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Abstract
Studies of climate change in theAndes predict an upward trend in temperatures and increased
variability in precipitation patterns. Though these changes in environmental conditionswill impact
plant species, community assembly, and ecosystemprocesses, themagnitude of these impacts is still
notwell understood. To examine these concerns, we analyzed the ecological impacts of climate
change in a valley in theAndes of Peru.Weused L-Range, a spatially explicit ecosystem-process
model, to simulate ecosystems’ response to climate change. L-Range simulatesmonthly primary
aboveground production andplant population dynamics. Implementing L-Range required
parametrizing 54 climatic, edaphic, and plant variables for cover classes and using landscape and
climatic information.We used outputs from three climatemodels to capture the ecosystems’
potential response to changes in temperature and precipitation. The impacts of climate changewill
vary across cover classes, scenarios, and location.Woodlandswill becomemore productive under
future climate conditions (RCP4.5 and 8.5). Shrublands and grasslandswill increase their
productivity only under the intermediate emissions scenario (RCP4.5). In contrast, the productivity
of wetlandswill decline under future climate conditions (RCP4.5 and 8.5). Changes in herbaceous
plants (forbs, grasses, and graminoids) and shrub coverwill beminimal across the cover classes. Bare
cover is projected to increase across all cover classes under future climate conditions. The largest
increases are expected inwetlands (ranging from23% to 44%), compared to grasslands and
shrublands (each about 8%) andwoodlands (12%). Changes of herbaceous plants, shrubs, bare cover
and productivity will be spatially heterogeneous across thewatershed.We identified the ecological
processes, ecosystem attributes, and cover classes thatwill bemore affected by climate change, along
with the areaswhere these changes are likely to occur. In this way, our study provides information
that can be used as a basis to develop conservation and restoration strategies, such as identifying
priority areas for revegetation and establishing livestock exclusion zones.

1. Introduction

Mountains provide a range of critical ecosystem services to populationsworldwide, including carbon
sequestration, water supply, climate regulation, and nutrient cycling (Egan and Price 2017). Additionally,
mountains play a vital role in the economies of both upstream and downstream communities (Romeo et al
2020) and contribute significantly to the sustainability of food systems (Immerzeel et al 2020).Moreover,
mountain regions are biodiversity hotspots, characterized by high levels of species richness and endemism,
making them crucial for global conservation efforts (Korner and Spehn 2024). Nonetheless,mountain regions
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have experienced increasing impacts of climate change in recent decades. These changes have observable
repercussions for both people and ecosystems in these areas (Adler et al 2022). The high vulnerability of
mountain regions to climate change arises from their topographic complexity, which is characterized by abrupt
elevation changes and climatic variability over short distances (Beniston 2003). Furthermore, this vulnerability
is exacerbated by the fact that warming rates increase with elevation, causing high-elevation zones to experience
more rapid temperature rises than lower areas (Pepin et al 2015). As a result, climate change is reshaping
mountain ecosystemsmore quickly than other terrestrial habitats (Pepin et al 2015, Adler et al 2022), driving
substantial biotic and abiotic changeswith lasting ecological consequences (Dainese et al 2024). This trend is
particularly evident in theAndes, where climate-driven shifts in species distributions, vegetation zones, and
hydrological cycles reveal these ongoing transformations, threatening the sustainability of both natural systems
and the human communities that depend on them (Young et al 2017, Pabón-Caicedo et al 2020, Tovar
et al 2022).

Themean temperature in theAndes has increased by approximately 0.09 °C decade−1 over the past sixty
years (Pabón-Caicedo et al 2020). Climate projections indicate that theAndeswill continue to undergo an
increasing temperature trend, with the lowest increases (less than 3 °C) in extratropical latitudes and the high-
est increases in theCentral Andes (up to 5 °C). Additionally, in the tropical Andes, increasing temperatures are
projected to be higher at higher elevations, with an increase of about 4 °C for the 2040–2070 period under the
most extreme scenario (CMIP5RCP8.5). Precipitation patterns are projected to be highly variable (Pabón-
Caicedo et al 2020), exhibitingmarked differences between the eastern andwestern slopes, but with significant
uncertainties for certain regions due to the complex topography of theAndes (Tovar et al 2022). Precipitation
patterns and temperature changes affect plant species differently, triggering their range expansion or contrac-
tion along environmental gradients (Gwate et al 2023). Temperature increases will reduce the coolest climatic
zones atmountain peaks,modify vegetation belts (Williams et al 2007), and alter species composition. These
changeswill alter the assembly of communities, create novel ecosystems (Williams et al 2007), andmodify
ecosystemprocesses (Gottfried et al 2012).

Climate change is transforming plant communities inmountain regions. Cold-adapted species are declin-
ing, while native and non-native plant species adapted towarm environments are colonizing once colder areas
(Gottfried et al 2012, Zu et al 2021, Zhu et al 2024). As temperature decreases with altitude by 5 °C–10 °C km−1,
rising temperatures will further reduce the extent of the coolest climatic zones atmountain peaks andmodify
vegetation belts.However, the balance of species’ positive andnegative responses to temperature increases and
changes in precipitation patternswill determine their abundance and survival, which are also influenced by
biotic and abiotic factors. For example, while increases in plant productivity can be driven by higher tempera-
tures, they require optimal soilmoisture levels and nutrient availability. Furthermore, different plant species
and functional groups are expected to respond variably to climate change (Winkler et al 2019). Consequently,
climate change is likely to alter the distribution and extent of Andean biomes (Tovar et al 2022), impacting the
area and distribution of glaciers and other ecosystems (Urrutia andVuille 2009), includingAndeanwetlands
(Otto andGibbons 2017, Polk et al 2017).

Although it is anticipated that the effects of climate changewill be significant in the tropical Andes, the
extent of these impacts is still notwell understood (Tovar et al 2022). Themain goal of this study is to explore
the potential ecological impacts of climate change in amountain landscape in theAndes of Peru.We analyzed
howprojected scenarios of future climate conditionswould alter ecosystems’ structure and functioning.We
parameterized the L-Range ecosystem-processmodel (Boone et al 2024) to simulate vegetation dynamics and
biogeochemical processes under future climate conditions, quantifying changes in herbaceous plant cover,
bare cover, and primary production. To the best of our knowledge, no similar simulation analyses have been
conducted to explore the potential impacts of climate change on ecosystems in theAndes of Peru.

2. Study area

The study site is the ArhuaycanchaValley ofHuascaránNational Park (HNP), located in the north-central
Andes of Peru (figure 1). HNPwas established in 1975, with a delimiting boundary at 4000m (Young and
Lipton 2006), covers 3400 km2, and includes theCordillera BlancaMountain range (Chimner et al 2019). Large
daily temperature changes andminimal temperature variations throughout the year characterize the climate in
theCordillera Blanca (Kaser andGeorges 1997). The precipitation follows a strong seasonal pattern, with a dry
season fromMay to September and awet season fromOctober toApril, duringwhich about 80%of the annual
precipitation occurs (Vuille et al 2008). Soils in the area aremainly entisols, inceptisols, and histosols
(Polk 2016). The park’s landscape is characterized by patches of wetlands, shrubs, andPolylepis sp. forests
within a grasslandmatrix, with some areas under ecological succession due to glacier retreat (Young et al 2017).
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TheArhuaycanchaValley, associatedwith theRíoNegro (river)within the Rúrec catchment in the province
of Recuay, drains to the Santa River. The elevation ofArhuaycanchaValley ranges from3540 to 5463masl. Part
of the valley lies inHNP,while the other part falls in the lands of theCordillera Blanca community. The land
cover of theArhuaycanchaValley consists of barren areas (56.4%), which include dispersed vegetation, bare
rock, and transitional zones; grasslands (13.4%); graminoidwetmeadows (12.6%); peatlands (10.2%); snow/
ice (2.4%); woodlands (1.5%); shrublands (1.3%), agricultural lands (1.1%); cushionwetmeadows (1.0%);
water bodies (0.2%); and developed areas (0.002%) (Chimner et al 2019). Vegetation in theArhuaycancha
Valley is patchy and heterogeneous.Wetlands and grasslands are primarily found in flat areaswithin thewater-
shed, thoughwetlands can also occur onmountain slopes. In contrast, woodlands and shrublands are pre-
dominantly located on these slopes.

3.Methodology

The simulation of ecosystemprocesses was performed using L-Range (Boone et al 2024), the local version of the
global rangelandmodel G-Range (Boone et al 2018). The foundation of the biogeochemicalmodeling of
L-Range is theCENTURYmodel (Parton et al 1993), while other aspects of the ecosystem-processmodel come
from the SAVANNAmodel (Coughenour 1992). L-Range spatially explicitly represents ecosystems. The
biogeochemical processes that L-Range simulates are decomposition,N andC cycling, transpiration, primary
production, and plant population dynamics for three types of plant functional groups or facets: herbaceous
plants (forbs, grasses, and graminoids), shrubs, and trees. However, it does not represent the hydrological
processes of glaciers and undergroundwater sources, such asmeltwater flow and aquifer storage and flow.

The vegetation facets represent themodel’s hierarchical structure and determine the vegetation cover
dynamics. The herbaceous plant facet includes a vegetation layer of herbaceous plants, a layer of herbaceous
plants under shrubs, and a layer of herbaceous plants under trees. The shrub facet comprises a layer of shrubs
and a layer of shrubs under trees (figureA1). The tree facet consists only of a layer of trees. The plant parts of the
herbaceous plants facet consist of leaves andfine roots. The shrub and tree facets include those parts plus fine
branches, coarse branches, and coarse roots.

L-Rangeworkswith spatial surfaces and a set of soil, climatic, and plant parameters that determine plant
growth, and other ecological attributes of the ecosystems. L-Range consists of core state variables, plant, cli-
matic, and soil parameters, and ‘hard-wired’ parameters and variables derived fromCENTURY and
SAVANNA. These variables and parameters are assigned by landscape or grid cells, vegetation facets, or plant
parts for simulating ecosystemprocesses. For example, plant growth is determined by soil nutrient availability,

Figure 1.Vegetation of theArhuaycanchaValley. Top photo: Cushionwetmeadows and peatlands in themiddle section of the
watershed. Bottomphoto: Forest patches surrounding graminoidwetmeadows and grasslands in the upper left portion of the
watershed. Photo credit: the corresponding author.
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plant reproduction is limited by seed production and soilmoisture, andwater loss is estimated based on tran-
spiration and evaporation rates (Boone et al 2024).

3.1.Model parametrization and implementation
Implementing the L-Rangemodel required the parametrization of 54 climatic, edaphic, and plant variables.We
also provided L-Rangewith spatial surfaces that contain landscape information, such as fractional vegetation
cover, topographic features, and soil properties. The tree, shrub, and herbaceous plants fractional coverwere
obtained from the EarthEnv 1-kmdataset (Tuanmu and Jetz 2014). Soil physical and chemical properties data,
e.g., texture, coarse fragments, and soil organic carbon, was derived from the SoilGrids250mdatabase (Hengl
et al 2017). The slope layer was obtained from theUnited StatesGeological Survey’s (USGS) Shuttle Radar
TopographyMission (SRTMGL1,Version 3) imagery, which consists of a fine-resolution (30m) topographic
map. The land covermap of the study areawas obtained fromChimner et al (2019). All these layers were
resampled to 50m, i.e., the spatial resolution of the analysis, andwere georeferenced to theWGS84 datum,
UTMprojectionZone 18, using the free open-sourceQGISGeographic Information System software (version
3.20Odense,QGISDevelopment Team2021).

Critical variables of L-Range aremonthlymeanminimumandmaximum temperature andmonthly pre-
cipitation. This datawas obtained from theClimatologies at high resolution for the earth’s land surface areas
(CHELSA version 1.2) dataset. CHELSAprovides high resolution (∼1 km) and long-term climate data, from
1979 onwards, with global coverage. Climate data fromCHELSA are based on a quasi-mechanistical statistical
downscaling of the ERA-Interim global circulationmodel withGlobal PrecipitationClimatologyCentre
(GPCC) and aGlobalHistorical ClimatologyNetwork (GHCN) bias correction (Karger et al 2017). Addition-
ally, CHELSAdata has topographic adjustments based on the surface altitude and orography from theGlobal
Multi-resolutionTerrain ElevationData (GMTED2010).We downloaded historical (1970 to 2005) and pro-
jected (2006 to 2100)monthlymeanminimumandmaximum temperatures (K) and precipitation (kgm−2)
raster data fromCHELSA. Climate datawas extracted to a reference region via a Python script. Subsequent
processing inR (version 4.1.1) (RCore Team2022) andRStudio (version 1.4.17.17) (RStudio Team2016)
involved projecting the data, resampling it to 1 km, and converting units toCelsius for temperature andmilli-
meters for precipitation. All resampling used nearest neighbormethods.

3.2. Scenarios under analysis
Wedownloaded climate projection data fromCHELSA from theRepresentative Concentration Pathways
(RCP) 4.5 and 8.5 of three global circulationmodels: the AustralianCommunityClimate andEarth System
Simulator (ACCESS1.3)model, theCommunity Earth SystemModel version 1.0with Biogeochemistry
(CESM1-BGC), and the Euro-MediterraneanCenter onClimate ChangeClimateModel (CMCC-CM). The
climatic scenarios under analysis also included ecosystems’ responses to projected atmospheric carbon dioxide
(CO2) enrichment for the RCP4.5 andRCP8.5 projections used by the IPCC (Meinshausen et al 2011).We
included the atmospheric CO2 enrichment projections to analyze vegetation responses to changes inCO2

concentration. L-Range can estimate plant productivity in response toCO2 fertilization, which originally was
implemented in theCENTURYmodel by Parton et al (2001). Changes in plant productivity are calculated
using a production correction factor:

( ( ) ( ))/
+

×
1

CO ipr 1

log 2 log CO concentration 350
2

2

WhereCO2ipr is themultiplier on plant production of doubling the atmosphericCO2 concentration from
350 ppm to 700 ppmandwas 1.25. Also, we used 2006 as the baseline year to capture CO2 enrichment effects
and additional corrections to plant productivity respected theCENTURYmodel (e.g., a correction factor for
proportion of livematerial per vegetation layer), and therefore a constant (0.20)was subtracted from the values.
TheCO2 concentration values for the RCP 4.5 ranged from0.8 historically to 0.915 in 2070while for the RCP
8.5 spanned from0.8 to 1.008. The scenarios analyzed include the RCPs 4.5 and 8.5 for the three global circula-
tionmodels.We used historical data from1970 to 2020 and copied this data to create a ‘Current Conditions’
scenario for 2021 to 2070, which does not incorporate changes in precipitation, temperature, andCO2

concentrations.

3.3.Model calibration and assessment
The calibration of L-Range involved adjusting the various plant facets and soil parameters for the different
vegetation cover classes. Some parameters adjustedwere the death rate of shoots, leaves, and roots, seed
production, herbaceous plants andwood cover effect on plant establishment, soil drainage affecting anaerobic
decomposition, and plant temperature production. The two ‘hard-wired’ parameters of L-Range that were
modifiedwere heat accumulation and temperature effect on decomposition.
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Since ourmain goal was tomodel vegetation dynamics and ecosystemprocesses, we adjusted the L-Range
parameters until the variables of interest, i.e., AbovegroundNet Primary Productivity (ANPP) (gm2 yr−1), soil
organic carbon (gm2 yr−1), facet cover (%), and bare cover (%), were similar to estimations frompeer-
reviewed articles and theses and surfaces derived fromMODIS data (Myneni et al 2015) (figure 2).We validated
theANPPusingMODIS data from2000 to 2020 for the different cover classes.We downloaded theMODIS
data using theApplication for Extracting and ExploringAnalysis Ready Samples (AppEEARSTeam2022).
Nonetheless, accurate estimations of primary production through remote sensing require ground validation
that incorporates site-specific features and detailed in situ data (Abdelmajeed and Juszczak 2024).

All simulations included a 100-year spin-up period from1970 to 2069, allowing themodel’s state variables
to reach equilibrium.We conducted four repetitions for the ‘Current Conditions’ and ‘RCP4.5’ scenarios, and
two repetitions for the ‘RCP8.5’ scenario for each climatemodel (ACCESS, CMCC, andCESM1). The simula-
tionswere run over a 50-year period (2020 to 2070).We estimated the coefficient of variation across repetitions
for eachmodel and across allmodels, findingminimal variations. Thus, we calculated themean value across all
climatemodel repetitions. Additionally, to analyze spatial structural and functional changes in the ecosystems,
we created average raster layers inQGIS using the raster calculator, focusing on variables such as herbaceous
plant cover andANPP.

4. Results

4.1. Changes in ecosystemproductivity
4.1.1. Aboveground net primary production (ANPP)
Woodland ecosystems are predicted to becomemore productive under future climate conditions (RCP4.5 and
8.5) in themodeling, becoming themost productive ecosystem. Shrublands and grasslandswill also respond
positively to climate change, but only to the intermediate scenario (RCP4.5). In fact, under themost extreme
climatic scenario (RCP8.5), shrubland productivitywill decline from2050 onwards. On the contrary, all three
wetland types are expected to be less productive under all future climate conditions (RCP4.5 and 8.5) (figure 3).
Additionally, from2040 onwards, graminoidwetmeadows and peatlandswill exhibit amarked decrease in
ANPPof about 50%compared to 2020, under future climate conditions.

Figure 2.Workflow for parametrization and validation of L-Range and simulations performed. L-Range requires climate, soil, and
vegetation data to estimate ecosystemprocesses for different cover classes (e.g., grasslands andwetlands). Themodel is parametrized
and calibrated using information frompeer-reviewed journals and remote sensing data.
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4.2. Changes in vegetation facets cover
4.2.1.Herbaceous plant cover
Changes in herbaceous plant cover (forbs, grasses, and graminoids) did not vary largely across cover classes
(figure 4).While herbaceous plants cover in the threewetland classes showed a slight declining trend across all
scenarios, changes in other vegetation classes weremore variable, particularly in shrublands. Although the
herbaceous plants cover of shrublands exhibited a dynamic pattern, its overall range of change (whether an
increase or decrease)wasminimal. In grasslands, a slight increase in herbaceous cover is projected, while a
modest decrease is expected inwoodlands.

4.2.2. Shrub and tree cover
Shrub cover changes in grasslandsweremore dynamic than in other vegetation classes, showing a consistent
decline from10% to approximately 4%by 2050 across all scenarios (figures A2 andA3). In comparison, shrub
cover in graminoidwetmeadows and peatlands exhibited a slight decrease under the RCP4.5 andRCP8.5
scenarios relative to the ‘Current Conditions’ scenario. Shrub cover in cushionwetmeadows remained
relatively stable across all scenarios. Similarly, the shrub cover in shrublands andwoodlands showed little
temporal variation. Changes in tree coverwereminimal across all vegetation classes (figures A4(a) and (b)).

4.3. Changes in bare ground cover
The amount of bare cover across different vegetation classes showed an upward trend in all scenarios, with a
marked increase inwetlands (figures 5 andA5). Generally, bare cover in the climate change scenarioswas higher
than in the ‘Current Conditions’ scenario for all cover classes, except for cushionwetmeadows and graminoid

Figure 3.Average change inAbovegroundNet Primary Production (ANPP) (g/m2) by cover class and scenario from2020 to 2070.
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Figure 4.Average change in herbaceous plant cover (%) by scenario from2020 to 2070.

Figure 5.Average changes in bare cover (%) forwetlands by scenario from2020 to 2070.
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wetmeadows. Changes in the bare cover of grasslands, shrublands, andwoodlandsweremuch less variable. By
2050, bare cover in cushionwetmeadows, peatlands, and graminoidwetmeadows is projected to increase by
approximately 44%, 33%, and 23%, respectively, compared to 2020. In contrast, the bare cover of grasslands
and shrublands is projected to increase by approximately 8%,while the bare cover of woodlandswill rise by
about 12%.

4.4. Spatial changes inANPP
Flat areas on the eastern side of thewatershedwill have higherANPPunder future climate projections,
indicating that the vegetation in this areawill becomemore productive (figure 6). The cover classes that will
benefit from these increaseswill be shrublands and peatlands. In contrast, wetlands and grasslands in the
middle of thewatershedwill exhibit a reduction inANPP.

4.5. Spatial changes in herbaceous and shrub cover
The difference in herbaceous cover between the averageRCP4.5 climate scenarios and the ‘CurrentConditions’
scenario is projected to be positive in thewestern andmiddle zones of thewatershed, indicating an increase in
herbaceous cover (figureA6). Grasslands, cushionwetmeadows, graminoidwetmeadows, and peatlands are
the cover classes positively affected by these changes. In contrast, herbaceous cover in themiddle and lower
zones of the eastern part of thewatershed is expected to decrease, impacting grasslands, peatlands, and
graminoidwetmeadows. Additionally, some patches of barren areas in the lower-eastern part of thewatershed
are projected to experience an increase in herbaceous cover.

Regarding shrub cover, a decrease is expected in the upper northern part of thewatershed, especially on
mountain slopes. Conversely, shrub coverwill increase in themiddle of thewatershed, where grasslands and
graminoidwetmeadows are located (figureA7).

Figure 6. Spatial variation inANPP (g/m2) for 2030 and 2070 to 2020. This figure illustrates the difference inANPPbetween the RCP
4.5 scenario (average of three climatemodels) and the ‘Current Conditions’. Shades of green indicate areas with higher ANPP,while
fuchsia represents areaswith lowerANPP.
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4.6. Spatial changes in bare cover
The bare cover is expected to increase under future climate conditions in thewest andmiddle zones of the
watershed, negatively impacting grasslands, cushionwetmeadows, graminoidwetmeadows, and peatlands
(figureA8). These increaseswill occur both in flat areas and onmountain slopes. Additionally, bare coverwill
rise in themiddle of thewatershed and in high-elevation zones on the northeast side, near glaciers. Conversely,
the lower areas on the southeast side of thewatershedwill see a decrease in bare cover, while the high-elevation
zones in this area are projected to experience an increase.

4.7. SoilOrganicCarbon (SOC)
Although the L-Rangemodel was validatedwith themost reliable data available for Andean ecosystems, we
approach the SOCestimations cautiously and recognize that wetland SOCwill be highly constrained by local
hydrology. The SOCof grasslands, shrublands, andwoodlandswill increase over time across all scenarios, with
higher values for both climate projection scenarios than the ‘Current Conditions’ scenario (figureA9). In the
case of wetlands, only graminoidwetmeadowswill have a positive trend on SOC accumulation, with higher
values for the ‘Current Conditions’ scenario. Peatlands and cushionwetmeadowswill exhibit a decreasing SOC
accumulation trend over time.

5.Discussion

Although climate change is alteringmountain ecosystems globally, its effects are uneven and shaped by local
environmental conditions.Ourmodeling results indicate that under the RCP4.5 scenario, all cover classes are
projected to becomemore productive.However, this will not be the case under themost extreme scenario
(RCP8.5), where all cover classes except forwoodlandswill be less productive. Changes in herbaceous plants
and shrub cover are projected to beminimal, while bare cover is expected to increase across all vegetation
classes over time. These shifts in ecosystem structure and processes carry significant implications for
biodiversity conservation and the long-term sustainability of agropastoral systems that support local
communities.

5.1. Changes inANPP
The complex topography and climate of theAndes, with a diversity of biomes, suggest different vulnerabilities
and responses of ecosystems to climate changewould be expected (Young et al 2011, Tovar et al 2013).We
found that future climate conditionswill positively impact woodlands (RCP4.5 and 8.5) and shrublands (only
RCP 4.5), i.e., these ecosystemswill becomemore productive. Nonetheless, under themost extreme climate
scenario (RCP8.5), all ecosystems except forwoodlandswill be less productive, particularly from2050 forward.
Though nopast studies in the PeruvianAndes have estimated future trends inANPP, Polk et al (2020) used the
NormalizedDifferenceVegetation Index (NDVI) as a proxy to assess vegetation changes in the study region
from2000 to 2017. They found that greening (a positive trend inNDVI, related to increased vegetation)
outpaced browning (a negative trend inNDVI, related to decreased vegetation), with 15.1%of theAndean
highlands categorized as highest greening and 4.1%as highest browning. These findings indicate that
vegetation biomass increased from2000 to 2017, aligningwith our simulation results that Andean ecosystems
will becomemore productive. Choler et al (2021) similarly found that upland areas of the EuropeanAlps
experienced increased greening from2000 to 2020, with high-elevation ecosystems responding positively to
summerwarming. The strongest responses occurred in sparsely vegetated, north-facing slopes with prolonged
snow cover.

Additionally, Chen et al (2020) conducted ameta-analysis of 65 studies on alpine grasslands in the Tibetan
Plateau to quantify the effects of warming on ecosystem carbon andnitrogen cycles. They found that warming
significantly increased both aboveground and belowground plant biomass, withmean increases of 11.0% and
24.3%, respectively. Similarly, Shi et al (2022) conducted a globalmeta-analysis of 64 studies to evaluate how
warming andmanagement practices, such as grazing, fertilization, andmowing, affect carbonfluxes in grass-
lands.Warming increased gross primary productivity and ecosystem respiration by 9.8%and 16.4%, respec-
tively. Fertilization also enhanced gross primary productivity, ANPP, and ecosystem respiration, whereas
grazing andmowing reducedANPPby 19.9% and 22.8%, respectively.

Our findings of increasing productivity under future climate conditions also alignwith studies conducted
in theQinghai-Tibetan Plateau. Gao et al (2016) found that net primary production in alpine ecosystems
(>4000m) of theQinghai–Tibetan Plateau is projected to increase by 79% and 134%under theRCP 4.5 and
RCP8.5 scenarios, respectively, between 2020 and 2080, with spatial variation across the region. Gao et al
(2016) attribute these changes to a positive response of vegetation to increasing precipitation, temperature, and
CO2 concentrations.Moreover, vegetation found inmore favorable hydrothermal conditions, primarily
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coniferous and broadleaf forests, had the highest net primary production under the RCP8.5 scenario. Similarly,
Li et al (2024) found that gross primary production in theQinghai–Tibetan Plateau is projected to increase
throughout the 21st century under all climate scenarios (RCP2.6, 4.5, 7.0, and 8.5), with regional variation. By
2100, annual gross primary production is expected to reach approximately 1011.98, 1032.67, 1044.35, and
1055.50TgCunder the respective scenarios, corresponding to increases of 0.4%, 4.0%, 5.6%, and 5.7% relative
to 2021 levels.

We found that spatial changes inANPPwill be variable across thewatershed. Flat areas in the east-upper
part of thewatershed, consisting of peatlands, will becomemore productive, according to themodeling. In
contrast, wetlands and grasslands in themiddle of thewatershedwill be less productive.Moreover, in general,
mountain slopes of thewatershedwill becomemore productive over time. These findings can be supported by
Polk et al (2020), who found that greening trends in the PeruvianAndes occurredwith higher frequency in
high-elevation areas (>5000m.a.s.l.)while browningwas dominant in areas below 5000masl. Nonetheless,
analyzing the factors that drive ANPP changes is crucial. For instance, the impact of a grassland becomingmore
productive due to shrub expansionwill differ significantly froma casewhere its production increases due to
enhanced herbaceous plant growth. Both scenarios carry distinct ecological and landmanagement implica-
tions. In the first case, shrub expansionwould indeed increase primary production but simultaneously decrease
the availability of palatable forage for livestock.

5.2. Changes in herbaceous cover
Changes in herbaceous coverwill beminimal, remaining relatively constant across cover classes and scenarios,
indicating that climate changemay not trigger rapidmajor changes in herbaceous cover. Tovar et al (2013)
createdmultiple logistic regressionmodels to determine the distribution ofAndean biomes using climate data
from theCoupledModel Intercomparison Project phase 3 (CMIP3)multi-model. They found that at the biome
level, i.e., not considering plant physiology and species composition,most Andean biomeswill remainwith the
same general distribution, notwhat is predicted for species distributionmodeling. Though gradual changes in
species compositionwill not cause immediate alterations at the biome level, these changes, e.g., alterations in
understory vegetation or vertical structure, can alter ecosystem structure and functioning (Tovar et al 2013).
For example, soil chemical properties and processes are affected by the quality and quantity of litter inputs
(Vivanco et al 2024). Cuesta et al (2023) analyzed data frompermanent plots on 45mountain summits across
the highAndes of SouthAmerica and found evidence of ongoing vegetation change, including an overall
increase in species richness (mean= 0.38 speciesm−2 yr−1). Subalpine areas showed gains in vegetation cover,
whereas alpine, subnival, and nival zones experienced losses. Species changeswere positively associatedwith
increases inminimumair and soil temperatures. At the community level, species composition shifted toward
endemic and cosmopolitan taxawith broader thermal niches.

We also found that the herbaceous cover of wetlands and grasslands varied themost across years compared
to the other vegetation classes. The high variability in the herbaceous cover of wetlands can be associatedwith
alteration in their water inputs. A critical environmental driver determining the occurrence of Andeanwet-
landswithin awatershed is themean annual rainfall. However, wetlands can also receive water inputs from
glaciermelt and undergroundwater sources (Otto andGibbons 2017, Chimner et al 2019,Duhalde et al 2024).
Projected decreases inmean annual rainfall and increased variability in spatial rainfall patternsmight affect the
spatial distribution of Andeanwetlands (Otto andGibbons 2017).Moreover, temperature increases and glacial
shrinkage over the next decadeswill alter the inputs towetlands fromwater runoff frommelting glaciers, affect-
ingwetlands’ hydrological balance and altering their extent andnumber (Young et al 2011).We also found that
changes in herbaceous cover in thewatershedwill not be uniform. The location of Andean ecosystems in var-
ious landscape settings (valley areas andmountain slopes) and their composition (species taxonomy and phy-
siology) create the conditions for different ecosystem responses to climate change and, therefore, different
climate change impacts on them (Young et al 2011).

5.3. Changes in shrub cover
Shrub cover did not broadly vary across climate scenarios. The shrub cover of grasslands decreased from10%
to approximately 4%by 2050. The shrub cover of wetlands exhibited a negative trend over time, with
reductions of 5.6% for cushionwetmeadows, 20% for graminoidwetmeadows, and 33% for peatlands. Spatial
changes in shrub cover in thewatershedwill not be uniform.

There is a global trend of conversion of semi-arid andmesic grasslands to shrub-dominated areas and shrub
encroachment ofwetlands. These vegetation shifts have been attributed to climatewarming, shrub expansion
intowater-limited environments such as grasslands, and elevated atmospheric CO2 concentrations (Saintilan
andRogers 2015). However, this trendwas not evident in ourmodeling results for theArhuaycanchaValley.
Under future climate scenarios, ourmodels project a reduction in shrub cover across bothwetlands and
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grasslands. This contrasts withAide et al (2019), who reported significant increases inwoody vegetation in
grasslands above 4000ma.s.l. in the tropical Andes between 2001 and 2014. That expansionwas likely driven by
rising temperatures and drier conditions, whichmay have facilitated shrub encroachment and tree growth
beyond the historical treeline.Nevertheless, our results suggest that some areaswithin theArhuaycanchaValley
could experience localized increases in shrub cover.

Shrub expansion across regions is driven by a combination of biotic, abiotic, and landmanagement factors.
In theArctic, for example, warming accelerates the release of nitrogen and phosphorus from soils, fertilizing
historically nutrient-limited landscapes and increasing the abundance of deciduous shrubs and herbaceous
species (Prager et al 2020). In arid and semiarid ecosystems of Argentina, Romero-Ovalle et al 2024 found that
shrub expansion between 1970 and 2018 primarily occurred in areaswith high pre-existing shrub density and
followed a heterogeneous spatial pattern. In alpine grasslands, changes in shrub and tree cover are constrained
by low temperatures, limited precipitation, and grazing pressure (Snell et al 2022), while also being influenced
by broader climatic and topographic factors. For instance, Bayle et al (2024) found that elevation, slope, and
aspect, factors limitingwater availability, affect the distribution of Ericaceae-dominated shrublands in the Eur-
opeanAlps. Similarly, the upper elevational limits of shrublands are influenced by low temperatures. In the
Central Apennines of Italy, DeToma et al (2022) found that the distribution of dwarf shrubs from1960 to 2020
was strongly influenced by fine-scale topography,microclimate, soil characteristics (e.g., fertility and aridity),
and grazing pressure.Dwarf shrubs showed limited ability to invade grasslands comparedwithwoody areas
andweremainly associatedwith harsh, resource-limited conditions.

In addition, factors such as fire and grazing intensity influence shrub expansion. For example, using high-
resolution satellite imagery fromAlaska andwesternCanada, Liu et al (2022) found that shrub expansion in the
tundra between 1984 and 2014was driven primarily by seed dispersal and fire rather than environmental suit-
ability. They further showed that whenmodels incorporate seed dispersal alongwith projected fire and climate
conditions, shrubs are expected to expand into 25%of non-shrub areas by 2100, comparedwith 39%when
environmental suitability alone is considered.

Grazing intensity is also a key factor in regulating shrub expansion. Shi et al (2023) found that livestock
grazing exclusion led to shrub encroachment, as evidenced by a three- to eight-fold increase in shrub growth
and reproduction characteristics. This patternwas observed in exclosure experiments conducted over three,
nine, and seventeen years in the alpine grasslands of theQinghai-Tibetan Plateau. Also, shrub expansion
depends on the physiological response of shrub species. For instance, Venn et al (2021) analyzed the temper-
ature range for germination of Australian alpine shrubs. They found that while some shrub species can success-
fully germinate at high temperatures, others appear to be limited by inherent seed dormancy. Shrub expansion
in alpine areaswas associatedwith conditions that influence seed germination at themicrosite scale.

5.4. Changes in bare cover
We found that bare cover increased across all scenarios and cover classes, withmarked increases for the three
wetland classes. Cuesta et al (2023) reported an average annual loss of vegetation cover (mean= −0.26%/yr)
across the highAndes of SouthAmerica, particularly affecting alpine, subnival, and nival areas. In the Peruvian
Andes,more specifically inHuascaránNational Park, Young et al (2017) found varying land cover changes
from1987 to 2010. From1987 to 1999, some tropical alpine vegetation areas contracted, creating newbarren
sites. From1999 to 2010, the cover of alpine vegetation increased due to plant succession in barren lands and
the expansion of grasses and shrubs,mainly on the north-and northeast-facing slopes.

Thoughwe found increases in bare cover in areas next to glaciers, our analysis scale (50m, including climate
surfaces resampled frommuch coarser surfaces)mayhave hindered the detection of finer-scale ecological
changes. For instance, glacier retreat creates conditions conducive to ecological succession, as newly exposed
barren lands are prone to colonization by forbs and graminoids (Young et al 2017). However, this early plant
succession is not a stochastic process; rather, it is influenced by the local ecological context (Bayle et al 2024).

5.5. Changes in SoilOrganicCarbon (SOC)
Althoughwe validated the L-Rangemodelwith the best available data for Andean ecosystems, it is necessary to
indicate that we are cautious about the SOC estimations. The complexity of ecosystems, the limited
understanding of soil ecological processes in ecosystems such as Andean peatlands, and the limited information
available for these high-elevation areas could affect themodel estimations. For example, Chimner et al (2023)
found significant differences in the carbon stocks between peatlands andwetmeadows inHuascaránNational
Park. Carbon stocks in peatlands varied from278 to 4,740MgCha−1 with amean of 1092MgCha−1. In
contrast, carbon stocks inwetmeadows ranged from3 to 181MgCha−1 with amean of 30MgCha−1. This
broad range of SOChighlights the challenges for the initialization and parametrization of the soil carbon
processes of L-Range.
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Moreover, information about SOC is site-specific, especially in areaswith highly variable topography, such
as theAndes. Therefore, SOC froma different region or quantified at different elevations cannot be directly
comparedwith our estimations. For instance, we only found one study that estimated SOCnear the study area.
Vivanco et al (2024) estimated SOC forPolylepis sp. forest inUlta Valley atHuascaránNational Park. They
found that through an elevation gradient (3500 to 4500masl),Polylepis sp. forests soils located at intermediate
elevations (∼4000masl) had a thicker soil organic layer and, therefore, higher soil organic carbon stock (154.2
MgCha−1), than those located at higher (26.2MgCha−1) and lower elevations (34.8MgCha−1).

5.6. L-Rangemodel generalizability and applications
TheL-Range ecosystemprocessmodel (Boone et al2024) is a recently developed tool designed toperform the same
processes as the global rangelandmodelG-Range (Boone et al2018), but at afiner spatial scale.Thefirst documented
applicationof L-Range (Warrier et al2024) simulated ecosystemprocesses to estimate plant biomass accumulation
inKenyan rangelands. BecauseL-Range is derived fromG-Range, its generalizability buildsupon insights gained
frompreviousG-Range applications.At the global scale,Godde et al (2020)usedG-Range, coupledwith spatially
explicit economic, demographic, and livestockdatasets, to analyze howpastoral familiesmaybe affectedby
vegetation changesunder future climate conditions.At the regional scale, Liu et al (2024) appliedG-Range to
simulate changes in vegetation cover,ANPP, andSOCdensity on theTibetanPlateauunderRCP4.5 andRCP8.5
scenarios.At afiner scale, Su et al (2022) coupledG-Rangewith an agent-basedmodel to explore the effect of
environmental protectionpolicies on alpine grasslanddynamics in SanjiangyuanNational Park,China.

The applicability of L-Range to other regions or ecosystems depends on the ecological processes under analy-
sis and the availability of data for calibration and validation, as its accuracy is constrained by the spatial resolution
of input data. Fine-scale applications, such as those focused on specific valleys, allow for tailored calibration and
validation that can capture localized processes and responses to climate change. In contrast, applying L-Range
across broader areas, such as the entire PeruvianAndes,would yield insights only at coarser spatial scales.

5.6.1. Caveats
The heterogeneous landscape of theArhuaycanchaValley, characterized by high variability in vegetation and
soil properties, poses challenges for accuratelymodeling ecosystemprocesses. The accuracy of the L-Range
outputs is constrained by the spatial resolution of the input data. A lack of high-resolution data for climate
projections and herbaceous plants, shrubs, and tree covermay have impacted the L-Range estimations.
Furthermore, field studies on vegetation dynamics and ecosystemprocesses in theAndes, such as ANPP and
nitrogen and carbon cycling, are limited, which hindersmodel parameterization and calibration. Therefore,
implementing field assessments and experiments, such as vegetation surveys andCO2fluxmeasurements
across cover classes and elevation gradients, can improvemodel parameterization and validation.

AlthoughweusedNDVI as an indicator of vegetationproduction, the analysis couldnot capture the effects of
different climate scenarios onplant composition, such as changes in the cover of palatable andunpalatable species
for grazing. Therefore,we cannot determinewhether increases in landscape productivity are drivenby increases
in palatable or unpalatable plants.However, developing species distributionmodels can complement the analysis
and enhance understanding of how future climate conditionsmay influence changes in ecosystemcomposition.

In addition to the aforementioned considerations, it is important to note that L-Range does notmodel
glacier dynamics; therefore, the effects of glacier retreat and groundwater changes on ecosystemprocess simu-
lations remain uncertain. Although supported in themodeling framework, wildfires were not incorporated
into L-Range due to limited data on their occurrence and triggering factors, such as litter accumulation,moist-
ure content, andwind patterns. Finally, becauseGCMcannot capture extreme storm events at fine spatial
resolutions, the assessment of their localized impacts on ecosystemprocesses remains unknown.

6. Conclusion

Climate changewill affect the structure and functioning of Andean ecosystems. Themodeling analysis shows
that increases in temperature and changes in precipitation patternswill create conditions forwoodlands and
shrublands to becomemore productive.However, these conditionswill not be favorable forwetlands.
Nonetheless, the productivity of all cover classes will be negatively impacted under themost extreme climate
conditions scenario. Changes in the cover of herbaceous plants (forbs, grasses, and graminoids)will be
minimal.However, the herbaceous cover ofwetlands and grasslandswill be themost variable across cover
classes.Model results indicate that wetlandswill undergo a reduction in herbaceous plant cover from2050
onwards, a reduction that can be associatedwith the temporal and spatial alteration ofwater inflows, i.e.,
precipitation, undergroundwater, and glacier retreat water inputs. Changes in shrub coverwill also be
minimal, with the shrub cover of grasslands being themost variable across cover classes. Under future climate
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conditions, bare coverwill increase in all cover classes.However, this increasewill be larger for wetlands.
Furthermore, the spatial distribution of bare coverwill broadly vary across thewatershed. For instance, it will
increase in flat areas and somemountain slopes but decrease in low-elevation areas in the basinmouth. In
contrast, bare coverwill increase in areas close to glaciers.

Our spatially explicit analysis identified the ecological processes, ecosystemattributes, and cover classesmost
vulnerable to climate change. In thisway, our studyprovides information that can serve as a basis for developing
ecosystemconservation and restoration strategies. For instance,wetlands, identified ashighly sensitive ecosystems to
climate change impacts, shouldbeprioritized for specializedmanagementmeasures, such as revegetation and, in
degraded areas, grazing exclusion to reduceor prevent further degradation.Beyondecological shifts, such as altera-
tions in abovegroundprimaryproduction and increases inbare cover, changes in the structure and functioningof
Andeanecosystemswill also have significant socioeconomic repercussions for local communities that rely on
mountain ecosystemservices.Therefore, it is equally critical todevelop adaptation strategies that enable local com-
munities to adjust to these changes, safeguard their livelihoods, andpromote sustainable landmanagement.
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Appendices

FigureA1.Representation of vegetation layers by facet in L-Range. The L-Range includes three plant functional groups: (i)
herbaceous plants, (ii) shrubs, and (iii) trees. The herbaceous facet comprises vegetation layers of herbaceous plants alone, under
shrubs, or under trees; the shrub facet includes shrub layers alone or under trees; and the tree facet consists solely of a tree layer. In the
ArhuaycanchaValley application, each pixel (50× 50m) of the different cover classes (e.g., grasslands and shrublands)may contain
one ormore of these facets, as well as bare ground. Source: corresponding author’s own elaboration.
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FigureA2.Average change in shrub cover (%) inwetlands and grasslands from2020 to 2070 under different climate scenarios and
‘Current Conditions’.

FigureA3.Average change in shrub cover (%) in shrublands andwoodlands from2020 to 2070 under different climate scenarios and
‘Current Conditions’.
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FigureA4. (a). Average change in tree cover (%) across wetlands classes from2020 to 2070 under different climate scenarios and
‘Current Conditions’. (b). Average change in tree cover (%) in shrublands andwoodlands from2020 to 2070 under different climate
scenarios and ‘CurrentConditions’.
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FigureA5.Average change in bare cover (%) in grasslands, shrublands, andwoodlands from2020 to 2070 under different climate
scenarios and ‘Current Conditions’.

FigureA6.Differences in herbaceous plant cover for 2030 and 2070 relative to 2020 under the RCP 4.5 scenario (mean of three
climatemodels) comparedwith the ‘Current Conditions’ scenario. Shades of green indicate areas with increases in herbaceous cover,
whereas shades of yellow, orange, and red represent decreases. For example, in the 2070map,most of thewatershed consists of light
green areas corresponding to increases in herbaceous cover of up to 0.15 (15%) relative to 2020, while orange and red areas indicate
decreases ranging from0.45 to 0.84 (45%–84%) over the sameperiod.
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FigureA7.Differences in shrub cover for 2030 and 2070 relative to 2020 under the RCP 4.5 scenario (mean of three climatemodels)
comparedwith the ‘Current Conditions’ scenario. Shades of blue, purple, and black represent increases in shrub cover, whereas
shades of yellow and red indicate decreases. For example, in the 2070map, the upper right portion of thewatershed (orange areas)
shows a reduction in shrub cover from0.30 to 0.60 (30%–60%) relative to 2020.
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FigureA8.Differences in bare cover for 2030 and 2070 relative to 2020 under the RCP 4.5 scenario (mean of three climatemodels)
comparedwith the ‘Current Conditions’ scenario. Shades of green, yellow, and red indicate areas with increases in bare cover,
whereas shades of blue, purple, and black represent decreases. For example, in the 2070map, red and brown areas correspond to
increases in bare cover from0.45 up to 1.00 (45%–100%) relative to 2020, while blue and purple areas indicate decreases from0.15 to
0.45 (15%–45%) over the sameperiod.
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FigureA9.Average change in Soil Organic Carbon (SOC) gC/m−2 year−1 by cover class under different climate scenarios and
‘Current Conditions’.
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