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Abstract

The impacts of precipitation change on forest carbon (C) storage will have global consequences,
as forests play a major role in sequestering anthropogenic CO». Although forest soils are one
of the largest terrestrial C pools, there is great uncertainty around the response of forest soil
organic carbon (SOC) to precipitation change, which limits our ability to predict future forest
C storage. To address this, we conducted a meta-analysis to determine the effect of drought and
irrigation experiments on SOC pools, plant C inputs and the soil environment based on 161
studies across 139 forest sites worldwide. Overall, forest SOC content was not affected by
precipitation change, but both drought and irrigation altered plant C inputs and soil properties
associated with SOC formation and storage. Drought may enhance SOC stability by altering
soil aggregate fractions, but the effect of irrigation on SOC fractions remains unexplored. The
apparent insensitivity of SOC to precipitation change can be explained by the short duration of
most experiments and by biome-specific responses of C inputs and pools to drought or
irrigation. Importantly, we demonstrate that SOC content is more likely to decline under
irrigation at drier temperate sites, but that dry forests are currently underrepresented across
experimental studies. Thus, our meta-analysis advances research into the impacts of
precipitation change in forests by revealing important differences among forest biomes, which
are likely linked to plant adaptation to extant conditions. We further demonstrate important
knowledge gaps around how precipitation change will affect SOC stability, as too few studies
currently consider distinct soil C pools. To accurately predict future SOC storage in forests,
there is an urgent need for coordinated studies of different soil C pools and fractions across

existing sites, as well as new experiments in underrepresented forest types.

Keywords: precipitation change, drought, irrigation, forest soil organic carbon, plant carbon

inputs, SOC fractions.
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1. Introduction

Global climate change is modifying precipitation patterns, including the amount, intensity, and
frequency of precipitation events (Huang et al., 2020; Kirchmeier-Young and Zhang, 2020),
and these changes will possibly continue at a faster rate in the future (Bao et al., 2017; Gampe
et al., 2021). Precipitation change, especially in the amount of annual precipitation, is thought
to have great impacts on ecosystem processes and functions, such as plant growth, biomass
accumulation, and soil carbon (C) cycling and storage (Wilcox et al., 2017; Zhou et al., 2016;
Wang et al., 2019; Xu et al.,, 2020). Thus, in recent decades, many field manipulation
experiments have applied drought and irrigation treatments to investigate the effects of
precipitation change on ecosystem processes and functions (Hicks et al., 2018; Zhou et al.,
2019; Zhang et al., 2020; Sun et al., 2023). In this context, assessing the impact of precipitation
change on forest soils is particularly pressing, because forest soils play a critical role in global
carbon (C) cycling and climate change mitigation: forest soils account for 16-26% of the global
soil C pool (Pan et al., 2011; IPCC, 2013; Wiesmeier et al., 2019) and influence biomass C
storage by supporting plant productivity (Schoenholtz et al., 2000; Deluca & Boisvenue., 2012).
Recent syntheses have assessed how precipitation change affects soil C dynamics (soil
respiration or soil C pools) across terrestrial ecosystems (Zhou et al., 2016; Du et al., 2020;
Deng et al., 2021; Chen et al., 2023). However, there remain large knowledge gaps around the
effects of precipitation change on soil C storage and stability. In particular, improved
understanding of the responses of distinct forest biomes and their soil C pools is critical for
predicting the capacity of forests to sequester and store C under future precipitation change.
Precipitation change can affect soil C storage by changing plant C inputs, soil C
decomposition and soil C stability. Precipitation affects soil water availability (Konapala et al.,
2020), and thus becomes an important factor regulating plant growth and biomass under natural

conditions, especially in water-limited systems (Maurer et al., 2020; Gampe et al., 2021; Hou
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et al., 2021). Specifically, plants allocate more carbohydrates to roots to increase uptake
resources under drought conditions but allocate more to aboveground to maximize light capture
under increased precipitation (Wilcox et al., 2015, 2017). However, the response of plant
biomass to precipitation change can differ among forest types (Moser et al., 2014; Li et al.,
2021; Wang et al., 2021). For example, Samuelson et al. (2008) found that irrigation had little
effect on plant growth and biomass in a temperate plantation, whereas Wang et al. (2019a)
observed increased seedling height, basal diameter growth, and biomass production in response
to irrigation in a tropical forest. Precipitation change can also alter soil physicochemical and
biological properties, such as soil temperature, inorganic nitrogen (N) content (Chen et al.,
2019; Li et al., 2021), and microbial communities and activities (Zhou et al., 2018; Xu et al.,
2020), thus affecting plant growth and C storage (Zhou et al., 2016). For example, soil N
mineralization can increase under irrigation treatments (Cregger et al., 2014; Chen et al., 2017)
and greater precipitation generally favors the growth of soil microbes and increases
fungal:bacterial ratios in drylands, which can stimulate plant growth (Raczka et al., 2022), soil
C cycling and soil C storage (Waring et al., 2013; Nielsen and Ball, 2015). By contrast, although
experimental drought treatments have shown little effect on total N supply to plants (Homyak
et al., 2017), long-term drought treatments result in reduced plant productivity (Fridley et al.,
2016) and a shift towards soil microbial communities characterized by slow-growing, stress-
tolerant taxa (Sayer et al., 2017, 2021). Such changes in plant growth and microbial
communities under precipitation change will ultimately affect soil C cycling and storage.
Changes in precipitation can lead to altered inputs of plant litter and root-derived C
(Brunn et al., 2022) due to changes in plant C assimilation and growth (Wu et al., 2011). Such
changes in plant growth in turn affect the size of soil organic C (SOC) pool by altering the
balance between plant C inputs and soil C outputs (Froberg et al., 2008; Zhou et al., 2016; Su

et al., 2023). In addition, soil respiration is affected by precipitation change both directly by
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changes in soil moisture (Liu et al., 2016; Du et al., 2020) and indirectly via its impacts on
microbial biomass and communities (Zhou et al., 2018; Xu et al., 2020). However, we do not
know how SOC in different forest ecosystems responds to precipitation change because its
effects on C inputs and outputs depends upon numerous ecosystem characteristics (Zhou et al.,
2016; Wangdi et al., 2023). For example, plant C inputs decline under reduced precipitation
treatments, but soil respiration also declines, resulting in no net change or even a net gain in
SOC content (Zhou et al., 2016; Raczka et al., 2022). By contrast, both plant inputs and
respiration increase when precipitation is enhanced (Zhou et al., 2016; Heikkinen et al., 2022)
but water-saturated soils can quickly limit microbial activity (Chen et al., 2023). Thus, the
impacts of precipitation change on SOC depend largely on the hydrological conditions
influencing soil water content, such as mean annual precipitation (MAP) and
evapotranspiration rates, as these determine the sensitivity of plant and microbial growth to
precipitation change (Zeppel et al., 2014; Giardina et al., 2018; Bennett et al., 2020). As water
availability has such a strong influence on both plant growth and SOC, the site aridity is likely
an important factor in regulating the relationship between precipitation change and ecosystem
C storage (Li et al., 2020).

In addition to affecting the biotic processes involved in SOC accumulation, precipitation
change can also affect SOC storage by altering the chemical and physical processes
underpinning SOC stabilization (Chen et al., 2018; Zhang et al., 2019). The relative proportions
of distinct SOC fractions (e.g. soil aggregate and density fractions), can reflect SOC stability
and affect both the mineralisation and storage of SOC (John et al., 2005; Liitzow et al., 2007,
Luo et al., 2017). Specifically, precipitation change can influence associations between organic
C and soil minerals by physically destroying soil macroaggregates, and alter amounts of
aggregate binding agents produced by plants and microbes (Yang et al., 2018; 2021). Drought

can destroy soil macroaggregates both directly through physical effects and indirectly by
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reducing biological binding agents (Chen et al., 2019c¢) or altering rhizosphere characteristics
(Zhang et al., 2019). Rewetting after drought can also destroy aggregates by physical forces
(shrinkage followed by swelling; Denef et al., 2001). Precipitation change can also indirectly
affect the formation of soil particulate and mineral-associated organic matter by altering
decomposition processes, soil oxygenation, pH, and soil physical characteristics (Angst et al.,
2023). The resulting changes in soil aggregate distributions can affect SOC stability and stocks
(Yang et al., 2021) because soil macro-aggregates generally contain large amounts of labile C,
whereas micro-aggregates generally contain more stable SOC with longer turnover times
(Puget et al., 2000). However, it is unclear how changes in soil aggregate distribution or organic
matter fractions might affect SOC stability and storage over the longer-term. In addition, very
few studies have measured how forest SOC pools or soil aggregate fractions respond
to increased precipitation, although there is evidence that enhanced water availability could
increase overall SOC storage (Zhou et al., 2016). Thus, shifts in SOC fractions in response to
precipitation change have been largely neglected by field experimental studies (but see Yang
etal., 2018; 2021; Angst et al., 2023) and we are currently unable to predict how precipitation
change might affect forest SOC stability.

Despite the potential for precipitation change to dramatically alter numerous processes
involved in SOC storage and stability, few studies have attempted to assess the concerted
influence of precipitation changes on soil physical, chemical, and biological properties that
underpin plant and SOC storage in forests. Determining how these properties are related can
help us understand the mechanisms underlying the responses of forest SOC pools to
precipitation change. To achieve this, we conducted a meta-analysis based on 161 field
precipitation manipulation experiments across 139 sites. We investigated how precipitation
change affects forest SOC pools and the ecosystem characteristics underpinning SOC storage

and stability. We hypothesized that:
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(H1) Precipitation change alters soil C content by affecting plant C inputs and the
decomposition environment. Specifically, soil C content will decline in drought treatments, but
increase in irrigation treatments; and the change in soil C content will increase with the level
of precipitation change.

(H2) Soil C stability will decline in drought treatments because of changes in soil
aggregate distributions and C density fractions.

(H3) The response of soil C to precipitation change is related to changes in soil moisture
but dependent on mean annual precipitation (MAP), whereby changes in soil C pools in
response to drought or irrigation will be higher at drier than at wetter sites.

As precipitation change affects multiple soil physicochemical properties that influence
soil C storage, we also investigated the responses of soil pH, inorganic N content and microbial
community composition to precipitation manipulation treatments and assessed their
relationships to changes in soil C content.

Overall, we expected smaller SOC stocks in drought treatments, due to reduced
decomposition, lower C inputs, and destruction of macroaggregates. By contrast, we expected
larger SOC stocks in irrigation treatments due to greater plant and microbial C inputs and rapid
decomposition. We use our findings to expose current gaps in our understanding of the impacts

of precipitation change on forest SOC storage and highlight foci for future research.

2. Materials and methods

2.1. Data selection

We conducted a comprehensive search of relevant peer-reviewed articles and dissertations in
the Web of Science® and ProQuest databases using combinations of the following pairs of
search string: (“drought” OR “decreased precipitation” OR “increased precipitation” OR

“irrigation”) AND (“plant biomass” OR “aboveground biomass” OR “belowground biomass”

8
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OR “fine root biomass”); (“drought” OR “decreased precipitation” OR “increased precipitation”
OR “irrigation”) AND (“litterfall”); (“‘drought” OR “decreased precipitation” OR “increased
precipitation” OR “irrigation”) AND (“litter decomposition”); (“drought” OR “decreased
precipitation” OR “increased precipitation” OR “irrigation”) AND (“soil microbial biomass”
OR “soil microbial community”); (“drought” OR “decreased precipitation” OR “increased
precipitation” OR “irrigation””) AND (“soil carbon” OR “soil organic carbon” OR “soil
characteristics™); (“drought” OR “decreased precipitation” OR “increased precipitation” OR
“irrigation”) AND (“soil aggregate” OR “soil carbon fractions”); (“drought” OR “decreased
precipitation” OR “increased precipitation” OR “irrigation””) AND (“soil enzyme”); (“drought”
OR “decreased precipitation” OR “increased precipitation” OR ““irrigation””) AND (“soil
biochemical properties” OR “soil chemical properties” OR “soil nutrients”); (“drought” OR
“decreased precipitation” OR “increased precipitation” OR “irrigation”) AND (“soil moisture”
OR “soil properties™); (“drought” OR “decreased precipitation” OR “increased precipitation”
OR “irrigation””) AND (“soil dissolved organic carbon”). We cross-checked the references of
the articles to identify other relevant book chapters and peer-reviewed reports. Then we
excluded those papers that were meta-analyses or reviews, and those papers not dealing with
C cycling and other variables of our interest. When data from the same site and treatments were
presented in multiple publications, we used the data from the most recent publication. We only
included studies conducted in forest ecosystems, resulting in data from 161 studies across 139
sites published between 1992 and May 2023. Treatments that increase water inputs are
henceforth referred to as ‘irrigation’ and treatments that reduce water inputs are henceforth
referred to as ‘drought’.

We extracted data for the following variables in the topsoil (0-30 cm depth of mineral soil):
aboveground biomass (g m2); fine root biomass (g m2); microbial biomass carbon (MBC; g

kg, total soil carbon or soil organic carbon (given as % or g kg'') converted to a single unit
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(g kg™, soil C fractions, including soil macroaggregates (>250 pum), microaggregates (<250
pm), and the density-based light fraction organic carbon (LFOC) and mineral-associated
organic carbon (MAOC); soil pH, soil water content (%) and soil dissolved organic carbon
(DOC; g kg™); soil microbial data based on phospholipid fatty acids (PLFAs), including fungal
biomass, bacterial biomass, and the fungal to bacterial biomass ratio (F:B ratio). We also
extracted information for treatment levels as described in the papers, whereby the increase
(irrigation) or decrease (drought) in water input was expressed as a percentage of mean annual
precipitation (Y%eMAP; Supplement B). We also extracted data for site information, including
latitude and longitude of the site, mean annual temperature (MAT, °C), mean annual
precipitation (MAP, mm), ecosystem type, and the time between the start of precipitation
change treatments and sampling for biomass or soil properties. If MAT and MAP were not
given in the publications, we extracted them from the CHELSA bioclimate dataset version 1.2
(Karger et al., 2017; http://chelsa-climate.org/downloads/) using the raster package (Hijmans,
2020) in R version 3.5.1 (R Development Core Team 2018). We collated data from the main
text, tables, and figures. Numerical values were extracted from graphically presented data by
digitizing the figures using Engauge Digitizer (Free Software Foundation, Inc., Boston, USA).

The duration of treatments ranged from <l year to 21 years (Supplement B). The
geographical distribution of the sites included in our study was -37.42 N to 64.12 N, and -
111.971 E to 150.98 E and the biomes included subtropical and tropical forest, boreal forest,
Mediterranean forest, and temperate forest. Given the paucity of studies in subtropical and
tropical biomes, data from these biomes were combined into a single (sub-)tropical forest type
in our study. The distribution of the experimental sites considered is shown in Figure S1, which
was generated using R version 3.5.1 (R Development Core Team 2018) using the packages
ggsn (Baquero, 2017) and legendMap (Gallic, 2016). Detailed information of the studies

included in the meta-analysis is provided in Supplement B.
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2.2. Meta-analysis

We conducted a meta-analysis, as described by Hedges et al. (1999). The data were analysed

using effect sizes for each observation calculated as the natural log of the response ratio (RR):

RR=In( )?t/ )?c), where )?C is the control mean, and )?t is the treatment mean. The

variance of the mean effect size was calculated using resampling techniques (Adams et al.,
1997). If the lower bound of the 95 % CI of RR was larger than 1, then the response was
significantly positive at P < 0.05. If the upper bound of the 95 % CI of RR was smaller than 1,
then the response was significantly negative at P < 0.05. For each investigated parameter, a
subgroup analysis was conducted to assess whether the magnitudes of treatment effects differed
across forest biome. Although there is no accepted minimum number of studies that are
required for a meta-analysis, we adopted the criteria for systematic review by Fu et al. (2011)
in which each subgroup should have a minimum of four studies. We therefore present results
by subgroup only where sufficient observations were available in more than one subgroup. As
there were fewer than four studies in Boreal forests, we were unable to perform subgroup
analysis for this biome. Total heterogeneity (QOr) was partitioned into within-group (Qw) and
between-group (QOp) heterogeneities. According to Hedges et al. (1999), a significant QOp
indicates that the response ratios differ among groups. Subgroup means were considered
significantly different if their 95% CI did not overlap. The publication bias was estimated by
the dnorm function (Fig. S1 in the Supplement A), and the frequency distributions of all RR
values for the target variables followed a normal distribution, indicating no significant
publication bias in our study for any of the response variables (Koricheva and Gurevitch, 2014).
All statistical analyses for the meta-analysis were conducted in Metawin 2.0 (Rosenberg et al.,

2000).

2.3. Aridity index
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To aid interpretation and compare the level of aridity among sites, we calculated the De
Martonne aridity index (Al; de Martonne et al., 1926; Liu et al., 2016) for each site as follows:
AI=MAP/(MAT+10)
Where MAP is mean annual precipitation, and MAT is mean annual temperature. To aid
interpretation, we expressed aridity as 100-Al, such that high values indicate arid sites and low

values indicate humid sites (Sanaei et al., 2023).
2.4. Meta-regression analyses of potential modulators

To assess how experimental or site characteristics might influence changes in C inputs and
pools, we analyzed the relationships between treatment level (% MAP) or treatment duration
and the magnitude of changes in other relevant response variables (soil moisture, aboveground
biomass, litterfall, litter mass loss, fine root biomass, DOC, and MBC in response to drought
and irrigation treatments), as well as the relationships between changes in SOC and latitude,
aridity index, soil clay content, soil moisture content, treatment level, treatment duration or plot
size. All meta-regressions were done in Sigmaplot 15 (Systat Software Inc., San Jose,

California, USA).

3. Results

3.1. The effect of precipitation change on soil moisture

Across all sites, soil moisture was 24% lower in drought treatments compared to controls
(n=102; Fig. la). When data were divided into different forest biomes, soil moisture was
significantly 24%, 25% and 23% lower in Mediterranean forest (n=16), (sub-)tropical forest
(n=35) and temperate forest (n=51), respectively (Fig. 1a). The reduction in soil moisture
increased with the proportion of mean annual precipitation excluded by drought treatments
(%MAP; R’>=0.33, P<0.0001; Fig. 1b). When data were divided into different forest biomes,

the same soil moisture response to treatment level was observed in (sub-)tropical forest
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(R?=0.49, P<0.0001) and temperate forest (R*=0.33, P<0.0001) but not in Mediterranean forest
(Fig. 1b).

In irrigation treatments, soil moisture was 16% higher compared to controls across all sites
(n=44; Fig. 1c). When the data were divided into different forest biomes, soil moisture was
significantly 15% and 17% higher in (sub-)tropical forest and temperate forest, respectively
(Fig. 1c) but there were insufficient data to evaluate the response in Mediterranean forest (n =
1). Across all sites, and for temperate and (sub-)tropical forests, there was no relationship
between the increase in soil moisture in response to irrigation and the amount of water added
in the treatments (%oMAP; Fig. 1d) but there were insufficient data to evaluate the relationship

for Mediterranean forest (Fig. 1d).
3.2. Impacts of precipitation change effect on carbon inputs and SOC pools

Surprisingly, drought treatments had no discernable overall impact on DOC (n=38), SOC
content (n=68) or litterfall (n=34; Fig. 2a). By contrast, aboveground biomass (n=15), litter
mass loss (n=50) and fine root biomass (n=51) were 24%, 18% and 20% lower, respectively,
in drought treatments compared to controls (Fig. 2a). Total microbial biomass C (n=90) was
significantly 19% lower in drought treatments compared to controls, but there was no change
in fungal biomass (n=25), bacterial biomass (n=23), or the F:B ratio (n=27; Fig. 2a). However,
drought treatments altered SOC fractions: the soil macroaggregate fraction was 6% smaller in
drought treatments compared to controls (n=8), but the soil microaggregate fraction was 29%
greater (n=8). Less SOC was associated with the light fraction in drought treatments than in
controls (n=3), and although there was more mineral-associated soil C under drought (n=2; Fig.
2a), there were too few studies to determine statistical significance of changes in either C
density fraction.

Subgroup analysis revealed somewhat variable effects of drought on C pools and inputs

across forest biomes (Table 1). Aboveground and root biomass declined in response to drought
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in (sub-)tropical forests (n=8 and n=27, respectively) but not in temperate forest (n=6 and n=24,
respectively); there were too few datapoints to evaluate the response of either biomass pool in
Mediterranean forest. Litterfall only increased under drought in temperate forest (n=8) but litter
mass loss declined in all three forest biomes (Table 1). Microbial biomass C was lower under
drought in both temperate (n=35) and (sub-)tropical (n=49) but not Mediterranean forest (n=5)
but there were no discernable effects of drought on fungal biomass, bacterial biomass, or DOC
in any forest biome (Table 1). Soil aggregate distribution changed in response to drought in
both temperate and tropical forests, with fewer macroaggregates (n=5 and n=3 respectively)
and more microaggregates (n=5 and n=3 respectively), but there were too few studies to
evaluate the response of soil aggregate fractions in Mediterranean forests (Table 1) or to
perform subgroup analysis of SOC density fractions.

Overall, irrigation treatments had no significant effect on DOC concentrations (n=8) or
SOC content (n=46; Fig. 2b). There was a marginally significant trend towards higher
aboveground biomass (n=13) and litterfall (n=15) in irrigation treatments compared to controls,
and fine root biomass was significantly 24% higher (n=55; Fig. 2b) but litter mass loss (n=11)
was not affected by irrigation (Fig. 2b). Bacterial biomass (n=14) was higher in irrigation
treatments, but the increase was only marginally significant, and total microbial biomass
(n=56), fungal biomass (n=14), and the F:B ratio (n=12) were not affected by irrigation
treatments (Fig. 2b). We found no studies that assessed the effects of irrigation on SOC
fractions (Fig. 2b).

Subgroup analysis revealed variable effects of irrigation on C pools and inputs across forest
biomes (Table 1). Both aboveground and root biomass increased in response to irrigation in
temperate forests (n=8 and n=28, respectively) but only root biomass increased in
Mediterranean forest (n=4 and n=13, respectively). By contrast, root biomass in (sub-)tropical

forest was unaffected by irrigation (n=14) and there were too few datapoints to evaluate the
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response of aboveground biomass (Table 1). Litterfall was not affected by irrigation in
temperate forest (n=9) and there were too few datapoints to assess the response of litterfall in
(sub-)tropical forest or Mediterranean forest (n=3). Litter mass loss was unaffected by
irrigation treatments in temperate and (sub-)tropical forest but there were too few datapoints to
evaluate litter mass loss in Mediterranean forest (Table 1). Total microbial biomass increased
in response to irrigation treatments in (sub-)tropical (n=21) but not in temperate (n=29) or
Mediterranean forest (n=5). However, fungal biomass declined with irrigation in
Mediterranean forest (n=7), whereas both fungal biomass and bacterial biomass increased with
irrigation in (sub-)tropical forest (n=5), and there were too few datapoints to evaluate the
response of fungal or bacterial biomass in temperate forest (Table 1). There were no discernable
effects of irrigation on DOC in temperate or (sub-)tropical forest and insufficient data on DOC

in Mediterranean forest (Table 1).

3.3. The response of soil properties to precipitation change

Experimental drought affected few soil properties related to SOC storage. In drought treatments,
soil total N (n=58) was 7% lower compared to controls, but there was no significant effect of
drought on soil pH (n=69), soil ammonium-N (n=33) or nitrate-N content (n=31; Fig. 2a). Of
the three investigated soil enzymes related to C turnover, only B-glucosidase activity (n=15)
was significantly 12% lower in drought treatments; cellobiohydrolase activity (n=7) was not
affected by drought and there were too few datapoints to evaluate the response of polyphenol
oxidase (n=3; Fig. 2a). Subgroup analysis revealed declines in total soil N under drought in
Mediterranean (n=11) and (sub-)tropical (n=25) but not in temperate forests (n=22), whereas
pH increased in temperate (n=31) and Mediterranean (n=4), but not in (sub-)tropical forests
(n=33). The decline in B-glucosidase was not significant when Mediterranean (n=9) and
(sub-)tropical forests (n=5) were analysed separately, and there were too few datapoints to

assess the response of B-glucosidase to drought in temperate forest, or the response of
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cellobiohydrolase activity in any forest biome (Table 1).

Few soil properties changed under irrigation treatments. Soil pH (n=24) was 2% higher in
irrigation treatments than in controls (Fig. 2b) but there was no significant effect of irrigation
on soil total N (n=20), soil ammonium-N (n=13) or soil nitrate-N content (n=14; Fig. 2b). Soil
enzyme activity was also unaffected by irrigation treatments, as neither B-glucosidase (n=8)
nor polyphenol oxidase activity (n=4) was altered by irrigation, and there were too few
datapoints to evaluate the response of cellobiohydralase (n=1, Fig. 2b). Subgroup analysis
revealed that the increase in soil pH with irrigation was consistent across Mediterranean (n=4)
and (sub-)tropical (n=11) forest, but pH did not respond to irrigation in temperate forests (n==8).
Total soil N and nitrate-N did not respond to irrigation in any forest biome, but ammonium-N
increased with irrigation in (sub-)tropical forest (n=7; Table 1). There were too few datapoints
to evaluate the response of extracellular enzyme activities in any biome.

3.4. Relationships between SOC content and abiotic or treatment characteristics

Across biomes, the magnitude of change in SOC content in response to drought treatments was
not explained by latitude, aridity, soil clay content, treatment level, treatment duration or plot
area (Fig. 3a-f). In addition, across biomes, the magnitude of change in SOC content in
response to irrigation treatments was not explained by latitude, aridity, treatment level,
treatment duration or plot area (Fig. 3g-k). Surprisingly, the change in SOC content was not
related to the change in soil moisture in either drought or irrigation treatments across all studies
(Fig. 4c,d).

Subgroup analysis by forest biome (Mediterranean forest, (sub-)tropical forest and
temperate forest) revealed no significant overall effect of drought on SOC content in any of the
three forest types (Fig. 4a). In (sub-)tropical forests, the magnitude of change in SOC content
in response to drought treatments was not affected by any of the variables investigated in this

study. By contrast, in temperate forest, the decline in SOC in response to drought became more
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pronounced with increasing %MAP excluded by treatments (R>=0.24, P=0.03, Fig. 3d), i.e. the
more severe the drought treatment, the greater the decline in SOC content. Similarly, in
(sub-)tropical forest, the magnitude of change in SOC was related to the magnitude of change
in soil moisture (R*=0.27, P=0.005, Fig. 4c), with greater declines in SOC content when
drought treatments resulted in a larger reduction in soil water content.

Irrigation treatments had no significant effect on SOC content in Mediterranean forest or
temperate forest (Fig. 4b) but SOC content in (sub-)tropical forest was lower in irrigation
treatments compared to controls (Fig. 4b). In temperate forest, the decline in SOC content in
response to irrigation became more pronounced with increasing aridity (Fig. 3h), and therefore
irrigation had a greater negative impact on SOC content at drier sites in temperate forest. In
addition, the magnitude of change in SOC content weakened with increasing %MAP added in
irrigation treatments in (sub-)tropical forest (R?>=0.17, P=0.03, Fig. 3i). There were too few
datapoints for individual biomes to evaluate the relationship between the magnitude of change

in SOC and the magnitude of change in soil moisture (Fig. 4d).
3.5. Relationships between C inputs and treatment level or duration

The %MAP excluded in drought treatments did not explain the magnitude of change in
aboveground biomass, litterfall or DOC (Fig. 5a,b,e). However, the declines in litter mass, fine
root biomass and MBC all became more pronounced with increasing %MAP excluded in
drought treatments (Fig. 5c,d,f). By contrast, the %MAP added in irrigation treatments did not
explain changes in any C inputs. Surprisingly, the duration of drought or irrigation treatments

did not explain the magnitude of change for any C inputs (Fig. S4).
4. Discussion

Our global meta-analysis revealed that forest SOC content appears largely resistant to drought

and irrigation treatments in manipulative field experiments. Our findings demonstrate that this
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resilience is likely due to the distinct effects of precipitation change on plant C inputs to the
soil and on the decomposition environment, which largely controls outputs. However, the
responses of individual SOC pools indicate that precipitation change could affect SOC stability
and thus alter SOC storage over the longer-term. Importantly, our study demonstrates that the
lack of a global response of SOC content to precipitation change can be attributed to differences
in the responses of SOC inputs and pools among forest biomes. In addition, the response of
SOC inputs and pools depended on site aridity and the severity of precipitation changes. Here,
we discuss how precipitation change could influence SOC storage and stability by altering the

balance between C inputs and decomposition processes in different forest biomes (Fig. 6).

4.1. SOC fractions, but not SOC content, respond to precipitation change

In contrast to our first hypothesis, forest SOC content was not strongly influenced by
precipitation change (Fig. 2). Similar insensitivity of SOC has previously been reported for
increased precipitation (Zhou et al., 2016; Yue et al., 2017) and drought (Zhou et al., 2016)
across multiple ecosystem types. This apparent insensitivity of SOC content to precipitation
change is likely due to the short duration of most experiments (<6 years), as it can take many
years or decades to detect changes in SOC (Hungate et al., 1996). However, our results reveal
that changes in individual C pools and inputs could affect overall SOC content and stability
under long-term precipitation change. For example, lower C inputs from root biomass and
litterfall under drought (Moser et al., 2014; Liu et al., 2015) might be offset by reduced
microbial biomass C and B-glucosidase activity (Sardans and Pefiuelas, 2005; Ren et al., 2017;
Xu et al., 2020), which could in turn reduce SOC mineralization as well as litter mass loss (Fig.
6). By contrast, under irrigation, increased fine root and bacterial biomass could eventually
enhance SOC content over the longer-term. Thus, to predict change in forest SOC stocks in
response to precipitation change we not only need longer-term experiments (Deng et al., 2021)

but we must also consider how precipitation change influences multiple C inputs and outputs
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(Zhou et al., 2016).

Given the difficulties in assessing change in total SOC content, many studies instead focus
on changes in SOC stability using particle size distributions and density fractions to represent
functional pools of C (e.g. Lavallee et al., 2020). Indeed, shifts in C storage among different
fractions can result in no apparent overall change in SOC (Schwendenmann and Pendall, 2007).
Soil macro-aggregates and light density fractions are generally associated with C that is
susceptible to microbial mineralization, whereas micro-aggregates and mineral-associated
organic matter are thought to contain more stable SOC with longer turnover times (Puget et al.,
2000; Lavallee et al., 2020). We therefore hypothesised that drought would reduce soil C
stability via changes in soil aggregate distributions and C density fractions (H2). Although we
only had eight data-points for the response of soil aggregate fractions to drought, we found a
consistent pattern of a smaller lower macroaggregate fraction, but a larger microaggregate
fraction (Fig. 2). Hence, in contrast to our hypothesis, changes in soil aggregate distributions
in response to drought could increase SOC stability (Yang et al., 2021), which might offset
lower C inputs through decomposition. Multiple mechanisms could underpin these changes in
the distribution of soil aggregate fractions under drought. Besides physical disruption by drying
rewetting cycles (REF), reduced microbial biomass C and root biomass (Fig. 2) could also
reduce biological binding agents (Chen et al., 2019¢) and alter other rhizosphere characteristics
(Zhang et al., 2019) that contribute to aggregate formation. The corresponding shifts in C
associated with different density fractions, from LFOC to MAOC (Fig. 2) support an increase
in stable C (Lavallee et al., 2020) under drought. However, so few studies have assessed soil
density fractions that the meta-analytical results for LFOC and MAOC are only indicative (Fu
etal., 2011). Furthermore, we found no data on forest soil aggregate distribution or SOC density
fractions in irrigation experiments. Many more studies of soil C fractions are needed to

determine how precipitation changes will affect soil C stability. However, as changes in SOC
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fractions can indicate the resistance of SOC to perturbations (Schwendenmann and Pendall,

2006; Lavallee et al., 2020), such studies will be critical to predict future forest SOC stocks.

4.2. Precipitation change effects on plant C inputs

Although aboveground biomass is a major reservoir of C in forests (Houghton, 2005;
Keith et al., 2009), few studies have reported results for forest aboveground biomass in
precipitation change experiments (n=15). The lack of data on changes in aboveground biomass
could be because it is difficult to estimate forest aboveground biomass (Zhang et al., 2014;
Vafaei et al., 2018). However, as most precipitation change experiments to date have lasted <
6 years, it is more likely that the experimental duration was insufficient to measure or detect
changes in tree growth. Nonetheless, we found consistent declines in aboveground biomass in
response to drought treatments consistent across studies (Fig. 2a), although our biome-level
analyses showed that the decline in aboveground biomass was only significant in (sub-)tropical
forest (Table 1). Clearly, long-term measurements of tree growth responses to drought are
needed to estimate and model changes in aboveground C stocks in different forest biomes.

Despite lower aboveground biomass in drought treatments, we found no consistent
response in litterfall (Fig. 2a). Variable effects of drought on litterfall are likely because drought
can reduce litter production, but also often encourage leaf fall (Pefiuelas et al., 2007), with
studies reporting lower, higher or no changes in litterfall (Pefiuelas et al., 2007; Moser et al.,
2014; Liu et al., 2015). Our analyses demonstrate that differences among biomes can explain
these discrepancies, as litterfall increased in temperate forests but did not change in
Mediterranean or (sub-)tropical forests. These biome-level differences likely reflect adaptation
of the trees to extant conditions. For example, many (sub-)tropical forests experience a distinct
dry season, and Mediterranean tree species have numerous physiological adaptations to
minimize water loss without shedding their leaves (e.g. Sardans and Pefiuelas, 2013). We note

that, given the paucity of data, our analysis does not consider differences in tree functional
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types, which differ greatly in their responses to water availability (Beard et al., 2005; McCluney
etal., 2011). Future consideration of tree life history strategies could therefore greatly improve
our ability to predict the responses of forest plant C inputs to precipitation change. However,
consistently lower litter mass loss in drought treatments across studies (Fig. 2a) can be
attributed to declining litter quality (Aerts, 1997; Cornwell et al., 2008) or water limitation of
decomposer activity (Ren et al., 2017; Xu et al., 2020). Taken together, these results suggest
that drought could lead to a decline in soil C inputs from aboveground litter.

Our results showed that aboveground C inputs were less responsive to irrigation
compared to drought (Fig. 2b), regardless of the amount of water added in the treatments (Fig.
5g,h,1). Such limited changes in forest aboveground productivity to irrigation likely reflects the
distribution of forests in regions with sufficient rainfall to support woody plant growth (Pan et
al., 2013). We therefore expected greater effects of irrigation on plant C inputs in Mediterranean
forests, but there were surprisingly few such experiments (n=7) and only three or four of those
studies had measured the response of aboveground biomass or litterfall, respectively (Table 1).
However, Mediterranean forests have been experiencing declines in precipitation (Pefiuelas et
al., 2017; Cramer et al., 2018), making irrigation experiments less valuable for determining the
impacts of climate changes in this biome.

Root biomass was highly sensitive to precipitation change. Our results showed
substantial changes in fine root biomass in the topsoil (0-30 cm) in response to both drought
(20% decline) and irrigation (24% increase; Fig. 2a,b), which suggests that precipitation change
could have large effects on SOC pools via changes in root growth and rhizosphere activity.
Under drought, declines in root biomass, but not aboveground biomass or litterfall, are
consistent with the theory that trees will maintain competitiveness for light as long as possible
under moderate drought (Brunner et al., 2015). Indeed, higher root biomass in response to

irrigation in temperate and Mediterranean forest suggests that tree investment in root biomass
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is determined by water availability (Table 1). Biome-level differences in biomass allocation
above- vs belowground under precipitation change likely reflect tree adaptations to water
availability (Brunner et al., 2015), which will also result in distinct responses of SOC stocks.
In particular, greater aboveground and root biomass in response to irrigation in temperate forest
indicate that increased precipitation could enhance plant C storage. Unfortunately, there were
too few studies to evaluate root biomass responses to drought in Mediterranean forests. Given
that Mediterranean forests are experiencing more frequent and severe droughts (Pefiuelas et al.,
2017; Cramer et al., 2018), field experiments investigating the effects of drought on rhizosphere
processes are urgently needed to understand the impacts of precipitation change on forest C

storage.

4.3. Precipitation change alters the decomposition environment, i.e. site and experimental

characteristics

We hypothesized that changes in soil C content would be related to decomposition processes,
soil properties and environmental conditions. Although few soil properties responded to
precipitation change, soil moisture, soil N and pH were all affected by drought or irrigation
(Fig. 1). Reduced litter mass loss, microbial biomass C and B-glucosidase activity under
drought can all be directly attributed to inhibition of biological activity at low soil water content
(Manzoni et al., 2012; Deng et al., 2021), whereas lower total soil N under drought could either
be a cause or a consequence of reduced decomposition. Overall, drought creates an
unfavourable environment for decomposition, which could explain the observed shifts in SOC
fractions and ultimately enhance SOC accumulation. By contrast, irrigation treatments only
affected soil pH (Fig. 2b), which could affect decomposition processes via changes in microbial
communities (Sun et al., 2020). However, we found no changes in litter mass loss, microbial
biomass, the F:B ratio or enzyme activities in response to irrigation.

We expected several sites or experimental characteristics to regulate SOC responses to

22



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

precipitation change in forest, including latitude, climate, soil clay content, treatment level,
treatment duration, and plot area. Surprisingly, across biomes, the magnitude of change in SOC
content in response to drought or irrigation treatments was not explained by latitude, aridity,
soil clay content, treatment level, treatment duration or plot area (Fig. 3). However, in
temperate forest, the decline in SOC content in response to irrigation became more pronounced
with increasing aridity (Fig. 3h), and therefore irrigation had a greater negative impact on SOC
content at drier sites in temperate forest. Previous meta-analyses studies found higher
sensitivity of SOC responsive to drought at drier sites across different ecosystem types (Deng
et al., 2021; Wang et al., 2021; Chen et al., 2023). However, we also found that SOC content
tended to decline with irrigation at drier sites in temperate forest (Fig. 3h), perhaps because
irrigation alleviated water limitation of biological activity, resulting in mineralization of SOC
(Liu et al., 2016). Our results therefore suggest that SOC in temperate forest at dry sites could
be particularly sensitive to irrigation. Given that relatively fewer studies have been conducted
at arid sites, the responses of dry forest C stocks to precipitation change should be a future

research priority.

5. Conclusion

Despite apparent insensitivity of forest SOC content to precipitation change, our meta-
analysis revealed changes in C inputs and pools that are likely to affect long-term forest SOC
storage. We demonstrate that the response of forest biomes to both drought and irrigation
involves concerted changes in plant C inputs, microbial communities and activity, and the
decomposition environment. These changes to C cycle processes, alongside shifts in soil
fractions representing SOC stability suggest that forest SOC storage will be affected over
timeframes that exceed the duration of most existing experiments. Importantly, our meta-
analysis exposed three key knowledge gaps that impede our ability to predict how SOC stocks

in forests might respond to precipitation change: First, drought could enhance SOC stability by
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altering the distribution of C among soil aggregate or density fractions. Second, differences
among forest biomes account for the lack of a global response of C pools in response to
precipitation change, which is likely due to plant adaptation to regional growing conditions.
Finally, the response of forest C pools to irrigation depends upon the extant climate conditions
at the site (aridity) in temperate forest. Our study exposes a current lack of experimental data
to address these knowledge gaps, especially from irrigation experiments, which hampers our
ability to fully assess potential consequences for SOC storage. We call for future work linking
the response of tree functional groups to processes underpinning SOC formation, distribution,
and storage. We further call for a concerted effort to include standard measurements of multiple
C pools at existing sites, and the establishment of experimental networks to capture the
responses of forest C along natural rainfall gradients. Thus, our findings provide novel insights
into the responses of SOC storage and stability that will advance research into precipitation

change in forest ecosystems worldwide.
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Table 1 The effects of drought and irrigation on plant carbon inputs, soil carbon pools and soil organic carbon (SOC) content, soil microbial and

physicochemical properties, and soil enzymes related to carbon degradation in three forest biomes: Mediterranean forest, (sub-)tropical forest and
temperate forest. DOC is dissolved organic carbon; N is nitrogen; NH4" is ammonium-N; NOs™ is nitrate-N; MBC is microbial biomass carbon;
F:B ratio is the fungal to bacterial ratio. Effect sizes are shown as natural log-response ratios for n studies per response variable. Confidence

intervals (CI) of an effect size overlapping 1 indicate no change relative to controls, whereas effects are significant when confidence intervals do

not overlap with 1 (shown in bold type); n represents the number of observations for each parameter.

Drought Irrigation
Variable Forest biome Effect size Bootstrap CI _ n Variable Forest biome Effect size  Bootstrap CI  n
Aboveground biomass Mediterranean - -- -- Aboveground biomass ~ Mediterranean 0.918 0.809-1.073 4
(sub-)tropical ~ 0.861 0.781-0.946 8 (sub-)tropical -- -- --
temperate 0.801 0.595-1.097 6 temperate 1.339 1.049-1.738 8
Litterfall Mediterranean  0.995 0.863-1.146 12 Litterfall Mediterranean 1.298 1.063-1.476 3
(sub-)tropical ~ 0.946 0.880-1.010 13 (sub-)tropical -- -- --
temperate 1.105 1.050-1.159 8 temperate 1.002 0.958-1.072 9
Litter mass loss Mediterranean  0.883 0.872-0.894 19 Litter mass loss Mediterranean -- -- --
(sub-)tropical ~ 0.859 0.772-0.955 5 (sub-)tropical 1.031 0.956-1.126 4
temperate 0.770 0.684-0.855 26 temperate 1.056 0.939-1.197 7
Fine root biomass Mediterranean - -- -- Fine root biomass Mediterranean 1.298 1.099-1.526 13
(sub-)tropical ~ 0.823 0.746-0.908 27 (sub-)tropical 1.061 0.868-1.266 14
temperate 0.770 0.553-1.010 24 temperate 1.303 1.175-1.453 28
DOC Mediterranean  1.180 0.766-1.506 5 DOC Mediterranean -- -- --
(sub-)tropical ~ 1.124 0.991-1.294 19 (sub-)tropical 0.979 0.917-1.029 3
temperate 0.941 0.828-1.061 14 temperate 0.917 0.797-1.022 5
SOC Mediterranean  0.977 0.749-1.262 12 Mediterranean 1.031 0.741-1.562 7
(sub-)tropical ~ 0.959 0.889-1.034 26 (sub-)tropical 0.918 0.864-0.975 12
temperate 1.016 0.977-1.057 30 temperate 0.963 0.891-1.030 27
Macroaggregate Mediterranean - -- -- Macroaggregate Mediterranean -- -- --
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(sub-)tropical ~ 0.935 0.924-0.948 3 (sub-)tropical -- -- --
temperate 0.948 0.910-0.979 5 temperate -- -- --
Microaggregate Mediterranean - -- -- Microaggregate Mediterranean -- -- --
(sub-)tropical ~ 1.310 1.019-1.624 3 (sub-)tropical -- -- --
temperate 1.272 1.118-1.491 5 temperate -- -- --
Soil pH Mediterranean  1.027 1.001-1.054 4 Soil pH Mediterranean 1.088 1.022-1.178
(sub-)tropical 1.257 0.986-1.794 33 (sub-)tropical 1.011 1.004-1.018 11
temperate 2.289 1.197-4.593 31 temperate 1.010 0.996-1.024 8
Soil total N Mediterranecan  0.788 0.616-0.999 11 Soil total N Mediterranean 0.905 0.652-1.236 5
(sub-)tropical ~ 0.936 0.886-0.985 25 (sub-)tropical 0.945 0.867-1.022 11
temperate 0.993 0.958-1.029 22 temperate 1.019 0.957-1.090 4
Soil NH4+ Mediterranecan  0.855 0.767-0.953 2 Soil NH4+ Mediterranean -- -- --
(sub-)tropical ~ 0.985 0.829-1.171 18 (sub-)tropical 1.484 1.169-1.845 7
temperate 1.177 0.989-1.559 13 temperate 0.868 0.690-1.066 6
Soil NO3- Mediterranecan  1.646 1.409-1.923 2 Soil NO3- Mediterranean -- -- --
(sub-)tropical ~ 0.933 0.752-1.123 18 (sub-)tropical 0.896 0.774-1.042 7
temperate 0.830 0.602-1.121 11 temperate 0.906 0.693-1.079 7
MBC Mediterranecan  1.024 0.835-1.187 5 MBC Mediterranean 1.147 0.923-1.406 5
(sub-)tropical ~ 0.769 0.692-0.855 49 (sub-)tropical 1.145 1.051-1.243 21
temperate 0.829 0.710-0.945 35 temperate 0.923 0.819-1.050 29
Fungal biomass Mediterranean  0.822 0.578-1.204 10 Fungal biomass Mediterranean 0.869 0.787-0.966 7
(sub-)tropical ~ 0.899 0.730-1.107 8 (sub-)tropical 1.436 1.190-1.764 5
temperate 1.005 0.799-1.312 7 temperate 1.040 0.745-1.450 2
Bacterial biomass Mediterranean  0.921 0.757-1.175 10 Bacterial biomass Mediterranean 1.066 0.804-1.407 7
(sub-)tropical ~ 0.860 0.690-1.043 5 (sub-)tropical 1.425 1.229-1.606 5
temperate 0.952 0.802-1.149 7 temperate -- -- --
F: B ratio Mediterranean  0.804 0.594-1.206 6 F: B ratio Mediterranean 0.977 0.695-1.350 7
(sub-)tropical ~ 0.935 0.795-1.105 8 (sub-)tropical 1.022 0.882-1.205 4
temperate 1.561 1.242-1.946 12 temperate 0.971 0.851-1.046 3
B-glucosidase Mediterranecan  0.864 0.709-1.041 9 B-glucosidase Mediterranean -- -- --
(sub-)tropical ~ 0.889 0.742-1.063 5 (sub-)tropical 1.048 1.000-1.099 2
temperate -- -- -- temperate 1.056 0.937-1.199 6
Cellobiohydrolase Mediterranean - -- -- Polyphenol oxidase Mediterranean -- -- --
(sub-)tropical ~ 1.116 0.813-1.622 4 (sub-)tropical 1.124 1.108-1.141 2
temperate -- -- -- temperate 0.878 0.685-1.125 2
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Figure legends

Figure 1 The effects of drought (a,b) and irrigation treatments (c,d) on soil moisture, showing
(a,c) the magnitude of change in response to drought or irrigation treatments and (b,d) the
relationships between treatment level, expressed as a proportion of mean annual precipitation
(%MAP) across forest biomes. Pink symbols represent drought and blue symbols represent
irrigation. Effect sizes are shown as natural log-response ratios (LnRR). Confidence intervals
overlapping 1 (dashed line) indicate no change relative to controls, whereas effects are
significant when confidence intervals do not overlap 1. Numbers in parentheses represent the
number of observations (n) for each parameter. Regression lines are shown for relationships
significant at P<0.05.

Figure 2 The effects of drought (a) and irrigation treatments (b) on forest plant carbon (C)
inputs, soil dissolved organic carbon (DOC) and soil organic carbon (SOC), soil aggregate and
density fractions, soil physicochemical properties, microbial characteristics and extracellular
enzyme activities across forest biomes, where LFOC is light fraction organic C, MAOC is
mineral associated organic C; N is nitrogen; NH4" is ammonium-N; NOs™ is nitrate-N; MBC is
microbial biomass carbon; F:B ratio is the fungal to bacterial ratio. Effect sizes are shown as
natural log-response ratios for n studies per response variable. Confidence intervals of an effect
size overlapping 1 (dashed line) indicate no change relative to controls, whereas effects are
significant when confidence intervals do not overlap 1. Numbers in parentheses represent the
number of observations (n) for each parameter.

Figure 3 Relationships between the magnitude of change in soil organic carbon (SOC) in
response to drought (a-f) or irrigation (g-k) treatments and (a) latitude, (b) aridity, (¢) soil clay
content, (d) precipitation treatment level, (e) precipitation treatment duration, and (f) plot area;
where %MAP is the amount of water excluded or added by drought (pink symbols) and
irrigation treatments (blue symbols), respectively. The magnitude of change is indicated by the
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effect size shown as the natural log response ratio (LnRR). Regression lines are shown for
significant relationships at P<0.05.

Figure 4 The effects of drought (a,c) and irrigation (b,d) treatments on soil organic carbon
(SOC) content in forests, showing (a,b) the magnitude of change in SOC in Mediterranean
forest (circles), (sub-)tropical forest (squares) and temperate forest (triangles); and the
relationships between the change in SOC content and (c,d) the change in soil moisture under
drought (pink symbols) or irrigation (blue symbols), respectively. The magnitude of change is
indicated by the effect size shown as the natural log response ratio (LnRR) for n studies per
response variable. Confidence intervals of an effect size overlapping 1 (a,b) or 0 (c,d), shown
as dashed lines, indicate no change relative to controls, whereas effects are significant when
confidence intervals do not overlap with 1 or 0, respectively. In (a,b), numbers in parentheses
represent the number of observations (n) for each parameter. In (c,d), regression lines are shown
for significant relationships at P<0.05.

Figure 5 Changes in plant or soil carbon pools in response to drought (a-f; pink symbols) or
irrigation (g-1; blue symbols) treatments, and their relationship with precipitation treatment
level, expressed as the proportion of mean annual precipitation (%MAP) excluded or added by
the treatments, respectively; showing the magnitude of change as effect sizes expressed as the
natural log response ratio (LnRR) for (a,g) aboveground biomass (AB), (b,h) litterfall, (c,1)
litter mass loss, (d,j) fine root biomass, (e,k) dissolved organic carbon (DOC), and (f,])
microbial biomass carbon (MBC). Regression lines are shown for significant relationships at
P<0.05.

Figure 6 Conceptual model depicting the potential pathways by which precipitation change
could influence soil organic carbon (SOC) storage, showing the effects of drought (pink) and
irrigation (blue) on dissolved organic carbon (DOC); microbial biomass carbon (MBC); fungal

to bacterial ratio (F:B ratio); ammonium-N (NH4"); nitrate-N (NO3"); light fraction organic
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carbon (LFOC); mineral-associated organic carbon (MAOC); soil respiration (CO2, not
considered in this study). A minus symbol indicates a negative effect, a plus symbol indicates

a positive effect, and n.s. indicates non-significant effects, based on the present meta-analysis.
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Drought/
Irrigation

Aboveground
biomass (-/n.s.)

Litterfall (n.s./n.s.)
Soil
moisture Litter mass loss (-/n.s.)
(-/%)

Fine root biomass (-/+)

DOC (n.s./n.s.)
1039

Physicochemical
properties

Microbial pH (n.s./+)
response Nitrogen (-/n.s.)
NH,* (n.s./n.s.)

MBC (- NO; (n.s./n.s.)
In.s.)

Fungal

(n.s./n.s.)

Bacterial Soil enzymes

(n.s./n.s.) _

F:B ratio B-glucosidase (-/n.s.)

(n.s./n.s.) Polyphenol oxidase

(n.s./n.s.)
Cellobiohydrolase
(n.s./no data)

SOC (n.s.In.s.)
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SOC fractions

Macroaggregate (-/no data)
Microaggregate (+/no data)
LFOC (-/no data)
MAOC (+/no data)




