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Kelp forests are among the most productive and resilient coastal ecosystems, providing long-term ecological stability and diverse resources for marine and human communities. These attributes underpin the Kelp Highway Hypothesis (KHH), which proposes that kelp-dominated seascapes facilitated early human coastal dispersal and settlement along the Pacific Rim. While most KHH research has focused on the North Pacific, its southern extension remains poorly understood. Here, we apply species distribution models (SDMs) to reconstruct the potential distribution of major kelp species along the Pacific coast of South America during three key paleoclimatic periods: the Last Glacial Maximum, the Mid-Holocene, and the Medieval Warm Period. Our results reveal persistent and spatially continuous kelp habitats over millennial timescales, with evidence of poleward shifts in suitable areas following postglacial warming. When compared with published archaeological data, these reconstructions show recurrent spatial overlap between favorable kelp habitats and early coastal sites. Although direct evidence of kelp use remains scarce, this spatial congruence supports the idea that kelp forests may have provided stable and productive environments that facilitated human occupation and mobility along the southeastern Pacific coast. By integrating paleoenvironmental modeling with archaeological evidence, this study contributes a novel South American perspective to the KHH and demonstrates the potential of SDMs for reconstructing ancient coastal ecosystems within a paleoecological framework.




Keywords: Holocene, kelp forests, Last Glacial Maximum (LGM), paleoecology, sea surface temperature (SST), South America, species distribution models (SDM)





1 Introduction

Forest-forming kelps, recognized for their role as ecosystem engineers, provide essential ecological functions that sustain coastal biodiversity and productivity (Jones et al., 1994; Steneck et al., 2002). They span approximately one-third of the world’s coastline, support the livelihoods of nearly 750 million coastal inhabitants, and contribute an estimated $500 billion annually to the global economy (Jayathilake and Costello, 2021; Eger et al., 2023). Their present and future socioecological relevance is enormous (Eger et al., 2023). Similarly, archaeological and historical records have recently highlighted the long-standing relationship between kelp forests and human populations. Based on archaeological site found in the California Channel Islands, the kelp highway hypothesis (KHH) proposed an alternative for the initial peopling of the Americas: a coastal migration route. It proposed that during the Last Glacial Maximum (LGM, ∼20,000 years ago), humans crossed the Behring Strait and migrated southward along the Pacific coast following productive kelp forests habitats (Erlandson et al., 2007). This dispersal probably occurred contemporaneously with a central continental route focused on terrestrial Pleistocene megafauna, as traditionally proposed by the Clovis hypothesis (Dillehay, 1997). Unlike earlier hypothesis that proposed a single inland migration route through Beringia, it has since been recognized that such a terrestrial pathway would have required rapid movement through a wide range of ecosystems within a relatively short time frame—on the order of a millennium (Erlandson et al., 2015). The early scarcity of supporting archaeological evidence for the KHH was likely due, in large part, to the post-glacial global rise in sea levels (Erlandson, 2013; Erlandson et al., 2025). The peopling of the Americas is now understood as a complex process involving successive migratory waves that utilized both coastal and inland routes, thus matching recent archaeological and paleogenetic evidence (Meltzer, 2021).

The continental-scale of the diversity and predictability of marine resources linked to kelp forest–seabirds, waterfowl, marine mammals, fishes, shellfish and seaweeds– are the foundation of the KHH (Erlandson et al., 2015; Schiel and Foster, 2015). Indigenous practices in the Pacific Northwest further underscore their ecological and cultural significance. For example, sustainable management of Pacific herring demonstrates a deep understanding of human-environment interactions, as hemlock branches were placed in kelp-rich areas to collect herring eggs, promoting spawning and reflecting advanced ecological knowledge (Thornton, 2015). In this way, the KHH provided support to 14,500-year-old Monteverde archaeological site in southern Chile, one of the oldest evidence of human occupation in the Americas, and the first to put forward a coastal alternative to the Clovis hypothesis-heavily contested initially (Dillehay, 1997; Meltzer et al., 1997; Dillehay et al., 2008).

Along the Andean coastline, kelp forests thrive from Peru to Tierra del Fuego under the influence of the highly productive Humboldt Current, one of the major Eastern Boundary Upwelling Systems (EBUS) (Bakun, 1990; Cuba et al., 2022). Past human uses of kelp along the Humboldt ecosystems extended from the construction of floors and walls, to part of funerary practices, and as sources of fuel, food, and fertilizer (Araos et al., 2018; Borie et al., 2006; Arriaza and Standen, 2009; Montt et al., 2021; Núñez et al., 1974; Moragas and Mendez-Quiros, 2022; Sitzia et al., 2023). Beyond past cultural uses, kelp forests continue to provide critical ecosystem services, including the attenuation of nearshore wave energy, which facilitates resource gathering even under adverse storm conditions (Mork, 1996; Elsmore et al., 2024). Complementing this broader perspective, recent studies have documented evidence of past kelp utilization along the northern coast of Chile, where kelp served not only as a direct food resource and as critical habitat for associated food species (Vega et al., 2016; Vega, 2016), but also as an essential source of fuel in arid coastal regions where terrestrial wood resources were limited (Sitzia et al., 2023). Recent zooarchaeological evidence highlights that coastal populations specialized in, and heavily relied on, kelp-associated species—including coastal birds, pinnipeds, fishes, mollusks, and crustaceans—for both food and raw materials (Lopez et al., 2025; Rebolledo et al., 2016, 2021; Salazar et al., 2015, 2018).

One of earliest pieces of evidences of kelp use comes from shell middens—archaeological deposits that preserve records of coastal resource use over millennia (Rick, 2024). Along the Pacific coast of the Americas, shell middens rich in Tegula shells, abalone, and other kelp-dependent species reflect the long-term importance of these ecosystems for coastal communities (Rick and Erlandson, 2016; Erlandson et al., 2015; Ainis et al., 2014, 2019; Ainis and Erlandson, 2025; Erlandson et al., 2025). On the coast of South America, archaeological shell middens –locally known as conchales or concheros – provide exceptionally well-preserved evidence on human diet, on the use of marine resources and cultural patterns owing to the extreme aridity of the region (Flores et al., 2016; Olguín et al., 2015; Salazar et al., 2015; Moragas and Mendez-Quiros, 2022; Zangrando, 2018; Lopez et al., 2025). Similarly, their use in habitational contexts or the presence of associated fauna such as Tegula or Scurria snails serve as indirect indicators of kelp (Alcalde et al., 2023).

As such, either direct or indirect evidence suggest the presence of kelp ecosystems across the Holocene along the arid and hyperarid coast of the Atacama desert. However, past kelp range dynamics remain poorly understood. To date, evidence remains indirect and limited to a single kelp species. Genetic analyses combined with a species distribution model (SDM) for Macrocystis pyrifera during the Last Glacial Maximum (LGM) revealed climate-driven range shifts and indicated that the highest genetic diversity of this species occurs in the Northern Hemisphere, likely reflecting its area of origin (Assis et al., 2023). In California, reconstructions of sea level and associated geomorphological changes on offshore islands have been used to infer variations in nearshore reef extent and their capacity to sustain kelp forest ecosystems since the LGM (Graham et al., 2010; Kinlan et al., 2005). Past kelp forest productivity has also been inferred from multiscale analyses of zooarchaeological assemblages, which further suggest that indigenous peoples managed urchin populations through intensive harvesting (Mcfarland et al., 2025). It is well-known that the northern sector of the Humboldt Upwelling Ecosystem (HUE) experienced large changes in sea surface temperature and consequently in upwelling conditions after the LGM and across the Holocene (Ortlieb et al., 2011; Carré et al., 2016; Flores and Broitman, 2021). In this way, multi-species kelp forest abundance and distribution, particularly at its trailing (warm) edge are likely to have experienced range expansions and contractions.

Species Distribution Models (SDMs) offer a powerful framework for linking species occurrences with climatic variables, enabling reconstructions of past distributions and projections under future climate scenarios (Austin, 2002; Robinson et al., 2017; Assis et al., 2023; Torres et al., 2024). SDMs allow us to link the current distribution of a species to current environmental conditions and project it to other scenarios in time and space (Sillero et al., 2021). Although widely applied in terrestrial systems, their use has been more limited in marine environments (Robinson et al., 2011; Melo-Merino et al., 2020). Advances in remote sensing and the increasing availability of high-resolution environmental datasets are now bridging this gap, providing new opportunities to model and conserve critical coastal ecosystems (Melet et al., 2020). Global climate models, such as those from Coupled Model Intercomparison Project Phase 6 (CMIP6) and Paleoclimate Modelling Intercomparison Project Phase 4 (PMIP4) (Kageyama et al., 2018), further enhance our ability to reconstruct past oceanographic conditions relevant to kelp forest distributions.

Given that kelp forests provide rich and stable coastal resources, and that archaeological evidence supports persistent maritime adaptations along the Pacific rim, we explore whether the past distribution of kelp forests in South America—shaped by oceanographic changes—could have generated ecologically rich coastal areas that coincided with early human presence. Here, we reconstruct the potential distribution of South American kelp forests under past climatic conditions and examine their spatial overlap with archaeological sites of early coastal occupation. This study leverages the archaeological record to contextualize modeled reconstructions of suitable habitats for forest-forming kelp species along the South American coast.




2 Methods



2.1 Species occurrence data

To map the distribution of kelp forests in South America, we extracted present-day occurrence data from the Global Biodiversity Information Facility (GBIF) on September 9, 2024, retrieving a total of 2,581 records from its open-access platform (GBIF.org, 2024g). These occurrences encompassed all known forest-forming macroalgal species occurring in South America (Wernberg et al., 2019), including Macrocystis pyrifera (GBIF.org, 2024a), Durvillaea incurvata (GBIF.org, 2024b), Durvillaea antarctica (GBIF.org, 2024b), Lessonia flavicans (GBIF.org, 2024c), Lessonia trabeculata (GBIF.org, 2024d), Lessonia spicata (GBIF.org, 2024e), and Lessonia berteroana (GBIF.org, 2024f). We further incorporated 49 additional occurrence records for two low-latitude species, Eisenia cokeri and Eisenia gracilis, which were not available in GBIF at the time of data retrieval (Ávila Peltroche et al., 2024; Uribe et al., 2024). Other Eisenia species such as Eisenia galapagensis occur in the Galápagos Archipelago, but given their restricted insular distribution and subtropical affinity, were not considered relevant to the temperate coastal environments addressed in this study.

We applied a series of quality filters to clean the dataset from unreliable records, excluding records predating 1980, occurrences located on land, duplicate coordinates, and records with positional uncertainty exceeding 10 km (Feng et al., 2019). To compensate possible geographic biases and mitigate spatial clustering to achieve a more uniform distribution of records, we implemented a ‘thinning’ of the records, with a 5.5 km2 radius, selecting a single occurrence per grid cell at random (Fourcade et al., 2014; Sillero et al., 2021). This spatial resolution was chosen to maintain consistency with the environmental variables used in subsequent analyses (Barbosa et al., 2010). To account for regional differences in ecological and evolutionary processes, we classified the filtered occurrences into biogeographical regions following the classifications by Spalding et al. (2007). We used two units of coastal biogeographic provinces:

Warm Temperate Southeastern Pacific, which includes records from Peru and north-central Chile, and the Magellanic, encompassing records from southern Chile and Argentina. Following these filters and classification process, we retained a total of 313 occurrences, with 161 records from the Warm Temperate Southeastern Pacific and 152 to the Magellanic Ecoregion. The distribution of the final records closely aligns with historical patterns documented in previous studies (Wernberg et al., 2019) (Figure 1).
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Figure 1 | Geographic distribution of kelp forest occurrences in South America since 1980, obtained from GBIF and used in the model of this study. The map also shows the two coastal biogeographic provinces relevant to the study area: the Warm Temperate Southeastern Pacific (light red) and the Magellanic Province (blue).




2.2 Environmental predictors

We obtained paleo-sea surface temperature (SST) data from the PMIP4, a subset of CMIP6 simulations (Kageyama et al., 2018). For the Medieval Warm Period (MWP; 850–1250 AD), we used reconstructions from the ACCESS-ESM1.5 model, which provides ocean fields at a spatial resolution of 1° (approximately 100 km at the equator) (Ziehn et al., 2020). For the Mid-Holocene (6000–5900 BP) and the Last Glacial Maximum (LGM; 21,000–20,901 BP), we used simulations from the MIROC-ES2L model, available globally at 0.5° resolution (approximately 55 km at the equator) (Ohgaito et al., 2019). These datasets were accessed via the Earth System Grid Federation (https://esgf-node.llnl.gov/), providing consistent paleoclimate reconstructions. To standardize spatial resolution and projection across all datasets, we processed the SST variables using Climate Data Operators (CDO) (Schulzweida, 2023). Data processing was performed in R Studio (R Core Team, 2022), where for each grid cell and period, the minimum and maximum SST values were extracted to represent the range of past thermal conditions.

To ensure alignment between paleoenvironmental predictors and the distribution of kelp forests, we created a coastal mask using a high-resolution coastline layer from Natural Earth (http://naturalearthdata.com/). This mask incorporated key habitat characteristics relevant to kelp forest distribution, such as light availability and wave exposure (Steneck et al., 2002; Wernberg et al., 2019). A 100 km2 buffer was applied around the coastline to guarantee that at least one pixel of the paleo-SST variables overlapped with coastal areas of South America. We then manually validated the spatial consistency between species occurrences and the masked environmental layers to ensure accuracy in subsequent analyses. To the Last Glacial Maximum model, we incorporated the extent of the Patagonian ice sheet known to have persisted during this period, based on reconstructions by Hulton et al. (2002).

An important limitation of our approach is that sea-level changes associated with glacial–interglacial dynamics could not be directly resolved at the spatial scale of the PMIP4 simulations. The MIROC-ES2L model, for example, has an oceanic resolution of 1° (100 km per pixel), with grid cells representing offshore waters rather than nearshore environments. Nevertheless, the thermal signal of these offshore pixels can reasonably be assumed to influence adjacent coastal ecosystems, including kelp forests, given the broad spatial scales of ocean–atmosphere interactions represented in these models. By focusing on offshore predictors, our approach avoids the additional uncertainties introduced by attempting to reconstruct shifting paleoshorelines (Lambeck et al., 2014), while still capturing the large-scale environmental gradients most relevant to kelp distribution. Although this means that local shoreline displacement and the inundation or exposure of shallow habitats cannot be explicitly modeled, these processes are partly embedded in the broader PMIP4 reconstructions. Thus, while some uncertainty remains—particularly along narrow coastal margins—the framework provides a consistent basis for comparing kelp habitat suitability across glacial–interglacial cycles.

Temperature is a primary driver of kelp forest distribution, influencing physiological performance, ecological interactions, and nutrient dynamics (Steneck et al., 2002; Smale, 2020; Fram et al., 2008; Reed and Brzezinski, 2009). Moreover, previous studies on different kelp species have repeatedly identified SST as the most influential variable in determining their spatial distribution (Martínez et al., 2018; Jayathilake and Costello, 2021; Assis et al., 2023; González-Arangón et al., 2024; Assis et al., 2024). While highly collinear variables are often excluded from species distribution models, their inclusion can be justified when they represent key ecological determinants (Sillero and Barbosa, 2021). In this case, minimum SST is closely linked to nutrient-rich upwelling events, which are essential for the reproduction, growth and persistence of kelp forests (Narayan et al., 2010; Graham et al., 2007b). Conversely, maximum SST plays a critical role in defining the low-latitude distribution limits of kelp forest, as thermal stress imposes both physiological and ecological constraints on its survival (Ladah et al., 1999; Edwards, 2004). Based on these findings, we selected SST minimum (°C, SSTmin) and SST maximum (°C, SSTmax) as the key predictors for species distribution modeling (SDM). These layers were clipped using the coastal mask and visually inspected to confirm their alignment with kelp forest occurrences and coastal features.




2.3 Model performance, evaluation, threshold and projections

The current distribution of South American kelp forests was estimated using Maxent 3.4.1 (Phillips et al., 2021), incorporating the filtered GBIF occurrences and predictor variables. Maxent is a SDM approach based on machine learning that uses presence-only data to estimate habitat suitability by identifying the most uniform (maximum entropy) probability distribution, constrained by the environmental conditions at known occurrence sites (Phillips et al., 2006; Phillips and Dudík, 2008). This approach predicts areas with similar environmental conditions to those where the species has been observed, even when available data are incomplete or limited (Elith et al., 2011; Merow et al., 2013). The model was configured with 10 replicate runs under a cross-validation framework and a maximum of 1000 iterations. To characterize the range of available environmental conditions, we randomly selected up to 10,000 background points from grid cells lacking kelp occurrences (Phillips et al., 2004, 2006). These points were restricted to the coastal region defined in the study to ensure they represented relevant environmental conditions (Merow et al., 2013).

To project the historical distribution of kelp forests under past climate scenarios from PMIP4 (Kageyama et al., 2018), we selected SSTmin and SSTmax for the LGM, Mid-Holocene, and MWP. To account for the evolutionary history of kelp species in distinct biogeographic contexts, separate projections were conducted for the Warm Temperate Southeastern Pacific and Magellanic provinces (Spalding et al., 2007). The distribution maps, estimated habitat area, and spatial range for each scenario were generated using RStudio (R Core Team, 2022). For visualization purposes, we applied a smoothing technique to the Maxent model output, enhancing the clarity of the potential distribution maps of kelp forests.

For model evaluation, we used 70% of the occurrence data for training and retained the remaining 30% for validation (Phillips et al., 2006). Model accuracy was assessed using the area under the curve (AUC) of the Receiver Operating Characteristic (ROC) (Peterson et al., 2008). The ROC curve and AUC provide a measure of model performance by evaluating the balance between sensitivity (true positive rate) and specificity (true negative rate), which reflects the model’s ability to distinguish presences from background points (Phillips et al., 2004; Lawson et al., 2014). Because AUC calculations depend on background data, careful delineation of the study area is crucial to prevent an artificial increase in accuracy due to improper background selection (Merow et al., 2013). In this study, the background area was constrained to the defined coastline mask to avoid overestimating AUC values, following recommendations for presence-only models where the species’ distribution is large relative to the study area (Lobo et al., 2008).

To define suitable habitat in our study area, which was limited to the Warm Temperate Southeastern Pacific and Magellanic biogeographic provinces, we applied the “Maximum training sensitivity plus specificity” threshold. This method optimizes the trade-off between correctly predicting presence and minimizing false positives, providing a more reliable classification of suitable habitat while reducing overestimation in areas with limited environmental extrapolation (Liu et al., 2013). Given the spatial extent of this study, this threshold provided a more reliable representation of potential kelp forest distribution. The continuous Maxent output was transformed into a binary classification of presence and absence using the “Maximum training sensitivity plus specificity” threshold. The threshold values were 0.5028 for the ACCESS-ESM1–5 model in the Warm Temperate Southeastern Pacific province and 0.5623 for its projection in the Magellanic province. For the MIROC-ES2L model, the thresholds were 0.5785 in the Warm Temperate Southeastern Pacific and 0.582 in the Magellanic province. Only areas with values above these thresholds were considered suitable habitat for kelp species in this study.




2.4 Archaeological data

To support the results from the habitat suitability models, we incorporated archaeological evidence documenting human interactions with kelp forests. A comprehensive bibliographic review was conducted, focusing on peer-reviewed primary literature that provided specific chronological and contextual data. This search was carried out using Google Scholar with the following keywords: “archaeological kelp South America”, “shell middens South America”, “archaeological evidence kelp South America”, and “archaeological macroalgae South America”—with the latter refined to include only studies confirming the presence of kelp species. These same keyword combinations were also searched by replacing “South America” with specific countries of interest: Peru, Chile, and Argentina, to capture more localized studies. Only peer-reviewed primary archaeological studies were included, excluding reviews, non-scientific reports, and grey literature, to ensure data reliability and reproducibility. Studies were retained if they (i) presented clear evidence of human use or interaction with kelp forests, (ii) reported either direct remains of kelp species or associated taxa found in shell middens, and (iii) included precise spatial (geographic coordinates or mappable site descriptions) and temporal (radiocarbon or contextual dating) information.

The review yielded 21 scientific publications reporting 38 archaeological sites distributed along the Pacific coast of South America (Table 1, Supplementary Table 1). These sites included both direct evidence of kelp use such as preserved remains of M. pyrifera, Lessonia spp., Durvillaea spp., or Eisenia spp. and indirect evidence, as for example of marine taxa ecologically associated with kelp forests. For each site, we extracted geographic coordinates, temporal range, and type of evidence (direct kelp remains or indirect proxy). To obtain a consistent temporal range in calibrated years before present (cal BP), uncalibrated radiocarbon dates were processed using OxCal (Ramsey, 2001), applying the Southern Hemisphere calibration curve SHCal04 (McCormac et al., 2004).


Table 1 | Archaeological sites with kelp or proxy evidence along the South American coast during different Holocene periods.
	Number
	Archaeological site
	Latitude
	Time period (cal BP)
	Evidence
	References



	1
	Huarmey
	-10.063
	7700-6900
	kelp
	Bonavia et al., 2009


	2
	Cerro Paloma
	-12.416
	6500-5000
	kelp
	Benfer, 1990


	3
	Paloma
	-12.492
	5700
	proxy
	DeNiro, 1988


	4
	La Capilla
	-18.539
	5620-4740
	kelp
	Muñoz, 2014


	5
	Pisagua N and Pisagua B
	-19.558
	3420-2910
	kelp
	Vidal et al., 2004


	6
	Punta Pichalo
	-19.602
	1150-650
	kelp
	Ramírez and Quevedo, 2000


	7
	Camarones 14
	-19.200
	5756-4685
	kelp
	Schiappacasse and Niemeyer, 1984


	8
	Punta Patache
	-20.799
	6000
	kelp
	Moragas and Mendez-Quiros, 2022


	9
	Patache N
	-20.799
	2590
	kelp
	Moragas and Mendez-Quiros, 2022


	10
	Patache J
	-20.799
	4420
	kelp
	Moragas and Mendez-Quiros, 2022


	11
	Patache E
	-20.799
	4250-4020
	kelp
	Moragas and Mendez-Quiros, 2022


	12
	Patache G
	-20.799
	2080
	kelp
	Moragas and Mendez-Quiros, 2022


	13
	PQB2_CON_002_SA
	-20.785
	6823-6748
	kelp
	Lopez et al., 2025


	14
	PQB2_CON_019
	-20.785
	3000-1000
	kelp
	Sitzia et al., 2023


	15
	Caleta Huelén-42
	-21.406
	3332-1930
	kelp
	Núñez, 1976


	16
	Chacaya 2
	-22.150
	5590-5470
	kelp
	Ballester et al., 2014a


	17
	Copaca 1
	-22.333
	6448-5166
	proxy
	Castro et al., 2016


	18
	Cobija 10
	-22.550
	2046-1241
	kelp
	Moragas, 1982


	19
	Los Canastos 3
	-23.500
	5990-5900
	kelp
	Ballester et al., 2014b


	20
	Zapatero
	-24.928
	5500-4500
	proxy
	Alcalde et al., 2023


	21
	Paposo Norte 9
	-24.958
	5500-4500
	proxy
	Alcalde et al., 2023


	22
	Paposo Norte 9
	-24.958
	2830-2363
	proxy
	Alcalde et al., 2023


	23
	Caleta Bandurrias
	-25.202
	5800-4600
	kelp
	Power and Salazar, 2020


	24
	Alero Bandurrias 3
	-25.210
	3355-2829
	proxy
	Alcalde et al., 2023


	25
	Alero 224A
	-25.302
	4252-3545
	proxy
	Alcalde et al., 2023


	26
	Punta Morada
	-25.377
	3230-2685
	proxy
	Alcalde et al., 2023


	27
	San Ramón
	-25.385
	880-413
	proxy
	Alcalde et al., 2023


	28
	Morro Colorado
	-25.387
	6600-5500
	proxy
	Alcalde et al., 2023


	29
	Plaza de Indios Norte
	-25.443
	3164-2594
	proxy
	Alcalde et al., 2023


	30
	Hornor de Cal
	-25.513
	6000-5500
	proxy
	Alcalde et al., 2023


	31
	Punta Teatinos
	-29.817
	5500-2000
	proxy
	Hernández Castillo, 2023


	32
	Monte Verde
	-41.503
	14220-13980
	kelp
	Dillehay et al., 2008


	33
	Posa
	-43.883
	3400-1300
	proxy
	Zangrando, 2018


	34
	Cerro las Bandurrias
	-53.201
	5689-6480
	proxy
	Favier Dubois and Borrero, 2005


	35
	Laguna Arcillosa 1–3
	-53.423
	5410-6022
	proxy
	Santiago et al., 2007a


	36
	Río Chico 1
	-53.544
	6184-6376
	proxy
	Santiago et al., 2007b


	37
	Túnel I
	-54.816
	8200-3000
	proxy
	Zangrando et al., 2022


	38
	Imiwaia I
	-54.861
	6400-1500
	proxy
	Zangrando et al., 2016







For the purpose of spatial comparison with modeled kelp distributions, each archaeological area was treated as a single geographic point, even when multiple discrete occupations were reported within the same site. For example, Punta Patache includes several occupational components (N, J, E, G) with distinct radiocarbon dates. While all dates were included individually in the database to preserve temporal resolution and enable subsequent correlation with paleoclimatic models, they were aggregated spatially to a single point to simplify the mapping and visualization of human–kelp forest overlap.

This information enabled the spatial and temporal mapping of human–kelp forest interactions throughout the Holocene. Archaeological sites whose occupation dates overlapped with two modeled paleoclimatic scenarios—the Mid-Holocene and the MWP—were georeferenced and overlaid onto the corresponding modeled kelp forest distributions. This allowed us to visually assess the spatial correspondence between archaeological presence and areas of suitable kelp habitat, providing a contextual framework for understanding potential ecological and cultural interactions along the South American Pacific coast.

It is important to note that this connection between kelp SDMs and archaeological records represents an approximation rather than a precise chronological match. While the modeled periods could not align exactly with the occupation dates of some sites, the long-term resilience and persistence of kelp forests suggest that their distributional ranges would not have shifted drastically within such time spans. Likewise, archaeological chronologies incorporate inherent uncertainties, with calibrated radiocarbon dates reflecting ranges rather than exact years. Thus, this integration does not aim to track human migration or movement, but rather to provide an environmental framework within which coastal populations could have persisted through time. In this sense, the archaeological record serves as contextual evidence to interpret the modeled reconstructions, highlighting the existence of ecologically rich coastal areas—structured by kelp forests—that may have supported sustained human occupation.





3 Results



3.1 Paleodistribution of kelp forest in South America

The SDMs for past kelp forest distribution along western South America showed high AUC values, indicating strong model performance in distinguishing suitable from unsuitable habitat. For the MWP and Mid-Holocene scenarios, the AUC was 0.706 for the Warm Temperate Southeastern Pacific province and 0.816 for the Magellanic province. In the Last Glacial Maximum scenario, the AUC values were 0.714 and 0.882, respectively. These results suggest reliable predictive capacity across both regions, with slightly higher AUC values in the Magellanic province (likely reflecting greater environmental stability over time). The contribution of SST to past kelp forest distribution varied between predictors: SSTmin dominated (69.7% in MWP and Mid-Holocene; 98% in LGM), while SSTmax contributed minimally (30.3% in MWP/Mid-Holocene; 2% in LGM).

The latitudinal range of kelp forest habitat suitability in South America varied across past and present climate scenarios (Table 2, Figure 2). During the Last Glacial Maximum, the distribution spanned 47.93° of latitude, from 3.6°N to 44.33°S. In the Mid-Holocene, the range expanded to 55.99° (around the tip of the continent), extending from 1.49°N to 54.50°S. The MWP showed the widest distribution, covering 60.04° from 2.99°N to 57.05°S. In contrast, the present-day range has contracted to 52°, with the northern limit shifting southward to 4.5°S while the southern extent remains at 56.50°S.


Table 2 | Latitudes degrees of the maximum range in the model distribution of kelp forest in South America for the Last Glacial Maximum, Mid-Holocene, Medieval Warm Period, and present.
	Model
	Range limit
	Latitude



	Last Glacial Maximum
	upper
	3.6° N


	Last Glacial Maximum
	lower
	-44.33° S


	Mid-Holocene
	upper
	1.49° N


	Mid-Holocene
	lower
	-54.50° S


	Medieval Warm Period
	upper
	2.99° N


	Medieval Warm Period
	lower
	-57.05° S


	Present
	upper
	-4.50° S


	Present
	lower
	-56.50° S







[image: Map of South America showing the modeled distribution of kelp forest habitat suitability across four time periods: the Last Glacial Maximum (20,000 years BP), the Mid-Holocene (6,000 years BP), the Medieval Warm Period (850–1,250 AD), and the Present. Green shaded areas represent regions predicted as suitable for kelp forests along the Pacific and southern Atlantic coastlines. Each panel corresponds to a different period, allowing visual comparison of spatial shifts in habitat suitability through time. Black and dark gray areas represent the continental landmass, highlighting temporal changes in modeled coastal kelp distribution.]
Figure 2 | Modeled distribution of suitable habitat for kelp forest in South America during the Last Glacial Maximum, Mid-Holocene, Medieval Warm Period, and the present. Suitable areas are shown in green, with the total range of potential distribution for each period indicated by a green bar on the left side of each map. For the LGM, known glaciated areas in Patagonia are depicted in white.

Beyond the latitudinal extent, our reconstructions revealed marked shifts in the continuity of kelp forest distribution across paleoclimatic periods (Figure 2). During the LGM, the northernmost modeled distribution extended to what is today the southern Colombian coast, though the pattern was fragmented and patchy. In northern Peru and Ecuador, kelp forests exhibited a relatively continuous potential distribution, which became interrupted toward southern Peru. With the exception of a small patch, the modeled range was absent around the Arica bight—at the border between southern Peru and northern Chile—before resuming along most of the Chilean coast. This distribution remained largely continuous until encountering the Patagonian ice sheet in the far south. Overall, the LGM scenario suggests a distribution characterized by large yet isolated patches along the southeastern Pacific coastline (Figure 2).

In contrast, the Mid-Holocene model revealed a more continuous distribution from southern Ecuador to southern South America, with only a localized gap in central Peru. A pronounced expansion was evident toward the southernmost regions of Patagonia, coinciding with the retreat of the western Patagonian ice sheet. Unlike the LGM scenario, the Mid-Holocene also revealed the emergence of a potential Atlantic distribution along the Argentine coast between approximately 40°S and 50°S including a small part of the Malvinas-Falklands.

A similar general pattern was recovered for the MWP with slight differences on the Pacific coast: a patch of newly suitable area appeared along the Colombian-Ecuadorian border and the gap in central Peru expanded relative to previous periods. On the Atlantic side, the distribution fragmented in two large patches. In the Magellanic region, kelp forests expanded further southward, reaching the polewardmost modeled range among all periods considered.

Finally, the present-day model exhibited two main clusters of kelp forest distribution in northern and southern Peru, separated by a region of unsuitable habitat around the Arica bight—similar to the LGM model. From northern Chile southward, the distribution was uninterrupted to the southern tip of the continent. Along the Atlantic coast, however, the predicted distribution became more patchy than during the MWP, indicating a possible long-term decline in habitat continuity.




3.2 Archaeological kelp-use evidence in South America

Archaeological evidence of past kelp use spans much of the Pacific coast of South America, although there remains a notable absence of published information from southern Peru, central Chile, and most of the Patagonian fjords (Figure 3). The temporal range of these records extends from 14,220-13,980 BP at Monte Verde in southern Chile to 880–413 BP at San Ramón in northern Chile (Table 1). Our literature review, identified a total of 38 archaeological sites, including 19 with direct evidence of kelp (e.g., preserved algal remains) and 19 based on indirect faunal or cultural evidence from shell middens (proxy). The complete table, including geographic coordinates and full references for each record, is available in the repository cited in the Data Availability Statement.

[image: Map of the western coast of South America with numbered segments from 1 to 38 along the coastline. Yellow dots indicate specific locations, and icons of seaweed and shells highlight various regions. The map includes latitude markers from 10°S to 50°S and longitude markers from 80°W to 70°W.]
Figure 3 | Archaeological sites in South America with direct or indirect evidence of kelp use. Each site is labeled with its corresponding reference number from Table 1. Sites with direct evidence of kelp are marked with a kelp icon, while those with indirect evidence—such as shell middens—are indicated with a shell icon.

When comparing the archaeological record with the modeled past distributions of kelp forests, 23 sites overlapped both temporally and spatially with the Mid-Holocene scenario, whereas only two overlapped with the MWP (Figure 4). In both cases, the northern sites located between Peru and northern Chile fell within areas identified as suitable kelp habitat for the corresponding modeled period. Notably, Mid-Holocene archaeological sites were almost co-located with the northernmost limit of the modeled kelp distribution in Peru.

[image: Two maps depict South America's western coast during the Mid-Holocene and Medieval Warm Period. Both maps highlight a green coastal region with orange dots marking locations. The Mid-Holocene map shows multiple plant and shell symbols with numbered labels, while the Medieval Warm Period map features fewer symbols and numbers. Dark gray areas represent the region's landmass.]
Figure 4 | Species distribution models (SDMs) of kelp forest suitability for the Mid-Holocene and Medieval Warm Period in Peru and northern Chile, overlaid with archaeological sites containing direct or indirect evidence of kelp use. Sites with direct evidence are marked with a kelp icon, while those with indirect evidence—such as shell middens—are indicated with a shell icon.

Among the 23 archaeological sites that coincide with our Mid-Holocene habitat model, five are situated at the extreme southern end of the continent, in Tierra del Fuego (Table 1, sites 34–38), a region where our model does not predict suitable kelp forest habitat. This discrepancy is expected, as PMIP4 paleoclimatic variables have coarse spatial resolution (approximately 100 km at the equator; Ziehn et al., 2020) and do not adequately resolve the complex geomorphology of the Patagonian fjords. Consequently, this disagreement between models and data emphasizes the relevance of archaeological records for past ecological reconstructions and for improving ecological models, particularly in areas with complex hydrology, geomorphology, and oceanography. Because our objective is to capture large-scale changes in kelp forest distribution, rather than fine-scale patterns within narrow fjord systems, this region cannot be reliably represented by the model. For this reason, we excluded the Patagonian fjord region from the final figure to avoid misinterpreting model limitations as true absence of kelp.

Other archaeological sites fall outside the temporal ranges of our models. Two sites date to the interval between the Last Glacial Maximum and the Middle Holocene (site number 32 in Table 1), within which the site of Monte Verde stands out, dated to 14,220–13,980 BP. In addition, ten sites fall between the temporal ranges of the MWP and Middle Holocene models (Table 1): sites 5, 9, 12, 15, 18, 22, 24, 26, 29, and 33).





4 Discussion

The results from our models indicated that conditions for the persistence of kelp forests were maintained along the Pacific margin of South America from the LGM throughout the Holocene. The observed ecological continuity provides independent support for the KHH, which proposes that productive, kelp-dominated coastal ecosystems facilitated early human migration into the Americas along the Pacific Rim (Erlandson et al., 2015). During the LGM, the persistence of kelp-suitable habitats—although somewhat patchy—along the South American coastline provided predictable environments that could have supported early maritime adaptations and coastal dispersal (Erlandson et al., 2007, 2015). Kelp forests are known to sustain multiple resources—such as fish, invertebrates, marine mammals, and seaweeds—which would have offered reliable food sources for migrating populations (Kennett and Ingram, 1995; Schiel and Foster, 2015; Uribe et al., 2024). Our findings are consistent with the ecological plausibility of kelp forests acting not only as biodiversity hotspots but also as biocultural landscapes supporting early human settlement and movement.

Although most applications of the KHH have centered on the North Pacific—particularly Beringia and the North American coastline—archaeological evidence from California highlights the prolonged use and management of kelp forest resources. Studies from the California Channel Islands indicate intensive exploitation of marine resources linked to kelp ecosystems over the past 10,000 years (Ainis et al., 2019). Recent work by Mcfarland et al. (2025) shows that indigenous communities actively controlled sea urchin populations, preventing overgrazing and contributing to the long-term resilience of kelp forests. This evidence underscores the potential for sustainable human stewardship of coastal ecosystems.

Our results extend the geographic relevance of the KHH to the southeastern Pacific by demonstrating the persistence of suitable kelp habitats along the South American coast. Consistently suitable regions in our models coincide with archaeological sites dated from the Late Pleistocene to the Late Holocene (ca. 14,200–400 cal yr BP), including locations in Peru (Benfer, 1990; DeNiro, 1988; Bonavia et al., 2009), northern Chile (Núñez, 1976; Moragas, 1982; Schiappacasse and Niemeyer, 1984; Ramírez and Quevedo, 2000; Vidal et al., 2004; Muñoz, 2014; Ballester et al., 2014b, a; Castro et al., 2016; Power and Salazar, 2020; Moragas and Mendez-Quiros, 2022; Hernández Castillo, 2023; Alcalde et al., 2023; Sitzia et al., 2023; Lopez et al., 2025), southern Chile (Dillehay et al., 2008; Zangrando, 2018), and southern Patagonia (Favier Dubois and Borrero, 2005; Santiago et al., 2007a, b; Zangrando et al., 2016, 2022). Together, these findings expand the latitudinal scope of the KHH and provide robust model-based evidence that kelp-dominated seascapes could have served as viable corridors for early human settlement along the southeastern Pacific coast.

During the Last Glacial Maximum (LGM, modeled time window ∼21,000 years BP), kelp forests exhibited a fragmented distribution along the Pacific coast of South America, with multiple patches of suitable habitat. At low latitudes, suitable areas persisted along parts of the Ecuadorian coastline and possibly around the Galapagos´ Archipelago, consistent with hypotheses of localized kelp refugia in the region (Graham et al., 2007a). The recent discovery of mesophotic kelp species in the Galapagos´ supports the persistence of these forests under unique environmental conditions (Buglass et al., 2022), potentially as relicts of ancient equatorial populations. At low latitude on the mainland, the modeled suitability along southern Colombia and Ecuador may reflect kelp assemblages dominated by species with higher thermal affinity, such as Eisenia cokeri and E. gracilis (Hu et al., 2024; Ávila Peltroche et al., 2024). In Peru, E. cokeri forms extensive and structurally complex holdfast assemblages that sustain diverse benthic communities, acting as a key foundation species in ecosystems otherwise lacking functional redundancy (Uribe et al., 2024). Such productive and thermally tolerant kelp assemblages could likewise have provided stable and resource-rich habitats for early coastal communities along the low-latitude Pacific margin. At high latitudes, the poleward limit of modeled distributions coincided with the western Patagonian ice sheet (Hulton et al., 2002), suggesting that postglacial expansion likely tracked ice retreat, a pattern observed in modern Arctic ecosystems (Castro de la Guardia et al., 2023). Our findings align closely with projections for the kelp M. pyrifera by Assis et al. (2023), though our approach explicitly accounted for ice-sheet extent and biogeographical provinces, providing a more constrained view of high-latitude habitat availability. After the LGM, progressive glacial retreat modified coastal geomorphology, temperature, salinity, and light penetration; the photobiological strategies of M. pyrifera are known to sustain high physiological performance under such challenging conditions (Coral-Santacruz et al., 2024; Gómez et al., 2025).

The Mid-Holocene modeled window (∼6000 years BP) exhibited a broader latitudinal range of suitable kelp habitat compared to the LGM, reflecting the expansion of temperate conditions and the retreat of the western Patagonian ice sheet. Suitable habitats persisted around the Galapagos´ region and extended further poleward. Enhanced coastal upwelling in northern Chile and south-central Peru during this period (Salvatteci et al., 2019; Flores and Broitman, 2021) likely supported the persistence of kelp forests at lower latitudes, paralleling biomass increases documented for Northern Hemisphere populations (Graham et al., 2010). This poleward expansion trend culminated during the MWP, when modeled distributions reached their widest latitudinal extent across the southeastern Pacific. Although the coarse resolution of PMIP4 data limits detailed inferences in complex regions such as Patagonia (Kageyama et al., 2018), our reconstructions remain suitable for identifying large-scale distributional patterns through time.

Despite their near-continuous distribution along the Pacific coast of South America, direct archaeological evidence of kelp forest use remains sparse, likely due to taphonomic degradation, submerged coastal sites from postglacial sea-level rise, and historiographic biases (Flügel, 2012; Sturt et al., 2018). Most archaeological records are concentrated in the hyper-arid northern coast of Chile, where exceptional preservation conditions favor the survival of organic remains (Latorre et al., 2013). In contrast, more humid regions such as central Chile show a marked absence of direct kelp evidence despite ecological suitability—possibly due to taphonomic loss or site submergence (Carabias et al., 2014; López Mendoza et al., 2018). In our study, changes in sea level associated with postglacial dynamics were not explicitly incorporated into the paleodistribution models due to the coarse resolution of the PMIP4 predictors (Kageyama et al., 2018). While sea-level rise has been documented in other studies (Kinlan et al., 2005; Lambeck et al., 2014), the first available grid cells in our datasets are located offshore, limiting the representation of narrow coastal margins and submerged landscapes. Addressing these gaps will require targeting submerged landscapes using new interdisciplinary methods (Rodriguez-Schrader, 2025; Erlandson et al., 2025). Beyond these taphonomic constraints, cultural and historiographic biases may have further contributed to the underrepresentation of macroalgae in the archaeological narrative. The association of macroalgae with marginalized groups, together with the historical underestimation of their importance in daily life as both food and raw material, may have contributed to their devaluation in colonial texts and their subsequent exclusion from academic discourse (Araos et al., 2018).

Our analysis focused strictly on kelp forests, incorporating direct and indirect evidence (e.g., shell middens) from 38 archaeological sites along the South American coast (Figure 3). A clear spatial bias emerges: direct kelp remains are more frequent at lower latitudes, while kelp-associated taxa dominate in southern regions—likely reflecting differential preservation patterns of organic remains. In spite of these challenges, several archaeological findings highlight the long-standing importance of kelp in early coastal societies of South America (Dillehay et al., 2008; Alcalde et al., 2023; Sitzia et al., 2023). The lowest-latitude archaeological evidence of kelp (Macrocystis pyrifera) in our study comes from Huarmey, Peru (10°S) (Bonavia et al., 2009). Although its chronology predates the Mid-Holocene interval represented in our models, the recovery of substantial quantities of kelp at this site indicates both the local persistence of these forests and their importance to coastal populations in this region (Bonavia et al., 2009). Radiocarbon data places the initial human settlement of the south of the continent shortly after the LGM, around 15,500 cal BP (Prates et al., 2020). The most compelling evidence at this early stage is Monte Verde, a site in southern Chile dated to approximately 14,500 cal years BP, where multiple kelp species were recovered from stratified cultural layers (Dillehay et al., 2008). These remains indicate the use of kelp not only as a food source but also for medicinal purposes, underscoring its functional and cultural relevance to early populations (Dillehay et al., 2008). Monte Verde’s age and location support the KHH highlighting kelp forests as a stable coastal environment that likely facilitated early human dispersal in South America, as also evidenced by the persistent habitat suitability revealed in our SDMs during the LGM.

Our paleodistribution model for the Mid-Holocene identified 19 archaeological sites that coincide both temporally and spatially with areas of suitable kelp habitat. This period was marked by significant climatic shifts, including progressive sea-level rise, increasing aridity in regions such as Peru and northern Chile, and the onset of the modern El Nino˜ Southern Oscillation (ENSO) climatic pattern, all of which likely affected freshwater availability and marine productivity along the Pacific coast (Grosjean et al., 2003; Wanner et al., 2008). These environmental changes have been linked to demographic contractions and societal transformations across South America during the Mid-Holocene (Barberena et al., 2017; Riris and Arroyo-Kalin, 2019). In central Peru, isotopic analyses from sites like Huaca Prieta point to strong marine subsistence strategies during this period, possibly extending inland through trade (Benfer, 1990; DeNiro, 1988; Tung et al., 2020). However, rising environmental pressures—including increased aridity, El Nino-associated˜ flooding, and the formation of beach ridges—eventually led to the gradual abandonment of coastal preceramic settlements and ceremonial sites along the Pacific coast (Sandweiss et al., 2007, 2009). At the Peruvian margin, paleoceanographic data from sediment cores suggest intensified upwelling during the Mid-Holocene, conditions that could have favored kelp forest persistence (Salvatteci et al., 2019). Yet, at lower latitudes (9–11°S), reconstructed sea surface temperatures of 22–23 °C approached the upper thermal tolerance of some kelp species, such as M. pyrifera (Zimmerman and Kremer, 1984; Rodriguez et al., 2016), coinciding with the latitudinal break in kelp distribution predicted by our models (Salvatteci et al., 2019). In these warmer environments, more heat-tolerant kelp species such as the genus Eisenia may have played a crucial role in maintaining stable marine resources for early coastal populations (Hu et al., 2024; Ávila Peltroche et al., 2024).

Similar climatic shifts are documented along the northern Chilean coast, where warmer sea surface temperatures were observed at the onset of the Mid-Holocene, followed by a general cooling trend throughout the remainder of the period (Flores and Broitman, 2021). These thermal changes, supported by sedimentary evidence, suggest a weakening of coastal upwelling systems, with implications for marine productivity and the spatial distribution of nearshore fisheries (Mohtadi et al., 2004; Latorre et al., 2017; Flores and Broitman, 2021). Such environmental variability is reflected in archaeological shell middens, where changes in species composition and abundance have been interpreted as responses to ecological stress and as indicators of community-based management practices during times of diminished marine productivity (Santoro et al., 2017). At 20°S on the northern Chilean coast, zooarchaeological evidence reveals adaptive foraging strategies of coastal fauna and a shift toward permanent settlements strategically located near freshwater and productive nearshore environments during the Middle Holocene (Lopez et al., 2025). Recent findings from the Atacama Desert reveal that major Mid-Holocene shifts in marine productivity prompted a suite of cultural adaptations, including changes in subsistence practices, diversification of fishing technologies, and transformations in funerary traditions, reflecting the adaptive strategies coastal hunter-gatherer groups deployed during periods of pronounced environmental change (Godoy-Aguirre et al., 2025). In southern Patagonia, changes in ichthyoarchaeological records during the Mid- to Late Holocene indicate a shift from demersal to nearshore species linked to subtidal kelp forests, reflecting broader ecosystem transformations (Torres et al., 2024). Collectively, these findings suggest that climatic variability during the Mid-Holocene reshaped coastal environments and resource use, influencing human adaptation strategies along the Pacific margin (Erlandson and Fitzpatrick, 2006; Graham et al., 2010; Méndez et al., 2015; Santoro et al., 2017; Godoy-Aguirre et al., 2025).

In contrast to the Mid-Holocene, only two archaeological sites coincide temporally and spatially with the distribution of suitable kelp habitat during the MWP. This pre-Columbian interval, however, is rich in ethnohistorical accounts describing the extraction, processing, and differentiated use of various marine algae species by indigenous populations (Araos et al., 2018). Historical records document the intensive use of algae not only by coastal groups such as the Lafkenche, Huilliche, and canoe-faring peoples of Patagonia, but also by inland communities, revealing dynamic exchange networks between coastal, valley, and highland populations that persist to this day in southern Chile (Masuda, 1986, 1988). Similar seasonal practices have been proposed during the pre-Hispanic Peru, where highland pastoralists may have descended with their llama herds to coastal areas to harvest kelp (DeNiro, 1988). These patterns align with isotopic evidence from northern Chile indicating marine foraging strategies and coastal dietary contributions in both camelids and humans (Bonilla et al., 2016). Despite the apparent intensity of prehistoric kelp harvesting, archaeological and paleoecological evidence suggests that such activities did not significantly alter coastal ecosystems (Rivadeneira et al., 2010). This stands in sharp contrast to the present day, where preliminary data indicate that overfishing has triggered a major, unprecedented shift in Chilean coastal biodiversity over the past few decades to centuries (Rivadeneira et al., 2010).

Along the equatorial margin, our reconstructions place the Ecuadorian coast at the low-latitude limit of past kelp-suitable habitat. During the LGM, the model indicates patchy suitability extending into southern Ecuador, but this signal weakens markedly in subsequent periods, aligning with the expected thermal constraints on kelp persistence near the equator. Archaeological evidence from this region is consistent with this pattern. The early Holocene Las Vegas Complex of Santa Elena (Stahl and Stothert, 2020)—one of the best-studied cultural sequences in a fully equatorial setting from the early Holocene—shows no kelp remains or kelp-associated shellfish in its assemblages (Sarma, 1974; Stahl and Stothert, 2020). Instead, its faunal remains are dominated by soft-bottom and mangrove-dwelling species, with the few rocky-shore taxa representing tropical communities. Farther north, additional sites document intensive marine exploitation but likewise emphasize tropical resources rather than cold-water kelp forest species (Favier Dubois et al., 2019). Together, these findings support the interpretation that kelp forests did not necessarily contributed to early coastal subsistence strategies in equatorial South America, in agreement with the modeled northern limit of suitable kelp habitat.

Finally, the present modeled range matches the current known distribution of kelp forests (Wernberg et al., 2019; González-Arangón et al., 2024), reinforcing model reliability. Across all periods, we observed a consistent poleward shift in kelp forest distributions, reflecting broader global patterns linked to climate warming (Wernberg et al., 2016; Smale and Moore, 2017; Smale, 2020). In South America, the northern range limit of M. pyrifera has already contracted from historical records near 4–6°S to its current boundary near Lima, Peru (12°S) (Juhl-Noodt, 1958; Buschmann et al., 2004; Carbajal Enzian and Gamarra, 2018). This long-term contraction, combined with nearly continuous habitat availability along the Pacific coast, underscores the ecological importance of kelp forests as persistent resources and potential migratory corridors for coastal populations over millennia.




5 Conclusion

By integrating archaeological evidence with ecological modeling, this study highlights the potential of SDMs to reconstruct past seascapes and elucidate long-term human–environment interactions. Our results demonstrate that kelp forests likely provided continuous, productive, and ecologically stable habitats along the Pacific coast of South America throughout key climatic periods—including the LGM, Mid-Holocene, and MWP. This continuity reinforces the ecological plausibility of the KHH, suggesting that kelp-dominated coastal corridors facilitated maritime migrations and sustained human settlement across diverse temporal and geographic contexts. Despite regional gaps in the archaeological record, persistent habitat suitability revealed by our models—coupled with archaeological and ethnohistorical evidence—supports the interpretation of kelp forests as both biocultural landscapes and viable migration routes. Our findings extend the KHH to South America, suggesting that these corridors were mostly continuous but likely fragmented during warm periods, and shaped the dynamics of human dispersal. This highlights the importance of combining ecological and archaeological approaches to better understand ancient coastal migrations and emphasizes the enduring role of kelp forests as key connectors between marine ecosystems and human history.
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