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Ecography There is well-established evidence that land use is the main driver of terrestrial bio-
diversity loss. In contrast, the combined effects of land-use and climate changes on
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carnivores and omnivores). The simulation results were consistent across the selected
regions, with land-use intensification negatively affecting endotherms, whereas ecto-
therms were under increased pressure from rising temperatures. Land-use intensifica-
tion led to the downsizing of endotherms, and thus, to smaller organisms in the food
web. In combination with climate change, land-use intensification had the greatest
effect on higher trophic levels, culminating in the extinction of endothermic carnivores
in Namibia and Finland and endothermic omnivores in Namibia. Arid and tropical
regions showed a slightly higher response of total biomass to climate change under
a high-emissions scenario with rising temperatures, whereas areas with low net pri-
mary productivity showed the most negative response to land-use intensification. Our
results suggest that 1) further land-use intensification will significantly affect larger
organisms and predators, leading to a major restructuring of global food webs. 2) Arid
low-productivity regions will experience significant changes in community composi-
tion due to global change. 3) Climate changes appear to have slightly greater effects
in tropical and arid climates, whereas land-use intensification tends to affect less pro-
ductive environments. This paper shows how general ecosystem models deepen our
understanding of multitrophic interactions and how climate change or land-use driv-
ers affect ecosystems in different biomes.
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Introduction

Global change is increasingly affecting terrestrial ecosys-
tems. Climate change-induced temperature rise, land-use
changes, resource exploitation, pollution and invasive spe-
cies are the main drivers affecting ecosystems (IPBES 2019,
Chrysafi et al. 2022). Among these, land-use change, particu-
larly land-use intensification, is the largest driver of biodiver-
sity loss (Newbold et al. 2015, IPBES 2019, Beckmann et al.
2019, Jaureguiberry et al. 2022). Despite a growing body of
literature investigating the combined effects of land use and
climate change on terrestrial food webs (Strona and Bradshaw
2022, O’Connor et al. 2024), their effects on trophic net-
work structures are not sufficiently understood.

Land expansion reduces food web complexity owing to
range contraction-driven species extinction and the loss of
food web interconnections (Fricke et al. 2022). However,
land-use intensification (i.e. increased use of fertilizers, pesti-
cides, machinery and monocultures) affects various plant and
animal species groups (Gerstner et al. 2014, Newbold et al.
2015, Beckmann et al. 2019). Most of these serve as preys,
resulting in indirect effects on predatory species (Botella et al.
2024, O’Connor et al. 2024). Owing to the loss of top—down
control, an increase in the number of mesopredators reduces
food web compartmentalization (Botella et al. 2024) and
impacts species interactions (Prugh et al. 2009, Bloor et al.
2021, O’Connor et al. 2024).

Climate change-induced rising temperatures directly affect
the physiology of species, as metabolic rates increase with
temperature (Brown et al. 2004), and species have specific
thermal tolerance ranges that determine their activity and sur-
vival (Deutsch et al. 2008, Huey et al. 2012, Kingsolver et al.
2013). Although the direct impact of precipitation on food
webs seems to be buffered by diverse trophic interactions and
species diversity because of increased food web complexity
(Trzeinski et al. 2016), droughts can also negatively affect
net primary productivity (Cao et al. 2022). This, in turn,
can have a direct impact on autotrophic biomass, indirectly
determining the amount of energy available at other trophic
levels (Haberl et al. 2007, Rosenblatt et al. 2017).

Consequently, land-use changes combined with climate
change can further reduce the resources available at all tro-
phic levels and alter bottom—up and top—down regulatory
mechanisms. For example, if the biomass available to herbi-
vores is reduced, availability of prey for carnivores decreases,
which increases coextinction (Strona and Bradshaw 2022,
O’Connor et al. 2024). Habitat loss due to climatic niche
shifts (Deutsch et al. 2008, Kingsolver et al. 2013, Wiens and
Zelinka 2024) may be further exacerbated by human land-
use change (Mantyka-pringle et al. 2012, Segan et al. 2016);
species staying in environmental conditions that were closer
to their climatic tolerance limits are more sensitive to changes
during human-altered land-use (Williams and Newbold
2021, Williams et al. 2022).

Studying the combined effects of both drivers on bio-
diversity requires consideration of the diversity of func-
tional groups of species. Although various species might
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be considered in an aggregated way by studying functional
groups, this approach provides sufficiently detailed informa-
tion which goes well beyond classical biodiversity indicators,
such as the living planet index (Loh et al. 2005), biodiver-
sity intactness index (Newbold et al. 2015), or mean species
abundance (Schipper et al. 2020).

To investigate how functional species groups respond to
changes in land use and climate, functional groups can be
defined by species traits such as thermoregulatory mode,
feeding type, dispersal strategy, population dynamics or
body size. Ectotherms are expected to be particularly affected
by global warming because their physiological abilities
(e.g. reproduction and growth) are tied to thermal ranges
(Deutsch et al. 2008, Kingsolver et al. 2013, Paaijmans et al.
2013, Burraco et al. 2020); furthermore, they cannot ther-
moregulate internally (Hayden Bofill and Blom 2024).
Conversely, endotherms can maintain body temperature
(Buckley et al. 2012, Hayden Bofill and Blom 2024) and have
high energy requirements; hence, they are more dependent
on primary productivity (Buckley et al. 2012, Lasmar et al.
2021). With respect to the size, larger organisms are more
susceptible to land-use and climate changes because their
metabolic energy requirements scale with body size and tem-
perature (Allen et al. 2002, Brown et al. 2004). This can lead
to a decrease in body size within the food web (Sheridan and
Bickford 2011, Ripple et al. 2016, Enquist et al. 2020). In
contrast, land-use intensity (Munn et al. 2013, Santini and
Isaac 2021), or environmental conditions (Antunes et al.
2023) may change the typically negative relationship that
abundance declines with increasing body mass, described by
the power law of abundance—body mass scaling (Blackburn
and Gaston 1999, White et al. 2007, Lewis et al. 2008).

The removal of vegetation through land-use changes
or droughts can reduce the biomass of autotrophic organ-
isms, which can disproportionately impact higher trophic
levels by reducing prey availability (Barnes et al. 2017,
Rosenblatt et al. 2017, Newbold et al. 2020a, b). The envi-
ronmental conditions of the habitats also play an impor-
tant role. Rising ambient temperatures particularly affect
tropical ectotherms that are located in areas with conditions
close to their critical temperature maxima, rather than tem-
perate ectotherms (Deutsch et al. 2008, Huey et al. 2012,
Kingsolver et al. 2013). Less productive, arid environments
may be disrupted, particularly because of land-use changes, as
organisms have fewer opportunities to acquire food through
dispersal (Newbold et al. 2020b).

The complex effects of land-use and climate changes on
different functional groups of organisms illustrate the impor-
tance of studying them across multiple trophic groups, eco-
systems, and climatic zones. Hence, we aimed to test the
following hypotheses across four regions with different cli-
mate zones, namely, Brazil, Finland, France and Namibia.

1) Ectotherms are particularly affected by rising tempera-
tures because of climate change.

2) Large organisms are particularly affected by the increasing
pressure from climate change and land-use intensification.
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3) Top predators experience disproportionate losses owing
to indirect pressures from land-use intensification, which
may lead to a mesopredator release.

4) Organisms in tropical and arid regions are more affected
by increasing temperatures because of climate change than
organisms in other climatic zones.

To examine the combined effects of climate change and
land-use intensification on the functional groups of species
at different trophic levels in detail, we used a general mecha-
nistic ecosystem model (GEM). Although food web-land
use interactions (Newbold et al. 2020b) or consequences of
trophic rewilding (Hoeks et al. 2023) have been studied, to
the best of our knowledge, there has been no model-based
investigation to simulate combined interactions of food
web, climate change and land-use interactions using a GEM
(Pilowsky et al. 2022). Process-based GEMs provide insights
into ecosystem food web dynamics such as trophic network
interactions, food web energy flux, population, and trait-
based dynamics (Harfoot et al. 2014, Hoeks et al. 2021,
Pilowsky et al. 2022). GEMs allow the study of the effects
of climate and land-use changes on ecosystem functions and
processes (Harfoot et al. 2014, Newbold et al. 2020b) by cap-
turing the interactions in trophic networks (e.g. predator—
prey interactions) using an individual-based approach.

Material and methods

Study areas and input data

We used coupled model intercomparison project phase 6
(CMIP6) climate grid data at a 0.5-degree resolution from
the CNRM-CM6-1-HR model simulations. The variables
that influenced functional groups, namely, precipitation,
temperature (2 m above the surface, diurnal temperature
range), and net primary productivity (NPP), were obtained.
The CMIP6 historical scenarios from 1850 to 2014, based
on real-world observations (Voldoire 2019a) served as the

baseline for further shared socioeconomic pathway simula-
tions in ScenarioMIP (Eyring et al. 2016). To gain insight
into different temperature trajectories, we used the future
climate scenarios SSP1-2.6 (Voldoire 2019b) and SSP5-8.5
(Voldoire 2019¢). SSP1-2.6 was used as the “most sustainable
SSP” with temperature change remaining well below 2°C by
2100 (O’Neill et al. 2016). SSP5-8.5 was considered for the
high-emissions, fossil-fuel-based scenario, with global surface
temperature projected to rise to 5.7°C by the end of the cen-
tury (IPCC 2021).

For each climate scenario, 30-year averages were calcu-
lated, i.e. the average across 1984-2014 for the historical
climate data and that across 2070-2100 for the two future
climate scenarios. This accounted for climatic variability and
the averaging of single extreme events. Further details on the
preprocessing of climate data can be found in the Supporting
information.

Four regions across Brazil, Namibia, France and Finland
were selected to study climate change and land-use impacts
(Table 1). To gain insights into the regional effects of cli-
mate change, the extent of each region was selected based
on the climate zone according to the current Képpen—Geiger
climate classification scheme (Beck et al. 2018). To assess
regions affected by different extents of land use, the regions
further differed in their current human appropriation of
net primary productivity (HANPP), with lower pressure in
Namibia, intermediate pressure in Brazil and Finland, and
higher pressure in France (Table 1).

General mechanistic ecosystem model -
‘MadingleyR’

Mechanistic, process-based ecosystem models simulate eco-
system dynamics based on fundamental ecological principles
and the ensuing processes (Cabral et al. 2017), such as the
metabolic theory of ecology (Brown et al. 2004). A mecha-
nistic model can be described as general if it aims to simulate
the processes of any ecosystem (terrestrial or marine) inde-
pendent of the scale (Harfoot et al. 2014).

Table 1. Extent, human appropriation of net primary productivity (HANPP), near-surface temperature, precipitation, and net primary pro-
ductivity (NPP) for the different climate scenarios in each region included in the study. Climate zones were selected based on the current
Koppen-Geiger climate classification scheme (Beck et al. 2018). Brazil is set in a tropical climate (Af), Namibia in an arid climate (BSh),
France in a temperate climate (Cfb), and Finland in a cold climate (Dfc).

Mean annual near-
surface temperature

Extent in terms of latitude
Area (climate and longitude (min., max.)

Mean annual NPP
productivity

Mean annual

precipitation Mean HANPP

zone) (0.5° resolution) (°C) (mm month™) (g C m2day™") (g C m~? year™)
Brazil (Af) Lat.: 3°0°0”S, 0°0’ 0O’N Historical: 24.2 Historical: 195 Historical: 8.71 64.1
Lon.: 69°0'0"W, 61°00"W SSP1-2.6: 25.8 SSP1-2.6: 200 SSP1-2.6: 10.1
(96 grid cells) SSP5-8.5:29.3 SSP5-8.5: 191 SSP5-8.5:12.9
Namibia Lat.: 22°0°0S, 17°0°0"S Historical: 20.5 Historical: 35.6 Historical: 1.32 32.3
(BSh) Lon.: 16°0'0”E, 21°0'0"E SSP1-2.6:22.9 SSP1-2.6:31.0 SSP1-2.6: 1.22
(90 grid cells) SSP5-8.5:27.2 SSP5-8.5: 24.3 SSP5-8.5: 1.15
France (Cfb)  Lat.: 46°0°0"N, 49°0'0"N Historical: 10.4 Historical: 76.3 Historical: 2.6 376
Lon.: 1°0'0"W, 6°0'0"E SSP1-2.6: 12.1 SSP1-2.6:76.7 SSP1-2.6: 3.11
(84 grid cells) SSP5-8.5: 14.8 SSP5-8.5:78.3 SSP5-8.5: 4.61
Finland (Dfc) Lat.: 61°00"N, 69°0’0"N Historical: 0.02 Historical: 50.2 Historical: 2.68 109
Lon.: 25°30°0"E, 28°30°0"E SSP1-2.6: 2.92 SSP1-2.6: 56.2 SSP1-2.6: 3.39
(96 grid cells) SSP5-8.5: 6.34 SSP5-8.5: 62.3 SSP5-8.5: 5.25
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The ‘Madingley’ model is a process-based GEM that
simulates ecosystems containing all autotroph and hetero-
troph organisms (with body mass ranging from 10 pg to
150 000 kg) on a global scale (Harfoot et al. 2014). We used
‘MadingleyR* ver. 1.0.5 (Hoeks et al. 2021), an R imple-
mentation of the terrestrial realm of the ‘Madingley’ model,
to conduct the simulation experiments. The ‘MadingleyR’
environment consists of a land surface raster layer, combined
with raster layers providing environmental climate informa-
tion (Harfoot et al. 2014). This includes input data for avail-
able water capacity, NPP, HANPDP, near-surface temperature,
diurnal temperature range, precipitation and ground frost
frequency.

‘MadingleyR’ aggregates autotrophs and heterotrophs
into cohorts and stocks within a grid cell to allow spatially
explicit simulations. A stock represents the total biomass of
autotrophic organisms, whereas a cohort represents a group
of heterotrophic individuals with identical traits that occur in
the same grid cell. Each stock or cohort represents organisms
with similar functional traits grouped into specific functional
groups, which are defined based on the following categorical
or continuous traits (Harfoot et al. 2014):

feeding mode (carnivore, herbivore, omnivore),
reproductive type (semelparous, iteroparous),
thermoregulation (ectotherm, endotherm),
mobility (planktonic, mobile),

assimilation efficiency, or

body mass characteristics.

Thus, nine functional groups, namely ectothermic iter-
oparous carnivores, herbivores or omnivores; ectother-
mic semelparous carnivores, herbivores or omnivores; and
endothermic carnivores, herbivores and omnivores, were
considered.

In ‘MadingleyR’, autotroph biomass of stocks is modelled
per grid cell, using a terrestrial carbon model (Smith et al.
2013), and NPP is modeled from annual precipitation and
temperature averages data based on the Miami model (Lieth
1975). This method estimates NPP as a function of monthly
NPP layers, precipitation, and near-surface temperature
(Harfoot et al. 2014).

To simulate biomass extraction owing to land use, HANPP
was applied as a factor to reduce the autotrophic biomass pro-
duced at each time step in the model (Eq. 1, adapted and
modified from Harfoot et al. (2014)).

B (¢t +At)

(1)
=B (z)+ AB"™" x(1— AHANPP) — AB*

Here, B, represents the leaf biomass, Az a time step, ABFov
the biomass growth rate, and ABM™ the biomass mortality
(Harfoot et al. 2014).

Each grid cell process, such as feeding, predator—prey
interactions, mortality, and reproduction, is applied to each
cohort, most of which are temperature-dependent. For
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instance, feeding interactions and growth in ‘MadingleyR’
depend on an activity parameter, i.e. the time during which a
functional group can be considered active. While endotherms
are assumed to be active at all times, temperature limits deter-
mine ectotherm activity (Deutsch et al. 2008, Harfoot et al.
2014). Metabolic loss is influenced by temperature and was
modeled using the body mass and temperature relation-
ship (Brown et al. 2004). When ectotherms are active, field
metabolic rates determine energy expenditure during various
activities such as dispersal and reproduction, and during peri-
ods of inactivity, basal metabolic rates determine the minimal
energy requirements for maintenance (Harfoot et al. 2014).
These processes, among others, determine whether heterotro-
phic organisms increase their body mass, biomass and abun-
dance (Harfoot et al. 2014, Hoeks et al. 2021).
‘MadingleyR’ proved to reproduce real-world patterns of
ecosystem structure (Harfoot et al. 2014), such as estimat-
ing reasonable ecosystem dynamics resulting from bush-
meat removal through increased harvest of duiker species
(Barychka et al. 2021), or helping to gain insight into the
potential consequences of trophic rewilding (Hoeks et al.
2023). The ability of ‘MadingleyR’ to reproduce biodiversity
patterns and simulate trophic dynamics and biomass fluxes
across spatial scales makes it an ideal candidate for testing
the complex interactive effects of anthropogenic pressures on

ecosystems (Harfoot et al. 2014, Cabral et al. 2017).

Simulation experiments

We performed three different simulation experiments, incor-
porating 1) climate change, 2) climate change with current
land use and 3) climate change with maximum land-use
intensity (Fig. 1). This allowed us to analyze climate change,
current land use, and maximum land use as separate drivers,
as well as their combined effects on functional groups.

Each simulation experiment was run for 200 years to allow
the model to reach a stable state (Fig. 1b), with a maximum
of 1000 cohorts allowed simultaneously within each grid
cell. Ten replicates were run for each simulation experiment,
which were averaged before analyzing the results to account
for variations in the output owing to stochastic processes
within the model.

First, we determined the effects of climate change on an
undisturbed ecosystem by replacing the standard spatial input
of ‘MadingleyR’ for NPP, near-surface temperature, precipi-
tation, and diurnal temperature range with the data of the
three climate scenarios (step 1, Fig. 1a). This was considered
a spin-up simulation allowing the model to reach a stable
state. The output was used as a starting point for two further
simulation experiments that applied current and maximum
land-use intensity. To compare the impact of climate change
as an isolated driver without other perturbations, we used the
historical climate scenario as a reference point for assessing
functional groups and their species characteristics.

Second, in step 2, we applied HANPD to assess the impact
of current land use using the initial simulation output of each
climate scenario and compared the results with the initial
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Figure 1. (a) Input data used are shown on the left, the simulation runs performed are shown on the right. Each simulation run was per-
formed for three climate scenarios, namely, historical, SSP1-2.6, and SSP5-8.5 scenarios, to consider the combined effects of climate change
and land use simultaneously (current and maximum land-use experiments) and separately (climate-change simulation). (b) The changing
biomass trends under the historical climate scenario in France are shown for each functional group and autotroph organism for each con-
secutive simulation experiment. The three simulation experiments for climate change, current land use, and maximum land use were each
run for 200 years. For intermediate land-use intensification, the model was run in 10 yearly steps for 50 years in France, resulting in a total
simulation time of 650 years. This setting varies according to the minimum HANPP value across all grid cells for each region.

simulation for each climate scenario. Because HANPP quan-
tifies the current amount of biomass removed from an ecosys-
tem by humans, it is a measure of anthropogenic impacts on
NPP (Haberl et al. 2007). Therefore, it can be interpreted as
an indicator of present land-use intensity.

Third, to gradually increase land-use intensity, we built on
the output of the second simulation and modified the spa-
tial HANPP input layer of ‘MadingleyR’ for the simulation
experiment 3.

To simulate the maximum land-use intensity, HANPP
was maximized. Starting from the end point of the simula-
tion experiment 2, HANPP was increased to a maximum of
90 in 10% steps, while running the model for 10 years per
intensity step, gradually increasing the land-use intensity. The
model was then run for an additional 200 years in step 3,
maintaining the land-use intensity at 90% to allow the model
to return to a stable state after perturbations.

Figure 1b shows a representative simulation setup, for
France. The 200-year climate change experiment was fol-
lowed by the 200-year current land-use experiment when
land-use intensification starts. This intermediate land-use
intensification simulation increased the HANPP for each
grid cell within the regions according to Eq. 1, from the

current HANPP. Consequently, the simulation times for
land-use intensification depended on the initial HANPP val-
ues within each region. In France, for instance, only five steps
were required to increase the HANPP in all grid cells to 90%
intensity. The model was then run for another 200 years in
step 3, maintaining the land-use intensity at 90% to allow
the model to reach a new stable state. This resulted in a total
simulation period of 650 years for France.

Statistical analysis

Simulations and data analyses were performed using R (ver.
4.1.2 (www.r-project.org)). ‘MadingleyR’ provides monthly
biomass in kg for each functional group as time series. We
selected the biomass outputs from the last 10 years of each
simulation experiment to generate observations for our anal-
ysis. The six semelparous and iteroparous functional groups
of ‘MadingleyR’ were grouped into ectothermic carnivores,
herbivores and omnivores, resulting in three ectothermic
functional groups. Biomass data were logl0-transformed to
account for a wide range of values. The exponentiated log
response ratio (logRR) with a 0.95 studentized confidence
interval was calculated by bootstrapping 10 000 times to
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quantify the magnitude of differences in biomass between
scenarios for each functional group (R package ‘boot’, ver.
1.3.28) (Davison and Hinkley 1997, Canty and Ripley
2022). LogRR is the ratio of the difference between control
and experimental groups (Hedges et al. 1999). LogRR was
calculated as described by Lajeunesse (2011).

C

logRR =1In (?] (2)

Here, X is the experimental group and X_.is the control group.
To analyze the effects of climate change, we used the histori-
cal climate simulation as the control (Fig. 1a (1, historical)).
For current land use, we used the climate simulation without
land use (Fig. 1a (1)), and for maximum land use, we used
the simulation with current land use under the correspond-
ing climate scenario as the control (Fig. 1a (2)). We then cal-
culated the percentage change in the effect size relative to the
control from the logRR (Pustejovsky 2018). Changes in the
power law between body mass and abundance (Blackburn
and Gaston 1999, White et al. 2007, Lewis et al. 2008) were
analyzed by spatial regression using the ‘spatialreg’ package,
ver. 1.3.2 (Pebesma and Bivand 2023). To generate sample
sizes for each simulation experiment, the output of the last
simulation year was averaged across replicates, grid cells, and
functional groups to generate an average for each functional
group within a grid cell. We first applied a linear regression
using abundance as the response variable and the body mass
(expressed in kilograms in the previous step) of each func-
tional group as the explanatory variable. Both variables were
log10-transformed. Because abundance in the ‘MadingleyR’

model is influenced by cohorts dispersing between grid cells,
and grid cells are influenced by spatial landscape informa-
tion (Harfoot et al. 2014, Hoeks et al. 2021), we found sig-
nificant autocorrelation in both the response variable and the
residuals. Hence, a combined spatial autoregressive model
was constructed for each region, functional group, and sim-
ulation experiment. To account for the autocorrelation, a
spatial weight object was created based on the grid of each
region, assuming queen adjacency between grid cells, using
the ‘spdep’ package ver. 1.3.3 (Pebesma and Bivand 2023).
Finally, the slope and p-values with a significance level of p
< 0.05 were extracted from each model to generate a heat
map plot. Further methodological details and all other sta-
tistical values of the combined spatial autoregressive mod-
els not included in the Results section can be found in the
Supporting information.

Results

Impacts on total biomass

Figure 2 shows the impact of each climate scenario on the
total biomass of each region, as simulated in the three experi-
ments. Compared to the biomass in the historical climate
scenario, biomass decreased in the SSP1-2.6 and SSP5-8.5
(Fig. 2a) scenarios in all regions except Finland, where the
SSP1-2.6 scenario presented a change of + 0.03%. The largest
decrease was observed in the arid climate zone of Namibia,
with —2.13 and —0.87% in the SSP5-8.5 and SSP1-2.6
climate scenarios, respectively. The second-largest decrease
across regions was observed in the tropical climate of Brazil,

(a) Climate | | (b) Current land use | | (¢) Maximum land use
1 I i
0 1 ] }
Brazil 4 | II ! !

1 1 1
1 1 1
0] # T
Finland - 1 ] H 1
5 'I‘ A r )
o 1 1 1
& iy 5 1 1
France o | " | " |

H H H
1 | |
i 1 [} H 1
Namibia 1 L " 1
Hl 1 I 1
l l ]
L L] L) T T T T L] L] T L] L) T T L] T L) L]
10-8 6 -4 2 0 -10-8 6 -4 -2 0 -10-8 -6 -4 -2 0

Effect size (% change)
Climate Historical SSP1-2.6 SSP5-8.5

Figure 2. Percentage changes in the total biomass for each region. (a) With no land use (climate) using the historical climate scenario as the
control, (b) with current land use using the climate scenario in (a) as the control, and (c) with maximum land-use intensity using the current
land-use output in (b) as the control. The x-axis shows the percentage change in biomass relative to the control, and the y-axis indicates the
regions. Error bars show the bootstrapped 95% confidence intervals of the effect sizes.
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with —1.15% biomass in the SSP5-8.5 scenario. The negative
impact of SSP1-2.6 was higher in France (—0.47%) than in
Brazil (—0.26%). In general, biomass was reduced to a greater
extent in the SSP5-8.5 than in the SSP1-2.6 climate scenario
across all regions.

Simulations based on current land-use intensity (Fig. 2b)
led to almost no change in biomass in Namibia (—-0.12%
for the historical scenario and +0.05% for the SSP1-2.6
scenario) and Finland (=0.19% for the historical scenario
and +0.34% for the SSP5-8.5 scenario). Across all regions,
the largest decrease in biomass in the historical climate sce-
nario was observed in France (—1.58%), which had the most
intense current land use (highest HANPP; Table 1), followed
by Brazil (—0.58%). For all regions, the historical climate
combined with current land use had the largest negative
impact on total biomass. However, the negative impact of the
SSP5-8.5 scenario was higher than the impact of current land
use in Brazil, Namibia and Finland during the simulations.

Simulation of maximum land-use intensity led to a
decrease in biomass in all regions (Fig. 2¢). The biomass
decrease ranged from —3.1% in Finland to —9% in Namibia,
both under the SSP5-8.5 climate scenario). In Namibia,
which had the lowest NPP (Table 1), the SSP5-8.5 climate
scenario led to the largest decrease in biomass, while in the
other regions, the decrease was higher under the historical
climate scenario.

Impacts on biomass by functional groups

Across all regions, the effect of climate change on functional
group biomass ranged from —7.42% (ectothermic herbi-
vores, France, Fig. 3¢(a)) to +1.75% (ectothermic herbivores,
Finland, Fig. 3b(a)) and from —3.75% (ectothermic herbi-
vores, Namibia, Fig. 3d(a)) to +0.25% (endothermic carni-
vores, Finland, Fig. 3b(a)) under the SSP5-8.5 and SSP1-2.6
climate scenarios, respectively.

The biomass decreased for all ectotherm groups except for
the ectothermic herbivores (+1.75%; Fig. 3b(a)) and omni-
vores (+0.03%; Fig. 3b(a)) in Finland under the SSP5-8.5
scenario. A similar effect was observed for the endothermic
functional groups, all of which decreased slightly in bio-
mass, except for endothermic herbivores in Brazil (+0.02%;
Fig. 3a(a)) and endothermic omnivores in France (+0.24%;
Fig. 3c(a)).

Compared to SSP5-8.5, the biomass was less reduced in
the SSP1-2.6 scenario. However, all ectothermic functional
groups were slightly reduced in biomass (ranging from
—0.33% for ectothermic carnivores in France to —3.75% for
ectothermic herbivores in Namibia, Fig. 3c(a), d(a)), whereas
the endothermic functional groups partly gained biomass (up
to +0.25% for endothermic carnivores in Finland, Fig. 3b(a)).

Unlike the separate effects of the climate scenarios, the
effect of current land use strongly depended on the current
HANPP and was therefore the largest in France (highest
HANPP; Table 1) and smallest in Namibia (lowest HANPP;
Table 1). The maximum effect ranged from —7.99% for
ectothermic herbivores in France (Fig. 3c(b)) to +0.89% for

endothermic carnivores in Namibia, both under the histori-
cal climate scenario (Fig. 3d(b)). Ectotherms, except for ecto-
thermic omnivores in Namibia, decreased in biomass under
both future climate scenarios (+0.17% in SSP1-2.6 and
+0.72% in SSP5-8.5; Fig. 3d(b)).

The largest negative impacts of land-use intensifica-
tion on biomass were observed for endothermic carnivores
in Finland (Fig. 3b(c)), where endothermic carnivores
became extinct under all climate scenarios, and in Namibia
(Fig. 3d(c)), where endothermic carnivores and omni-
vores became extinct under the SSP1-2.6 and SSP5-8.5
climate scenarios. Changes in the biomass of ectotherm
species ranged from +2.29% for ectothermic herbivores in
Finland (under the climate scenario SSP1-2.6, Fig. 3b(c)) to
—18.03% for ectothermic carnivores in Namibia (under the
climate scenario SSP5-8.5, Fig. 3d(c)). In contrast, endo-
thermic species lost biomass, with the loss ranging from
—1.39% for endothermic herbivores in Finland (under
SSP5-8.5, Fig. 3b(c)) to —20.47% for endothermic omni-
vores in Namibia (under the historical climate scenario,
Fig. 3d(c)). Both endothermic and ectothermic carnivores
were the functional groups most negatively affected by the
maximum land-use intensity, except for Brazil (Fig. 3a(c)),
where it was highly dependent on the climate scenario (car-
nivores were most affected only under the SSP5-8.5 future
climate scenario).

Impacts on the abundance-body mass relationships

Figure 4 shows the slopes of the power law between abun-
dance and body mass. A negative slope indicates a decrease
in body mass with increasing abundance. Most correlations
in the climate and current land-use simulations were not sig-
nificant, whereas in the maximum land-use experiment, all
results were significant except those for ectothermic omni-
vores in Brazil and ectothermic carnivores in Namibia, both
under the SSP5-8.5 climate scenario, as well as for ectother-
mic herbivores in France under the historical and SSP1-2.6
climate scenarios. The significant correlations between abun-
dance and body mass are described below. In the climate
change experiment, the slopes were the lowest in Namibia,
indicating that high abundance decreased steeply with
increasing body mass (up to —13.22 for ectothermic herbi-
vores under the historical climate scenario). The largest slope
was observed in Finland (a maximum of 1.63 for ectother-
mic omnivores under the SSP5-8.5 climate). On comparing
the results across regions, ectothermic functional groups had
lower slopes in France and Namibia (i.e. higher abundances
with decreasing body mass) than endothermic functional
groups (except for ectothermic carnivores in Namibia under
the historical and SSP5-8.5 climate scenarios). Under the
SSP1-2.6 climate scenario, slopes decreased for endothermic
carnivores in Brazil. Under the SSP5-8.5 climate scenario,
slopes decreased for endothermic carnivores in Finland and
ectothermic omnivores in Namibia. Apart from these excep-
tions, the slopes increased under both the future climate sce-
narios SSP1-2.6 and SSP5-8.5.
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Figure 3. Percentage change in biomass for each functional group and region (a—d). (a) (Climate) with no land use using historical climate
scenario as the control, (b) with current land use using the climate scenario from (a) as the control, and (c) with maximum land-use inten-
sity using current land-use output in (b) as the control. The x-axis of each plot shows the percentage change in biomass relative to the
control, and the y-axis shows the functional groups, where ‘Ect.” denotes ectotherm and ‘End.” denotes endotherm species. Error bars show
the bootstrapped 95% confidence intervals of the effect sizes.
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Figure 4. Heatmap of the slopes of the combined spatial autoregressive models using abundance and body mass as the dependent and
explanatory variables, respectively. Results are displayed for each simulation experiment in terms of each region, functional group, and cli-
mate scenario. The x-axis shows the simulation experiments and the climate scenarios. The y-axis shows the functional group on the left
side, and the region on the right side. Slope values are displayed at the top. A negative slope indicates decreasing body mass with increasing
abundance, and a positive slope indicates increasing body mass with decreasing abundance. Asterisks denote significance levels: * indicates
significance with p-values < 0.05, ** indicates very significant p-values < 0.01, and *** indicates highly significant p-values < 0.001.

During the current land-use simulation, most slopes
decreased under the SSP5-8.5 climate scenario. The slopes
decreased in Brazil, Finland and France (except for the
ectothermic omnivores). In contrast, the slopes increased
in Namibia (except for endothermic omnivores) under the
SSP5-8.5 climate scenario. In all regions, slopes increased to
the same extent under the historical and SSP5-8.5 climate
scenarios and decreased the most under the SSP5-8.5 climate
scenario when combined with current land use.

Finally, in the maximum land-use experiment, slopes
decreased in all regions, except for Namibia, where all
slopes increased, except for endothermic herbivores under

the SSP1-2.6 climate scenario. In Brazil (except for endo-
thermic omnivores under the SSP1-2.6 climate scenario),
Finland and France, all endothermic functional groups
decreased in slope, indicating a shift in body mass towards
smaller endotherms. In Finland, the slopes of all ectother-
mic functional groups decreased in slope. In France, this
occurred only for ectothermic carnivores and omnivores
under the SSP5-8.5 climate scenario and in Brazil for ecto-
thermic omnivores and carnivores under the historical cli-
mate scenario and for ectothermic herbivores under the
SSP1-2.6 climate scenario. In Namibia, the slopes increased
for all ectotherms.
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Discussion
Impacts on functional groups and regions

The results supported our first hypothesis that ectotherms
are the most sensitive to climate change, supporting previ-
ous findings (Kingsolver et al. 2013, Paaijmans et al. 2013,
Burraco et al. 2020). The physiology of ectotherms ren-
der them vulnerable to temperature-induced changes with
respect to their activity and productivity (Deutsch et al. 2008,
Kingsolver et al. 2013, Paaijmans et al. 2013). In contrast,
endotherms are more negatively affected by resource limita-
tions because of their higher energy requirements for thermo-
regulation and larger body sizes (Nagy 2005, Buckley et al.
2012). Consequently, maximum land-use intensity was
found to reduce endothermic biomass more than ectother-
mic biomass in Finland, and partly in France and Namibia.

Land use is also expected to affect larger organisms more
than smaller ones (Bartlett et al. 2016, Ripple et al. 2016,
Newbold et al. 2020a). We confirmed that increased land-use
intensity leads to the downsizing of endotherms (Sheridan
and Bickford 2011, Ripple et al. 2016, Enquist et al. 2020),
consistent with the principles of metabolic theory (Allen et al.
2002, Brown et al. 2004).

In contrast, the positive slopes in the climate-change and
current land-use simulations indicated a non-consistent
power law relationship between body mass and abundance
(Blackburn and Gaston 1999, White et al. 2007, Lewis et al.
2008). However, the universality of the energy equivalence
rule can be undermined by specific functional groups and
varying levels of anthropogenic pressures (Munn et al. 2013,
Santini and Isaac 2021, Antunes et al. 2023). Notably, the
simulations under the SSP1-2.6 and SSP5-8.5 climate sce-
narios showed that climate change may further weaken these
relationships (Antunes et al. 2023), because the metabolic
rates of smaller animals increase with temperature more rap-
idly (Johnston and Sibly 2020, Antunes et al. 2023).

In accordance with our third hypothesis, carnivores were
most negatively affected by maximum land-use intensity
in all regions (except for ectothermic omnivores in Brazil),
culminating in the extinction of endothermic carnivores in
Finland and in Namibia under the SSP1-2.6 or SSP5-8.5 cli-
mate scenarios. Thus, higher trophic levels, particularly carni-
vores, appear to be more vulnerable to land use (Ripple et al.
2014, Barnes et al. 2017, Newbold et al. 2020a). The results
also showed that the biomass of ectothermic herbivores and
omnivores may partially increase in Finland. The increase in
ectotherm omnivores in Finland indicates a release of gener-
alist mesopredators (Prugh et al. 2009, Hoeks et al. 2020).
Both could be a response to the decline in top—down control-
ling predators (Hoeks et al. 2020) and increase the pressure
on autotroph species (Botella et al. 2024). Combined with
trophic downgrading, this may lead to altered top—down and
bottom—up mechanisms and further relevant trophic restruc-
turing of ecosystems (Barnes et al. 2017, Hoeks et al. 2020).

Finally, we confirmed our hypothesis that climate change
has a greater impact on the total biomass of species in tropical
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and arid climates than on the biomass of species in other cli-
matic zones. In both tropical (Brazil) and arid (Namibia)
climates, SSP5-8.5 impacted the total biomass more nega-
tively than the SSP1-2.6 future climate scenario. In tropical
regions, the temperature range for achieving the ectotherm
critical temperature is small, and the limit is rapidly reached
(Deutsch et al. 2008, Buckley et al. 2012, Kingsolver et al.
2013); consequently, the rising temperatures under the SSP5-
8.5 climate scenario appear to push ectotherms closer to their
limits than the changes under the SSP1-2.6 scenario.

Slightly greater effects of rising temperatures were observed
on the endotherms in the arid regions than on the endo-
therms in other regions. Of all the regions studied, the tem-
perature increase was the highest in Namibia (Table 1), and
hence, endotherms require more energy to maintain their
body temperatures (Buckley et al. 2012, Kronfeld-Schor and
Dayan 2013). Drought-induced low NPP (Cao et al. 2022)
(SSP5-8.5, Table 1) can further decrease autotrophic biomass
(Rosenblatt et al. 2017), leading to higher biomass loss in
endotherms in arid regions than in other regions because
of energy restrictions (Buckley et al. 2012) resulting from
increasing resource limitations.

Our results also indicated that regional characteristics
such as low NPP or decreasing precipitation determine the
magnitude of the consequences of vegetation loss resulting
from land-use intensification combined with climate change
on terrestrial food webs. For example, Namibia, the region
with the lowest productivity and precipitation (Table 1),
experienced the greatest decrease in total biomass and dis-
appearance of endothermic omnivores and carnivores under
the SSP1-2.6 and SSP5-8.5 future climate scenarios com-
bined with maximum land-use intensity. This impact could
be a result of the interactive additive effects of both drivers
within our simulation experiment. Land-use intensification
decreases NPP (Haberl et al. 2007), whereas low precipita-
tion and droughts decrease it further (Cao et al. 2022). This,
in turn, increases bottom—up regulatory resource limitations
due to low productivity (Oksanen et al. 1981, Hopcraft et al.
2010, Weldi et al. 2020), which disproportionately affects
higher trophic levels (Barnes et al. 2017, Newbold et al.
2020a) and could further reduce autotroph biomass due to
the loss of top—down control (Hoeks et al. 2020).

Future prospects

The resules highlight the importance of GEMs as an effec-
tive tool for understanding the multiple interacting effects
of anthropogenic global change on terrestrial food webs
(Harfoot et al. 2014). However, our study had certain limi-
tations. This model did not account for direct environmen-
tal impacts beyond vegetation reduction, such as landscape
fragmentation or pollution (Harfoot et al. 2014, Hoeks et al.
2021). Moreover, it did not consider extreme events or
natural disasters. Increased occurrences of heat waves can
negatively affect animals and lead to increased pressure
on food web stability (Burraco et al. 2020, Danner et al.
2021, Sharpe et al. 2022). Finally, the analysis did not cover
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plant—animal interactions accompanied by habitat shifts due
to climate change. This may be particularly important in
the context of land-use intensification (Seppelt et al. 2020,
Burian et al. 2024), as land use may suppress the ability of
species to adapt to climate change (Oliver and Morecroft
2014, Gongalves et al. 2021).

Nevertheless, the process-based assessment of GEMs
goes far beyond the capability of statistical approaches
(Leclére et al. 2020, Semenchuk et al. 2022, Kok et al. 2023,
Pereira et al. 2024), which provide much less information
regarding the responses and interactions within trophic net-
works to global change (Cabral et al. 2017, Johnston et al.
2019). A combination of these approaches would be benefi-
cial for further insights.

GEMs improve our understanding of complex food web
interactions affected by global change by reproducing patterns
of organismal interactions across trophic levels (Pilowsky et al.
2022) and providing a process-based understanding of poten-
tial mechanisms triggered by anthropogenic perturbations
(Cabral et al. 2017, Johnston 2024). Further refinement
and modification, such as the coupling of ‘MadingleyR’ to a
dynamic global vegetation model (Krause et al. 2022), may
improve the ability of GEMs to assess the consequences of
anthropogenic impacts on biodiversity. The above limitations
must be addressed in future studies, and the ‘MadingleyR’
model could be improved to gain a better understanding of
the consequences of global change on food webs.

Conclusions

Our simulations confirm that global change can have funda-
mental consequences on ecosystem biodiversity, and global-
scale ecosystem simulations can help to understand these
changes, considering the spatial variability of land use and
climate change. Rising temperatures, changing precipitation
patterns, current land use and land-use intensification can
cause various changes in the structure of food webs within
terrestrial ecosystems. Increases in temperature and land
use more negatively impact ectotherms and organisms of
higher trophic levels such as carnivores, respectively, than
other organisms. Both drivers, alone or in combination, can
alter top—down and bottom—up regulatory mechanisms in
trophic networks. Endotherms are affected more by energy
limitations during land use than by climate impacts, whereas
ectotherms are threatened by rising temperatures and land
use. Land-use intensification led to declining body masses
of endothermic organisms in all the study regions, except
Namibia. Thus, the simulation indicated a shift towards
smaller body sizes within the food web with increasing land
use. Furthermore, climate change appears to have slightly
greater effects in tropical and arid climates, whereas land-use
intensification tends to affect less-productive environments.
As global change accelerates, its potential impacts on ecosys-
tem biodiversity must be recognized. Further developments
of GEMs such as ‘MadingleyR’ will provide increasing insight
into trophic structures influenced by external perturbations.

Because GEMs provide a deeper insight than classical statis-
tical methods, their development can lead to new insights
that would otherwise be lost in coarse-scale standard meth-
ods, thus contributing to biodiversity research.
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