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Functional differentiation and
adaptive responses of absorptive
and transport roots in alpine
grassland plants
under nitrogen and
phosphorus addition
Jinke Du, Xueqi Li , Qiang Sun, Lu Yang, Ying Li*
and Shikui Dong*

School of Grassland Science, Beijing Forestry University, Beijing, China
Fine root functional traits are critical for shaping plant strategies in below-ground
resource acquisition and ecosystem functioning. However, previous studies have
predominantly focused on �ne roots as a whole or overlooked functional
differentiation between root order, making it challenging to elucidate the
response patterns and driving mechanisms of different root orders under
nutrient addition. We conducted this study with controlled nitrogen and
phosphorus addition experiments in alpine meadow and steppe ecosystems
on the Qinghai-Tibetan Plateau (QTP), systematically analysing the response and
differentiation characteristics of two �ne root types—absorptive roots and
transport roots—in key traits including root diameter (RD), speci�c root length
(SRL), root tissue density (RTD), and root nitrogen concentration (RN). The results
indicated that absorptive roots predominantly exhibited a ‘high SRL, low RTD’
absorptive trait combination, whilst transport roots displayed a ‘low SRL, high
RTD’ conservative trait pro�le, these differentiation patterns remained consistent
across all nitrogen and phosphorus addition treatments. This functional
differentiation remains stable across different nitrogen and phosphorus
treatments and grassland types, corroborating the framework of functional
specialisation within root functional modules. Within the two-dimensional
space, both absorptive and transport roots formed trade-off structures along
the ‘SRL– RD’ and ‘RTD– RN’ axes, re�ecting the coexistence of dual-axis
economic spectra: ‘acquisition– conservation ’ and ‘independence–
cooperation’. Overall, the alpine grasslands plants on the QTP adapt to cold
and nutrient– poor environments by balancing structural and metabolic
traits, thereby supporting a strategy of synergistic trait trade-offs for
environmental adaptation.
KEYWORDS

alpine grasslands, nitrogen and phosphorus addition, plant functional traits, Qinghai-
Tibetan Plateau, root economics spectrum
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1 Introduction

Fine roots are vital organs for plants to absorb nutrients and
water from the soil, playing a pivotal role in the utilization of
belowground resources and the regulation of biogeochemical cycles
in terrestrial ecosystems. Investigating �ne-root functional traits is
fundamental to understanding below-ground ecological processes
and ecosystem-level material cycling, and for predicting ecosystem
functional changes driven by vegetation shifts (McCormack et al.,
2015). Root functional traits act as crucial intermediaries which link
the plant adaptive strategies and ecosystem processes (Freschet et al.,
2021) and encompass multiple hierarchical dimensions, including
morphological, anatomical, and physiological traits. Moreover, these
traits collectively determine plant ef�ciency in acquiring and
allocating below-ground resources (Kong et al., 2014; McCormack
et al., 2015) and profoundly in�uence carbon cycling and community
assembly through root production and turnover (Freschet et al.,
2021). Therefore, systematically investigating �ne root functional
traits and their variation patterns is of great scienti�c importance
for elucidating plant adaptive strategies to environmental changes
and maintaining ecosystem functional stability.

The root economics spectrum (RES) is recognized as the
belowground analogue of the leaf economics spectrum (Wright
et al., 2004). The conceptual foundation of the RES can be traced to
early works linking leaf and root strategies (Ryser and Lambers,
1995; Westoby and Wright, 2006; Freschet et al., 2010), and was
later extended to herbaceous species (Roumet et al., 2016) These
studies demonstrated that root traits re�ect trade-offs between
resource acquisition and conservation, similar to leaves in the
Leaf Economics Spectrum. McCormack et al. (2015) subsequently
introduced the absorptive–transport root (AR–TR) framework,
providing a hierarchical basis to interpret this variation within
�ne-root systems.Within this framework, root traits express the
balance between nutrient uptake capacity and the metabolic costs of
tissue construction and maintenance. Variation in root diameter
(RD), speci�c root length (SRL), root tissue density (RTD), and root
nitrogen concentration (RN) delineates a primary acquisition–
conservation axis of the RES (Freschet et al., 2010; Bergmann
et al., 2020). Thinner roots with high SRL and RN but low RTD
represent an acquisitive strategy characterized by inexpensive
construction and rapid resource turnover, whereas thicker roots
with low SRL and RN but high RTD re�ect a conservative strategy
emphasizing structural stability and long tissue lifespan (Reich,
2014; Weemstra et al., 2016). Such differentiation illustrates how
plants coordinate structural and metabolic investments to balance
resource acquisition and conservation in varying environments.

Nevertheless, the classical RES framework primarily describes
interspeci�c variation across species, whereas functional
differentiation within the root system, particularly between
absorptive and transport roots, remains insuf�ciently understood
under nutrient enrichment. Roots with strong absorptive capacity
tend to be thinner, while roots of different diameters jointly maintain
the balance between resource acquisition and construction costs.
However, recent studies reveal that relationships among �ne root
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traits are not strictly linear. Constrained by root geometry and
anatomy—such as the allometric scaling between cortex and stele
(Kong et al., 2014; Zhang et al., 2024)—relationships among RD, SRL,
root tissue density (RTD) and root nitrogen concentration (RN)
exhibit pronounced nonlinearity and environmental dependency.
These relationships more accurately describe the role of root traits
in plant resource economics (Kong et al., 2019; De La Riva et al.,
2021), and both environmental in�uences and phylogenetic histories
substantially modify their forms (Bergmann et al., 2020), forming an
additional ‘independence–cooperation’ axis of root traits.
Accordingly, the functional space of �ne roots has been described
as two-dimensional, consisting of an acquisition–conservation axis
and a nearly orthogonal independence–cooperation axis that re�ects
whether plants rely on intrinsic root construction or mycorrhizal
fungal collaboration for nutrient uptake (Brundrett, 2009; Carmona
et al., 2021). However, empirical evidence for these dimensions
remains uneven across systems, and it is still unclear whether the
functional differentiation within root systems—particularly between
absorptive and transport roots—is stable or plastic under nutrient
enrichment and across contrasting alpine grassland types. This study,
therefore, aims to clarify whether absorptive roots (AR) and transport
roots (TR) maintain distinct functional differentiation under nitrogen
(N) and phosphorus (P) additions, and how nutrient addition and
grassland type jointly shape this differentiation.

Traditionally, �ne roots have been de�ned as the roots with
diameters< 2 mm, and treated as a single functional, homogeneous
pool (Jackson et al., 1997; Pritchard and Strand, 2008), effectively
simplifying the entire root system into a single uni�ed functional
category. However, this approach has been recognized as
insuf�cient to capture the complexity and functional diversity
within �ne root systems (Jackson et al., 1997; Pregitzer et al.,
2002). Increasing evidences indicate that �ne roots are highly
branched and functionally heterogeneous: lower-order roots
primarily perform nutrient and water absorption, whereas higher-
order roots are more involved in transport and structural support
(Jackson et al., 1997; Guo et al., 2008). Consequently, root functions
are more closely associated with branching order than with
diameter alone (Goebel et al., 2011; Mucha et al., 2020).
Therefore, a hierarchical classi�cation of �ne roots, rather than a
broad de�nition based solely on the< 2 mm threshold, is necessary
to better understand differences in root function and resource
allocation strategies (McCormack et al., 2015; Iversen et al.,
2017). This also provides a crucial foundation for elucidating the
RES and the ‘independence-cooperation’ dimension.

Qinghai-Tibetan Plateau (QTP), as a climate-sensitive region
and an ecological security barrier, is subjected to long-term
constraints imposed by low temperatures, aridity, and nutrient
limitation. Its alpine grassland ecosystems exhibit strong
sensitivity to nitrogen deposition, phosphorus limitation and
climate change (Xia and Wan, 2008), making the region a natural
laboratory for investigating below-ground plant response
mechanisms under global change. Although previous studies have
demonstrated signi�cant effects of nitrogen and phosphorus
addition on plant leaf traits and community structure, and have
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preliminarily explored their relationships with soil processes
(Comas et al., 2014; Li et al., 2019), most work has still primarily
focused on aboveground components. Systematic studies
examining how �ne root functional traits respond to nitrogen and
phosphorus additions across hierarchical levels remain limited
(Freschet et al., 2021). In particular, in alpine grassland
ecosystems, it remains unclear whether the primary RES axis and
the mycorrhizal cooperation dimension may decouple under
nutrient enrichment, and which environmental or phylogenetic
factors drive such responses (Brundrett, 2009; Kong et al., 2014).

To �ll these knowledge gaps, we conducted a controlled
experiment with six nitrogen and phosphorus addition treatments
in two typical types of alpine grasslands on the QTP (Alpine
Meadow and Alpine Steppe). We compared key traits of
absorptive and transport roots and identi�ed their main drivers.
Absorptive and transport roots represent two functional modules
within �ne-root systems, responsible for resource uptake and
transport, respectively (McCormack et al., 2015). This modularity
is critical because shifts in the balance between these root types
under nitrogen (N) and phosphorus (P) addition may alter plant
strategies of construction investment and resource acquisition.
Evaluating how nutrient enrichment affects AR and TR
differentiation can therefore test whether �ne-root economics
conform to, or deviate from, the predictions of the root
economics spectrum (RES) framework. This study aims to
address the following scienti�c questions: (1) Do absorptive and
transport roots in the alpine grasslands exhibit differential
responses in key functional traits under nitrogen and phosphorus
addition, individually or in combination? How these differences
have been shaped? (2) Under the combined in�uences of nutrient
addition and environmental conditions, do plant root systems in
alpine grasslands exhibit a decoupling between the primary axis of
the root economics spectrum (RES) and the mycorrhizal
cooperation dimension? Addressing these questions allows us to
test whether internal functional differentiation within �ne-root
systems remains stable or becomes plastic under nutrient
enrichment. Absorptive and transport roots represent two
complementary functional modules within plant root systems,
responsible for nutrient uptake and resource transport,
respectively. This modularity is ecologically important because it
provides a mechanistic basis for linking individual trait variation to
the overall functional balance of plants under changing
environmental conditions. By examining how nutrient addition
and habitat context shape AR–TR differentiation, this study
provides empirical evidence for how �ne-root trait coordination
contributes to plant adaptation and the maintenance of
belowground ecosystem stability on the Qinghai–Tibet Plateau.
2 Materials and methods

2.1 Study sites description

This study was conducted in two representative alpine grassland
ecosystems on the QTP, of China (Figure 1). The Alpine Meadow
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(AM) site is located at the Xihai Experimental Station in Haiyan
County, Haibei Tibetan Autonomous Prefecture, Qinghai Province
(36°93�N, 100°95�E; elevation 3100 m), situated within a plateau
continental climate zone. The annual mean temperature is
approximately 1.4°C, with annual precipitation ranging from 330
to 370 mm and potential annual evapotranspiration averaging
around 1400 mm. Vegetation is dominated by typical alpine
meadow species, including Leymus secalinus, Agropyron
cristatum, Stipa purpurea, Medicago ruthenica, Carex capillifolia,
Carex alatauensis, Thalictrum petaloideum, and Potentilla
multi� da. Alpine Steppe (AS) is situated at the Tiebujia Grassland
Improvement Experimental Station in Gonghe County, Hainan
Tibetan Autonomous Prefecture (37°02�N, 99°35�E; elevation
3270 m). It shares the same plateau continental climate zone,
with a mean annual temperature of approximately 0°C, mean
annual precipitation of 377 mm, and mean annual potential
evapotranspiration of approximately 1484 mm. Vegetation is
dominated by typical alpine steppe species, including Leymus
secalinus, Poa pratensis, Carex capillifolia, Thermopsis lupinoides,
and Artemisia scoparia, dominate the vegetation.
2.2 Experimental design and treatments

Since 2019, nitrogen addition experiments at varying levels have
been conducted at the aforementioned experimental stations to
simulate nitrogen deposition. Nitrogen (N) and phosphorus (P)
were selected because N deposition has been rapidly increasing on
the Qinghai-Tibet Plateau, while P availability remains relatively
low and often limits plant growth and nutrient balance in alpine
soils (Shen et al., 2022; Dong et al., 2023). Therefore, N addition was
designed to represent different atmospheric deposition intensities,
whereas a single P level was applied to relieve P limitation without
causing nutrient imbalance or excessive precipitation in alkaline
soils. Based on the region’s current and projected atmospheric
nitrogen deposition levels (approximately 8 kg N•ha�1•yr�1) (Lü
and Tian, 2007), six nutrient addition treatments were established:
control (CK), low nitrogen addition (N1, 8 kg N•ha�1•yr�1,
equivalent to local deposition levels), medium nitrogen addition
(N2, 72 kg N•ha�1•yr�1, equivalent to 9 times local deposition levels),
high nitrogen addition (N3, 216 kg N•ha�1•yr�1, equivalent to 27
times the local nitrogen deposition level), phosphorus addition (P,
35 kg P•ha�1•yr�1), and combined nitrogen-phosphorus addition
(NP, 72 kg N•ha�1•yr�1 + 35 kg P•ha�1•yr�1) (Shen et al., 2022; Xiao
et al., 2025). Each treatment comprised three replicates, totalling 18
plots (2 m×5 m each), arranged in a randomized block design. A 1-
metre buffer zone was established between adjacent plots to
minimize edge effects. Nitrogen was applied as ammonium nitrate
(NH4NO3), and phosphorus as calcium dihydrogen phosphate (Ca
(H2PO4)2). Fertilization was performed three times per year: May
(early growth stage), July (peak growth stage), and September (late
growth stage), to simulate the cumulative nature of atmospheric
deposition and align with plant growth dynamics (Supplementary
Table S3).
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2.3 Root sampling and trait measurements

During the growing season (July-August) in 2024, representative
areas (0.2 m×0.2 m) re�ecting current plot characteristics were selected
within each plot (Lu et al., 2024). Fine roots collected from each
quadrat were �rst separated by species and then by root order before
trait measurements, ensuring that all trait data represent species-level.
Species identity of each root sample was determined by tracing root
systems to their corresponding aboveground shoots within each
quadrat, allowing accurate attribution of roots to plant species. All
plants within the chosen area were carefully excavated using a sampling
shovel. Soil adhering to the roots was gently removed by shaking, then
washed off with deionized water. Living �ne roots were identi�ed based
on colour, texture and elasticity. Following the root order classi�cation
framework proposed by McCormack et al. (2015) and King et al.
(2021), �ne roots were classi�ed by order: the �rst and second order
roots (orders 1-2) were de�ned as absorptive roots (AR), primarily
responsible for water and nutrient uptake, while third to �fth order
roots (orders 3-5) were de�ned as transport roots (TR), mainly
involved in transport and structural support. These classi�ed roots
were then used for trait measurements. Each treatment included three
replicate plots (n = 3 per treatment per site).

The classi�ed �ne roots were evenly spread in transparent root
trays �lled with deionized water and scanned using a digital scanner
(Epson, Japan). The scanned images were analyzed using Win
Frontiers in Plant Science 04
RHIZO root analysis software (Re�gent Instruments, Canada) to
obtain root morphological traits including root length, average root
diameter (RD; mm), and root volume. After scanning, root samples
were oven-dried at 65 °C to constant weight for biomass
determination, and subsequently used to calculate speci�c root
length (SRL; m•g�1) and root tissue density (RTD; g•cm�3)
according to Equations 1, 2, respectively. The dried samples were
then ground into powder, and root nitrogen concentration (RN;
g•kg�1) was quanti�ed using an elemental analyzer.

Specif ic � Root � Length � (SRL � = � m · g�1) = Root � Length=Dry � Weight

(1)

Root � Tissue � Density � (RTD � = � g · cm�3) = Dry � Weight=Root � Volume

(2)
2.4 Data analysis

In total, six dominant species and six nutrient treatments (CK,
N1, N2, N3, NP, and P) were included, resulting in 180 root samples
(90 absorptive roots and 90 transport roots). Because not all species
occurred in every treatment, the number of replicates per treatment
varied slightly (Supplementary Table S1). Descriptive statistics,
including mean, standard deviation, minimum, maximum, and
FIGURE 1

Location of the alpine grassland study area on the Qinghai-Tibet Plateau and layout of sample plots. Panel (a) shows the map of China; panel
(b) illustrates the extent of the Qinghai-Tibet Plateau; panel (c) indicates the speci�c geographic location of the study area; panel (d) presents the
layout of alpine grassland sample plots; and panel (e) presents the layout of alpine meadow sample plots.
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