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1  | INTRODUC TION

Do predators influence stream fish communities? This question is 
not only a fundamental aspect of basic community ecology, but also 
has implications regarding the conservation of freshwater fishes. 
Although stream fishes participate in all types of biotic interactions, 
understanding predator–prey interactions is of particular interest 

because predators can produce strong effects across all levels of 
biological organisation (Cucherousset & Olden, 2011). Further, pred-
atory fishes have been both introduced to (Welcomme, 1988) and 
lost from (Estes et al., 2011; Winemiller et al., 2016) freshwater sys-
tems globally. Negative effects of introduced predators in lake sys-
tems are well known, including reduced abundance of small-bodied 
fishes (Jackson, 2002; MacRae & Jackson, 2001), homogenisation of 
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Abstract
1.	 Experimental and fine-scale studies indicate predators can have strong effects on 

stream fishes. It is unclear, however, how predators interact with landscape fac-
tors to influence stream fish communities at scales relevant to management and 
conservation. Because predators and prey respond to environmental variability, 
measuring community responses to predators requires resolving the effects of 
abiotic factors on both predators and prey.

2.	 We collected stream fish community data in the summers of 2017 and 2018 and 
paired structural equation modelling with multivariate methods to identify abi-
otic factors that influenced the distribution of a predatory fish, largemouth bass 
(Micropterus salmoides) and community structure of stream fish. We then com-
pared how fish species richness and community composition responded to the 
presence of bass mediated by environmental factors.

3.	 Probability of occurrence of bass increased with catchment area, while richness 
responded to both natural and anthropogenic characteristics of streams and their 
catchments. Contrary to our prediction, richness was higher at sites with bass and 
several species exhibited positive co-occurrence and abundance patterns with 
bass, while only one species had a negative relationship.

4.	 Higher diversity of stream fishes in the presence of bass highlights the difficulties 
in understanding the combined effects of predators and environmental variation, 
both natural and human induced, as drivers of community structure. We discuss 
several challenges to understanding the effects of predators in natural systems, 
including unmeasured environmental variability, mismatch of spatial and temporal 
scales, and context dependency of ecological responses.
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freshwater fauna (Rahel, 2002), species extinctions (Kaufman, 1992; 
Ligtvoet et  al.,  1991), and changes in food web structure (Vander 
Zanden et al., 2004). Most of what we know about predator effects 
in streams has been observed at relatively fine spatial scales (me-
socosm experiments or within a stream reach). Direct consumption 
by piscivores increases mortality rates and decreases densities of 
prey, mediated by predator and prey identity (Marsh-Matthews 
et al., 2013; Schlosser, 1987), body size (Layman & Winemiller, 2004; 
Magoulick,  2004; Schlosser,  1988), habitat characteristics 
(Angermeier, 1992; Harvey & Stewart, 1991; White & Harvey, 2001), 
and predator density (Gilliam & Fraser, 1987; Harvey, 1991). Non-
consumptive effects are wide ranging, including well-documented 
shifts in habitat use (Fraser & Gilliam,  1992; Greenberg,  1994; 
Harvey, 1991; Magoulick, 2004; Power et al., 1985; Schlosser, 1987, 
1988) and changes in prey activity levels, foraging behaviour, 
growth, life history, reproduction, and movement/dispersal pat-
terns (reviewed in Hoeinghaus & Pelicice, 2010). Predators can in-
crease emigration rates (Fraser & Gilliam, 1992; Power et al., 1985; 
Schaefer, 2001) or act as both barriers and promoters of dispersal 
(Fraser et  al.,  1995). While experimental studies provide evidence 
for several mechanisms that may elicit a variety of prey responses to 
predators, we do not yet understand the role of these mechanisms 
in structuring stream fish communities in natural stream systems or 
how predators interact with landscape factors to produce patterns 
of fish assemblage structure.

Several studies have documented effects of predators on prey 
fishes in natural streams. Much of this literature documents rela-
tionships between a non-native predator with one or several prey 
species. Nonindigenous predators can lower prey abundance at local 
sites (Gilliam et al., 1993; Labbe & Fausch, 2000), create source–sink 
dynamics (Woodford & McIntosh, 2010), and influence genetic di-
versity (Vanhaecke et  al., 2015). Negative associations between 
predator–prey pairs have been observed across drainage basins, 
revealed through both taxonomic and functional group analysis 
(Giam & Olden, 2016; Hoeinghaus et al., 2007). Non-native preda-
tion pressure may be uneven throughout stream networks (Hedden 
et al., 2016), and non-native predators may feed disproportionately 
on native prey fishes relative to non-native prey (Pilger et al., 2008), 
altering food web dynamics and lowering abundance of native fishes 
(Walsworth et  al.,  2013). These studies highlight the potential for 
non-native and invasive predators to influence fish community 
structure, and we predict that predators interact with abiotic fac-
tors to produce patterns of stream fish community structure across 
stream networks.

Understanding how community structure responds to predators 
in stream requires isolating predation effects from abiotic drivers of 
community structure. Natural landscape features, including both ter-
restrial and stream network attributes, influence fish communities, 
and anthropogenic landscape modifications can significantly alter 
population and community dynamics of stream fishes (Allan, 2004; 
Schlosser, 1991). Attributes throughout a catchment interact at hier-
archical spatial scales to influence the ecological integrity of streams 
by driving habitat characteristics, water quality, connectivity, flow 

regime, and biotic processes (Labbe & Fausch,  2000; Poff,  1997). 
Landscape context may therefore not only influence the distribu-
tions of predators and prey, and therefore where they overlap in 
space and time, but also influence the magnitude of predation im-
pacts. For example, densities of native small-bodied cyprinids in 
the Gila River catchment of New Mexico declined during low-flow 
years but were lowest at sites that also had non-native Micropterus 
dolomieu (Stefferud et al., 2011). Ecologists recognise the complex 
interactions of landscape factors at multiple spatial scales and strive 
to conserve stream fish communities using a riverscape perspective 
(Fausch et al., 2002). To conserve fishes across riverscapes, we need 
to understand how biotic processes, such as predation, interact with 
abiotic factors across spatial scales to produce patterns of commu-
nity assembly.

1.1 | Objectives

We assessed the effect of a predator on stream fish community 
structure (richness and composition) mediated by abiotic factors. 
Our goal was to identify abiotic drivers of fish community structure 
and the presence of predators, then control for abiotic drivers to 
assess how fish community structure in prairie streams responded 
to the presence of a widely introduced predator, largemouth bass 
(Micropterus salmoides, Centrarchidae). Largemouth bass, while 
probably native to the eastern edge of our study area (Flint Hills 
ecoregion, U.S.A.), have been intensively stocked in the region and 
represent a potential increase in predation pressure relative to his-
toric levels. We predicted natural attributes of stream networks, es-
pecially stream size, would drive patterns of community structure 
and predicted presence of largemouth bass would be positively asso-
ciated with a predominant landscape modification in our study area: 
small impoundments. We also predicted largemouth bass would be 
negatively associated with cyprinid fishes (Schrank et  al.,  2001), 
driving lower species richness at sites with bass. Predation pressure 
in streams has probably changed and will continue to change over 
time in response to stocking programmes, accidental introductions, 
impounding waterways, overfishing, habitat fragmentation and al-
teration, and changing temperature and flow regimes. Stream fish 
communities already face challenges responding directly to these 
same alterations, so we need to understand how alterations in pre-
dation pressure influence fish communities to manage and conserve 
this threatened fauna.

2  | METHODS

2.1 | Study area

This study was conducted in Great Plains prairie streams in the 
Neosho and Kansas River basins in the Flint Hills ecoregion of east-
ern Kansas (Figure 1). Great Plains prairie streams are characterised 
by a large proportion of intermittent streams with highly variable 
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hydrographs and catchments historically dominated by grasslands 
(Dodds et al., 2004). Small impoundments are a major landscape 
modification in and around the Flint Hills (Perkin et  al.,  2015). 
Impoundments are often stocked with sportfishes (especially lar-
gemouth bass) that may increase predation in nearby streams by 
escaping from ponds and expanding their distribution across the 
landscape and likewise, occurrence of bass has increased in catch-
ments within the study area after the construction of small im-
poundments (Hedden et al. unpublished data). Our study area is on 
the western edge of what is considered the native range of large-
mouth bass, but because largemouth bass have been moved around 
and stocked since the late 1800s (Long et al., 2015), it is likely that 
many largemouth bass in the study area are from stocking efforts. 
The non-native status of largemouth bass in our study area may be 
unclear, but this system provided the opportunity to investigate the 
relationships between altered predation pressure, abiotic factors, 
and stream fish assemblage structure. Although there are other na-
tive predators in the system, including other large centrarchid spe-
cies such as spotted bass (Micropterus puntulatus) and green sunfish 
(Lepomis cyanellus), we were primarily interested in the effects of 
largemouth bass due to their widespread introductions, both region-
ally and globally, and known strong effects on stream ecosystems 
(Power et al., 1985)

2.2 | Site selection

Sites were selected using a random-stratified design (Bruckerhoff & 
Gido, 2019) with the goal of capturing both the hierarchy of stream 
networks (drainage basin and stream order) and land use. Major an-
thropogenic land use gradients in the region used for stratification 
included percentage of cultivated land, number of impoundments, 

and number of road crossings in each 10-digit Hydrologic Catalog 
Unit (HUC; Seaber et  al.,  1987) catchment within the study area. 
We calculated the proportion of agricultural land using Landsat ras-
ter data from the Kansas Satellite Imagery Database (KARS, 2006), 
the number of impoundments using both the National Wetlands 
Inventory (USFWS, 2018) and National Hydrography Dataset (USGS, 
2016), and the number of road crossings by calculating intersections 
between the 2001 Topologically Integrated Geographic Encoding 
and Referencing (TIGER) database (US Census Bureau, 2001) and a 
modified stream layer based on NHD stream lines. We then classi-
fied each HUC into three classes based on 15% and 85% quantiles 
for the three land use variables. We randomly drew two stream seg-
ments across all combinations of stream order (first to fourth order) 
and the three classifications (low, medium, high) of the three land 
use variables (road crossing density, percent agriculture, impound-
ment density). We limited our sites to first to fourth order streams to 
target wadeable streams.

Our random stratification process provided us with around 200 
stream segments with each iteration. We then tried to sample the 
randomly selected stream segments but were often limited by land-
owner permission. After a round of selected streams had been suc-
cessfully or unsuccessfully sampled, a new round of sites was drawn 
(without replacement) and targeted for sampling.

2.3 | Stream fish and habitat sampling

We collected stream fish community data in the summers of 2017 
and 2018 from several pools and riffles (mesohabitats) at each site. 
We aimed to sample at least two pools and two riffles at each site but 
were sometimes limited by habitat availability or landowner permis-
sion. Typically, we sampled enough mesohabitats to cover 8 times 

F I G U R E  1   Fish communities were 
sampled in wadeable stream reaches 
throughout the Kansas and Neosho river 
basins in eastern Kansas, U.S.A. in 2017 
and 2018.
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the median width at each site. Fishes were sampled using single pass 
backpack electroshocking (Smith-Root LR-20) followed by multiple 
seine hauls (straight seine, 4.6 × 1.8 m, 3.2-mm mesh) in all habitat 
types (debris, vegetation, root wads, etc.) within each mesohabitat. 
Only electrofishing was used in riffle mesohabitats. Most fish were 
identified, measured, counted, and released in the field, except small 
specimens difficult to identify in the field were preserved in a 10% 
formalin solution and identified in the laboratory.

We measured habitat characteristics in all sampled mesohabi-
tats. Width was measured at a minimum of three transects in each 
mesohabitat (more transects were added in pools or riffles longer 
than 30 m). Along each transect, we documented the depth and sub-
strate type (modified Wentworth scale; Wentworth, 1922) for five 
points and measured canopy cover using a densiometer at the centre 
of each transect. We also measured the length of each mesohabi-
tat and the dimensions of any cover habitat (root wads, overhanging 
vegetation, boulders, log complexes, etc.).

2.4 | Geospatial data

We delineated catchment boundaries of all sampled sites using Arc 
Hydro Tools in ArcMap 10.4 (ESRI, 2011) using digital elevation mod-
els from the National Elevation Dataset (USGS, 2002) and stream 
lines from the National Hydrography Dataset (USGS, 2016). Use 
of the term catchment in this paper refers to true upstream catch-
ments delineated from the downstream point of all sites (Omernik 
et al., 2017). Within each catchment, we calculated the area, density 
of roads, the proportion of catchment surface area impounded, and 
proportion of cultivated land (cropland planted with corn, soybeans, 
sorghum, winter wheat, or alfalfa, or land used as fallow or planted 

with multiple crops) using the same datasets used in stratification 
procedures. We also calculated the linear distance to the nearest 
impoundment from each site.

2.5 | Analysis

We first identified abiotic drivers of largemouth bass presence, 
stream fish richness, and community composition. By identifying 
abiotic drivers, we could then control for these factors while as-
sessing the effects of largemouth bass on stream fish community 
richness and composition. All abiotic factors included in analyses 
and transformations used to improve linearity and minimise vari-
ability are included in Table 1. The decision to transform variables 
was made before running models based on histograms of each pre-
dictor variable. Because our goal was to control for abiotic vari-
ables when assessing the influence of largemouth bass on stream 
fish communities, we first needed to identify which abiotic vari-
ables were associated with largemouth bass presence, richness, 
and community composition. Our overall framework included 
developing a single model that included all potential predictors 
for each response variable, identifying significant abiotic predic-
tors, and then running final models that included identified abiotic 
predictors and the effect of largemouth bass presence. Because 
we completed two tests (narrowing abiotic predictors and testing 
effects of predators) on each response variable (richness, abun-
dance-based composition, presence/absence-based composition), 
we used Bonferroni-adjusted α levels (97.5% confidence intervals 
and an adjusted α level of 0.025) to control for potentially inflated 
Type I errors. Correlations between predictor variables were as-
sessed before building models. The proportion of upstream area 

Scale Variable Description Transformation

Catchment Catchment 
area (km2)

Total upstream catchment area from the 
downstream point of each sample site

Logarithmic

Proportion of 
catchment 
agriculture

Proportion of agricultural land in each 
catchment

Square root

Proportion of 
catchment 
impounded

Proportion of impounded area in each 
catchment

Logarithmic

Catchment 
road crossing 
density (no. 
per km2)

Density of road crossings (all road types) 
in each catchment

Logarithmic

Reach Distance 
to nearest 
impoundment 
(km)

Euclidean distance to nearest 
impoundment

Logarithmic

Proportion 
of large 
substrates

Proportion of samples containing 
pebble, cobble, or boulder substrates 
using a modified Wentworth scale 
(Wentworth, 1922)

None

Mean Depth Mean pool depth at each site Logarithmic

TA B L E  1   Abiotic variables included in 
richness and composition models were 
collected at catchment and reach scales
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impounded had a high variance inflation factor in the preliminary 
richness model, so it was dropped from that analysis. All other pre-
dictor variables had variance inflation factors <2 in all models, so 
multicollinearity was not considered an issue. All analyses were 
completed in Microsoft R Open 3.5.3 (Microsoft Corporation & R 
Core Team, 2019).

2.5.1 | Largemouth bass presence and richness

We used binomial generalised linear mixed effect models with 
logit link function with presence of largemouth bass as a response 
and Gaussian mixed effect models with rarefied richness as a 
response to identify abiotic variables driving richness and large-
mouth bass presence. We used rarefied richness to control for 
different probabilities of detecting more species with different 
numbers of individuals sampled using Hurlbert’s (1971) equation 
based on a sample size equal to the mean number of individuals 
caught across all sites (320 individuals). We used the mean number 
of individuals caught across all sites instead of the minimum num-
ber caught because the minimum number of individuals caught at 
a site was only two. By using the mean, richness values were not 
corrected at sites in which fewer fish were captured, and richness 
was corrected (lowered) at sites in which more than 320 individu-
als were captured. We also ran models using raw richness values 
and observed the same patterns, so only rarefied richness is pre-
sented here. Because we were interested in using generalised 
linear mixed effect models as a variable reduction tool and were 
not interested in interactive effects, we only developed global, 
additive effect models for each response variable. To account for 
spatial autocorrelation in fish community structure responses to 
abiotic factors (Bruckerhoff et al., 2019), we included HUC level 10 
catchment nested within major drainage basin as a random effect 
to control for spatial clumping of sites within catchments. Year 
was also included as a main effect in all models. We developed a 
single model for each response variable and used these models to 
identify variables to be included in further analysis directly test-
ing the effect of largemouth bass on species richness mediated by 
abiotic factors. We only retained variables for further analysis in 
which 97.5% confidence intervals, calculated using both the Wald 
method and likelihood ratio tests, did not include 0. All mixed ef-
fect models were developed using the package lme4 (Bates et al., 
2015).

A structural equation model (SEM) was developed to test the 
relationship between presence of largemouth bass and stream fish 
species richness using the package piecewiseSEM (Lefcheck, 2016). 
Structural equation models allow for the simultaneous analysis of 
multiple predictors and response variables (Shipley,  2000). The 
package piecewiseSEM allows SEM to be applied to generalised, 
mixed effect models and uses directed acyclic SEM, in which good-
ness of fit is determined using Shipley's test of directed separation 
(Shipley, 2000, 2009). We constructed a single SEM model that in-
cluded abiotic variables identified in exploratory generalised linear 

mixed effect models as predictors of largemouth bass presence and 
rarefied richness. The mediated effect of largemouth bass presence 
on richness, the predictor of primary interest, was also included. We 
also included the random effect of HUC level 10 catchment nested 
within major basin across all paths to control for spatial clumping 
of sites within drainages. No latent variables were included in our 
model. In addition to SEM, we also compared conditional r2 values 
obtained from a linear mixed effect model including only the effect 
of abiotic variables to a model including abiotic variables and the 
presence of largemouth bass as predictors. We included this com-
parison as an estimate of the explanatory power of including large-
mouth bass as a predictor of richness.

2.5.2 | Community composition

We used the function manyglm from the package mvabund (Wang 
et al., 2012) to identify abiotic variables influencing fish commu-
nity composition and the effect of largemouth bass on community 
composition. This function allows individual generalised linear 
models to be developed for each species, provides a global esti-
mate of significance that controls for multiple testing and can be 
more powerful than distance-based multivariate methods (Wang 
et al., 2012). We used this analysis to test the effect of largemouth 
bass on both the relative abundance of species and the occurrence 
(presence/absence) of species. Our fish community matrices for 
both analyses included pooled fish collected at each stream reach 
(mesohabitats were pooled together). We only included fish with 
total lengths above 30 mm to avoid bias associated with different 
spawning times and sampling efficiency of small fishes. We also 
removed largemouth bass from the community matrices because 
their presence was used as a predictor variable. Models were de-
veloped separately for the two drainage basins, as some species 
do not occur in both basins. As with largemouth bass occurrence 
and richness models, we included the effect of year in all models. 
Because random effects cannot be included in manyglm models, 
we included HUC level 10 catchment as a fixed effect. We ran two 
models for each community matrix: one that included all abiotic 
predictors and a second that only included significant abiotic pre-
dictors and the effect of largemouth bass presence. Significance of 
predictors at the community level were assessed using Bonferroni 
adjusted p values.

For our abundance-based analysis, we used negative binomial 
distributions appropriate for overdispersed count data. To eliminate 
the influence of rare species, only species present in at least 5% of 
samples were used. Since these models included raw counts, we in-
cluded the total number of individuals captured at each site as a pre-
dictor variable. This allows the interpretation of results to be similar 
to interpreting relative abundance of species to control for varying 
effort in sampling across sites but avoids the quantitative difficul-
ties of using relative abundances (proportions) as response variables 
(Warton & Hui, 2011). For the presence/absence analysis, we did not 
remove rare species as was done for the abundance analyses and 
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models were built using a binomial distribution appropriate for bi-
nary data.

3  | RESULTS

Our final dataset included abiotic and fish community data for 336 
stream sites (188 sites in 2017, 148 in 2018; Figure 1), with catch-
ment area of sites ranging 0.06–725.74  km2. Fifty-five species 
(Table S1) were captured across all sites, and mean species richness 
was 10 species. We collected largemouth bass at 26% of sites.

Preliminary mixed effect models suggested probability of large-
mouth bass occurrence increased with catchment area (Figure 2), so 
this was the only predictor of largemouth bass presence included in 
the SEM (Table 2). We included substrate size, mean depth, catch-
ment agriculture, road crossing density, and catchment area as 
predictors of richness (Table 2) based on preliminary mixed effect 
models. We therefore only included catchment area as a predictor 
of largemouth bass presence, but included links of all other abi-
otic factors and largemouth bass as drivers of richness in the SEM. 
Shipley's test of directed separation produced a Fisher's C of 8.122 
and p value of 0.42, indicating good model fit and no missing paths 
in the model. The estimated conditional r2 was 0.49 for richness and 
0.06 for the presence of largemouth bass. All paths were significant 
(Table  2). Richness increased in response to catchment area, the 
proportion of large substrates and mean pool depth, but decreased 
with increasing catchment agriculture and density of road crossings 
(Figure  3). Largemouth bass presence had the strongest effect on 
richness, with an increase of around four species at sites with large-
mouth bass mediated by environmental factors included in SEM (no 
largemouth bass: predicted richness  =  8.9, SE  =  0.18; largemouth 
bass present: predicted richness = 13.2, SE = 0.26). Conditional r2 
values from linear mixed effect model indicated the model includ-
ing the effect of largemouth bass described about 7% more vari-
ance (r2 = 0.49) compared to a model only including abiotic factors 
(r2 = 0.42).

The presence of largemouth bass was a significant predictor 
of species abundances in the Kansas basin, but not in the Neosho 
(Table  3). Despite significance at the community level, no individ-
ual species abundance in the Kansas basin exhibited a significant 
response to largemouth bass presence. Three species contributed 
more than 10% of deviance described by the presence of large-
mouth bass in the Kansas basin (yellow bullhead Ameiurus natalis, 
Ictaluridae: 16%, southern redbelly dace Chrosomus erythrogaster, 
Leuciscinae: 16%, and bluegill Lepomis machrochirus, Centrarchidae: 
12%). Yellow bullhead and bluegill exhibited higher abundances at 
sites with largemouth bass, while southern redbelly dace had lower 
abundance at sites with largemouth bass (Figure 4) Significant abi-
otic predictors of species abundance included year, HUC 10 level 
catchment, number of individuals, catchment area, and catchment 
agriculture for both the Kansas and Neosho river basins (Table 3). 
Four species had significant negative relationships with catchment 
area, while one had a significant positive relationship (Supporting in-
formation). Abundance of only one species, southern redbelly dace, 
responded significantly (and negatively) to catchment agriculture 
(deviance = 21.6, p = 0.03).

Like patterns of abundance, largemouth bass presence was a 
significant predictor of species occurrences (presence/absence) 
in the Kansas basin, but not in the Neosho (Table  3). One spe-
cies, yellow bullhead, exhibited significant, positive co-occurrence 
patterns with largemouth bass (deviance  =  27.0, p  =  0.01). We 
observed yellow bullhead at 58% of sites with bass and 21% of 
sites without largemouth bass. Three additional species contrib-
uted to 10% or more of the deviance, including southern redbelly 

F I G U R E  2   Bass were present at more sites with larger 
catchment areas (a), and the probability of occurrence of bass 
increased positively with catchment area across all sites (b). 
Catchment area (km2) is displayed on a log-transformed axis in both 
panels and the line displays the predicted probability of occurrence 
while points display raw data of bass presences and absences in 
panel b
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dace (15%), bluegill (10%), and redfin shiner (Lythurus umbratilis, 
Cyprinidae: 13%). Bluegill and redfin shiner exhibited positive, al-
though not significant, co-occurrence patterns with largemouth 
bass, occurring at 63 and 42% of sites with largemouth bass but 
only 29 and 19% of sties without largemouth bass. Southern red-
belly dace exhibited a negative co-occurrence pattern, occurring at 
only 10% of sites with largemouth bass and at 23% of sites without 
largemouth bass. In the Kansas basin, catchment area, catchment 

agriculture, the proportion of catchment impounded, and mean 
depth significantly influenced occurrence patterns (Table  3). 
Logperch (Percina caprodes, Percidae) had a significant positive 
relationship with mean depth (deviance = 22.9, p = 0.01) and com-
mon carp (Cyprinus carpio, Cyprinidae) had a significant, positive 
relationship with the proportion of the catchment impounded (de-
viance = 25.6, p < 0.01). Species specific responses to the pres-
ence of largemouth bass and abiotic factors are in Table S2.

Response Predictor Estimate SE df p value
Standardised 
estimate

Bass presence Catchment 
area

023 0.09 322 0.01 –

Richness Large 
substrate

3.30 0.87 282 <0.01 0.16

Richness Mean depth 5.20 1.79 282 <0.01 0.13

Richness Catchment 
agriculture

−2.15 0.92 282 0.02 −0.13

Richness Road crossing 
density

−2.78 1.01 282 0.01 −0.13

Richness Catchment 
area

1.21 0.14 282 <0.01 0.39

Richness Bass presence 3.17 0.44 282 <0.01 0.30

Shipley's test of directed separation indicated good model fit and no missing paths (Fisher's 
C = 9.10, p = 0.52).

TA B L E  2   The structural equation 
model (SEM) included predictor variables 
identified in preliminary mixed effect 
models and included the random effect 
of Hydrologic Catalog Unit 10 catchment 
level nested within major drainage basin

F I G U R E  3   Richness increased significantly with catchment area (axis log scaled) (a), mean pool depth (axis log scaled) (b), and proportion 
of large substrates (c), but decreased with catchment agriculture (axis square root scaled) (d) and catchment road crossing density (axis log 
scaled) (e) and sites with bass had higher richness than sites without bass. Significance of these predictors was identified both based on 
preliminary hierarchical models and through a structural equation model; shading represents 97.5% confidence intervals around regression 
lines exhibited marginal means of bass and abiotic variable effects. Points are raw rarefied richness values
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TA B L E  3   Final manyglm models (Wang et al., 2012) included predictors identified in preliminary models for each drainage basin; all 
included counts of species as predictors and year, Hydrologic Catalog Unit (HUC) level 10 catchments, and the total number of individuals 
captured at each site as predictors

Variable

Kansas Basin Neosho Basin

Abundance Presence/Absence Abundance Presence/Absence

df Deviance p df Deviance p df Deviance p df Deviance p

HUC 10 178 1,904.3 0.001 178 1,566.3 0.001 106 852.5 0.001 106 687.7 0.001

Number of 
Individuals

177 900.1 0.001 177 602.1 0.001 105 429.1 0.001 105 273.2 0.001

Year 176 79.2 0.001 176 105.9 0.001 – – – 104 78.8 0.003

Landscape

Catchment area 
(km2)

175 281.4 0.016 175 374.2 0.001 104 203.6 0.065 103 110.7 0.001

Proportion of 
catchment 
agriculture

174 106.1 0.002 174 136.2 0.001 – – – – – –

Proportion of 
catchment 
impounded

– – – 173 116.3 0.001 – – – 102 64 0.01

Catchment road 
crossing density 
(no. per km2)

– – – – – – – – – – – –

Local

Distance 
to nearest 
impoundment 
(km)

– – – – – – – – – – – –

Proportion of 
large substrates

– – – – – – – – – – – –

Mean depth – – – 172 165 0.001 – – – – – –

Predators

Bass presence 174 98.5 0.018 172 98.4 0.005 105 49 0.483 103 39.8 0.29

Note: This table indicates significance of variables in final models including the effect of bass presence on stream fish community composition for 
both species abundances and occurrences. Models were developed separately for each major drainage basin. Significant variables are in bold.

F I G U R E  4   Three species, including 
yellow bullhead (a), southern redbelly dace 
(b), and bluegill (c), contributed more than 
10% of deviance to the significant effect 
of largemouth bass on abundance-based 
community composition. Points represent 
mean abundance at sites where bass are 
present or absent and lines represent 
standard error
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4  | DISCUSSION

We observed a positive association between stream fish species 
richness and the presence of largemouth bass. This relationship 
could be driven by unmeasured environmental variability or be a 
true outcome of biological interactions. Habitats associated with 
high species richness may also be good habitats for largemouth bass, 
but we may not have captured these important habitat conditions 
despite our best efforts to design a study to capture major envi-
ronmental gradients. The only significant predictor of largemouth 
bass presence, catchment area, explained 6% in the variation in lar-
gemouth bass occurrence. The small amount of variation captured 
by this model probably indicates either high sampling error (vari-
ability in detecting bass) or relevant abiotic variables were not in-
cluded in our analysis. Hydrology, for example, can drive stream fish 
community structure (Mims & Olden, 2012; Poff & Allan, 1995) and 
the presence of bass (Almeida & Grossman, 2014; Bae et al., 2018). 
Stable hydrology is typically associated with equilibrium life history 
strategies (Mims & Olden,  2012), and may explain co-occurrence 
patterns between largemouth bass and other species with similar life 
histories like black bullhead and bluegill. Temperature is also a strong 
driver of largemouth bass distributions (Bae et al., 2018; Sowa & 
Rabeni, 1995), but was not considered in this analysis. Temperature 
may have explained the negative co-occurrence and abundance pat-
terns between southern redbelly dace and largemouth bass, as dace 
are known to inhabit relatively small, cool streams (Frenette et al., 
2019). Sampling variability, such as local conditions at sites probably 
also introduced variation in our ability to detect largemouth bass 
presence. Further, some environmental variables could have been 
measured at the wrong spatial scale (Fausch et al., 2002). We pre-
dicted metrics capturing small impoundment distributions (upstream 
impounded area, distance to nearest impoundment) would be signif-
icant predictors of largemouth bass presence. The lack of relation-
ship was surprising because other studies suggest largemouth bass 
are associated with altered flow regimes downstream of impounded 
waters (Almeida & Grossman, 2014; Bae et al., 2018), and another 
study within the Flint Hills indicated small impoundments are as-
sociated with declines in native and endangered fishes, presumably 
by supplementing largemouth bass populations in streams through 
emigration (Mammolitti, 2002; Schrank et  al.,  2001). It is possible 
that our summary metrics of small impoundment distributions were 
measured at spatial scales weakly related to the responses meas-
ured, potentially biasing observed relationships between predators 
and fish community structure. Developing innovative techniques for 
identifying and capturing potentially confounding factors is critical 
in field-based studies of biotic interactions and may have particularly 
important implications for studying impacts of non-native species 
(see Challenges and Future Directions and Conclusions).

In addition to unmeasured habitat conditions, theory would 
suggest positive associations between stream fish species richness 
and largemouth bass may be due to facilitation. Predators can con-
tribute to increased richness by disproportionately feeding on com-
petitive species, acting as a keystone predator (Paine,  1969). Thus, 

predation might allow coexistence by preventing competitive ex-
clusion (Caswell, 1978; Paine, 1966). It is possible largemouth bass 
promote coexistence, and therefore higher richness, by reducing the 
intensity of competitive interactions among competitors. Predators 
also might maintain increased diversity and coexistence by prevent-
ing mesopredator release (Ritchie & Johnson,  2009), in which loss 
of apex predators allows lower trophic level predators to increase 
in abundance, causing declines or local extinction of prey species 
(Courchamp et al., 1999). We did not, however, observe higher den-
sities of any species (except southern redbelly dace) expected to be 
a strong predator or competitor at sites in which largemouth bass 
were absent, which is inconsistent with these mechanisms of co-
existence. Conversely, we actually observed increased abundance 
and occurrence of another predator, yellow bullhead, at sites with 
largemouth bass. Although field studies across organisms and sys-
tems, including streams (Rodríguez-Lozano et  al.,  2015), suggest 
predation can facilitate coexistence (Gurevitch et al., 2000; Ritchie 
& Johnson, 2009), we express caution in this interpretation of our 
results without corresponding empirical evidence.

In addition to predator associations with richness, predators can 
also influence community composition. Largemouth bass co-oc-
curred with yellow bullhead, and although not statistically signifi-
cant, possibly due to low statistical power, we were able to identify 
several other species likely to be contributing to the significant effect 
of largemouth bass at the community level, including bluegill. Larger 
prey species, such as bullheads and bluegill, might not respond neg-
atively to largemouth bass due to gape limitation. Hambright (1994) 
found gape-limited predation can lead to dominance by deep-bod-
ied species when fish communities are made up of a mix of body 
sizes. Thus, positive associations with bluegill and bullhead species 
could be driven by largemouth bass consuming shallow-bodied spe-
cies (Hambright, 1991), such as minnows. Although juvenile bullhead 
(Phelps et al., 2005; Rickett, 1976) and bluegill (Olsen, 1996; Turner 
& Mittelbach, 1990) are known prey of largemouth bass, these spe-
cies are probably too large or difficult to handle (due to spines) to be 
consumed by largemouth bass after they reach some threshold size. 
Escaping predation by growing to large sizes is an evolutionary re-
sponse of prey fish to predators (Reznick et al., 1990) and potentially 
a mechanism contributing ecosystem dynamics in reservoir systems 
(e.g. Dorosoma cepedianum, Michaletz,  1998; Noble,  1981; Vanni 
et al., 2005), so it is possible that similar size-based interactions in-
fluence stream fish community structure.

The shared evolutionary history between largemouth bass 
and the fish communities in this study may have also influenced 
observed relationships. Many fish species in the study area are 
piscivorous at least at some point in their life or share a similar 
trophic role as largemouth bass (e.g. spotted bass Micropterus 
punctulatus). The prairie stream fishes face predation from many 
sources, so community responses to predation are likely to involve 
multiple predators and complex linkages across species. Further, 
we consider largemouth bass supplemented predators in the sys-
tem, as largemouth bass are frequently stocked in impoundments, 
increasing their occurrence (Hedden et al. unpublished data) and 
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potentially density in streams. These stream fish communities are 
probably not naïve to largemouth bass and may have antipredator 
behaviours that would minimise top-down, consumptive effects of 
supplemented largemouth bass in the system (Sih et al., 2010). Our 
results may support the idea that stocking native fish predators for 
recreational fishing may therefore be less detrimental to native fish 
communities than stocking non-native predators. However, native 
predators may still exert strong non-consumptive effects on native 
fish (Power et al., 1985; Sih et al., 2010), albeit our study was proba-
bly at too broad a spatial scale to pick up non-consumptive effects.

Fish community structure, including richness and composition, 
responded to both natural variation in stream habitats and land-
scape alterations. As expected, species richness increased positively 
with stream size, pool depth, and the proportion of large substrates 
(Schlosser, 1987) but decreased with increasing road crossing den-
sity and catchment agriculture (Allan,  2004; Perkin & Gido,  2012; 
Wang et  al.,  1997). Road crossings can fragment stream systems, 
especially on smaller-order streams, leading to less accessibility and 
lower species richness (Perkin & Gido, 2012). Upstream agriculture 
can lead to lower species richness and shifts in community struc-
ture due to changes in water chemistry, altered flow regimes, and 
increased sediment inputs (Allan,  2004). We also detected signif-
icant responses of fish communities to catchment agriculture and 
upstream impoundments. Southern redbelly dace had a negative re-
lationship with agriculture, which has been observed in other studies 
(Stasiak, 2007), and common carp exhibited a positive relationship 
with the proportion of the catchment impounded, which is likely to 
be a result of the prevalence of carp in larger reservoirs. Overall, our 
targeted sampling to capture these complex environmental gradi-
ents allowed us to quantify responses of fishes to landscape alter-
ations and natural heterogeneity, which is often difficult to detect 
(Bruckerhoff & Gido, 2019). Even accounting for these known gra-
dients revealed complex relationships between stream fish commu-
nity structure and the presence of predators.

5  | CHALLENGES AND FUTURE 
DIREC TIONS

Quantifying predator effects requires disentangling complex in-
teractions between predators, prey, and the abiotic environment, 
which presents several challenges. As already discussed, it is difficult 
to capture all sources of variability driving both predator distribu-
tions and abundance and stream fish community structure. Despite 
our best efforts, including a sampling protocol designed specifically 
to capture landscape gradients, we predict some of the associations 
between predator presence and community structure observed 
here were probably driven by unmeasured environmental variability 
or other factors influencing stream fish. Further, predator effects 
are likely to be context dependent, interactive, and plastic, so that 
the effects of a predator on community structure is likely to be de-
pendent on the abiotic and biotic context in which interactions take 
place. Predator behaviors, diets, and interactions with other species 

may be plastic (Chamberlain et al., 2014), so that the same species 
effects on communities in one context may not predict effects in 
another (Preston et  al.,  2018). Last, measuring prey responses to 
predators is confounded by bias associated with the scale in which 
measurements are made. For example, consumption rates are 
known to vary across different scales of measurement (Englund & 
Leonardsson, 2008) and are typically underestimated at fine scales 
(Bruckerhoff et al., unpublished data). In the current study, estimates 
of species richness, occurrences, and relative abundance may also 
be influenced by the scale at which we measured these responses 
(reach scale), potentially biasing estimates of predator effects.

6  | CONCLUSIONS

Predator–prey interactions are complex, but critical to understand 
as we try to manage diverse assemblages of native and non-native 
fishes. Our study design revealed a positive relationship between 
largemouth bass and fish species richness, but did not provide in-
sight into the mechanisms driving this relationship or any long-term 
changes in community composition in response to largemouth bass 
expansion in the study area. To better quantify how predators shape 
communities in stream systems, we need more mechanistic studies 
of predator effects on community structure and ecosystem pro-
cesses. Long-term, manipulated studies at coarse scales, such as rep-
licated catchments, are probably the best way to understand both 
the context dependency and long-term outcomes of predators being 
both lost from and introduced into systems. Unfortunately, decisions 
to remove or control predators need to be made now, so allocating 
time and resources to more mechanistic studies is not always feasi-
ble. Our data help establish a baseline of expectations when quan-
tifying predator effects in natural systems, and we hope our efforts 
set the path for other researchers to think creatively about how to 
understand the role of predators in structuring stream fish commu-
nities in the context of continued landscape modification, species 
introductions, and species declines to better conserve freshwater 
fishes.
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