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• Historical DOC leaching trends highlight 
CO2 and climate influence. 

• Terrestrial DOC inputs rose 17 % to 292 
Tg C yr-1 due to CO2 fertilization. 

• Tropics are primary DOC exporters, but 
boreal growth rates surpass. 

• Land use change has limited impact on 
DOC leaching trajectory.  
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A B S T R A C T   

Dissolved organic carbon (DOC) represents a critical component of terrestrial carbon (C) cycling and is a key 
contributor to the carbon flux between land and aquatic systems. Historically, the quantification of environ-
mental factors influencing DOC leaching has been underexplored, with a predominant focus on land use changes 
as the main driver. In this study, the process-based terrestrial ecosystem model JULES-DOCM was utilized to 
simulate the spatiotemporal patterns of DOC leaching into the global river network from 1860 to 2010. This 
study reveals a 17 % increment in DOC leaching to rivers, reaching 292 Tg C yr− 1 by 2010, with atmospheric CO2 
fertilization identified as the primary controlling factor, significantly enhancing DOC production and leaching 
following increased vegetation productivity and soil carbon stocks. To specifically quantify the contribution of 
CO2 fertilization, a factorial simulation approach was employed that isolated the effects of CO2 from other po-
tential drivers of change. 

The research highlights distinct regional responses. While globally CO2 fertilization is the dominant factor, in 
boreal regions, climate change markedly influences DOC dynamics, at times exceeding the impact of CO2. 
Temperate and sub-tropical areas exhibit similar trends in DOC leaching, largely controlled by CO2 fertilization, 
while climate change showed an indirect effect through modifications in runoff patterns. In contrast, the tropics 

* Corresponding author. 
E-mail address: nakhavali@iiasa.ac.at (M.(A. Nakhavali).  

Contents lists available at ScienceDirect 

Science of the Total Environment 

journal homepage: www.elsevier.com/locate/scitotenv 

https://doi.org/10.1016/j.scitotenv.2024.170560 
Received 30 August 2023; Received in revised form 26 January 2024; Accepted 28 January 2024   

mailto:nakhavali@iiasa.ac.at
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2024.170560
https://doi.org/10.1016/j.scitotenv.2024.170560
https://doi.org/10.1016/j.scitotenv.2024.170560
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2024.170560&domain=pdf


Science of the Total Environment 917 (2024) 170560

2

show a relatively low increase in DOC leaching, which can be related to alterations in soil moisture and 
temperature. 

Additionally, the study re-evaluates the role of land use change in DOC leaching, finding its effect to be 
considerably smaller than previously assumed. These insights emphasize the dominant roles of CO2 fertilization 
and climate change in modulating DOC leaching, thereby refining our understanding of terrestrial carbon dy-
namics and their broader implications on the global C budget.   

1. Introduction 

Quantification of changes in soil carbon (C) stocks and their feedback 
to climate change are crucial for better understanding the perturbation 
of the global C cycle (Jobbágy and Jackson, 2000). Despite its impor-
tance in the global C cycle (Battin et al., 2009; Regnier et al., 2013a; 
Tranvik et al., 2009), the amount of C exported from terrestrial eco-
systems into the inland water network has so far been estimated only 
coarsely by budget closure based on observed fluvial C exports to the 
coast and (the still poorly constrained) estimates of inland water CO2 
evasion and C burial in aquatic sediments (Battin et al., 2009; Drake 
et al., 2018; Raymond et al., 2013; Regnier et al., 2013b). Recent work 
suggests that the representation of lateral C exports in land surface 
schemes of Earth system models will arguably help to improve the 
representation of soil C cycling and its response to atmospheric CO2 
increase, climate change, and land-use change (Lauerwald et al., 2017; 
Nakhavali et al., 2018; Tian et al., 2015). Ignoring those exports has so 
far likely been compensated by an overestimation of heterotrophic soil 
respiration and/or C accumulation in the soil (Jackson et al., 2002; 
Janssens et al., 2003; Regnier et al., 2013b), potentially introducing a 
bias in future projections of CO2-C and climate-C cycles feedbacks (Cox, 
2019). 

Dissolved organic C (DOC) represents about 20 % of the fluvial C 
export to the oceans (Dai et al., 2012), but its proportion in the terres-
trial C inputs discharging into inland waters is likely higher (Nakhavali 
et al., 2021) because of its higher reactivity compared to particulate 
organic C (POC) and inorganic C mobilized by chemical alteration of 
rocks. DOC is thus a major contributor to the net-heterotrophy of inland 
waters and related CO2 evasion (Battin et al., 2008). An increase in the 
export of DOC from soils to inland waters over the past decades has been 
observed for the UK (Freeman et al., 2001), Northern and Eastern United 
States (Stoddard et al., 2003), Canada (Bouchard, 1997), Norway 
(Hongve et al., 2004) and Czech Republic (Hejzlar et al., 2003). Several 
potential drivers of this increase were suggested, which affect soil DOC 
production as well as soil organic C (SOC) stocks as the primary source of 
soil DOC. Those include increase of DOC leaching due to the increase in 
temperature (Freeman et al., 2001; Rind et al., 1990), soil acidification 
(Funakawa et al., 2014; Pschenyckyj et al., 2020), CO2 fertilization in-
tensity (Clair et al., 1999), increase in precipitation (Hongve et al., 
2004) and increased runoff and river discharge that have potentially led 
to changes in the fraction of soil DOC being laterally displaced through 
the river network (Ledesma et al., 2012), land use (Brye et al., 2001) and 
burning biomass (Clutterbuck and Yallop, 2010). 

Although recent studies have utilized empirical models to map global 
dissolved organic (Guo et al., 2020), as highlighted in previous studies 
(Lauerwald et al., 2017; Regnier et al., 2013b), the limited amount of 
empirical data (global coverage and historical time series) and poorly 
documented available temporal and spatial data, leaves process-based 
models as the only tool to quantify the magnitude and temporal evolu-
tion of DOC exported flux from soil to rivers at regional to global scales. 
This is especially true when assessing these fluxes at global scale, 
describing their long-term trends, and attributing those changes to the 
main environmental drivers, which is virtually impossible to achieve via 
observations alone. Hence, recently the land surface model JULES- 
DOCM was developed (Nakhavali et al., 2018), which represents pro-
duction and cycling of DOC within the soil column, and leaching of DOC 
from the soil column. JULES-DOCM has been calibrated and successfully 

validated at global scale for present day conditions (Nakhavali et al., 
2021). In this study, the model simulates spatio-temporal trends in soil- 
river DOC fluxes on a global scale over the historical period from 1860 to 
2010. The study emphasizes variations in temporal patterns and the 
influence of environmental drivers across boreal, temperate, tropical, 
and sub-tropical climatic zones. It is hypothesized that DOC leaching 
flux has risen during the study period, predominantly due to elevated 
atmospheric CO2 levels and its fixation by vegetation. This research 
specifically explores to what extent increased DOC leaching counter-
balances the C sink prompted by increased primary production, which is 
crucial for the temporal assessment of land C budgets. 

2. Materials and methods 

2.1. Model development 

The historical patterns of DOC leaching from soils were studied using 
the novel extension of the JULES land surface model version 4.4, JULES- 
DOCM (Nakhavali et al., 2018). Vegetation dynamics within this model 
are represented through the TRIFFID model for nine different plant 
functional types (PFTs), as described by Harper et al. (2016). The rep-
resentation of SOC is managed by the RothC model (Jenkinson et al., 
1990; Jenkinson and Coleman, 2008), which defines four C pools. These 
pools are decomposable plant material (DPM) and resistant plant ma-
terial (RPM), both receiving direct inputs from plant litter. During 
decomposition of the DPM and RPM pools, not all of the decomposed 
carbon is respired back to the atmosphere. The microbial biomass (BIO) 
and humified material (HUM) pools are also included, which are allo-
cated a fraction of the decomposed C from DPM and RPM, that is not 
released as CO2 into the atmosphere. All four soil organic matter pools 
leach DOC to the soil solution, where it may undergo decomposition, 
diffusion, ad/sorption or is leached from the soil column with soil 
drainage and subsurface runoff (Nakhavali et al., 2018) (Fig. S1, 
Table S1). 

2.2. Model calibration and evaluation 

In the previous study (Nakhavali et al., 2021), soil DOC dynamics 
were characterized through two fundamental equations for production 
and decomposition of DOC. DOC production 

(
FPn,i

)
in each soil layer (i)

for each pool (n) was represented as: 

FPn,i = SCn ×
(

1 − e(− Kp×RMi)
)

(1)  

where SCn is the SOC content, Kp is DOC production basal rate, and RMi 
is a rate modifier accounting for temperature, moisture, vegetation, and 
soil texture influences in each soil layer. 

The DOC decomposition 
(
FDn,i

)
was formulated as follows: 

FDn,i = SDOCn,i ×
(

1 − e(− KDOCn ×Fti)
)

(2)  

where SDOCn,i is the soil DOC content, KDOCn is the DOC decomposition 
basal rate, and Fti is a temperature-dependent rate modifier. During 
calibration, JULES-DOCM was updated to make Kp and KDOC sensitive to 
the dominant plant functional types. The calibration was performed 
using the Latin hypercube sampling method to select random values 
across and beyond the observed ranges for comprehensive parameter 
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space coverage. Specifically, for each PFT, 25 random combinations of 
Kp and KDOC within the observed ranges and 5 additional values outside 
these ranges were selected. For cross-validation purposes, the soil DOC 
observations for each PFT were splitted between a calibration and a 
validation dataset. For PFTs with sparse data, all site combinations were 
used, allocating three-quarters for calibration and one-quarter for vali-
dation. For PFTs with more substantial data, a selection of random 
combinations was made. The root mean square error (RMSE) was 
computed for each Kp and KDOC pairing across calibration and validation 
datasets, selecting the pair with the lowest RMSE for final calibration. 

For further validation, our global version of JULES-DOCM was 
evaluated against a newly compiled, extensive database of measured 
DOC concentrations (N = 109), which we classified into the four main 
biomes of boreal, temperate, and tropical forests, and grassland. All the 
measurements falling within the same grid-cell (1.25◦ latitude, 1.875◦

longitude) were aggregated and the resulting grid-cell averaged con-
centration of 39 grid cells were used for model evaluation. Moreover, we 
also evaluated the simulated DOC leaching fluxes against observations 
from headwater streams taken from the GloRiCh database (Nakhavali 
et al., 2021). 

2.3. Historical simulations 

The historical simulation adhered to the TRENDY protocol (Sitch 
et al., 2015) with settings adapted from JULES (Harper et al., 2016) at an 
N96 resolution (1.875◦ longitude×1.25◦ latitude). The applied climate 

forcing was CRUNCEP version 4 (Harris et al., 2014) spanning from 
1860 to 2010. Additionally, the model was forced by data on historical 
atmospheric CO2 (Dlugokencky and Tans, 2013) and land cover data 
from HYDE v. 3.1 (Goldewijk et al., 2011). To achieve a pre-industrial 
steady state for simulated SOC and DOC pools, an accelerated spin-up 
method was employed, necessitating only 200 to 300 years of spin-up 
instead of several thousand years (Harper et al., 2016). In this method 
the decomposition rate of the most labile litter pool is used for all C 
pools. This was achieved by scaling the humus, biomass and resistant 
plant material decomposition rates, based on the labile plant material 
pool, by a factor of 33, 15 and 500, respectively. Then the simulated C 
pools were rescaled by the same scaling factors and another 300 years of 
spin up with the actual decomposition rate for each pool was performed 
to reach a steady-state corresponding to the “pre-industrial” 1860 con-
ditions of climate, CO2 and land-cover. Land use change was integrated 
into the model using a method that accounts for the conversion between 
natural vegetation and agricultural land (Harper et al., 2016). These 
transitions, along with their impacts on Plant Functional Type (PFT) 
fractions, were tracked, which in turn influenced NPP and subsequent 
DOC dynamics. 

2.4. Identification of drivers 

For transient simulation over the historical period, the initial con-
dition was defined by using the final results from the steady state spin 
up. A transient simulation, SALL, was executed with time-variant climate, 
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Fig. 1. Model comparison. Historical and present-day DOC leaching flux simulated by JULES at a) artic rivers b) east coast US and c) Amazon d) Congo basin (Hastie 
et al., 2021) and e) Lena River basin (Bowring et al., 2019) compared to relative models and periods. 

M.(A. Nakhavali et al.                                                                                                                                                                                                                         



Science of the Total Environment 917 (2024) 170560

4

land use, and CO2 forcing data. To attribute DOC leaching variations to 
environmental drivers (CO2 fertilization, land use change, climate 
change), three additional experiments were conducted: one with fixed 
land use (SLUC), another with constant atmospheric CO2 (SCO2), and the 
last with static climate (SCLM) forcing. The impact of land use change 
was then calculated as the difference SALL-SLUC, that of atmospheric CO2 
increase as SALL-SCO2, and that of climate change as SALL-SCLM. To assess 
temporal trends, 10-year running means of simulation results were 
computed, suppressing inter-annual variability and making the long- 
term trends easier to analyse (Fig. S2). 

2.5. Inter-model comparisons 

For inter-model comparisons, only three prior studies were identified 
that examined historical DOC flux changes at the terrestrial-aquatic 
system interface on a regional scale. Those include Arctic catchments 
simulated with the land-surface TEM model over the period 1900–2006 

(Kicklighter et al., 2013), catchments along the east coast of the US 
simulated with DLEM and covering the period 1901–2008 (Tian et al., 
2015), and the Amazon basin simulated with ORCHILEAK for the 
1861–2005 period (Lauerwald et al., 2020). JULES-DOCM was applied 
over identical study areas and timeframes, with results subsequently 
compared. 

3. Results and discussion 

3.1. Model validation and comparison 

In our previous study (Nakhavali et al., 2021), the model was suc-
cessful in replicating dissolved organic carbon concentrations in both 
topsoil and subsoil, showing strong correlations with measured data 
across different biomes, and it accurately captured the controlling 
leaching processes into river systems; for more details, see Supplemen-
tary Information and Nakhavali et al. (2021). 

Table 1 
Global and regional DOC leaching changes. Dissolved organic carbon leaching fluxes changes, relative increase and attribution to environmental drivers (sum = 100 
%).   

Average 1860s (Tg C yr-1) Average 2000s (Tg C yr-1) Difference 1860s:2010s (Tg C yr-1) Increase (%) CO2 (%) CLM (%) LUC (%) 

Global  250 292 ± 21  42  17  64  23  13 
Boreal  19 24 ± 4  5  28  30  65  5 
Temperate  41 49 ± 7  8  20  48  42  10 
Tropics  152 173 ± 5  21  14  75  10  15 
Sub-tropics  38 46 ± 5  8  20  60  28  12  

Boreal

Sub-TropicTropic

TemperateGlobal

Fig. 2. DOC leaching controllers per major climate zones. Simulated historical trend of global and regional DOC leaching flux and the impact of CO2, climate and 
land-use change. 
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The challenge of evaluating simulated trends against measurements, 
particularly in low latitudes, persists due to the limited availability and 
scattered observational data. Thus, a comparison was made with five 
regional-scale models, previously evaluated across various biomes and 
scales, to assess their DOC leaching simulation changes against the 
findings of this study (Fig. 1). The simulated average DOC leaching 
fluxes in Arctic region rivers indicate an increase attributed to climate 
change, consistent with the TEM model. However, the fluxes for the 
periods 1900–2006 and 1960–2006 are less than those of the TEM model 
(Fig. 1-a). This could be due to the missing wetland mechanism repre-
sentation in JULES, hence lower flux from this area (Nakhavali et al., 
2021). Moreover, in TEM model the production and decomposition of 
DOC is fairly simplified compared to JULES-DOCM and does not account 
for impact of some parameters such as vegetation, clay and depth on 
production and decomposition of DOC. Additionally, TEM does not 
include the diffusion and vertical transport of DOC within the soil layers. 
This results in higher DOC concentration available at the top layers for 
leaching. However, TEM includes the potential effect of permafrost on 
DOC dynamics such as production and leaching. Therefore, the pro-
duction and leaching of DOC varying seasonally that is different than 
JULES-DOCM. 

Our findings for the US East Coast, based on averages for the periods 
1901–2008 and 1980–2008, indicate a minor increase. These results are 
marginally higher than those from the DLEM model, which shows a 
slight decrease. This discrepancy might be attributed to the negative 
effects of land-use on DOC leaching flux as represented in the DLEM 
model (see Fig. 1-b). In DLEM model the land use has changed from 

cropland to forest which has influenced the DOC leaching by altering 
DOC production and hydrology of region. However, in JULES-DOCM, 
the coarser resolution relative to DLEM prevents the inclusion of these 
fine-scale land use changes. Nevertheless, it is acknowledged that the 
DOC leaching from soils to rivers could be higher than what is simulated 
by DLEM, due to the potential decomposition of DOC within the river 
system. This suggests that other sources of DOC, not included in JULES- 
DOCM such as those from land management practices or organic soils, 
might be less significant than the in-transit decomposition of DOC, 
which is accounted for in DLEM but not in the JULES-DOCM model. 

Our analysis of the leaching flux from terra firme Amazon soils 
(averaged for 1980–2005) and across both the Congo basin (averaged 
for 1860–2000) and the Lena River basin (averaged for 1900–2000) 
aligns closely with the ORCHILEAK model (see Fig. 1-c, 1-d and 1-e). It's 
important to note, however, that the ORCHILEAK model also accounts 
for inundated soils, leading to a slightly elevated total leaching flux. This 
highlights that wetlands play a significant role in contributing DOC to 
rivers (Lauerwald et al., 2020). 

3.2. Global and regional DOC fluxes and drivers 

3.2.1. Current and historical DOC leaching 
An average global terrestrial DOC leaching is estimated at 292 ± 21 

Tg C yr− 1 for present day (2000− 2010), 24 ± 4 Tg C yr− 1 of which in the 
boreal, 49 ± 7 Tg C yr− 1 in the temperate, 46 ± 5 Tg C yr− 1 in the sub- 
tropical and 173 ± 5 Tg C yr− 1 in the tropical zone (Table 1). Simulation 
results indicate that the average global DOC leaching from 1861 to 1870 

a)∆NPP

b)∆Roff

c)∆DOClch
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Fig. 3. Global and regional environmental drivers of changes in NPP, runoff and DOC leaching. Effect of CO2 fertilization, climate (CLM) and land use (LUC) changes 
on i) NPP, Runoff (Roff), DOC leaching (DOClch), and ii) soil DOC production and decomposition fluxes. 
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was 250 Tg C yr− 1 and increased since then by 17 %. The estimates, 
when detailed across major climate zones, reveal that the boreal zone 
experienced the highest relative increase of 28 %. This is followed by a 
20 % increase estimated for both the temperate and sub-tropical zones. 
The tropical zone saw the smallest relative increase of 14 %, as shown in 
Fig. 2. Over the last three decades, however, the increase per climate 
zone has been linear, with the boreal and tropical zones each showing a 
15 % and 11 % increase, respectively. There was a slight decrease during 
1985–1987, after which DOC leaching in the temperate zone increased 
by 8 %. The sub-tropical zone had the smallest relative increase of 2 %, 
as indicated in Fig. S4. 

3.2.2. Drivers and impacts on DOC leaching 
The attribution analysis shows that CO2 fertilization is the strongest 

driver of the global increase in DOC leaching over the historical period, 
contributing 64 % (39 Tg C yr− 1) of total changes. Climate and land use 
change are respectively responsible for 23 % (16 Tg C yr− 1) and 13 % (7 
Tg C yr− 1) of the total change, and thus have a lower impact on the 
increasing leakiness of the terrestrial C cycle (Table S2; Fig. S5). Ana-
lysing the impact of these drivers in each major climate zone never-
theless reveals significant differences. 

For the boreal zone, climate change is by far the dominant driver of 
the increase in DOC leaching, contributing 65 % of the total increase. 
This finding aligns with a recent experimental study from Sweden, 
which identified rising runoff as the primary cause for the observed 
uptick in DOC leaching (Nydahl et al., 2017). Correspondingly, our 
simulations indicate that the highest DOC concentrations are found in 
the topsoil, particularly within the boreal zone. This zone also has the 
highest ratio of surface runoff (effective runoff contributing to topsoil 
leaching) to total runoff, of about 80 %, when compared to other climate 
zones (Fig. S6). The remaining increase is almost entirely attributed to 
the enhanced terrestrial productivity (30 %) while land-use has virtually 
no effect on the terrestrial DOC leaching flux. In the temperate zone, CO2 
fertilization accounts for 48 % and climate change for 42 % of the DOC 
leaching increase, while land use change contributes only 10 % of total 
changes. For the tropical zone, CO2 fertilization was identified as the 
main control, contributing 75 % of the increase in simulated DOC 
leaching. Land use and climate changes show a lower impact on tropical 
zone DOC leaching of respectively 15 % and 10 % of total changes. The 
results for the sub-tropical zone are similar to those of the tropical zone, 
with CO2 fertilization as main control explaining 60 % of the simulated 
increase in DOC leaching, climate and land use change contributing 28 
% and 12 %, respectively. 

3.2.3. Mechanisms and correlations 
To comprehend the primary mechanisms through which CO2, 

climate, and land use changes influence DOC leaching across major 
climate zones, an analysis was conducted on how these factors affected 
terrestrial NPP and runoff (Fig. 3). This analysis allows to elucidate 
whether the anthropogenic perturbations mostly impact the DOC 
leaching fluxes through their influence on the carbon cycle, the hydro-
logical cycle, or a combination of both. 

On a global scale, an average present-day NPP of 92 Pg C yr− 1 was 
simulated, which compared to the period 1861–1870 has increased by 
21 Pg C yr− 1 (+30 %) (Fig. S7) and highly temporal and spatial corre-
lation of DOC leaching with NPP at global scale (r2 = 0.53 and r2 = 0.9 
respectively) (Fig. S8–9). The findings obtained through the empirical 
approach also indicate a significant positive spatial correlation between 
the DOC concentration and NPP at a global scale (Guo et al., 2020). The 
temperate zone exhibits the greatest relative increase in NPP (+38 %), as 
listed in Table S2. This is succeeded by the sub-tropical and boreal zones 
with simulated NPP increases of 36 % and 33 %, respectively, and the 
tropical zone with a 24 % increase. These figures agree with the in-
creases reported in observational studies for these biomes (Peterson and 
Lajtha, 2013; Rizinjirabake et al., 2019). In terms of drivers, CO2 
fertilization accounts for about 74 % of the NPP increase globally and is 

also the main driver of change in each climate zone with the exception of 
boreal zone (Nydahl et al., 2017). Land use and climate changes 
contribute 14 % and 12 % of the global NPP increase, respectively 
(Fig. 3-i-a, Table S2) which is lower than previously reported regional 
rates (Chu et al., 2016; Xiao et al., 2019). The model simulations indi-
cated that land use changes, particularly the conversion between natural 
vegetation and agricultural land, had quantifiable impacts on PFT 
fractions. These alterations were reflected in the NPP values, which 
subsequently influenced the DOC dynamics observed during the simu-
lation period. The sensitivity of PFT fractions to land use change was 
found to be minor; however, it accounted for a non-negligible influence 
on the overall DOC leaching flux (Fig. S10). 

Overall, runoff increased by 4900 kg water m− 2 yr− 1 (+13.5 %) over 
the historical period (Table S3). This trend is consistent with the 
observed global runoff increment of 4 % during the period of 1900 to 
1996 (+5 % in this study) (Labat et al., 2004), with a high temporal and 
spatial correlation between runoff and DOC leaching (r2 = 0.75 and r2 =

0.49 respectively) (Fig. S8–9). These findings align with previous 
empirical studies indicating that the primary inter-annual variability 
and spatial pattern of DOC leaching correspond to runoff (Gielen et al., 
2011; Michalzik et al., 2001; Neff and Asner, 2001). The boreal zone 
shows the highest runoff increase of 31 % followed by temperate, sub- 
tropic and tropical zones (17 %, 15 % and 13 % increases respec-
tively, Table. S2). The attribution analysis shows that climate change is 
the main driver of runoff increase contributing 50 % of the total change, 
followed closely by the CO2 fertilization effect (41 %), land use changes 
only contributing 9 % of total changes (Fig. 3-i-b, Table. S1). These re-
sults indicate that the fertilization effect of CO2 may have a notable 
impact on the increment of leaf area index and the rate of transpiration, 
which in turn can lead to alterations in resulting runoff as indicated by 
prior studies (Zhang et al., 2022a). Additionally, modifications in land 
use patterns can bring about changes in evapotranspiration and infil-
tration rates, which can subsequently lead to slight alterations in runoff 
(Piao et al., 2007). However, in the boreal zone climate change is 
responsible for 75 % of total runoff change. CO2 fertilization and land 
use have less impact with 21 % and 4 %, respectively (Table S2). In 
comparison to other biomes, the tropical zone exhibits a lesser increase 
in runoff. However, in the temperate, tropical, and sub-tropical zones, 
the impacts of CO2 fertilization and climate change on runoff change are 
similar. In contrast, the influence of land use change on runoff change is 
less pronounced across all the major climatic zones. In contrast to NPP 
changes that are at first order dominated by the CO2 fertilization, the 
relative influence of the drivers of runoff changes reveal significant 
differences among major climate zones. 

The global map of the impacts of temperature and runoff on DOC 
leaching flux and its change between 1860 and 2010 are presented in 
Fig. S11. These resources indicate that the hotspots of changes in DOC 
leaching are largely corresponding to the hotspots of changes in runoff 
(r2: 0.38). On the other hand, there appears to be no meaningful cor-
relation between the changes in DOC leaching and temperature (r2: 2e- 
0.4). 

Therefore, it can be inferred that the rise in DOC leaching resulting 
from the impact of climate change is primarily controlled by precipita-
tion and the consequent runoff, rather than temperature. As a result, this 
forms the justification for certain models that utilize exclusively the 
DOC concentration and runoff to assess the resulting DOC leaching flux 
(Kindler et al., 2011). 

3.2.4. Ecosystem dynamics and model implications 
In addition to the primary mechanism of runoff, it should be noted 

that the DOC leaching is also influenced by the DOC stock, which is 
contingent upon both production and decomposition processes (Kalbitz 
et al., 2000). Our simulated, global DOC production and decomposition 
fluxes increase by 21 % and 22 % over historical, period respectively 
(Fig. S12). Notably, while the rate of DOC production increase was lower 
than that of decomposition, the former flux was observed to be 60 % 
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larger than the latter, resulting in an overall increase in historical DOC 
stocks (Table S4). In JULES-DOCM two rate modifiers of soil tempera-
ture and moisture are controlling the DOC production (both temperature 
and moisture) and decomposition (temperature) (Nakhavali et al., 
2018). These rate modifiers are determined based on the prior obser-
vations of the biodegradability of plants in various biomes, which are 
associated with temperature and moisture levels (Johnson et al., 2000; 
Kalbitz et al., 2003; Nakhavali et al., 2021; Yule and Gomez, 2009). 

Our results show the highest DOC production and decomposition 
increase in boreal zone (28 % and 32 % respectively). However, the 
boreal zone shows the highest rate of leached DOC production (21.81 %) 
compared to the other biomes (Table S4). The main controller of the 
DOC production and decomposition in boreal zone is climate change 
(48 % and 42 % of total changes respectively) (Fig. 3-ii-a and b). The 
climate change in boreal zone results the highest increase of tempera-
ture and moisture modifiers (7 % and 10 % respectively) which control 
the DOC production. However, the decomposition is only controlled by 
temperature which shows a lower increase compared to the soil mois-
ture (Table S4). Therefore, the present-day DOC decomposition against 
production in boreal zone is the lowest compared to other biomes (37 
%). Together with the highest runoff increase, mainly due to the climate 
change, the highest relative increase of DOC leaching is observed in the 
boreal zone. This is in line with a recent study in Sweden showed that 
increasing runoff is the main reason for the observed increase in DOC 
leaching (Nydahl et al., 2017). Therefore, in the boreal zone, DOC 
leaching is transport-limited, meaning it is constrained by runoff. This 
accounts for the greater sensitivity of changes in DOC leaching to runoff 
rather than temperature, as shown in Fig. S6. Temperature primarily 
affects reaction rates (production and decomposition of DOC), as noted 
by Nakhavali et al. (2021). 

Temperate and sub-tropical zones show the similar absolute increase 
in DOC leaching due to the similar NPP increase (38 %), controlled 
mainly by CO2 fertilization (temperate: 67 %, subtropical: 68 % of total 
changes) (Table S4). However, the soil moisture and temperature in-
crease in temperate is lower than in the boreal zone (by 7 % and 5 %, 
respectively), hence the lower relative increase in DOC leaching. 
Moreover, similar to the boreal zone, the runoff increase in the 
temperate zone is mainly due to climate change. However, opposed to 
the temperate zone, CO2 fertilization is identified as the main controller 
of the DOC production and decomposition (52 % and 53 % of total 
changes respectively) (Fig. 3-ii-a and b). The increase of soil moisture 
and temperature are slightly lower than in the temperate zone (both 5 
%) and the runoff increase is mainly controlled by climate change (42 
%). Therefore, both temperate and sub-tropic zones are both substrate (i. 
e., limited by DOC availability) and transport limited (i.e., limited by 
runoff). 

Despite tropical terrestrial ecosystems exhibiting the highest effi-
ciency of carbon sequestration and a greater capacity for carbon storage 
in vegetation (Hirano et al., 2009; Sitch et al., 2003), the zone demon-
strates the least relative increase in DOC leaching. This is attributed to a 
minimal increase in DOC production resulting from a lower increase in 
soil moisture and temperature, both of which control DOC production. 
Additionally, although the tropical zone displays the highest overall NPP 
increase (Fujii et al., 2009; Zhou et al., 2016), the comparatively lower 
rate of DOC production can be attributed to the estimated 2 % and 5 % 
increases in soil moisture and temperature, respectively. 

Overall, the relative increase of DOC leaching is close to that in 
runoff, suggesting that at global scale, the increase in DOC flux through 
the terrestrial-aquatic system's interface is largely transport-limited. 
However, in some parts of the boreal zone such as Northern Europe, 
the increase in the DOC stock also contributes to the increase of DOC 
leaching flux (Fig. S13–14). Moreover, in some part of the tropical zone 
such as Amazon, where there is no significant increase in the DOC 
stocks, the DOC leaching flux is not increasing as well (Fig. S14). 

Over the simulation period, top soil (here defined as the upper 35 
cm) leaching contributes about 90 % to total DOC leaching from soil. 

However, as it was shown in a previous study (Nakhavali et al., 2021), 
the top soil layer contains only ~40 % of total soil DOC stocks. The 
subsoil DOC stocks receive significant amounts of the organic matter 
through diffusion (Braakhekke et al., 2013). The magnitude of diffusion 
flux is 0.2 % of DOC leaching flux (averaged total diffusion for period 
1860 to 2010 is 0.5 Tg C yr-1), indicating a low mobility of the diffused 
DOC from the subsoil (Worrall et al., 2008). This limited mobility is the 
reason why variations in the total SOC and DOC stocks may not corre-
spond directly with changes in DOC leaching (Fig. S6). Leaching is 
primarily associated with the topsoil DOC cycling, whereas the majority 
of total DOC stocks are found in the bottom soil. The transfer of DOC 
between the top and bottom soil layers occurs at a slow pace. NPP in-
crease drives increase in biomass, litterfall, SOC and finally DOC 
leaching. The increase in NPP entrains a stronger increase in DOC con-
centrations in the topsoil compared to the subsoil (Guggenberger and 
Kaiser, 2003), and thus a stronger increase in the DOC leaching flux than 
in the total soil DOC stock. 

The total percentage of NPP lost by “terra firme” ecosystems has 
decreased from 0.35 % on average during 1861–1870 to 0.32 % under 
present day conditions (Fig. S15). For the boreal zone overall, this ratio 
is not decreasing significantly with 0.31 % for 1861–1870 to 0.30 % for 
present day. In the temperate zone the overall ratio is changing from 
0.30 % to 0.28 % and in the tropic zone the overall ratio is changing by 
0.03 % from 0.4 % for 1861–1870 to 0.37 % for present day. Lastly, for 
sub-tropic zone this ratio decreases from 0.27 % to 0.25 % for present 
day. The decline in the proportion NPP lost through dissolved DOC 
leaching can be attributed to two factors: firstly, the relatively lower 
increase in runoff flux compared to NPP, with a disparity of 15.5 % 
versus 30 %, and secondly, the quantity of NPP that has yet to be 
translated into an equivalent rise in the DOC reservoir (Hensgens et al., 
2020). This explains the lowest decrease of the DOC leaching/NPP ratio 
for the boreal and the highest decrease of DOC leaching/NPP for the 
tropical zone. Nevertheless, although NPP to DOC leaching ratios across 
these biomes are quantitatively small, they are ecologically significant, 
reflecting substantial changes in the C sequestration dynamics and the 
responsiveness of different ecosystems to global change drivers. 

A previous study by Regnier et al. (2013a) suggests a significant 
impact of the anthropogenic perturbation on the leached C to the 
aquatic ecosystem without attempting an attribution analysis to CO2 
fertilization, climate change or land use change. While our simulation 
omits factors like soil erosion and harvesting that could affect SOC 
stocks, along with minor compartments which were included in Regnier 
et al. (2013a), the estimation indicates a minor contribution of land use 
change on the changes in DOC leaching flux. Our results show a minor 
contribution of land use change on the NPP changes as well as the 
highest impact of LUC in the tropical zone (15 %) and lowest impact in 
the boreal zone (6 %) (Table. S2). Nevertheless, the attribution of land 
use impact on the production of labile DOC is slightly different 
(Table S5) with the highest land use impact on tropical (14 %) and the 
lowest in sub-tropical zone (4 %) in line with studies showing that land 
use change shifts the soil C to more labile forms (Zhang et al., 2020). 
Nevertheless, the minor role of land use change highlighted in our study 
contrasts with previous research, which focused solely on carbon 
leaching affected by land use changes due to agricultural conversion 
(Guggenberger and Kaiser, 2003; Kindler et al., 2011). These studies did 
not consider other factors such as CO2 fertilization and climate change, 
which our study finds to be significant influencing factors of DOC 
leaching. 

3.3. Model limitations 

The effect of increasing atmospheric CO2 concentrations may be 
debatable, as other limiting factors of plant productivity, in particular 
nutrients (Nakhavali et al., 2022), are not considered in this version of 
JULES. Climate change can be considered a reliable driver, if we assume 
that drivers of spatial differences can act in a similar way as drivers of 
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temporal change, since the model has been found to well reproduce 
present-day large scale spatial patterns in our previous study (Nakhavali 
et al., 2021). While our model captures the predominant factors of 
climate change, atmospheric CO2 increase, and land use change, we 
recognize the absence of other potential driving factors in our analysis. 
Despite incorporating widely-studied DOC controls like temperature, 
precipitation, and vegetation into the model, it still lacks representations 
for pH, acid deposition, and nutrients. pH has an impact on the con-
centration and leaching of soil DOC (Michalzik et al., 2001) by affecting 
the adsorption capacity (Kalbitz et al., 2000). 

On the other hand, acid deposition controls the ionic strength (IS) 
and soil acidity which affects concentration and leaching of soil DOC 
(Monteith et al., 2007). 

The nutrients impact on soil DOC, for instance, N deposition can 
modify the enzymatic activity (such as ß- glycosidase) which are con-
trolling the C release from organic matters and increases DOC release 
(Bragazza et al., 2006). Additionally, it also impacts the microbial ac-
tivities which are important controller of organic matters processing 
(Pregitzer et al., 2004). 

Furthermore, within JULES-DOCM, only mineral soils are repre-
sented, excluding organic-rich soils, constituting around 6–8 % of the 
total land area (Lehner and Döll, 2004) and wetlands that could 
contribute up to about 20 % of fluvial DOC export to the coast (Harrison 
et al., 2005; Lauerwald et al., 2012). Hence, including these drivers and 
processes can improve the ability of JULES-DOCM to fully represent and 
predict the temporal and spatial dynamics of soil DOC. 

Additionally, the JULES-DOCM model currently calculates DOC 
consumption by factoring in decomposition within the soil before it 
enters the streams and overlooks in-stream processes such as microbial 
degradation or photodegradation, which can significantly consume 
DOC. These processes are known to reduce DOC concentrations and alter 
their composition, potentially leading to an overestimation of the actual 
DOC fluxes that reach aquatic systems (Battin et al., 2009; Drake et al., 
2018; Raymond et al., 2013; Regnier et al., 2013b). The exclusion of 
these consumption pathways from the model framework means that the 
fluxes represented may not fully correspond to the net DOC available for 
transport to oceanic reservoirs. Hence, future improvement of the model 
would benefit from incorporating these dynamics to enhance the accu-
racy of DOC flux predictions and to provide a more nuanced under-
standing of carbon cycling within the terrestrial-aquatic interface. 

Regarding the land use change effect, this study only accounts for 
vegetation transitions and does not represent processes such as 
increased soil erosion following deforestation, which impacts SOC 
stocks. Furthermore, land use change can alter SOC production, move-
ment and consumption and impact the bioavailable DOC and water 
extractable OC (Boyer and Groffman, 1996). Moreover, the labile frac-
tion of DOC is dependent on land use (e.g. higher in cropland than in 
forest soils) (Boyer and Groffman, 1996). This suggests a likely under-
estimation of the global-scale impact of land use change on DOC 
leaching. It is however virtually impossible to test these hypotheses from 
observations as their spatio-temporal coverage is way too scarce to 
support a global analysis, especially with regard to historical trends. 

Land use change is limited to updated vegetation cover following the 
competition between PFTs and prescribed agricultural masks (Harper 
et al., 2016) which impact the DOC dynamics by mapping out the chain 
of effects from changes in vegetation cover that affect plant productivity, 
cascading to NPP and altering SOC stocks, and which in turn impacts the 
SOC and DOC production, decomposition and leaching (Fig. S16; see 
supporting document for detail). The model estimates a 14 % contri-
bution of LUC on NPP, indicating a sensitive relationship between 
vegetation productivity and the carbon cycle (Table S6). Subsequently, 
LUC influences SOC by altering organic matter input through litter 
deposition, with the model capturing a 16 % contribution of LUC on SOC 
stocks. This change in SOC stock affects DOC production, and subse-
quently decomposition, and leaching, with the model estimating a 13 % 
contribution of LUC on DOC pools and leaching. However, it is 

important to note that JULES-DOCM does not fully account for all pro-
cesses, such as how LUC can alter soil hydrological properties, which in 
turn might influence lateral water flow and carbon advection. Other 
studies indicate that the impact of LUC on these aspects is relatively 
minor compared to other factors and their estimated effects of LUC on 
regional and global DOC leaching align with the findings of our study 
(Tian et al., 2023; Zhang et al., 2022b). Despite its less pronounced role, 
the effect of land use change on DOC cycling is still a vital element for a 
more complete understanding and accurate predictions of the model. 

However, it is important to note that JULES-DOCM does not fully 
account for all processes. Our model only focusses on DOC and thus does 
not incorporate the additional effects of erosional fluxes of soil and 
particulate organic carbon (POC), which are known to be significantly 
accelerated by the conversion of forested areas into agricultural land 
(Van Oost et al., 2012; Wang et al., 2017). Note, however, that our re-
sults concur with other very recent studies that report minor impacts of 
LUC on regional and global DOC leaching, including with models 
explicitly representing POC (Tian et al., 2023; Zhang et al., 2022b). 

Nevertheless, despite the missing processes and the required future 
improvement, JULES-DOCM performed satisfactory comparing against 
all metrics and provides for the first time a detailed historical assessment 
of contribution of the soil DOC production, decomposition and leaching 
controllers over the historical period. This study lays groundwork for 
improving the representation of controllers and trends of terrestrial C 
cycling in ESMs, particularly focusing on the laterally transported 
fraction across both historical and future periods. 

4. Conclusion 

Dissolved Organic Carbon (DOC) holds a pivotal role within terres-
trial carbon dynamics, influencing both terrestrial and oceanic carbon 
frameworks. Using the globally calibrated JULES-DOCM ecosystem 
model, this research reveals a 17 % increase in terrestrial DOC contri-
butions to global river systems between 1860 and 2010, leading to a 
current flux of 292 Tg C yr− 1. 

The atmospheric CO2 fertilization emerges as the primary impetus 
behind this surge, through enhanced vegetation growth and consequent 
rises in biomass and soil carbon pools. Although globally CO2 remains 
the dominant factor, regional variances emerge. In temperate and boreal 
zones, climate change significantly impacts DOC levels, even surpassing 
CO2 influences in boreal regions. The tropics, while being a major DOC 
source, record a moderate relative growth. This study challenges the 
previously overstated role of land use change, emphasizing the need for 
its reassessment in shaping DOC leaching dynamics. 
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Schöning, I., Hoosbeek, M.R., Kruijt, B., Kabat, P., Reichstein, M., 2013. Modeling 
the vertical soil organic matter profile using Bayesian parameter estimation. 
Biogeosciences 10 (1), 399–420. https://doi.org/10.5194/bg-10-399-2013. 

Bragazza, L., Freeman, C., Jones, T., Rydin, H., Limpens, J., Fenner, N., Ellis, T., 
Gerdol, R., Hajek, M., Hajek, T., Iacumin, P., Kutnar, L., Tahvanainen, T., 
Toberman, H., 2006. Atmospheric nitrogen deposition promotes carbon loss from 
peat bogs. Proc Natl Acad Sci 103 (51), 19386–19389. https://doi.org/10.1073/ 
pnas.0606629104. 

Brye, K.R., Norman, J.M., Bundy, L.G., Gower, S.T., 2001. Nitrogen and carbon leaching 
in agroecosystems and their role in denitrification potential. J Environ Qual 30 (1), 
58. https://doi.org/10.2134/jeq2001.30158x. 

Chu, C., Bartlett, M., Wang, Y., He, F., Weiner, J., Chave, J., Sack, L., 2016. Does climate 
directly influence NPP globally? Global Change Biol 22 (1), 12–24. https://doi.org/ 
10.1111/gcb.13079. 

Clair, T.A., Ehrman, J.M., Higuchi, K., 1999. Changes in freshwater carbon exports from 
Canadian terrestrial basins to lakes and estuaries under a 2xCO2 atmospheric 
scenario. Global Biogeochem Cycles 13 (4), 1091–1097. https://doi.org/10.1029/ 
1999GB900055. 

Clutterbuck, B., Yallop, A.R., 2010. Land management as a factor controlling dissolved 
organic carbon release from upland peat soils 2: changes in DOC productivity over 
four decades. Sci Total Environ 408 (24), 6179–6191. https://doi.org/10.1016/j. 
scitotenv.2010.08.038. 

Cox, P.M., 2019. Emergent constraints on climate-carbon cycle feedbacks. Curr Clim 
Change Rep 5 (4), 275–281. https://doi.org/10.1007/s40641-019-00141-y. 

Dai, M., Yin, Z., Meng, F., Liu, Q., Cai, W.J., 2012. Spatial distribution of riverine DOC 
inputs to the ocean : an updated global synthesis. Current Opinion in Environmental 
{…}. http://www.sciencedirect.com/science/article/pii/S1877343512000358. 

Dlugokencky, E., & Tans, P. (2013). Observed atmospheric CO2 - http://www.esrl.noaa. 
gov/gmd/ccgg/ trends. 

Drake, T.W., Raymond, P.A., Spencer, R.G.M., 2018. Terrestrial carbon inputs to inland 
waters : A current synthesis of estimates and uncertainty. Limnol Ocean Lett 
132–142. https://doi.org/10.1002/lol2.10055. 

Freeman, C., Evans, C.D., Monteith, D.T., Reynolds, B., Fenner, N., 2001. Export of 
organic carbon from peat soils. Nature 412 (6849), 785. https://doi.org/10.1038/ 
35090628. 

Fujii, K., Uemura, M., Hayakawa, C., Funakawa, S., Sukartiningsih, Kosaki, T., & Ohta, 
S., 2009. Fluxes of dissolved organic carbon in two tropical forest ecosystems of East 
Kalimantan. Indonesia Geoderma 152 (1–2), 127–136. https://doi.org/10.1016/j. 
geoderma.2009.05.028. 

Funakawa, S., Fujii, K., Kadono, A., Watanabe, T., Kosaki, T., 2014. Could soil acidity 
enhance sequestration of organic carbon in soils?. In: Soil Carbon. Springer 
International Publishing, pp. 209–216. https://doi.org/10.1007/978-3-319-04084- 
4_22. 

Gielen, B., Neirynck, J., Luyssaert, S., Janssens, I.A., 2011. The importance of dissolved 
organic carbon fluxes for the carbon balance of a temperate scots pine forest. Agric 
For Meteorol 151 (3), 270–278. https://doi.org/10.1016/j.agrformet.2010.10.012. 

Goldewijk, K.K., Beusen, A., Van Drecht, G., De Vos, M., 2011. The HYDE 3.1 spatially 
explicit database of human-induced global land-use change over the past 12,000 
years. Global Ecol. Biogeogr. 20 (1), 73–86. https://doi.org/10.1111/j.1466- 
8238.2010.00587.x. 

Guggenberger, G., Kaiser, K., 2003. Dissolved organic matter in soil : challenging the 
paradigm of sorptive preservation. Geoderma 113, 293–310. https://doi.org/ 
10.1016/S0016-7061(02)00366-X. 

Guo, Z., Wang, Y., Wan, Z., Zuo, Y., He, L., Li, D., Yuan, F., Wang, N., Liu, J., Song, Y., 
Song, C., Xu, X., 2020. Soil dissolved organic carbon in terrestrial ecosystems: global 
budget, spatial distribution and controls. Global Ecol Biogeogr 29 (12), 2159–2175. 
https://doi.org/10.1111/geb.13186. 

Harper, A.B., Cox, P.M., Friedlingstein, P., Wiltshire, A.J., Jones, C.D., Sitch, S., 
Mercado, L.M., Groenendijk, M., Robertson, E., Kattge, J., Bönisch, G., Atkin, O.K., 
Bahn, M., Cornelissen, J., Niinemets, Ülo, Onipchenko, V., Peñuelas, J., Poorter, L., 
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