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Abstract Land use and climate changes both affect terrestrial ecosystems. Here, we used three
combinations of Shared Socioeconomic Pathways and Representative Concentration Pathways
(SSP1xRCP26, SSP3xRCP60, and SSP5xRCP85) as input to three dynamic global vegetation models to assess
the impacts and associated uncertainty on several ecosystem functions: terrestrial carbon storage and fluxes,
evapotranspiration, surface albedo, and runoff. We also performed sensitivity simulations in which we
kept either land use or climate (including atmospheric CO2) constant from year 2015 on to calculate the
isolated land use versus climate effects. By the 2080–2099 period, carbon storage increases by up to
87 ± 47 Gt (SSP1xRCP26) compared to present day, with large spatial variance across scenarios and models.
Most of the carbon uptake is attributed to drivers beyond future land use and climate change, particularly
the lagged effects of historic environmental changes. Future climate change typically increases carbon
stocks in vegetation but not soils, while future land use change causes carbon losses, even for net agricultural
abandonment (SSP1xRCP26). Evapotranspiration changes are highly variable across scenarios, and models
do not agree on the magnitude or even sign of change of the individual effects. A calculated decrease in
January and July surface albedo (up to −0.021 ± 0.007 and −0.004 ± 0.004 for SSP5xRCP85) and increase
in runoff (+67 ± 6 mm/year) is largely driven by climate change. Overall, our results show that future land
use and climate change will both have substantial impacts on ecosystem functioning. However, future
changes can often not be fully explained by these two drivers and legacy effects have to be considered.

1. Introduction

Climate change (CC) within the 21st century will have large impacts on terrestrial ecosystems. On the one
hand, higher atmospheric carbon dioxide (CO2) concentrations and longer growing seasons in high latitudes
are expected to enhance vegetation growth (e.g., Friend et al., 2014; Zhu et al., 2016). On the other hand,
decreasing water availability, more intense heatwaves and droughts, and more frequent disturbances could
increase plant mortality (e.g., Seidl et al., 2017). Such changes in vegetation cover may enhance CC via bio-
geochemical and biophysical feedbacks.

At the same time, terrestrial ecosystems will also be affected by future land use change (LUC; Heck et al.,
2018; Krause et al., 2017; Ostberg et al., 2018). Until today, more than two thirds of the ice‐free land surface
have been modified by some form of human activities like crop cultivation, grazing, or wood harvest (Ellis &
Ramankutty, 2008; Klein Goldewijk et al., 2017). Possible future LUC scenarios range from continued defor-
estation to forest expansion (Hurtt et al., 2011; Popp et al., 2017), depending on a wide range of assumptions
including population growth, diet shifts, yield changes, the necessity and type of land‐based CC mitigation,
and the valuation of the manifold synergies and trade‐offs between services associated with different forms
of land use (e.g., Alexander et al., 2016; Doelman et al., 2018; Fuss et al., 2018; Krause et al., 2017).

Several modeling studies have investigated the relative importance of historic or future LUC versus CC
impacts on ecosystems by studying the effects on variables like vegetation cover and/or carbon cycling glob-
ally (e.g., Davies‐Barnard et al., 2015; Devaraju et al., 2016; Levy et al., 2004; McGuire et al., 2001; Müller
et al., 2007; Ostberg et al., 2015; Tharammal et al., 2018) or regionally (Aleman et al., 2016; Boit et al.,
2016; Zaehle et al., 2007; Zhang et al., 2015). However, these studies were often restricted by the usage of only
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one model, an inadequate representation of LUC in this model, and/or the focus on one specific variable
only. Here, we investigated the isolated and combined global impacts of future CC (including increasing
atmospheric CO2 concentration) and LUC on a range of terrestrial ecosystem functions that are indicative
for a number of ecosystem services relevant for climate feedbacks and water cycling: total carbon storage
and fluxes, total annual evapotranspiration, January and July surface albedo, and total annual runoff. We
ran three dynamic global vegetation models (DGVMs) with input from three combinations of future CC
and LUC projections, thereby accounting for model structural uncertainties and covering a range of possible
scenarios. We analyzed changes in ecosystem function between present day (2006–2025 average) and the
end of the 21st century (2080–2099 average) and used sensitivity simulations to determine the individual
contributions of future CC and LUC. We thus went beyond existing studies by (1) using common up‐to‐date,
spatially explicit LUC scenarios (including gross transitions arising from shifting cultivation, as well as wood
harvest) from version 2 of the Land Use Harmonization (LUH2) data set (http://luh.umd.edu/); (2) using a
multimodel approach including—at least in some of the applied DGVMs—an explicit representation of for-
est age structure and regrowth, a detailed representation of land management, and an integrated nitrogen
cycle; (3) performing transient simulations as well as simulations with either fixed CC or fixed LUC, allow-
ing for the calculation of the total effect as well as the isolated future CC and LUC effects and residual
changes not explained by these two drivers; and (4) analyzing a larger range of ecosystem functions beyond
carbon storage within three consistent modeling frameworks.

With our study, we particularly aimed to contribute to international policy agreements, especially for land‐
based mitigation policies, in view of identifying carbon uptake potentials and trade‐offs and cobenefits with
ecosystem functions beyond carbon storage.

2. Materials and Methods
2.1. Land Use and CC Scenarios

We used three combinations of LUC scenarios (based on Shared Socioeconomic Pathways, SSPs) from the
recently released LUH2 data set and corresponding climate projections (Representative Concentration
Pathways, RCPs) from the IPSL‐CM5A‐LR climate model (Dufresne et al., 2013). These climate projections
were performed and bias corrected for CMIP5/ISI‐MIP2a using observations from ERA‐40 (daily) and CRU
TS2.1 (monthly) for the reference period 1960–1999 and preserving absolute changes in monthly tempera-
ture and relative changes in monthly precipitation (Hempel et al., 2013). The SSPs describe future changes
in the energymix, technological progress, population growth, diets, and global collaboration, while the RCPs
are the outcomes of climate policies. Ambitious mitigation goals like the 2 °C target (RCP2.6) can often not
be achieved by Integrated Assessment Models under the assumption of regional rivalry and high population
growth (like SSP3). Due to the large computational demand of our simulations, we chose only three combi-
nations of SSPs and RCPs reflecting a range of future LUC and CC scenarios. We chose climate projections
from IPSL‐CM5A‐LR because simulated temperature and precipitation changes are quite representative for
the ISI‐MIP ensemble mean (Warszawski et al., 2014) and because computational limitations did not allow
for the consideration of additional climate models. For one of the SSPs (SSP3), the LUC marker scenario
from LUH2 is actually associated with an increase in radiative forcing of 7.0 W/m2 (SSP3xRCP70).
However, since no ISI‐MIP2a IPSL_CM5A‐LR RCP7.0 climate was available when performing the simula-
tions, we used the IPSL‐CM5A‐LR RCP6.0 climate projection instead. While LUC and CC projections were
thus not exactly consistent, differences between the RCP6.0 and RCP7.0 climate projections were assumed to
be relatively small. For simplicity we referred to this combination of LUC and CC scenarios as SSP3xRCP60
within the text.

The combination of SSP1 and RCP2.6 (SSP1xRCP26), realized with the IMAGE Integrated Assessment
Model (van Vuuren et al., 2017), represents a sustainable future scenario. It results in substantial agricultural
abandonment and consequently net global forest cover expansion starting already in the first half of the cen-
tury (Figure 1 and Figure S1 in the supporting information) as a result of low population growth, shifts
toward less meat‐based diets, food waste reductions, and crop yield increases. Typically, pastures are aban-
doned (−568 Mha), while croplands expand (+251 Mha) due to large‐scale cultivation of second‐generation
biofuels, resulting in a net agricultural abandonment of 317 Mha between 2006–2025 and 2080–2099. Much
of this abandoned land is located in China, but natural vegetation expands also in parts of Africa, Europe,
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North and South America, and Australia (Figure 1). Wood harvest rates increase in parts of Northern
Eurasia and Amazonia but decrease at other locations like the southeastern United States (Figure S2).
Mean surface air temperature over land as simulated by IPSL‐CM5A‐LR for RCP2.6 stabilizes at around
+0.7 °C compared to the 2006–2025 period (Figure 2), thereby staying below the 2 °C target of the Paris
agreement and possibly below its 1.5 °C target. Most tropical and temperate locations are characterized by
temperature increases below 1 °C relative to 2006–2025. Precipitation increases in the eastern United
States, southern Europe, East Africa, and most of Indonesia but decreases in Australia, South Africa, and
most of South America. Atmospheric CO2 peaks at 443 ppm in the middle of the century and thereafter
declines to 421 ppm by the end of the century.

The SSP3xRCP60 scenario, developed by the AIM Integrated Assessment Model (Fujimori et al., 2017), is
characterized by large‐scale tropical deforestation. Forest cover declines mainly in Africa, while there is

Figure 1. Change in agricultural (cropland plus pasture) fraction between 2006–2025 and 2080–2099 in the three scenarios (left column); zonal time series of agri-
cultural area changes from 2015 to 2100 (middle column); zonal area changes (2.25° running mean) between 2006–2025 and 2080–2090 for croplands (purple),
pastures (blue), and croplands plus pasture (black; right column). Values indicated in the bottom‐center of the maps are global totals.
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agricultural abandonment in parts of Europe and Asia. Both cropland (+507 Mha) and grazing (+123 Mha)
area increases between 2006–2025 and 2080–2099, even though the cultivation of second‐generation biofuels
is absent in this scenario. The main reasons for this extensification are large population increases, slow yield
growth rates, and low intensification of the livestock sector. Agricultural expansion starts in the 2020s and
continues throughout the entire century. Changes in wood harvest are similar to SSP1xRCP26, apart from
large increases in central and southern Africa and India. The simulated RCP6.0 temperature increase in
IPSL‐CM5A‐LR between 2006–2025 and 2080–2099 is around of 2.4 °C, thus missing the Paris targets.
Warming is most pronounced in high latitudes but also exceeds 2 °C at most temperate and tropical loca-
tions. Precipitation increases over most tropical and boreal regions but decreases in the subtropics.
Atmospheric CO2 increases throughout the century, reaching 670 ppm in year 2100.

The SSP5‐RCP85 scenario was calculated by the REMIND‐MAgPIE Integrated Assessment Model (Kriegler
et al., 2017). LUC in this scenario is characterized by moderate tropical deforestation, mostly in Africa due to
a large increase in crop and livestock demand. Agricultural abandonment takes place at some subtropical
locations, some of it only occurring in the last two decades of the 21st century. A decline in pasture area
(−159 Mha) is exceeded by simultaneous cropland expansion (+243 Mha). The net increase in agricultural
land (+84 Mha), however, is much smaller than in SSP3xRCP60 (+630 Mha). Wood harvest rates increase
substantially at many locations, but the increase in Africa is often less pronounced than in SSP3xRCP60.
Temperatures rise even higher than for SSP3xRCP60 as a result of higher fossil fuel emissions (but lower
LUC emissions), and most land areas suffer from a warming of more than 4 °C. Spatial rainfall patterns
are similar to SSP3xRCP60, but changes are more pronounced. Atmospheric CO2 concentration reaches
936 ppm by the end of the century.

2.2. Dynamic Global Vegetation Models

We use the three combinations of LUC and CC scenarios as input to three DGVMs: LPJ‐GUESS, LPJ, and
CABLE‐POP that contributed to the TRENDYv6 model ensemble (Le Quere et al., 2018). LPJ‐GUESS and

Figure 2. Change in surface annual mean temperature (°C; left column) and mean annual precipitation (mm/year; right column) between 2006–2025 and 2080–
2099 in the three scenarios, as simulated by the Earth System Model IPSL‐CM5A‐LR bias corrected for ISI‐MIP2a (Hempel et al., 2013). Values indicated in the
bottom‐center of the panels are spatial averages over land.
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CABLE‐POP are the only models in the ensemble that account for tree demography effects on biomass accu-
mulation and turnover, making them particularly suited for the representation of secondary forest regrowth.
The following paragraphs provide a brief description of the DGVMs. An overview of major model features
and differences between the DGVMs can be found in Table 1.

LPJ‐GUESS is a process‐based ecosystemmodel that simulates global vegetation patterns as a function of cli-
mate, atmospheric CO2, LUC, and nitrogen inputs (Smith et al., 2014). Woody plant functional types are
represented as age cohorts competing for space, light, and soil resources. A number of replicate patches
(here: 10 for primary vegetation; 2 for secondary vegetation, i.e., abandoned agricultural land) account for
landscape heterogeneity within a grid cell, which is induced by stochasticity in some processes related to
establishment and mortality. Carbon assimilated via daily photosynthesis is allocated to leaves, sapwood,
and fine roots at the end of each year. Disturbances include stochastic patch‐destroying events with an aver-
age return interval of 100 years and fire, while windthrows, volcanic eruptions, pests, or insect outbreaks are
not simulated explicitly (see Table 1). Soil carbon and nitrogen fluxes are calculated based on the CENTURY
model (Parton et al., 1993; Parton et al., 2010; Smith et al., 2014). Besides natural vegetation the model also
represents pastures and croplands and their management (Lindeskog et al., 2013; Olin et al., 2015). Surface
albedo is not a standard model output but is calculated based on fractional plant cover and albedo baseline
values from MODIS satellite as described in Krause et al. (2017), with the modification that we set winter
albedo of tropical evergreen forests to 0.13 and summer albedo to 0.15 (instead of 0.14 year‐round). LPJ‐
GUESS snow depth was not an output variable so we use LPJ snow depth to derive LPJ‐GUESS snow cover.

LPJ shares many ecophysiological features with LPJ‐GUESS (Sitch et al., 2003) but represents vegetation
dynamics using an “area‐based” approach and did not simulate nitrogen cycling and wood harvest (see
Table 1). Wildfire was simulated only for the forested tiles using the generalized fire model “Glob‐FIRM.”
LUC is implemented by tiling each grid cell to primary and secondary forest, cropland, and pasture and
applying the LUH2 transition matrix to simulate deforestation, agricultural abandonment, shifting cultiva-
tion, and crop harvest. Surface albedo is calculated the same as in LPJ‐GUESS, that is, using the same albedo
values and snow cover, with the only difference being variations in fractional plant cover.

CABLE‐POP is a land surface model that represents vegetation structural dynamics and includes a nitrogen
cycle. CABLE‐POP consists of a biophysics core (Haverd et al., 2016; Kowalczyk et al., 2013; Y. P. Wang et al.,
2011), the CASA‐CNP biogeochemistry module (Y. P. Wang et al., 2010), the POP module for woody demo-
graphy and disturbance‐mediated landscape heterogeneity (Haverd et al., 2013; Haverd et al., 2014), and a
module for land use and land management (POPLUC; Haverd et al., 2018). Generic patch‐destroying distur-
bances occur with an average return interval of 100 years. The land use and land cover change module is
driven by gross land use transitions and wood harvest area. CABLE‐POP represents coordination of C3
photosynthesis, adjusting electron‐transport‐ and Rubisco‐limited rates seasonally to be colimiting
(Haverd et al., 2018), leading to a higher simulated CO2 fertilization effect on photosynthesis than LPJ
and LPJ‐GUESS (the less CO2‐sensitive electron‐transport limitation dominates in these models).
Simulated albedo is an outcome of canopy radiative transfer, which follows the approach of Goudriaan
and Van Laar (1994).

2.3. Simulation Protocol

All simulations started with a spin‐up in order to allow the carbon pools to reach equilibrium with the pre-
industrial climate and CO2 (see Table 1), followed by a common historic period (1901–2014) with transient
LUC (release “LUH2 v2h”) and climate/CO2. Each group used their standard spin‐up procedure (Le Quere
et al., 2018) to facilitate the experiment setup and to assure comparability with existing simulations. As the
IPSL‐CM5A‐LR climate data were only available from 1950 onward we randomly recycled years from the
1950–1959 period prior to year 1950. The scenarios only diverged for the future period (2015–2099). All three
DGVMs performed the same set of transient simulations (SSP1xRCP26, SSP3xRCP60, and SSP5xRCP85). To
separate LUC versus CC effects, we ran factorial experiments and conducted two additional simulations per
DGVM with either fixed land use or fixed climate (including fixed atmospheric CO2) from 2015 on. We
implemented fixed LUC by simulating no more land cover transitions but continuing wood harvest (in
LPJ‐GUESS and CABLE) at average 1995–2014 rates. For the fixed climate/CO2 simulations we repeated
1995–2014 radiation and precipitation and a detrended temperature signal (cyclic cycles in LPJ‐GUESS
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and LPJ and randomly selected years in CABLE‐POP) and
kept CO2 at year 2014 levels. Additional required input vari-
ables (e.g., soil maps) were left to the responsibility of the indi-
vidual DGVM groups. The total effect of all environmental
changes on ecosystem functions was then calculated as the
change in the transient simulation between the 2006–2025
period and the 2080–2099 period, while the isolated CC and
LUC effects were calculated as the 2080‐2099 values in the
transient simulation minus the 2080–2099 values in the fixed
climate and fixed land use simulation, respectively. The resi-
dual effect (changes not explained by future CC and LUC)
was calculated as the total effect minus the sum of the CC
effect and the LUC effect.

3. Results
3.1. Changes in Total Carbon Pools Due to Land Use
and CC

Present‐day simulated carbon pools and fluxes are in relatively
good agreement to other studies (Table S1). In all scenarios
and all DGVMs, total terrestrial carbon (vegetation plus soil,
including litter, excluding harvested carbon that is stored in
product pools) increases between the beginning (2006–2025)
and the end (2080–2099) of the century (red circles in
Figure 3a), despite the very different CC and LUC projections.
Model agreement in terms of total carbon uptake is relatively
high for the large‐scale deforestation/middle‐high warming
scenario SSP3xRCP60 (45–69 Gt C), but models differ regard-
ing the relative contributions of future CC and LUC (colored
bars in Figure 3). LPJ simulates a much smaller carbon loss
due to LUC (−81 Gt C) than LPJ‐GUESS (−155 Gt C) and
CABLE‐POP (−215 Gt C), which is balanced by smaller posi-
tive contributions from CC (+55 versus +56 and +103 Gt C).
The residual effect (+95 versus +144 and +180 Gt C), calcu-
lated as the difference between the carbon uptake in the tran-
sient simulations and the sum of the separately simulated CC
(plus CO2) and LUC effects, increases total carbon substan-
tially in SSP3xRCP60 for all three DGVMs. These features also
emerge in SSP1xRCP26 and SSP5xRCP85, but in these cases
total carbon uptake in the transient LPJ simulations is sub-
stantially lower than in LPJ‐GUESS and CABLE‐POP.

The effect of future CC (including atmospheric CO2 concen-
tration and including direct effects such as biome shifts as well
as indirect effects, e.g., via changes in fire activity due to chan-
ging fuel moisture and availability) on total carbon storage
varies across scenarios (orange bars in Figure 3a): In
SSP1xRCP26 the values range from a very small uptake (LPJ‐
GUESS) to a small loss (LPJ). CC in SSP3xRCP60 always
results in a substantial carbon uptake, especially for CABLE‐
POP. SSP5xRCP85 leads to a carbon gain for LPJ‐GUESS and
CABLE‐POP but a small carbon loss for LPJ. These differences
are explained in part by the differing CO2 fertilization effect on
gross primary productivity (Figure S3) and thereby carbonT
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storage among the three DGVMs, which is highest for CABLE‐POP and lowest for LPJ. However, the CC
effect on net primary productivity seems to be comparable in the models, at least for SSP5xRCP85
(Figure 3h). Most of the CC‐induced increases in total carbon can be attributed to the vegetation response
to CC (Figure 3b), while the effect of CC on global soil carbon (Figure 3c) is either zero or a small carbon
loss. Spatially, changes in total carbon in response to CC are found in both low and high latitudes but
there is little agreement on the sign of change across the DGVMs (Figures 4 and S4). Spatial changes in
vegetation carbon (Figure S5) look similar to spatial changes in total carbon, while soil carbon patterns
are quite different (Figure S6). The most prominent feature is a large‐scale vegetation carbon loss in the

Figure 3. Global change (2006–2025 to 2080–2090) in the transient simulations (red circles) and the individual contributions of land use change (green bars),
climate change (orange), and the residual effect (change in the transient simulations minus the sum of the land use and climate effects; gray), for total carbon
(Gt C; a), vegetation carbon (Gt C; b), soil carbon (including litter; Gt C; c), total evapotranspiration (mm/year; d), January surface albedo (−; e), July surface albedo
(−; f), total runoff (mm/year; g), and net primary productivity (NPP; Gt C/year; h).

Figure 4. Maps of changes (2006–2025 to 2080–2099) in total carbon pools for the three scenarios averaged over the three DGVMs (different rows), for the total
effect (first column), climate effect (second column), land use effect (third column), and residual effect (fourth column). Regions where the DGVMs do not agree
on the sign of change are masked in gray. Maps for the individual DGVMs can be found in Figure S4. DGVM = dynamic vegetation model.
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boreal zone in LPJ, especially for SSP5xRCP85. This is due to a simulated dieback of boreal forests
(Figure S7) at the benefit of herbaceous vegetation (Figure S8), which for the land management version of
LPJ has in previous studies been attributed to increased tree mortality due to heat and water stress
(Friend et al., 2014; Ostberg et al., 2018).

Future LUC always decreases total carbon pools (green bars in Figure 3a), even in the SSP1xRCP26 scenario
in which net agricultural abandonment (pastures plus croplands) takes place (see Figures 1 and S1). We
attribute this somewhat surprising outcome in SSP1xRCP26 to a combination of several factors: unsuitable
conditions for forest regrowth at locations where agricultural land is abandoned; slow biomass accumula-
tion in regrowing forests (compared to the instant deforestation flux, which still occurs in the transient simu-
lations); calculation of the LUC effect by comparing the transient simulation to a simulation in which gross
transitions were stopped from year 2014 on (resulting in carbon uptake as the young forests are not con-
verted to agriculture any more); large‐scale pasture abandonment but cropland expansion (croplands sub-
stantially deplete soil carbon stocks while pastures can sometimes increase soil carbon; see, e.g., Guo &
Gifford, 2002); and increasing wood harvest at some locations (see Figure S2). The substantial differences
across DGVMs with respect to the magnitude of the LUC effect can be partly explained by LPJ simulating
neither wood harvest (so if harvest rates increase in the future like in SSP3xRCP60 and SSP5xRCP85 the car-
bon loss from LUC would be underestimated) nor specific crop functional types (see Arneth et al., 2017;
Pugh et al., 2015), and by large differences in simulated present‐day vegetation (336, 520, and 431 Gt C for
LPJ‐GUESS, LPJ, and CABLE, respectively) and soil (1,463, 1,384, and 1,518 Gt C) carbon pools (see also
W. Li et al., 2017).

In most cases total future carbon uptake in the transient simulations is much larger than the sum of the iso-
lated CC and LUC effects (this difference is represented by the gray bars in Figure 3); that is, ecosystems are
simulated to take up additional carbon even if both CC and LUC and were kept constant from now on. The
main reason is that ecosystems are not yet in equilibriumwith present‐day land use (e.g., forest regrowth and
soil carbon accumulation after agricultural abandonment takes decades or even centuries; see, e.g., Krause
et al., 2016), climate (tree growth in high latitudes), and/or atmospheric CO2 (enhanced forest productivity
due to CO2 fertilization). In addition, changes in other environmental drivers (e.g., nitrogen deposition in
LPJ‐GUESS and CABLE‐POP; see Figure S9) also impact ecosystem carbon storage. However, additional
sensitivity experiments with LPJ‐GUESS as well as earlier studies (Tharammal et al., 2018; Warlind et al.,
2014) suggest that this effect is relatively small. Lastly, at some locations synergies between future CC and
LUC might not be captured by the sum of the isolated CC and LUC effect. For example, in the transient
simulations natural vegetation expansion on former agricultural fields might result in biomass accumula-
tion because CC favors forest regrowth on these abandoned agricultural lands, while the sum of the isolated
LUC effect—no change in carbon pools because tree growth is not allowed in agricultural areas—and the
isolated CC effect—no change because present‐day climate conditions might not favor tree growth at these
locations—might be 0, resulting in a calculated carbon uptake via the residual effect.

3.2. Changes in Evapotranspiration

Despite the same forcings used in all DGVMs, total terrestrial evapotranspiration changes in the transient
simulations are highly variable across DGVMs (Figure 3d). Evapotranspiration increases in SSP1xRCP26,
especially for LPJ‐GUESS, but decreases for SSP3xRCP60 and SSP5xRCP85, especially for LPJ. Increases
are generally found in high latitudes, whereas evapotranspiration is found to decrease in the tropics and sub-
tropics, particularly for SSP3xRCP60 and SSP5xRCP85 (Figure 5). The CC, LUC, and residual effect all play
an important role to explain the substantial spatial differences between DGVMs, for example, the large eva-
potranspiration decrease in LPJ‐GUESS over central Africa for SSP3xRCP60 contrasting the large increase in
CABLE‐POP (Figure S10).

In all DGVMs, future CC causes a net global evapotranspiration increase in SSP1xRCP26, with spatial pat-
terns (Figure 5) roughly following precipitation changes (Figure 2). In SSP3xRCP60 and SSP5xRCP85, how-
ever, the global CC effect ranges from virtually zero (LPJ‐GUESS) to a substantial decrease (LPJ), despite
globally increasing temperatures and rainfall. We interpret this to be a result of different effects of increasing
atmospheric CO2 on plants' water use efficiency and productivity in the DGVMs. For the SSP5xRCP85 sce-
nario, average water use efficiency (annual gross primary productivity/evapotranspiration) increases by the
end of the century by 0.67 g C/kg H2O in LPJ‐GUESS, by 0.83 g C/kg H2O in LPJ, and by 0.76 g C/kg H2O in
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CABLE. Regionally, evapotranspiration over Brazil in SSP5xRCP85 can increase (LPJ‐GUESS), decrease
(LPJ), or increase/decrease, depending on location (CABLE‐POP). In high latitudes, evapotranspiration
increases more for LPJ‐GUESS than for LPJ and CABLE‐POP. Presumably, this occurs because tropical
and boreal trees grow less leaves or use water more efficiently in LPJ and CABLE‐POP relative to LPJ‐
GUESS under higher CO2 concentrations.

In all scenarios, LUC results in substantial evapotranspiration decreases for LPJ‐GUESS but increases for
LPJ and CABLE‐POP. These differences are most apparent for the tropical deforestation cases
SSP3xRCP60 and SSP5xRCP85 (Figures 1 and S10). The evapotranspiration increase in LPJ and CABLE‐
POP in response to deforestation is quite surprising, given that forests typically transpire more water than
other land cover classes (see discussion). LPJ and CABLE‐POP simulate a strong decline in transpiration
response to deforestation in energy‐limited regions like central Africa (SSP3xRCP60), but this is accompa-
nied by a larger simulated increase in soil evaporation facilitated by higher radiation absorption by the
ground and less resistance to evaporation by litter.

The residual effect increases global evapotranspiration in LPJ‐GUESS but decreases it in LPJ and CABLE‐
POP, thereby counteracting the LUC effect. These differences between models are hard to interpret, espe-
cially since there are also regions where the models agree on the sign of change, for example reductions
in the Sahel, southern Africa, India, and some temperate regions. For SSP5xRCP85 the residual effect
increases evapotranspiration in Australia and the southwestern United States in all DGVMs. In LPJ‐
GUESS, however, unlike in the other DGVMs, there is a large increase in central Africa and
southeastern Asia.

3.3. Changes in Surface Albedo

The decrease in global land surface albedo is generally more pronounced in the high‐warming scenarios.
Albedo decreases mostly in January (Figure 3e), but despite a much smaller reduction in seasonal snow
cover (Figure S11), we also find substantial albedo decreases in July (apart from CABLE‐POP, Figure 3f).
The LPJ‐GUESS SSP1xRCP26 January albedo reduction is slightly smaller than the decrease in the baseline
LUC scenarios of Krause et al. (2017) where snow depth was taken from LPJ‐GUESS. In all scenarios, the
albedo reduction is largely concentrated in middle and high latitudes, that is, for January in the temperate
and boreal zone (Figure 6) or for July even further north in arctic regions (Figures 7). However, there are also
large areas in North America and Central Russia (LPJ) or Eastern Russia (CABLE‐POP) where albedo
increases substantially, particularly in January (Figures S12 and S13). The total effect is dominated by the
CC effect, but there is sometimes also a small, counteracting LUC effect and a substantial residual effect.

Figure 5. Same as Figure 4 but for evapotranspiration.
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CC typically causes large reductions in surface albedo. This is often due to the combination of declining
snow cover and forest growth in high latitudes. January snow cover in LPJ (and thus also in LPJ‐GUESS)
shrinks mostly in eastern and northern Europe and Central North America (Figure S12). On average,
26 Mha (1%) and 71 Mha (28%) of snow disappear globally in January, respectively July, for SSP1xRCP26,
and 682Mha (19%) and 210 Mha (78%) for SSP5xRCP85. Interestingly, in LPJ there are regions of substantial
January albedo increases neighboring regions of large albedo reductions. These are often locations where the
snow does not disappear but grass cover increases at the expense of forests (Figures S7 and S8). In regions
further north/south the trees survive or even establish in former tundra, resulting in decreasing surface
albedo. Small albedo reductions are also found in the tropics (LPJ‐GUESS and LPJ) as a result of more
vegetation/tree cover due to CC. In CABLE‐POP, vegetation composition does not respond to CC so the
increase in surface January albedo found in northeastern Asia has to be chiefly related to increasing snow
cover despite surface warming. The global decrease in SSP5xRCP85 January albedo from melting snow,
however, is larger in CABLE‐POP than in LPJ‐GUESS and LPJ when assuming static present‐day vegetation
cover in LPJ‐GUESS and LPJ (0.023 versus 0.016 and 0.015).

Figure 6. Same as Figure 4 but for January surface albedo.

Figure 7. Same as Figure 4 but for July surface albedo.
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Globally, the effect of future LUC is either zero or an increase in surface albedo for all scenarios (Figures 3e
and 3f), and there is substantial model agreement at regional scale, at least for LPJ‐GUESS and LPJ
(Figures S12 and S13). Regional changes reflect changes in vegetation cover (Figures S7 and S8).
Interestingly, for LPJ‐GUESS and LPJ the SSP3xRCP60 deforestation scenario results in an albedo increase
in tropical Africa and some boreal regions (January, presumably partly due to wood harvest; see Figure S2)
but a decrease at some subtropical and temperate locations. The latter is due to forest expansion (Figure S7)
and also due to LUC‐related changes in total vegetation cover (Figure S14). For example, in SSP3xRCP60
bare soils of very high albedo (Figure S15) are increasingly covered by vegetation in northern Africa, while
bare soils of low albedo expand in parts of Asia. However, the large LUC‐induced increase in simulated vege-
tation cover seems quite unrealistic in the eastern Sahel/Sahara region where the increase is related to pas-
ture expansion. In the western part, however, the increase is mainly due to expansion of irrigated croplands,
which might indeed increase vegetation cover.

The residual effect can be an albedo decrease (LPJ), increase (CABLE‐POP January), or zero (LPJ‐GUESS
January and July; CABLE‐POP July). The spatial patterns are heterogeneous and often hard to interpret
due to complex interactions between changes in vegetation types, bare soil, and snow cover. In high lati-
tudes, the residual effect often increases total vegetation cover (LPJ‐GUESS and partly in LPJ; see Figure
S14) but in the boreal zone sometimes reduces forest cover (Figure S7). The most likely explanation is that
the repeating 1995–2014 climate cycle used in the fixed climate simulation has too little precipitation in this
area to sustain forest growth. This often decreases January albedo in present‐day tundra regions but
increases albedo in taiga regions. In the tropics, the effect is very small.

3.4. Changes in Runoff

Total annual runoff hardly changes in SSP1xRCP26 but increases by on average more than 30 mm/year in
SSP3xRCP60 andmore than 60mm/year in SSP5xRCP85 (Figure 3g). Differences between DGVMs seem less
pronounced than for evapotranspiration partly due to the large overall increases. Spatial patterns look simi-
lar across all DGVMs (Figures 8 and S16).

Changes in total runoff in the transient simulations are mostly due to CC, especially for the high‐warming
scenarios. Spatial patterns of the CC effect seem to be largely driven by precipitation changes (Figure 2).
Averaged over all grid cells, total runoff increases by 84, 88, and 92 mm (LPJ‐GUESS, LPJ, and CABLE‐
POP) per 100‐mm increase in annual precipitation (not shown).

The LUC effect on total runoff is largest for LPJ‐GUESS and virtually nonexistent in LPJ. Spatially, changes
are typically opposite to LUC‐induced evapotranspiration changes, which is not surprising as rainwater has

Figure 8. Same as Figure 4 but for total runoff.
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to leave the system either via evapotranspiration or runoff (neglecting the limited storage capacities of
the soil).

The residual effect always leads to a reduction in global mean runoff but in all models and scenarios there
are also regions were the residual effect increases runoff. Spatial patterns look similar across DGVMs, for
example the reductions found at many high‐latitude locations and in equatorial South America.

4. Discussion

In this study, we analyzed changes in a range of ecosystem functions simulated by three DGVMs and for
three combinations of future CC and LUC scenarios. For some variables (carbon pools, evapotranspiration,
and January albedo) differences across DGVMs in the transient (CC + LUC) simulations can be comparable
in magnitude to differences across scenarios. With respect to carbon storage, the positive impacts of moder-
ate CC and CO2 fertilization are typically offset by negative LUC effects, but the net change in the transient
simulations is still a carbon uptake due to a large positive residual effect (i.e., enhanced forest growth mostly
due to historic LUC, CC, and CO2 increases). Albedo reductions and increases in runoff are largely driven by
future CC, while future LUC only has small impacts. Evapotranspiration changes show the largest variabil-
ity across scenarios, and the DGMVs do not agree on the magnitude or even sign of change of the CC effect
and the LUC effect.

Several modeling studies previously investigated the combined and isolated effects of future CC and LUC on
global terrestrial carbon cycling (Table 2), even though methodologies differed substantially across studies.
Levy et al. (2004) reported large carbon uptake (2–6 Gt C/year) simulated by the HyLand DGVM for four
Intergovernmental Panel on Climate Change Special Report on Emission Scenarios, mostly due to increas-
ing CO2, with smaller contributions from future CC and LUC, and a small residual effect (not explicitly men-
tioned). Using the LPJmL DGVM, Müller et al. (2007) found a total carbon uptake (~60 Gt C between 2015
and 2090) for the low‐warming/afforestation Special Report on Emission Scenarios B1 scenario but a large
loss (−115 Gt C) for the high‐warming/deforestation A2 scenario. While Müller et al. calculated a CC effect
of up to +130 Gt C (note that this includes the residual effect according to their calculation), LUC reduced
total carbon by up to 270 Gt C for the A2 scenario (note that deforestation—mainly in South America—was
much more pronounced compared to our study, about 1,500‐Mha increase in cultivated area, including
managed forests but mainly croplands), which is broadly in agreement with the carbon loss from (less) defor-
estation in our study. Lastly, two recently studies (Davies‐Barnard et al., 2015; Tharammal et al., 2018)
explored the CC versus LUC effects on total carbon uptake in two Earth System Models (ESMs;
HadGEM2‐ES and CESM1) for three RCP scenarios. While Davies‐Barnard et al. (2015) calculated the
LUC effect as in our approach, the remaining carbon changes were assigned between “climate‐induced land
cover changes” and “not from land cover changes.” Davies‐Barnard and colleagues found that land cover
changes resulting from CC are generally more important than LUC. However, the large CC‐induced soil car-
bon uptake in HadGEM2‐ES is impugned by isotopic data analysis (Y. J. He et al., 2016). Furthermore,
Davies‐Barnard et al. (2015) simulated a large vegetation carbon uptake in response to afforestation. This
may be partly due to the lack of nitrogen limitation in HadGEM2‐ES and the less detailed representation
of LUC compared to our study (see Arneth et al., 2017). Tharammal et al. (2018) found an overall CC effect
(including CO2) of 13–61 Gt C for the same RCPs, and a LUC effect of−93 to +29 Gt C (calculation different
from our study: the change between present day and end of the century in a transient LUC simulation).
CESM1 includes a nitrogen cycle and wood harvest, but gross transitions and explicit forest regrowth were
not represented. Interestingly, Tharammal et al. (2018) reported a much smaller residual effect compared to
our study. Potential explanations for this mismatch are the explicit calculation of the nitrogen deposition
effect (range −11 to 4 Gt C) in Tharammal et al. (2018), static vegetation in CESM1, and in particular differ-
ences in the calculation of the LUC (and thus the residual) effect.

Satellite‐derived evapotranspiration estimates suggest that terrestrial evapotranspiration declines in
response to tropical deforestation under present‐day conditions (Alkama & Cescatti, 2016; Duveiller,
Hooker, & Cescatti, 2018; Y. Li et al., 2015). In our study, however, this pattern is only reproduced by
LPJ‐GUESS, while LPJ and CABLE‐POP simulate evapotranspiration increases. Irrigation might expand
in the future and thus promote evapotranspiration from croplands, but as LPJ and CABLE‐POP do not repre-
sent cropland irrigation this cannot explain the simulated deforestation‐driven increase in
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evapotranspiration in these models. The large intermodel differences are in line with recent studies
reporting diverging evapotranspiration responses to deforestation in DGVMs and land surface models
(Duveiller, Forzieri, et al., 2018; Mao et al., 2015) but in contrast to the quite uniform decrease found in
five ESMs (Quesada et al., 2017). Our three DGVMs also strongly disagree on the CC effect on
evapotranspiration. As we used the same climate input in all models, this seems to be largely associated
with the net CO2 effect on evapotranspiration. Increasing atmospheric CO2 concentration on the one
hand reduces plant transpiration via increased water use efficiency and reduced stomatal conductance but
also promotes vegetation growth and thereby transpiration from a larger leaf area. Mao et al. (2015)
analyzed multiple land surface model outputs to study the drivers of variability and trend in
evapotranspiration over the 1982–2010 period. They found that the increasing trend can largely be
explained by CC (chiefly precipitation), while the net CO2 effect was a small decrease, especially in
regions with dense vegetation cover. The evapotranspiration reduction under moderate‐to‐high CO2

concentrations scenarios is consistent with other observational and modeling studies (Field et al., 1995;
Pan et al., 2015; Porporato et al., 2001), which agree on the predominance of the stomatal
conductance reduction.

To our knowledge, the isolated CC versus LUC effects on future land surface albedo have previously not
been analyzed simultaneously, but even the literature on CC‐induced changes in future snow cover and
albedo is surprisingly scarce. CMIP5 models simulate Northern Hemisphere snow area reductions between
1971–2000 and 2071–2100 of ~−5.6 ± 3.2% and −9.7 ± 3.5% in winter and −16.6 ± 13.8% and −25.1 ± 15.5%
in summer for RCP2.6 and RCP4.5, respectively (A. H. Wang et al., 2018). This compares to satellite‐based

Table 2
Overview of Modeling Studies Investigating the Combined and Isolated Effects of Future CC and LUC on the Terrestrial Carbon Cycle

Study Variables analyzed Model applied Effects considered
CC and LUC
projections

Reported changes
(time period)

Levy et al. (2004) Net Biome Productivity HyLand
(DGVM)

CC (no CO2) HadCM3 CC projections for the
SRES scenarios (A1B, A2, B1,
and B2), regional LUC from
SRES scenarios applied on
1990 land cover map

−1 to −2 Gt C/year
CO2 +4 to +7 Gt C/year

−1 to +2 Gt C/yearLUC
Total +2 to +6 Gt C/year

+2 to +6 Gt C/year
(1990 to 2100)

Müller et al. (2007) Total carbon pools
(also vegetation
and soil carbon and
carbon fluxes)

LPJmL
(DGVM)

CC (with CO2) Downscaled and interpolated
CC and LUC projections
from IMAGE implementations
of SRES storylines (A2, B1,
and B2)

+105 to +225 Gt C
LUC −120 to −445 Gt C
Total −279 to +33 Gt C

(1970 to 2100)

Davies‐Barnard
et al. (2015)

Total carbon (also
vegetation and
soil carbon)

HadGEM2‐ES
(ESM)

CC (with CO2, only
for CC‐induced
land cover changes)

CC simulated by HadGEM2‐ES
according to three RCP
scenarios (2.6, 4.5, 8.5),
corresponding LUC from LUH

+30 to +110 Gt C

LUC

−25 to +45 Gt C

Total

+180 to +425 Gt C
(2006 to 2100)

Tharammal
et al. (2018)

Total carbon pools (also
vegetation and soil
carbon and NPP)

CESM1 (ESM) CC (no CO2) CC simulated by CESM1
according to three RCP
scenarios (2.6, 4.5, and 8.5),
corresponding LUC from LUH

−26 to −7 Gt C
+20 to +87 Gt CCO

2
−93 to +29 Gt C

LUC
−11 to +5 Gt C

N deposition
+0 Gt C

Residual
−27 to +55 Gt C

Total (2005–2015 to 2090–2099)
Our study Total carbon

(also vegetation and
soil carbon)

LPJ‐GUESS,
LPJ, CABLE
(DGVMs)

CC (with CO2) IPSL‐CM5A‐LR CC projections
for three RCPs (2.6, 6.0, and 8.5),
corresponding LUC from LUH2

−27 to +103 Gt C
−215 to −20 Gt C
+74 to +180 Gt C

LUC

−1 to +136 Gt C
(2006–2025 to 2090–2099)

Residual
Total

Note. DGVM = dynamic global vegetation model; LUH = Land Use Harmonization; NPP = net primary productivity; ESM = Earth System Model; LUC = land
use change; CC = climate change; SRES = Special Report on Emission Scenarios.
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observations of +1.5% since the 1970s or +17 Mha per decade (January) and −54.9% or −72 Mha per decade
(July; https://www.ncdc.noaa.gov/snow‐and‐ice/extent/snow‐cover/nhland/7). The LPJ July snow cover
reduction (−28% or −71 Mha) for the SSP1xRCP26 scenario in this study is thus relatively large compared
to CMIP5 models (but within the CMIP5 model range and small compared to observations), while
January reductions (−1% or −26 Mha) seem comparably small (but large compared to the increase observed
over the last decades). Possible reasons for the disagreement across models include the comparison of differ-
ent time periods and the high sensitivity of snow cover to structural distinctions in the applied snow schemes
(Qu & Hall, 2014; Roesch, 2006; Thackeray et al., 2018; Z. Wang & Zeng, 2010). Changes in simulated snow
cover and assumed snow albedo then contribute to changes in surface albedo (Y. Li et al., 2016), along with
CC‐induced changes in forest cover and associated albedo values (Q. P. Li et al., 2018; Loranty et al., 2014).
Satellite‐based observations over the 1981–2010 period suggest that Northern Hemisphere surface albedo
declined in July but increased in January, both changes correlated with changes in snow cover (T. He
et al., 2014). Over the 2002–2016 period, Q. P. Li et al. (2018) reported a decrease in mean annual albedo
of 0.0004, with large variability across regions and varying contributions from snow and vegetation changes.
With respect to LUC effects on surface albedo, remote sensing observations show a steady increase in the
difference in annual surface albedo between forests and open land toward the pole, from around 0.02 in
the tropics to 0.06 in temperate regions and 0.12 in the boreal zone, and up to >0.2 in January in high lati-
tudes (Duveiller, Hooker, & Cescatti, 2018; Y. Li et al., 2015). These patterns are related to albedo differences
between vegetation types being amplified in the presence of snow cover and have also been simulated qua-
litatively in climate models under global deforestation experiments (Davin & de Noblet‐Ducoudre, 2010;
Devaraju et al., 2015). In our simulations, LUC usually occurs only in parts of the grid cell so albedo changes
are often naturally smaller. Our DGVMs also capture the latitude dependency of the LUC effect: The simu-
lated LUC impacts on surface albedo are similar in magnitude in low and high latitudes, despite areas under-
going LUC being largely located in the tropics.

Several studies have investigated the drivers of changes in runoff, typically focusing on annual runoff. One
exception is a recent study by Kooperman et al. (2018) who found that plant‐physiological responses to a
quadrupled CO2 concentration are of similar importance for daily runoff extremes in the CESM ESM as
radiative‐induced precipitation changes. Gedney et al. (2006), using the MOSES land surface model, attrib-
uted the increase in global annual runoff observed over the twentieth century mainly to stomatal closure in
response to increasing CO2. However, when also accounting for the CO2 impact on vegetation productivity
in the ORCHIDEE DGVM, Piao et al. (2007) found CC and LUC to be much more important than the net
effect of CO2, with uncertainty mainly associated with CO2 effects on vegetation growth and the contribu-
tion of agricultural irrigation to runoff changes. Betts et al. (2007) reported an increase in continental runoff
versus preindustrial levels in response to the physiological effect of doubled CO2 concentration on plant
transpiration. Gerten et al. (2008) found a dominating precipitation effect (~80%) in the LPJmL DGVM
and only small contributions from temperature, CO2, LUC, and irrigation. The dominant role of CC versus
LUCwas also reported for the second half of the century using the CLM (Shi et al., 2011). Our study indicates
that the greater importance of CC (including CO2) versus LUC will also hold in the future for a range of sce-
narios. Alkama et al. (2013) analyzed future runoff changes in CMIP5models for the RCP8.5 scenario but did
not separate driving variables. They found, besides a global increase, positive trends over northern Asia,
Scandinavia, North America, and South Asia, a negative trend over South Europe, no trend over Central
America, and model disagreement over South America and Africa. These patterns also occur in our study,
apart from decreasing (LPJ‐GUESS and CABLE‐POP) or stable (LPJ) runoff over North America and
decreasing runoff over Central America.

5. Conclusions

We ran an intercomparison of dynamic vegetation modeling sensitivity experiments to assess the impacts
and associated uncertainty of CC and LUC on several ecosystem functions: terrestrial carbon storage and
fluxes, evapotranspiration, surface albedo, and runoff. Some limitations should be kept in mind when inter-
preting our results. For instance, CC impacts could substantially be altered by using forcing climate from
more than one climate model (Müller et al., 2007; Tao et al., 2014). Furthermore, by prescribing the same
CO2 concentrations in the standard and the constant LUC simulations, we do not capture associated CO2

fertilization effects and carbon‐climate feedbacks, which have been shown to substantially impact
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vegetation productivity in ESMs (Quesada et al., 2018), with possibly significant effects on carbon pools, sur-
face albedo, and water cycling. Moreover, while surface albedo in the tropics has been simulated to substan-
tially increase with large‐scale deforestation, the planetary albedo was hardy affected due to
evapotranspiration‐cloud feedbacks (Bala et al., 2007), a process we cannot capture in our offline DGVMs.
Similarly, by prescribing precipitation, we cannot simulate potential vegetation feedbacks (Ellison et al.,
2012). Nevertheless, our simulations still suggest that both future LUC and CC will have large effects on a
range of ecosystem functions. Additionally, we show that there are large differences across existing studies
in calculating the isolated LUC and CC effects.

Interestingly, in our approach there can be substantial changes not explained by these two drivers (“residual
effect”), especially for carbon pools and evapotranspiration. The most likely explanation is that ecosystems
are not yet in equilibrium with present‐day land use/climate/CO2, which should be further explored in a
follow‐up study. We note that previous modeling studies often performed only one set of sensitivity simula-
tions (usually fixed LUC) and consequently erroneously attributed the leftover changes fully to future CC.
Vegetation and climate modelers need to be aware that ecosystems may presently not yet be in equilibrium
with their environment, thereby interfering with their findings.
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