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Irrigation exerts a strong influence on carbon dynamics in agroecosystems. However, global patterns
of soil organic carbon (SOC) and soil inorganic carbon (SIC) responses to irrigation remain
insufficiently characterized. Here, we synthesized 223,593 observations to derive 2217 representative
soil profile measurements and estimated the differential effects of irrigation on SOC and SIC. Our
results show that soil carbon responses to irrigation vary with soil depth and are related to the amount
of irrigation water applied. Specifically, SOC and SIC of cropland increased by 127% and 57.09%,
respectively, under 200–300mm irrigation compared to the reference study sites. In global upscaling
experiments, we mapped the vulnerability distribution of SOC and SIC losses in irrigated cropland by
applying a meta-forest model. We found that 54.58% of stable cropland areas were projected to
experience SOC losses, and 60.22% were projected to experience SIC losses, under long-term
continuous irrigation, with SIC at greater global risk. These findings highlight the need for strategic
consideration of carbon sequestration potential in irrigation management to support climate
adaptation efforts.

Irrigation is a key practice for regulating soil moisture and boosting crop
yields1. Irrigation has expanded rapidly worldwide since the 20th century,
which has led to significant impacts on soil carbon pools and climate
change2–4.Despite increasing researchon the relationshipbetween irrigation
and soil carbon5–7, the global distribution and controlling factors of soil
carbon responses to irrigation remain largely unexplored8. In view of the
high heterogeneity in soil carbon and the complexity of the environmental
impacts of irrigation7,9, a quantitative analysis of irrigation’s impact on soil
carbon is needed to improve the knowledge of the soil carbon cycle and the
feasibility of irrigation as a climate adaptation strategy10–12.

Soil represents the largest terrestrial carbon pool, including both
organic soil organic carbon (SOC) and soil inorganic carbon (SIC)13. Most
irrigation-soil carbon studies have focused primarily on SOC4,14,15, and the
distribution of SOC is well-documented16,17. Presently, there are mixed
findings regarding the effect of irrigation on SOC and SIC accumulation4.
On the one hand, some studies indicate that irrigation enhances SOC sto-
rage by reducing greenhouse gas emissions and promoting crop growth18–20,
while others find that irrigation effects on SOC are minimal or even
negative21, likely due to flood irrigation in monsoon wet areas could lead to
anaerobic conditions, increasing methane emissions22,23. Particularly on
sites with limited organic matter inputs, increased microbial activity as a
result of pulse wetting may result in losses of SOC24. On the other hand,
Dong et al. observed that long-term saline irrigation decreased SIC content

in the 0–20 cm soil layer in the northeast of North China Plain25. A seven-
year study in Navarre, northern Spain, found that while irrigation rapidly
altered carbonate types, it did not affect total SIC content26. The dis-
crepancies in these findings are likely attributable to the inconsistency of
research scales, the high heterogeneity of irrigation water quality and
amount, and the complex environment of croplands. Furthermore, most
studies frequently overlooked the SIC as it was conventionally viewed as a
relatively stable carbon pool that was not typically included in the carbon
budget27,28. It is well known that irrigation is generally implemented in arid
and semi-arid regions, which are high in SIC and low in SOC. With the
worldwide agricultural intensification and anthropogenic reactive N addi-
tion, it would indirectly exacerbate SIC losses29,30, and most of the lost SIC
was converted toCO2

27, indicating SIC is not as stable as previously thought.
Research by Huang et al. estimated that global SIC stocks could decrease by
23 billion tons over the next 30 years31. Huang’s research provides an
opportunity to quantify the effects of irrigation on SIC, especially SIC
change in arid and semi-arid regions, and its threat to climate change10,12.

Irrigation is a complex driver of soil environmental changes, with
numerous nonlinear feedbacks and interactions7,10. For example, inten-
sive irrigation in India has been demonstrated to decrease surface
temperature32,33, which, in turn, enhances carbon uptake in croplands34,35.
Additionally, a recent study suggested that the temperature sensitivity of
SIC dissolution increases with increasing natural aridity and that this
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process is regulated by pH and base cations36. Flood irrigation stores
more SIC than under no-irrigation conditions in arid calcarine fields,
which is influenced by soil chemistry as well as bacterial biomass5. Irri-
gation combined with fertilization is a common management practice.
Several studies have proposed that Nitrogen fertilizer application and
atmospheric nitrogen deposition would induce soil acidification, result-
ing in carbonate dissolution and SIC neutralization30,37. Therefore, syn-
thesizing the interaction between irrigation and environmental factors is
key to comprehending the soil carbon change in croplands. Moreover,
most studies have focused on field and local scales19,22,38, which do not
adequately consider the large-scale spatial heterogeneity and complexity
of soil environments under global irrigation expansion27,39. The global
distribution pattern of soil carbon impacted by irrigation can facilitate
ongoing efforts to understand the global carbon cycle. The spatial
information on soil carbon change can contribute to agricultural man-
agement, and local, national, and international carbon remediation and
sequestration efforts.

Our objective was to systematically quantify the impacts of irrigation
on SOC and SIC and to estimate the controlling factors underlying these
effects. Therefore, we synthesized irrigation data40 (multiyear average water
use, IWU), multi-source environmental datasets, and soil profile data based

on the global database compiled by Huang et al.31. Additionally, we applied
conditional screening to select 2212 soil profiles representing long-term
irrigated and unchanged cropland. First, we investigated the effects of irri-
gation amount on SOCandSIC at different soil depths. Second,we explored
the sensitivity of SOC and SIC to environmental factors in irrigated agri-
cultural systems. Finally, we upscaled the geographic distribution of relative
changes in SOCand SIC in irrigated cropland to identify high-loss risk areas
for SOC and SIC.

Results
Soil depth-dependent response of SOC and SIC to different irri-
gation amounts
The meta-experiment strictly controlled environmental variables in
irrigation-soil carbon analysis, ensuring similar environmental conditions
between the control and experimental groups (“Methods” section). The
results revealed that there were significant differences in the responses of
SOC and SIC to irrigation amounts (Fig. 1). Compared non-irrigated
cropland, the response of SOC to irrigation amounts ðSOCrÞ varied as
follows: −11.83% under 0–50mm, −4.39% under 50–100mm, −31.09%
under 100–200mm, 127% under 200–300mm, −40.32% under
300–400mm and 74.09% under 400–500mm. The response of SIC to

Fig. 1 | SOC and SIC contents in response to irrigation. The average change in
SOC and SIC (relative to unirrigated cropland in similar environmental conditions)
for each soil layer depth under different irrigation amount treatments is shown.
Depth increments are shown at the top of each panel. The solid triangles and circles
with error lines indicate the average changes in SOC and SIC, respectively, and their

respective 95% CIs. When the 95% CIs did not overlap with 0% (indicated by the
vertical gray line), significant changes in SOC and SIC occurred over time. Data
points may contain studies of different durations, where irrigation refers to the
average irrigation water use over the years.
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irrigation amounts (SICr) varied as follows: 60.20% under 0–50mm,
83.94% under 50–100mm, 44.74% under 100–200mm, 73.82% under
200–300mm, 57.09% under 300–400mm, and −36.5% under
400–500mm. Meanwhile, soil carbon response to irrigation varied by soil
depth, the results revealed that SIC responses were greater than those of
SOC, especially in shallow (0–10 cm) and deep (200–500 cm) soils (Fig. 1).
Specifically, in the 0–10 cm soil layer with irrigation (200–300mm), the
SICr was 3.35 (95% CI: 2.73–3.80), indicating that higher irrigation tended
to have greater SIC compared to the reference study sites. In contrast, SOCr
was relatively low, suggesting that irrigation had a relativelyweaker effect on
SOC.As the soil depth increased, the values of SOCr and SICr becamemore
similar. In the 60–100 cm and 100–200 cm soil layers, the values of SOCr
and SICr were near zero to 0 or slightly positive, indicating that the effects of
irrigation on SOC and SIC tend to be balanced. At the 200–500 cm soil
depth, the irrigation amount had a positive effect on the SOC and SIC.
Overall, the SOCr was relatively small in the entire soil layer, and there was
an environmental limitation on the promotion of SOC by the irrigation
amount. Irrigation had some positive effects on SOConly at specific depths
and under specific irrigation conditions (e.g., 10–30 cm, 30–60 cm, or
60–100 cm under 200–300mm irrigation). This may be attributed to the

fact that SIC can accumulate in the soil through long-termwater infiltration
and mineral dissolution41, whereas the accumulation of SOC is more
dependent on processes such as surface organic matter input andmicrobial
decomposition.

The differences between SOC and SIC responses to irrigation
across natural conditions and management practices
Meta-regression analyses showed that SOC and SIC responses to irri-
gation (SOCyi and SICyi) varied with natural conditions (temperature,
precipitation, topography, and soil type) and management practices
(crop type and irrigation water amount) (Fig. 2). Specifically, the average
values of SOC and SIC in the surface soil of irrigated croplands decreased
by 41.5% and 32.7%, respectively, compared with non-irrigated cropland.
In terms of temperature, when the multiyear average ranged from 0 to
22 °C, both SOCyi and SICyi were negative. Furthermore, the negative
impacts on SIC became increasingly pronounced with higher tempera-
tures. Regarding precipitation, SOCyi was positive (0.31 with 95% CIs:
0.06–0.55) under humid condition, whereas both SOCyi and SICyi were
negative in areas with other precipitation classes. Topographically, the
value of SOCyi was 0.15 (95% CIs: −0.14 to 0.45) under high

Fig. 2 | The differences of SOC and SIC responses to irrigation across natural
conditions and management practices at the 0–30 cm soil depth (relative to the
average of unirrigated cropland points) were shown.Environmental factors are on
the left side of each panel. The solid triangles and circles with error lines indicate the
average changes in SOC and SIC, respectively, and their respective 95% CIs. When
the 95% CIs did not overlap with 0% (indicated by the vertical gray line), significant
changes in SOC and SIC occurred over time. The number to the right of each panel
indicates the total number of observations used to calculate the average. All data
points are cropland without land use change. Temperature and precipitation are

multi-year averages. The soil classification system used for soil types is FAO-90
(Note: GLa(Andic Gleysols), ATf(Fimic Anthrosols), NTh(Haplic Nitisols),
LVa(Albic Luvsiols), ALh(Haplic Alisols), CMe(Eutric Cambisols), ACp(Plinthic
Acrisols), CMg(Gleyic Cambisols), and GYk(Calcic Gypsisols)). Crop types come
from the Global High Precision Crop Spatial Distribution (SPAM2020), and crop
types other than rice, wheat, and corn are treated as others. Data points may contain
studies of different durations, where IWU refers to the average irrigation water use
over the years.
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mountainous conditions, while it was negative in other topographic
settings. Subgroup analysis by soil type revealed that the SOCyi exhibited
positive effects in ATF, GLa, NTh, ALh, and CMe, with SICyi showing
greater variability across soil types. These findings underscore the
importance of site-specific factors (such as temperature, moisture,
topography, soil properties, and crop management) in influencing soil
carbon dynamics under irrigation implementation.

Effects of environmental factors on SIC and SOC in irrigated
agricultural systems and their response curves
We further investigated the nonlinear effects of environmental factors on
SOC and SIC in irrigated agricultural practices by screening data from the
0–30 cm soil profile with relevant environmental variables (pH, average
temperature, precipitation, nitrogen fertilizer, phosphorus fertilizer, and
elevation) (Fig. 3 and Fig. 4). In themeta-experiments, there was significant

Fig. 3 | Response curves of SOC to irrigation water amount under different
environmental factors. pH classification (a), temperature classification (b), pre-
cipitation classification (c), nitrogen fertilizer classification (d), phosphate fertilizer

classification (e), and elevation classification (f) compared to non-irrigated areas
(N = 2212, soil depth 0–30 m).

Fig. 4 | Response curves of SIC to irrigation water amount under different
environmental factors. pH classification (g), temperature classification (h), pre-
cipitation classification (i), nitrogen fertilizer classification (j), phosphate fertilizer

classification (k), and elevation classification (l) compared to non-irrigated areas
(N = 2212, soil depth 0–30 m).
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residual heterogeneity in SOCyi (Response of SIC to irrigation amount
relative to unirrigated) and SICyi (Response of SIC to irrigation amount
relative to unirrigated) with a random effect (SOCyi: Qt = 97785.68,
P < 0.0001; SICyi: Qt = 79425.73, P < 0.0001).

In terms of soil properties, the stability of SIC is regulated by soil pH.
The response of SOC and SIC to irrigation varies greatly across pH types.
When irrigating in acidic soil (pH <6.5), the SOCyi and SICyi were −0.05
(95%CIs:−0.15 to 0.05) and−2.09 (95%CIs:−2.24 to−1.92), respectively.
Inneutral soil (6.5<pH<7.5), the SOCyi andSICyi were0.03 (95%CIs:−0.03
to 0.95) and −2.02 (95% CIs: −2.14 to −1.9), respectively. In alkaline soil
(pH > 7.5), the SOCyi and SICyi were −0.54 (95% CI: −0.58 to −0.5) and
0.17 (95% CI: 0.13–0.22), respectively. The response curves revealed that
SOC was more sensitive to irrigation in acidic soil than in alkaline soil. In
acidic soil, SIC increased significantly with higher irrigation, while SOC
showed a minimal response. In neutral soils, both SOC and SIC exhibited
relatively complex nonlinear changes.

Regarding natural factors, temperature and precipitation are key
determinants of agricultural productivity and can indicate the level of
aridity. The results revealed that when irrigation was performed at 0–10 °C,
the SOCyi and SICyi were−0.42 (95% CI:−0.51 to 0.34) and 0.11 (95% CI:
0.003–0.23), respectively. At 10 to 22 °C, the SOCyi and SICyi values were
−0.35 (95% CI: −0.39 to −0.32) and −0.4 (95% CI: −0.46 to −0.34),
respectively. At temperatures above 22 °C, the SOCyi and SICyi were−0.34
(95%CI:−0.42 to−0.27) and−0.55 (95%CI:−0.64 to−0.36), respectively.
In addition, data fromnon-irrigated areas below0 °C showed the SOCyi and
SICyi values were 0.79 (N = 34, 95% CI: 0.43–1.14) and−0.55 (N = 34, 95%
CI: −1.32 to 0.2), respectively. The response curves revealed that SIC was
more sensitive to irrigation at temperatures between 10–22 °C and 0–10 °C,
particularly between 10–22 °C, where SIC fluctuated more with increasing
irrigation. The sensitivity of SOC to irrigation was higher at temperatures
above 22 °C.

When irrigation was implemented in arid areas, the SOCyi and
SICyi were 0.17 (95% CI: 0.09–0.24) and −1.38 (95% CI: −1.53 to
−1.22), respectively. In semi-arid areas, the SOCyi and SICyi were
−0.18 (95% CI: −0.24 to −0.13) and −1.06 (95% CI: −1.15 to
−0.97), respectively. In optimal areas, the SOCyi and SICyi were
−0.60 (95% CI: −0.66 to −0.53) and 0.39 (95% CI: 0.31–0.47),
respectively. In semi-humid areas, the SOCyi and SICyi were −0.74
(95% CI: −0.80 to −0.67) and 0.30 (95% CI: 0.22–0.38), respectively.
In humid areas, the SOCyi and SICyi were −1.28 (95% CI: −1.45 to
−1.11) and 0.18 (95% CI: 0.39–0.76), respectively. Compared with
the average of SOC and SIC for non-irrigated areas, both SOCyi and
SICyi showed significant negative effects at lower irrigation levels,
especially in arid and semi-arid regions. However, with increasing
irrigation amount, the response curves of both SOC and SIC gra-
dually levelled off, indicating that increasing irrigation amount could
alleviate this negative effect. Notably, the change range of SICyi is
larger and more pronounced, especially under arid conditions. While
the variation in the SOC is relatively small. These findings indicate
that irrigation has a greater impact on SIC than on SOC, especially in
water-scarce croplands.

In terms of farm management practices, previous studies have
emphasized the close relationship between fertilization and SOC42. Both
biotic and abiotic factors regulate the responses of SOC and SIC to
irrigation, with fertilization playing a significant role. The results revealed
that the application of nitrogen fertilizer (0–30 g/kg) had negative effects
on SOCyi and SICyi compared to non-irrigated areas. However, when
nitrogen fertilizer exceeded 30 g/kg, the SOCyi was 0.56 (N = 22, 95% CI:
−0.06 to 1.19). In the nitrogen fertilizer experiments, the response of
SOC to irrigation was moderate, whereas the response of SIC to irrigation
was relatively strong. This difference likely stems from the distinct
mechanisms of nitrogen fertilizer action. Nitrogen fertilizer promotes
plant growth, directly increasing SOC, whereas it alters soil chemistry
and carbonate deposition in irrigation water, affecting SIC accumulation.
In the phosphorus fertilizer experiments, the absence of phosphorus

application showed a negative correlation between SOCyi and the
increase in irrigation amount. With increased phosphorus fertilizer, its
positive effect on SOC was more apparent under high irrigation. When
low-phosphorus fertilizer was applied, SOCyi decreased while SICyi
increased slightly with increasing irrigation amount, indicating that
insufficient phosphorus may exacerbate SOC loss under increased irri-
gation. These findings underscore the differential sensitivity of SOC and
SIC to the interaction between fertilizer and irrigation.

Globalmapping of relativeSOCandSIC changes under irrigation
We developed a meta-forest model that integrates the strengths of meta-
analysis and random forests, accounting for interactions, nonlinearities, and
geographic heterogeneity among environmental factors43. This approach
enabled us to better understand the geographic variability of SOC and SIC,
and to predict their long-term responses to irrigation. The model’s per-
formance was validated with a tenfold cross-validation, achieving anR2

CV of
0.74 for predicting SOC responses to long-term irrigation and R2

CV of 0.70
for SIC responses (Supplementary Fig. 2).

Among the environmental variables, pH was the most influential
factor for predicting SIC changes, consistent with findings from previous
studies27,31,37, followed by temperature, seasonal variability, and nitrogen
fertilizer. In contrast, the primary predictors for SOC changes were total
nitrogen, phosphorus fertilizer, and nitrogen fertilizer (Fig. 5).

We then applied the validated meta-forest model to generate global
predictions of SOCandSIC responses to irrigation. Finally, we produced the
upscaled maps of SOCyi and SICyi along with their associated uncertainty
distributions (Fig. 5). The global upscalingmaps showed that 54.58% of the
stable cropland would have a decrease in SOC and 60.22% in SIC under
long-term continuous irrigation, relative to the unirrigated cropland. Geo-
graphic heterogeneity in SOC changes was evident, with increases primarily
concentrated in mid-latitude regions such as Europe (Fig. 5a). In contrast,
the decrease in SOCwasmainly concentrated in parts of Asia (Central Asia,
Western India, North China). The uncertainty in SOC estimates was larger
in regions like India, SoutheastAsia, andNorthChina (Fig. 5c). SIC changes
weremostpronounced inAsia andpartsofEurope,withdecreasesprimarily
concentrated in India andChina (Fig. 5b). Previous research has shown that
regions such as South America, the Eastern United States, Central and
Western Europe, and Southeast Asia typically have low SIC due to soil
properties or limitations in soil profile data31. More importantly, the SICyi
prediction has greater uncertainty (Fig. 5d), indicating the need for further
strengthening of soil monitoring and data collection, especially in regions
with high-intensity irrigated areas and in developing countrieswhere data is
scarce41.

Discussion
Our results demonstrated that irrigation has a negative effect on SOC,
especially in surface soils, which was consistent with previous study
results8,44. However, under certain conditions, long-term irrigation pro-
motes SOC accumulation, especially in deep soil (beyond 200 cm), con-
tributing to increased soil carbon storage. As a primarymethod for artificial
regulation of soil water, irrigation directly or indirectly affects the trans-
formation and storage of soil carbon7.We observed that irrigation amounts
between 200–300mm enhanced SOC and SIC accumulation at depths of
10–30 cmcompared tounirrigated cropland.The responses of soil carbon to
irrigation vary significantly under different environmental conditions,
which suggests that theremaybe anoptimal irrigation threshold in a specific
region that can meet the water demand for crop growth and maximize soil
carbon accumulation. Specifically, the mechanisms behind the optimal
irrigation threshold differ for SOCand SIC. For SOC, the accumulation and
decomposition processes of SOC are regulated mainly by microbial activ-
ities, and microbial activity is highly dependent on the soil water status29.
When soil moisture is suitable, microbes efficiently decompose plant resi-
dues and root exudates, releasing carbon dioxide and stabilizing part of the
carbon as SOC45. For SIC, the effects of irrigation are realized primarily by
changing the chemistry of the soil environment. Appropriate irrigation can
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promote the precipitation and accumulation of carbonate, especially in arid
and semi-arid areas, where the rate of carbonate formation is relatively slow,
and irrigation can constantly replenish carbonate on the soil surface,
improving the carbon sequestration capacity5,28.

Our results found that SOC and SIC responses to irrigation are
influenced by different environmental factors (e.g., natural conditions,
topography, management practices), which often vary by geography.
Although we found differences in SOC and SIC responses to irrigation
across different amounts of irrigation water, there are also geographical
constraints in the application of irrigation. Non-irrigated areas may not be
irrigated because it is unnecessary or due to limited access caused by sys-
tematic barriers. Moreover, irrigation methods vary geographically, and
different techniques exert distinct effects on plant water uptake, depending
on crop types, thereby indirectly influencing the SOC and SIC contents of
the field5. Specifically, traditional flood irrigation applied to rice easily leads
to excessive soil moisture, which results in an anoxic environment and
reduces the efficiency of SOC stabilization22. In contrast, precision irrigation
methods, such as drip irrigation and sprinklers, allow for better control of
soil moisture, reduce evaporation and leakage losses, and help maintain
conditions favorable for SOC accumulation14,46,47. Precision irrigation can
further optimize carbonate precipitation conditions by adjusting the che-
mical composition of irrigation water. Subsoil drip irrigation has also been
proven to be an effective method for reducing the outgassing of greenhouse
gases48. Therefore, future inclusion of irrigation practices in different geo-
graphic regions could improve the understanding of irrigation impacts on
global soil carbon changes.

In the scale-upmaps, the worldwide SIC losses are significantly higher
than SOC, especially in China and India. Several factors contribute to this
trend. Firstly, extensive irrigation can lead to SIC leaching into groundwater
through carbonate dissolution, diminishing long-term carbon stability.
Secondly, with global warming and the expansion of agricultural land, the
demand for water resources continues to increase, and warming aggravates
SIC loss in drylands36. In contrast, SOC primarily derives from the
decomposition of plant residues and microbial activity, exhibiting faster
turnover rates andmore seasonal variation, and respondingmore quickly to

environmental changes. The formation of SIC depends on the slow process
of mineral reactions in the soil, and the participation in exchange with the
atmosphere and the biological carbon cycle is much slower13. Once sub-
jected to environmental disturbance, the loss rate of SIC ismuch faster than
that of SOC, and the long-term impact on soil carbon pools is greater, which
could even be difficult to reverse27,49.

Although current soil carbon management practices primarily focus
on SOC, the loss of SIC should not be overlooked from the perspective of
global soil carbon storage and the long-term carbon cycle50. The main
driving forces of this loss risk are the solubility and mobility of SIC. Our
study further analyzed the sensitivity of environmental factors to SOC and
SIC responses along the irrigation amounts, highlighting the significant
moderating role of these factors. Among them, the response curves of SIC
were significantly different in different pH, temperature, nitrogen, and
phosphorus fertilizer groups. Especially in arid and semiarid areas, heavy
use of nitrogenous fertilizer causes soil acidification, and acidification-
induced SIC loss is aggravated30,36,51. Therefore, agricultural irrigation stra-
tegies must focus not only on maintaining and accumulating SOC but also
on protecting SIC. In high-loss risk areas for SIC, refined irrigation and
optimized fertilization strategies should be implemented52. For example,
reducing the overuse of nitrogen fertilizer, increasing the application of
organicmanure53–55, andappropriately using alkaline regulators suchas lime
can improve soil microbial communities, maintain suitable soil pH condi-
tions, and reduce the dissolution and loss of SIC. Additionally, crop rotation
and returning crop residues to the soil can help protect soil carbon pools,
thereby supporting both soil carbon storage and sustainable agricultural
development56.

Limitations and uncertainties
We recognize that the potential bias of source studies for meta-analysis and
theupscaling approachmay affectour global estimates. First of all, regarding
source studies formeta-analysis,most of the primary studies included inour
meta‑analysis originate from regions with low to moderate irrigation
amounts. Consequently, predicted SOC and SIC changes in the
under‑sampled regions display both larger mean responses and larger

Fig. 5 | The graph on the left showed the relative importance of environmental
variables in influencing SOC and SIC responses to irrigation. The graph on the
right showed global patterns of relative percent changes in SOC and SIC in
croplands under long-term irrigation (0–30 cm). a showed the percentage change
in SOC scaled up by applying the meta-forest approach. b showed the percentage
change in SIC scaled up by applying the meta-forest approach. c denoted the
uncertainties in themapped changes of a expressed in termsof the root-mean-square

error (MSE). d denoted the uncertainties in the mapped changes of b expressed in
terms of the root-mean-square error (MSE). The maps were produced by applying
machine learning-based meta-forest models constrained by global soil profile data,
multi-year unchanged cropland, andmulti-year irrigation levels, with a resolution of
25 km. (SOCyi represents the response of SOC to long-term irrigation relative to
unirrigated cropland, and SICyi represents the response of SIC to long-term irri-
gation relative to unirrigated cropland. IWU: multiyear average water use).
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uncertainty. Secondly, the soil profile data usedpertain to croplandswithout
land-use changes in the past 30 years, therebyminimizing carbon loss from
anthropogenic land-use change. However, historic land-use change has
been shown to impact SOC on the centennial timescale57 and could con-
tribute to some of the observed changes in SOC. Thirdly, 10‑fold
cross‑validation of meta-forest models revealed modest shrinkage (Sup-
plementary Fig. 2),whichmayhave led to conservative estimates of themost
extreme SOC and SIC responses during global upscaling. In scale-upmaps,
upscaling results from specific study sites to a global scale revealed geo-
graphic uncertainty, since local environmental andmanagement conditions
may not be fully represented by the prediction results, potentially leading to
overgeneralizationor inaccuracies in global estimates. Specifically, irrigation
practices, timing, and water quality vary significantly across regions,
potentially affecting SOC and SIC differently, and the meta-analyses may
not fully capture these nuances. Irrigation practices vary widely by geo-
graphic region, reflecting local water availability, climatic conditions, and
infrastructural constraints. Fourthly, the idea of space for time could not
capture the potential positive effects due to environmental factors associated
with irrigation9,39,58. The irrigation datawere derived frommulti-source data
products, covering at least 18 years. While this accounts for long-term
irrigation patterns, it assumes that environmental factors across experi-
mental and control groups are either similar or that the effects of environ-
mental factors are relatively very small. In fact, we found significant
differences in changes in SOC and SIC across environmental factors as
indicated by their sensitivity to irrigation in different subgroups. In reality,
irrigation can alter the physicochemical properties of the soil, which in turn
affects the biochemical processes of SOC and SIC production and decom-
position. Furthermore, the crop growth-promoting effects of fertilizer
application, which typically accompanies irrigation, are not sufficiently
captured by LAI alone. For example, pH emerged as the most important
predictor of SIC loss, however, pH is a comprehensive indicator influenced
by multiple factors, such as irrigation, fertilization, and temperature,
reflecting the complex interactions between soil and its environment59. In
summary, we generated the first global-scale, grid-based atlas of the impact
of irrigation on soil carbon, which identifies high-risk areas for the loss of
SOC and SIC in stable cropland, offering insights into soil carbon
sequestration49. In the future, more measured data on SIC in irrigation
practices could help to accurately quantify soil carbon changes, thus facil-
itating stronger regional and global impacts and reliable predictions.

Methods
Data preprocessing
Site‑level measurements of SOC, SIC, and related soil properties were
obtained from the ISRIC World Soil Information Service (WoSIS), sup-
plemented by theGlobal Soil InorganicCarbonDatabase31. The latest global
soil profile database has been quality-controlled using standardized
processes60. To facilitate comparison and analysis, we harmonized Soil
carbon data (SOC and SIC) concentrations into several depth intervals
(0–10 cm,10–30 cm, 30–60 cm, 60–100 cm, 100–200 cm, and 200–500 cm),
using mass‑preserving spline interpolation implemented with the
mpspline2 package in R 4.4.1. Finally, we retained profiles that include SOC
and SIC observations in these standard soil layers. Other soil physical and
chemical properties were similarly standardized to these depth layers.

On the basis of the idea of the space-for-time approach9,43, first, we
categorize the soil profile data according to the irrigation increment of
interest (0–50mm, 50–100mm, 100–200mm, 200–300mm, 300–400mm,
400–500mm). To control for the effects of environmental variables, the soil
profiles of all the experimental (irrigated) and control (unirrigated) groups
should have the same environmental characteristics, which should satisfy
the following conditions:
(1) Terrain. Global elevation data were obtained from the WorldClim

version 261, and the global land was divided into five general landform
types: lowlands (<−50m), plains (−50 to 200m), hills (200–500m),
mountains (500–2000 m), high mountains (2000–4500m), and pla-
teaus (≥4500m).

(2) Soil type and soil texture. The data were obtained from theWorld Soil
Database version 2.062 (HWSD v2.0). The soil type classification
standard was FAO 90 (FAO SOILS PORTAL).

(3) Precipitation. The multiyear precipitation data obtained from
WorldClim version 261 were reclassified into five categories: drought
(≤400mm), semiarid (400–600mm), optimal (600–1000mm), semi-
humid (1000–1400mm), and humid (≥1400mm).

(4) Temperature. The multiyear mean temperature data were obtained
fromWorldClim version 261. The temperature difference between the
control and experimental groups was maintained within 1 °C.

(5) Fertilization. The nitrogen and phosphorus fertilizer data were
obtained from the PANGAEAmaps63. The difference in the amount of
cultivated nitrogen fertilizer applied to the experimental and control
groups was not greater than 1 g·m−2·year−1. The same was true for the
amount of phosphorus fertilizer applied to the experimental and
control groups.

(6) Land use type and tillage intensity. The land use data for 1992-2020
were obtained from the European Space Agency Climate Change
Initiative (ESA CCI)64. The land use data were used to screen the soil
profile data, and the land use type for the experimental and control
groups was cropland that had not changed from 1992 to 2020, and the
4427 soil points were stable cropland (Fig. 6). The tillage intensities of
the arable land in the control group and the experimental group
remained consistent65.

(7) Irrigationwater data. The globalmultiyear agricultural irrigationwater
usage (IWU) data were obtained from Zhang et al.40. In fact, the IWU
was set to be the actual volumeofwater entering the cropland.The time
frame of the IWU data is from 2011-2018, on a monthly scale. Com-
paredwith traditional statistical data, these data have lower variation at
different spatial scales40, with a spatial resolution of 25 km. Further-
more, the global area of irrigation facilities (AEI) is derived fromMehta
et al., and thedata spans theperiod2000–2015,with a spatial resolution
of 5 arcmin. The AEI data are used to determine the historical irriga-
tionduration.Combining theAEIand IWUdata, the soil profiles of the
experimental and control groups were continuously irrigated from
2000 to 2018. IWUdigitalmaps are used to set the amount of irrigation
water of interest.

Meta-analysis
We used a hybrid approach combining space-for-time substitution with
meta-analytic techniques that has been successfully applied in several
studies8,9,18, and we applied this approach to obtain SOC and SIC datasets
differentiated by irrigation amount, including the experimental group (the
irrigation increment of interest, 0–500mm) and the control group (0mm).

We used a random effects meta-analysis to assess the response of SOC
and SIC to irrigation. The “escalc” function in the R package “metafor”was
used to quantify the effect size66. The logarithmic response ratio (InRR) and
the percentage change (P) in the SOC and SIC in the irrigation experiment
were calculated as follows:

InRRi ¼ In
�xit
�xic

ð1Þ

vi ¼
SD2

it

X2
it � nit

þ SD2
ic

X2
ic � nic

ð2Þ

v�i ¼ vi þ r2 ð3Þ

w�
i ¼

1
niðvi þ r2Þ ð4Þ

�InRR� ¼
P

iðw�
i � InRRiÞP
iðw�

i Þ
ð5Þ
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P ð%Þ ¼ ðe InRR* � 1Þ � 100% ð6Þ

γ2 ¼ Qt � ðk� 1Þ
Pk

i¼1wi �
Pk

i¼1
w2
iPk

i¼1
wi

ð7Þ

where �Xit and �Xic represent themean values of the experimental group and
the control group, respectively. vi, where SD2

it and SD2
ic represent the

standard deviations of the experimental group and the control group,
respectively.nit andnic represent thefirst i-th group, the numbers of samples
in the experimental group and the control group,v�i is the total variance of
Group i, r2 is the variance between different groups, andw�

i is the weight of
the first group of studies. Qt The chi-square statistic was used to assess
population heterogeneity among the studies. If Qt if P < 0.05, the residual
differences are significant, and a regressionmodel needs to be introduced to
elucidate the source of the heterogeneity.

Variable importance and scaling-up approach
We introduced explanatory variables to the meta-analysis of the random
effects model, that is, the environmental variables in the irrigation experi-
mental system. We included 23 potential influencing factors. However, the
23 adjustment factors in the meta-regression may overfit the model.
Therefore, we used the R package “Metaforest” in R 4.4.1 to determine the
final potential adjustment factors that need to be included, and the final
filtered environment variables are shown in Fig. 5. Thismeta-forestmethod
is robust to overfitting, and the idea is to combine the variance andweight of
each experiment into themeta-analysismodel43. Therefore, we used ameta-
forest model to determine the relative importance of environmental vari-
ables on SOCand SIC irrigation responses. SOCyi represents the response of

SOC to long-term irrigation relative to unirrigated cropland, and SICyi
represents the response of SIC to long-term irrigation relative to unirrigated
cropland.

Specifically, we preselected 23 predictors in metaforest, used the
“preselect” function of the “metafor” package to repeat the recursive
algorithm 100 times, and iterated this process 10,000 times. We used
the “preselect_vars” function to remove environmental variables that always
have negative importance and use the environmental variables that enhance
the predictive performance to optimize the model38. We then used the
“train” function in the “caret” package to optimize the parameters and
calculated the 10-fold cross-validationR2 to generate themodelwith the best
generalizability. The model performances are R2

OBB = 0.58 and R2
CV = 0.74

for SOCyi prediction, and the model performances are R2
OBB = 0.51 and

R2
CV = 0.70 for SICyi prediction, with the cross-validation results presented

in Supplementary Fig. 2. Finally, the validated meta-forest model is applied
to the global grid data of the predictor variables to estimate the upscaled
SOCyi and SICyi in global irrigated cropland. The relative uncertainty of the
prediction was estimated by the coefficient of variance (C.V., %) of the ten
simulations when training random forest models.

Data availability
All the data used in this study are from publicly accessible data sources.
World Soil Information Service60 (WoSIS) and Global Soil Inorganic Car-
bon Database31 (https://figshare.com/s/26f03972cc42b2e1e09f) provided
quality-assessed and standardized global soil profile data. The soil property
grid data were obtained from SoilGrid 2.067 (https://soilgrids.org/) and the
HarmonizedWorld Soil Database version 2.062 (HWSD v2.0) (https://gaez.
fao.org/pages/hwsd). Terrain data and climate data were obtained from
WorldClim version 261 (https://worldclim.org/). The nitrogen and phos-
phorus fertilizer data in croplandswerederived fromthePANGAEAmaps63

Fig. 6 |Global distribution of multiyear average water use (IWU) on irrigated croplands, with circles indicating study sites for organic carbon at the 0–30 cm soil depth and
triangles indicating study sites for SIC at the 0–30 cm soil depth.
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(https://doi.org/10.1594/PANGAEA.863323), which provides annual esti-
mates from 1900 onward based on national statistics and modeling them-
selves. The tillage intensity data were derived from Liu et al.65 (https://doi.
org/10.6084/m9.figshare.15128076). The global estimation of irrigation
water use (IWU) data was obtained from Zhang et al.40 (https://doi.org/10.
1029/2021WR030031). The global area of irrigation facilities (AEI) was
derived fromMehta et al.2 (https://zenodo.org/records/6886564). Crop type
data was from the 2020 SPAM68 (Spatial Production Allocation Model)
products in the International Food Policy Research Institute (IFPRI)
(https://doi.org/10.7910/DVN/SWPENT). The cropland distribution was
fromESAClimateChange Initiative (CCI)LandCoverMaps64 (https://data.
ceda.ac.uk/neodc/esacci/land_cover/data).

Code availability
All the code was compiled in R 4.4.1. The R code for the full analysis can be
made available from the corresponding author upon reasonable request.
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