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Abstract
Over the last 200 years, conversion of non- cultivated land for agriculture has substan-
tially reduced global soil organic carbon (SOC) stocks in upper soil layers. Nevertheless, 
practices such as no-  or reduced tillage, application of organic soil amendments, 
and maintenance of continuous cover can increase SOC in agricultural fields. While 
these management practices have been well studied, the effects on SOC of crop-
ping systems that incorporate irrigation are poorly understood. Given the large, and 
expanding, agricultural landbase under irrigation across the globe, this is a critical 
knowledge gap for climate change mitigation. We undertook a systematic literature 
review and subsequent meta- analysis of data from studies that examined changes 
in SOC on irrigated agricultural sites through time. We investigated changes in SOC 
by climate (aridity), soil texture, and irrigation method with the following objectives:  
(i) to examine the impact of irrigated agriculture on SOC storage; and (ii) to identify the 
conditions under which irrigated agriculture is most likely to enhance SOC. Overall, 
irrigated agriculture increased SOC stocks by 5.9%, with little effect of study length 
(2– 47 years). However, changes in SOC varied by climate and soil depth, with the 
greatest increase in SOC observed on irrigated semi- arid sites at the 0– 10 cm depth 
(14.8%). Additionally, SOC increased in irrigated fine-  and medium- textured soils but 
not coarse- textured soils. Furthermore, while there was no overall change to SOC in 
flood/furrow irrigated sites, SOC tended to increase in sprinkler irrigated sites, and 
decrease in drip irrigated sites, especially at depths below 10 cm. This work sheds light 
on the nuances of SOC change across irrigated agricultural systems, highlights the im-
portance of studying SOC storage in deeper soils, and will help guide future research 
on the impacts of irrigated agriculture on SOC.
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1  |  INTRODUC TION

Irrigated agricultural land amounts to 275 million ha worldwide and 
accounts for 40% of global food production (The United Nations 
World Water Development, 2014). As consumption per capita in-
creases and greater demand is put on agricultural resources, irrigated 
agriculture is projected to increase by an average of 1.65 million ha 
per year until 2030 (The United Nations World Water Development, 
2014). By enhancing agricultural productivity per unit area of land, 
particularly in arid and semi- arid climates, irrigation may also help 
mitigate greenhouse gas emissions by reducing the rate at which 
unmanaged systems under native vegetation are converted to ag-
ronomic systems, thereby preventing the massive losses of soil or-
ganic carbon (SOC) often associated with land conversion (McGill 
et al., 2018; Poeplau et al., 2011; Wei et al., 2014; Wiesmeier et al., 
2019). SOC and the organic matter in which it is bound are integral to 
maintaining key soil functions in agricultural soils, for example, water 
and nutrient retention, soil microbial activity, and maintenance of 
a healthy physicochemical balance (Trost et al., 2013). These func-
tions, in turn, help maintain agricultural productivity, which is crucial 
for keeping up with the growing demand for food (Wiesmeier et al., 
2016). Irrigation has the potential to affect SOC dynamics in agricul-
tural soils not only by changing soil moisture dynamics and crop pro-
ductivity but also by translocating soluble material through the soil 
profile, by transporting material across the soil surface, and by mod-
ifying the metabolic behaviour of microbial communities (Minasny 
et al., 2017; Tautges et al., 2019; Trost et al., 2013; Xu et al., 2016).

There are three broad types of study that can be used to exam-
ine changes in SOC storage under irrigated agriculture: (i) studies that 
compare SOC in irrigated and rainfed plots; (ii) studies that compare 
SOC in unmanaged ‘natural’ and irrigated plots; and (iii) studies that 
compare SOC in irrigated plots at the beginning and end of an exper-
iment. Studies that compare SOC in irrigated and rainfed field plots 
present the most obvious opportunity for studying the effects of ir-
rigation on SOC, but such experiments can only be conducted in suf-
ficiently humid regions, where crop production is possible (albeit less 
successful) without supplementary irrigation. Given that irrigation is 
needed most in arid/semi- arid regions that do not receive sufficient 
natural precipitation to support commercial agriculture, comparisons 
of SOC in irrigated and rainfed plots cannot capture the effects of ir-
rigated agriculture in the regions where irrigation is most widely ap-
plied. Furthermore, comparisons of SOC in irrigated and rainfed plot 
are often confounded by differences in crop type or planting density. 
Similarly, studies that compare SOC under ‘natural’, or ‘unmanaged’ 
vegetation and adjacent irrigated fields are also confounded by differ-
ences in plant species (i.e. agronomic vs. native species), and by the ef-
fect of land- use conversion, which often causes dramatic losses in SOC 
(Don et al., 2011; Guo & Gifford, 2002; Ogle et al., 2005; Rusinamhodzi 
et al., 2011). Consequently, we chose to focus our analysis on studies 
that compared SOC in the same irrigated plots or fields at the begin-
ning and end of an experiment.

The requirement for irrigation is highest in climatic regions 
where low natural rainfall limits crop productivity. In a recent 

literature review, Trost et al., (2013) calculated that irrigation in re-
gions with a semi- arid climate increased SOC by 11%– 35% relative 
to that under native vegetation, and suggested that this effect was 
heavily influenced by initial SOC levels and was strongest in surface 
soils. However, a recent soil survey of the western Mediterranean 
basin near the Spanish– Portuguese border revealed that SOC stor-
age tends to be greater in irrigated Fluvisols, Luvisols, and Calcisols 
than in equivalent rainfed soils but similar in irrigated and rainfed 
Cambisols (Telo da Gama et al., 2019).

The effect of irrigation on SOC accumulation in more mesic climatic 
regions is even less well defined. In a long- term study at the Kellogg 
Biological Station in Michigan, USA McGill et al., (2018) found that SOC 
increased in irrigated corn fields relative to rainfed controls at a rate of 
1% year−1 for 12 years. By contrast, studies in Brandenburg Country, 
Germany by Ellmer and Baumecher (2002), and Vienna, Austria by 
Dersch and Böhm (2001) found no changes in SOC with irrigation of 
cereal crops in studies ranging from 21 to 65 years. Rotenberg et al., 
(2005) reported that irrigation of vegetable crops at the University of 
Wisconsin's Hancock Agricultural Research Station caused SOC stocks 
to decline by over 18%. Moreover, irrigation of temperate pastureland 
in New Zealand caused SOC to decrease at depth, with losses sub-
stantial enough to negate any increases in SOC near the soil surface 
(Condron et al., 2014). Thus, there is no current consensus on whether 
the overall effect of irrigation on SOC stocks is positive, neutral, or 
negative; and how it varies with climate zone.

As global efforts to reduce greenhouse gas emissions intensify, 
it is more important than ever to investigate the potential for agri-
culture to promote soil carbon sequestration. The degree to which 
SOC is increased, and the relative influence of irrigation compared 
with other confounding agricultural practices on the same site is not 
well documented (Condron et al., 2014; Wiesmeier et al., 2019). The 
few studies that have attempted to quantify the effects of irriga-
tion on SOC have highlighted the difficulty in isolating the effects 
of irrigation per se on SOC from the effects of other agricultural 
management practices; as such, many studies have focussed on 
simple agricultural systems with few other inputs, such as pastures. 
Alternatively, many studies have compared the effects of irrigation 
with freshwater and wastewater on soil properties (Andrews et al., 
2016; Häring et al., 2017; Ramirez- Fuentes et al., 2002). To improve 
our understanding of the impact on SOC of irrigation with freshwa-
ter, we undertook a meta- analysis of the global literature to (i) sum-
marize and characterize changes in SOC in irrigated agriculture; and 
(ii) identify the conditions under which irrigated agriculture is most 
likely to enhance SOC.

2  |  METHODS

2.1  |  Study selection

Each of the studies included in our analysis was an agricultural ex-
periment that included irrigation with freshwater as part of plot 
management, held management practices consistent throughout 
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the trial, and measured SOC at least twice during the study. The use 
of irrigation was the unifying theme for selecting studies to include 
in our analysis. However, a variety of other management practices 
were also applied in each study, including tillage, crop rotation, ma-
nure and fertilizer application, etc.; selected study sites were also 
planted to a range of crop types and were irrigated using diverse 
methods. Thus, we determined that it was not possible to isolate the 
effect of irrigation per se on SOC stock using our approach. Instead, 
our aim was to characterize trends in SOC under ‘irrigated agricul-
ture’, which includes a suite of diverse management practices. To 
that end, peer- reviewed research papers were selected from Web of 
Science and Google Scholar using the following search string:

agric* AND irrigat* AND (("soil carbon" OR (soil 

AND "inorganic carbon")) OR "soil nitrogen" OR 

"soil pH") NOT (rice OR tropic* OR forest*) OR  

(agricultur* OR farm*) AND (irrigat*) AND (soil 

NEAR/2 (carbon OR nitrogen))

Research papers were then systematically assessed to determine 
their suitability for inclusion in the meta- analysis using a set of pre-
defined criteria (Supporting Information S1). Only data from field 
studies were included (i.e. no greenhouse or laboratory studies). 

Also excluded were (i) data from experiments conducted in rice 
paddies or forests; (ii) papers that provided insufficient detail about 
study design; (iii) papers that included only one growing season; and 
(iv) papers that used irrigation water sources other than fresh water. 
The final literature search was completed on 14 January 2019, and 
included studies published from January 1985 to July 2018, with 
68.6% published after 2010 (Figure 1). Although our initial intention 
was to characterize changes in SOC, soil inorganic C (SIC) and total 
soil N associated with irrigated agriculture (Supporting Information 
S1), we found few relevant SIC and total soil N data; as a conse-
quence, we chose to focus our meta- analysis on SOC only. Manual 
screening of papers that passed these filters resulted in 35 eligible 
studies, covering 42 study sites, and including 297 observations; 
38.5% of the study sites were located in North America, 20.5% in 
Asia, 25.6% in Europe, 2.6% each in the Middle East and Africa, and 
5.1% each in South America and Oceania (Figure 2).

2.2  |  Data collection

We compiled SOC data from all papers that met the selection cri-
teria described above. Soil organic C data collected at the time of 
treatment establishment (i.e. ‘time 1’) were considered data from 

F I G U R E  1  Count of publications 
included in meta- analysis dataset by year 
of publication

F I G U R E  2  (a) Spatial distribution of study sites included in the meta- analysis, including 297 observations from 42 study sites. (b) 
Breakdown of study sites included in meta- analysis dataset, by geographical area [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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the control treatment and SOC data collected at least 1 year after  
the study was established (i.e. ‘time 2’) were considered data from the  
‘experimental’ treatment. If multiple years of post- treatment SOC 
data were reported, data were taken from the final year of the study 
only, to avoid pseudo- replication.

Most papers reported SOC data as either C concentration (i.e. 
SOC kg−1 dry soil) or C stock (Mg SOC ha−1). Given that changes in SOC  
stock most accurately reflect changes in soil carbon storage, SOC 
concentration data were converted to SOC stocks, when necessary, 
using the following equation:

where SOCconc. is soil the organic carbon concentration in g kg−1, 
BD is the bulk density in g cm−3, t is the thickness of the depth in-
crement (cm), and 0.1 is the conversion factor for Mg ha−1. Despite 
its importance for determination of soil properties and SOC stock, 
BD was reported in only 43% of the included studies. We used a 
random forest (RF) algorithm to estimate the missing bulk density 
values for each soil depth category, using all available predictor vari-
ables, in a manner analogous to a pedotransfer function (Supporting 
Information S2; Akpa et al., 2016; Chen et al., 2018; Sequeira et al., 
2014). RF works by combining a large number of regression trees, 
trained using bootstrap aggregation, to build a robust predictive 
model that is resistant to noise in the data (Breiman, 2001). The R 
code for this RF model is available at https://github.com/dsemd e/
Emde- et- al.2021- public.

When data were presented in figures, rather than tables, values 
were estimated using WebPlotDigitizer (https://apps.autom eris.io/
wpd/). Standard deviation (SD) and number of replicates (n) were 
also recorded. Only 30% of the papers reported SD or standard 
error (SE). Where SE was reported, the SD was calculated as

where SE is the standard error and n is the number of observations. If 
no SD or SE was reported, the SD was estimated using the mean coef-
ficient of variation (Jerabkova et al., 2011).

Categorical and continuous meta- data that could be used as 
possible predictors of irrigation- related changes in SOC were also 
collected from each study (Table 1). When key meta- data were not 
provided, they were estimated, where possible. Missing elevation 
data were filled in using longitude and latitude values reported in 
the paper and the rasterized ETOPO1 Global Relief Model (Fick & 
Hijmans, 2017). Average temperature and precipitation data were 
typically reported for the specific study period; however, there were 
cases where a standard 30- year average was reported instead. In 
light of this, longitude and latitude data were again used to extract 
30- year averages from global rasters from world clim.org for all sites, 
to both standardize the existing values and fill in those that were 
missing.

Soil depth measurements varied between studies. To standardize 
comparisons among studies, data were placed in soil depth catego-
ries based on the most common sample depths across all studies: 0– 
10, 10– 20, 20– 30, and 30+ cm. Data from studies that sampled soils 
outside of these ranges were standardized, as described in Angers 
and Eriksen- Hamel (2008). That is, values were fitted to a specific 
depth category by first finding the median of the reported depth 
increment, and then determining the depth category into which the 
median value fell. Where studies reported more than one SOC mea-
surement in one depth category, a single value was calculated, using 
a weighted average.

Given that climate is a strong determinant of irrigation require-
ments and the impact of irrigation on SOC (Trost et al., 2013), we 
believed it was important to identify climate zones both accurately 
and consistently across sites. Therefore, a rasterized GeoTIFF con-
taining global aridity index values was used along with climate de-
lineations outlined in Trabucco and Zomer (2018) to determine the 
aridity index and a more fine- grained aridity category for each study 

(1)SOCstock(Mg C ha− 1) = SOCconc. × BD × t × 0.1,

(2)SD = SE ×

√

n,

TA B L E  1  Summary of variables collected from included studies, with the three main analysis categories shown in bold. Data in 
parentheses indicate the percentage of study sites that reported each variable

Site details Agricultural details Irrigation details Sample collection

Geographical location (100) Crop type (100) Years since irrigation (100)a  Study scale (100)

Elevation (59.2) Multiple crops/rotation (100) Irrigation method (92.1) Sample depth (100)a 

Avg. annual precip. (76.3) Tillage frequency (68.4) Irrigation water source (98.7) Soil bulk density (43.0)a 

Avg. annual temp. (39.5) Tillage type (78.9) Irrigation water pH (9.2) Soil texture (% sand/clay) (97.4)a 

Climate (80.3) Crop residue removal (77.6) Irrigation water HCO3 (2.6) Soil pH (52.6)a 

Aridity index (100)b  Grazing status (88.2) Irrigation water calcium (3.9) Number of samples (n) (100)a 

Use of cover crops (96.0) Irrigation water Organic C (0) Organic C (incl. SD) (30.0)a 

Inorganic N application (90.8) Irrigation water N (2.6)

Herbicide use (65.8)

Organic matter application (92.1)

Inorganic C application (90.8)

aData were collected separately for the control and experimental treatments.
bAridity Index was collected from a rasterized GeoTIFF using reported longitude and latitude values.

https://github.com/dsemde/Emde-et-al.2021-public
https://github.com/dsemde/Emde-et-al.2021-public
https://apps.automeris.io/wpd/
https://apps.automeris.io/wpd/
http://worldclim.org
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location. Aridity index was calculated as the ratio of precipitation 
to potential evapotranspiration according to the following equation:

Aridity index categories: arid (0.03– 0.2), semi- arid (0.2– 0.5), dry 
sub- humid (0.5– 0.65), and humid (>0.65; Trabucco & Zomer, 2018).

Other categorical variables were designated using similar ap-
proaches to those in previous meta- analyses. For example, crop in-
formation was converted from the originally reported crop species 
to one of three categories indicating the dominant crop type for the 
study period, as outlined by Aguilera et al., (2013). These catego-
ries were as follows: cereals, including crop rotations in which ce-
reals were the dominant crop; horticulture, including crop rotations 
in which vegetables were the dominant crop; and woody perennial 
crops, including orchards and vineyards (Supporting Information 
S3). Crop types were considered dominant if they accounted for the 
greatest portion of the crops in rotation, and present in the study 
plot for the greatest portion of the study period. Soil texture cat-
egories were grouped according to Jian et al., (2020) as coarse- , 
medium- , or fine- textured, based on USDA soil texture categories. 
Coarse- textured soils included sand, loamy sand, and sandy loam; 
medium- textured soils included sandy clay loam, loam, silt loam, and 
silt; and fine- textured soils included clay, sandy clay, clay loam, silty 
clay, and silty clay loam. Finally, study duration categories were de-
termined as in Xu et al., (2019): short term (≤5 years), medium term 
(6– 15 years), and long term (>15 years).

2.3  |  Publication bias

Publication bias was analysed using both funnel plots (including 
trim/fill methods; Halupka & Halupka, 2017; Viechtbauer, 2010) and 
Rosenberg's failsafe N (Rosenberg, 2005). Using these measurements, 
the likelihood of publication bias was assessed as non- problematic 
(Supporting Information S4 and S5) and is not discussed further.

2.4  |  Meta- analysis

In meta- analysis, either a fixed effect or random- effect model can be 
generated. If the dataset is sufficiently large and there is very small 
inter- study heterogeneity, a fixed effect model may be used (Bashir 
& Conlon, 2018; Field & Gillett, 2010). However, our meta- analysis 
consisted of studies from around the world, including sites with a 
broad range of SOC contents and soil characteristics; we therefore 
adopted a random- effect approach.

We used natural logarithmic response ratios to calculate the 
relative effect sizes of various management practices, environmen-
tal factors, and physicochemical characteristics over time in ‘ex-
perimental’ (time 2, as described above) plots relative to ‘controls’ 
(time 1, as described above). This metric allowed us to compare the 

proportional change in SOC across studies in our global dataset 
(Gurevitch et al., 2018; Hedges et al., 1999). Response ratios were 
calculated as:

where SOCTIME 1 is the soil organic carbon stock at ‘time 1’ and 
SOCTIME 2 is the soil organic carbon stock at ‘time 2’. To interpret effect 
size more easily, response ratios were further transformed into percent 
SOC stock change:

where RRTIME 1 v TIME 2 is the log- transformed response ratio used to 
compare the change in SOC stock between ‘time 1’ and ‘time 2’ as de-
scribed in Equation (4). According to this equation, negative ΔSOCstock 
values indicate a loss of SOC stock over time, positive values indicate 
a gain in SOC stock over time, and values of ‘0’ indicate no change be-
tween ‘time 1’ and at ‘time 2’. That is to say, these analyses were used 
to assess the effect of irrigation on total carbon storage.

Soil organic carbon change rate was calculated using the values 
from Equation (5) in combination with each individual study duration 
as follows:

where ΔSOCstock and study duration (in years) differed on a per- 
study basis. To further examine the importance of study duration on 
changes in SOC storage in irrigated agriculture, we additionally placed 
each data point into one of three study duration categories: short 
(≤5 years between initial [t1] SOC measurement and final [t2] SOC 
measurement), medium (6– 15 years) and long (>15 years; Supporting 
Information S8).

Data analyses were conducted by soil sample depth category 
as well as for the full soil profile, because previous meta- analyses 
have shown that sample depth is a strong predictor of management- 
caused changes in soil carbon storage (Bai et al., 2019; Du et al., 
2017). To explore the importance of soil properties, climatic fac-
tors, and management practices on changes in SOC stocks and 
SOC change rate, we used a combination of simple linear regression 
(for continuous explanatory variables) and ANOVA (for categorical 
explanatory variables) as appropriate. From these analyses, we se-
lected a sub- set of variables that best explained changes in SOC (i.e. 
aridity class and irrigation method), or that warranted further ex-
ploration due to their well- documented importance in determining 
SOC storage (i.e. soil texture). The weighted means and SDs of this 
sub- set of explanatory variables were determined using the R pack-
age ‘Weighted.Desc.Stats’ (Parchami, 2016). These estimators and 
their 95% confidence intervals are reported in Figure 3. Treatment 
effects were considered significant if their 95% confidence interval 
did not cross 0.

(3)Aridity Index =
Mean annual precipitation

Mean annual reference evapo - transpiration
.

(4)RRTIME 1 vs TIME 2 =

(

SOCTIME 2

SOCTIME 1

)

,

(5)ΔSOCstock(% ) = (eRRTIME 1 v TIME 2 − 1) × 100,

(6)SOCstock change rate(% year− 1) =
ΔSOCstock

study duration
,
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All analyses were carried out in R version 3.6.3 and 4.0.0 (R Core 
Team, 2020). The meta- analyses were conducted using the ‘metafor’ 
package (Viechtbauer, 2010). Simple linear regressions were carried 
out using the linear model function (lm), and ANOVA was carried out 
using the ANOVA function (aov) with Tukey's HSD (TukeyHSD) used 
as an a posteriori test.

3  |  RESULTS

3.1  |  Overall changes by depth increment

Overall, irrigated agriculture increased SOC stocks by 5.9% (black 
data point in the Full Profile panel of Figure 3). Analyzed by depth 
increment, irrigated agriculture increased SOC by 10.9% at the 
0– 10 cm depth, but did not cause significant changes in SOC at the 
10– 20, 20– 30, or 30+ cm depths.

3.2  |  Effects of climate, texture, and 
irrigation method

Based on our understanding of the drivers of SOC storage, several 
explanatory variables were initially considered for their possible 
importance in modifying the strength and direction of changes in 
SOC stocks caused by irrigated agriculture (Table 1). According to 
the criteria used to select variables included in the final analysis 
(Supporting Information S6), we found that aridity class, irriga-
tion method, and soil texture were strong predictors of change 
in SOC in irrigated agricultural systems. The utility of study du-
ration as a predictor of changes in SOC is discussed separately 
below. Average annual precipitation, average annual temperature, 
elevation, crop type, and other management practices had no or 
only minor importance and are not discussed further (Supporting 
Information S6).

3.2.1  |  Effects of aridity

In general, irrigated agriculture increased SOC stocks in drier climates 
(Figure 3). In arid regions, for example, mean SOC increased by 5.9% 
at the 0– 10 cm depth; 17.2% at the 10– 20 cm depth; and 14.8% at 
the 30+ cm depth (Figure 3). Changes in SOC at the 20– 30 cm depth 
were not statistically significant. In semi- arid regions, SOC increased 
by 14.8% at the 0– 10 cm depth and 4.1% at the 20– 30 cm depth, with 
no statistically significant changes at other depths. In dry sub- humid 
regions, SOC increased by 4.6% at the 0– 10 cm depth, and showed no 
statistically significant changes at the 20– 30 cm and 30+ cm depths 
(there were no data available for the 10– 20 cm depth). Irrigated agri-
culture in humid regions appeared to reduce SOC stocks at the 0– 10 
and 10– 20 cm depths, but this is based on only two data points.

3.2.2  |  Effects of soil texture

Over the whole profile, irrigated agriculture increased SOC stocks 
in medium-  and fine- textured soils but not in coarse- textured soils 
(Figure 3). However, results varied by depth (Figure 3). In coarse- 
textured soils, irrigated agriculture reduced SOC at the 20– 30 cm 
depth (−11.5%) but had no significant effect at other soil depths. In 
medium- textured soils, irrigated agriculture increased SOC at the 
0– 10 cm (16.8%), 10– 20 cm (5.2%) and 30+ cm (7.0%) depths but had 
no significant effect at the 20– 30 cm depth. In fine- textured soils, ir-
rigated agriculture increased SOC at the 0– 10 cm depth (12.9%) and 
20– 30 cm (4.7%) depths, and reduced SOC at the 10– 20 cm (−5.4%) 
and 30+ cm (−8.0%) depths.

3.2.3  |  Effects of irrigation method

Overall, SOC stocks increased significantly under sprinkler irrigation 
(9.5%) and showed no significant change in drip and flood/furrow 

F I G U R E  3  Change in soil organic carbon (SOC) stocks in irrigated agricultural systems by depth increment and climatic category, soil 
texture category, and irrigation method. Depth increments are indicated at the top of each panel. Filled circles with error bars represent the 
mean change in SOC and their respective 95% CI. Where 95% CI does not overlap 0% (indicated by a vertical red line), SOC has significantly 
changed over time. Data points may contain studies of varying duration; however, a majority of study durations were <5 years. The numbers 
to the right of each data point indicate the total number of observations that were used to calculate the mean [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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irrigated systems. The strength and direction of changes in SOC 
stocks also varied by irrigation method and soil depth (Figure 3). 
Drip irrigation increased SOC at the 0– 10 cm depth (5.5%) but re-
duced SOC at the 10– 20 cm (−5.9%), 20– 30 cm (−14.8%), and 30+ cm 
(−5.3%) depths. By contrast, sprinkler irrigation increased SOC at 
the 0– 10 cm depth (19.4%), reduced SOC at the 10– 20 cm depth 
(−3.6%), and caused no change in deeper soils. Flood/furrow irriga-
tion increased SOC at the 20– 30 cm depth (8.9%), reduced SOC at 
the 30+ cm depth (−8.5%), and caused no change in shallower soils.

3.3  |  Effects of study duration

Although the t1 data used in our study were collected at the beginning 
of the published experiments, there is always the possibility that previ-
ous agricultural practices, including irrigation, carried out on the plots 
prior to these experiments may have had carry- over effects. However, 
we investigated the past history of each experimental site to ensure 
that differences in SOC between the beginning and end of each exper-
iment were not confounded by recent land- use change, for example, 
conversion from ‘non- agricultural’ or ‘unmanaged’ land (Supporting 
Information S7). Although site management history was not consist-
ently well documented, most of the selected studies were carried out 
on well- established agricultural research sites (52.8%); several of the 
remaining studies were carried out on long- term commercially man-
aged sites or on sites with otherwise less well- documented manage-
ment histories. Only two studies (Sainju et al., 2014; Undersander & 
Ger, 1985) appear to have been conducted on land that had recently (2 
and 3 years prior, respectively) been converted from a ‘natural’ system 
to an agricultural system. Therefore, we are confident that most stud-
ies included in this analysis had not recently undergone land- use con-
version from ‘natural’ systems. If the start of a given experiment had 
coincided with the initiation of irrigation, however, then the change in 
SOC we observed might also be confounded by the effects of changes 
in management practices. However, our assessment of the study site 
descriptions from each publication suggests that most experimental 
plots had already been irrigated as part of previous management prac-
tices, that is, prior to ‘t1’. Therefore, overall, the changes in SOC we 
observed appear to be caused by the suite of practices associated with 
irrigated agriculture, rather than by recent changes in management or 
land use.

The treatment effects described above do not account for dif-
ferences in study duration, that is, the fact that treatment effects 
may increase, decrease, or change direction with time. In many 
cases, there were too few studies to draw conclusions about the 
effect of study duration on treatment effects when separated by 
study and soil depth categories (Supporting Information S9– S11). 
Nevertheless, there were sufficient data to examine the effects of 
short-  and medium- term study duration on changes in SOC at the 
0– 10 cm depth in (i) semi- arid climates; and (ii) under sprinkler irri-
gation (Figure 4).

In semi- arid climates, across irrigation methods and soil tex-
ture categories, irrigated agriculture increased SOC storage at the 

0– 10 cm depth in short- term studies, but not in medium- term stud-
ies; only one study reported changes in SOC over the longer term. In 
sprinkler- irrigated systems, across climate types and soil texture cat-
egories, irrigated agriculture caused similar increases in SOC stor-
age at the 0– 10 cm depth over both the short and medium terms; 
again, only one study reported changes in SOC over the longer term. 
Clearly, longer- term monitoring of changes in SOC storage in irri-
gated systems is needed, although this analysis shows that even a 
few years of irrigation can cause changes in SOC.

We also examined the importance of study duration on changes 
in SOC storage by calculating the rate of change in SOC (i.e. % 
change in SOC divided by study duration; Supporting Information 
S12– S14), by depth increment. We found few discernible patterns in 
the data. At the 20– 30 cm depth, however, SOC decreased signifi-
cantly at a rate of −0.38%C year−1 under drip irrigation (Supporting 
Information S14).

3.4  |  Effects of initial SOC stock

There was a slight negative relationship between initial SOC stock 
and the % change of SOC in irrigated agriculture at the 0– 10 cm 
depth (p = 0.04), suggesting that irrigated agriculture is more likely 
to increase SOC in soils with lower initial SOC contents than in soils 
with higher initial SOC contents (Figure 5). Soils in arid climates 
tended to have lower initial SOC contents, while soils in semi- arid 

F I G U R E  4  Change in soil organic carbon (SOC) stocks by 
study duration at the 0– 10 cm depth increment for semi- arid, and 
sprinkler irrigated sites. Filled circles with error bars represent 
the mean change in SOC and their respective 95% CI. Where 
95% CI does not overlap 0% (indicated by a vertical red line), 
SOC has significantly changed over time. The numbers to the 
right of each data point indicate the total number of observations 
used to calculate the mean [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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and dry sub- humid climates showed a wide range in initial SOC con-
tents. It should be noted, however, that initial SOC stock explained 
only a very small portion of the variation in change in SOC stock 
(R2 = 0.02). No significant, discernible pattern was evident at greater 
soil depths (data not shown).

4  |  DISCUSSION

This study assessed overall trends in SOC storage in irrigated agri-
cultural systems across the globe by compiling and analysing data 
from 35 published studies (Supporting Information S1). In most 
cases, the studies used in this analysis (list of included studies can 
be found in Supporting Information S15) did not aim to examine 
the effects of irrigation on SOC per se, but were included in our 
meta- analysis because they reported data that could be used to as-
sess the impact that irrigated agriculture has on SOC stocks across 
our study categories. The use of irrigation was the single unifying 
theme for selecting these studies to include in our analysis. We 
found that irrigated agriculture tends to increase SOC stocks (by 
5.9% overall), and that the effects are strongest in surface soils. Of 
the 32 explanatory variables that we considered (Table 1), aridity 
and irrigation method had the strongest effect on the scale and 
direction of change in SOC under irrigated agriculture. Average 
annual precipitation, average annual temperature, elevation, crop 
type, and other management practices (e.g. tillage) had no or only 
minimal importance as explanatory variables. We also assessed 
the role of soil texture in mediating changes in SOC under irrigated 
agriculture, due to its well- documented importance in controlling 
SOC storage.

4.1  |  Climate

Irrigation in arid and semi- arid regions was associated with larger in-
creases in SOC than irrigation in wetter climates (although there were 
fewer data points for dry sub- humid and humid regions). Warmer 

soil temperatures promote evapotranspiration, which drives irriga-
tion water demand upward. Thus, more irrigation water was likely 
applied in studies conducted in arid/semi- arid regions than in more 
humid regions (Dong et al., 2015; Schütt et al., 2014). Irrigation in 
water- limited environments increases plant productivity, which can 
result in greater carbon inputs to the soil; however, wetting soils may 
also stimulate microbial activity, which can result in the loss of soil 
carbon due to increased mineralization of SOM (David et al., 2018; 
Dong et al., 2015). These two factors (increased plant productivity 
and accelerated microbial decay of SOM) thus act in opposite direc-
tions with respect to the accumulation of SOC. Our results indicate 
that the effect of irrigation on plant growth outweighs the effect 
on SOM decay by microbes (carbon mineralization), particularly in 
surface soils of arid and semi- arid regions.

Assuming that irrigated agriculture improves plant growth (via 
increased photosynthetic carbon fixation) and, consequently, sur-
face litter and belowground (root) carbon inputs (Denef et al., 2008; 
Gillabel et al., 2007), the greatest improvements in SOC can be 
expected to extend from the soil surface to the maximum rooting 
depth, with smaller changes below the rooting zone (Trost et al., 
2013). Data from semi- arid plots generally support this reason-
ing, with the greatest improvements in SOC at the 0– 10 cm depth, 
smaller increases at the 20– 30 cm depth, and no significant change 
at 10– 20 and 30+ cm depths. By contrast, data from arid plots 
showed the greatest improvements in SOC at the 10– 20 cm and the 
30+ cm depths. Although available data for irrigated arid sites are 
clearly limited, this pattern might be expected for crops that root 
more deeply to scavenge for available water lower in the soil profile 
(Guswa, 2008). This finding is particularly relevant because SOC that 
accumulates at depth is considered relatively resistant to decompo-
sition (Das et al., 2017; Minasny et al., 2017).

The contrasting changes in SOC storage at depth in arid and semi- 
arid sites could also reflect alterations in soil hydrology caused by the 
downward percolation of applied water. Again, such an effect would 
likely be strongest in the driest agricultural regions because of the 
requirement for more frequent and/or greater irrigation. Repeated 
wetting and drying, such as that which occurs over irrigation cycles, 

F I G U R E  5  Change in soil organic 
carbon (SOC) stocks by initial SOC stock 
at the 0– 10 cm depth increment for arid, 
semi- arid, dry sub- humid, and humid 
climate zones (R2 = 0.0202; p = 0.0423)
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can promote the formation of water- stable and micro- aggregates by 
altering cohesion and fragmentation processes in the soil; soil ag-
gregation enhances both water- holding capacity and water infiltra-
tion (Trost et al., 2013). Improved infiltration of water can positively 
influence SOC storage at depth by translocating soluble carbon 
downward in the soil profile, where it can be readily sorbed onto 
unsaturated soil particles and, thus, protected from mineralization 
(Minasny et al., 2017; Tautges et al., 2019; Xu et al., 2016).

Few data have been published on the effects of irrigated agri-
culture on SOC storage in wetter climates, no doubt owing to the 
reduced need for irrigation in such regions. Our analysis detected a 
small, but significant, increase in SOC in irrigated dry sub- humid re-
gions at the 0– 10 cm depth but not at deeper depths, and a decrease 
in SOC at all depths in humid regions (although data were only avail-
able from one humid site). This is more or less in line with long- term 
(>10 years) studies conducted in sub- humid, humid, and tropical sites 
in Ethiopia and Brazil, which found no significant change in the SOC 
content with irrigation (De Bona et al., 2008; Getaneh et al., 2007). 
These studies were not included in our meta- analysis because they 
either did not report required study details (De Bona et al., 2008) or 
did not meet our criteria regarding consistent management practices 
(Getaneh et al., 2007), but their findings provide useful insights into 
the response of SOC to irrigation in wetter climates.

In their review of a number of long- term agricultural studies, 
Trost et al., (2013) reported that increases in SOC due to irrigation 
depended not only on climate but also on initial SOC levels: humid 
and semi- arid sites with higher initial SOC tended to show low or no 
increase in SOC storage while arid and semi- arid sites with lower 
initial SOC tended to show greater increases in SOC storage. While 
our analysis broadly supports a negative relationship between initial 
SOC storage and the scale and direction of changes in SOC storage 
in response to agricultural irrigation, this relationship was nuanced. 
While the greatest increases in SOC were indeed found in sites with 
lower initial SOC levels, so too were the greatest losses (Figure 5). 
The higher variability in changes in SOC storage observed for irri-
gated sites with initially lower SOC levels may simply be due to the 
fact that a greater number of studies have been conducted on sites 
with lower initial SOC stocks.

4.2  |  Soil texture

Soils with a larger fine fraction tend to have a greater SOC storage 
capacity and, therefore, are expected to show greater increases in 
SOC due to irrigation (Wiesmeier et al., 2019; Zhong et al., 2018). 
With increases in clay content, irrigation is expected to favour for-
mation of micro- aggregates (Trost et al., 2013; Wagner et al., 2007). 
As micro- aggregate formation increases, average pore size is de-
creased (Hassink et al., 1993). Since pore size determines accessibil-
ity of organic matter to microbes, a higher proportion of micro- pores 
has the potential to decrease SOC mineralization (Xu et al., 2016). 
Overall, there was a trend towards larger gains in SOC in soils 
with fine or medium textures than in soils with coarse textures, as 

expected. However, SOC storage increased more consistently in 
medium- textured soils than in fine- textured soils, where SOC actu-
ally declined at the 10– 20 and 30+ cm depths.

Differences in the response of SOC by soil depth in fine- textured 
soils may be associated, at least in part, with the downward trans-
location of soil particles during the percolation of irrigation water. 
In a study examining changes in soil properties of historically flood- 
irrigated fields that have been converted to drip irrigation, Puy et al., 
(2017) showed that soils directly under drippers had a higher ratio 
of coarse/fine particles than adjacent, unirrigated soils in the same 
field. This suggests that irrigation has the potential to shift SOC dy-
namics by translocating clay particles downward, thereby decreas-
ing the proportion of the fine fraction in irrigated surface soils and 
altering soil hydrological properties at all depths (Warrington et al., 
2007). Similarly, Drewry et al., (2020) found that soil bulk density in-
creased, and macroporosity declined, in irrigated pastures and crop-
land in New Zealand. Further work examining changes in soil texture 
over time due to irrigation and at depth is necessary to better un-
derstand the role of soil texture in mediating irrigated agriculture- 
related changes in SOC, particularly on arid and semi- arid sites, 
where irrigation is employed most intensely.

4.3  |  Irrigation method

The effect of irrigated agriculture on SOC storage also varied 
strongly by irrigation method and soil depth. In general, drip irriga-
tion caused an increase in SOC storage in surface soils and a de-
crease in SOC storage below 10 cm, while sprinkler and flood furrow 
irrigation showed no consistent pattern with soil depth. Irrigation 
method likely plays an important role in determining the effects of 
irrigation on SOC content in agricultural soils by mediating changes 
in hydrological and physicochemical properties that vary with 
depth. In flood- irrigated agricultural plots established in the 10th– 
13th centuries current era that were converted to drip irrigation, 
areas directly under drippers showed increases in SOC and marked 
textural changes, as discussed in Section 4.2, whereas those adja-
cent to the drip zone lost SOC, likely due to increased SOC oxida-
tion and reduced inputs of fresh plant biomass (Puy et al., 2017). 
Given that inputs of both water and fertilizer (e.g. via fertigation) 
are much more localized under drip irrigation, the positive effects 
of irrigation on SOC are limited to those areas directly under the 
drippers (Kallenbach et al., 2010; Puy et al., 2017; Sánchez- Martín 
et al., 2008). Differences in the distribution of water among irriga-
tion methods (i.e. highly localized under drip irrigation vs. more uni-
form under flood/furrow and sprinkler irrigation) may account for 
the observed differences in SOC contents among irrigation methods 
reported here. This raises the possibility that soil sampling strate-
gies influenced our results. For example, the drip irrigation studies 
included in our meta- analysis largely employed composite sampling, 
which included randomized sample locations across a plot, without 
defining whether those samples came from the ‘wetted bulb’ under 
the drippers; only one study specified that sampling was conducted 



    |  3907EMDE Et al.

directly within the drip zone. To properly capture the effects of drip 
irrigation on SOC from the perspective of atmospheric greenhouse 
gas mitigation and large- scale carbon stocks, sampling must be de-
signed to represent the entire gradient of soil moisture contents 
across each plot.

Soil organic carbon stocks under drip- irrigated agriculture 
decreased with depth in our analysis; however, it is difficult to 
know whether this reflects the sampling issues outlined above. 
Nevertheless, given the results from Puy et al., (2017), it seems likely 
that the pattern shown in Figure 3 is a reasonable representation of 
field- scale effects of drip irrigation on SOC. In addition to the highly 
localized placement of water caused by drip irrigation, careful con-
trol of irrigation volumes to prevent deep percolation of water under 
drip irrigation restricts drainage of water beyond the rooting zone 
(Sanchez- Martín et al., 2010). Therefore, the observed decrease in 
SOC at depth is likely due to decreased microbial activity and/or re-
duced root inputs outside the ‘wetted bulb’ beneath drip emitters 
(Liu et al., 2008; Wiesmeier et al., 2019).

Less spatially discrete irrigation methods, such as flood/furrow 
and sprinkler irrigation, can increase the availability of soil water 
to both crop-  and non- crop plant species. Indeed, the largest gains 
in SOC storage were observed in surface soils under sprinkler irri-
gation, which generally applies water across the entire surface of 
an agricultural field (i.e. to both crop and non- crop plants). While 
the growth of weeds and other non- crop plants may be counter 
to the objectives of conventionally managed/precision agricul-
ture, they can also contribute to increased SOC stocks (Moonen 
& Bàrberi, 2008; Petit et al., 2011). For example, inter- row spaces 
in orchards and vineyards are increasingly recognized as valuable 
targets for enhancing SOC stocks in agricultural soils (Midwood 
et al., 2020; Puy et al., 2017; Trost et al., 2013). Shifting the SOC 
dynamic for a whole agricultural field via irrigation may have no-
table benefits for long- term SOC change in agricultural soils, but 
the inherent inefficiency of applying irrigation water to support 
the growth of both crop-  and non- crop species may not be sus-
tainable as global demand for irrigation water increases (Levidow 
et al., 2014; Puy et al., 2017; The United Nations World Water 
Development, 2014). As such, historically flood- irrigated agricul-
tural fields are increasingly transitioning to more efficient drip irri-
gation systems (Puy et al., 2017). While this shift to drip irrigation 
may increase water use efficiency and decrease infrastructure- 
related CO2 emissions, our results demonstrate that there are 
potentially far- reaching environmental trade- offs (i.e. reductions 
in SOC storage in deeper horizons) involved in adopting precision 
irrigation practices on a global scale.

4.4  |  Limitations and potential for future 
study direction

Our data show that, overall, irrigated agriculture can increase SOC 
at all depths, but effects vary widely among climate categories, soil 
textures, and irrigation methods. Our results show that in semi- arid 

sites, SOC increased across the full soil profile under irrigated agri-
culture (Figure 3), but it remains unclear whether increases in SOC 
due to irrigated agriculture are sufficient to reverse the frequently 
reported losses of SOC caused by the conversion of natural, unman-
aged ecosystems to agricultural systems. Furthermore, increased 
SOC was associated with fine-  and medium- textured soils at the 
0– 10 cm depth but patterns were less clear in deeper soils, sug-
gesting that downward percolation of finer- textured particles may 
play an important role (Puy et al., 2017; Warrington et al., 2007). 
Observed differences in the pattern of change in SOC storage 
among irrigation methods, by contrast, offer direct insights into the 
effects of agricultural management practices on soil C dynamics 
but also highlights the difficulty in balancing management to maxi-
mize SOC storage and other environmental considerations, such as 
protecting water availability (Puy et al., 2017; Velasco- Munoz et al., 
2019). Consequently, any prescriptive changes in irrigation manage-
ment practices aimed at increasing SOC stocks must consider re-
source availability and the interactive effects of other management 
practices that are not directly discussed here.

In their review, Trost et al.,(2013) estimated that irrigation of 
semi- arid sites can increase SOC storage by 11%– 35%. Trost et al., 
(2013) used different inclusion criteria for their calculations: they in-
cluded comparisons of rainfed and irrigated fields and comparisons of 
un- cultivated and irrigated fields, which we systematically excluded 
from our analysis because of low study numbers and confounding 
effects such as differences in plant species (i.e. agronomic vs. native 
species), and the effect of land- use conversion. Furthermore, it is 
unclear to what soil depths the estimates reported in Trost et al., 
(2013) are referring. However, our calculation of a 14.8% increase in 
SOC stocks at the 0– 10 cm depth on semi- arid sites falls within their 
estimated range. That being said, we calculated much smaller gains 
in the full profile (8.0%) and deeper soil increments on semi- arid sites 
(4.1% increase at the 20– 30 cm depth and no significant change at 
the 10– 20 and 30+ cm depths).

This analysis brought to light critical gaps in the available data 
regarding irrigated agriculture across the globe. Despite its impor-
tance in soil dynamics, bulk density (BD) data were notably absent 
in a large number of studies. As such, considerable effort was re-
quired to accurately estimate bulk density values when they were 
not provided. Similarly, standard error or standard deviation data 
were often missing and required post hoc estimates from the assem-
bled dataset. Any sort of gap- filling introduces uncertainty into the 
dataset and, as such, we recommend that this sort of data is reported 
in all future studies.

Additionally, a majority of studies did not report SOC values 
beyond near- surface depths. While we recognize that the greatest 
changes in SOC related to agricultural management practices are 
likely to occur near the soil surface, studies are increasingly showing 
that the overall effects of agricultural management and, in particular, 
irrigation, on SOC stocks are vastly misrepresented when only sur-
face depths are considered (McNally et al., 2017; Mudge et al., 2017; 
Schipper et al., 2017; Trost et al., 2013). We therefore believe it is im-
portant that future studies include deeper sampling where possible.
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Finally, information regarding irrigated agricultural plots over 
longer duration (>15 years) was notably limited, with 50% of the 
assembled studies being 5 years or less in duration, 39% being 
15 years or less, and only 11% being longer than 15 years. Long- 
term studies meeting our study criteria were particularly absent for 
arid, dry sub- humid, and humid climate categories as well as for drip- 
irrigated plots. Furthermore, while the literature often refers to the 
role of soil texture in SOC storage (Saiz et al., 2012; Trost et al., 2013; 
Wiesmeier et al., 2019; Zhong et al., 2018), few discuss the effect of 
irrigation on changes in soil texture and the subsequent translocation 
of clay through the soil profile over the long term (Puy et al., 2017; 
Xu et al., 2016). Understanding how SOC dynamics are affected by 
translocation of clay (and nutrients) in response to irrigation prac-
tices is important to enhance the efficacy of global efforts aimed at 
offsetting greenhouse gas emissions via SOC sequestration.

In summary, we compiled and analysed data from 35 published 
studies that reported SOC stocks at the beginning and end of exper-
iments conducted in irrigated agricultural systems across the globe. 
We found that irrigated agriculture tends to increase SOC stocks, 
particularly in surface soils, in fine-  to medium- textured soils, in arid 
to semi- arid climates and under sprinkler irrigation. Although numer-
ous other variables, for example, crop type, crop residue removal, 
and tillage practices, have been shown to have important effects on 
SOC storage, particularly in regional- scale studies, they were not 
significant contributors to the patterns of change in SOC storage 
observed under irrigated agriculture in this global- scale analysis. 
Annual precipitation, annual temperature, and elevation also had 
no or only minimal value as explanatory variables. These findings 
demonstrate the value of considering aridity, irrigation method, and 
soil texture for future assessments of global- scale changes in SOC 
storage under irrigated agriculture.
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