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ABSTRACT
Recent studies examining global insect biodiversity trends have shown declines for many terrestrial species but increases in 
some aquatic species, albeit with limited spatial coverage. However, the impact of a wide range of threats on insect biodiversity 
remains uncertain at a global scale. Livestock farming and ranching constitute approximately 30% of global land use and repre-
sent a major and growing threat to biodiversity. Although we know livestock farming and ranching affect aquatic macroinverte-
brates via degradation of water quality and habitat, there are no global syntheses of the impacts of livestock on the biodiversity of 
aquatic insects. Here, we investigate the impact of livestock farming and ranching on the abundance and richness of five major 
aquatic insect orders: Ephemeroptera (mayflies), Plecoptera (stoneflies), Trichoptera (caddisflies), Megaloptera (dobsonflies and 
alderflies), and Odonata (dragonflies and damselflies). Our meta-analysis shows that livestock farming significantly reduces 
species richness of Ephemeroptera, Trichoptera, and Plecoptera compared to areas with no livestock present. In contrast, we 
found no overall impact of livestock farming on the abundance of aquatic insects or individual orders, even after accounting for 
moderators such as livestock type, riparian vegetation presence, and stocking density. The apparent stability in insect abundance, 
combined with declines in richness, suggests there may be shifts in community composition that cannot be captured with a 
broad-scale analysis. Further research is needed at finer taxonomic resolution, coupled with increased reporting of quantitative 
stocking density and livestock water access, to better understand the apparently heterogeneous effects of livestock on aquatic 
insects and predict the impacts of further spread and intensification of livestock farming.

1   |   Introduction

Insects are often the most abundant organisms in freshwater 
ecosystems and perform essential ecological roles such as litter 
decomposition, nutrient retention, food sources, and algae re-
moval (Suter II and Cormier 2015, Samways 2020). While aquatic 
invertebrate communities have been well documented for fresh-
water quality assessments and as bioindicators of forest health 
(Sigutová et al. 2019; Das and Maity 2021; Eriksen et al. 2021), 

global biodiversity trends for aquatic insects are inconsistent. 
Increasing (Outhwaite et  al.  2020; van Klink et  al.  2020), de-
creasing (Baranov et al. 2020; Romero et al. 2021; Rumschlag 
et al. 2023), and stable (Haase et al. 2023) trends in abundance, 
richness, and diversity have been reported at regional and global 
scales. With such a diversity of trends reported, understanding 
the impact of specific drivers on specific taxa becomes increas-
ingly important. Available information suggests that anthropo-
genic habitat alteration and the subsequent increase in water 
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pollution are some of the major threats to aquatic insects (Reid 
et al. 2019; Samways 2020). However, quantifying the impact of 
threats on insect populations is inherently challenging due to 
the wide range of anthropogenic pressures and high diversity 
within Orders (Collen et al. 2012; Wagner 2020).

Developments in global-scale research have offered new in-
sights into the major threats to aquatic insects. Recently, the 
International Union for the Conservation of Nature's (IUCN) Red 
List's comprehensive assessment of Odonata species marked the 
first global evaluation of extinction risk and threats to an entire 
insect Order (IUCN 2021, 2024). This allows an assessment of 
the number of species, globally, that are thought to be impacted 
by each threat, and therefore the calculation of a simple ranking 
of threats (Maxwell et al. 2016). In addition, the Global Insect 
Threat-Response Synthesis project (GLiTRS; glitrs.​ceh.​ac.​uk), 
which aims to create an insect threat-response model using 
current literature and expert knowledge (Cooke et  al.  2025), 
has run a series of workshops with entomologists to derive the 
relative importance of threats to insect Orders using the IUCN 
Red List Threat Classification Scheme (Salafsky et  al.  2008; 
Bladon et al. in prep). Combined threat rankings from the Red 
List assessments and the GLiTRS expert elicitation workshops 
have determined livestock farming and ranching to be one of the 
major threats to Odonata and other aquatic insects. Broader ex-
aminations of threats to aquatic systems and invertebrates also 
highlight the danger posed by runoff from agricultural sources 
(Collen et  al.  2012; O'Callaghan et  al.  2019) and identify live-
stock as a major driver of biodiversity change (IPBES 2019).

The effects of livestock on freshwater ecosystems are well docu-
mented. Livestock presence in and around freshwater can cause 
increases in nutrients (del Rosario et al. 2002; Vidon et al. 2008) 
and sediment (O'Callaghan et  al.  2019), and can lead to a re-
duction in riparian vegetation and bank stability (Epele and 
Miserendino 2015; Krall and Roni 2023). Runoff nutrients, sed-
iment, bacteria, and other pollutants are accumulated in lentic 
systems (e.g., ponds, wetlands), and dispersed downstream in 
lotic (rivers, streams) systems (Reid et al. 2019). Livestock pres-
ence in the surrounding drainage area of a freshwater body 
(i.e., catchment) may still impact the freshwater ecosystem even 
when livestock are not adjacent to the sampled habitat (Weijters 
et al. 2009; Herbst et al. 2012; Larson et al. 2016). Additionally, 
the impacts of livestock vary depending on the livestock type, 
grazing management practices, stocking density, and the geo-
logical and morphological characteristics of the freshwater 
body (Matthaei et al. 2006; Herbst et al. 2012; Yoshimura 2012; 
Holmes et al. 2016). Other direct anthropogenic threats tied to 
livestock farming and ranching, such as the conversion of for-
ests to grazing pasture, have been shown to affect aquatic insect 
community assemblage and reduce densities of more sensitive 
taxa (Quinn et al. 1997; Yoshimura 2012).

Meta-analyses have become increasingly prevalent in ecological 
literature and have improved our understanding of anthropo-
genic impacts on biodiversity worldwide (Gurevitch et al. 2018). 
Previous meta-analyses have examined livestock impacts 
across taxonomic kingdoms (Felton et  al.  2010; Dettenmaier 
et  al.  2017; Sartorello et  al.  2020; Huaranca et  al.  2022), eco-
systems (Davidson et  al.  2017; Li and Jiang  2021; Schürings 
et al. 2022; Su et al. 2023), and abiotic properties (Yayneshet and 

Treydte 2015; Lai and Kumar 2020); however, there are no global 
meta-analyses examining the effect of livestock farming and 
ranching solely on freshwater insects. To address this knowl-
edge gap, we present a quantification of the threat of livestock 
farming and ranching on the abundance and species richness of 
five major aquatic insect Orders through a global meta-analysis, 
accounting for variation due to livestock intensity, ecological 
factors (e.g., livestock species, catchment effects, habitat type), 
and differences between Orders.

Specifically, we ask the following questions:

1.	 What is the overall impact of livestock on the abun-
dance and richness of major Orders of aquatic insects 
(Ephemeroptera, Trichoptera, Plecoptera, Odonata, 
Megaloptera)?

2.	 Do the impacts of livestock farming and ranching differ 
between aquatic insect Orders?

3.	 Do higher intensities or densities of livestock grazing have 
a greater impact on the abundance or species richness of 
aquatic insects than lower intensities?

2   |   Methods

2.1   |   Literature Search

The threat of livestock farming and ranching was defined 
using the IUCN Red List Threat Classification Scheme (Version 
3.3 (Salafsky et  al.  2008)), a recognized and expert-reviewed 
schema. To facilitate the initial literature search, we used the 
PICO framework (Richardson et al. 1995) to formulate a main 
research question (Table 1). Using the PICO research question 
as a guideline, the initial search string below was created (for-
matted for Scopus) to extract peer-reviewed articles examining 
the impacts of livestock farming and ranching on aquatic insects 
anywhere in the world:

TITLE-ABS-KEY ((odonat* OR dragonfl* OR damselfl* OR 
“freshwater *invertebrate$”) AND (livestock OR ranch* OR 
farm* OR graz*) AND (abundance OR richness OR diversity))

TABLE 1    |    Description of the main research question structured 
using the PICO framework.

Criteria Definition

Population Any species of Odonata, Ephemeroptera, 
Plecoptera, Trichoptera, or Megaloptera

Intervention Areas impacted by threats falling 
within the definition of IUCN Red List 

Threat 2.3—Livestock farming and 
ranching; any presence of livestock, 

including sites impacted by deforestation 
for livestock grazing/pasture use

Comparison Low or absent livestock 
farming and ranching

Outcome Abundance, species richness, and diversity
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We tested the suitability of the search string by assessing the 
relevance to the PICO question of 20 randomly selected titles 
and abstracts returned from the search. Using the R package 
litsearchr (Grames et al. 2019), we identified common terms be-
tween relevant results to include in subsequent search strings. 
Common terms between non-relevant results were either re-
moved or explicitly stated to exclude them within the updated 
search strings. We repeated this process until the revised search 
strings no longer returned new, relevant results. We conducted 
the systematic literature search using the final strings on 1 
December 2023 on the platforms Scopus and Web of Science, 
using no filters or database exclusions, and included results in 
all languages and publication years (Table S1). The results re-
trieved from both platforms were combined and had duplicate 
results removed immediately, using the litsearchr function “re-
move_duplicates” and through later manual checks of the re-
turned papers (n = 1164).

To screen the deduplicated results for eligible papers, we fol-
lowed PRISMA guidelines (Figure S1, (Page et al. 2021)) and the 
meta-protocol outlined by Millard et al. (2023), which included 
preregistration and the upload of a systematic literature screen-
ing and data extraction protocol (Barnes and Bladon 2023, see 
https://​osf.​io/​e39fz​). Returned studies were screened in two 
rounds: title and abstract, then full text. For each round of 
screening, two reviewers (L.A.B. and E.W.-S.) both screened the 
same subset of returned papers (50 publications for title and ab-
stract, 10 publications for full text) following the pre-established 
protocol to ensure repeatability. Differences in inclusion were 
discussed and the protocol clarified where necessary before 
screening continued. After addressing comments from the inde-
pendent reviewer, the final screening criteria were used for all 
papers (Table 2).

As part of the pre-established criteria, we excluded publica-
tions that were not peer-reviewed (e.g., book chapters, disser-
tations) and literature that did not follow an experimental or 
quasi-experimental approach (e.g., literature reviews, taxo-
nomic recordings of species). Publications in languages other 
than English were included and translated to English using 
the free translation website DeepL (DeepL  2024). For publi-
cations that had their full text screened (n = 311), we recorded 
the specific reason for exclusion for each study (Table  2, 
Figure S1). During full-text screening, a subset of publications 
(n = 54) met all research criteria but did not present data in a 
format that could be used for a meta-analysis (e.g., no error 
estimates, results only presented via linear dimensionality 
visualizations like Principal Component Analyses). For these 

papers, we contacted the authors to request raw data or addi-
tional information and excluded papers where we did not hear 
back (Figure S1).

2.2   |   Data Extraction

From the 33 publications which passed full-text screening, 
we extracted data directly from text, tables, and figures (fig-
ures via WebPlot Digitizer (Rohatgi  2024)). Core data were 
collected on the insect taxon studied, sample size, estimated 
mean biodiversity metric (abundance, species richness, or 
diversity), and estimated error (as confidence intervals, stan-
dard deviation, or standard error) for sites with livestock pres-
ent (treatment) and sites with low or no livestock presence 
(control). All extracted data, including publication details 
(i.e., journal name, language) and experimental metadata (i.e., 
study site coordinates), were entered into a standardized data 
extraction sheet structured following recommendations from 
the ecological meta-analysis platform Dynameta (Skinner 
et al. 2023). We extracted data for the finest taxonomic level 
available (e.g., genus or species), although in some cases, data 
were coarse and only provided for multiple Orders combined 
(i.e., Ephemeroptera, Plecoptera, and Trichoptera (EPT)). If 
biodiversity metrics were provided without error estimates 
and could not be averaged by site or year, we averaged raw 
data or mean estimates across the finest recorded taxonomic 
level to obtain a suitable error calculation at a courser taxo-
nomic resolution.

Based on prior research examining livestock impacts on fresh-
water habitats and macroinvertebrates, commonly reported 
information was extracted as potential moderators whenever 
reported in a study (Table 3). These moderators were: the live-
stock species present at the grazed site (Matthaei et  al.  2006; 
Bilotta et  al.  2007; McDowell and Wilcock  2008); the scale of 
the treatment-control comparison site level or catchment level 
grazing and exclusion; (Weijters et al. 2009, Herbst et al. 2012); 
the habitat type at the control site forest or grassland; (Quinn 
et al. 1997, Yoshimura 2012); and the life stage (adults or larvae) 
of the collected insects (based on whether the survey method 
was aquatic or terrestrial if not explicitly reported (Smith 
et al. 2002, Petersen et al. 2004)). However, other environmental 
information, such as stream habitat (e.g., riffles, pools), seasons 
(e.g., autumn, spring), or collection year, were pooled together 
to create a more comparable dataset between studies, as re-
porting on these factors individually was inconsistent between 
publications.

TABLE 2    |    Overview of the final screening criteria used for the exclusion of studies not relevant to the PICO question (Table 1).

First round, title and abstract Second round, full text

1.	No taxa of aquatic insect examined
2.	Livestock presence or impact was not examined
3.	Abundance, richness, and/or diversity was not examined
4.	Study was not in freshwater

1.	Could not determine livestock impacts due to other 
disturbance, and/or study does not provide details of 
livestock presence or use of treatment pasture for livestock

2.	Publication was not peer-reviewed or empirical
3.	Study did not examine biodiversity metrics of aquatic 

insects
4.	Study examined impacts of feral or wild species
5.	Full text was unavailable
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Where possible, we additionally recorded information on cate-
gorical and numerical grazing intensity. If studies explicitly re-
ported “low”, “medium” or “high” livestock presence in either 
the treatment or control site, it was recorded as such. Different 
grazing practices within a study were also assigned a categorical 
level of livestock intensity, based on the information provided 
by the authors (e.g., a publication may suggest year-round graz-
ing would be “high” intensity, whereas rotational grazing would 
be “low” intensity). These publication-defined categorical in-
tensities for the treatment and control sites were combined into 
paired treatment/control categories for analysis; for example, 
“high” livestock presence at a treatment site and “low” livestock 
presence at a control site would be categorized as a “High/Low” 
livestock intensity comparison (Table 3).

Numerical stocking densities were often reported in papers as 
a single unit of animals per hectare. When stocking density 
for a single site was provided as a range, the maximum value 
was recorded as we assumed that the maximum stocking den-
sity provided related to the maximum possible threat imposed 
on the site. However, if stocking densities were reported across 
multiple sites that needed to be averaged to calculate an error 
estimate, the average stocking density across all pooled sites was 
recorded. To standardize stocking density of varying units and 
livestock types, we converted all recorded stocking density units 
to Animal Unit Equivalents (AUE (Ogle and Brazee 2009, Most 
and Yates 2022)) per hectare (Table S2).

3   |   Data Analysis

Despite being explicitly searched for, only one paper reported 
a measure of species diversity. Therefore, analyses were con-
ducted only examining livestock effects on species richness 
and abundance. All statistical analyses were conducted in R 

version 4.3.1 (R Core Team  2023) using the metafor package 
(Viechtbauer 2010a). All error estimations reported as standard 
error or 95% confidence intervals were converted to standard 
deviation prior to effect size calculation. For each observation, 
effect sizes (Hedges' g) were calculated using the means and 
standard deviations for each control and treatment pair, cor-
rected for bias toward small sample sizes (Hedges 1981). Effect 
sizes were examined using a linear mixed effects model frame-
work, estimated using restricted maximum likelihood (REML), 
and fitted with a random intercept of observation nested within 
study to account for similarity between observations originat-
ing from the same paper. Models were fitted using the ‘rma.mv’ 
function from the metafor package, following recommended set-
tings (e.g., use of t-distributions for model coefficient estimates 
(Viechtbauer 2010b)). This basic model structure was applied to 
all models.

Due to the acceptance of publications reporting on either com-
plete absence or “low” intensities of livestock grazing in control 
sites, we ran a basic linear mixed effects model testing for differ-
ences in effect size between these two control subgroups before 
running any model addressing the main research questions. As 
no study of species richness reported low livestock density as a 
control, the subgroup analysis of “control type” (complete ab-
sence of livestock versus low density presence of livestock) was 
only fitted for abundance data. This test for subgroup differences 
between control sites indicated there was no significant effect 
(QM = 2.56, p = 0.126) on aquatic insect abundance (Figure S2). 
Despite many observations for controls of low livestock inten-
sity (n = 143), these originated from only three studies, which 
is suggested to be too low to extract true differences between 
subgroups (Valentine et al. 2010). Therefore, we included stud-
ies with low presence of livestock as controls with other studies 
reporting controls as complete absence of livestock in all further 
abundance analyses.

TABLE 3    |    List of all moderators included as fixed effects for meta-analysis multi-level modeling. Categorical moderators are listed with all 
included levels.

Moderator Description Levels/unit

Livestock type Broad groups of livestock types reported in studies, with mixed groups 
of livestock combined with unreported (unknown) livestock species

1.	Cattle
2.	Cattle & Sheep
3.	Mixed/Other/Unknown

Study scale Scale of research: either site-level (e.g., cattle exclosures, 
stream reaches) or catchment-level (entire drainage area)

1.	Catchment-level
2.	Site-level

Control vegetation Main vegetation around control sites; for catchment-scale studies, 
also includes the dominant vegetation within the catchment

1.	Grassland
2.	Forest

Life stage Assumed life stage of surveyed taxa based on study description 
and/or sampling methods. If not explicit, “larva” assigned to 

aquatic collection methods (e.g., Surber samplers) and “adult” 
assigned to terrestrial methods (e.g., light traps, malaise traps)

3.	Adult
4.	Larva

Intensity Qualitative values of livestock intensity reported in individual 
studies for treatment and control sites (high, medium, low, 

none). Categories created using combinations of study reported 
intensities (Treatment Intensity/Control Intensity)

1.	Low/None
2.	High/Low
3.	High/None
4.	Med/Low

Density Quantitative value of stocking density, transformed into Animal 
Unit Equivalents (AUE)/hectare for standardization (Table S2)

AUE per hectare
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Eight separate models were fitted to assess the impacts of live-
stock farming and ranching on aquatic insect abundance and 
richness. Of these, six models assessed general livestock impacts 
on all aquatic insect richness and abundance and the abundance 
of the four most reported Orders (Ephemeroptera, Trichoptera, 
Plecoptera, and Odonata; see Sections 3.1 and 3.2). The remain-
ing two models assessed the impacts of categorical livestock 
intensity and quantitative stocking density, respectively (see 
Section 3.3). Due to limited effect sizes for species richness, only 
abundance was examined for the models on individual Orders 
and livestock intensity and density.

3.1   |   What Is the Overall Impact of Livestock 
on the Abundance and Richness of Major Orders 
of Aquatic Insects?

To assess the overall impacts of livestock presence on aquatic 
insects, one random effects model using the basic structure out-
lined previously was fitted to all richness observations due to the 
limited number of studies and observations. In contrast, there 
was a large sample size for abundance; therefore, differences 
due to livestock type, study scale, life stage, and type of control 
site could be assessed (Table 3).

We attempted to include these moderators as fixed effects 
within a single initial maximal model; however, we did not 
include moderators and their two-way interactions if the sam-
ple size was 20 or fewer effect sizes per grouping, based on 
a modification of the standard, yet arbitrary “ten events per 
one variable” rule of thumb (Harrell Jr. et al. 1996; Steyerberg 
et al. 2000). The final maximal model for all abundance obser-
vations contained fixed effects of livestock type, control ripar-
ian vegetation (forest or grassland), study scale (site/reach or 
catchment), and life stage (adult or larvae), and the two-way 
interactions between riparian vegetation and livestock type, 
and between riparian vegetation and study scale. These inter-
actions were included based on previous literature reporting 
variations in water quality and insect communities depend-
ing on the possible antagonistic and synergistic influences 
of these factors (Quinn et al. 1997; Bilotta et al. 2007; Herbst 
et al. 2012; Yoshimura 2012; Faria et al. 2021).

Collinearity of all included categorical moderators was as-
sessed by determining the Variance Inflation Factor (VIF). If 
VIF was 10 or above, moderators were reviewed individually 
using chi-squared tests, as VIF values can be influenced by 
other factors than just collinearity (O'Brien 2007). Ultimately, 
no moderator was removed based on VIF, as no chi-squared 
test determined moderators with high VIF to be significantly 
correlated.

As REML-fitted models assume the correct structure 
of fixed effects, it is generally recommended they be re-
fitted to a maximum likelihood (ML) estimation before 
performing information-criterion based model selection 
(Viechtbauer 2010a). Therefore, once any potential issues with 
collinearity were resolved, each resulting maximal model was 
run using maximum likelihood (ML) estimation. Corrected 
Akaike Information Criterion (AICC) model selection was per-
formed on each maximal model using the `dredge` function in 

the R package MuMIn (version 1.48.4 (Bartoń 2024)). If mul-
tiple models were within two ΔAICC of the model with the 
lowest AICC, the most parsimonious model was chosen as the 
final model. The final models had the formula extracted and 
were re-run with REML to correct for bias in parameter esti-
mates when using ML.

3.2   |   Do the Impacts of Livestock Farming 
and Ranching Differ Between Aquatic Insect 
Orders?

To assess the overall impacts of livestock presence on the abun-
dance of the four best-represented Orders of aquatic insects 
(Ephemeroptera, Trichoptera, Plecoptera, and Odonata), the 
same maximal model was fitted with the abundance of each 
Order as the response variable. Following the methods for the 
full abundance model, each moderator's sample size was as-
sessed on a model-by-model basis and removed if there were 
fewer than 20 effect sizes per group. Similarly, VIF was ex-
amined for all moderators in the final maximal Order-specific 
model before determining the final model through AICc model 
selection.

No moderator fitted to an Order-specific model was removed 
due to collinearity issues; however, maximal models for 
each Order differed due to sample size variability. For both 
Ephemeroptera and Plecoptera, the maximal models included 
fixed effects of study scale and control riparian vegetation. 
For Trichoptera, the moderators of control riparian vegeta-
tion, study scale, livestock type, life stage, and the interaction 
between riparian vegetation and study scale were fitted to 
the maximal model. Lastly, the maximal model for Odonata 
included the control riparian vegetation, study scale, and life 
stage moderators.

3.3   |   Do Higher Intensities or Densities 
of Livestock Grazing Have a Greater Impact on 
the Abundance of Aquatic Insects Than Lower 
Intensities/Densities?

We examined the effects of livestock intensity and density on 
aquatic insect abundance by fitting two independent models: 
one for all records of qualitative livestock intensity and one for 
all quantitative records of stocking density, with only “intensity” 
or “density” fitted as moderators, respectively (Table 3). No other 
moderators were fitted to these models due to the smaller num-
ber of effect sizes and fewer studies where intensity/density were 
reported; therefore, each model was assumed to have the correct 
moderator formula and was fitted with REML.

3.4   |   Model Fit and Publication Bias

Publication bias is an intrinsic problem within meta-analyses, 
as studies reporting significant results have a greater probabil-
ity of publication than those reporting non-significant results, 
which can also manifest in studies omitting non-significant 
results entirely. We examined publication bias for each model 
using a combination of funnel plots and Egger's test, a regression 
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analysis on the effect sizes and their standard deviations (Egger 
et al. 1997).

Following the guidelines of Nakagawa and Santos (2012) for bi-
ological meta-analyses and Viechtbauer's (2021) discussions on 
assessing meta-analysis model fit, we report heterogeneity using 
the I2 statistic, an estimation of the variation between studies 
not due to sampling error. I2 values were interpreted following 
general thresholds suggested by Deeks et al. (2013): 0% to 30%: 
possibly unimportant; 30% to 50%: possible moderate hetero-
geneity; 50% to 75%: possible substantial heterogeneity; 75% to 
100%: likely considerable heterogeneity.

To assess model fit, we evaluated model normality using 
quantile-quantile (QQ) plots and identified outliers using 
Cook's distance analysis (Cook 1977). Any observations above 
the outlier threshold (determined using the metafor function 
“cooks.distance” (Viechtbauer and Cheung  2010)) were exam-
ined further for potential data entry or calculation errors, but all 
outliers were ultimately considered to reflect natural variation 
among the studies' sample populations and were retained in the 
analysis.

As no meta-analysis outcome measure fully meets all assump-
tions (Viechtbauer  2021), interpretations of effect sizes were 

made with the above evaluations in mind, especially when het-
erogeneity or publication bias were considered to be significant. 
For general interpretation of effect sizes, negative estimates of 
Hedges' g were interpreted to suggest declines in the assessed 
biodiversity metric due to the presence of livestock, and positive 
estimates were interpreted to indicate an increase.

4   |   Results

4.1   |   Data Composition

Thirty-three (33) studies, published from 1992 to 2023, were in-
cluded in analyses after full-text screening and author correspon-
dence (Table S3). Studies were conducted in 15 countries across five 
continents, with most occurring in New Zealand (n = 10, 30.3%) 
and the United States (n = 7, 21.2%; Figure 1). From these studies, 
656 effect sizes (ranging from one to 111 per study) were calculated 
for abundance (n = 622) and richness (n = 34). All five orders of 
aquatic insects were represented, with Trichoptera (n = 280, 42.7%) 
and Ephemeroptera (n = 138, 21.0%) being the most commonly re-
ported taxa (Figure 1). In contrast, Megaloptera accounted for only 
0.6% of observations (n = 4). Pre-examination of publication bias 
showed that 20% of studies (n = 7) reported biodiversity metrics 
only for taxa for which there was a significant effect.

FIGURE 1    |    Geographic locations and taxonomic representation of all 33 studies and 656 observations of effect sizes included in analyses. (a) 
The location of all observations (circles) colored by taxonomic Order (Ephemeroptera, Plecoptera, Trichoptera, Megaloptera, Odonata) or Subclass 
(combined EPT). The circle circumference represents the number of effect sizes per Order, with a larger circumference indicating more effect sizes. 
Map lines delineate study areas and do not necessarily depict accepted national boundaries. (b) Tree plot of the taxonomic resolution of observations, 
colored by taxonomic Order or Subclass. The area of the boxes represents the number of observations per group, and boxes of the same color show the 
distribution of families (if applicable) within each Order.
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4.2   |   What Is the Overall Impact of Livestock 
on the Abundance and Richness of Major Orders 
of Aquatic Insects?

From the 14 studies which reported species richness, 34 observa-
tions were obtained for three aquatic insect taxa: Ephemeroptera, 
Plecoptera, and Trichoptera. Reports of combined EPT accounted 
for 50.0% of all richness observations. The presence of livestock 
caused a reduction in EPT richness (Estimate ± SE = −0.620 ± 0.231, 
95% CI = [−1.119, −0.121]; p = 0.019; I2 = 81.72%; Figure  2). No 
significant publication bias was found from the funnel plots 
(Figure S3) or Egger's test (Table S4; p = 0.086, z = 1.714).

4.3   |   What Is the Overall Impact of Livestock on 
Aquatic Insect Abundance?

For aquatic insect abundance, 622 observations across 27 stud-
ies represented all five major aquatic insect Orders and com-
bined EPT, with the most reported taxa being Trichoptera 
(n = 272, 43.7%), Ephemeroptera (n = 133, 21.4%), Odonata 
(n = 117, 18.8%), and Plecoptera (n = 91, 14.6%). The best fitting 
model chosen by AICc included no fitted parameters and found 
no impact of livestock grazing on aquatic insect abundance (esti-
mate ± SE = −0.129 ± 0.103, 95% CI = [−0.341, 0.083], p = 0.222; 
I2 = 50.50%; Figure S4 and Table S5). The model was not signifi-
cantly affected by publication bias, according to the funnel plot 
(Figure S3) and Egger's test (Table S4, p = 0.204, z = −1.269).

4.4   |   Do the Impacts of Livestock Farming 
and Ranching Differ Between Aquatic Insect Orders?

The final models selected by AICc for Ephemeroptera (Table S6), 
Trichoptera (Table S7), and Odonata (Table S8) retained no fit-
ted moderators and found no effect of livestock on the abun-
dance of any of these three orders. In contrast, study scale 

was retained in the final model for Plecoptera (Table S9), sug-
gesting a marginal reduction in Plecoptera abundance when 
livestock were present at the catchment level (estimate ± 
SE = −0.381 ± 0.181, 95% CI = [−0.791, 0.028], p = 0.064) and 
higher Plecoptera abundance when livestock was present at a 
site level (estimate ± SE = 0.616 ± 0.259, 95% CI = [0.029, 1.202], 
p = 0.042; I2 = 37.07%). There was no evidence for publication 
bias in the Ephemeroptera and Trichoptera models, but Egger's 
test indicated a significant possibility of publication bias for 
the Plecoptera (p = 0.019, z = −2.351) and Odonata (p = 0.027, 
z = −2.212) models (Table S4).

4.5   |   Do Higher Intensities or Densities 
of Livestock Grazing Have a Greater Impact on 
the Abundance of Aquatic Insects Than Lower 
Intensities or Densities?

Abundance observations with categorical livestock intensities 
were examined for 207 effect sizes across six publications. All 
five aquatic insect orders were represented in the model, with 
the most effect sizes recorded for Odonata (n = 74) and the few-
est for Megaloptera (n = 2). There was no significant difference 
in aquatic insect abundance between any categories of livestock 
intensity (Table  S10); however, model heterogeneity was high 
(I2 = 82.88%), an indication of high variance between studies. 
Additionally, Egger's test indicated a significant possibility of 
publication bias (p = < 0.0001, z = −4.574; Table S4).

Numerical livestock densities were reported for 48 effect sizes 
across five publications for Orders Ephemeroptera, Odonata, 
Plecoptera, Trichoptera, and combined EPT. There was no ef-
fect of livestock stocking density on aquatic insect abundance 
(estimate ± SE = −0.039 ± 0.193, 95% CI = [−0.427, 0.348], 
p = 0.839; I2 = < 0.001%; Figure  S5). No significant publication 
bias was suggested by the funnel plots (Figure S3) or Egger's test 
(p = 0.382, −0.872; Table S4) for the density model.

FIGURE 2    |    Forest plot of intercept-only multilevel model for the effect of the presence of livestock farming and ranching on the richness of three 
aquatic insect Orders: Ephemeroptera, Plecoptera, and Trichoptera (EPT). The overall mean estimate is depicted by the blue diamond at the bottom 
of the plot, which suggests presence of livestock farming is associated with a significant decrease in EPT richness. Analysis was conducted on indi-
vidual effect sizes (corrected standardised mean difference, Hedges' g; k = 34), however the figure shows estimates aggregated by study (n = 14). Black 
squares represent the pooled estimates for each study, with the size of the square indicating the number of effect sizes. Confidence intervals for each 
study are depicted with horizonal black lines.
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5   |   Discussion

Through a global meta-analysis, we found that the species rich-
ness of aquatic insects was lower at sites grazed by livestock 
than at ungrazed sites. However, there was no difference in 
overall abundance or the abundance of individual Orders be-
tween grazed and ungrazed sites, except for Plecoptera. Sites 
with livestock present at local scales had a higher abundance 
of Plecoptera than sites without livestock, but freshwater catch-
ments with livestock present had a marginally lower abundance 
of Plecoptera than catchments without livestock. There was no 
other effect of livestock type, stocking density, insect life stage, 
or riparian vegetation on any other metric of insect abundance 
(Table S10).

5.1   |   What Is the Overall Impact of Livestock on 
the Richness and Abundance of Major Aquatic 
Insect Orders?

Unlike recent literature reviews providing summaries of live-
stock impacts on aquatic insect biodiversity (O'Callaghan 
et  al.  2019; Krall and Roni  2023), our results indicated that 
livestock farming and ranching reduce species richness of 
Ephemeroptera, Plecoptera, and Trichoptera (Figure  2). 
However, these findings align with other large-scale stud-
ies that have reported declines in aquatic insect richness in 
response to agriculture and other anthropogenic land-use 
changes (Epele and Miserendino 2015; Schürings et al. 2022; 
Rumschlag et  al.  2023). In our richness analysis, the sub-
stantial heterogeneity (I2 = 81.72%) suggests that livestock 
presence alone does not explain the variance between stud-
ies, but limitations in sample size (k = 34) prevented any addi-
tional exploration through the addition of fixed effects (Deeks 
et al. 2013). Previous studies have shown significant declines 
in EPT richness due to increased fine sediments (Matthaei 
et  al.  2006; Beermann et  al.  2018), which can be directly 
caused by livestock-mediated erosion of stream and pond 
banks and disturbance of the benthic zone (Vidon et al. 2008). 
Other studies have reported richness declines due to elevated 
water salinity levels (Beermann et al. 2018), which can be a 
result of other agricultural practices and irrigation (Pulido-
Bosch et  al.  2018). Ultimately, additional research is needed 
to better understand the mechanisms causing the reduction of 
EPT richness associated with livestock farming.

Broadly, the differing patterns observed for abundance and 
richness suggest that the presence of livestock may influence 
aquatic insect biodiversity at finer taxonomic resolutions than 
broad assessments at an Order-level scale can discern. The sta-
ble abundance observed alongside reduced richness suggests 
shifts in community composition that will only be detectable via 
examinations of functional groups or lower taxonomic levels. 
Indeed, in an examination of Patagonian wetlands, Epele and 
Miserendino (2015) found that research on finer taxonomic res-
olutions of aquatic insects provides more accurate results and a 
better reflection of the impacts of livestock and other anthropo-
genic disturbances. As a testament to this, Kaboré et al. (2016) 
observed changes in macroinvertebrate abundances, specifically 
noting community composition changes due to likely increases 
of sediment and organic nutrients from livestock presence. Our 

results hint at a similar trend, but more field data are needed to 
be able to quantify changes at a higher taxonomic resolution.

5.2   |   Do the Impacts of Livestock Farming 
and Ranching Differ Between Aquatic Insect 
Orders?

Three of the four Order-specific models did not retain any en-
vironmental moderators, suggesting that neither livestock 
presence nor the interaction of livestock with any environ-
mental factor had a significant global impact on populations of 
Trichoptera, Ephemeroptera, and Odonata. Only our Plecoptera 
model retained the moderator of study scale, suggesting the 
abundance of Plecoptera is higher where livestock are present at 
a local, reach scale, compared to when livestock are only present 
at a broader catchment level. This finding is unexpected given 
the known sensitivity of stoneflies to anthropogenic pollutants 
(Pond 2012; Brand and Miserendino 2015; Eriksen et al. 2021). 
Furthermore, it would be expected that biodiversity trends ob-
served for livestock presence at site levels would be reflected, 
albeit diminished, in studies examining presence at a larger 
catchment level. Despite this, a marginal negative effect of on 
livestock on Plecoptera abundance for catchment scale observa-
tions was reported in our model.

It is possible this result stems from issues within the dataset, as 
the model had a high probability of publication bias based on 
Egger's test. Therefore, our result may reflect high methodologi-
cal and/or ecological variance between the parent studies rather 
than a true effect on Plecoptera abundance. Outlier checks iden-
tified at least two observations with high potential to skew re-
sults, and these studies only reported significant results, likely 
contributing to the positive estimate for Plecoptera abundance 
(Afonso et al. 2024).

Unfortunately, there are few studies that explicitly examine 
Plecoptera biodiversity metrics in response to anthropogenic 
disturbances that can be used as external comparison, as many 
Order-level examinations are combined with Trichoptera and 
Ephemeroptera. One study specifically examining Plecoptera 
and Trichoptera found richness to better reflect anthropo-
genic disturbances than Order-level abundance assessments 
(Pond  2012), thus highlighting the potential limitations of 
Order-specific abundance evaluations that are not able to assess 
changes in community assemblage. Without such information, 
additional research on livestock impacts on Plecoptera abun-
dance is needed to explore the validity of the result found here.

While non-significant, the close-to-neutral estimate for Odonata 
abundance (Table S10) between grazed and ungrazed sites may 
suggest a balance between detrimental and beneficial effects 
of livestock on this Order. Although Odonata are known to be 
negatively affected by livestock-induced increases in suspended 
sediment and destruction of riparian vegetation, man-made 
livestock watering structures (e.g., ponds, troughs) can serve 
as alternative habitat (de Paz et  al.  2020). Additionally, drag-
onflies (suborder Anisoptera) have been reported to frequent 
disturbed habitats, such as livestock pastures, more than their 
damselfly (suborder Zygoptera) or EPT counterparts due to their 
greater dispersal ability and dependence on sunlight for thermal 
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regulation (Oliveira- Junior et  al.  2017). Regardless, the influ-
ence of significant publication bias in this model necessitates 
further examination of the stability of Odonata abundance in 
regard to livestock presence.

5.3   |   Do Higher Intensities or Densities 
of Livestock Grazing Have a Greater Impact on 
the Abundance of Aquatic Insects Than Lower 
Intensities or Densities?

Analyses of both categorical stocking intensity and quantita-
tive stocking density of livestock found no significant effects 
on aquatic insect abundance, in contrast to previous studies 
reporting significant negative impacts of stocking density on 
aquatic insect biodiversity (Braccia and Voshell 2007; McIver 
and McInnis  2007; Epele and Miserendino  2015). Our find-
ings were constrained by a limited number of studies and 
observations, as both analyses were conducted on fewer than 
10 studies. Additionally, the subjective categories of live-
stock intensity likely limited comparability between studies 
that report such categorical assignments, as there is no way 
to test author consensus of categorical levels between inde-
pendent publications. Similar issues for categorical stocking 
intensity were reported from a recent meta-analysis of live-
stock impacts on plants and terrestrial consumers (Huaranca 
et  al.  2022). The authors called for researchers to report 
quantitative stocking density whenever possible, as over half 
of their included studies did not report a measurement. We 
found the same problem for studies on aquatic insects, as only 
six studies (18%) included in this meta-analysis reported a nu-
merical measurement of stocking density. Without a repeat-
able numerical quantification, it is difficult for researchers to 
determine a general level of exposure where aquatic insects 
are most negatively impacted by livestock presence.

Due to the limited reporting of stocking rate, we could not in-
clude moderators such as riparian vegetation and livestock 
type in the intensity and density models. This leaves another 
severe knowledge gap when attempting to quantify the im-
pacts of stocking density on aquatic insects. Herbst et al. (2012) 
emphasized the distinction between stocking rates and direct 
grazing-related disturbances: although stocking rates can indi-
cate general exposure levels, they do not accurately reflect ac-
tual grazing disturbances, such as direct livestock water access, 
which can vary depending on local stream conditions and spe-
cies' grazing patterns. This highlights an important gap in the 
literature for future research to address.

6   |   Limitations and Knowledge Gaps

6.1   |   Inconsistent Reporting of Livestock 
Management Practices

We attempted to account for different livestock management 
practices, but publications varied widely in the level of de-
tail provided, which increased the complexity of the analysis. 
Management practices and stocking rates were sometimes 
reported, but often were only recorded as general livestock 

presence, mostly due to difficulties in obtaining detailed in-
formation on management practices and stocking rates on pri-
vate land. Studies which did report grazing management were 
highly variable, including practices such as rotational grazing, 
traditional nomadic herding, and patch-burn grazing. While we 
attempted to categorize these management practices into inten-
sities based on publication descriptions, this approach obscured 
any differences between the practices, which will have added 
noise to the data. Moreover, a detailed analysis on livestock man-
agement practices was not feasible due to the limited number of 
studies which reported such information and the relatively high 
number of different management practices.

A larger limitation was the inconsistent reporting on whether 
livestock were allowed to enter waterbodies. Freshwater with 
unrestricted livestock access has been shown to experience 
substantial ecological degradation, including reduced ri-
parian vegetation and bank stability, in addition to declines 
in general water quality (Strand and Merritt  1999; Conroy 
et  al.  2016; O'Callaghan et  al.  2019). Numerous studies ex-
amining the removal of livestock from riparian areas and 
waterbodies have reported beneficial effects across aquatic 
communities and bank vegetation (Herbst et al. 2012; Holmes 
et al. 2016; Poessel et al. 2020; Krall and Roni 2023). However, 
30% of our included studies did not report livestock waterbody 
access, which hindered our ability to fully assess the nature 
of livestock presence and the subsequent impacts on aquatic 
insect communities. This underscores the need for more de-
tailed reporting of livestock management practices in future 
research to tease apart context-dependent effects.

Alongside differences in livestock management practices, some 
grazing lands were routinely managed, adding to the variation 
between studies. While many pastures were created from clear-
ing forests and other vegetation, “improved” pastures were cre-
ated by either the addition of fertilizers (Steinman et al. 2003) 
or seeding with non-native grasses to increase forage (Quinn 
et al. 1992, 1997; Scott et al. 1994; Melo et al. 2003). Seeding of 
exotic forage introduces an additional threat of exotic vegetation 
to adjacent aquatic insect communities and was almost exclu-
sively seen for research conducted in New Zealand. Previous 
research has shown decreases in macroinvertebrate biodiversity 
and changes in functional feeding group assemblage due to the 
presence of exotic riparian vegetation (Clarke et al. 2004; Ceilley 
et al. 2005). Moreover, specific research in New Zealand, con-
ducted across 88 rivers, showed significant impacts on aquatic 
macroinvertebrate community structure, diversity, and biomass 
as the percentage of improved pasture in a catchment increased 
(Quinn and Hickey 1990). Therefore, reporting on the broader 
management context of the landscape is important for compar-
ing results between studies.

6.2   |   Ecological Considerations

This meta-analysis found no significant effects of moderators such 
as riparian vegetation, livestock type, or study scale on aquatic in-
sect abundance, which was unexpected given the extensive litera-
ture documenting the importance of these factors. Despite more 
reliable reporting within publications, important ecological factors 
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were challenging to capture and standardize between studies and 
may have been generalized to an extreme degree.

For example, despite attempts to distinguish between 
catchment-wide and localized, site-level studies for all pub-
lications, these categories were often assigned based on ed-
ucated assumptions when not explicitly stated within the 
publication. While this may have been too broad to capture 
potential impacts, the distinction between catchment-level 
and site-level disturbances is critical. While local exclusion of 
cattle from waterbodies can aid vegetation regrowth and bank 
stability in the immediate area, the presence of cattle within 
the wider drainage basin can still impact downstream aquatic 
communities in lotic waterbodies via runoff of excess nutri-
ents and sediment (Weijters et  al.  2009; Herbst et  al.  2012; 
Reid et al. 2019). As a testament to this, Herbst et al.  (2012) 
reported a significantly larger increase in EPT abundance and 
richness when cattle were removed at a catchment scale, com-
pared to removal from a local, stream reach scale.

Other ecological factors, which were occasionally required to be 
pooled together into one sample to obtain error estimates, had 
significant effects on aquatic insect communities in the original 
studies, regardless of whether the sites were grazed or ungrazed. 
Such ecological factors included seasonality; for example, Conroy 
et al. (2016) found more pronounced effects on aquatic insect com-
munities during autumn in Ireland due to lower stream flow and 
increased cattle congregation around water sources. Meanwhile, 
other studies reported significant differences in aquatic macro-
invertebrate abundance within different stream habitats such as 
riffles and pools (Lorion and Kennedy 2009). Unfortunately, these 
additional ecological variables were not able to be considered 
within this meta-analysis, although it is important to recognize 
their impacts on aquatic ecosystems and insect communities.

The complexity of aquatic systems, including potential upstream 
effects, adds another layer of difficulty to interpreting site-level 
data. While many studies carefully controlled for upstream dis-
turbances by placing control sites upstream of treatment sites, it 
is unrealistic to expect authors to report all potential upstream 
disturbances and pollutant sources that may affect the outcome 
of their sampling. This further highlights the variability between 
studies and the challenges of capturing and reporting such eco-
logical variables across different research contexts.

6.3   |   Data Gaps and Geographic Limitations

Finally, a significant gap in this meta-analysis arises from our 
attempt to isolate the impacts of livestock farming and ranch-
ing on aquatic insects. Understanding the impact of individual 
threats is an important first step in quantifying insect popula-
tion change, but excluding studies which grouped livestock into 
the broader land-use class of “agriculture” excluded data from 
mixed crop-livestock farming systems, which were more com-
mon in Africa and Asia. This perpetuates existing geographi-
cal knowledge gaps in conservation and biodiversity research 
(Hughes et al. 2021). Further research on the impacts of other 
types of human disturbances, specifically those in mixed sys-
tems, is crucial to increase coverage of global studies and exam-
ine biodiversity trends in a rapidly changing world.

7   |   Conclusion

We have quantified the global impacts of livestock farming 
and ranching on aquatic insects from 1992 through 2023, 
where possible taking into account the complex nature of 
aquatic habitats and variable farming practices. While sig-
nificant reductions in species richness were associated with 
livestock presence, there was little difference in total or Order-
specific abundance. This suggests that more detailed changes 
in community composition may be occurring, but could also 
reflect the challenge of consolidating data across diverse 
ecological contexts and management practices. Nonetheless, 
limiting livestock access to riparian areas is likely to bene-
fit freshwater insect biodiversity. To improve our collective 
knowledge and aid future global syntheses, we call for further 
research, in particular reporting species richness or diversity, 
as our analyses were limited by a lack of studies on these met-
rics. Future research should also include more detailed and 
consistent reporting of livestock management practices, water 
access, and stocking densities to facilitate greater understand-
ing of factors which create nuance in aquatic insect responses 
to the presence of livestock. We especially stress the need for 
detailed reporting on numerical stocking density to ensure re-
peatable and comparable levels of livestock exposure across 
studies. Additionally, and if time and money permit, examin-
ing abundance trends for aquatic insects at a finer taxonomic 
resolution is recommended, as it may provide more robust as-
sessments of the impacts of livestock and other anthropogenic 
disturbances on biodiversity. Addressing these gaps will be 
crucial for advancing our understanding of the global and re-
gional impacts of livestock on freshwater biodiversity and our 
ability to mitigate them.
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