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ABSTRACT ARTICLE HISTORY
Global climate change has led to more frequent and severe Received 6 March 2023
droughts, which can negatively affect instream invertebrate com- ~ Accepted 12 April 2023
munities, but we lack a perspective on the global patterns and KEYWORDS

drivers of such drought effects. Here, using meta-analysis, we syn- Biomass; density;
thesized 997 paired observations extracted from 94 peer-reviewed diversity; taxonomic
publications to assess how drought affects the biomass, density, level; stream

taxonomic richness, and diversity (Shannon-Wiener, Simpson, and characteristic
Pielou indices) of instream invertebrates at a global scale. We
found that (i) drought significantly decreased instream invertebrate
density and taxonomic richness by an average of 4.9 and 5.0%,
respectively, had marginal negative effects on Shannon-Wiener
index, but did not affect biomass, Simpson index or Pielou index;
(i) the effects of drought on instream invertebrate biomass, den-
sity, and diversity were not affected by taxonomic level, indicating
the robustness of our results; and (iii) stream water physiochemical
characteristics such as water flow velocity, pH, conductivity, dis-
charge, total nitrogen concentration, and chlorophyll-a concentra-
tion were important moderator variables of drought effects on
instream invertebrate communities. Overall, our results clearly
showed the global patterns and driving factors of drought effects
on instream invertebrate biomass, density, richness, and diversity,
which helps scientists better understand the responses of instream
invertebrate communities under ongoing global climate change.

1. Introduction

Global warming caused by human activities has triggered frequent extreme drought
events (Vogel et al. 2019), exacerbating stream fragmentation and loss of aquatic habitats
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and resulting in reduced biodiversity and impaired ecosystem functions (Boulton and
Lake 2008; Rolls et al. 2012; Vander Vorste et al. 2020). Shifts in stream flows from
perennial to intermittent induced by climate change, particularly drought, will accelerate
in the coming decades (Doll and Schmied 2012), resulting in significant impacts on
instream biota such as invertebrate communities. Extreme drought events tend to push
invertebrate communities beyond critical thresholds, and even a small environmental
change can cause disproportionately large biological responses (Capon et al. 2015).
Although previous studies assessed the impacts of drought on stream ecosystems (e.g.
Aspin et al. 2018; Gémez-Gener et al. 2020; Sabater et al. 2018; Sarremejane et al. 2020),
and found that invertebrate biodiversity was lower in drying streams (Soria et al. 2017),
we still lack a deep global understanding of the impacts of drought on instream inver-
tebrate communities.

Invertebrates are fundamental components of stream ecosystems, because they not
only contribute to stream biodiversity but also play critical roles in carbon (C) and
nutrient (e.g. nitrogen and phosphorus) cycling, for example, contributing to leaf litter
decomposition (Yue et al. 2022), and directly or indirectly incorporating organic matter
from various autochthonous and allochthonous sources into aquatic food webs (Cao
et al. 2018; Cummins and Klug 1979; Hauer and Resh 2017). As a crucial component
of stream ecosystems, invertebrates are highly sensitive to drought (Bogan et al. 2015).
Drought results in spatially extended river flow reductions, often leading to drying of
typically perennial sections (Stubbington et al. 2017). Such drying events affect inver-
tebrate communities by eliminating species lacking drying resistance strategies locally
and by limiting dispersal and thus species recolonization capacity through increasing
hydrological fragmentation at the network scale. (Aspin et al. 2019; Chadd et al. 2017).
Also, droughts typically are associated with high water temperature, specific conductance,
and reduced dissolved oxygen concentrations, changing water characteristics critical for
the survival of invertebrates (Boulton and Lake 2008; Rolls et al. 2012). However, the
ways in which habitat availability and water quality changes moderate drought effects
on instream invertebrates have not yet been quantitatively assessed at global scales.

Drought effects on instream invertebrate communities can be controlled by a variety
of abiotic factors, including stream physicochemical properties, climate conditions, and
geographical locations (Ptatscheck et al. 2020; Hussain and Ashok 2012). Water phys-
icochemical properties such as temperature, dissolved oxygen, and current flow may
directly affect the survival patterns of invertebrates, because these factors are closely
related to the survival and growth rates of invertebrates, possibly with larger drought
effects in streams with low current flow and dissolved oxygen but high water tempera-
ture (Arismendi et al. 2013). Hygrothermal conditions (e.g. precipitation, temperature,
and evaporation) control the duration and intensity of drought and alter the flow
regime (e.g. discharge, and flow velocity) of streams, thus indirectly regulating the
distribution and structure of instream invertebrate communities (Datry et al. 2016). In
addition, latitude, and elevation can be also important moderator variables, because
they are directly or indirectly related to other environmental factors such as precipi-
tation, and temperature that are closely related to stream characteristics and instream
invertebrate communities (Aspin et al. 2018), but were not well assessed at regional
or global scales.

Evidence suggested that drought can selectively and progressively eliminate some
species with certain functional traits, creating new niche opportunities for the continuous
replacement of species and traits (Boulton and Lake 2008; Leigh et al. 2016; Stubbington
et al. 2017). For example, Leigh et al. (2019) found that invertebrates among different
taxonomic groups gradually homogenized under the filter effects of drought, with
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decreases in diversity but increases in evenness, and the density of a small number of
tolerant taxa strongly increased. This filtering effect is driven by the duration and
intensity of drought, because extreme drought events usually lead to sharp declines in
invertebrate biomass, and even loss of species and collapse of food webs (Ledger et al.
2012; Walters and Post 2011). In drying streams, invertebrate density and diversity may
increase in a short time if different taxonomic groups congregate in reduced habitat
areas (Wright and Berrie 1987). However, as drought intensity increase steadily over
time, invertebrate density and diversity would decrease because competition and predation
in the temporary shelters or habitats would be extremely difficult (Bae et al. 2014). In
addition, the effects of drought on instream invertebrate communities may be affected
by taxonomic level, because communities at higher taxonomic levels would be less sen-
sitive to drought due to niche overlap (Broennimann et al. 2012; Saigo et al. 2016).

Here, using 997 pairwise observations (the comparison of biodiversity of stream
invertebrates under drought and controlled conditions) collected from 94 publications,
we systematically assessed the effects of drought on instream invertebrate communities.
The objectives of our study were to: (1) quantify the effects of drought on instream
invertebrate biomass, density, taxonomic richness, and diversity (Shannon-Wiener diversity
index, Simpson diversity index, and Pielou evenness index); (2) evaluate whether the
effects of drought on instream invertebrate communities were affected by taxonomic
level, because invertebrates were identified to family, genus, and species level or unre-
ported in different primary studies; and (3) assess the impacts of multiple moderator
variables on the responses of invertebrate communities to drought. We hypothesized
that (1) drought would decrease the biomass, density, taxonomic richness, and diversity
of instream invertebrates, but would increase community evenness; (2) the effects of
drought on instream invertebrate communities would vary among different taxonomic
levels; and (3) the effects of drought on invertebrate communities would be modulated
by environmental factors (e.g. geographical locations, climate conditions, and physico-
chemical characteristics) that are closely related to invertebrate communities.

2. Materials and methods
2.1. Data collection and complication

Following the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analysis) statement, namely an evidence-based minimum set of items for reporting
in systematic reviews and meta-analysis (Page et al. 2021; Fig. S1), we searched for
peer-reviewed articles, academic theses, and book chapters published in English or
Chinese before June 2022 using Web of Science (http://apps.webofknowledge.com/),
Google Scholar (http://scholar.google.com/), and China National Knowledge Infrastructure
(http://www.cnki.net/). The terms (“benthic invertebrate*” or “bottom invertebrate*” or
“demersal invertebrate*” or macroinvertebrate*) and (drought or arid or dry or “decrease*
precipitation” or “decrease* rainfall”) and (stream or river) were used as the search
terms, and their equivalents in Chinese. Primary studies were included in our database
if they meet the following criteria: (1) control and drought conditions were not affected
by pollution or human activities (e.g. water extraction and experimental manipulation),
and drought in studies refers to hydrological drought caused by natural conditions; (2)
the type of drying refers to an unusual drying event in a stream/river caused by an
extreme drought event; (3) collection of invertebrates was carried out in at least one
stream or river not affected by drought (control condition) and one comparable stream
or river affected by drought (drought condition), and sampling in drought conditions


https://doi.org/10.1080/02705060.2023.2203728
http://apps.webofknowledge.com/
http://scholar.google.com/
http://www.cnki.net/

4 Q YANGET AL,

were done during drought (the no-flow period); (4) at least one of the following inver-
tebrate metrics were reported: biomass, density, taxonomic richness, Shannon-Wiener
index, Simpson index, or Pielou index in both the drought and control groups; and (5)
the sample size was clearly reported for both groups. Ninety-four independent publica-
tions (92 in English and 2 in Chinese) were included in our database, which contributed
a total of 997 pairwise observations (Figure 1 and Table S1).

To assess the impacts of moderator variables we also extracted data of geographical
locations [latitude (°) and elevation (m)] and stream physicochemical characteristics,
including water width (cm), depth (cm), flow velocity (m/s), pH, conductivity (uS/cm),
temperature (°C), turbidity (NTU), discharge (L/s), alkalinity (mg CaCO,/L), total phos-
phorus (TP, mg/L), total nitrogen (TN, mg/L), dissolved O, (mg/L), and chlorophyll-a
concentrations (ug/L), where available. Data were directly extracted from the main texts,
tables, and appendices of the selected primary studies, or digitized from figures using
GetData Graph Digitizer (version 2.26; http://www.getdata-graph-digitizer.com). Because
many of the primary studies did not report climate data, we extracted mean annual
temperature (MAT, °C), and mean annual precipitation (MAP, mm) from the WorldClim
v2 database (Fick and Hijmans 2017), as well as aridity index (AI), and annual evapo-
transpiration (AET, mm/day) from the CGIAR-CSI v2 database (Trabucco and
Zomer 2019).

2.2, Statistical analysis

To assess the effects of drought on instream invertebrate communities, we used the
natural log response ratio (InRR) as the effect size, because it is easily interpretable and
its sampling distribution approximates normality (Hedges et al. 1999). The InRR for
each individual pairwise observation was calculated as:

X,
InRR :ln[fJ (1

c

where X, and X, are the means of invertebrate metrics in the drought and control
groups, respectively. Because many of the studies did not report standard deviation or
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Figure 1. Global distribution of observations used in the meta-analysis. The number of pairwise observations of
each study site is represented by symbol size, and different colors indicate different invertebrate metrics.
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standard error, we used the number of repeats associated with each observation to
calculate the weight (W,) of the corresponding effect size as:

(N,xN,)

"IN ?

in which N, and N, are the number of replications in the control and drought groups,
respectively (Morris and DeShon 2002; Yue et al. 2021).

To calculate the overall mean effect size (InRR,,) of drought on invertebrate com-
munities, we ran an intercept-only linear mixed-effects model using the Ime4 package
in R (Bates et al. 2015), where InRR was fitted as a response variable and the identity
of the primary study was fitted as a random-effects factor to account for the potential
non-independence of observations extracted from a single study. To further assess the
impacts of moderator variables on InRR, we used linear mixed-effects meta-regression
models by fitting these variables as continuous or categorical fixed-effect factors. Because
the data points varied substantially among different moderator variables, and it is
impossible to evaluate their interactions, we thus only performed univariate models to
evaluate the impacts of each variable individually. To aid interpretation, InRR,, and the
associated 95% confidence interval (CI) were back-transformed using the equation
(el"RR** —1)><100% (Koricheva et al. 2013). The InRRs across all observations or those for
each invertebrate metric showed normal or slightly skewed normal distributions (Figure 2),
indicating the robustness of our database to publication bias. All statistical analyses were
performed in R version 4.1.1 (R Core Team 2021).
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Figure 2. Frequency of the distribution of natural log response ratio of instream invertebrate total (all metrics
joined; a), biomass (b), density (c), taxonomic richness (d), Shannon-Wiener index (e), Simpson index (f) and Pielou
index (g). The number, means and standard error are also shown.
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Biomass - —O—— (36)
Density —@— (319) *
Richness —@— (407) *
Shannon-Wiener —0O— (127) *
Simpson - —0O— (40)
Pielou —O— (68)

30 | 0 30
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Figure 3. Overall effects of drought on instream invertebrate communities. Values are means with 95% confidence
intervals of the per cent difference between drought and control groups, and numbers of pairwise observations are shown
in parentheses. Grey symbols indicate statistically non-significant effects of drought on invertebrate metrics, and red
symbols indicate statistically significant negative effects at *p <0.05 and marginally significant negative effects at -p<0.1.

3. Results
3.1. Overall effects of drought

Averaged across the observations, instream invertebrate density and taxonomic richness
were significantly reduced by drought by an average of 4.9% and 5.0%, respectively,
while drought showed a marginally negative effect (-5.9%) on the Shannon-Wiener
index of instream invertebrate communities. However, invertebrate biomass, Simpson
index, and Pielou index showed non-significant responses to drought (Figures 3 and S1).

3.2. Impacts of moderator variables

The responses of invertebrate biomass and density to drought were not affected by
taxonomic level, while the effects of drought on taxonomic richness were only significant
at the species level, which was significantly decreased by 8.9% (Figure 4). Likewise,
drought effects on invertebrate community Shannon-Wiener index and Pielou index
were not affected by taxonomic level, while the responses of Simpson index to drought
were only significant at unreported levels (Figure 5). The effect size of drought on
invertebrate biomass was positively related to MAP, and stream water conductivity. The
InRR of density was negatively related to MAT and stream water nitrogen concentration,
and the InRR of richness was only negatively associated with latitude (Table 1). The
InRR of both Shannon-Wiener and Pielou indices were positively associated with stream
water flow velocity and discharge, and negatively associated with water nitrogen con-
centration, and positively related to pH and chlorophyll-a concentration. The InRR of
Simpson index was positively related to stream water pH and conductivity.
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Figure 4. Effects of drought on instream invertebrate biomass (a), density (b) and taxonomic richness (c) among
different taxonomic levels (family, genus, species and unreported). Values are means with 95% confidence intervals
of the per cent difference between drought and control groups for different taxonomic levels, and numbers of
pairwise observations are shown in parentheses. Grey symbols indicate statistically non-significant effects of drought,
and red symbols indicate significant negative effects at *p <0.05.
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Figure 5. Effects of drought on instream invertebrate diversity [Shannon-Wiener index (a), Simpson index (b) and
Pielou index (c)] among different taxonomic levels (family, genus, species and unreported). Values are means with
95% confidence intervals of the per cent difference between drought and control groups for different taxonomic
levels, and numbers of pairwise observations are shown in parentheses. Grey symbols indicate statistically
non-significant effects of drought, and red symbols indicate significant negative effects at *p <0.05.

4. Discussion
4.1. Negative effects of drought on instream invertebrate communities

Partly consistent with the first hypothesis, drought showed significant negative effects
on instream invertebrate density, taxonomic richness, and Shannon-Wiener index
(Figure 3), indicating that drought could thus profoundly modify the structure of instream
invertebrate communities. First, the effects of drought typically lead to reductions in
the availability of habitats, as decreased stream discharge usually results in the loss of
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lateral, longitudinal, and/or vertical connectivity, and fragmentation with drying (Boulton
and Lake 2008; Chadd et al. 2017). Second, drought can significantly cause decreases
in habitat qualities and increases in extremes of physical and chemical water quality
parameters, for example, increase in water temperature and conductivity as well as
decrease in dissolved oxygen (Magoulick and Kobza 2003). In addition, drought can
also indirectly affect stream primary productivity via low flow and high temperature,
which decrease the quantity and quality of food resources, thereby altering the structural
characteristics or composition of invertebrate communities, especially of taxa adapted
to fast flows and cold waters (Bonada et al. 2006; Herbst et al. 2019).

The decreases in instream invertebrate density, taxonomic richness, and diversity
under drought stress may be attributed to homogenizations in invertebrate communities
(Bertoncin et al. 2019; Pinna et al. 2016). It is considered to be an overarching process
that includes either loss of taxonomic, genetic, or functional uniqueness over time (Olden
et al. 2004). Drought can filter out instream invertebrate taxa adapted to high oxygen
and low-temperature environments, while those that have adapted to lentic conditions
and have been able to cope with poor water quality are able to persist (Aspin et al.
2018; Leigh et al. 2019), and thus caused an overall decrease in invertebrate density,
taxonomic richness, and diversity. In addition, the selective effects of drought are also
expected to have negative impacts on sensitive species having low density in streams
(Vellend 2010), which can also contribute to declines in instream invertebrate density
and diversity under the stress of drought. However, in contrast to our second hypothesis,
we found that the effects of drought on instream invertebrate communities were not
affected by taxonomic level, which may be explained by the variations in individual
species that have adapted to a narrow range of drought levels that were not reflected
at higher taxonomic levels (Bowman and Bailey 1997; Warwick 1993).

4.2. Impacts of moderator variables

The effects of drought on instream invertebrate communities were regulated by multiple
moderator variables such as latitude, MAT, MAP, stream flow velocity, discharge, pH,
conductivity, nitrogen, and chlorophyll-a concentrations. The latitudinal gradient in
species richness, with species and richness declining with latitude, is widely known
(Chaudhary et al. 2021; Crow 1993; Hubendick 1962). For example, Jacobsen et al.
(1997) found that tropical lowland streams had an average of 2-4 times higher species
richness than temperate lowland streams. The InRR of taxonomic richness was negatively
related to latitude, indicating that invertebrate species in high-latitude streams are more
resistant to drought effects, which in line with previous findings on marine and terres-
trial organisms (Culp et al. 2019; Musonge et al. 2020). Climate conditions shape stream
environments through direct and indirect impacts on biological and abiotic factors that
control the duration and intensity of drought (Dodds et al. 2019). Temperature has been
found to be a major factor affecting the growth rates of invertebrates, and the smaller
the individuals, the greater the impacts (Humpesch 1979). However, in our study, climate
conditions only marginally impacted the effect size of drought on instream invertebrate
biomass and density. Three mechanisms may explain this result: (i) the climatic condition
during droughts may not be accurately described by annual average climatic indicators
(Li et al. 2020); (ii) instream invertebrates present high persistence and resilience to
drought-induced stressful environmental conditions (Hiddink et al. 2015; Mesa 2012);
and (iii) the limited data points for each taxonomic group may limit the statistical power
to generate a significant result.
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Stream physicochemical properties seem obviously to affect the magnitude of drought
effects on invertebrate communities, because they change the availability of food
resources and availability and suitability of aquatic habitats, which control the structure
and composition of invertebrate communities (Boulton and Lake 2008; Ledger et al.
2012; Stubbington et al. 2017). For example, discharge and flow velocity are often
inter-related in running water. The decline of discharge and flow velocity caused by
drought will lead to habitat shrinkage and connectivity reduction, which selectively
eliminates some invertebrate taxa (e.g. floating, slow-breeding, and riffle groups)
(Herbst et al. 2019; Lake 2003; Stubbington et al. 2017). Our results showed a negative
impact of water nitrogen concentration on InRR of Shannon-Wiener index, reflecting
its effect on instream invertebrate diversity during drought (Camargo and Alonso
2006). During the drying period, nitrogen concentration in streams can increase sig-
nificantly due to low-flow upwelling and microbial nitrogen fixation (Grimm and
Petrone 1997), which favors high abundances and activities of microorganisms (Rosa
et al. 2014). However, Camargo et al. (2005) found that ammonia and nitrite could
also be toxic to invertebrates when their concentrations rose to a certain level, and
the toxicity increased with increasing concentrations and exposure times. Increased
nitrogen concentration and temperature can also lead to the increase of water pH,
but the positive slope for pH suggested that drought effects were stronger in acidic
water (low pH), which possibly indicated that invertebrates from streams with low
pH are less resistant to drought-induced pH changes than those from relatively neutral
streams (Bernard et al. 1990). The increased specific conductance during drought
might simply be an indicator of generally lower water quality under the stress of
drought, but its positive relationship with the InRR of drought on invertebrate biomass
was likely to indicate an increased tolerance of invertebrates to a temporary drying
environment (Chessman and Robinson 1987). In addition, the decreased water velocity
in the boundary layer declined with falling discharge limited the input of exogenous
chlorophyll-a (Biggs and Gerbeaux 1993), and reduced the food source of invertebrates
during drought thus affects the ingestion and nutritional relationships of invertebrate
communities (Finn et al. 2009).

4.3. Major limitations and perspectives

Despite the general patterns of drought effects on instream invertebrate density and
diversity found in this study, several uncertainties and knowledge gaps still exist because
of the inherent limitations of experimental designs and the lack of a more complete
dataset with sufficient information on instream invertebrate study. First, 253 of the
997 observations in our database did not have information on the taxonomic level,
which limited the assessment of the impacts of taxonomic level on drought effects.
Second, many primary studies did not report background information such as stream
physicochemical characteristics, which limited our ability to generate a robust perspec-
tive on the driving factors of drought effects on instream invertebrate communities.
Third, the study sites included in our database were unevenly distributed across the
globe, with limited data from Asia, which reduced our ability to achieve a general
pattern of drought effects on instream invertebrate communities at the global scale.
Therefore, we suggest that future studies focusing on instream invertebrates should
clearly identify the taxonomic levels and report background information that are
directly and indirectly related to invertebrate communities, especially in regions that
are less studied.
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5. Conclusions

This quantitative synthesis represents the most comprehensive assessment of the global
impact of drought on instream invertebrate communities, complementing a recent global
study that included a few study sites (Sabater et al. 2018). The results of our systematic
meta-analysis showed global negative effects of drought on instream invertebrate com-
munities, with density and taxonomic richness significantly reduced by 4.9% and 5.0%,
respectively. Drought had marginal negative effects on Shannon-Wiener index, but did
not affect biomass, Simpson index or Pielou index. Taxonomic level, geographic locations,
and climate conditions showed limited impacts on the response of invertebrates to
drought, but stream physiochemical characteristics such as those related to aquatic habitat
availability and quality (water flow velocity, discharge, pH, conductivity, nitrogen, and
chlorophyll-a concentrations) were the most important moderator variables of drought
effects on instream invertebrates. Overall, our study not only quantitatively synthesized
the global patterns and driving factors of drought to instream invertebrate communities,
but also clearly assessed the regulatory mechanisms of key moderator variables. Finally,
the results also highlight the importance of precise taxonomic resolution. And we hope
to design scientific experiments to further explore the effect of drought on functional
traits of invertebrates.
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