 ± 6
	23 ± 13
	240 ± 91
	18 ± 5
	18 ± 10
	23 ± 13
	19 ± 6


	Leptospermum scoparium
	20
	20
	0.01–0.6
	1–15
	0–9
	13–86
	9–17
	20–40
	460
	19–40
	519
	18–40


	0.2 ± 0.2
	6 ± 4
	3 ± 2
	40 ± 15
	14 ± 2
	23 ± 7
	26 ± 9
	22 ± 6


	Metrosideros excelsa
	20
	20
	1.4–12
	7–51
	4–47
	163–463
	25–41
	20–40
	510
	17–188
	889
	9–40


	5.1 ± 3.1
	24 ± 12
	25 ± 11
	243 ± 92
	33 ± 3
	26 ± 8
	49 ± 53
	23 ± 9


	Pittosporum crassifolium
	21
	21
	0.1–3
	1–26
	2–16
	19–146
	8–10
	8–30
	396
	8–40
	441
	7–20


	0.8 ± 0.8
	12 ± 7
	7 ± 4
	82 ± 34
	9 ± 1
	19 ± 5
	21 ± 8
	16 ± 5


	Pittosporum eugenioides
	19
	19
	0.1–0.7
	2–25
	2–6
	4–33
	8–14
	15–20
	370
	15–40
	469
	11–22


	0.2 ± 0.1
	8 ± 6
	3 ± 1
	16 ± 6
	11 ± 2
	19 ± 2
	25 ± 9
	18 ± 3


	Pittosporum tenuifolium
	18
	18
	0.02–1
	0–27
	1–6
	40–97
	4–9
	10–20
	258
	10–40
	340
	10–28


	0.3 ± 0.2
	9 ± 8
	4 ± 1
	66 ± 17
	7 ± 1
	14 ± 4
	19 ± 10
	14 ± 5


	Sophora microphylla
	21
	21
	0.7–13
	6–53
	5–72
	338–1116
	31–54
	10–30
	391
	10–60
	545
	10–60


	7 ± 3
	25 ± 13
	34 ± 18
	756 ± 213
	46 ± 7
	19 ± 5
	26 ± 13
	19 ± 10








Table 3 | Overview of species’ mean site trait minima (‘min’) and maxima (‘max’) values, given are absolute values by species with the abbreviation of the respective site within brackets as follows: A, Auckland; C, Canterbury; D, Dunedin; H, Hawke’s Bay; N, Nelson-Tasman/Marlborough; T, Taranaki; and W, Wellington.
	Species
	Nectar
	Flowers


	Volume
	Sugar
	Concentration
	Mass
	Size


	(µL)
	(mg)
	(°Brix)
	(mg)
	(mm)



	 
	min
	-
	max
	min
	-
	max
	min
	-
	max
	min
	-
	max
	min
	-
	max


	Cordyline
australis
	2
	(H)
	–
	4
	(D)
	0.1
	(A/T)
	–
	0.3
	(D)
	2
	(A)
	–
	10
	(H)
	14
	(T)
	–
	25
	(H/W)
	5
	(N)
	–
	9
	(D)


	Fuchsia
excorticata
	12
	(C)
	–
	34
	(H)
	2
	(D)
	–
	5
	(W)
	8
	(D)
	–
	20
	(W)
	12
	(C)
	–
	314
	(D)
	14
	(T)
	–
	26
	(N)


	Leptospermum
scoparium
	1
	(N)
	–
	7
	(D)
	0.1
	(H)
	–
	0.5
	(D)
	3
	(H)
	–
	8
	(D)
	24
	(H)
	–
	48
	(W)
	11
	(H)
	–
	17
	(N)


	Metrosideros
excelsa
	10
	(A)
	–
	35
	(D)
	3
	(A)
	–
	11
	(C)
	12
	(N)
	–
	43
	(C)
	176
	(H)
	–
	423
	(D)
	30
	(W)
	–
	38
	(D)


	Pittosporum
crassifolium
	4
	(C)
	–
	14
	(D)
	0.2
	(C)
	–
	2.5
	(D)
	6
	(N)
	–
	20
	(D)
	19
	(H)
	–
	118
	(N)
	8
	(C)
	–
	9
	(D)


	Pittosporum
eugenioides
	3
	(A)
	–
	6
	(W)
	0.1
	(D)
	–
	0.4
	(C/H)
	3
	(W)
	–
	16
	(H)
	8
	(A)
	–
	27
	(D)
	9
	(A)
	–
	13
	(C)


	Pittosporum
tenuifolium
	2
	(H)
	–
	6
	(A)
	0.1
	(A)
	–
	0.6
	(T)
	2
	(A)
	–
	21
	(T)
	45
	(H)
	–
	97
	(T)
	7
	(D)
	–
	8
	(C)


	Sophora
microphylla
	20
	(C)
	–
	54
	(H)
	3
	(A)
	–
	9
	(H)
	9
	(A)
	–
	42
	(C)
	573
	(D)
	–
	866
	(A)
	37
	(D)
	–
	52
	(N)







Our study aimed to maximize reproducibility and accuracy in measuring nectar volumes while accounting for field conditions. Measuring environmentally available nectar (‘standing crop’) poses a significant challenge, as flowers may be depleted entirely due to prior foraging. While this approach is valuable for understanding plant-pollinator interactions, it does not provide reliable data for investigating physiological nectar production processes, which was our primary focus. The removal-refill method, where the standing crop is removed initially, and bagged flowers are left to refill nectar under controlled conditions for a day, was also unsuitable due to practical limitations. Repeated probing with micropipette tips can damage delicate flower tissues, particularly when sampling on moving branches in field conditions. Moreover, species with small flowers requiring rinsing cannot be sampled reliably while remaining on the plant.

Therefore, we opted for a non-invasive approach, accounting for partially foraged nectar as a baseline (the standing crop) while introducing a controlled 24-hour accumulation period. To exclude nectar feeders during this period, we covered flowers with transparent synthetic organza bags and used transparent rain shields when necessary. The following day, we cut the flower-bearing branch ends from the plants and sealed them in damp paper tissue. We then processed the flowers immediately, working sequentially through each species to minimize any effects from the water supply change. During processing, we removed the nectar, measured each flower’s maximum dimension, and weighed them.

First, we randomly removed 20–40 suitable flowers and extracted their nectar using micropipettes. Nectar was pooled into a pre-weighed 1.5 mL vial (Eppendorf, Germany) assigned to the respective tree. We collected pure nectar from species with larger flowers, such as pōhutukawa, kōwhai, and kōtukutuku. For species with smaller flowers, we rinsed the flowers with 5–20 µL of distilled water to collect their smaller nectar amounts (Morrant et al., 2009). We worked on a hydrophobic plastic sheet to collect nectar solution runoff when rinsing these flowers.

Nectar mass was measured as the difference in mass between the empty and filled vials using a balance (MS120, Mettler Toledo, Switzerland, accuracy 1 mg). To convert nectar mass into volume, we required the nectar’s specific density which we gained via converting its measured concentration. To determine the net nectar mass of rinsed flower samples, we adjusted for the volume of water added by subtracting its mass (1 µL ~ 1 mg) from the total mass of the pre-weighed vial. We then determined the resulting dilution factor by calculating the ratio of net nectar volume to the volume of water added.

Nectar concentrations were measured in °Brix using a digital refractometer (Atago PAL-1 3810, Japan; accuracy: 0.1°) with 20–100 µL of pure nectar or nectar solution obtained from rinsed flowers. Using the previously calculated dilution factors, we adjusted the measured Brix values of the nectar solutions to account for the water added during rinsing. Sugar mass was derived from the measured Brix value, assuming that 1° Brix corresponds to 100 g of sugar per liter of solution; accordingly, 100 g of nectar with a Brix of 10° contains approximately 10% dissolved solids, equivalent to 10 g of sugar. Any remaining nectar was frozen for future analysis.

Flower size was measured with digital calipers. The dimension was defined for each species (see Figure 3): corolla diameter was measured for mānuka and tī kōuka, and corolla length for kōwhai, kōtukutuku, and Pittosporum species. The flower size of pōhutukawa is the total longitudinal lengths of the flower, summing the lengths of the capsule and the mean lengths of 20 measured filaments per inflorescence.

[image: Seven flowers are displayed, each measured with a black scale line. From left to right: white petals with yellow tips, pink tubular flower, white petals with green center, red spiky flower, white petals on pink background, dark pink closed buds, and an elongated yellow flower.]
Figure 3 | Methodology for measuring flower size per species, with the following species from left to right: tī kōuka Cordyline australis, kōtukutuku Fuchsia excorticata, mānuka Leptospermum scoparium, pōhutukawa Metrosideros excelsa, tarata Pittosporum eugenioides, karo Pittosporum crassifolium, also serving as a representative example for P. tenuifolium; Sophora microphylla. The scale bars indicate 5 mm.

Lastly, the mean flower mass was determined by weighing 20–40 flowers per tree using the same balance as for nectar mass and dividing their sum by the number of flowers weighed.





2.4 Data analysis

First, to evaluate general trends between plant traits across species, each species’ raw values (Supplementary Tables S1a–h) were standardized to a 0 to 1 scale and then pooled into a global dataset (n = 164 total samples). Plant traits included i) floral traits, such as flower fresh mass and flower size; and ii) nectar traits, such as volume, sugar amount, and concentration. The global dataset was then examined using linear regression analyses examining relationships between response variables (Table 4). Species-specific linear regression analyses (n = 18–27 samples/species) followed this investigating the consistency of intraspecific relationships between plant traits across species.

Second, to examine regional variation of each plant trait across species (n = 21–26 samples/region) using the global dataset, trait values initially underwent normality testing using Shapiro-Wilk tests and histograms. Based on the normality results, traits were then analyzed using either parametric tests (One-Way ANOVA with Tukey’s Honestly Significant Difference, HSD) or non-parametric tests (Kruskal-Wallis with Dunn’s test).

Third, we repeated this analysis species by species (~[3n/species]/site) to identify, whether intraspecific trends diverted from the global trends. Based on the small sample size of individuals per species per site, intraspecific results on regional variation have been treated with caution.

Fourth, due to the lack of uniformity of regional plant trait variation detected across species, the general global dataset was refined by excluding species showing no regional variation within the respective trait, after which our analysis was repeated. Additionally, we performed Principal Component Analyses (PCA) on scaled data for each species, including all five plant traits, to test for group differences by ‘climate zone’ (n = 5; Northern-North Island, Eastern-North Island, South Western-North Island, Northern-South Island, and Eastern-South Island), ‘coast’ (n = 2; east/west, with sites Auckland, Nelson-Tasman/Marlborough, Taranaki, and Wellington defined as ‘west’), and ‘New Zealand main island’ (n = 2; north/south). Due to the small sample size per site, it was not possible to calculate ellipses representing variation by ‘site’ itself.

Lastly, to assess the effects of climate and geographical explanatory variables (mean annual sunshine hours – MSH; mean annual additive rainfall amounts – MAR; mean annual air temperature – MAT; mean annual relative humidity – MRH; latitude; and longitude) on regional plant trait variation, correlations among predictor variables were initially identified using Pearson’s correlation analyses. Strong correlations between latitude, longitude, and climate variables led to the exclusion of geographical variables from the generalized additive mixed modeling (GAMM) to prevent multicollinearity. This GAMM analysis explored the relationship between climate variables and plant traits by modeling each response variable as a function of the predictors. We refined the models iteratively to retain only statistically significant predictors. The analysis was conducted on the reduced global dataset and separately for each species, with species treated as a categorical variable with eight levels.

Mean values are given as mean ± standard deviation throughout the text. All statistical analyses were performed using the R packages ‘MASS’, ‘mgcv’, ‘statmod’, ‘dplyr’, ‘ggplot2’, ‘png’, ‘grid’, ‘latex2exp’, ‘dunn.test’, and ‘tweedie’ within R versions 3.6.3 - 4.3.1 (R Core Team, 2020-2023).





3 Results

Across species (n = 8: tī kōuka Cordyline australis, kōtukutuku Fuchsia excorticata, mānuka Leptospermum scoparium, pōhutukawa Metrosideros excelsa, karo Pittosporum crassifolium, tarata P. eugenioides, kōhūhū P. tenuifolium, and kōwhai Sophora microphylla), we collected and weighed 4,276 individual flowers from 164 trees (see Tables 1–3, Supplementary Tables S1a–h).

We measured the size of 2,999 of these flowers and extracted nectar from 3,222, yielding a total of 2,240 µL of nectar. Trees (n = 3±1) representing every species were sampled at each site.

Nectar Traits: Flowers produced 3–34 µL of nectar/flower, containing 0.2–7mg of sugar/flower based on concentrations between 6–25°Brix (n = 21–26, based on the nectar of 258–510 flowers).

Floral Traits: Flowers had an average fresh mass between 19–756 mg (n = 340–889) and a size between 7–46mm (n = 245–465). All minima values were recorded for tī kōuka, all maxima for kōwhai.

Tī kōuka (n = 18 trees, see S1a) flowers (n = 440) had an average fresh mass between 14 mg (in Taranaki) – 25 mg (in Hawke’s Bay and Wellington), measured between 5 mm (in Nelson-Tasman/Marlborough) – 9 mm (in Dunedin) in diameter, and produced 2 µL (in Hawke’s Bay) – 4 µL (in Dunedin) of nectar, containing 0.1 mg (in Auckland and Taranaki) – 0.3 mg (in Dunedin) of sugar based on a Brix of 2° (in Auckland) – 10° (in Hawke’s Bay).

Kōtukutuku (n = 27, see S1b) flowers (n = 633) weighed between 12 mg (in Canterbury) – 314 mg (in Dunedin), measured between 14 mm (in Taranaki) – 26 mm (in Nelson-Tasman/Marlborough) in length, and produced 12 µL (in Canterbury) – 34 µL (in Hawke’s Bay) of nectar/flower, containing 2 mg (in Dunedin) – 5 mg (in Wellington) of sugar/flower based on a Brix of 8° (in Dunedin) – 20° (in Wellington) on average across sites.

Mānuka (n = 20, see S1c) flowers (n = 519) weighed between 24 mg (in Hawke’s Bay) – 48 mg (in W), measured between 11 mm (in Hawke’s Bay) – 17 mm (in Nelson-Tasman/Marlborough) in diameter, and produced 1 µL (in Nelson-Tasman/Marlborough) – 7 µL (in Dunedin) of nectar/flower, containing 0.1 mg (in Hawke’s Bay) – 0.5 mg (in Dunedin) of sugar/flower based on a Brix of 3° (in Hawke’s Bay) – 8° (in Dunedin) on average across sites.

Pōhutukawa (n = 20, see S1d) flowers (n = 889) weighed between 176 mg (in Hawke’s Bay) – 423 mg (in Dunedin), measured between 30 mm (in Wellington) – 38 mm (in Dunedin) in length, and produced 10 µL (in Auckland) – 35 µL (in Dunedin) of nectar/flower, containing 3 mg (in Auckland) – 11 mg (in Canterbury) of sugar/flower based on a Brix of 12° (in Nelson-Tasman/Marlborough) – 43° (in Canterbury) on average across sites.

Karo (n = 21, see S1e) flowers (n = 441) weighed between 19 mg (in Hawke’s Bay) – 118 mg (in Nelson-Tasman/Marlborough), measured between 8.3 mm (in Canterbury) – 9.2 mm (in Dunedin) in diameter, and produced 4 µL (in Canterbury) – 14 µL (in Dunedin) of nectar/flower, containing 0.2 mg (in Canterbury) – 2.5 mg (in Dunedin) of sugar/flower based on a Brix of 6° (in Nelson-Tasman/Marlborough) – 20° (in Dunedin) on average across sites.

Tarata (n = 19, see S1f) flowers (n = 469) weighed between 8 mg (in Auckland) – 27 mg (in Dunedin), measured between 9 mm (in Auckland) – 13 mm (in Canterbury) in diameter (n = 348), and produced 3 µL (in Auckland) – 6 µL (in Wellington) of nectar/flower, containing 0.1 mg (in Dunedin) – 0.4 mg (in Canterbury and Hawke’s Bay) of sugar/flower based on a Brix of 3° (in Wellington) - 16° (in Hawke’s Bay) on average across sites.

Kōhūhū (n = 18, see S1g) flowers (n = 340) weighed between 45 mg (in Hawke’s Bay)  – 97 mg (in Taranaki), measured between 6.6 mm (in Dunedin) – 8.0 mm (in Canterbury) in diameter (n = 245), and produced 2 µL (in Hawke’s Bay) - 6 µL (in Auckland) of nectar/flower, containing 0.1 mg (in Auckland) – 0.6 mg (in Taranaki) of sugar/flower based on a Brix of 2° (in Auckland) - 21° (in Taranaki) on average across sites.

Kōwhai (n = 21, see S1h) flowers (n = 545) weighed between 573 mg (in Dunedin) – 866 mg (in Auckland), measured between 37 mm (in Dunedin) – 52 mm (in Nelson-Tasman/Marlborough) in diameter, and produced 20 µL (in Canterbury) – 54 µL (in Hawke’s Bay) of nectar/flower, containing 3 mg (in Auckland) – 9 mg (in Hawke’s Bay) of sugar/flower based on a Brix of 9° (in Auckland) - 42° (in Canterbury) on average across sites.

Across sites (n = 7: Auckland, Canterbury, Dunedin, Hawke’s Bay, Nelson-Tasman/Marlborough, Taranaki, and Wellington; see Table 1, Supplementary Table S2a), we removed nectar from 395–620 flowers and 21–26 trees. In Auckland, we processed 395 flowers from 22 trees; in Canterbury, 428 from 24; in Dunedin, 620 from 24; in Hawke’s Bay, 432 from 23; in Nelson-Tasman/Marlborough, 471 from 26; in Taranaki, 466 from 21; and in Wellington, 410 flowers from 24 trees.

Nectar Traits: Flowers from all eight species produced 11 µL (in Canterbury) – 16 µL (in Dunedin) of nectar/flower, containing 1.5 mg (in Auckland) – 2.7 mg (in Canterbury) of sugar/flower based on concentrations between 11° (in Auckland) – 17° Brix (in Canterbury) on average.

Floral Traits: Flowers had an average fresh mass between 154 mg (in Canterbury) – 199 mg (in Taranaki) and a size between 16 mm (in Canterbury) – 20 mm (in Nelson-Tasman/Marlborough). Overall (Supplementary Table S2a), we measured three out of five mean minima (flower mass, size, and nectar volume) and two maxima (sugar/flower and Brix) for samples from Canterbury.

Across climate zones (n = 5: Northern North Island zone, incl. Auckland; South-Western North Island zone, incl. Taranaki and Wellington; Eastern North Island zone, incl. Hawke’s Bay; Northern South Island zone, incl. Nelson-Tasman/Marlborough; Eastern South Island zone, incl. Canterbury and Dunedin; see Table 1, Supplementary Table S2b), we sampled 395 flowers from 22 trees within the Northern North Island zone; 876 flowers from 45 trees within the South-Western North Island zone; 432 flowers from 23 trees within the Eastern South Island zone; 471 flowers from 26 trees within the Northern South Island zone; and 1048 flowers from 48 trees within the Eastern South Island zone.

Nectar Traits: We detected 37.5% (3 out of 8 spp.) of species’ site mean minima and 50% of maxima in nectar volume in the Eastern South Island zone. We found 50% (4 out of 8 spp.) of species’ site mean minima of nectar sugar amounts in the Northern North Island zone and 50% of maxima in Eastern South Island zone. Similarly, we found 37.5% of nectar concentration minima in the Northern North Island zone and 50% of maxima in the Eastern South Island zone.

Floral Traits: 50% of flower mass minima were found in the Eastern South Island zone, with equally 37.5% of maxima in the South-Western North Island zone and Eastern South Island zone. 37.5% of flower size minima and 63% of flower size maxima were detected in the Eastern South Island zone. Overall (Supplementary Table S2b), we measured all of the five maxima for samples from the Eastern South Island climate zone.

Across islands (n = 2; North Island, South Island; see Table 1, Supplementary Table S2c), we sampled 1703 flowers from 90 trees from the North Island, and 1519 flowers from 74 trees from the South Island.

Nectar Traits: Nectar volume minima and maxima were equally distributed across islands. 75% (6 out of 8 spp.) of nectar sugar amount minima were detected for North Island sites, with equally 50% of maxima found for each island. 63% of nectar concentration minima were found at North Island sites, with equally 50% of maxima found for each island.

Floral Traits: North Island sites were responsible for 75% of flower mass minima (lowest species’ site mean based on averaged flower mass per tree) across all eight species (all except kōwhai and kōtukutuku), with flowers from Hawke’s Bay alone accounting for 50% or four species (Mānuka, pōhutukawa, karo, and kōhūhū). Flower mass maxima were equally distributed across islands; however, Dunedin (South Island) alone accounted for 37.5% of flower size maxima or three out of eight species (Kōtukutuku, pōhutukawa, and karo). Flower size minima showed a similar pattern, with each sampling site having one flower size minimum, except for Dunedin, which had two (Kōhūhū and kōwhai). Flower size maxima, however, were not detected at any North Island sites, with all maxima found at South Island sites. Overall (Supplementary Table S2c), we measured four out of five trait minima (all except nectar volume) at North Island sites, and one trait maximum (flower size) for flowers from the South Island. The remaining minima and maxima were equally distributed across islands.



3.1 Linear relationships between plant traits



3.1.1 Relationships between plant traits across species

Linear regression analyses across all species using data standardized by species (see Supplementary Tables S1a–h) revealed a strong positive relationship between nectar sugar content and concentration (linear model, lm, P < 0.001, R² = 0.46, see Table 4). Additionally, we found a weak positive relationship between nectar sugar content and volume (lm, P < 0.001, R² = 0.18). However, nectar concentration and volume were not significantly correlated. Significant linear models were expected for these variables, as sugar quantities are derived directly from concentration and volume. Nonetheless, within species, variation in total nectar sugar was more strongly associated with changes in concentration than with volume, with concentration decreasing as volume increased. Additionally, linear regression identified very weak positive relationships between flower mass and nectar volume (lm, P < 0.001, R² = 0.06), as well as between flower mass and size (lm, P < 0.001, R² = 0.08). These weak relationships might reflect a non-linear, allometric link between floral and nectar traits—an avenue we did not explore as it was beyond the scope of our study.


Table 4 | Statistical parameters of linear regression analysis for detecting relations among plant traits.
	Plant trait
	Nectar
	Flowers


	Concentration
	Volume
	Mass
	Size



	Nectar Sugar
	R² = 0.46 (positive),
P < 0.001
	R² = 0.18 (positive),
P < 0.001
	–
	–


	Nectar Concentration
	–
	–
	–
	–


	Nectar Volume
	–
	–
	R² = 0.06 (positive),
P < 0.001
	–


	Flower Mass
	–
	–
	–
	R² = 0.08 (positive),
P < 0.001










3.1.2 Relationships between plant traits within species

Repeating the linear regression analysis of standardized plant traits individually by species revealed more diverse results among species. We interpreted these findings with caution, given the low R² values observed in several cases. However, more concentrated nectar consistently contained larger sugar amounts (lm, P < 0.001, R² = 0.18–0.76, with two kōwhai outliers removed). Furthermore, for four species (Kōtukutuku, pōhutukawa, karo, and kōwhai), greater nectar volumes were associated with higher sugar content (lm, P < 0.01, R² = 0.35–0.70) and either higher (Kōtukutuku) or lower (Kōwhai and kōhūhū) nectar concentrations (lm, P < 0.05, R² = 0.10–0.40). Kōwhai and pōhutukawa were the only species in which flower size showed a significant linear relationship with flower mass, albeit weakly for kōwhai (Kōwhai: lm, P = 0.01, R² = 0.24; pōhutukawa: P < 0.001, R² = 0.76), once more, potentially reflecting a non-linear, allometric link between floral traits. We identified significant but weaker relationships between smaller mānuka flowers and greater nectar volumes (lm, P = 0.01, R² = 0.27); heavier kōtukutuku flowers, as well as heavier and larger kōwhai flowers and greater nectar volumes (lm, P < 0.05, R² = 0.20–0.32); and lastly, larger kōwhai flowers and lower nectar concentrations (lm, P < 0.01, R² = 0.27).




3.1.3 Variation of plant traits within species across sites

Based on the small sample size per species per site, which also prevented us from calculating species-specific ellipses when testing for the grouping factor ‘sample site’ in Principal Component Analysis (PCA), the following results should be interpreted with caution. However, PCA was feasible on a species-by-species basis when testing for the groups ‘climate zone’ (n = 5; Northern North Island, Eastern North Island, South-Western North Island, Northern South Island, and Eastern South Island), ‘coast’ (n = 2; east/west), and ‘New Zealand main island’ (n = 2; north/south).

Individual PCA results revealed overlapping ellipses among all tested groups, indicating that plant trait compositions were not distinctly separated across these categories. Given the inherent sensitivity of PCA to sample size, particularly when estimating group variability, the observed overlapping ellipses may be influenced by the limited number of samples per site rather than an actual lack of distinction in trait composition. However, since all species exhibited significant plant trait variation by sample site in two to three of the five traits (Table 5, Figure 4), as demonstrated by parametric and non-parametric analyses, the observed ellipse overlap may be attributable to the limited sample size per site.


Table 5 | Kruskal-Wallis (KW) and One-Way ANOVA (AOV) analysis results for the plant trait variation within species across sites.
	Species
	Nectar
	Flowers


	Sugar/ Flower
	Concentration
	Volume/ Flower
	Samples
	Mass
	Size


	P-value
	P-value
	P-value
	n
	P-value
	n
	P-value
	n



	Cordyline australis
	0.02 (AOV)
	<0.01 (AOV)
	–
	18
	–
	20–50
	–
	16–33


	Fuchsia excorticata
	–
	–
	–
	27
	0.01 (AOV)
	6–50
	0.01 (KW)
	11–38


	Leptospermum scoparium
	–
	–
	< 0.01 (AOV)
	20
	–
	19–40
	< 0.01 (AOV)
	18–40


	Metrosideros excelsa
	–
	0.03 (KW)
	–
	20
	0.03 (KW)
	17–188
	< 0.01 (KW)
	9–40


	Pittosporum crassifolium
	0.03 (KW)
	–
	0.04 (AOV)
	21
	< 0.001 (AOV)
	8–40
	–
	7–20


	Pittosporum eugenioides
	–
	0.03 (KW)
	0.04 (KW)
	19
	< 0.01 (AOV)
	15–40
	–
	11–22


	Pittosporum tenuifolium
	–
	–
	< 0.01 (AOV)
	18
	< 0.01 (AOV)
	10–40
	–
	10–28


	Sophora microphylla
	–
	<0.01 (AOV)
	–
	21
	–
	10–60
	< 0.01 (KW)
	10–60







[image: Box plot chart displaying comparisons of nectar volume, nectar sugar concentration, flower mass, and flower size across categories labeled CA, FE, LS, ME, PC, PE, PT, and SM. Vertical axes range from zero to one in four rows, each representing different floral traits. Data points are marked with red asterisks, indicating significant differences. Horizontal categories labeled A, H, T, W, N, C, D.]
Figure 4 | Standardized trait variation (rows) of the eight analyzed species (columns, with ‘CA’, Cordyline australis; ‘FE’, Fuchsia excorticata, ‘LS’, Leptospermum scoparium; ‘ME’, Metrosideros excelsa; ‘PC’, Pittosporum crassifolium; ‘PE’, Pittosporum eugenioides; ‘PT’, Pittosporum tenuifolium, ‘SM’, Sophora microphylla) across sites: Data presented in boxplots with black bars indicating region median values. Sites are ordered by latitude from left to right (north to south), with ‘A’, Auckland; ‘H’, Hawke’s Bay; ‘T’, Taranaki; ‘W’, Wellington; ‘N’, Nelson-Tasman/Marlborough; ‘C’, Canterbury; ‘D’, Dunedin. Red asterisks denote significant differences across sites: ‘*’ = P < 0.05, ‘**’ = P < 0.01, and ‘***’ = P < 0.001.

In particular, across sample sites, total sugar amounts significantly varied in only two species (Tī kōuka: ANOVA ‘aov’, P = 0.02; Karo: Kruskal-Wallis ‘KW’, P = 0.03), however only weakly. Nectar volumes (Mānuka and Pittosporum spp.; aov, KW, P = 0.04–0.009), concentrations (Tī kōuka, pōhutukawa, tarata, and kōwhai; aov, KW, P = 0.03–0.009), and flower sizes (Kōtukutuku, mānuka, pōhutukawa, and kōwhai; aov, KW, P = 0.01–0.009) varied each in four different species. Flower mass varied in five out of eight species (Kōtukutuku, pōhutukawa, Pittosporum spp., aov, KW, P = 0.03–0.0009). Therefore, total sugar amounts varied significantly between sample sites in the fewest number of species, while flower mass varied in the most.

In all species, except for tī kōuka, kōtukutuku, and mānuka, nectar volume and concentration varied inversely across sample sites (Figure 4), leading to similar total sugar amounts. This explains the low number of species with varying total sugar amounts per region and the low goodness of fit of our linear regression models for these plant traits. Furthermore, flower mass and size tended to vary with each other across sample sites (Figure 4); however, this relationship was only statistically significant for pōhutukawa. We could not identify a general visual trend between flower mass or size and nectar traits across sample sites based on the data displayed in Figure 4.

Most maxima for nectar sugar (75%) and flower size (100%) within species were observed in South Island sample sites (Supplementary Table S2c), despite this part of the country being represented by one fewer sample site (n = 3 versus n = 4 for North Island). Lastly, 65% of all ranked trait maxima were observed in the south, with 5% in Auckland (37°S) and 37.5% in Dunedin (45°S).





3.2 Environmental drivers of plant trait variation

As we detected strong correlations (Pearson’s correlation coefficients = 0.78–0.97; P < 0.001–0.04; Table 6) between geographical (latitude and longitude) and climate (mean annual rainfall ‘MAR’, mean annual air temperature ‘MAT’, mean annual relative humidity ‘MRH’, and mean annual sunshine hours ‘MSH’) variables in our analysis, geographical variables were excluded from the GAMM analysis.


Table 6 | Pearson’s correlation matrix showing correlation coefficients and P-values for the correlations between environmental variables (bottom), with ‘MAR’, mean annual rainfall; ‘MAT’, mean annual air temperature in °C; ‘MRH’, mean annual relative humidity; ‘MSH’, mean annual sunshine hours; ‘LAT’, latitude; ‘LON’, longitude.
	Environmental variables
	Pearson’s correlation coefficients
	P-values


	MAR
	MAT
	MRH
	MSH
	LAT
	MAR
	MAT
	MRH
	MSH
	,LAT



	MAT
	0.343
	 
	 
	 
	 
	0.451
	 
	 
	 
	 


	MRH
	0.436
	-0.409
	 
	 
	 
	0.329
	0.362
	 
	 
	 


	MSH
	-0.004
	0.359
	-0.363
	 
	 
	0.993
	0.429
	0.424
	 
	 


	LAT
	-0.426
	-0.968
	0.306
	-0.491
	 
	0.34
	0
	0.505
	0.263
	 


	LON
	0.108
	0.799
	-0.797
	0.563
	-0.779
	0.818
	0.031
	0.032
	0.188
	0.039





Significant correlations are marked in bold.





3.2.1 Correlations between plant traits and environmental factors across species

Based on the general global data (n = 164) of previously standardized data by species, only flower mass (KW, P = 0.04, R² = 13.2) and size (KW, P < 0.01, R² = 17.3) varied significantly between sites. In particular, flowers from Nelson-Tasman/Marlborough were larger than all others. Flowers from Nelson-Tasman/Marlborough, Wellington, and Dunedin were heavier than those from Hawke’s Bay and Canterbury (both flower traits: Dunn’s test P = 0.01–0.0006). MSH explained these regional variations very weakly (GAMM, flower size: P = 0.04, R² = 0.02; flower mass: P < 0.01, R² = 0.05). Given these weak results, we investigated whether a reduced dataset leads to stronger effect sizes, considering only a subset of species that previously showed significant regional variation (see Figure 5, Table 1).
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Figure 5 | Significant intraspecific trait variations explained by climate factors, derived from the generalized additive mixed models (GAMM) with the best fit.

The reduced dataset for ‘nectar sugar’ comprised two species (Tī kōuka, karo, n = 38); ‘nectar concentration’ (Tı̄ kōuka, pōhutukawa, tarata, kōwhai; n = 78), ‘nectar volume’ (Mānuka, Pittosporum spp.; n = 78), and the ‘flower size’ (Kōtukutuku, mānuka, pōhutukawa, kōwhai; n = 88) comprised four species each, while ‘flower mass’ included five species (Kōtukutuku, pōhutukawa, Pittosporum spp., n = 105). All subsets, except for nectar sugar, demonstrated significant regional variations across species (Table 7, Figure 6). We detected a general trend of higher nectar concentrations in Canterbury and Hawke’s Bay, nectar volumes and flower masses in Dunedin, and larger flower sizes in Nelson-Tasman/Marlborough.


Table 7 | Kruskal-Wallis analysis, Dunn’s test and GAMM analysis results for the effects of region and climate on standardized plant traits pooled for the species where significant regional differences were detected (subset of global data set).
	Plant trait
	n
	Species
	Kruskal-Wallis test
	Dunn’s test
	GAMM



	Nectar Sugar
	57
	Cordyline australis,
Pittosporum crassifolium
	–
	–
	–


	Nectar Concentration
	78
	Cordyline australis,
Metrosideros excelsa,
Pittosporum eugenioides,
Sophora microphylla
	R2 = 22.0,
P = 0.001
	P < 0.02
	R² = 0.23,
P < 0.01


	Nectar Volume
	78
	Leptospermum scoparium,
Pittosporum spp.
	R2 = 17.8,
P < 0.01
	P < 0.01
	R² = 0.14,
P < 0.001


	Flower Mass
	105
	Fuchsia excorticata,
Metrosideros excelsa,
Pittosporum spp.
	R2 = 29.4,
P < 0.001
	P < 0.01
	R² = 0.22,
P < 0.05 (MRH),
P < 0.01 (MSH)


	Flower Size
	88
	Fuchsia excorticata,
Leptospermum scoparium,
Metrosideros excelsa,
Sophora microphylla
	R2 = 22.6,
P = 0.001
	P < 0.01
	–







[image: Box plots show standardized scales for nectar sugar, concentration, volume, flower mass, and size across sample sites. Significant differences exist in all but nectar sugar. Below, line graphs illustrate effects of MAR, MSH, and MRH, with one graph showing combined MSH effects. No other significant effects are noted.]
Figure 6 | Variation in standardized data across sites, considering only species exhibiting significant differences for each plant trait, with data for boxplots (top of the figure) and GAMM (bottom of the figure, with GAMM shown only for significantly varying plant traits across sample sites) for sugar mass of the species tī kōuka and karo; for nectar concentration of tī kōuka, pōhutukawa, tarata and kōwhai; for nectar volume of mānuka and all Pittosporum species; for flower mass of kōtukutuku, pōhutukawa and all Pittosporum species; and flower size of kōtukutuku, mānuka, pōhutukawa, and kōwhai. Sample sites are labeled as in Figure 4, with each boxplot’s sample region order ranked by the y variable. The (partial) effects explain 14-23% of the variation. Asterisks below plant traits denote significance levels of the covariance: ‘*’ signifies P < 0.05, ‘**’ indicates P < 0.01, and ‘***’ denotes P < 0.001, with 'n.s.', not significant.

The higher nectar concentrations in Canterbury and Hawke’s Bay could partly be attributed to lower MAR (MAR < 790 mm) in those two eastern sites that lie in the rain shadow of axial mountain ranges. Moderate nectar concentrations were detected in Nelson-Tasman/Marlborough, Dunedin, and Wellington, sites with moderate mean annual rainfall amounts (959–1250 mm). The lowest concentrations were found in Auckland and Taranaki, regions that show moderate high to high annual rainfall amounts (1119–1683 mm).

In contrast, the higher nectar volumes and flower masses in Dunedin could be partially explained by the site’s lower MSH (Dunedin: 1681 h; other sites: 2062–2472 h) and, for flower mass additionally, the higher MRH (Dunedin: 85%; other sites: 71–82%, except T: 85%, with high MSH = 2197 mm), indicative of this southerly located sample site in this study. However, we could not identify any predictors that sufficiently explained the regional variance in flower size.




3.2.2 Correlations between plant traits and environmental factors within species

Among all species, climate emerged as a key driver of trait variation, with MAR and MSH being the most influential factors (Figure 5, Supplementary Table S3). In general, nectar volume tended to decrease while nectar concentration increased in response to variables associated with evaporation or water availability (decreased MAR, increased MSH, or decreased MRH), although these effects varied among species. The climate responses of flower size and mass were even more species-dependent.

The type and extent of climate’s influence varied among species, with climate variables explaining variations in two to three traits across species, with deviances between 18% and 84%. Specifically, MAR affected all traits except flower size in at least one species. Similarly, depending on the species, MSH influenced all traits except nectar concentration; MAT impacted total sugar, nectar concentration, and flower size; MRH affected nectar volume, concentration, and flower mass.

The direction of regional climate effects was also variable: for nectar volume in four species, MAR had a positive effect, while MRH and MSH had negative impacts, with deviances from 18% to 64%. Nectar sugar in two species was negatively influenced by MAR and MAT, with deviances between 51% and 80%. Four species showed nectar concentration variations due to MAR, MRH (negative), or MAT (variable), with deviances from 29% to 58%. Flower mass in five species was influenced negatively by MAR or MSH or variable by MRH, with deviances between 54% and 85%. Lastly, flower size in four species was negatively affected by MAR or variable by MSH, with deviances ranging from 44% to 63%.

Among species, sunnier habitats typically resulted in larger kōtukutuku flowers but smaller ones for kōwhai, pōhutukawa, and tī kōuka. Warmer environments were linked to reduced sugar and concentration in tī kōuka nectar, decreased pōhutukawa nectar volume, and more concentrated nectar in kōwhai. However, air temperature did not directly influence flower mass or size. In rainier environments, tī kōuka nectar contained less sugar, pōhutukawa nectar was less concentrated, tarata flowers were larger but lighter, kōhūhū flowers were lighter, and kōwhai flowers were larger. More humid conditions generally increased tī kōuka nectar volume but decreased it in kōhūhū, and led to less concentrated nectar in both tī kōuka and tarata.






4 Discussion

Our analysis of the influence of climate on nectar and flower traits was based on long-term climate norms, allowing us to draw general conclusions about the traits of common New Zealand trees grown under diverse climate zone characteristics. These climatic factors impact trees not only during anthesis but throughout the entire year. While this approach may have masked potential effects of short-term meteorological or micrometeorological variations at the time of sampling or shortly beforehand—particularly relevant for nectar, a highly plastic trait—our broader approach allowed us to capture more general trends across species. However, these trends were shaped by diverse, species-specific patterns. This is understandable given the wide range of species included in our study, with only some being closely related. Consequently, our first hypothesis, proposing uniform relationships between climate drivers and plant traits across species, was only partially supported.

Across species, firstly, we observed a trend of higher nectar concentrations at New Zealand’s drier east coast sites, Canterbury and Hawke’s Bay (39.5–43.5°S, 172.6–176.8°E), which lie in the rain shadow of axial mountain ranges and consequently experience the lowest mean annual rainfall (MAR) across all sites (~600–800 mm compared to ~960–1700 mm). Secondly, nectar volumes and flower masses were generally greater at New Zealand’s most southerly east coast site, Dunedin (45.8°S, 170.5°E), which has the lowest mean annual sunshine (MSH) among all sites (~1700 hours compared to 2000+ hours) combined with one of the two highest mean annual relative humidity (MRH) values of 85%. Lastly, the sunniest of all analyzed sites and climate zones (~2500 hours annually; New Zealand’s ‘Northern South Island’ zone), including the regions Nelson-Tasman and Marlborough, tended to have the largest flowers. However, the exceptionally high annual sunshine hours did not emerge as the driving factor behind this trend, nor did any of the other tested climate variables, indicating the need for further investigation in future studies.

Within species, these general trends were not consistent, instead, this study revealed species-specific correlations between plant traits and climate factors in New Zealand tree species. Climate factors explained regional variation in different plant traits for each species, but the results varied in their degree of dependence and the direction of influence, as also described for other species by Plos et al. (2023). For instance, sugar amounts correlated positively with annual rainfall in tarata Pittosporum eugenioides but negatively in tī kōuka Cordyline australis. Regional variation in annual rainfall amounts only affected a single species’ nectar volume (positively), Pittosporum eugenioides, a correlation also observed in other species (e.g., Bertazzini and Forlani, 2016; Keasar et al., 2008).

Hypotheses 1a and 1b, which suggested (a) higher nectar volumes of (b) lower concentration in humid sites, were generally supported but not consistently observed within individual species. Across species (pooled data), the highest mean nectar volumes were observed in one of the two most humid sites, Dunedin. Within individual species, Dunedin had the highest nectar volumes from 50% (4 out of 8) of species. However, increased nectar volumes were more often associated with lower mean annual sunshine (MSH) rather than higher mean annual relative humidity (MRH). Conversely, we found generally higher nectar concentrations in New Zealand’s least humid sites, Canterbury and Hawke’s Bay, supporting hypothesis 1b.

An Australian study by Hawkins et al. (2018) also identified regional differences in nectar volumes, with solar radiation and precipitation as key drivers. These regional variations might arise from species or population-specific differences in compensatory mechanisms mitigating water stress effects (Iqbal et al., 2012; Balducci et al., 2016; Teixido et al., 2022), possibly due to past selection pressures induced by drought (Hawkins et al., 2018). However, the impact of drought—here particularly referring to low MAR and MRH (soil moisture was not investigated)—on nectar volume and concentration varies across studies, with possible negative (Descamps et al., 2021), positive (Suni et al., 2020), or neutral (Phillips et al., 2018) responses to water limitations. These limitations may be more prominent in arid sites relative to sites in New Zealand with little seasonal variation in MAR and with only modest moisture stress (Kidson, 2000).

Hypothesis 1c proposed that nectar sugar mass, flower fresh mass, and size would be highest in sites with abundant sunshine. Again, this hypothesis could only be partly confirmed. In the sunniest region, Nelson-Tasman/Marlborough, the presence of the largest flowers within 75% of species that showed regional variance (n = 4) supported this hypothesis. The positive correlation between larger flowers and sunnier sites may result from underlying genetic factors. Previous genetic studies have demonstrated that variations in corolla length, which we categorized as ‘flower size’ for tube- and bell-shaped flowers, within populations can be heritable. Genetic differences among individuals can account for the variation in corolla length (Galen, 1999). Therefore, it would be intriguing to investigate the extent to which the differences in flower size observed among the analyzed species across sites are also genetically influenced, an aspect not covered in this study.

On the other hand, sugar quantities hardly varied across sites, and variation in flower fresh mass was more closely linked to relative humidity than sunshine, with Dunedin consistently hosting the heaviest flowers. This unexpected pattern might stem from accelerated desiccation effects in sunnier sites, leading to uncontrolled water loss from flowers (Bourbia et al., 2020) and, hence, reduced fresh mass.

Global climate change is likely to alter the nectar production in our seven analyzed species. Rising temperatures will likely increase Sophora microphylla nectar concentration, resulting in higher viscosity, while reducing pōhutukawa Metrosideros excelsa nectar volume and lowering Cordyline australis and Pittosporum eugenioides nectar concentrations. In high-rainfall regions, such as New Zealand’s South-West North Island climate zone, increased precipitation may decrease Metrosideros excelsa nectar concentration and Cordyline australis sugar content, while enhancing Pittosporum eugenioides nectar volume. Higher relative humidity in these areas may further reduce Cordyline australis nectar sugar concentration and suppress kōhūhū Pittosporum tenuifolium nectar production. Conversely, rainshadow regions, including the east coast climate zones of both islands, will experience higher temperatures without increased rainfall, leading to lower humidity and more frequent droughts. These conditions are expected to reduce Pittosporum eugenioides nectar secretion, while increasing Metrosideros excelsa and Cordyline australis nectar concentration and viscosity due to increased evaporation and the plant’s reduced water status. Shifts in nectar viscosity could disrupt pollinator interactions. Highly viscous nectar may become inaccessible to sucking pollinators, such as bees, butterflies, moths, and flies, whose proboscis may be ineffective in extracting it. Conversely, reduced viscosity may deter other pollinators if the energy cost of nectar collection outweighs the sugar reward, necessitating more frequent flights. These changes in nectar properties may have cascading effects on pollination networks, potentially reshaping ecosystem dynamics.

In general, nectar and floral traits were positively correlated within species; larger and heavier flowers tended to produce higher volumes of nectar with greater sugar content. Nectar concentration was an important predictor of total nectar sugars, more so than nectar volume, suggesting that some of the observed intraspecific variation in nectar properties was associated with evaporation effects and plant water status. This has been observed in other species, such as Silphium perfoliatum (Mueller et al., 2020), mānuka Leptospermum scoparium (Clearwater et al., 2018), and Epilobium angustifolium (Bertsch, 1983), and not observed in other species, such as Ipomopsis longiflora (Villarreal and Freeman, 1990). At the interspecific level, nectar concentration increased with nectar volume, while nectar volume and total sugar amounts were not correlated with flower size or mass across species, indicating that evolutionary differences were less significant at the species level. While there were consistent correlations between traits within species, not all relationships were observed in every species.

Consequently, our second hypothesis was not supported, as it posited that correlations between plant traits would follow a consistent pattern within all species. For example, significant correlations between most pairs of traits were specific to individual species: higher nectar volumes containing more sugar were only observed in half of the tested species (kōtukutuku Fuchsia excorticata, Metrosideros excelsa, karo Pittosporum crassifolium, and kōwhai Sophora microphylla). Variation in trait relationships between species across individuals and sites may be linked to differences in nectar secretion processes, flower structure, or evolutionary relationships with pollinators (Vesprini et al., 1999; Pacini et al., 2003; Thompson et al., 2017). The latter has been observed in plant species adapted to specialized bird pollinators in West-Central Africa (Janeček et al., 2021). These plants demonstrated a positive correlation between nectar volume and total sugars, potentially aligning with the preferences and nutritional requirements of their avian pollinators. Although Pittosporum crassifolium is classified as an entomophilous species, it also attracts bird visits. The flowers of this tree can adequately fulfill the energetic requirements of even the largest New Zealand honeyeater, the tūi (Prosthemadura novae-zealandiae) (Castro and Robertson, 1997).

Karo’s sister taxon, Pittosporum tenuifolium, was the only species with a negative correlation between nectar volume and concentration. The contrasting relationships in nectar traits between Pittosporum crassifolium and Pittosporum tenuifolium may reflect adaptations to different pollinator assemblages. Both species attract birds and insects during the day, but Pittosporum tenuifolium may also draw nocturnal insects, such as moths, as its sweet fragrance intensifies at night (Allan, 1961; Wardle, 2011).

The lack of a strong interspecific correlation between standardized flower size and mass may be explained by flower mass reflecting not only size but also the thickness and tissue density of structures. This could be an adaptation to benefit floral longevity by conserving water in thicker and heavier petals, which do not necessarily need to be longer. These traits, such as more layers of petal cells or a thicker mesophyll (Guo et al., 2023), may contribute to floral longevity. The lack of correlation between flower size and mass of Auckland flowers may be due to the vastly different flower anatomies of our sampled species. We can conclude that flower mass and size are less important drivers of nectar variables within species than among species.

Our findings enhance understanding of local nectar production and its regional variation, with applications in both conservation and commercial contexts. For instance, estimates of regional nectar volume and floral biomass can inform assessments of food availability for nectar- and flower-feeding animals, including native and honey bees, as well as endemic birds.

In future landscape-scale studies, species-specific values for average flower size and flower number per tree can be combined to estimate total nectar volume. For Fuchsia excorticata, Metrosideros excelsa, Pittosporum eugenioides, and Sophora microphylla, such estimates do not require adjustments for regional climatic differences between New Zealand’s North and South Islands, as relative nectar volumes are consistent across regions.

However, for Cordyline australis, Leptospermum scoparium, Pittosporum crassifolium, and Pittosporum tenuifolium, regional variation must be taken into account. These species produce higher nectar volumes in the South Island, particularly in the Otago–Dunedin region, with Pittosporum tenuifolium also showing significantly high nectar volumes in Auckland.

When estimating nectar quality, north–south differences in sugar content are generally negligible, except for Cordyline australis and Pittosporum crassifolium, which produce higher sugar concentrations in southern populations.

For future studies focused on predicting food availability for flower-feeding birds, it is noteworthy that O’Donnell & Dilks (1994) recorded seven indigenous species primarily feeding on kōtukutuku flowers, constituting approximately 50% of these birds’ flower-based diets. Kōtukutuku flowers are largest in terms of length in New Zealand’s sunniest regions, Nelson-Tasman and Marlborough, suggesting a potential for greater energy intake with less foraging effort for flower-feeding birds. Notably, kōtukutuku exhibits a higher flower fresh mass in regions such as Hawke’s Bay, Wellington, and Otago.

While we lack data on the flower’s dry weight, this difference could be attributed to a higher water content within the flower tissue. This increased water content may benefit birds during the drier seasons, especially in the Hawke’s Bay region, which has high vapor pressure deficit conditions and low annual rainfall amounts (Kidson, 2000).

Our study provides a novel comparative framework for assessing how floral nectar traits vary within and among eight common endemic species across climatically diverse regions of New Zealand. By identifying which species exhibit consistent versus variable nectar production across environments, we contribute to a deeper understanding of how plants mediate interactions with climate through potential resource allocation strategies. However, the tested environmental factors explain only part of the observed regional variation, suggesting that additional influences—such as underlying genetic differences—may also contribute to within-species variability. We therefore recommend that future research investigates whether the sampled populations have diverged into distinct local genotypes. If such genetic differentiation is confirmed, we propose testing multiple genotypes per species under controlled environmental conditions to clarify the relative contributions of genetic and environmental factors to nectar trait variation.




5 Conclusion

This study contributes a novel comparative dataset spanning eight endemic New Zealand species across climatically diverse regions. By systematically quantifying five key nectar traits and linking them to regional climate variables, we provide a new framework for understanding species-specific patterns of nectar variation across landscapes. Importantly, we distinguish species whose nectar output is relatively stable across regions from those with strong climate-dependent responses—an innovation that improves our ability to model floral resource availability under changing environmental conditions. This comparative approach, combining ecological and practical metrics (nectar volume, sugar amount, flower size), represents a step toward more accurate predictions of how plant-pollinator interactions may respond to climate variability and change.

While a uniform pattern across species was not apparent, certain trends were evident: in sunnier sites, nectar volumes were generally lower, and flower sizes larger (as in Plos et al., 2023), whereas nectar concentrations tended to be higher in drier areas. Among all traits and across all species, standardized total sugar amounts varied the least between sites and in response to climate, confirming findings by Noe et al. (2019) from mānuka Leptospermum scoparium. Hence, the energetic value of nectar, arguably the most important trait for pollinators, is more predictable across sites, based on flower number and species alone, than the remaining four tested variables. Our observations will benefit the honey industry and conservation efforts, as our results could be used to provide estimates of nectar sugar availability based on flower numbers alone or flower number and size, depending on the species. However, with predicted global climate shifts, we can expect not only changes in nectar quantity and quality but also alterations in flower abundance, pollinator behavior, and, consequently, the structure of plant-pollinator interactions and ecosystem functioning. We recommend additional analyses considering factors such as genotype and soil nutrient availability to better comprehend other contributing drivers for nectar variation across regions. Additionally, assessing regional variation in species-specific flower abundance could enhance global change models for predicting nectar availability. For this, we recommend incorporating less, ideally closely related species, with ten or more samples per species per region. Ideally, microclimate variables would be measured for a standardized number of consecutive days before sampling to capture the specimen’s local conditions.
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Vanilla sect. Xanata Vanilla chamissonis Klotsch Autogamous na. Reis, 2000; Gigant et al., 2011
Vanilla hartii Rolfe Animal-pollinated Euglossa cybelia Watteyn et al,, 2023b;
Nectar-rewarding Euglossa tridentata Watteyn et al., 2023b
Vanilla odorata C. Presl. Animal-pollinated Euglossa sp.> ¢ Soto Arenas and Dressler, 2010;
Food-deceptive Watteyn et al. unpubl.
Vanilla palmarum Lindl Autogamous na. Householder et al., 2010;

Soto Arenas and Cribb, 2013

Vanilla phaeantha Rchb.f* Animal-pollinated Eulaema sp.” Anjos et al., 2017
Food-deceptive
Vanilla planifolia Animal-pollinated Euglossa viridissima® Soto Arenas and Dressler, 20105
Andrews Food-deceptive Euglossa dilemma® Pemberton et al., 2023;
Trigona sp.” Karremans, 2024
Vanilla pompona Schiede Animal-pollinated Eulaema cingulata Watteyn et al., 2022; Lubinsky et al.,
Dual mechanism Eulaema meriana 2006; Householder et al., 2010;
Eulaema nigrita Ackerman, 1983
Vanilla trigonocarpa Animal-pollinated Euglossa asarophora Soto Arenas and Dressler, 2010
Hoehne Food-deceptive Eulaema meriana® Karremans et al. unpubl.

Vanilla subg. Vanilla Vanilla bicolor Lindl. Autogamous na. Householder et al., 2010;
Van Dam et al,, 2010

Vanilla inodora Schiede Autogamous na. Soto Arenas and Dressler, 2010;
Animal-pollinated no information Soto Arenas and Dressler, 2010
Vanilla mexicana Mill. Autogamous na. Gigant et al., 2016

*Vanilla phaeantha Rehb.f. is a synonym to Vanilla bahiana Hoehne (Karremans et al., 2020). ®No observation of pollen removal and/or no identification at species level, so data not accurate
enough for our study. “Study performed outside native distribution range of V. planifolia (Florida), but data sufficiently accurate for our study (Euglossa dilemma may be a pollinator within V.
Pplanifolia’s native range). “Reference to unpublished publication, so data not used in our study.
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Vanilla hartii Euglossa cybelia Present 314,622
SSP2-4.5 221,659 -29.6
SSP3-7.0 165,776 -47.3
Euglossa tridentata Present 576,333
SSP2-4.5 423,937 -264
SSP3-7.0 342,925 - 40.5
Both pollinators Present 581,827
SSP2-4.5 430,601 -26.0
SSP3-7.0 349,032 - 40.0
Vanilla planifolia Euglossa dilemma Present 123,015
SSP2-4.5 I 44,705 - 63.6
SSP3-7.0 48,700 - 60.4
Vanilla pompona Eulaema cingulata Present 3,729,349
SSP2-4.5 2,128,650 -42.9
SSP3-7.0 1,793,170 - 519
Eulaema meriana Present 3,690,869
SSP2-4.5 1,440,330 - 61.0
SSP3-7.0 1,130,422 -69.4
Eulaema nigrita Present 3,602,796
SSP2-4.5 1,634,702 -54.6
SSP3-7.0 1,381,341 - 617
All three pollinators Present 4,387,376
SSP2-4.5 2,281,764 - 48.0
SSP3-7.0 1,955,612 55.4
Vanilla trigonocarpa Euglossa asarophora Present 619,237
SSP2-4.5 67,845 - 89.0

SSP3-7.0 59,830 -90.2
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Vanilla species  Scenario Proportion of shared suit-

able area within protected
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Vanilla hartii Present 55.6

Pollinators: Euglossa

cybelia, E. tridentata SSP2-4.5 396
SSP3-7.0 313

Vanilla planifolia Present 31.0

Pollinators:

Euglossa dilemma SSP2-4.5 147
SSP3-7.0 159

Vanilla pompona Present 419

Pollinators: Eulaema

cingulata, E. meriana, §5P2-4.5 210

E. nigrit

ngria SSP3-7.0 168

Vanilla trigonocarpa Present 425

Pollinators:

Euglossa asarophora SSP2-4.5 45
SSP3-7.0 4.0






OPS/images/fpls.2025.1522871/table4.jpg
Displ B isplay x
No. open flowers 0.24 0.18 < 0.001 <0.05
Corolla size -0.02 -0.01 >0.05 >0.05

Keel petal length 0.16 0.11 < 0.001 >0.05





OPS/images/fpls.2025.1585540/crossmark.jpg
©

2

i

|





OPS/images/fpls.2025.1585540/fpls-16-1585540-g001.jpg
Species

SSP2-4.5 SSP3-7.0

Vanilla trigonocarpa-
Vanilla pompona-
Vanilla planifolia
Vanilla phaeantha-
Vanilla palmarum-
Vanilla odorata-
Vanilla mexicana-
Vanilla inodora-
Vanilla hartii

Vanilla chamissonis-

Vanilla bicolor
Eulaema nigritaq
Eulaema meriana-
Eulaema cingulata
Euglossa tridentata-
Euglossa dilemma-
Euglossa cybelia-
Euglossa asarophorar

100 150
Change in suitable habitat (%)

. Contraction . Expansion





OPS/images/fpls.2025.1585540/fpls-16-1585540-g002.jpg
SSP370

SSP245

Present

ejeuapLy/enaqho  epuSiujeuelsswyerelnguld  ewwa)p esso)sng ejoydosese esso)Sng
esso)8ng ewae)ny + +
+ + enojiueld ejuep edseoouosL ejuep

ey eniuep euodwod ejjuep





OPS/images/fpls.2025.1756585/crossmark.jpg
©

2

i

|





OPS/images/fpls.2025.1569420/fpls-16-1569420-g004.jpg





OPS/images/fpls.2025.1569420/crossmark.jpg
©

2

i

|





OPS/images/fpls.2025.1569420/fpls-16-1569420-g001.jpg





OPS/images/fpls.2025.1569420/fpls-16-1569420-g002.jpg
Viable pollens

. .\on-\‘ial&pnllms
Pl

£
/
'~ Viable pollens a






OPS/images/fpls.2025.1569420/fpls-16-1569420-g003.jpg
140

120

o
(=}
(=}

60

40

Number of pollen grains

20

0

EPD =PG

Day0 Dayl Day2 Day3 Day4 DayS Day6 Day7 Day8 Day9
Days after anthesis






OPS/images/fpls.2025.1599033/fpls-16-1599033-g003.jpg





OPS/images/fpls.2025.1599033/fpls-16-1599033-g004.jpg
<t on @\ — <o =) v (e Vo) o v <)
(= (e} (e = (= > > (= o () (= (]
() mwa 7| M

Id





OPS/images/fpls.2025.1599033/fpls-16-1599033-g005.jpg
y = —3.528 + 0.983x
CI: 0.916, 1.057

y=-5.926+0.991x
CI: 0.914, 1.076

1.0 1.5

&~y = -3.957 + 1.1x
CI: 1.044, 1.159

r?=0.732
n =408

2.0 2.5

y =—6.273 + 1.076x
CI: 1.007, 1.152

r*=0.495
n =408

2.0 2.5

3.0

3.0





OPS/images/fpls.2025.1599033/fpls-16-1599033-g006.jpg
In(LFM, g)

In(LDM, g)

y =—4.298 + 1.186x
CI: 1.147, 1.222

> =0.936
n =202

3 4
In (LA, cm?)

y =-—7.006 + 1.362x
Cl: 1.313,1.411

r*=0.901
n =202

3 4
In (LA, cm?)





OPS/images/fpls.2025.1599033/fpls-16-1599033-g002.jpg
x (cm)





OPS/images/fpls.2025.1522871/crossmark.jpg
©

2

i

|





OPS/images/fpls.2025.1522871/fpls-16-1522871-g001.jpg
20° N 30° N 40° N 50° N

10° N

70° E

80° E

Legend

0

70° E

L

Urat Desert Steppe Research Station

Urat Desert Steppe

|:| Buryan Nur City
.| Inner Mongolia

390 780

80° E

1,560

90° E

2,340

90° E

100° E

3,120
Km

100° E

110° E

110° E

120° E

120° E

130° E

130° E

20° N 30° N 40° N 50° N

10° N

100" E 110" E

Urat Desert Steppe

= Legend
3 & Urat Desert Steppe Research Station
0 130 260 520 780 1,040
- —— — KM
=
=)
<
100° E 110° E
107°E
4
&
-
F4
o
-
h
Legend
% : Urat Desert Steppe Research Station
.

B Grassland Ecosystem
Desert Ecosystem

106°E 107°E

108°E

0 20 40

O e e Km

108°E

80

120

- E

120° E

120

109°E

160






OPS/images/fpls.2025.1522871/fpls-16-1522871-g002.jpg
[ ]

Natural habitat

1
|
1
|
1
B
pr9999%
: PISIIIPi
1
|
1
|
' (] 9P o0s
! 0059555 09559555
I 09222224 09992224
|
1
|
1
I """"" o
.
I b505507, 15925555
I 0999559, 05555955
I (244444 (A
|
1
|
1
I i"’ LA A A A ] [ A A AL A A A
: 0555550 N 555555
|
1
|
1
|
1





OPS/images/fpls.2025.1522871/fpls-16-1522871-g003.jpg
Mean fitness.

Group
Fragmented

Index of floral display

R?=083,p <0001

R?=0.68,p <0.001






OPS/images/fpls.2025.1566543/table2.jpg
Species Family A (¢ PR  PD Sites visiting

Amegilla sp. Apidae 5 1 0 0 0 0 CH (2023), I (2023), IN (2023)

Apis mellifera Apidae 1 205 5 0 14 8 1(2023), IN (2023), OA (2019), Fo (2019), Lan (2020)

Hylaeus sp. Colletidae = 0 1 1 0 0 0 MC (2022)

Lasioglossum (Homalictus) holochlorus = Halictidae = 0 1 1 0 0 0 MC (2022)

Lasioglossum (Homalictus) sp. Halictidae = 1 59 5 0 0 0 S (2020, 2021), Lan (2021), MC (2022)

Lasioglossum (Homalictus) Halictidae = 0 6 2 0 1 1 S (2021), MC (2022)

sphecodoides

Lasioglossum (Chilalictus) clelandi Halictidae = 0 2 0 1 0 0 MC (2022), CR (2023)

Lasioglossum (Chilalictus) cognatum Halictidae = 0 2 0 0 0 0 MC (2022)

Lasioglossum (Chilalictus) erythrurum | Halictidae = 0 1 0 0 0 0 1(2023)

Lasioglossum (Chilalictus) Halictidae = 0 3 3 0 0 0 MC (2022)

hemichalceum

Lasioglossum (Chilalictus) lanarium Halictidae = 0 1 1 0 0 0 1(2023)

Lasioglossum (Chilalictus) mundulum  Halictidae = 0 13 0 0 0 0 CH (2023)

Lasioglossum (Chilalictus) orbatum Halictidae = 0 12 2 1 1 1 CH (2023), CR (2023)

Lasioglossum Halictidae = 0 2 0 0 0 0 IL (2023)

(Chilalictus) sculpturatum

Lasioglossum (Chilalictus) willsi Halictidae = 0 8 0 0 1 0 FO (2019), SU (2020, 2021)

Lasioglossum (Chilalictus) sp. Halictidae = 11 218 19 0 9 0 ‘ IL (2022, 2023), CH (2023), LA (2022), MC (2022),
SU (2020)

Lipotriches (Austronomia) sp. Halictidae = 0 64 6 < | 6 1 CR (2023)

A, approached flower only; L, landed on the flower; F, exhibited foraging behaviour; C, contacted the column without removing or depositing pollen; PR, pollen or pollinia removed; PD, pollen or
pollinia deposited. Species in bold were observed to remove or deposit pollen. Note, Lasioglossum sp. refers to individuals that were not identified to species level, as they were observed (or
recorded on video) but not captured.
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Site

SU*

LA#

Year

2023

2022

2023

Bee species

Apis mellifera (2)

Lasioglossum (Chilalictus) imitans F (6)
Lasioglossum (Chilalictus) lanarium F(1), M(6)
Lasioglossum (Homalictus) sphecodoides F (6)
Lipotriches (Austronomia) sp. F(5)

Apis mellifera (3)

Lasioglossum (Chilalictus) lanarium M (1), F(1)
Lasioglossum (Homalictus) sphecodoides F (1)
Amegilla (Notomegilla) murrayensis F(1)
Lasioglossum (Chilalictus) clelandi F(3)
Lasioglossum (Chilalictus) lanarium F(1), M(2)
Lasioglossum (Chilalictus) orbatum F (1)
Lasioglossum (Homalictus) sphecodoides F (1)

Lipotriches (Austronomia) sp. F(1)

FE#

IR+

MC+

MD+

MR+

CH+

2023

2022

2023

2022

2022

2022

2022

2023

Apis mellifera (1)

Lasioglossum (Chilalictus) clelandi F(2)
Lasioglossum (Chilalictus) lanarium F(1), M(1)
Lasioglossum (Chilalictus) mundulum F(2)
Lasioglossum (Homalictus) sphecodoides F(1)

Lasioglossum (Chilalictus) clelandi F(1)

Lasioglossum (Chilalictus) lanarium M (3), F(1)

Lasioglossum (Ctenonomia) sp. F(1)
Lasioglossum (Chilalictus) brazieri F(8)
Lasioglossum (Chilalictus) lanarium F(7), M(4)
Lasioglossum (Chilalictus) mundulum F(1)

Lasioglossum (Ctenonomia) sp. F(3)

Lasioglossum (Homalictus) sphecodoides F(2)

Lasioglossum (Parasphecodes) imitator F(2)
Lipotriches (Austronomia) sp F(1)

Apis mellifera (5)

Lasioglossum (Homalictus) holochlorus F(1)
Lasioglossum (Homalictus) sphecodoides F(2)
Lasioglossum (Chilalictus) brazieri F(17)
Lasioglossum (Chilalictus) clelandi F(3)
Lasioglossum (Chilalictus) lanarium F(28), M(5)
Lasioglossum (Chilalictus) repraesentans F(1)
Lasioglossum (Chilalictus) sculpturatum F(1)
Lasioglossum (Ctenonomia) sp. F(1)
Lasioglossum (Parasphecodes) imitator F(9)
Apis mellifera (1)

Lasioglossum (Homalictus) holochlorum F(1)
Lasioglossum (Chilalictus) lanarium M(1)
Apis mellifera (3)

Lasioglossum (Chilalictus) clelandi F(4)
Lasioglossum (Chilalictus) lanarium F(1), M (5)
Lipotriches (Austronomia) sp. F(1)

Apis mellifera (2)

Euhesma sp. F(8)

Lasioglossum (Chilalictus) lanarium F(1)

Lasioglossum (Ctenonomia) sp. F(1)

Lipotriches (Austronomia) australica F(3)
Lipotriches (Austronomia) sp. F(1)
Apis mellifera (1)

Lasioglossum (Chilalictus) clelandi F(42)

Lasioglossum (Chilalictus) cognatum F(1)

Lasioglossum (Chilalictus) expansifrons F(1)

Lasioglossum (Chilalictus) imitans F(12)
Lasioglossum (Chilalictus) lanarium F(12), M (2)
Lasioglossum (Chilalictus) mundulum F(1)
Lasioglossum (Chilalictus) sculpturatum F(1)

Leioproctus (Leioproctus) cupreus F (1)

IL+

2023

Amegilla (Notomegilla) murrayensis F(3)

Lasioglossum (Chilalictus) clelandi F(8)
Lasioglossum (Chilalictus) imitatans F(1)
Lasioglossum (Chilalictus) lanarium F (2), M (5)
Lasioglossum (Chilalictus) mundulum F(1)
Lasioglossum (Parasphecodes) imitator F(2)
Leioproctus (Exleycolletes) sp A. F(1)

Lipotriches (Austronomia) australica F(1)

Species in bold are those observed to remove or deposit pollen.
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Response variable Explanatory variable Est df
Species of Bee Intercept 1.359 0.252

Grassland Area (km* *) 0.147 0.064 8 4913 0.021
Total number of bees Intercept 2.288 0.383

Grassland Area (km?*) 0.384 0.058 8 13.306 <0.001

“Significance of the explanatory variables is based on likelihood-ratio tests (X?) comparing models with and without the variable of interest. Significant variables (P < 0.05) are in bold and
provided with estimates (Est.) and standard errors (S.E) for significant predictors.
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Response Variable Explanatory variable = Est E df
Pollination Success ‘ Intercept -2.204 0.263 104
‘7 Arthropodium strictum 0.116 0.387 )
‘ Dianella reflexa -0.128 0.423
‘ Wahlenbergia stricta 0.715 0.350
‘ D. fragrantissima (alone) 0.304 0376

Significant variables (P < 0.05) are in bold along with estimates (Est.) and standard errors (S.E.) for significant predictors.
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Site Region @ Pollinator Vane Fruit set

abbreviation obs. traps data

AJ VVP x

CH VVP X X

CR East X X
Melbourne

EV . \'A% X

FE* ‘ VVP X V X X

FO . NSw X '

IL VVP b § X

IN . VVP X

IR . VVP X X

LE . East X
Melbourne

LA* ‘ VVP X ' X 7 X

MC . VVP X

MD VVP X X

MR VVP b'¢

OA NSW x

SU# . VVP X £ X

VVP refers to the Victorian Volcanic Plains. NSW refers to the state of New South Wales.
* sites where plants have been introduced or supplemented via conservation translocation.
# sites where there are wild plants.
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Floral Display Natural Fragmented

No. open flowers 29.0 £5.0 202 £3.9 < 0.05
Corolla size (cm®) 32£09 28+0.5 > 0.05
Keel petal

17.2¢4 3:2 154 + 4.2 > 0.05
length (mm)
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Habitats

Natural 6.5+ 1.6 86+1.1 <0.05

Fragmented 4.6 £ 1.1 53+0.8 < 0.05
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Treatment 1 11.050 < 0.05

Habitat 1 55.674 < 0.001
Treatment
. 1 4.968 < 0.05
* Habitat

C, open pollination treatment; HP, hand pollination treatment.
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Pollinator attractors Plant type ct No. of ervations Referen
Nectar sugar concentration Natural 1 2 Descamps et al. (2021b)
plant populations :
1 2 Descamps et al. (2021¢)
1 1 Gattlinger and
Lohaus (2019)
1 2 Descamps et al. (2018)
i 3 Takkis et al. (2015)
1 2 Carrion-Tacuri et al. (2012)
Crops il 4 Descamps et al. (2020)
1 2 Muniz et al. (2013)
Percentage
N 63
of cases supporting the model
Nectar sugar content Natural 1 12 Lopez-Atanacio
plant populations etal. (2022)
P 1 Maluf et al. (2022)
1 2 Descamps et al. (2021a)
1 2 Descamps et al. (2021b)
+ 2 Descamps et al. (2021¢c)
1 2 Descamps et al. (2018)
1 2 Mu et al. (2015)
t 3 Takkis et al. (2015)
t 2 Carrion-Tacuri et al. (2012)
Crops 1 12 Clearwater et al. (2021)
il 4 Descamps et al. (2020)
1 2 Enkegaard et al. (2016)
1 2 Muniz et al. (2013)
1 2 Hoover et al. (2012)
Percentage
5 21
of cases supporting the model
Nectar volume Natural 1 3 Moss and Evans (2022)
plant populations
d 2 Descamps et al. (2021a)
¢ 2 Descamps et al. (2021b)
1 2 Descamps et al. (2021c)
4 2 Descamps et al. (2018)
1 2 Mu et al. (2015)
i 6 Takkis et al. (2015)
1 2 Carrién-Tacuri et al. (2012)
Macukanovic-Jocic
ik 14
et al. (2004)
Crops | 4 Descamps et al. (2020)
1 2 Enkegaard et al. (2016)
il 2 Muniz et al. (2013)
1 1 Hoover et al. (2012)
Percentage o
of cases supporting the model
Poll N: 1
olen S ! 3 Branch and Sage (2018)
germination plant populations
Crops 1 2 Rutley et al. (2021)
1 18 Bhandari et al. (2020)
1 2 Parrotta et al. (2016)
1 8 Li et al. (2015)
1 8 Lora et al. (2012)
i 4 Miiller et al. (2016)
Percentage
. 85
of cases supporting the model
Pollen viability Natural il 3 Branch and Sage (2018)
plant populations
i 2 Descamps et al. (2018)
Crops i 2 Tovane and Aronne (2022)
il 13 Xu et al. (2017)
Percentage
N 100
of cases supporting the model
Pollinator visit Natural 1 6 Lopez-Atanacio
plant populations et al. (2022)
i 3 Maluf et al. (2022)
{ 2 Moss and Evans (2022)
3 4 Creux et al. (2021)
1 1 Descamps et al. (2021b)
1 4 Descamps et al. (2018)
il 3 Norgate et al. (2010)
Crops P 34 Muniz et al. (2013)
P t:
ercentage -

of cases supporting the model

Percentage of publications supporting effects size and observed negative or positive trend for pollinator attractors traits and pollinator visits under increasing air temperature treatments. (1)

significative increasing effect, (1) significative decreasing effect, (1) effect remained constant.
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Phylogenetically uninformed model Phylogenetically informed model

Floral reward trait Moderator
Qr  p-value Qm p-value Qr p-value Qm p-value

Overall 86.4 <0.001 86.4 <0.001

Plant type 1.24 0.536 4.19 0.123
Nectar sugar concentration

Study approach 8.82 0.012 5.87 0.053

Temperature range 239 0.496 223 0.524

Overall 237 <0.001 237 <0.001

Plant type 0.46 0.796 0.32 0.849
Nectar sugar content

Study approach 1.04 0592 1.02 0.600

Temperature range 0.52 0913 0.50 0917

Overall 277 <0.001 277 <0.001

Plant type 317 0.204 14 0.495
Nectar volume

Study approach 358 0.167 1.95 0.376

Temperature range 4.04 0.257 2.14 0.544

Overall 599 <0.001 599 <0.001

Plant type 329 <0.001 12.8 0.002
Pollen germination

Study approach 27.3 <0.001 1028 0.006

Temperature range 314 <0.001 17.5 0.001

Overall 158 <0.001 162 <0.001

Plant type 578 0.055 5.76 0.056
Pollen viability

Study approach - - - -

Temperature range 521 0.074 5.36 0.147

Overall 608 <0.001 576 <0.001

Plant type 113 0.567 172 0.421
Pollinator visits T T T

Study approach 1.14 0.535 0.48 0.785

Temperature range 44 <0.001 56.2 <0.001

Qr values are given for models without data structure (i.e. no moderator). Significant p-values (<0.05) of Qr and Qy are shown in bold.
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morphs Insect pollinator Apis sp. Bombus (Alpigenobombus) genalis

phidae sp.

Red Morph Visitation ﬁ'eque“cy 2.17 £ 0.36" 041 + 0.12* 0.11 +0.02*
Yellow Morph (visits/flower/h) 436 +0.72° 132 036" 0.30 + 0.06°
Red Morph 8937 +20.14° 2862 + 7.96° 2053 + 6.62°
Residence time (s/flower/h)
Yellow Morph 176.17 % 3641° 55.74 £ 12.19° 5754 £ 16"

Values (mean + s.e.) with different letters in the same column indicate significant differences according to Mann-Whitney U tests at p < 0.05.
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