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S1: Model Description and specifications  

Across the constituent pools composing cLand, ESMs consistently depict a decline in the total carbon 

sequestered within carbon pools (Fig. 1a) with variability, in magnitude, across ESMs. The product pool 

(cProduct) is the only pool simulating an overall gain in carbon (sink) due to LUC (Fig. S1d). This aligns 

with expectations as cProduct constitutes product carbon (both short- and long-lived), often as an outcome of 

harvestings such as is used in housing and transport thus, includes carbon not yet in the atmosphere. For the 

change in vegetation carbon (∆cVeg; Fig. S1a) the trends align more closely in the evolution, variance, and 

magnitude with the broader ∆cLand trends (Fig. 1a) in comparison to other carbon pools. A similar 

decrease is also modelled across the dynamic global vegetation models (DGVMs), with a spread that captures 

the upper bounds of the LUMIP estimates. Several ESMs simulate only minimal differences in carbon 

content between the simulations with and without land-use change. Spatially, a unanimous decrease in 

vegetation carbon pools (Fig. S3) is evident across the eastern U.S., the greater Indonesian region and some 

regions of West Africa, with differences across ESMs in the extent of this decline. Compared to their model 

counterparts, the EC-Earth3 models indicate marked vegetative carbon depletion across regions over Brazil 

and Argentina. Models including CNRM, the EC-Earth3 variants, GFDL, and UKESM also register notable 

vegetative carbon reductions over the North American Great Plains. Broadly, the models’ historical land 

carbon emissions are dominated by the change in vegetation carbon, with the initial reduction due to 

deforestation offset in later decades by the increase due to enhanced uptake by CO2 fertilisation and 

agricultural use of nitrogenous fertiliser. Therefore, while it is possible to attribute trends in ∆cLand across 

ESMs to be largely dominated by the contribution from ∆cVeg, this does not hold true for all the models. 

The presence of a crop harvest flux can also significantly impact vegetation carbon and/or soil carbon 

emissions, depending on how harvest is configured in each model. During harvest in CESM2, even though 

crop grain carbon is removed, the increased productivity of crops due to fertilisation, irrigation, and higher 

productivity plants actually leads to increases in soil carbon where crops are grown. This response is the 

opposite of what is observed in the real world, which is possibly due to lack of a representation of tillage in the 

model; tillage would likely lead to increased respiration, resulting in soil carbon losses. Further, what happens 

with soil carbon will depend on how much plant matter is removed during harvest; CLM5 assumes only grain is 

removed, but in reality, usually, more than just grain is removed during the harvest process (Lombardozzi et al., 

2020). The MIROC model simulates the biogeochemical perturbation due to land-use change based on five 
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types of land tiles in each land grid. Crop harvesting, nitrogen fixation by N-fixing crops, grazing pressure on 

pasture and rangeland, and the decay of organic matter in product pools are considered, all of which perturb 

the land biogeochemistry even when land use is fixed at pre-industrial conditions. 

In estimating changes in soil carbon pools due to LUC, the consistency among ESMs in ∆cSoil remains 

subtle (Figs. S1b and S5). Shi et al. (2024) also recently revealed great divergence in ∆cSoil estimates 

simulated by CMIP6 models. In comparison to other models, only BCC and CNRM show a stark increase in 

∆cSoil estimates due to LUC. However, the spread across the DGVM estimates indicates a decrease in soil 

carbon and captures most of the LUMIP models. Additionally, while other ESMs simulate a limited change at 

the beginning of the simulation (year 1850), GFDL is the only model to diverge from this trend in both 

vegetation (decrease) and soil (increase) carbon pools (Fig. S1a and b). An observed inflection across ESMs 

around 1900 can be seen to occur around 1970 for GFDL (Fig. S1b); a time when the ESMs already strongly 

diverge. A subset of models, however, show a declining trend in soil carbon pools over the eastern U.S., 

albeit characterised by varied magnitudes (Fig. S5). Distinctly, BCC, CNRM, and CESM2 exhibit increases 

in soil carbon pools due to LUC within the mid-latitudinal regions, while only the GFDL model estimates 

an increase in ∆cSoil over the Tibetan Plateau. Spatially, the increasing pattern in CNRM bears 

resemblance to that in CanESM5, but with opposing directions—depicting a decline rather than an increase. 

The LUC effect over the U.S. Great Plains is vivid in both BCC and CESM2’s ∆cSoil simulations (Fig. S5). 

Notably, these changes in ∆cSoil contrast starkly with their respective vegetation (Fig. S3) and litter (Fig. 

S4) carbon pools, especially when compared to other models analysed. The EC-Earth3 models demonstrate 

a pairwise behaviour in their simulation of terrestrial carbon, with differences being traceable to their 

simulation of cLitter. We attribute this difference to an error of omission of coarse woody debris (cCwd) 

resulting in only leaf and fine root litter in the cLitter and cLand variables of EC-Earth3-Veg simulation used 

in this study (D. Wårlind, personal communication, July 24, 2023). CanESM5, sees a downward trend in soil 

carbon throughout the historical period that steepens in the final few decades. This is because in CanESM5 

the soil decomposition rate over croplands is higher and the fraction of humified litter that is transferred to 

the soil carbon, as opposed to respired to the atmosphere, is lower than over natural vegetation. 

Consequently, as natural vegetation is replaced by croplands over the historical period, a decrease in global 

soil carbon is obtained, as is also seen in empirical measurements (Wei et al., 2014). 

Spatial distributions of ESMs’ representation of ∆cLitter (Fig. S4) reveal generally modest variations in litter 
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carbon pools attributable to LUC. While other ESMs (EC-Earth3-CC, MIROC and MPI) show a decreasing 

pattern, a subset of ESMs (BCC, CNRM, and CanESM5), however, does indicate increases in cLitter in 

many regions of the world, particularly over the mid-western U.S. and Eastern Europe. A disparity is evident 

over the U.S. Great Plains, where EC-Earth3-CC shows a marked reduction of cLitter as opposed to a strong 

increase in CNRM. Contrarily, Boysen et al. (2020) reported analogous behaviour in cLitter estimates 

between EC-Earth3-Veg and CNRM in a global-scale deforestation experiment. Mirroring EC-Earth3- CC’s 

simulation, both MIROC and MPI show a global decline across litter carbon pools, with these models being 

unique in signifying an upsurge in cLitter stocks across western Europe. It is pertinent to note that, owing to 

model architecture, neither the GFDL nor UKESM accounts for carbon transitions to litter carbon pools. 
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S2: Supplementary tables 

 

Table S1: Dynamic global vegetation models used to compare LUMIP land-use change derived estimates 

in carbon stored in vegetation (cVeg) and soil (cSoil). 

 

Model References 

CABLE-POP Haverd et al. (2018) 

CLASSIC Melton et al. (2020); Asaadi et al. (2018) 

CLM5.0 Lawrence et al. (2019) 

DLEM Tian et al. (2011, 2015) 

IBIS Yuan et al. (2014) 

ISAM Jain et al. (2013); Meiyappan et al. (2015); Shu et al. (2020) 

ISBA-CTRIP Delire et al. (2020) 

JSBACH Mauritsen et al. (2019); Reick et al. (2021) 

JULES-ES Wiltshire et al. (2021); Sellar et al. (2019); Burton et al. (2019) 

LPJ-GUESS Smith et al. (2014) 

LPJmL Schaphoff et al. (2018); von Bloh et al. (2018); Lutz et al. (2019) (tillage); 

Heinke et al. (2023) (livestock grazing) 

LPJ-wsl Poulter et al. (2011) 

LPX-Bern Lienert and Joos (2018) 

ORCHIDEEv3 Krinner et al. (2005); Zaehle and Friend (2010); Vuichard et al. (2019) 

SDGVM Woodward and Lomas (2004); Walker et al. (2017) 

VISIT Ito and Inatomi (2012); Kato et al. (2013) 

YIBs Yue and Unger (2015) 
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Table S2: Biogeophysical and Biogeochemical effects of historical land use change estimated by previous 

studies. Data used to create Fig. 7. EMIC represents Earth system model of intermediate complexity while 

GCM represents Global Climate Model. 

 

Reference Time Frame Models(s) 
BGP effect  

(°C) 

BGP effect 

(°C) 

Carbon 

Stock (PgC) 

Brovkin et al. (2004) 1800 - 2000 
EMIC (CLIMBER-

2-LPJ) 
-0.26 0.18 - 

Matthews et al. (2004) 1700 - 2000 
EMIC (UVic 

ESCM) 
-0.16 0.3 - 

Brovkin et al. (2006) 1700 - 1992 EMIC (6 models) -0.13 to -0.25 - - 

Davin et al. (2007) 1860 - 1992 IPSL-CM4 -0.05 - - 

Shi et al. (2007) 1700 - 1992 EMIC (MPM-2) -0.09 to -0.16 - - 

Pongratz et al. (2009) 1850 - 2000 EMIC (ECHAM5) - - -171 

Pongratz et al. (2010) 800 – 2000 EMIC (ECHAM5) -0.03 0.18 - 

Lawrence et al. (2012) 1850 – 2005 CMIP5 (CCSM4) -0.1 0.23 - 128 

Eby et al. (2013) 1000 – 2000 EMIC (15 models) -0.2 - - 

Wang et al. (2014) 1000 – 2000 EMIC (MPI-2) -0.08 -  

Simmons and Matthews 

(2016) 
1750 – 2000 

EMIC (UVic ESCM 

v.2.9) 
-0.24 0.22 -110 

IPCC estimates  

Jia et al. (2019) 
Multiple periods Mean of GCMs -0.1 0.2  

Devaraju et al. (2022) 1850 – 2005 ESM (CESM1) -0.15 0.24 -133 

Friedlingstein et al. (2023) 1850 – 2014 
DGVMs (20 

models) 
- - -210 

This study 1850 – 2014 ESMs (13 models) -0.03 0.20 -122 
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S3: Supplementary figures 
 

 

 
 

Figure S1. Response of carbon pools to land-use change (LUC) in (a) vegetation carbon pools (cVeg), (b) soil carbon pools (cSoil), (c) 

litter carbon pools (cLitter), and d) product carbon pools (cProduct) due to LUC for different Earth System Models in 1850-2014. A 10-year 

running average is applied across all plots. Grey shading in panels (a) and (b) represents the spread in the dynamic global vegetation models 

(DGVMs), computed as the standard deviation, across 16 and 14 model estimates, respectively of the “Trends and drivers of the regional- 

scale sources and sinks of carbon dioxide” (TRENDY v11; Sitch et al., 2015) dataset. LUC in TRENDY is computed as the difference 

between the S2 (without LUC) and S3 (with LUC) simulations. Note that the y-axis of panels (c) and (d) differ from the y-axis of panels (a) 

and (b). 
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Figure S2. Change in total land carbon pools (∆cLand) due to land-use change. Results are computed as the mean centred over the last 30 

years (1985–2014), from the difference between historical and hist-noLu simulations. 
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Figure S3. Change in vegetation carbon pools (∆cVeg) due to land-use change. Results computed as the running mean, centred over the 

last 30 years (1985–2014), from the difference between historical and hist-noLu simulations. 
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Figure S4. Change in litter carbon pools (∆cLitter) due to land-use change. Results are computed as the running mean, centred over the 

last 30 years (1985–2014), from the difference between historical and hist-noLu simulations. Owing to model architecture, neither the 

GFDL nor the UKESM models account for carbon transitions to litter carbon pools explicitly, and those models are thus not shown. 
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Figure S5. Change in soil carbon pools (∆cSoil) due to land-use change. Results are computed as the running mean, centred over the last 30 years 

(1985–2014), from the difference between historical and hist-noLu simulations. 
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Figure S6. Temperature response (∆Tbgc) to land CO2 fluxes. Results are computed from Equations (2) and (3) using global mean land-use 

emissions (1985–2014), global mean temperature from the 1pctCO2 simulation, and transient climate response to cumulative emissions 

(TCRE) values derived in Arora et al. (2020) and Lovato et al. (2022). 
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Figure S7. Response of near-surface air temperature due (∆Tbgc) to biogeophysical effects of land-use change. Results computed as the 

mean in 1985–2014 from the difference between historical and hist-noLu experiments. Stippling indicates where results are not 

statistically significant at the 5% significance level using the modified Student’s t-test accounting for lag-1 spatial auto-correlation (Lorenz 

et al., 2016;       Zwiers and Von Storch, 1995). 
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Figure S8. Local contribution of land CO2 fluxes to global temperature change as (a), the multi-model mean computed as the product of 

the mean land-use emission per grid cell over 30 years (1985-2014) and the transient climate response to cumulative emissions value 

(TCRE), (b) the inter-model spread, computed as the standard deviation, showing the uncertainty in estimates over each grid cell. The 

signal-to-noise ratio (c) indicates the strength of the signal as compared to the inter-model uncertainty. It measures the relative weight of 

the multi-model mean anomalies in (a) with respect to the model coherence in (b) where a high absolute number means a robust signal. 

And finally, (d) the inter-model agreement shows the sum of the sign of ∆Tbgc (-1 or +1) across all models (direction, rather than 

magnitude) for each grid cell (blues: negative/decreasing; reds: positive/increasing). Results were computed across 11 earth system models, 

as the mean centred over the last 30 years (1985-2014) for each model from the difference between the historical and hist-noLu simulation. 
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Figure S9. Local contribution of biogeophysical effects to global temperature change as (a), the multi-model mean computed as the 

product of the mean grid cell temperature over 30 years (1985-2014) and the grid cell weighted area, (b) the inter-model spread, computed 

as the standard deviation, showing the uncertainty in estimates over each grid cell. The signal-to-noise ratio (c) indicates the strength of the 

signal as compared to the inter-model uncertainty. It measures the relative weight of the multi-model mean anomalies in (a) with respect to 

the model coherence in (b) where a high absolute number means a robust signal. And finally, (d) the inter-model agreement shows the 

sum of the sign of ∆Tbgp (-1 or +1) across all models (direction, rather than magnitude) for each grid cell (blues: negative/decreasing; reds: 

positive/increasing). Results were computed across 13 earth system models, as the mean centred over the last 30 years (1985-2014) for each 

model from the difference between the historical and hist-noLu simulation. 
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Figure S10. Local contribution of each grid cell to biogeochemical-induced global temperature change. Results are computed using grid 

cell mean land-use emissions (1985–2014), and transient climate response to cumulative emissions values (TCRE) derived in Arora et al. 

(2020) and Lovato et al. (2022) using grid cell temperature using Equation (6). 
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Figure S11. Local contribution of each grid cell to biogeophysical-induced global temperature change. Results are computed as the 

product of the weight of the grid cell area and the grid cell temperature using Equation (7). 
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Figure S12. Variability in contributing carbon pools across Earth System Models. The average change across land carbon pools due to 

land- use change is computed as the mean from 1985-2014. The residual term is computed as the difference between ∆cLand and the 

change in the main carbon pools, cLitter, Soil, cVeg, and cProduct where available. 
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Figure S13. Change in tree cover fraction area due to land-use change in the year 2000. As the effect of natural variability is negligible, 

no long-term averaging is necessary. 
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Figure S14. Change in tree cover fraction area due to land-use change in the year 2000. As the effect of natural variability is negligible, 

no long-term averaging is necessary. 
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Figure S15. Change in natural grass fraction area due to land-use change in the year 2000. As the effect of natural variability is negligible, 

no long-term averaging is necessary. 
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Figure S16. Change in anthropogenic pasture fraction area due to land-use change in the year 2000. As the effect of natural variability is 

negligible, no long-term averaging is necessary.
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