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Abstract

Agriculture, the world’s most dominant land use type, burdens freshwater biodiversity with a multitude of stressors
such as diffuse pollution and hydromorphological alteration. However, it is difficult to directly link agricultural land
use with biota response as agricultural stressors can also originate from other causes. Also, there is evidence for posi-
tive and negative effects of agriculture on organisms, agricultural impact differs strongly with the biological metric
and study region considered and agricultural impact differs among practice and type, which in turn affects different
organism groups with varying severity. Against this background, our study aimed at assessing, if agricultural land use
has a consistent effect on river biota. We conducted a systematic review of the literature, which yielded 43 studies and
76 relationships between agriculture and aquatic organism groups. The relationships were subjected to a meta-analy-
sis using Hedge’s g to calculate the standardized mean difference of effects. Overall, we detected a medium to strong
effect g=— 0.74 of agricultural land use on freshwater biota, only marginally influenced by study design, river type
and region. Strong differences in biota response could be observed depending on the biological metric assessed,
with ecological quality indices of agricultural impairment performing best. Sensitive taxa declined with agricultural
impact, while tolerant taxa tended to benefit. In addition, the biota response differed among agricultural types and
practices and organism group, with macroinvertebrates showing the strongest effect. Our results quantify the effects
of agriculture on riverine biota and suggest biological metric types for assessing agricultural impact. Further research

is needed to discriminate between agricultural types and account for intensity.
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Introduction

Agriculture is the world’s dominant land use type cov-
ering approximately 51 million km?, which accounts for
nearly 50% of the world’s habitable land [64]. More than
75% of this area is used for meat and dairy production,
which accounts for less than 20% of the human calorie
supply [1]. While large parts of the agricultural areas in
developed regions like Europe are already character-
ized by farm management of high intensity [76], fur-
ther expansion and intensification of agriculture is to be
expected, given the increasing demand for food and the
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raising share of meat diet [33, 71]. The need for industrial
crops arising from the growing world population further
adds to agricultural intensification [83]. This steadily
increasing intensity of agricultural land use causes biodi-
versity loss in many organism groups, such as birds [22],
mammals [40] and insects [9].

Similarly, the biodiversity of rivers draining agricultural
land is impaired. Agriculture affects river biota through
a variety of stressors, particularly the influx of nutrients
[73], agrochemicals [45] and fine sediment [43], as well
as alteration of river morphology [78] and intensive river
maintenance [7]. The detrimental effect of these stressors
has been shown in a multitude of studies: Nutrient influx
impacts macrophytes [58], insecticides cause impairment
of macroinvertebrates [13], fish are affected by fine sedi-
ment influx [43], hydromorphological alteration impairs
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macroinvertebrates [35], while river management impairs
various organism groups [10]. Often, agriculture is iden-
tified as the most relevant driver for the deterioration
of river biota [72, 78]. However, several uncertainties
obstruct general conclusions about the effects of agricul-
ture on river biota.

First, stressors such as diffuse pollution and hydromor-
phological impairment can also be caused by other driv-
ers like urbanization, flood protection, hydropower or
navigation [23]. It therefore appears impossible to sepa-
rate the effects of agriculture in case of multi-driver situ-
ations [17, 82]. Agricultural impacts clearly differ with
distance to river shores and riparian vegetation [19].
Additionally, there is also evidence for the positive effects
of agricultural land use on biota, such as riverine macro-
phyte diversity [6]. The effect of agriculture potentially
differs from the biological metric used for describing the
assemblage of an organism group. While the macrophyte
species investigated by Baattrup-Pedersen et al. [6] ben-
efit from nutrient influx, other species suffer from asso-
ciated light deprivation and are consequently suppressed
[39, 58]. Similar differences can be observed for macroin-
vertebrates: sensitive species of the order Ephemerop-
tera, Plecoptera or Trichoptera are suppressed by more
tolerant filter feeders and grazers [46] and fluctuations in
oxygen availability [42]. Taxa tolerant to anthropogenic
disturbances are expected to be less impaired by agricul-
tural land use [79] and therefore, metrics focusing on the
quantity of organisms, such as the number of taxa, are
likely to be less sensitive to agricultural stressors com-
pared to metrics focusing on sensitive species [74]. Also,
fish species tolerant to sedimentation have been found to
benefit from agricultural land use [36], while benthic and
substrates spawning species are impaired [14].

Second, the biotic response depends on the share of
agricultural land use in river catchments [20], but also
on agricultural types and practices. Cornfield farming,
especially when close to riverbanks, can cause massive
fine sediment influx combined with strong phospho-
rous enrichment [68]. Intensive livestock farming in
the river catchment can result in nitrate influx into riv-
ers after strong rainfall events [54], while the pasture is
less problematic for riverine biodiversity [12]. However,
the effect of individual stressors caused by agriculture
clearly differs between organism groups. Insecticides, for
instance, are more detrimental to invertebrates [4] com-
pared to the aquatic flora, which tends to recover rapidly
from pesticide exposure [11, 44] and to fish, for which
acute toxic effects are rare and rather chronic effects are
observed [57, 67]. The nutrient influx also mainly affects
macroinvertebrates followed by fish [81], while aquatic
flora may potentially even benefit [18, 52]. Fine sediment
influx altering the habitat conditions is more detrimental
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for invertebrates, fish and diatoms compared to macro-
phytes [41, 43]. River management affects macrophytes
most directly, while macroinvertebrate and fish are often
indirectly affected by habitat alteration [51]. In conclu-
sion, there is evidence that all the above-mentioned
pathways can affect macroinvertebrates, but only some
of them are relevant for fish, macrophytes and diatoms.
Finally, the effects of agriculture on river biota may dif-
fer between spatial scales [2], study regions [53] and river
types [29], soil type [21] or riparian vegetation [61].
Against this background, the main objective of this
meta-analysis is to assess if agricultural land use has a
consistent effect on river biota across ecoregions in dif-
ferent climate zones, independent of the individual study
design. We analyse if there are consistent differences
between organism groups, to which degree the effect is
context specific and if there are generalizable stressor
pathways. More specifically, we hypothesized that:

o Agricultural land use affects river biota negatively
and is widely from study design, region and organ-
ism group. Agricultural impacts on river biota can be
better assessed with metrics of species composition
(ecological quality indices) compared to metrics of
species richness.

+ The biota response differs with agricultural types and
practices present in the river catchments and in areas
close to the river, with macroinvertebrates affected
more strongly compared to fish, macrophytes and
diatoms.

Methods

Literature search

We conducted a systematic literature search with a search
string including the attributes country, freshwater eco-
system type and agricultural stressor. We only considered
studies published between January 1990 and May 2022,
as we expected both agricultural practice and biodiver-
sity data to have changed over time and reported agricul-
tural effects on freshwater biota to be less standardized
in the years before, or untypical for today’s situation (e.g.
addressing pesticides that are meanwhile prohibited). To
further restrict the variability of impacts and responses,
we limited our search to references from subpolar, tem-
perate and subtropical regions in North America, Europe
and Oceania.

The following search string was used for an all-database
literature search in the Web of science:

(europe* OR albania* OR austria®* OR belarus OR bel-
gium* OR bosnia* OR bulgaria* OR croatia* OR cyprus
OR czech* OR denmark* OR England* OR UK OR esto-
nia* OR finland* OR france OR germany* OR greece OR
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hungary* OR ireland* OR italy* OR itali* OR latvia* OR
lithuania* OR luxemb* OR macedonia* OR malta* OR
moldova* OR montenegro OR netherlands* OR norway*
OR poland* OR portugal OR romania* OR slovakia* OR
slovenia* OR serbia* OR sweden* OR switzerland OR
spain OR ukraine OR “new Zealand” OR australi* OR
oceanic OR USA* OR “united states” OR “north america”
OR U.S* OR canada).

(Topic) and (stream* OR river* OR watershed* OR
catchment* OR floodplain*).

(Topic) and (diatom* OR macrophy* OR fish OR phy-
tobenth* OR phytoplan* OR macrobenth* OR macrozoo-
benth* OR "aquatic plant” OR "aquatic larvae" OR "water
plant” OR invertebrate*) (Topic) and (agri* OR farm* OR
agronom* OR cultiv* OR cropl* OR pasture OR livestock
OR ranching).

(Topic) not (marin* OR sea* OR ocean*).

From the initial population of 6484 papers, we screened
the titles and abstracts and excluded studies that:

«+ did not focus on agricultural impacts,

«+ did not report effects on river biota,

«+ did not include data from Europe, North America or
Oceania,

«+ did not provide empirical data,

+ provided a review, lacking the original data required
for a meta-analysis.

This initial screening resulted in 387 studies that met
all criteria and that were subjected to a full-text scan,
to identify studies qualified for a meta-analysis, that is
studies that provided the data required to calculate the
effect size (see below). We excluded studies, for which no
comparable effect sizes could be calculated because they
either were lacking a control group or a gradient in agri-
cultural land use, or because of missing data that could
not be retrieved. Eventually, the meta-analysis was per-
formed with 43 studies, from many of which several dif-
ferent effect sizes were derived.

Data extraction

From the selected articles, we extracted data from nar-
rative descriptions, tables and figures (using webplot
digitizer:  https://apps.automeris.io/wpd/index.de_DE.
html, last accessed on June 23rd, 2022) to calculate effect
sizes. More specifically, we compiled data on sample size,
mean, variance and correlation coefficients, or used the
raw data provided to calculate these values. If important
test statistics were not directly retrievable, we tried to
estimate mean values following Wan et al. [80] and stand-
ard deviations (SD) following Higgins and Green [38]:
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where m =median, g = quartile
SD = i (upper 95%CI — lower 95%CI) @

3.92

where #n is the sampling size and CI is the confidence
interval.

Furthermore, we extracted information on the organ-
ismic group (macroinvertebrates, fish, macrophytes and
diatoms), agricultural types and practices and the type of
response metric. Abundance metrics entailed counts and
biomass of specimens, while richness metrics included
species richness and number of taxa. Quality metrics
refer to ecologically relevant assessment indices (e.g.
ecological quality ratios, indices of biological integrity or
taxa scores). The analysed studies discriminated between
livestock farming, grassland, arable land and a mixture
(or not further defined), which we refer to as “Live-
stock” including livestock farming and grassland, “Arable
land” and “Mixture” including mixture and not further
defined agriculture. Further, we distinguished metrics of
“tolerant” and “sensitive” taxa according to their toler-
ance towards pollution [49, 63]. Disregarding in-group
variability, Oligochaeta, Chironomidae and Diptera were
classified as tolerant taxa, while sensitive taxa include
Ephemeroptera, Plecoptera and Trichoptera (EPT).
Finally, we extracted information on geographical region,
time of fieldwork, river type, river size and the prevailing
agricultural stressors. We gathered information on study
design, agricultural type and practices (including the spa-
tial scale addressed: riparian zone or entire catchment)
and whether agriculturally used areas were compared to
forests, best attainable or other control areas or if an agri-
cultural gradient was reported.

Statistical analysis

We used Hedge’s g, a measure of standardized mean dif-
ference, to quantify biota response to agricultural land
use [8]. Hedge’s g is a modified version of Cohen’s d, cor-
rected for small or unequal sample sizes. Hedge’s g com-
pares the means of the treatment (agricultural land use)
and control groups (X1 and X, respectively), which are
standardized by dividing the pooled standard deviation
(SD,) and multiplied by a correction factor J, to avoid
sample size bias.

_ (Xt —Xc\ |
g—( sD, >/ (3)

The pooled standard deviation was calculated using
the sample sizes of control and treatment groups (n} and
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nc) and the squared standard deviations of the respective
groups (SD?} and SD?):

— 1)SD2 —1)SD?2
stZ\/(nT P+ e~ PP, @
ne+nr —2

The correction factor ] was calculated with the sample

sizes:

3
CA(nc +nr—2)—1

J=1 (5)
If studies reported correlation coefficients (r) rather

than means and standard deviations, they were trans-

formed to Hedge’s g following Borenstein et al. [8]:

< 2r >]
= \vi-p ©

An effect size=|1| indicates a deviance of one stand-
ard deviation between the treatment and the control
group. Positive and negative effect sizes indicate higher
and lower metric values, respectively, in the treatment
group, while an effect size=0 indicates no effect. Follow-
ing Cohen [16], an effect size of <|0.2| is considered as
small, a value of |0.5| as medium and a value of >|0.8 as
a large effect.

To test Hypothesis 1 (general effects of agricultural
land use on biota and quality metrics assessing agri-
cultural impact best), we ran a meta-analysis with the
metafor package in R [77]. We also ran a multi-level
meta-analysis with the function rmv.ma to account for
potential high heterogeneity which is typical for meta-
analyses in ecology [70] using the Study ID as a random
effect. Subsequently, we used meta-regression and sub-
group analysis to investigate dominant co-variables (e.g.
metric category, geographical region, ecoregion or river
type and size), referred to as moderators, and hence, fur-
ther explain heterogeneity. To test Hypothesis 2 (effects
of agricultural types and practices on different organism
types), we used measures of agricultural land use types,
agricultural stressors reported, as well as the spatial
basis (riparian or catchment land use) and the organism
groups as moderators.

Publication bias

Studies with large and strongly significant results
are more likely to be published as opposed to studies
reporting weak and insignificant effects. This misbal-
ance of published effects is called publication bias,
which requires thoughtful consideration in meta-
analyses. We used a funnel plot including data aug-
mentation following Duval [24] to discover asymmetry
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of effect sizes and their variances and to estimate the
number of potentially missing studies. In an unbi-
ased dataset, the association should result in a funnel-
shaped graph with most studies located within the
funnel area. Additionally, we applied Egger’s regres-
sion test to analyse the funnel asymmetry [25]. Finally,
we applied the fail-safe n test as a second measure to
detect publication bias, calculating the number of
effect sizes needed to reduce the significance level to
non-significance. A study is considered robust and
thus publication bias is negligible, when the fail-safe
number is greater than 5 k+ 10 (k=number of effect
sizes). We also tested for time-lag bias, arising when
initially published studies have larger effects than
those of later studies often reported in ecological
meta-analyses [75].

Results

Overview of studies and results

A total of 43 studies were distributed between Europe,
North America and Oceania with 18, 16 and 9 studies,
respectively. The effects on macroinvertebrates were
reported by 43 studies, 11 studies reported effects on
fish, 3 studies on macrophytes and 11 studies on dia-
toms (multiple assignments possible). While 75% of the
43 studies named nutrient influx as a major stressor,
50% listed fine sediment, followed by morphological
alteration and pesticide influx with 40-30%, respec-
tively (multiple assignments possible). Concerning
study design, 28 studies compared control and treat-
ment, while 15 studies reported effects as a correlation
coefficient. In total, 76 extracted effect sizes were used
for the overall meta-analysis, with 43 cases belonging
to the metric category “Richness & Abundance met-
rics” and 33 to “Quality metrics”

The overall effect size pooled from all 76 cases was
g=—0.74 [CI — 1.01; — 0.48] with Q= 660, a total vari-
ability of > =93% and an estimated total heterogeneity
of Tau’=1.1, showing strong heterogeneity following
[37]. Because the 76 effect sizes were retrieved from 43
studies only, we applied a multilevel meta-analysis with
the Study ID as a random effect yielding no change in
overall effect size. Nearly, all heterogeneity is explained
by the effect size level (Tau? ..., = 1.08) with the study
size level explaining less than 1 percent (Tau?
3<0.00).

Conducting meta-regression analysis to identify mod-
erators explaining heterogeneity based on the Akaike
Information criterion [3], we were able to explain
R?>=54.3% of the heterogeneity using four moderators:
metric category, geographical region, agricultural types
and organism types.

Level
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Effects of agriculture on river biota and metrics describing
them best

Individually accounting for R*=40.4% of heterogeneity,
“metric category” was the most important moderator
(Fig. 1): Richness & Abundance metrics had a g=— 0.16
[CI — 0.50; 0.17], which is considered a non-significant
low effect, while for Quality metrics a very large effect
was observed: g=— 1.41 [CI — 1.66; — 1.17]. We also
applied multilevel meta-analysis rendering a small change
of the subgroup effect sizes to g=— 0.18 [CI — 0.92; 0.57]
for Richness & Abundance metrics and g=— 1.47 [CI
— 1.81; — 1.14] for Quality metrics with Tau? ., , = 0.50,
Tau? . 3=0.14. The attempt to investigate, which stud-
ies caused study level heterogeneity (Tau? .., ;) Was not
successful. In conclusion, the effect sizes did not change
from the two-level meta-analysis for the overall meta-
analysis and only marginally for the subgroups and most
heterogeneity was found on the effect size level. Against
this background, we limited our further analysis and the
graphical representation to a two-level meta-analysis to
reduce complexity.

Further subgroup analysis suggests that agricultural
effects are stronger in the northern hemisphere com-
pared to the southern rendering strong negative effects in
the northern hemisphere and no effects in the southern
hemisphere (Fig. 2). Only small differences were observed
between ecoregions with slightly stronger effects in the
subtropical compared to temperate and subpolar regions
(Fig. 3). No major differences were observed for study
design, river types and size, suggesting similar effects for
lowland and mountain rivers (Table 1).

Biota response to different agricultural types and practices
The comparison between different agricultural types sug-
gests that arable land affects river biota more strongly
than livestock farming. Geographically, most studies
from North America and Europe report the effects of
arable land use, while the studies from Oceania almost
exclusively report livestock effects (Fig. 2). No major dif-
ferences were observed between catchment- and buffer
land use (Table 1) and meta-regression with the number
of stressors reported did not explain any heterogeneity
(not shown). Small differences in the response of differ-
ent organism types could be observed with macroinver-
tebrates affected most. We observed a large effect for
macroinvertebrates, a medium effect for fish and macro-
phytes and only a small effect for diatoms (Fig. 4).
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Sensitive vs tolerant taxa

We conducted another smaller meta-analysis with the
16 studies reporting effects for either pollution-sensitive
or pollution-tolerant macroinvertebrate taxa (Fig. 5). We
observed strong differences in effect size between those
(g=— 0.6 [CI — 1.22; — 0.70] vs g=1.51 [CI 0.66; 2.34],
with sensitive taxa being strongly impaired and tolerant
taxa benefiting.

Publication bias

The Egger’s regression test suggests no significant pub-
lication bias (z=— 0.56, p=0.58), and likewise the fun-
nel plot only suggests a small lack of studies with positive
effects (empty circles, Fig. 6). Also, no time-lag bias could
be found and the fail-safe number of 7730 is greater than
5 k+10 (>390) and therefore highly significant. Conse-
quently, the results of the meta-analysis can be consid-
ered robust.

Discussion

Effects of agriculture on river biota and metrics describing
them best

We expected that agricultural land use is negatively
related to riverine biota, irrespective of region and organ-
ism group considered (Hypothesis 1). This expectation
was supported by a medium to a strong negative over-
all effect size of g=— 0.74 [— 1.21; — 0.62] [16], despite
differences among geographical regions and ecoregions.
The observed strong heterogeneity between the effect
sizes most likely resulted from the combination of sev-
eral studies of different geographical regions with varying
agricultural land use, considered target organisms and
effect endpoints.

The positive effects reported in the literature can be
partly explained by the type of indicator considered.
Fitzpatrick et al. [31] addressed the response of fish spe-
cies richness, which is known to increase with river
size [34], as agricultural land cover is also correlated to
catchment size; this may explain the positive relationship
between catchment agricultural area and fish richness.
Likewise, the positive impact of agriculture on diatoms
reported by Zheng et al. [85] was observed for overall
species richness, while the authors reported a decline of
pollution-sensitive taxa along a gradient of agricultural
area. Similar relationships were found for extensive pas-
ture in New Zealand, which showed positive effects for
overall species richness but negative effects for more

(See figure on next page.)

Fig. 1 Effect size of agricultural land use on different organism groups accounting for different metric types. Shown are individual effect sizes per

study, pooled effect sizes for two subgroups divided by metric type and an overall pooled effect size with 95% confidence intervals. Effect sizes are
significant if 95% Cl does not overlap the vertical zero line. Richness = species-, taxa richness; abundance = density, mass, count; ASPT Average core
er taxa; 1B/ Index of biotic integrity, EPT Ephemeroptera, Plecoptera, Trichoptera, £QR Ecological quality ratio, O/E Observed/Expected, SPEAR Species

at risk, WQ sensitive Water quality sensitivity index




Schirrings et al. Environmental Sciences Europe

(2022) 34:124

Page 6 of 13

Author(s) and Year

Organism type

Metric type

Estimate [95% Cl]

Gerth et al. 2017
Scotti et al. 2019
Townsend et al. 2004
Schneeweiss et al. 2022
Quinn et al. 1997
Huryn et al. 2002
Harding et al. 2003
Harding et al. 1998
Hall et al. 2001
Genito et al. 2002
Kibichii et al. 2015
Gabel et al. 2012
Crane et al. 2011
Virbickas et al. 2011
Turunen et al. 2016
Sarriquet et al. 2006
Krynak & Yates 2020
Herbst et al. 2012
Doledec et al. 2006
Niyogi et al. 2007
Goss et al. 2020
Schriever et al. 2007
Friberg et al. 2003
Toth et al. 2019
Harding et al. 1998
Feld 2013

Fitzpatrick et al. 2001
Leet et al. 2012
Turunen et al. 2016
Crane et al. 2011
Rowe et al. 1999
Hicks et al. 1997
Feld 2013

Turunen et al. 2016
Kopec et al. 2014
Urrea et al. 2009
Zampella et al. 2007
Zheng et al. 2008
Fitzpatrick et al. 2001
Turunen et al. 2016
Gabel et al. 2012
Quinn et al. 1997
Niyogi et al. 2007

RE Model for Subgroup (Q =241.17, df = 42, p = <.01, I"2 = 89.7%, Tau"2 = 0.96)

Richness & Abundance metrics

invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
invertebrate
fish
fish
fish
fish
fish
fish
fish
fish
fish
macrophyte
macrophyte
macrophyte
diatoms
diatoms
diatoms
diatoms
diatoms
diatoms
diatoms
diatoms

richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
richness
abundance
abundance
abundance
abundance
abundance
richness
richness
richness
richness
richness
richness
richness
abundance
abundance
richness
richness
abundance
richness
richness
richness
richness
richness
richness
abundance
abundance

Quality metrics

TELTT g
I i

Eﬂﬁﬁﬂﬂi

T

-0.71[-1.67, 0.24
0.21[-0.59, 1.02
1.29[0.05, 2.53
0.61[-0.55, 1.76
0.15[-1.45, 1.75
-0.32[-1.68, 1.04
-3.48 [-5.28, -1.69
-1.15[-2.01, -0.29

-1.78 [-3.67, 0.11
-1.11[-2.59, 0.38
-0.63 [-1.29, 0.02
-0.72[-1.54, 0.11
-1.49[-2.19,-0.79
-0.77 [-1.52, -0.03
0.82[-0.27, 1.91
0.68 [-0.19, 1.56
0.10[-0.65, 0.84
-0.76 [-1.54, 0.03
-0.68 [-1.58, 0.22
-0.30 [-0.86, 0.25
1.13[0.27, 1.99
0.32[0.13, 0.52
1.61[0.67, 2.56
-2.22 [-3.81, -0.64.

1.51

0.65

2.18

4.51

-0.44 [-1.60,
1.43[-0.37, 3.
1.83[0.80, 2.87

-0.16 [-0.50, 0.17]

-0.30 [-0.49, -0.12
-0.48 [-1.12, 0.16
-2.00[-2.87,-1.14
0.34[0.07, 0.62
0.53[-0.88, 1.94
1.23[0.73, 1.73
-1.34[-2.85, 0.17
0.49[-0.17, 1.14

0.71

3.22

Dahm et al. 2013_mountain invertebrate ASPT H -1.39 [-1.58, -1.19
Dahm et al. 2013_lowland invertebrate ASPT ] -0.63[-0.77, -0.49
Feld 2013_mountain invertebrate ASPT f—a—| -2.23[-3.15, -1.31
Feld 2013_lowland invertebrate ASPT fu -1.25[-1.64,-0.86
Kyriakeas et al. 2006 invertebrate EPT percent b= i -1.99[-2.82, -1.15
Wahl et al. 2013 invertebrate EPT percent : -1.44 [-2.48, -0.41
Harding et al. 1998 invertebrate EPT percent : -1.22 [-2.09, -0.35
Theodoropoulos et al. 2015 invertebrate EPT richness ] -1.10 [-1.75, -0.45
Quinn et al. 1997 invertebrate EPT richness |—l—| -2.33 [-4.40, -0.26
Huryn et al. 2002 invertebrate EPT richness | -0.63 [-2.02, 0.75
Niyogi et al. 2007 invertebrate EPT richness -0.79 [-1.68, 0.10
Herbst et al. 2012 invertebrate EPT richness -1.00 [-1.76, -0.23
Virbickas et al. 2011 invertebrate EPT richness —=— -0.87 [-2.32, 0.58
Crane et al. 2011 invertebrate EPT richness  E——— -2.09 [-4.09, -0.10
Turunen et al. 2016 invertebrate = -1.05 [-1.73, -0.37
Carlisle et al. 2008 invertebrate O/E -1.45[-1.94, -0.96
Doledec et al. 2006 invertebrate MCI -| -0.86 [-1.95, 0.23
Scotti et al. 2019 invertebrate Pielou evenness = -0.44 [-1.25, 0.37,
Lopez-Rodriguez et al. 2019 invertebrate Shannon-Wiener }—l—i -2.71 [-3.44, -1.97
Schneeweiss et al. 2022 invertebrate SPEAR -1.51[-2.79, -0.22
Larsen & Ormerod 2010 invertebrate trait diversity : -1.02 [-1.79, -0.26
Kroll et al. 2009 invertebrate WQ sensitive o [ -1.69 [-2.20, -1.19
Feld 2013 fish WQ sensitive : -1.08 [-1.35, -0.81
Fitzpatrick et al. 2001 fish 1BI : -2.26 [-3.21, -1.31
Lorenz & Feld 2013 fish EQR = -1.22[-2.35,-0.10
Leetetal. 2012 fish 1Bl f—=— -3.84 [-5.14, -2.54
Turunen et al. 2016 fish EQR f—=—] -2.03 [-3.07, -0.99
Carlisle et al. 2008 fish O/E f—=—i -3.41 [-4.56, -2.27
Turunen et al. 2016 macrophyte EQR = -0.42 [-1.05, 0.22
Wang et al. 2005 diatoms 1Bl l—-—' -2.20[-3.18, -1.21
Turunen et al. 2016 diatoms EQR f=—] -1.28 [-1.99, -0.57
Dahm et al. 2013 diatoms WQ sensitive = -0.70[-1.48, 0.08
Carlisle et al. 2008 diatoms O/E fm—| -1.35 [-2.02, -0.68
RE Model for Subgroup (Q = 146.72, df = 32, p = <.01, I"2 = 81.3%, Tau*2 = 0.32) ’ -1.41 [-1.66, -1.17]
RE Model for All Studies (Q =659.85, df =75, p =<.01, 1"2 = 92.9% Tau*2 = 1.1) ’ : -0.74 [-1.01, -0.48]
Test for Subgroup Differences: Q = 35.06, df = 1, p = <.01 i
f T T T 1
-6 -3 0 3 6

Fig. 1 (See legend on previous page.)

Observed Outcome
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Continent Mean 95% CI N
—®— -1.23  [-1.95;-0.52] 3
North America —— -1.53 [-2.27;-0.78] 12
— -0.59 [-1.35; 0.16] 12
—— -0.29 [-0.98; 0.41] 3 ® Livestock
Europe @ -0.88 [-1.22;-0.55] 22 @® Arable Land
@ Mixture
— -0.73  [-1.32;-0.13] 9
—— 0.26 [-0.60;1.12] 13
Oceania - - 0
S N — -0.48 [-1.45;0.49]
-2 0 1 2
Hedges G

Fig. 2 Mean effect sizes of different agricultural types on river biota in different continents. Shown are mean summary effect sizes (mean), 95%
confidence intervals (95% Cl) and number of effect sizes (N). Effects are significant if 95% Cl does not overlap the vertical zero line

Ecoregion Mean 95% ClI N
Subpolar o -0.58  [-1.08; -0.08] 9
Temperate o -0.75 [-1.07; -0.43] 59
Subtropical ® -0.89 [-1.59; -0.19] 8
15 4 05 o os
Hedges G

Fig. 3 Mean effect sizes of agricultural land use on river biota in different ecoregions. Shown are mean summary effect sizes (mean), 95%
confidence intervals (95% Cl) and number of effect sizes (N). Effects are significant if 95% Cl does not overlap the vertical zero line

pollution-sensitive taxa (e.g. [56, 62]. These findings
match our expectation that overall species richness is a
poor indicator of agricultural stress because the loss of
stress-sensitive species may be balanced by stress-toler-
ant ones. Consequently, agricultural impact on riverine
biota is better reflected by metrics of species composi-
tion (quality metrics) as compared to metrics of species
richness/abundance.

This was further supported by the subgroup analysis
showing a very strong negative effect for quality met-
rics, while we only found a small negative effect for
richness/abundance metrics (Fig. 1). Additional sup-
port was obtained by the analysis of sensitive vs. tol-
erant taxa, which showed a strong negative effect of

agriculture for sensitive taxa, but a strong positive
effect for tolerant taxa (Fig. 6). Together, these find-
ings suggest a stronger land use effect on community
compositional metrics. Compositional metrics used to
assess the impact of agriculture should include sensi-
tive taxa, because those are the first to respond with a
decline in their abundance or richness. Stress-tolerant
species, however, may increase due to subsidy effects by
nutrient enrichment [60, 84] or due to the release from
competition with sensitive taxa [46]. These opposing
effects on sensitive and tolerant taxa also explain why
metrics of whole-community richness performed much
weaker. Likewise, [30] found that the loss of sensitive
taxa due to hydromorphological degradation may be
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Table 1 Subgroup analysis for river types, river size, spatial basis
and study design

Mean 95% CI N

River type

Mountain —0.72 [—1.30,—0.15] 17

Lowland —0.76 [— 1.09,— 042] 45
River size

Small —0.72 [—1.24,—0.21] 29

Large —0.68 [—1.09,—0.27] 27
Spatial basis

Catchment —0.75 [— 1.04,— 046] 69

Buffer —0.70 [—1.07,—0.34] 7
Study design

Control vs impact —0.78 [—1.12;,— 045] 51

Gradient —0.68 [—1.11,—-025] 25

Shown are mean summary effect sizes (mean), 95% confidence intervals (95%
Cl) and number of effect sizes (N)

largely balanced by more tolerant ones. Thus, metrics
of whole-community richness are likely to be insuffi-
cient for the analysis of agricultural stress.
Consequently, the observed positive effects in Oce-
ania (Fig. 2) can be partly explained by the number of
richness metrics reported compared to quality metrics.
Only four effect sizes belong to the category of qual-
ity metrics with eleven belonging to richness metrics.
The geographical differences can be further explained
by different types and practices of agriculture (com-
pare Hypothesis 2 below). The differences between
ecoregions reflect climate conditions. Rivers in arid
zones, for example in the Mediterranean, are frequently
impaired by water abstraction pressures [53] and by
particularly intense land use close to the rivers [55]
leading to multiplying stressed biota [69]. Subpolar
regions, on the other hand, are known for lower crop
production and livestock populations [26, 27].
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Biota response to agricultural types and practices

We expected that types and practices of agriculture in the
river catchments would be reflected in the biota response
(Hypothesis 2). This expectation was supported by dif-
fering effects between arable land and livestock farm-
ing (Fig. 4), with arable land impairing river biota more
strongly. Those effects differed across continents, with
agriculture in Northern America most affecting river
biota most followed by Europe and surprisingly positive
effects in Oceania (partly explained by the metric cat-
egory assessed as described above). The positive effect
in Oceania can be further explained as most studies
assessed the effects of extensive pasture farming and no
studies with arable land use were incorporated in this
analysis (Fig. 2). Although most studies did not report
more detailed information on agricultural types and
practices, differences in biota response across continents
are likely to be linked to different agricultural practices.
In particular, agriculture in North America is generally
known for large scale highly intensive machinery farming
with higher nutrient input concentrations compared to
Europe and Oceania [59].

Several studies report strongly differing effects of
agricultural types and practices with livestock farming
in river catchments resulting in nitrate influx [54], or
corn production causing massive fine sediment influx
[68]. The fact that we did not find an effect for livestock
farming can be explained by a multitude of studies with
extensive pasture from Oceania, which is considered
less influential on river biota [12]. Additionally, the
differences between arable land and livestock farming
can be explained by pesticide usage. Unlike livestock
farming arable land probably mirrors their exponen-
tially increasing use [72] causing severe pressure on
pesticide-sensitive species [50]. Although we could not
investigate this further as in-depth information on the
agricultural types was lacking, we expect for the effects
of agricultural types to differ based on crop specific

Organism type Mean 95% ClI N

Diatoms ° -0.14 [-0.86; 0.58] 12

Macrophytes ° -0.73 [-1.44; -0.02] 4

Fish L4 -0.66 [-1.60; 0.28] 15

Invertebrates ° -0.94 [-1.19; -0.70] 45

1 I I 1 I
=15 -1 -0.5 0 0.5
Hedges G

Fig. 4 Mean effect sizes of agricultural land use on different organism types. Shown are mean summary effect sizes (mean), 95% confidence
intervals (95% Cl) and number of effect sizes (N). Effects are significant if 95% CI does not overlap the vertical zero line
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Author(s) and Year Metric type Estimate [95% CI]
Pollution sensitive taxa :
Doledec et al. 2006 EPT richness i -0.92[-2.02, 0.18]
Harding et al. 1998 EPT percent . -1.22 [-2.09, -0.35]
Theodoropoulos et al. 2015 EPT richness - -1.10 [-1.75, -0.45]
Quinn et al. 1997 EPT richness l—!—! -2.33 [-4.40, -0.26]
Huryn et al. 2002 EPT richness —a—— -0.63 [-2.02, 0.75]
Niyogi et al. 2007 EPT richness - -0.79[-1.68, 0.10]
Kyriakeas et al. 2006 EPT percent e B -1.99 [-2.82, -1.15]
Dahm et al. 2013 EPT percent L] -0.85[-1.01, -0.68]
Dahm et al. 2013 EPT percent i -0.39 [-0.58, -0.25]
Feld 2013 EPT percent g -1.39 [-1.88, -0.90]
Feld 2013 EPT percent . -0.60 [-0.89, -0.31]
Crane et al. 2011 EPT richness I—l—i -2.09 [-4.09, -0.10]
Virbickas et al. 2011 EPT richness +—l—-—4 -0.87 [-2.32, 0.58]
Wahl et al. 2013 EPT percent - -1.44 [-2.48, -0.41]
Herbst et al. 2012 EPT richness I—-—l -1.00 [-1.76, -0.23]
Goss et al. 2020 ET density —a -0.57 [-1.33, 0.19]
Gabel et al. 2012 EPT richness i—l-—i -0.26 [-1.41, 0.89]

RE Model for Subgroup (Q =49.82, df = 15, p = <.01, I"2 = 71.3%, Tau*2=0.12) 4 : -0.96 [-1.22, -0.70]

Pollution tolerant taxa

Kyriakeas et al. 2006 Chironomidae 3.60[1.44, 5.77]
Friberg et al. 2003 Oligochaeta 1.54 [-0.03, 3.11]
Wahl et al. 2013 Chironomidae 2.38[1.17, 3.59]
Gabel et al. 2012 Chironomidae 1.50[0.20, 2.79]
Herbst et al. 2012 Tolerant taxa + 0.55[-0.18, 1.29]
Goss et al. 2020 Chironomidae r—-l—l 0.29 [-1.72, 2.30]

RE Model for Subgroup (Q = 12.49, df = 5, p = 0.1, I"2 = 56.9%, Tau*2 = 0.60) 1.51 [0.66, 2.36]

RE Model for All Studies (Q = 116.99, df = 22, p = <.01, I"2 = 95.5% Tau"2 = 1.11) 0 -0.45[-0.94, 0.04]
Test for Subgroup Differences: Q = 29.56, df = 1, p = <.01 :

[ T I I I I 1

6 4 2 0 2 4 &6

Observed Outcome
Fig. 5 Effect size of agricultural land use on sensitive vs. tolerant taxa. Shown are individual effect sizes per study, pooled effect sizes for two
subgroups divided by metric type and an overall pooled effect size with 95% confidence intervals. Effect sizes are significant if 95% Cl does not
overlap the vertical zero line. EPT Ephemeroptera, Plecoptera and Trichoptera; ET Ephemeroptera and Trichoptera

pesticide treatment [5]. However, 75% of the studies
named nutrient influx as major stressor followed by
fine sediment, morphological alteration, and pesticide
influx with 50%, 40% and 30%, respectively. The pre-
sumed importance of pesticides can be explained by
complex analysis to assess pesticide pressures (e.g. [15].
Additionally, several studies focusing on pesticides
could not be incorporated into this analysis lacking
comparable effect sizes or predictors (e.g. [15, 66].
We also expected stronger responses for macroinver-
tebrates compared to fish, macrophytes and diatoms.
4 2 0 2 While macrophytes were only slightly stronger affected
Observed Outcome compared to fish and macrophytes, a strong difference
Fig. 6 Funnel plot with effect size against inverse standard error. could be found in comparison to diatoms as shown in

Errw;?gfwcles are effect sizes expected when no publication bias was the subgroup analysis (Fig. 5). This coincides with the

10538 13.736

Inverse Standard Error
7.341
1

0945 4143
.
.
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reported predominant stressors and invertebrates suf-
fering from all, nutrients [48], pesticides [28], fine sedi-
ment [32] and morphological alterations for instance
resulting in water temperature rise [35].

Study implications

This study shows clearly that freshwater biota are
impaired by agricultural land, with small differences
based on geographical region, ecoregion or organism
types, but results vary strongly based on the metric used.
Quality metrics encompassing various ecologically rel-
evant assessment indices reflect stronger effects than
metrics focusing on richness or abundance. The obvious
reason for these differences is the differential effects of
stressors on individual taxa, that is not all taxa are equally
impaired, with some tolerant species even benefiting
from less competition or enhanced food availability. For
future assessment of agricultural impacts, we suggest the
use of metrics considering the tolerance of organisms,
ideally metrics that are specific for individual stressor
types caused by agriculture [32].

Agricultural stress is likely depending on the soil and
climate conditions and agricultural types and practices,
partly reflected in the ecoregions with stronger agri-
cultural effects in the subtropical region compared to
temperate and subpolar regions, potentially caused by
water stress. Large parts of heterogeneity we could not
explain are likely to be situated in the intensity and type
of agriculture, in particular cropland densities [20], pes-
ticide use [5], fertilizer use and biomass production [47].
Hence, in order to truly account for the impact of agri-
cultural land use on river biota, further systematic inves-
tigations on the role of agricultural types, intensities and
spatial arrangement are needed, not disregarding interac-
tions with riparian vegetation as hinted by Palt et al. [61].

The present meta-analysis could only render hints
suggesting the strongest agricultural impacts in North
America, which is known for large-scale high intensity
agriculture and in general stronger impacts for arable
land compared to livestock farming. Still, the lower
effects of livestock farming need to be taken with care,
as they mostly receive concentrated feed imported from
other regions [65]. Hence, parts of the environmental
impact are spread, and animal production is less con-
nected to the local river conditions.

Accordingly, after several years of research on agricul-
tural impacts on freshwater biota, it is still not possible
to quantitatively discriminate between agricultural prac-
tices, intensities, and types (such as individual crop types)
and their interaction with riparian buffers. This is a sig-
nificant knowledge gap that obstructs tailor-made solu-
tions for minimizing the effects of agriculture on river
biota. Obviously, these solutions are urgently required,
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given the overall strong impact of agriculture. Therefore,
we call for further research to directly link agricultural
types and intensities with biota response to derive man-
agement directives. Approaches could include but are
not limited to accounting for crop-specific pesticide and
nutrient application rates, different management prac-
tices including organic farming and mosaic farming or
the occurrence of monocultures.
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