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Abstract Droughts, or severe reductions of water 
flow, are expected to become more frequent and 
intense in rivers in many regions under the ongoing 
climate change scenario. It is therefore important 
to understand stream ecosystem functioning under 
drought conditions. We performed a meta-analysis of 
studies addressing drought effects on litter decompo-
sition in streams (50 studies contributing 261 effect 
sizes) to quantify overall drought effects on this key 
ecosystem process and to identify the main mod-
erators controlling these effects. Drought reduced 
litter decomposition by 43% overall, which can 
impact energy and matter fluxes along heterotrophic 
food webs. The magnitude of drought effects on lit-
ter decomposition depended on the type of drought 
(natural drought > human-induced drought), type 

of decomposer community (microbes + macroin-
vertebrates > microbes) under natural drought, cli-
mate (warm and humid > temperate and Mediter-
ranean)  under human-induced drought, and on litter 
identity. The magnitude of drought effects on litter 
decomposition also increased with the severity of the 
drought. The effects of ongoing climate change will 
likely be strongest in streams with abundant shredders 
undergoing natural drought, especially if the streams 
become temporary. The composition of the riparian 
vegetation may modulate the magnitude of drought 
effects on litter decomposition, which may have man-
agement applications.

Keywords Ecosystem functioning · Heterotrophic 
pathway · Stream intermittency · Systematic review

Introduction

Litter decomposition is a key ecosystem process in 
forest streams, where it sustains aquatic food webs 
and is pivotal in the carbon and nutrient cycles (Wal-
lace et al., 1997; Marks, 2019). Once in water, litter 
from the riparian vegetation is processed by microbial 
decomposers (mostly aquatic hyphomycetes, but also 
bacteria) and invertebrate shredders, which medi-
ate the incorporation of litter carbon and nutrients 
into secondary production (Hieber & Gessner, 2002; 
González & Graça, 2003).
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Aquatic decomposers (microbes and invertebrates) 
and litter decomposition are highly sensitive to envi-
ronmental conditions and litter characteristics (Boy-
ero et al., 2016; Yue et al., 2022). Drought, in particu-
lar, is a main factor structuring stream communities 
and processes (Rolls et al., 2012; Stubbington et al., 
2017; Sabater et al., 2018). Drought periods result in 
severe reduction of surface flow and can even lead to 
the total drying in the so-called intermittent rivers. In 
fact, between 51 and 60% of global rivers length is 
intermittent (Messager et al., 2021) and the forecasted 
increases in air temperature, with the consequent 
increases in evapotranspiration and water abstrac-
tion, will exacerbate flow reduction in many areas, 
especially in arid regions (Asadieh & Krakauer, 
2017). This reduction will likely be even stronger 
in regions subject to human-induced drought, e.g., 
where water is withdrawn from streams and rivers 
for irrigation agriculture (Meybeck, 2003; Milliman 
et  al., 2008; Döll et  al., 2009). Invertebrate shred-
ders (mostly belonging to the orders Plecoptera and 
Trichoptera) are especially sensitive to the degrada-
tion of water quality (e.g., increases in temperature, 
dissolved nutrients and conductivity and decreases in 
dissolved oxygen) under drought conditions (Stub-
bington et  al., 2017). Reduced flow velocity also 
decreases the activities of microbial decomposers due 
to less efficient diffusion of nutrients and oxygen at 
the water–biofilm interface (de Beer et al., 1996) and 
lack of physical stimulus for the release of spores by 
aquatic hyphomycetes (Ferreira & Graça, 2006; Bas-
tias et al., 2020).

Reduced flow and deterioration of water quality 
under drought, and consequent impacts on micro-
bial decomposers and shredders, often reduce lit-
ter decomposition (Sabater et  al., 2018), especially 
in isolated pools and on dry streambeds, where it is 
extremely slow (Langhans & Tockner, 2006; Corti 
et  al., 2011; Abril et  al., 2016). Litter decomposi-
tion is thus slower in intermittent than in perennial 
streams, which has been attributed to legacy effects of 
past dry periods reducing shredder density when flow 
resumes (‘drying memory’; Datry et al., 2011). These 
legacy effects are likely less important for microbes, 
which can remain on litter even during emersed peri-
ods although becoming potentially less efficient when 
water returns after longer dry periods (Gonçalves 
et al., 2016, 2019; Arroita et al., 2018; Mora-Gómez 
et al., 2018). The effects of drought can, thus, depend 

on the severity of flow reduction, being especially 
pervasive when the streambed dries out (Langhans 
& Tockner, 2006; Foulquier et al., 2015; Abril et al., 
2016).

As shredders are responsible for stimulating lit-
ter decomposition globally by 74% overall (Yue 
et  al., 2022), litter decomposition mediated by the 
combined activities of microbial decomposers and 
shredders is likely to be more responsive to drought 
than microbial-mediated litter decomposition (Riedl 
et al., 2013). Also, as shredders play a larger role on 
the decomposition of litter that is soft, nutrient-rich 
and has low concentrations of recalcitrant and defen-
sive compounds than on the decomposition of more 
recalcitrant litter (Hieber & Gessner, 2002; Yue et al., 
2022), it is expected that litter type (e.g., leaves vs. 
wood) and identity (genus) will determine its sensi-
tivity to drought (Hill et al., 1988).

Also, studies addressing drought effects on lit-
ter decomposition use a variety of methodological 
approaches and address varying drought magnitudes: 
studies with different drought severities, natural 
and cultural drought in real streams, mesocosm and 
experimental flume studies, litter bags incubated in 
and out of the water, seasonal comparisons in sin-
gle streams versus comparisons between streams 
under contrasting drought regimes, before–after/con-
trol–impact studies of naturally occurring vs. experi-
mentally induced drought, etc. All these can affect the 
magnitude of drought effects on litter decomposition 
and complicate between-study comparisons (Ferreira 
et al., 2015).

We carried out a meta-analysis to assess the sig-
nificance, magnitude, and direction of drought effects 
on litter decomposition in streams. We also aimed at 
determining the heterogeneity among studies and at 
assessing if drought effects on litter decomposition 
depended on type of drought, experimental approach, 
severity of drought, litter type, decomposer commu-
nity, litter identity, and climate. The specific ques-
tions and hypotheses addressed are shown in Table 1. 
This meta-analysis includes 50 studies that contrib-
ute 261 comparisons of litter decomposition between 
drought-stressed and reference (non-stressed) condi-
tions. We considered the effects of all types of drought 
(i.e., natural and human-induced) and addressed how 
methodological approaches (i.e., type of drought, 
type of human-induced drought, type of experimen-
tal drought), severity of drought and characteristics of 
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the decomposing litter (i.e., type, identity and decom-
poser community involved) affected the response of 
litter decomposition to drought (Table 1). This meta-
analysis is therefore complementary to a previous one 
assessing the effects of human-induced drought on 
streams (Sabater et  al., 2018), including the effects 
on litter decomposition (7 studies, 41 comparisons), 
but addressing how drought effects are dependent 
on regional and stream characteristics (e.g., rainfall 
regime, season, stream order, nutrient status).

Methods

Literature search and study selection

Primary studies (i.e., empirical studies, including 
published papers and gray literature such as Master or 
PhD dissertations) addressing the effects of drought 
on litter decomposition were searched on May 2nd, 
2022. Studies in English, published between Janu-
ary 1st, 1970, and April 30th, 2022 (including online 
first), were located using Web of Science (WoS) 
(database: Core Collection; indices: Science Citation 
Index Expanded, Conference Proceedings Citation 
Index – Science and Book Citation Index – Science). 
We used the following search strings (applied to the 
field ‘Topic,’ which includes title, abstract, keywords 
(defined in the study) and keywords plus (keyworks 
chosen for indexing purposes)): (i) ‘((stream OR 
river) AND (drought OR intermitten* OR temporary 
OR ephemeral) AND (decomposition OR processing 
OR breakdown OR decay) NOT (facies OR model* 
OR microcosm*))’ to identify studies addressing 
effects of natural drought and (ii) ‘((stream OR river) 
AND (diversion OR abstraction OR scarc*) AND 
(decomposition OR processing OR breakdown OR 
decay) NOT (facies OR model* OR microcosm*))’ 
to identify the studies addressing effects of human-
induced drought (the ‘NOT’ component aimed at 
reducing the number of non-relevant studies). Search 
(i) identified 2855 records and search (ii) identified 
2086 records; 4751 records remained after duplicates 
were removed (Fig. S1).

Titles and abstracts were screened and studies 
were selected if they addressed the effects of drought 
(natural or human-induced) on benthic decomposition 
of litter derived from tree or macrophyte species (i.e., 
leaves or wood) and incubated in monocultures (i.e., Ta
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e 
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not in litter mixture) on lotic systems (i.e., streams, 
rivers, outdoor artificial channels) by comparing at 
least one drought-stressed and one reference (non-
stressed) condition. Studies addressing the effects of 
drought include those comparing perennial vs. inter-
mittent (flowing, non-flowing or dry) streams (e.g., 
Datry et  al., 2011; Abril et  al., 2016), reaches with 
vs. without flow or dry in intermittent streams (e.g., 
Corti et al., 2011; Foulquier et al., 2015; Abril et al., 
2016), reaches with flow in wet vs. dry years (Schlief 
& Mutz, 2011), upstream vs. downstream of dams 
that reduce discharge (Menéndez et al., 2012), water 
diversion (e.g., Dewson et al., 2007a, b; Death et al., 
2009; Arroita et al., 2017), or simulated intermittency 
(e.g., Bruder et  al., 2011; Foulquier et  al., 2015). 
Therefore, drought conditions generally present dis-
charge below normal baseflow. Studies that addressed 
the effects of hydrological changes (e.g., resulting 
from dams, seasonal flooding) but that did not pro-
vide evidence for drought stress (e.g., lower discharge 
in the affected location) were not considered. Also, 
studies comparing seasons, regions, or land uses that 
are expected to contrast in water availability but that 
did not address drought effects were not considered. 
After title and abstract screening, 47 records were 
kept (Fig. S1).

The full text was screened and studies were 
selected for inclusion in the database if they reported 
a decomposition estimate, and associated variability 
measure (not mandatory for all studies as this can be 
imputed if missing values are few) and sample size, 
for both drought-stressed and reference conditions; 
missing information was requested from authors 
before a decision to impute data or to exclude the 
study was made. After accounting for double pub-
lication (i.e., when the same data are published in 
multiple studies), 44 unique studies were included. 
Additionally, 6 studies known to the authors and that 
met the inclusion criteria but were not identified in 
the WoS search were added to the database. The final 
database thus included 50 studies (Fig. S1, Tables S1 
and S2).

Data extraction

Studies included in the database satisfied the inclu-
sion criteria, but for several studies not all informa-
tion pertaining to litter decomposition did and, there-
fore, not all data were extracted from these studies 

(e.g., litter decomposition in the hyporheic zone, 
litter decomposition in litter mixtures, litter decom-
position in the period before drought in before–after 
control–impact designs, litter decomposition affected 
by other treatments, decomposition of cotton strips; 
Table  S2). Litter decomposition estimates that com-
plied with inclusion criteria (Table S1 and S2), vari-
ability measures, and sample size reported in the text 
and in tables were extracted directly, information in 
graphs was extracted with WebPlotDigitizer (https:// 
autom eris. io/ WebPl otDig itizer/), and missing infor-
mation was requested from the authors. For studies 
that reported litter decomposition over time (e.g., 
Herbst & Reice, 1982; Boulton, 1991; Corti et  al., 
2011; Schlief & Mutz., 2011), only mass remaining 
or mass loss at the last sampling date was considered, 
and for those that reported both exponential and lin-
ear litter decomposition rates (e.g., Maamri et  al., 
1997), the former were considered.

Variation measures were extracted as provided in 
the primary studies or by the authors (i.e., standard 
deviation (SD), standard error (SE), or 95% confi-
dence interval (CI)). SD values were used directly 
for estimating the variance associated with the effect 
size, while SE and 95% CI were first converted into 
SD. For studies that did not report variation associ-
ated with litter decomposition (e.g., Richardson, 
1990; Boulton, 1991; Bernal, 2010; Riedl et al., 2013; 
Huang et  al., 2018), SD values were imputed from 
studies with similar experimental designs and that 
reported litter decomposition in the same unit (Lajeu-
nesse, 2013; Appendix 1).

Values extracted from graphs or imputed may 
deviate from the real values, but not considering them 
would have limited the analysis. However, the poten-
tial bias introduced into the database by extracting 
data from graphs and by data imputation was assessed 
in sensitivity analyses.

Effect size

The effects of drought on litter decomposition were 
estimated as the response ratio R, given by the ratio 
between the estimate in the drought-stressed condi-
tion ( Xdrought ) to the estimate in the reference con-
dition ( Xreference ); analyses were performed on lnR, 
i.e., ln(Xdrought∕Xreference) ; for litter decomposition 
expressed as mass remaining (which varies in the 
opposite direction to mass loss or decomposition 

https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
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rate), the numerator and denominator were switched 
for the calculation of lnR (Hedges et  al., 1999; 
Appendix  1). R = 1 (lnR = 0) indicates no effect of 
drought on litter decomposition, R < 1 (lnR < 0) indi-
cates reduction and R > 1 (lnR > 0) indicates stimula-
tion under drought. R values can be converted into 
percentage change for ease interpretation of the mag-
nitude of the effect (Appendix 1).

The variance associated with lnR  (VlnR), needed 
to weigh each effect size in the analysis so that more 
precise effect sizes (i.e., with low variance) will be 
weighed more and contribute more to the overall 
estimate than less precise effect sizes, was calculated 
using the litter decomposition estimate, its SD and 
sample size (Borenstein et  al., 2009; Appendix  1). 
The variance associated with R was also used to esti-
mate the 95% CI associated with each effect size, so 
that R values with 95% CI that do not include 1 are 
significant (Appendix 1).

Individual litter decomposition studies contributed 
with multiple effect sizes to the database (2 – 36 per 
study) as a result from using coarse- and fine-mesh 
litter bags, several litter species, streams, or drought 
treatments. Therefore, the 50 studies included in the 
database contributed with a total of 261 effect sizes 
(Table  S1 and S2). Although considering multiple 
effect sizes per study might affect results if non-inde-
pendence of effect sizes is a problem, not considering 
them would have resulted in a low number of effect 
sizes, which would have precluded the analysis. We 
have, nevertheless, carried out sensitivity analyses to 
assess the effects of non-independence of effect sizes 
on the results.

Moderator variables

Methodological choices and environmental fac-
tors may affect the magnitude and direction of the 
response of litter decomposition to drought and are 
termed ‘moderators’ in meta-analysis. Therefore, 
information on several potential moderators, accord-
ing to our hypotheses (Table 1), was recorded: type of 
drought (natural or human-induced), type of human-
induced drought (cultural or experimental), type of 
experimental drought (simulated water diversion 
or desiccation or mesocosms), type of comparison 
being made for natural drought (spatial or temporal), 
percentage of dry days during the litter incubation 
period (continuous) and percentage of flow reduction 

(continuous), litter type (leaves or wood), litter 
identity (several genera), decomposer community 
involved (microbial or total: microbes + macroinverte-
brates), and climate (several) (Table S3). Information 
on other variables (e.g., water temperature, dissolved 
nutrients, current velocity, wet width, and depth) was 
also extracted, but sample size was too small to be 
used in analyses.

Statistical analysis

Overall effect size

The studies differed in experimental conditions and, 
thus, the overall response of litter decomposition to 
drought, i.e., the grand mean effect size, was deter-
mined using the random-effects model of meta-
analysis, which considers two sources of variance 
associated with effect sizes: within-study variance 
 (VlnR) and between-study variance (estimated by the 
restricted maximum likelihood (REML) method) 
(Borenstein et al., 2009). Individual effect sizes were 
weighed by the inverse of their variance, and the 
grand mean effect size (R) was considered significant 
if its 95% CI did not include 1. The percentage of 
total variability that was due to between-study varia-
tion  (I2) was also calculated (Borenstein et al., 2009).

Moderator analyses

The effects of categorical moderators on the magni-
tude and direction of the response of litter decom-
position to drought were assessed for subsets of the 
database, considering available sample size (only 
moderator levels with at least three effect sizes were 
tested) and robustness to publication bias. Subgroup 
analysis was used to estimate mean effect sizes for 
moderator levels (subgroups), using the random-
effects model (with the REML method for between-
study variance) (Borenstein et  al., 2009). Hetero-
geneity was compared between  (QM) and within 
subgroups to assess the significance of each mod-
erator and subgroup. Subgroups were significant if 
their 95% CI did not include 1, and two subgroups 
significantly differed if their 95% CI did not overlap. 
To avoid that other moderators confound the analysis 
of a given moderator, categorical moderators were 
tested hierarchically (Fig. 1).
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The effects of continuous moderators on the 
response of litter decomposition to drought were 
assessed for subsets of the database by meta-regres-
sion, using the random-effects model (with the 
REML method for between-study variance) (Boren-
stein et al., 2009).

Sensitivity analyses

Effect sizes were coded as ‘provided’ when lit-
ter decomposition estimates and SD were provided 
in numerical format (i.e., shown directly in the text 
or in tables or provided by the authors) or as ‘esti-
mated’ when values had to be extracted from graphs 
or imputed (Table  S1 and S2). The potential bias 
introduced into the database by extracting data from 

Fig. 1  Hierarchical approach used in the subgroup analyses 
showing moderator levels with n ≥ 3 (moderator levels with 
n < 3 were not considered in specific analyses of that modera-
tor and are not shown); comparison of moderator levels in a 
subgroup analysis was done for specific levels of the previous 
moderator in the hierarchical approach, except if there were no 
significant differences among levels in which case the subse-
quent analysis was made considering all levels of the previous 
moderator together. 1Data from Burrows et al. (2017) were not 
considered (total and microbial-mediated litter decomposi-

tion data are shown combined); 2Data on Castanea, Fraxinus, 
Nerium, Nothofagus and Ulmus litters were not considered 
(n < 3); 3Data on Acer litter was not considered (differs from 
most other litter genera in the previous analysis) and data on 
cold-dry climate was not considered (n < 3); 4Data on Fagus 
and Melicytus litters were not considered (n < 3); 5Data on 
Acer, Quercus and Salix litters were not considered (differ 
from most other litter genera in the previous analysis) and data 
on arid and boreal climates were not considered (n < 3)
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graphs and by data imputation was assessed by sub-
group analysis comparing the grand mean effect 
sizes for ‘provided’ and ‘estimated’ subgroups (as 
described above for subgroup analysis). Bias would 
be a concern if the grand mean effect size (R) would 
be significantly lower (i.e., stronger effect) for the 
‘estimated’ than for the ‘provided’ subgroup. Also, 
the previous subgroup analyses based on the entire 
database were repeated using the ‘provided’ data 
only and bias would be a concern if results interpreta-
tion differs when considering the entire database and 
when considering ‘provided’ data only.

The potential effects of the non-independence of 
effect sizes, which results from each study contribut-
ing with multiple effect sizes to the database, on the 
results were assessed by repeating the analyses (to the 
extent possible) considering a single effect size per 
study (estimated in a subgroup analysis with ‘study 
code’ as the moderator and each study as a subgroup). 
Non-independence of effect sizes would be a problem 
if results interpretation based on independent effect 
sizes (i.e., one effect size per study) differ from those 
obtained using the full database (i.e., with multiple 
effects sizes per study).

Publication bias

Evidence of publication bias was assessed for the 
entire database by the funnel plot. This is a scatter 
plot that contrasts the effect sizes (lnR) with their pre-
cision (SE), with symmetrical distribution of effect 
sizes around the grand mean effect size indicating 
no publication bias. The impact of publication bias 
on the grand mean effect size was assessed by the 
Duval and Tweedie’s trim and fill method (Duval & 
Tweedie, 2000). This method estimates a new grand 
mean effect size considering the ‘missing’ effect 
sizes, which are imputed assuming that the funnel 
plot should be symmetric. Overlap between the 95% 
CIs of the original and of the new grand mean effect 
size indicates that the original grand mean effect size 
is not strongly affected by publication bias.

Evidence of publication bias in subsets of the 
database was assessed by the Rosenberg’s fail-safe 
number  (Nfs). This value gives the number of miss-
ing effect sizes showing an insignificant effect that 
would be needed to nullify the mean effect size, with 
 Nfs > 5 × n + 10 (n = number of effect sizes) indicating 

that the dataset can be considered robust to publica-
tion bias.

Standard analytic methods were used (grand mean 
effect size, subgroup analyses, meta-regressions, and 
publication bias analyses; Borenstein et  al., 2009). 
Analyses were performed using OpenMEE (Wallace 
et al., 2017), except for publication bias analyses that 
were performed using the metafor package (Viech-
tbauer, 2010) in RStudio (RStudio, 2012).

Results

Database

The earliest study included in the database dates 
from 1982 (Herbst & Reice, 1982), and since then, 
the number of studies addressing drought effects on 
litter decomposition in streams has been accumulat-
ing exponentially reaching 50 in April 2022 (Fig. 
S2). There was an average of 0.3 studies/year before 
2000, which increased to 0.8 in 2000 – 2009, 2.6 in 
2010 – 2019, and 3.3 studies/year between 2020 and 
April 2022. Most studies were carried out in Europe 
(30), North America (8) and Oceania (7) (Fig. 2). Out 
of 261 comparisons of litter decomposition between 
drought-stressed and non-stressed conditions con-
tributed by the selected studies, 49% originated from 
studies addressing natural drought, 43% from studies 
addressing experimental drought, and 8% from stud-
ies addressing cultural drought (i.e., human-induced 
drought, not caused on purpose for the study) (Fig. 1, 
Tables S1 and S3). Studies addressing effects of 
natural drought on litter decomposition more often 
performed spatial (e.g., perennial vs. intermittent 
stream; 87%) than temporal comparisons (before 
vs. after drought; 13%) (Fig.  1, Tables S1 and S3). 
Studies addressing effects of experimental drought 
on litter decomposition most often used desiccation 
(immersed vs. emersed litter bags; 64%), followed 
by experimental water diversion (27%) and meso-
cosm (9%) approaches (Fig.  1, Tables S1 and S3). 
Most comparisons (91%) derived from leaf litter and 
addressed litter decomposition by both microbes and 
invertebrates (80%) (Tables S1 and S3). Litter from 
17 tree and macrophyte genera were used, with Popu-
lus (36%), Alnus (26%), and Phragmites (13%) leaf 
litter contributing most comparisons (Tables S1).
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Overall effects of drought on litter decomposition

The majority (85%) of individual effect sizes lnR 
were negative, with a large number being strongly 
negative  (Table  S1), which contributed to a grand 
mean effect size lnR of – 0.57 (95% CI: – 0.66 to 
– 0.48) (Fig. S3). This translated into a grand mean 
effect size R of 0.57 (95% CI: 0.52 – 0.62), indi-
cating a significant reduction of litter decomposi-
tion by 43% under drought conditions (p < 0.001) 
(Fig. 3). The funnel plot was, however, asymmetric, 
with 39 effect sizes ‘missing’ to the left of the grand 
mean effect size (Fig. S4A), which suggests publi-
cation bias. The new grand mean effect size R esti-
mated by the trim and fill method (after imputing 
the ‘missing’ effect sizes) was 0.49 (95% CI: 0.45 
– 0.54), which suggests a reduction of litter decom-
position under drought by 51%. The original and the 
new grand mean effects sizes were, however, not 
significantly different (their 95% CIs overlapped), 
indicating that the grand mean effect size based on 
the database was not strongly affected by publica-
tions bias. In fact, the Rosenberg’s fail-safe num-
ber was well above the threshold for considering 
the database robust to publication bias (Table  2). 
The percentage of total variability that is due to 

between-study variation was high  (I2 > 99%), sug-
gesting that the response of litter decomposition to 
drought is affected by methodological choices and 
environmental factors. 

Effects of moderators on the response of litter 
decomposition to drought

The effect of drought on litter decomposition signifi-
cantly depended on the type of drought with stronger 
reduction under natural than under human-induced 
drought (51% vs. 35% reduction), although signifi-
cant in both cases (Table 2, Fig. 3). However, drought 
effects on litter decomposition did not depend on the 
type of comparison for natural drought (spatial or 
temporal), type of human-induced drought (cultural 
or experimental), or type of experimental drought 
(water diversion, desiccation, or mesocosm studies) 
(Table  2, Fig.  3). Drought effects on litter decom-
position depended on the severity of the drought, 
with effects becoming stronger as the percentage 
flow reduction increased in studies addressing natu-
ral drought (Fig.  4A) and as the percentage num-
ber of dry days during the litter incubation period 
increased in studies addressing experimental desicca-
tion (Fig. 4B). In the case of human-induced drought, 
no significant relationship was found between the 

Fig. 2  Global distribution of the studies included in the database (n = 50)
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severity of drought (i.e., percentage flow reduction) 
and its effects on litter decomposition (p = 0.115).

Reduction of litter decomposition by natural 
drought did not significantly depend on litter type or 
climate (Table  2, Fig.  5). Effects of natural drought 
significantly depended on decomposer community 
with stronger reduction for total than for micro-
bial-mediated litter decomposition (54% vs. 22%) 
(Table 2, Fig. 5). Effects of natural drought on litter 
decomposition were similar across litter identities, 
except that they were non-significant for Carya and 

Acer litters while decomposition was reduced for 
other litter genera (Table 2, Fig. 5).

Reduction of litter decomposition by human-
induced drought did not significantly depend on the 
decomposer community (Table  2, Fig.  6). However, 
the effects of human-induced drought on litter decom-
position depended on litter identity, with stronger 
reduction of Populus (46%) and Alnus (29%) litter 
decomposition than of most other litter genera, and on 
climate, with stronger reduction in warm and humid 
(66%) than in temperate and Mediterranean climates 
(33 – 36%) (Table 2, Fig. 6).

Sensitivity analysis

The grand mean effect size was not significantly 
affected by the type of data (‘provided’ vs. ‘esti-
mated’;  QM = 0.640, df = 1, p = 0.424; Table  S4), 
suggesting that estimated data did not strongly affect 
the results. The grand mean effect size R considering 
provided data only was 0.53 (95% CI: 0.45 – 0.63), 
indicating a significant reduction of litter decompo-
sition by 47% under drought conditions (p < 0.001) 
(Table S4). Although there were 11 effect sizes ‘miss-
ing’ to the left of the grand mean effect size in the 
funnel plot (Fig. S4B), the new grand mean effect 
size estimated by the trim and fill method (R: 0.47, 
95% CI: 0.40 – 0.56) overlapped the original grand 
mean effect size (Table  S4), which indicates that 
the grand mean effect size based on provided data 
was not strongly affected by publications bias. The 
results interpretation in subgroup analyses also did 
not change in most cases; in some cases, however, the 
effects became non-significant (i.e., litter decomposi-
tion under cultural drought or in mesocosms, micro-
bial litter decomposition under natural drought) due 
to the reduction in sample size by not considering 
estimated data (Table S4).

When considering a single effect size per study 
(i.e., database with independent effect sizes, n = 50), 
the grand mean effect size R was 0.62 (95% CI: 
0.53 – 0.73) (Table S5), which is fairly similar to the 
grand mean effect size based on the entire database 
(R = 0.57, 95% CI: 0.52 – 0.62; n = 261), suggesting 
that the non-independency of effect sizes in the entire 
database is not strongly affecting the grand mean 
effect of drought on litter decomposition. The funnel 
plot was slightly asymmetric with 3 studies missing 
to the left of the grand mean effect size (Fig. S4C), 

Fig. 3  Effect of drought on litter decomposition, overall and 
as a function of the type of drought, scale of natural drought, 
type of human-induced drought and type of experimen-
tal drought; values are response ratios (R; ± 95% CI). R = 1 
(dashed line) indicates no effect of drought on litter decompo-
sition, R > 1 indicates stimulation and R < 1 indicates reduction 
of litter decomposition under drought conditions (reduction in 
litter decomposition under drought conditions can be converted 
into % by considering the difference between R and 1 mul-
tiplied by 100: (1 – R) × 100). The effect is significant when 
the 95% CI does not include 1 (black circles). For the modera-
tors, levels with overlapping 95% CI do not significantly differ 
(same letter). Values in brackets are sample sizes  (moderator 
levels with < 3 effects sizes were not considered)
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but the new grand mean effect size estimated by the 
trim and fill method (R: 0.59, 95% CI: 0.50 – 0.69) 
did not significantly differ from the original grand 
mean effect size (Table S5). However, due to strong 
decreases in sample size, type of drought and type of 
human-induced drought became non-significant in 
moderating drought effects on litter decomposition 
(Table S5).

Discussion

Drought is expected to become an increasing stressor 
for freshwaters, potentially altering ecosystem pro-
cesses and consequently ecosystem services (Sabater 
et  al., 2018). In this compilation of 261 effect sizes 
derived from 50 studies, drought reduced litter 
decomposition in streams on average by 43%. The 

magnitude of the effects, however, depended on the 
type and severity of drought, as well as on the decom-
poser community involved and on litter identity. The 
moderators of drought effects on litter decomposition 
identified in this meta-analysis, together with those 
identified in an earlier meta-analysis that focused on 
human-induced drought (climate, rainfall regime, sea-
son, river size and river nutrient status; Sabater et al., 
2018), contribute to better anticipate the effects of 
drought on stream ecosystem functioning.

Drought conditions reduce litter decomposition

Litter decomposition was overall strongly reduced 
under drought conditions (by 43%), as hypothe-
sized, which likely resulted from impaired decom-
poser activity (Langhans & Tockner, 2006; Corti 
et al., 2011; Datry et al., 2011; Mora-Gómez et al., 

Table 2  Datasets, moderators, and levels within modera-
tors tested in the analyses (moderator levels with < 3 effect 
sizes were not considered), sample size (n), Rosenberg’s fail-
safe number  (Nfs; a dataset is robust to publication bias if 

 Nfs > 5 × n + 10, n = number of effect sizes), test for heterogene-
ity between levels within moderators  (QM), degrees of freedom 
(df), and p values (significant differences among levels within 
moderators exist if p < 0.050)

1 withouth Burrows et  al. (2017). 2Castanea, Fraxinus, Nerium, Nothofagus, and Ulmus litters not considered (n < 3). 3several cli-
mate types not considered as a result from exclusion of certain litter genera (see Fig. 1). 4Fagus and Melicytus litters not considered 
(n < 3). 5several climate types not considered as a result from exclusion of certain litter genera (see Fig. 1); arid and boreal climates 
also not considered (n < 3)

Dataset Moderator Levels Total n Rosenberg  Nfs QM df p

All Type of drought 2: Natural  × Human-induced 261 19,855,273 8.498 1 0.004
Natural drought Scale of natural 

drought
2: Spatial  × Temporal 128 21,439,665  < 0.001 1 0.998

Human-induced 
drought

Type of human-
induced drought

2: Experimental  × Cultural 133 20,645 3.252 1 0.071

Experimental drought Type of experimental 
drought

3: Water diversion  × Desicca-
tion  × Mesocosms

111 16,569 1.749 2 0.417

Natural drought Litter type 2: Leaves  × Wood 128 21,439,665 1.741 1 0.187
Natural  drought1 Decomposer com-

munity
2: Total  × Microbial 126 21,185,907 3.048 1 0.008

Natural drought, 
total decomposer 
 community2

Litter identity 9: Carya  × Salix  × Quercus  ×  
Eucalyptus  × Phrag-
mites  × Alnus  × Populus  ×  
Liquidambar  × Acer

108 21,185,907 11.594 8 0.170

Natural drought, 
total decomposer 
 community3

Climate 3: Temperate  × Mediterra-
nean  × Humid subtropical

100 17,679,258 2.462 2 0.292

Human-induced 
drought

Decomposer com-
munity

2: Total  × Microbial 133 20,645 2.164 1 0.141

Human-induced 
 drought4

Litter identity 6: Populus  × Alnus  ×  
Betula  × Salix  × Acer  × Quercus

131 20,334 15.352 5 0.009

Human-induced 
 drought5

Climate 3: Warm and humid subtropi-
cal  × Temperate  × Mediterranean

110 29,138 10.555 2 0.005
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2018). Impaired decomposer activity may result 
from altered community composition with more 
efficient decomposer species being replaced by 
less efficient ones. In fact, drying is a strong envi-
ronmental factor controlling the composition of 
aquatic hyphomycete communities in intermittent 
streams, which selects for drying specialists over 
drying-sensitive species (Arias-Real et  al., 2022). 
Adaptation costs, however, result in a weak asso-
ciation between drying specialists and litter decom-
position (Arias-Real et  al., 2022), which can con-
tribute to lower litter decomposition rates under 
aquatic conditions in natural intermittent streams 
or in streams affected by water abstraction than in 
perennial streams (Mora-Gómez et al., 2015; Mari-
luan et  al., 2015; Monroy et  al., 2016; Solagaistua 
et al., 2016). Similarly, drought affects invertebrate 
communities by selecting drought-resistant species 
over drought sensitive ones in intermittent streams 
(Stubbington et  al., 2017). Because invertebrate 
shredder species mostly belong to orders Plecop-
tera (stoneflies) and Trichoptera (caddisflies), which 

Fig. 4  Relationship between drought effects on litter decom-
position (lnR) and percentage flow reduction under natural 
drought (n = 18; A) and percentage number of dry days during 
the litter incubation period in studies addressing experimental 
desiccation (n = 71; B). Circle size indicates the contribution 
(based on precision) of individual effect sizes to the meta-
regression (on panel B, the precision of effect sizes below the 
regression line is very small). A: lnR = –0.008 × flow reduction 
(%) + 0.020 (p = 0.039,  R2 = 0.21); B: lnR = – 0.012 × dry days 
(%) + 0.073 (p < 0.001,  R2 = 0.20)

Fig. 5  Effect of natural drought on litter decomposition as a 
function of litter type, decomposer community, litter identity 
(for the data subset considering total litter decomposition; 
without Castanea, Fraxinus, Nerium, Nothofagus, and Ulmus 
litters that had n < 3), and climate (for the data subset consid-
ering total litter decomposition without Castanea, Fraxinus, 
Nerium, Nothofagus, and Ulmus litters that had n < 3, and 
without Acer litter that differs from most other litter genera); 
values are response ratios (R; ± 95% CI). R = 1 (dashed line) 
indicates no effect of drought on litter decomposition, R > 1 
indicates stimulation, and R < 1 indicates reduction of litter 
decomposition under drought conditions (reduction in litter 
decomposition under drought conditions can be converted into 
% by considering the difference between R and 1 multiplied 
by 100: (1 – R) × 100). The effect is significant when the 95% 
CI does not include 1 (black circles). For the moderators, lev-
els with overlapping 95% CI do not significantly differ (same 
letter). Values in brackets are sample sizes (moderator levels 
with < 3 effect sizes were not considered)
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are generally sensitive to drought, litter decompo-
sition is generally slower in intermittent streams 
and streams affected by water abstraction than in 
perennial streams, even during flowing conditions 
(Datry et al., 2011; Schlief & Mutz., 2011; Menén-
dez et al., 2012; Vanlandingham et al., 2021). Addi-
tionally, under dry conditions, aquatic invertebrates 
are not replaced with terrestrial invertebrates to 

the same extent, and therefore, litter decomposi-
tion proceeds at a slower rate under terrestrial than 
aquatic conditions (Corti et  al., 2011; Abril et  al., 
2016).

Decomposer activity can also be impaired by 
changing environmental conditions under drought. 
Reduced flow limits gas and nutrient exchange 
between biofilms and the water column (de Beer 
et  al., 1996), which impairs microbial activity (Fer-
reira & Graça, 2006; Bastias et al., 2020). Microbial 
activity is also reduced under low dissolved oxygen 
concentrations and elevated salinization (Medeiros 
et  al., 2009; Canhoto et  al., 2021), which generally 
accompany flow reductions during the warm sea-
son. Abundances of sensitive stonefly and caddisfly 
shredders also decrease with deterioration of water 
quality (e.g., decrease in dissolved oxygen concentra-
tion, increases in conductivity and temperature; Pas-
coal et al., 2003; Gulis et al., 2006), which generally 
accompany flow reduction (Rolls et al., 2012).

Microbial activity is also highly sensitive to dehy-
dration, even if leaf litter is emersed only for short 
periods (Bruder et  al., 2011; Mora-Gómez et  al., 
2018). After 7  days emersion, fungal and bacte-
rial biomass accumulation, fungal reproduction, and 
microbial enzymatic activity associated with black 
poplar (Populus nigra L.) leaves were inhibited up 
to ~ 50% compared with leaves kept immersed, and 
inhibition of microbial activities increase as the num-
ber of emersed days increased to 14 and 21 (Duarte 
et  al., 2017). Inhibition of microbial activities under 
drought can result from impaired nutrient diffusion 
between decomposers and the surrounding medium 
(de Beer et  al., 1996) or from a tradeoff between 
stress tolerance, which is energetically demanding, 
and metabolic activity (Pesce et al., 2016).

Although both flow reduction and drying reduce 
litter decomposition rates, their ecological effects at 
the ecosystem level can be very distinct. While slower 
litter decomposition during periods of low flow 
keeps reducing litter stocks, drying greatly halts litter 
decomposition and promotes the accumulation of lit-
ter on riverbeds (del Campo et al., 2021). This means 
that a greater amount of litter is likely available for 
transport to downstream reaches when flow resumes 
after a drying period than in cases where low flow 
was maintained (del Campo et al., 2021).

Reduction of litter decomposition was stronger 
under natural than under human-induced drought, 

Fig. 6  Effect of human-induced drought on litter decompo-
sition as a function of decomposer community, litter identity 
(without Fagus and Melicytus litters that had n < 3), and cli-
mate (for the data subset used to address litter identity without 
Acer, Quercus and Salix litters that differ from other litter gen-
era and without arid and boreal climates that had n < 3); values 
are response ratios (R; ± 95% CI). R = 1 (dashed line) indicates 
no effect of drought on litter decomposition, R > 1 indicates 
stimulation and R < 1 indicates reduction of litter decomposi-
tion under drought conditions (reduction in litter decompo-
sition under drought conditions can be converted into % by 
considering the difference between R and 1 multiplied by 100: 
(1 – R) × 100). The effect is significant when the 95% CI does 
not  include 1 (black circles). For the moderators, levels with 
overlapping 95% CI do not significantly differ (same letter). 
Values in brackets are sample sizes (moderator levels with < 3 
effect sizes were not considered)
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which contradicts our hypothesis that proposed 
that the adaptation of aquatic communities to sea-
sonal drought in intermittent streams would mitigate 
drought effects on ecosystem processes. This result 
may, however, be reflecting the higher proportion of 
cases in which litter experienced dry conditions under 
natural drought (68%) than under human-induced 
drought (59%). It is possible that human-induced 
drought was not as strong (e.g., flow reduction) as 
natural drought in the studied streams. Although 
human-induced drought can lead to complete desic-
cation of streams and rivers, this is less frequent in 
developed countries such as those where most stud-
ies have been performed, and where environmental 
regulations for environmental flows tend to be applied 
more stringently (Arthington et al., 2018). Addition-
ally, human-induced experimental drought using 
control/impact approaches, such as when simulating 
drought or using mesocosms, was limited in dura-
tion and intensity, as indicated by the wet incuba-
tion conditions under drought (Dewson et al., 2007a, 
b; Arroita et  al., 2017; Huang et  al., 2018). Only in 
the human-induced experimental drought simulating 
desiccation (i.e., comparing litter samples that were 
immersed vs. emersed), there were litter samples 
incubated in (simulated) dry streambeds (Langhans & 
Tockner, 2006; Bruder et  al., 2011). A recent study 
(Gruppuso et al., 2021) comparing the effects of natu-
ral drought (i.e., perennial vs. intermittent streams) 
with those of experimental drought simulated in arti-
ficial stream-side channels found similar patterns of 
both types of drought on litter decomposition, but 
effects were still stronger under the natural than the 
experimental drought. However, natural and experi-
mental drought effects were assessed for different 
regions, seasons and litter species, which may con-
found the comparison between drought types (Grup-
puso et  al., 2021). Also, it is possible that studies 
addressing natural drought effects use preferentially 
intermittent streams that dry out rather than peren-
nial streams that undergo a reduction in flow, which 
results in overall strong effects of natural droughts. 
Still, stronger effects of natural than of human-
induced drought on litter decomposition may explain 
the greater reduction of litter decomposition found 
in this study (by 43%) compared with a recent meta-
analysis that only considered human-induced drought 
(reduction by 31%; Sabater et al., 2018).

Experimental drought allows for higher control of 
confounding variables and it is essential to our under-
standing of the mechanisms behind drought effects 
on aquatic communities and processes. However, it 
may underestimate the full extent of drought effects 
expected under warming scenarios since effects 
found for experimental drought were less pronounced 
than those found for natural drought, likely because 
the former approach lacks the cumulative effects 
of repeated droughts captured in the latter approach 
(e.g., ‘drying memory’; Datry et al., 2011). Alterna-
tive experiments performed over aridity gradients 
(i.e., using space-for-time substitution) may better 
inform about future drought effects on stream ecosys-
tem functioning.

Contrary to expected, the magnitude of lit-
ter decomposition reduction under drought did not 
depend on the type of comparison (spatial vs. tem-
poral) for natural drought or on the type of human-
induced (experimental vs. cultural) or of experimental 
drought (water diversion vs. desiccation vs. meso-
cosms), indicating that water availability is a stronger 
moderating factor of litter decomposition than any 
potential confounding factor. However, the magni-
tude of litter decomposition reduction increased with 
drought severity as shown by the meta-regressions; as 
expected, reduction of litter decomposition became 
stronger with stronger decreases in flow and higher 
percentage number of emersed days. It is, neverthe-
less, important to note that drought severity was not 
consistently reported across studies, which limits a 
better understanding of how it affects litter decom-
position. Studies have reported (or it was possible to 
estimate) percentage number of days litter samples 
were emersed during the incubation period, percent-
age reduction in flow, current velocity, and wet width 
or depth (Schlief & Mutz, 2011; Pinna et  al., 2016; 
Solagaistua et  al., 2016), which are not necessarily 
equivalent (no significant correlation was found based 
on the available data; data not shown). Efforts should 
therefore be made so that at least discharge (and num-
ber of days litter samples are emersed in case the stre-
ambed dries) is recorded.

As hypothesized, the effects of natural drought 
were stronger for total (mediated by both microbes 
and invertebrates) than for microbial-mediated litter 
decomposition. Aquatic macroinvertebrates, espe-
cially shredders, are key players on litter decom-
position (Hieber & Gessner, 2002; Cornut et  al., 
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2010), and may be directly and indirectly affected 
by drought. Shredder abundance and diversity are 
negatively affected by drought, which has negative 
impacts on litter decomposition (Datry et  al., 2011; 
Martínez et  al., 2015; Abril et  al., 2016; Monroy 
et  al., 2016). Also, impaired microbial conditioning 
of litter under drought may render litter less palat-
able for shredders (Abril et al., 2016), which prefer to 
feed on litter that has been softened and enriched in 
nutrients by microbial decomposers (Graça & Cressa, 
2010). Additionally, the contribution of physical 
fragmentation to litter decomposition, which is more 
pronounced on coarse- than on fine-mesh bags, is 
likely reduced under drought. While high discharge 
promotes litter abrasion by suspended sediments and 
stimulates litter mass loss, low discharge facilitates 
the deposition of fine sediments on litter and retards 
litter decomposition (Canton et  al., 1990; Ferreira 
et  al., 2006b). In contrast, microbial decomposers 
may have high functional redundancy, as shown in 
the context of other environmental changes (Pascoal 
et  al., 2005; Ferreira et  al., 2006a; Martínez et  al., 
2020), and thus, microbial-mediated litter decompo-
sition is less affected than total litter decomposition 
under drought, although reduction is still significant. 
However, less information is available on natural 
drought effects on microbial-mediated litter decom-
position compared with total litter decomposition, 
and therefore, the lower effects of drought on the for-
mer compared with the latter need to be considered 
carefully. In fact, when human-induced drought was 
considered, both total and microbial-mediated litter 
decomposition were reduced to similar extents. More 
information on drought effects on microbial-mediated 
litter decomposition is needed, especially considering 
that invertebrate shredders are typically cold-water 
species and will likely become less diverse and abun-
dant in streams experiencing increases in temperature 
(Boyero et al., 2021). Thus, under warming scenarios, 
the relative contribution of microbes to litter decom-
position may increase (Boyero et al., 2011).

Contrary to expected, the reduction of litter 
decomposition under drought was not affected by lit-
ter type as wood and leaf litter decomposition were 
reduced to similar extents. This suggests that reduc-
tion of microbial contribution to wood decomposi-
tion was likely equivalent to the reduction of shredder 
contribution to leaf litter decomposition. As wood is 
a denser substrate than leaves, reduction in flow, and 

consequently in oxygen and nutrient diffusion in the 
water–substrate interface, may more strongly affect 
microbes associated with wood than with leaves. In 
addition, as shredders can also exploit wood biofilms, 
and therefore contribute to wood mass loss (Eggert 
& Wallace, 2007), decreases in shredder abundance 
and activity under drought may also impair wood 
decomposition.

The magnitude of the reduction of litter decom-
position by drought depended on litter identity, but 
no strong conclusion about the interaction between 
drought and litter identity (or quality) is possible 
since the ranking of litter genera in our results does 
not match their known quality (Ostrofsky, 1997; 
Jabiol et  al., 2019) and even litter genera with con-
trasting quality (e.g., from less to more recalcitrant: 
Alnus < Populus < Phragmites; Fenoy et  al., 2016; 
Jabiol et al., 2019) were similarly affected by drought. 
However, understanding the interaction between 
drought and litter quality is crucial considering that, 
in the short term, drought can affect individual tree 
traits such as litter chemistry, with the direction and 
magnitude of changes depending on species iden-
tity and litter characteristics, and consequently lit-
ter decomposition (LeRoy et al., 2014; Orians et al., 
2019; Wilson et al., 2022). In the long term, drought 
can lead to changes in plant composition as more fre-
quent, prolonged and intense droughts will select for 
more drought-resistant species, often with changes in 
plant functional type and consequently in the charac-
teristics of litter inputs to streams (Barba et al., 2016; 
Martínez-Vilalta & Lloret, 2016). Understanding the 
interaction between drought and litter identity/quality 
may also help managers in selecting the plant species 
to use in the restoration of degraded riparian areas in 
regions prone to become affected by drought.

Conclusion

Natural drought is an integral part of the function-
ing of streams in many regions, where it strongly 
reduces litter decomposition. However, as droughts 
become more frequent and intense with ongoing 
warming, many perennial streams will likely become 
intermittent, facing severe reductions in litter decom-
position, with impacts on nutrient cycling and food 
webs. In contrast, the existing research shows human-
induced droughts to have smaller effects on litter 
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decomposition, likely because ecological flows are 
maintained. Although there is little information on 
other regions, we suspect that where human activi-
ties lead to total stream desiccation, its effects on lit-
ter decomposition will be strong. Effects of drought 
are especially strong for total litter decomposition, 
suggesting that streams where shredders are abundant 
will undergo a stronger reduction of litter decomposi-
tion under warming than streams where litter decom-
position is mostly mediated by microbial decom-
posers. Also, reduction of litter decomposition with 
drought depends on litter identity, which can have 
management implications as the effects of drought 
may be exacerbated or mitigated by changes in the 
composition of the riparian vegetation.
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