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Abstract A fraction of CO2 uptake by terrestrial ecosystems is exported as organic carbon (C) through the
terrestrial‐aquatic continuum. This translocated C plays a significant role in the terrestrial C balance; however,
obtaining global assessments remains challenging due to the predominant reliance on empirical approaches.
Leaching of dissolved organic C (DOC) from soils to rivers represents an important fraction of this C export and
is assumed to drive a large proportion of the net‐heterotrophy of river systems and the related CO2 emissions.
Using the model JULES‐DOCM, we projected DOC leaching trends over the 21st century based on three
scenarios with high (RCP 2.6), intermediate (RCP 4.5), and low (RCP 8.5) climate mitigation efforts. The RCP
8.5 scenario led to the largest DOC leaching increase of +42% to 395 Tg C yr− 1 by 2100. In comparison, RCP
2.6 and RCP 4.5 led to increases of 10% and 21%, respectively. Under RCP 8.5, the sub‐tropical zone showed
the highest relative increase of 50% above current levels. In the boreal and tropical zones, the simulations
revealed similar increases of 48% and 41%, respectively. However, given the pre‐eminence of the tropics in
DOC leaching, the absolute increment is markedly substantial from this region (+59 Tg C yr− 1). The temperate
zone displayed the lowest relative increase with 35%. Our analysis identified the rising atmospheric CO2

concentration and its fertilizing effect on terrestrial NPP as the main reason for the future increase in DOC
leaching.

Plain Language Summary Terrestrial ecosystems absorb CO2 and some of this is transformed into
dissolved organic carbon (DOC) that leaches from soils to inland waters, driving aquatic CO2 emissions. Using
the JULES‐DOCM model, we analyzed future DOC leaching trends under different climate scenarios. The
scenario of low climate change mitigation led to the most significant leaching increase by the end of the century.
Among various regions, the sub‐tropical areas showed the greatest relative growth in DOC leaching, with the
tropics also seeing a substantial rise. This increase in DOC leaching is mainly driven by rising atmospheric CO2

levels, which boosts plant growth and productivity on land.

1. Introduction
The process of carbon (C) transfer from terrestrial vegetation and soils to river systems is crucial for ecological
dynamics in both terrestrial and aquatic ecosystems (Aitkenhead & Mcdowell, 2000; Kalbitz et al., 2000).
However, quantification of the carbon transfer from soils to rivers is complex and challenging. Traditional ap-
proaches have provided approximate estimations, typically derived from budget calculations (Battin et al., 2023;
Drake et al., 2018; Regnier et al., 2022). These calculations often combine data on riverine C exports to coastal
areas with estimates of CO2 emissions from inland waters and carbon burial in aquatic sediments. Such methods,
while informative, may not fully capture the intricate nature of carbon translocation processes across different
ecosystems, in particular when the temporal variability needs to be resolved (Regnier et al., 2022).

Global estimates range between 1.9 and 3.1 Pg C yr− 1 (Battin et al., 2023; Cole et al., 2007; Regnier et al., 2013;
Tranvik et al., 2009), which is about 2%–5% of terrestrial NPP (Regnier et al., 2013). Overlooking the flux of
terrestrial carbon (C) to rivers could lead to inaccuracies in predicting terrestrial C budget responses to anthro-
pogenic CO2 emissions. This might result in an inflated estimate of C accumulation in soils or in soil hetero-
trophic respiration (Ciais et al., 2021; Lauerwald et al., 2020). Incorporating this flux into Earth System Models
(ESM) is vital for enhancing the accuracy of global C cycle projections and its climate interactions, particularly
under different representative concentration pathways (RCP) scenarios (Ciais et al., 2013). At the same time, an
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accordingly upgraded ESM would be the ideal tool to project future changes in lateral C exports from soils in
response to global change, and its effect on the terrestrial C budget.

Leaching of dissolved organic carbon (DOC) from soils to rivers represents an important fraction of this C export,
and is assumed to drive a large proportion of the net‐heterotrophy of river systems and the related CO2 emissions
(Battin et al., 2008). As the soil organic carbon (SOC) is the main source of DOC in the soil, drivers that affect
SOC are potential controls of the long‐term evolution of the DOC leaching flux. These drivers are climate related,
such as temperature (Freeman et al., 2001; Rind et al., 1990) and precipitation (Hongve et al., 2004), atmospheric
CO2 (Clair et al., 1999) and land‐use change (Brye et al., 2001). In addition, the DOC leaching flux is strongly
controlled by hydrology, which determines which fraction of the DOC in the soil column is exported with runoff,
and which fraction of the DOC is left to be decomposed within the soil column.

Recently, we developed a process‐based model, JULES‐DOCM (Nakhavali et al., 2018) which simulates C
budgets of terrestrial vegetation and soils, explicitly representing the cycling of DOC within the soil column and
the leaching of DOC from the soil into the river network. This model has been successfully applied to obtain an
estimate of present‐day soil DOC stocks and DOC leaching fluxes at the global scale (Nakhavali et al., 2021) and
to reconstruct the spatio‐temporal evolution of the DOC leaching flux over the historical period (Nakhavali
et al., 2024).

In this study, we use the model to project the spatio‐temporal evolution of DOC leaching fluxes over the 21st
century following the three RCPs, RCP 2.6 (Van Vuuren et al., 2007), RCP 4.5 (Clarke et al., 2007) and RCP 8.5
(Riahi et al., 2007). We analyze how DOC leaching will respond to the different aspects of global change, that is,
increasing atmospheric CO2 levels, climate change and land use change, and we localize the expected hotspots of
future change in DOC leaching.

2. Materials and Methods
In order to study the future evolution of DOC leaching from soils at the global scale we used the newly developed
extension of Joint UK Land Environment Simulator (JULES) (D. B. Clark et al., 2011) version 4.4, JULES‐
DOCM (Nakhavali et al., 2018). In JULES‐DOCM, vegetation is represented by the TRIFFID model in nine
distinct plant functional types (Harper et al., 2016) and soil C processes are defined by the RothC model (Jen-
kinson et al., 1990) down to three m, and SOC stocks are distributed over four soil layers (0–10 cm, 10–35 cm,
35–100 cm and 100–300 cm) assuming an exponential decay in concentration with depth (Jobbágy & Jack-
son, 2000). Various processes of DOC cycling, including production, decomposition, and ad/desorption, as well
as the diffusion across different soil layers and the leaching of DOC to the river network, control the dynamics of
soil DOC concentrations. The leaching flux (DOCL) scales linearly to the concentrations:

DOCL =
SDOC × QR

Tm

where DOCL is the DOC leaching flux (kg C m− 2 days− 1), SDOC is the DOC concentration (kg m− 2),QR is the rate
of either surface or subsurface runoff (m day− 1), and Tm denotes the thickness of the relevant soil layer (m).

The model delineates this export flux differently for distinct soil depths: for the topsoil layer (0–35 cm), leaching
is calculated based on surface runoff, while for the deeper soil layer (35–300 cm), it is calculated using sub‐
surface runoff (for more detail see Nakhavali et al., 2018).

The calibrated global version of JULES‐DOCM was tested successfully (Nakhavali et al., 2021) and used for
studying the historical trend of DOC leaching for the historical period (1860–2010) (Nakhavali et al., 2024). Here
we study the response of DOC leaching to future environmental changes, following three RCP scenarios (2.6, 4.5
and 8.5). The number for each RCP represents the increase in radiative forcing level from 1750 to 2100, as
2.6 W m− 2, 4.5 W m− 2, and 8.5 W m− 2. Each of these scenarios were produced by different Integrated
Assessment Models: RCP 2.6 by the Integrated Model to Assess the Global Environment (Van Vuuren
et al., 2007), RCP 4.5 by the MiniClimate Assessment Model (Clarke et al., 2007) and RCP 8.5 by the Model for
Energy Supply Alternative and their General Environmental Impact (MESSAGE) (Riahi et al., 2007).

The RCP 2.6 scenario includes the highest level of mitigation. This scenario considers the lowest energy use and
dependency on fossil fuels, assumes the highest shift in energy supply to biofuels and high advances in
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technologies regarding C capture and storage, which result in a CO2 emission reduction. Hence the atmospheric
CO2 reaches 443 ppm in 2050 and decreases down to 421 ppm in 2100. The RCP 4.5 is the intermediate scenario
which relies more on fossil fuels compared to RCP 2.6, but considers some sources of cleaner energy and pos-
sibility of C capture and storage. In this scenario, the atmospheric CO2 is at 487 ppm in 2050 and will reach
538 ppm by 2100. The RCP 8.5 scenario represents a lack of mitigation before 2100 and the lowest advances in C
capture and storage technologies. It includes the highest dependency on fossil fuels and highest level of CO2

emission resulting in the accelerated increase in atmospheric CO2 from 541 ppm in 2050 to 936 ppm in 2100
(Moss et al., 2010).

In terms of forcing for JULES‐DOCM, we used the climate forcing for historical (1860–2005) and future (2006–
2100) period following three RCP scenarios (2.6, 4.5, and 8.5) produced by the HadGEM2‐ES model (Martin
et al., 2011) at N96 resolution (1.875° longitude × 1.25° latitude). We prescribed the land use change using
cropland and pasture cover data from HYDE version 3.1 (Klein Goldewijk et al., 2011) for the historical period,
and according to each RCP scenario for the future. The JULES‐DOCM model captures LUC impacts on terrestrial
C cycling, tracing the influence from vegetation cover alterations on plant productivity to changes in Gross
Primary Production (GPP) and NPP (Burton et al., 2019), subsequently affecting SOC and DOC production,
decomposition, and leaching (Nakhavali et al., 2024) (see Figure S1 in Supporting Information S1). Atmospheric
CO2 forcing was taken from historical observations (Dlugokencky & Tans, 2013) and directly from the RCPs for
the future (Meinshausen et al., 2011).

In order to start transient simulations from pre‐Industrial SOC and DOC pools in a steady state, we used the
accelerated spin‐up method in JULES (Harper et al., 2016), explained in our historical study (Nakhavali
et al., 2024). The initial condition for the transient simulation over the historical period was defined by the final
outputs of the spin‐up. For each of the RCP scenarios, we ran the model over the whole simulation period from
1860 to 2100, collating historical and the respective future climate forcing data. All results were analyzed for
temporal trends based on 10 years running means.

Finally, in order to study the atmospheric CO2 influence and its fertilization effect on terrestrial NPP and DOC
leaching flux, we ran the simulation with deactivated atmospheric CO2 change for all three future scenarios, while
the other changes were kept activated. Additionally, to study land use change impact on DOC leaching flux, we
ran a simulation with deactivated land use change for all three scenarios. The impact of land use change was then
calculated as the difference transient run (SALL)‐ land use deactivated run (SLUC), and atmospheric CO2 increase
as SALL‐deactivated atmospheric CO2 change run (SCO2).

3. Results and Discussion
3.1. Current C Pools and Fluxes

Our present‐day averaged global GPP was estimated at 122 Pg C yr− 1, which is marginally greater than the MTE's
118 ± 6 Pg C yr− 1 benchmark (Jung et al., 2009) (Table 1) and estimated global NPP averaged at 83 Pg C yr− 1,
significantly surpassing the MODIS‐17's estimate of 54 ± 9 Pg C yr− 1 (Zhao et al., 2005). However, our SOC
stock estimation presented a deficit, coming in at 955 Pg C, about one fourth below HWSD's estimate of
1,263 Pg C (Nachtergaele et al., 2010). This shortfall can be attributed to the omission of peatlands and organic
soils in current model version, which collectively account for approximately 20% of the SOC stocks found in the

Table 1
Historical and Future C Fluxes and Stocks

Average1860s Average2000s Average2090s

Historical RCP 2.6 RCP 4.5 RCP 8.5

Avg. NPP (Pg C/yr) 69 83 89 104 138

Avg. RESP (Pg C/yr) 69 81 88 101 130

Avg.DOC LCH(Pg C/yr) 0.24 0.27 0.31 0.34 0.4

Avg. SOC (Pg C) 900 955 993 1,062 1,181

Avg. DOC (Pg C) 0.2 0.255 0.27 0.275 0.289
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HWSD and are significant sources of organic matter (Leifeld & Menichetti, 2018). This underscores the necessity
of incorporating peatlands and organic soils to prevent underestimating SOC pools in subsequent studies.

The dynamics of present‐day global DOC leaching flux have presented a flux rate of 277 Tg C yr− 1 (Figure 1).
This estimation delineates the major contributors by zones: the tropical zone imparting 142 Tg C yr− 1, followed
by temperate at 56 Tg C yr− 1, the sub‐tropical zones with 52 Tg C yr− 1, and the boreal zone's contribution was
noted at 27 Tg C yr− 1. The specificity of these zones brings forth the differential carbon contributions and the
potential impacts of varied regional ecosystems. In this study, utilizing HadGEM2‐ES climate projections, the
current flux deviates by less than 5% from our prior estimate grounded on CRU‐NCEP climate forcing (Nakhavali
et al., 2024). For clarity, a comparison between the Nakhavali et al. (2024) findings and the current ones is
provided in Table 2. Notably, the present‐day flux considerably exceeds the simulated flux for the pre‐industrial
period (1860s), at 243 Tg C yr− 1. Nevertheless, the influence and significance of each environmental factor (CO2,
climate, and land use change) on DOC leaching across different biomes has remained consistent in both historical
and present‐day conditions, as documented by Nakhavali et al. (2021, 2024).

Figure 1. Historical and future dissolved organic carbon leaching.

Table 2
Dissolved Organic Carbon Leaching in Each Major Climate Zone

Average 2000s Average 2090s

Averaged DOC leaching (Tg C yr− 1) Historical (HadGEM) Historical (CRUNCEP)a RCP 2.6 RCP 4.5 RCP 8.5

Global 277 292 306 335 395

Boreal zone 27 24 36 37 40

Temperate zone 56 49 63 67 76

Tropic zone 142 173 146 164 201

Sub‐tropic zone 52 46 61 67 78
a(Nakhavali et al., 2024).

Earth's Future 10.1029/2023EF004137

NAKHAVALI ET AL. 4 of 14

 23284277, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023E

F004137 by C
ochraneA

ustria, W
iley O

nline L
ibrary on [10/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.2. Future Global Projections

The balance of terrestrial C is controlled by factors such NPP, heterotrophic respiration, and changes in land use
(Chapin et al., 2006). To delve into the future patterns of soil DOC and its leaching to river systems, we first
analyzed how NPP fluctuates under varying climate scenarios (Figure 2). Based on the RCP scenarios of 8.5, 4.5,
and 2.6, we predicted NPP values of 138 Pg C yr− 1, 104 Pg C yr− 1, and 89 Pg C yr− 1 respectively for the average
period of the 2090s (Figure S2 in Supporting Information S1). There is a significant association between historical
increases in DOC leaching and terrestrial NPP (Guo et al., 2020; Nakhavali et al., 2024). Consistent with this,
future DOC leaching patterns correlate robustly with NPP across all scenarios (with an r2 value of 0.8) (Figure S3
in Supporting Information S1). This is in line with previous empirical research which indicates a strong reliance of
soil carbon levels on NPP (Todd‐Brown et al., 2013). Our analysis suggests that the predominant driver for the
global increased in NPP is the elevated atmospheric CO2 and its associated fertilization. Consequently, simu-
lations that isolate atmospheric CO2 changes reveal a decline across all RCP scenarios leading up to 2100 (Figure
S4 in Supporting Information S1). Crucially, while there was a decline in NPP, the forest biomass actually
experienced an increase. This seemingly contradictory outcome can be better understood as a delayed effect of a
prior increase in NPP and the lag in response which is attributed to the prolonged turnover time of tree biomass
(Cao & Woodward, 1998).

Primary DOC is derived from incomplete decomposed SOC, indicating that parts of the original organic material
remain in a state that can be solubilized and transported within and out of the soil matrix (Kalbitz et al., 2000). To
gain a deeper understanding of this relationship, we delved into the variations in SOC as it responds to changes in
NPP and examined these dynamics under various scenarios. The global SOC stock increased by 4%, 11% and 23%
using RCP 2.6, 4.5, and 8.5, respectively which is driven by litterfall changes following the NPP changes.

The SOC shows a low relative increase when compared to NPP, which can be attributed to the enhanced
decomposition of SOC under increased temperatures (Sitch et al., 2015). When we delve into the rates of soil
respiration, they are conspicuously high (Table 1), and this trend persists across all scenarios (Figure S5 in
Supporting Information S1). The decomposition rate of SOC is primarily influenced by two factors: temperature
and moisture (Nakhavali et al., 2021). In future climatic conditions, as temperatures rise in future scenarios, rapid
decomposition processes prevent the captured C from being accumulated in the soil for extended periods (Muñoz‐
Rojas et al., 2013). This increased decomposition rate subsequently leads to higher soil respiration, therefore even
though there is an increase in NPP, the actual increase in SOC accumulation is less pronounced (Davidson
et al., 2006).

In a parallel trend, DOC stocks have also seen a discernible increase (Table 2). Specifically, under the RCP 2.6,
4.5, and 8.5 scenarios, there was an increase in DOC stocks by 6%, 8%, and 13%, respectively. This rise in DOC
stocks can be primarily attributed to the fluctuations in SOC stocks (Camino‐Serrano et al., 2017). Therefore, the
differing decomposition rates and soil respiration patterns inherently affect the DOC levels which results in
comparable trends in DOC stock variations across the different RCP scenarios, mirroring those seen with SOC.

Our simulations project the most pronounced global increase in DOC leaching at 43% under the RCP 8.5 scenario,
leading to an average flux of 395 Tg C yr− 1 for the 2090s. Conversely, the RCP 4.5 and RCP 2.6 scenarios predict
more moderate increases of 22% and 10%, with respective projected fluxes for the 2090s at 335 Tg C yr− 1 and
306 Tg C yr− 1. While our analysis indicates a correlation between precipitation changes and DOC leaching across
different scenarios, as suggested by a correlation coefficient (R2 value: 0.8) shown in Figure S6 in Supporting
Information S1, it is important to note that the linear model may not fully capture the complexity of the interaction
between precipitation and DOC leaching. Particularly, it is observed that at very high precipitation rates, the
relationship deviates from linearity, suggesting a limitation in DOC leaching under these conditions. This de-
viation highlights the non‐linear dynamics of DOC leaching in response to extreme precipitation, which could be
attributed to a substrate limitation that only becomes significant at very high runoff (Gommet et al., 2022;
Nakhavali et al., 2021).

In our model, soil moisture emerges as a crucial factor influencing DOC production. Moreover the soil's water
balance, determined by factors like precipitation and drainage, is pivotal in setting the soil DOC concentration
(Lauerwald et al., 2017). It is important to recognize that the JULES DOCM employs the TOPMODEL hy-
drological framework, with a primary focus on the variability of soil moisture and the influence of topography on
runoff (Clark & Gedney, 2008).
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However, this model does not adequately address critical geological factors, such as the hydrogeology and li-
thology of the catchment which can significantly impact the soil properties and hydrological processes (Cov-
ington et al., 2023; Virto et al., 2018). Most importantly, we do not account for effect of soil carbonates and pH of

Figure 2. Historical and future prediction of changes in panels (a) NPP (g C m− 2 yr− 1), (b) runoff (g m− 2 yr− 1), and
(c) dissolved organic carbon leaching (g C m− 2 yr− 1).
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soil DOC cycling, although those have been found in empirical studies (see discussion in Rowley et al., 2018).
Consequently, to enhance the model's precision in predicting DOC cycling, future enhancements should integrate
more detailed information on soil chemistry and mineralogy. Furthermore, the precipitation is a crucial factor for
runoff generation, which subsequently influences the transport of DOC from soil to river systems (Nakhavali
et al., 2018).

Our analysis demonstrates that the relationship between precipitation and DOC leaching is more pronounced than
the relationship between runoff and DOC leaching (Figure S7 in Supporting Information S1). This stronger
correlation is largely due to the increase in soil DOC concentration, which is influenced by several factors,
including soil moisture, directly affected by precipitation (Nakhavali et al., 2018). It's important to note that
precipitation also influences evapotranspiration (ET), which in turn affects NPP and the availability of organic
substrates for leaching (Li & Qin, 2019; Liu et al., 2021). Consequently, higher precipitation levels are more
closely associated with increased DOC leaching, owing to the elevated availability of substrates, both from
increased soil moisture and changes in NPP driven by ET.

On the other hand, the relationship with runoff illustrates a shift from being limited by transport to being limited
by substrate availability (Nakhavali et al., 2021). Although there is an occurrence of higher runoff, this does not
straightforwardly lead to a proportional increase in DOC leaching, as runoff is more or less equal to precipitation
minus ET. This observation points to a threshold at which the availability of DOC becomes a more critical factor
than its transport capacity in determining the extent of leaching processes.

However, it's worth noting that the correlation between runoff and DOC leaching remains stable across both
historical data and future projections. Nevertheless, it is crucial to consider the substantial uncertainties in both the
extent and global patterns of precipitation changes when interpreting these findings. Due to factors like model
design and the unpredictability of natural phenomena, climate models inherently possess uncertainties (Wu
et al., 2022). These models predict a rise in extreme precipitation events, predominantly in humid regions, yet this
varies significantly based on local climatic conditions (Easterling et al., 2017; Tabari, 2020). Predictions are most
reliable for higher latitudes and arid areas, whereas simulations for tropical areas tend to be less precise
(Gründemann et al., 2022). While projections indicate that higher latitudes might experience increased precip-
itation and subtropical areas might become drier, the level of certainty in these predictions, especially for mid‐
latitude areas like the United States, remains notably high (Easterling et al., 2017).

At the global scale, the spatial pattern of changes in runoff (Figure 3b) coincides with those of changes in NPP
(Figure 3a) which leads to strong hotspots of increase in DOC leaching (Figure 3c), which is consistent with the
environmental factors controlling fluvial C exports to river systems (Lauerwald et al., 2020). As for the historical
result, regions that are hotspots of DOC leaching include SE Asia, the Amazon basin, New‐Zealand, Western
Europe, and large portions of the Eastern part of North America. These patterns are similar between RCP 2.6 and
historical with decrease in Africa and amazon basin and increase in China. Nevertheless, RCP 4.5 and 8.5 shows
the similar patterns of increase, where the increase in West Russia, Amazon basin and East US is larger in
RCP 8.5.

We calculated the ratio of DOC leaching flux to NPP. Comparing with studies conducted in Europe, where this
ratio is observed to be around 1% (Gommet et al., 2022; H. Zhang, Lauerwald, Regnier, et al., 2022), our findings
indicate a relatively stable trend, with ratios of 0.34%, 0.32%, and 0.28% for the RCP 2.6, 4.5, and 8.5,
respectively, from the present day to the end of the 21st century. However, it is noteworthy that our calculated
ratios are considerably lower than the 2% increase previously estimated for the tropical zone (Hastie et al., 2021).
Nevertheless, the percentage of leached NPP for RCP 4.5 and 8.5 has decreased. This is due to the long residence
times in biomass and SOC and later effect of decomposition and leaching (Hensgens et al., 2020).

Finally, we simulated the DOC leaching flux with deactivated land‐use change for all three RCP (Figure 4).
Additionally, we also run our model with deactivated atmospheric CO2 change for all future scenarios (Figures
S4–S8 in Supporting Information S1). Results from RCP 2.6 scenario runs using fixed land use change showed no
major difference from runs with fixed land use setup for period 2090 to 2099. However, CO2 fertilization has the
largest impact on DOC leaching flux (70 Tg C yr− 1). Similar to RCP 2.6, results from RCP 4.5 showed no
significant impact of land use change, but a main controlling impact CO2 increase on DOC leaching
(98 Tg C yr− 1). Results from RCP 8.5 for period 2090 to 2099 showed a positive impact of both CO2 fertilization
and land‐use change, with a main controlling impact of CO2 fertilization (171 Tg C yr− 1) and smaller impact of
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land use change (4 Tg C yr− 1). However, the small increase in DOC from land use change is in line with our
historical analysis (Nakhavali et al., 2024) and other empirical studies (Meybeck, 1993). Nevertheless, it is
important to highlight that our current approach to land use change primarily focuses on updated vegetation cover
driven by the competition among PFTs and does not encompass the soil biogeochemistry specific to wetlands.
Wetlands are crucial, both as significant C stocks and in terms of their carbon accumulation rates (Botch
et al., 1995). Additionally, land use impacts on these ecosystems have been shown to significantly contribute to
their global decline (Dixon et al., 2016). Consequently, for a more accurate estimation of the effects of land use
change on DOC leaching, future research should incorporate these ecosystems into the analysis.

Moreover, results indicate that atmospheric CO2 change is the predominant factor influencing terrestrial NPP and
DOC leaching flux across all three RCP scenarios for the period 2005–2100. Nevertheless, it is essential to
recognize that factors such as land management and alteration in the terrestrial nitrogen cycle also play significant
roles in modulating the CO2 fertilization response of ecosystem C stocks (Fowler et al., 2013; Keenan & Wil-
liams, 2018; Pugh et al., 2019). However, the representation of these processes and their interactions with soil
DOC cycling is yet to be developed in JULES‐DOCM. The magnitude and persistence of CO2‐driven increases in
terrestrial C storage remain a contentious topic, underscoring the prevalent uncertainties within process‐based
models which necessitate a thorough understanding of diverse processes and their interconnections at various
scales, particularly in light of the global scope and long‐term dynamics associated with increased atmospheric
CO2 and climate change (Walker et al., 2021). Historical analysis of environmental variables mirrors this trend,

Figure 3. Future dissolved organic carbon leaching flux and NPP in each major climate zone.
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with CO2 fertilization effects predominantly impacting the rise in DOC leaching into European rivers (H. Zhang,
Lauerwald, Ciais, et al., 2022).

However, when exploring the dynamics of SOC and DOC, it is crucial to differentiate between the unique be-
haviors in cropland‐dominated and forested basins. Our model‐based study only focusses on DOC leaching, while
not representing SOC losses due to soil erosion. Soil erosion plays a more important role in removing C from
cropland soils, where erosion is increased in particular during management‐related periods of low vegetation
cover and reduced soil infiltration capacity. Moreover, cropland soils often show decreased SOC stocks caused by
reduced litter inputs through biomass outtake at harvest and increased SOC decomposition rates due to tillage
(Oades et al., 1995; Weidhuner et al., 2021). Ultimately, the decreases in litter and SOC stocks may translate into
decreases in production and leaching of DOC. In contrast, as shown by Wang et al. (2020), forested basins often
show higher levels of riverine DOC, attributed to naturally higher SOC and DOC levels related to less perturbed
litter and SOC stocks compared to agricultural areas. The representation of soil erosion and direct land man-
agement effects on soil C cycling in future versions of the JULES land surface model may thus allow for a more
in‐depth analyses of land use change effects on DOC leaching.

Nevertheless, it is essential to acknowledge that the JULES‐DOCM model focuses solely on DOC, and thus does
not encompass all pertinent processes of C transfers from soils to inland waters. This limitation is particularly
evident in its exclusion of critical factors such as the erosional fluxes of soil and particulate organic carbon (POC),
which are notably amplified when forested areas are transformed into agricultural land, thereby significantly
affecting soil carbon budgets (Van Oost et al., 2012; Z. Wang et al., 2017). In this context, the recent studies by H.
Zhang et al. (2020), H. Zhang, Lauerwald, Regnier, et al. (2022), and Lu et al. (2024), which integrates SOC
erosion and deposition processes into their terrestrial C models, effectively capture the lateral movements of both
DOC and POC. This enhancement not only improves the model's ability to account for the lateral transfer of
carbon to river systems but also highlights an important gap in our current research. It underscores the need to
incorporate these processes in future studies, thereby enabling a more comprehensive simulation and under-
standing of these lateral C losses from soils and their role in the terrestrial C budget.

Figure 4. Dissolved organic carbon leaching controllers per three future scenarios.
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Moreover, JULES‐DOCM currently lacks representations of wetlands with organic soils and peatlands that are
linked to the river network, which despite occupying a relatively small proportion of the Earth's total land area,
play a crucial role as significant terrestrial C reservoirs (Blodau, 2002) and are an important source of DOC to
inland waters (Billett et al., 2010). Globally, these wetlands may contribute ∼20% of riverine DOC loads
(Nakhavali et al., 2021 based on Mayorga et al., 2010). Future trends in DOC leaching from organic soils may
depend even more on changes in hydrology, as changes in soil carbon dynamics may be largely driven by changes
in water table depth (Qiu et al., 2022). Moreover, soil C dynamics, including DOC leaching rates, of organic soils
may more sensitive to land cover change (Qiu et al., 2021; Wit et al., 2015). Future work on the representation of
organic wetland soils in JULES‐DOCM will be necessary to assess the full impact of climate and land use change
on DOC leaching to the river network.

3.3. Zonal Analysis

Our simulations revealed the highest relative increase in NPP within the boreal and sub‐tropic zones, while the
tropical zone showed the lowest increase (Figure 2). This pattern aligns with our findings for DOC leaching flux
and reflects similar effect of the selected RCP across all four climate zones (Table 2).

In the boreal zone, estimates are 36 Tg C yr− 1 (RCP 2.6), 37 Tg C yr− 1 (RCP 4.5), and peak at 40 Tg C yr− 1 (RCP
8.5). The temperate zone projections are 63, 67, and 76 Tg C yr− 1 for RCPs 2.6, 4.5, and 8.5, respectively. In the
tropical zone, the values escalate from 146 Tg C yr− 1 (RCP 2.6) to 164 Tg C yr− 1 (RCP 4.5) and reach
201 Tg C yr− 1 under RCP 8.5. Finally, the sub‐tropical zone sees a steady increase from 61 Tg C yr− 1 (RCP 2.6) to
67 Tg C yr− 1 (RCP 4.5), and up to 78 Tg C yr− 1 for RCP 8.5.

When comparing the percentage increases across zones under RCP 8.5, the Sub‐tropic zone experiences the
highest increase in DOC leaching of 50%, followed by the Boreal zone with 48.2%, Tropics with 41.6%, and the
Temperate zone with a 35.8% increase. Notably, the ranking of relative increase per climate zone remains
consistent across all RCPs.

We delved deeper to identify the primary environmental drivers influencing DOC leaching flux variations across
these distinct biomes and scenarios. For the boreal biome under RCP 8.5, a slight negative CO2 effect suggests a
limited role of CO2 fertilization in enhancing NPP. However, a significant land‐use change impact of − 28%
indicates a reduction in vegetation cover, subsequently leading to diminished productivity and more carbon
available for leaching. This shift might further translate into a potential decrease in boreal forests, while in
contrast, in sub‐artic regions, a possible increase in tundra or even transitional forest zones (Xue et al., 2021). The
dominant climate change impact of approximately 72% could be attributed to increased runoff events, boosting
DOC leaching to rivers. RCP 4.5 shows a positive CO2 effect of+8%, implying benefits from CO2 fertilization on
NPP. However, there's a minor negative impact of 6% from land‐use change. Furthermore, land use change have
altered both infiltration and ET rates, which subsequently influences runoff, a primary factor in CO2 leaching
(Piao et al., 2007). Significantly, the strong climate change effect of 98% to the total increase highlights the further
emphasizes the crucial role of runoff. Finally, under RCP 2.6, a 9% positive CO2 effect further accentuates the
CO2 fertilization's role. The climate change contribution remains substantial at 91%, reiterating the persistent
influence of changing hydrology in this biome.

In the temperate zone RCP 8.5 exhibits a 26% positive CO2 effect, pointing to the role of CO2 fertilization in
enhancing plant growth and NPP. A slight reduction due to land‐use change implies minor forest cover re-
ductions, slightly curbing productivity. The strong climate change effect of 78% indicates the prevailing influence
of increased runoff. RCP 4.5 and RCP 2.6 both maintain the climate change impact around 86%, suggesting
consistent runoff‐driven dynamics irrespective of the atmospheric CO2 concentrations and land‐use changes. This
is consistent with other modeling studies, such as the more detailed land‐use incorporated DLEM model (Tian
et al., 2015) and nitrogen (N) cycling representation (Yao et al., 2021), which emphasizes the dominant influence
of climate variables followed by atmospheric CO2 over historical periods, with a discernible negative impact from
land use.

For the tropic zone RCP 8.5 forecasts a notable 58% CO2 boost, highlighting the importance of CO2 fertilization
in augmenting NPP. The 14% positive land‐use change indicates slight increased vegetation cover, further
propelling productivity. Furthermore, our findings suggest that the CO2 fertilization might play a role in the
growth of the leaf area index and the acceleration of transpiration, leading to changes in runoff patterns (X. Zhang
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et al., 2022). Moving to RCP 4.5, the climate change effect jumps to 60%, emphasizing the increased significance
of runoff dynamics, despite a decreased CO2 benefit of 39%. Lastly, RCP 2.6 delineates a pattern where the
climate's effect increases to 70%, indicating the rising influence of hydrological changes.

Lastly at the sub‐tropic zone under RCP 8.5, the 40% positive CO2 effect signals significant benefits from CO2

fertilization. The slight uptick from land‐use change suggests minor forest cover expansions, further fortifying
productivity. However, the 59% climate change influence demonstrates the biome's pronounced vulnerability to
changing precipitation and runoff patterns. Transitioning to RCP 4.5, the climate's impact rises to 69%, rein-
forcing the biome's sensitivity to climatic dynamics. RCP 2.6 further highlights this trend with a 77% climate
change impact, illustrating the growing prominence of climate change effects over CO2 and land‐use dynamics.
However, the pronounced sensitivity of the subtropic biome to climate change and the projected wetter climate
aligns with the empirical findings of Yan et al. (2023).

4. Conclusion and Future Perspective
Our study offers a global assessment of future trends in DOC leaching into global river systems under various
scenarios of future environmental change. Significant increases in DOC leaching have been projected across all
examined scenarios, with the magnitude and regional distribution of these increases varying based on the specific
pathway. Under the low mitigation scenario RCP 8.5, the simulated global increase in DOC leaching is highest,
estimated at 43% from present‐day, leading to an average flux of 395 Tg C yr− 1 by the 2090s. Increases in DOC
leaching are also projected under the RCP 4.5 and RCP 2.6 scenarios, though to a lesser extent compared to RCP
8.5. The subtropical zone is projected to experience the largest relative increase in DOC leaching compared to
temperate zone, followed by the boreal and tropical zones. A significant absolute increase in the tropics has been
highlighted, emphasizing the region's importance in the global carbon cycle.

The primary drivers of these changes have been identified as the rising atmospheric CO2 concentration and its
fertilization effect on terrestrial NPP, along with temperature‐related increases in DOC production and decom-
position rates, and alterations in runoff patterns. These factors are collectively contributing to the projected global
increase in DOC leaching, highlighting the intricate interplay between climatic factors, the hydrological cycle and
the carbon cycle.

The implications of these findings are significant for understanding the dynamics of the global C cycle, partic-
ularly in the context of ongoing climate change. Increased DOC leaching into river systems is expected to have
profound effects on riverine ecosystems such as strengthening of net heterotrophy, browning of river waters
(Battin et al., 2023) and the broader global C budget, including its anthropogenic perturbations. The need for
incorporating lateral C exports in global C budget assessments has been underscored (e.g., Regnier et al., 2013,
2022). However, the exclusion of erosion‐related losses of particulate C from soils and the lack of a compre-
hensive representation of organic soils and peatlands in the model remain areas for future development.

Data Availability Statement
Global calibrated version of JULES‐DOCM and data which was modified for this paper can be found at: https://
code.metoffice.gov.uk/svn/jules/main/branches/dev/mahdinakhavali/vn4.4_JULES_DOCM_GLOBAL_
NAKHAVALI/ (registration is required).
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