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Abstract

Fishes have spread into previously fishless wetlands, likely affecting other species. In the Prairie Pothole Region of North
America, the invasion of fish into wetlands is facilitated by interactions of altered land use, climate, and hydrology. We
aimed to understand the effects of fishes on amphipods, which are macroinvertebrates that vertebrates rely on as forage.
We hypothesized the presence and abundance of fish, particularly benthivores, would have detrimental effects on amphi-
pod abundance. Our study design targeted a large gradient of amphipod abundances among wetlands, including very high
abundances of two amphipod species: Gammarus lacustris and Hyalella azteca. We found that fishless basins had twice as
many amphipods as those with fish, on average. Gammarus lacustris were not detected in the presence of Black Bullhead
Ameiurus melas. The abundance of both amphipod species had negative associations with the most common fishes, Fathead
Minnow Pimephales promelas and Brook Stickleback Culaea inconstans. A multivariate community analysis showed the
benthivore-fish functional feeding guild was negatively associated with the amphipod community, as hypothesized. However,
our study design captured several wetlands with anomalies of high abundances of both fish and amphipods, obscuring their
relationships. Our results aid resource managers by confirming several fish guilds and species are associated with lower
abundances of amphipods. These findings can inform resource managers who make decisions about managing for fish and
wildlife; for example, they may choose to manage existing fish populations or protect existing wetlands with high amphipod
densities from new fish invasions.

Keywords Amphipoda - Benthivore fishes - Fish invasion effects - Gammarus lacustris - Hyalella azteca - Prairie Pothole
Region wetlands

Introduction

Many wetland species provide services to humankind, and
so the factors diminishing biodiversity need to be identi-
fied. Aquatic invertebrates are essential for many ecosys-
tem functions but are vulnerable to habitat alterations,
especially if the invertebrates have low dispersal abilities or
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are endemic to specific regions (Strayer 2006). Amphipods
(crustaceans in the taxonomic order Amphipoda) are con-
sidered an “umbrella” species whose protection may extend
to benefit many species. For example, amphipod abundance
is positively associated with biodiversity and overall com-
munity structure of the wetland plant community (Larson
et al 2022).

Amphipods are prominent and important organisms in the
Prairie Pothole Region (PPR) of North America. The PPR
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is an expansive mosaic of grasslands and depressional wet-
lands, covering approximately 800,000 square kilometers.
The PPR is considered one of the most productive habitats
for waterfowl in the world, and amphipods are key forage
for species of conservation concern like lesser scaup Aythya
affinis (Anteau and Afton 2008a; Anteau et al 2014). Lesser
scaup primarily feed on amphipods and seek wetlands with
high amphipod abundance (Lindeman & Clark 1999; Anteau
and Afton 2009). Amphipod availability in this region is
likely declining, as indicated by studies showing the diets
from lesser scaup in 2000 contained 94% less amphipods
when compared to diets from the same location in the 1980s
(Anteau and Afton 2006, 2008a). Amphipod abundance is
known to be affected by aquatic plants, insecticide concen-
trations, watershed land use, and fish (Anteau et al 2011;
Hanson et al 2012; Janke et al 2019; Keith 2021; Larson
et al 2022).

Observational and experimental studies have shown
increased fish presence negatively affects amphipods, yet
sometimes fish effects were strong and other times were
moderate (Bouffard and Hanson 1997; Anteau et al 2011).
However, the relationships between fish and amphipods
across a large gradient of amphipod density have not been
studied, particularly for wetlands with a very high abun-
dance of amphipods. Prior studies surveyed a random sam-
ple of wetlands that yielded few wetlands with high amphi-
pod densities, which limited knowledge of the magnitude
to which various fish species and functional feeding guilds
influence amphipod abundance (Anteau and Afton 2008b;
Anteau et al 2011).

Over the past few decades, the lesser scaup population has
declined concurrently with amphipods on scaup’s important
spring staging habitats in the PPR (Anteau et al 2014), and
the scaup declines seemingly coincide with an increase in
fish abundance in this region (Afton et al 1991; Anteau and
Afton 2008b). Historically, prairie pothole wetlands under-
went frequent drying and freezing that limited fish establish-
ment. However, recent landscape-level hydrological changes
like consolidation drainage and changes in precipitation
events have synergistically resulted in greatly increased
runoff into extant wetlands (Anteau et al 2016; McKenna
et al 2019). Such changes have resulted in increased water
levels and connectivity among wetland potholes (Anteau
2012; McCauley et al 2015), allowing for invasion and per-
sistence of fish into previously fishless wetlands. Fish are
now present in about 80% of semi-permanent and permanent
wetlands and shallow lakes in the PPR (Anteau and Afton
2008b; Hanson et al 2012; McLean et al 2016), and one
study documented a notable increase in the abundance of
fishes in the PPR from 2004 to 2011 (Wiltermuth 2014).

Amphipod abundance likely declines in association
with increases in fish abundance directly through preda-
tion and indirectly through fish-induced wetland alterations
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(Friederichs et al 2011; Maurer et al 2014). In the PPR,
Fathead Minnow Pimephales promelas are very abundant
and detrimental to macroinvertebrate densities by predation
(Friederichs et al 2011), competition for detritus as food
(Anteau et al 2011), and causing bioturbation that affects
wetland quality (Maurer et al. 2014). In addition, other com-
mon PPR fishes like Brook Stickleback Culaea inconstans
readily consume amphipods when available (Tompkins &
Gee 1983). Benthivorous fish, like the invasive Common
Carp Cyprinus carpio and native Black Bullhead Ameriurus
melas, reduce submerged aquatic vegetation (SAV; Fischer
et al. 2013; Mork et al. 2009) that is beneficial to amphipods
(Hanson et al 2012; Larson et al 2022).

In this study, we evaluated how fish abundance, species
composition, and functional feeding guilds affected amphi-
pod abundance in PPR wetlands. We deliberately incor-
porated wetlands with high amphipod densities to better
ascertain the effects of fish on amphipods compared to pre-
vious studies using a random selection of wetlands (Anteau
& Afton 2008a, b; Janke et al. 2019). We hypothesized
that amphipod abundance was negatively associated with
the presence and abundance of fish because of the direct
and indirect effects fish can have on invertebrates. We also
hypothesized the benthivore-fish functional feeding guild
would have the greatest effects on amphipods because both
organisms would co-occur on the benthos (i.e., wetland bot-
tom), where predation and bioturbidity would negatively
affect amphipods.

Methods
Study Area & Design

The study area includes several large ecoregions (Lake
Agassiz Plain, Northern Glaciated Plains, Northern Lakes
and Forests, and Western Corn Belt Plains) from across
Minnesota that represent the eastern portion of the PPR.
We sampled 59 semi-permanent wetlands and shallow lakes
(hereafter, wetlands) during the spring and summer of 2019
and 2020. Western Minnesota and specifically the PPR are
known to have wetlands with conditions that help amphipods
survive and sometimes thrive (Anteau et al 2011; Larson
et al 2022).

We aimed to better understand the associations
between fish and amphipods, so we designed an obser-
vational study that intentionally sampled two types of
wetlands: wetlands with very high amphipod densities
(> 500 individuals/m?) and wetlands with a gradient of
densities (randomly selected). Prior to this study, we used
a rapid assessment protocol (Carleen 2022) to design
and conduct rapid assessments on 111 wetlands in May
2018 to identify those with relatively high densities of
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amphipods. Roughly half of the 59 wetlands sampled for
this study were selected based on the greatest amphipod
densities detected during the rapid assessments (Fig-
ure S1, Table S1). The other half of sampled wetlands
were randomly selected from the National Wetlands
Inventory Database 2020 shapefiles to capture a gradient
of amphipod densities. Candidates for selection included
wetlands with semi-permanent or permanent hydroperi-
ods, which helped ensure that selected wetlands were able
to support amphipods without desiccation or winterkill
and had similar wetland size distributions to the high
amphipod density wetlands. We further constrained the
selection of random wetlands, so they were within 24 km
of a high amphipod abundance wetland to facilitate travel
efficiency.

Amphipod Field Sampling and Laboratory
Processing

Crews began amphipod sampling in the southern
portion of the study area and moved north following
the timing of ice-out (March—April 2019 and 2020) to
target adult amphipods, similar to (Anteau and Afton
2008b). We crafted novel amphipod sampling techniques
most suitable for depressional, mucky wetlands as
described by (Keith et al 2022). In summary, we
sampled amphipods at eight random sampling locations
along evenly spaced transects. Two sampling locations
occurred along each transect, specifically at 2 m from the
shoreline (shallow water) and 50 m from the shoreline
(open, deeper water). Sampling was restricted to water
depths between 0.3 m and 1.2 m to ensure accurate
density estimates. We collected samples with two
D-shaped sweep nets (1,200 um mesh) from the benthos
and water column, and all sweep net contents (including
debris and invertebrates) were immediately preserved
with 95% ethanol in containers.

We processed sweep net samples using a standard
operating procedure in the laboratory (Keith et al 2022).
In summary, we emptied the sample contents into a
500 pm sieve and rinsed to remove fine particles. We
then placed a grid with four equal-sized openings over the
sieve and processed the contents of one randomly selected
grid at a time, removing all macroinvertebrates from the
benthic debris under a 3 X lighted desk magnifier. We
continued processing grids until at least 25% of the grids
or 400 macroinvertebrates were picked, whichever came
first. We identified amphipods under 110 X microscopy
and identified individuals to either the genus-level
(Crangonyx spp.) or to the species-level (Gammarus
lacustris and Hyalella azteca). We reported speciated

amphipod densities from the benthos and water column
as individuals/m>.

Fish Sampling

We sampled the fish community in April-June in 2019 and
2020, which was a few weeks after the amphipod sampling.
The differences in sampling timing between organisms was
based on sampling efficacy (e.g., adult amphipods were best
detected in spring) and secondarily for logistics (e.g., we
had larger field crews to sample fish in early summer). We
also timed fish sampling to occur before potentially dense
aquatic vegetation would hinder the setting, retrieval, and
efficacy of fish gear in late summer. We surveyed fish count
and biomass (both the total biomass of all fish and each fish
species) in each wetland using one gill net and three mini
fyke nets. We used a short gill net (21 m X2 m composed
of 3 m panels, ranging in mesh size from 1.9-7.6 cm) due
to the small size of study wetlands (often < 1 hectare). In
contrast to (Anteau et al 2011), we did not use minnow traps
due to low effectiveness of capturing fish in wetlands with
low fish abundances during our pilot studies (Carleen 2022).
Instead, we used mini fyke nets (6.5 mm bar mesh with 4
hoops, 1 throat, 7.62 m lead, and a 0.69 X 0.99 m rectangular
frame opening; Duluth Trading Company, Mt. Horeb, WI)
to capture many fish species and sizes. Each net was placed
along a randomly selected amphipod sampling transect. All
fish gear were left for an overnight soak. Most gear were
deployed for approximately 19 h. A few nets were deployed
for shorter or longer periods (16-22 h) because of typical
logistical constraints.

Crews processed catch on-site immediately after retriev-
ing gear. All catch were identified, weighed, measured for
length, and enumerated by species. Crews sub-sampled catch
(minimum of 20% by weight) if the estimated time to pro-
cess a net would be over 30 min. We calculated a variety of
metrics, including overall total number of fish caught, total
fish biomass, catch per unit effort (CPUE; defined as the
number of fish caught per unit time and effort, which was
19-h overnight set using the three nets), and species-specific
CPUE and biomass.

Wetland Characteristics as Key Covariates

Crews sampled SAV biomass because SAV biomass might
represent habitat structure for both fish and amphipods. We
sampled SAV using the methods described in Larson et al
(2022). Briefly, we sampled SAV in July—August 2019 and
2020 from boats with the number of sampling locations
scaled to wetland size. Crews dragged a plant rake alongside
the boat for 1.5 m and identified aquatic plants species col-
lected and their relative biomass. Crews used a Hach HQ30D
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multimeter to measure pH. We calculated wetland area using
National Wetland Inventory Database 2020 shapefiles in
ArcGIS.

Data Analyses

All data are publicly archived online (Carleen et al 2024).
For aquatic vegetation and fish data entries into spread-
sheets, we used double data entry and then compared
entries with the R package ‘arsenal’ to minimize data
entry errors. Any data entry errors were reconciled and
corrected via referring to the original field data sheets.
We periodically detected the amphipod Crangonyx spp.
in study wetlands but omitted it from our analyses due to
low relative abundance.

Two types of statistical analyses were used to test the
hypotheses: (1) generalized linear models to test hypotheses
that individual fish species had significant, negative associa-
tions with amphipods, and (2) redundancy analysis (RDA) to
statistically test the fish functional feeding guild associations
with amphipod abundance.

We modeled G. lacustris and H. azteca data separately
using generalized linear models using R 4.1.3 (2022, R
Development Core Team, Vienna, Austria) and the ‘glm-
mTMB’ package (Brooks et al 2017). Initially, a Pois-
son distribution was tested but the resulting models were
over-dispersed, so we used a negative binomial distribu-
tion and log link due to right skew and improved model
fits, similar to the methods of related studies (Anteau and
Afton 2008b; Larson et al 2022). Conceptually, the response
variable was the density of amphipod species per wetland
(m®). Model inputs were counts of amphipods per wetland
with the natural log of the total water volume swept per
wetland included as an offset variable. The offset variable
controlled for the differing volumes of water swept accord-
ing to wetland depths and allowed the model to compute
density. We chose to report amphipod density rather than
counts because it is more comparable to prior studies with
different study designs and accounts for the water volume
swept, which changed with the number of sample locations
and water depths. Two wetlands were removed from the G.
lacustris negative binomial analyses due to extreme data
outliers (defined as 5 times greater than the interquartile
range for Fathead Minnow counts).

We used CPUE as the predictor variables in the nega-
tive binomial models. We selected the primary predictor
variables as CPUE of Fathead Minnow, Brook Stickle-
back, and Black Bullhead to match hypotheses and because
these species were caught with high frequency and variable
abundances. Black Bullhead and G. lacustris were nearly
mutually exclusive, co-occurring in only one wetland, and
therefore the relationship between them could not be mod-
eled with regression. We also reported the results from the

@ Springer

negative binomial analyses with the two outliers retained for
full transparency (Supporting Information Table S2). For
the G. lacustris model, the CPUE of Fathead Minnow and
Brook Stickleback were square root transformed to improve
the model’s predictive power and meet model assumptions
of linearity and equal variance.

We included amphipod habitat covariates to improve
the model fit and obtain the best parameter estimates for
the primary predictors of fish. Potential covariates initially
included SAV biomass, average depth, wetland pH, total
phosphorus, and wetland size. We graphically observed a
threshold effect of wetland area in relation to the abundance
of both amphipod species, so we created a binary variable
that classified wetlands as either > 15 ha or < 15 ha. The pri-
mary predictors, which were the CPUE of select fish species
and habitat covariates, were weakly correlated (r <0.35).

We constructed a global model for each amphipod species
that included the three primary fish predictors and potential
covariates. Then, we manually used a backwards stepwise
selection approach to remove environmental covariates
with a p-value > 0.10 but did not remove our primary fish
covariates regardless of statistical significance. We reported
the relative magnitude of fish effects on amphipods, +90%
confidence intervals from the model coefficients, and the
p-value with degrees of freedom to assess ecological sig-
nificance of fish associations with amphipods (Wasserstein
et al 2019).

We examined the role of fish functional feeding guild on
amphipod abundance using redundancy analysis (RDA). The
RDA is an extension of multiple regression where the eco-
logical community is constrained by linear combinations of
the predictor variables (Legendre 2018). The response vari-
ables (G. lacustris and H. azteca) were amphipod count data
that were log-transformed. The predictor variables included
the CPUE of fish that we assigned into three functional feed-
ing guilds (benthivore, piscivore, and planktivore; Table 1).
The variance inflation factors found no redundancy in the
model (VIF < 10), so all predictor variables were included.
We conducted a permuted (perm =9,999) multivariate anal-
ysis of variance (PERMANOVA) to assess the overall RDA
models, RDA axes, and RDA terms.

Results

Amphipod Densities Were Greater in Fishless
Wetlands

Among our surveyed wetlands, 19% were fishless, while
the other 81% had fish (Fig. 1). The average densities of
amphipod species were nearly double in fishless wetlands
compared to those with fish (Welch’s #-test: p>0.10 for both
amphipod species). Wetlands with fish had uniformly low
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Table 1 A summary of 23 species of fish captured in 59 wetlands in
western Minnesota, USA during springs and summers of 2019-2020.
The names (American Fisheries Society abbreviation, common name,
and scientific name), functional feeding guild (“FFG”; PLK =plank-
tivore, BEN =benthivore, PIS = piscivore), prevalence (percent of the

59 sampled wetlands where species was detected), total counts cap-
tured from 59 wetlands (the capture per unit effort was a 19-h over-
night soak for one gill net and two fyke nets), and mean counts in a
wetland (including wetlands with no detections)

Abbreviation Common Name Scientific Name FFG Prevalence  Count (total) Count (mean)
(%)
FHM Fathead Minnow Pimephales promelas PLK 68 21,418 363.00
BSB Brook Stickleback Culaea inconstans PLK 51 961 16.29
BLB Black Bullhead Ameiurus melas BEN 29 1,318 22.34
GSF Green Sunfish Lepomis cyanellus PLK 12 132 2.24
DCE Dace spp. Chrosomus spp. PLK 10 2,596 44.00
WAE Walleye Sander vitreus PIS 10 159 2.70
YEP Yellow Perch Perca flavescens PLK 8 138 2.34
CMM Central Mudminnow Umbra limi PLK 8 140 2.37
CAP Common Carp Cyprinus carpio BEN 8 22 0.37
NOP Northern Pike Esox lucius PIS 8 19 0.32
0SS Orange-Spotted Sunfish Lepomis humilis PLK 7 98 1.66
PMK Pumpkinseed Lepomis gibbosus PLK 7 16 0.27
WTS White Sucker Catostomus commersonii BEN 5 206 3.49
GSH Golden Shiner Notemigonus crysoleucas PLK 5 13 0.22
LMB Largemouth Bass Micropterus salmoides PIS 5 6 0.10
BLC Black Crappie Pomoxis nigromaculatus PLK 5 11 0.18
BLG Bluegill Lepomis macrochirus PLK 5 165 2.80
BMB Bigmouth Buffalo Ictiobus cyprinellus BEN 3 10 0.17
BOW Bowfin Amia calva PIS 3 6 0.10
MSK Muskellunge Esox masquinongy PIS 2 1 0.02
TPM Tadpole Madtom Noturus gyrinus BEN 2 10 0.17
YLB Yellow Bullhead Ameiurus natalis BEN 2 7 0.12

amphipod density while amphipod density varied widely
among fishless wetlands, indicating that wetlands with fish
were likely to lack amphipods and that fishless wetlands
were less predictable for amphipod density. The greater
variability in fishless wetlands could also arise from minor
differences in fish or amphipod sampling or the differences
of habitats between fish- and fishless wetlands. Several
wetlands had anomalies of very high abundances of either
amphipod species in the presence of fish.

Amphipod Densities were Lower with Greater Fish
Abundances

Catch of fish varied considerably, with total fish catch rang-
ing from 0-2,631 fish/19 h, with the median value being
185 fish/19 h. Total fish biomass also varied widely, ranging
from 0-41 kg/19 h. The three most encountered fish spe-
cies were Fathead Minnow, Brook Stickleback, and Black
Bullhead (Table 1). Black Bullhead and Fathead Minnows
were the primary contributors to total fish biomass, account-
ing for 26% and 24% of biomass, respectively. Twenty-two
species of fish were sampled and varied widely with respect

to prevalence and CPUE (Table 1). The most prevalent spe-
cies was Fathead Minnow (68% of wetlands), with CPUE
up to 2,621 fish/19 h in a single wetland. Brook Stickleback
occurred in 51% of wetlands with CPUE up to 265 fish/19 h.
Black Bullhead were present in 29% of wetlands with CPUE
towards 400 fish/19 h. Dace Chrosomus spp. had only 10%
prevalence but were often in high abundance, if present.

Amphipods Were Negatively Associated
with Several Common Fish Species

Gammarus lacustris were negatively associated with the
three dominant fish species: Black Bullhead, Fathead Min-
now, and Brook Stickleback (after accounting for other
environmental covariates). Gammarus lacustris were not
detected in the presence of the Black Bullhead, a benthi-
vore, except for one basin with co-occurrence of very low
density of Gammarus (Fig. 2). The perfect separation of
G. lacustris and Black Bullhead detections prohibited mod-
eling their relationship further. As hypothesized, G. lacustris
counts were also negatively correlated with Fathead Min-
now and Brook Stickleback CPUE (Table 2, Fig. 2, Fig. 3).

@ Springer
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Fig.1 The densities of Gammarus lacustris (panel a) and Hyalella
azteca (panel b) in 59 prairie pothole wetlands of Minnesota, USA
in years 2019-2020. The violin plots contrast the wetlands that are
fishless (fish not detected) to those with any number and species of
fish (fish present), and the impacts to amphipod densities. The catch

Gammarus had a non-linear response to Brook Stickleback
and were predicted to be absent when Brook Stickleback
counts exceeded 100 CPUE. The covariates indicated a posi-
tive correlation of G. lacustris with wetland pH and negative
correlations to SAV biomass and wetland size over 15 hec-
tares, analogous to previous studies guiding the use of these
covariates (Anteau et al 2011; Larson et al 2022). The nega-
tive binomial regression results were similar when removing
or retaining the two outliers (Table 2, Table S2).

@ Springer

per unit effort (CPUE) for this study was a 19-h overnight soak for
one gill net and two fyke nets. The black dots are amphipod densities
from 59 wetlands, the red diamond indicates the mean amphipod den-
sity, and the violin plots show the data distributions

Hyalella azteca varied in its responses to various fish
species (Table 2, Fig. 2, Fig. 4). Hyalella azteca was rela-
tively abundant in wetlands with low to moderate CPUE
of Fathead Minnow; however, Hyalella’s response to high
CPUE of Fathead Minnow was either positive or negative
and had large confidence intervals encompassing 0 m~. In
contrast, H. azteca were negatively associated with CPUE
of Brook Stickleback and Black Bullhead. The covariate
of SAV biomass indicated positive correlation with H.
azteca, like Larson et al. (2022). The negative binomial
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Table2 Results of final models using negative binomial regres-
sion analysis for Gammarus lacustris and Hyalella azteca (n=57
wetlands; two extreme statistical outliers were removed) in prairie
pothole wetlands of Minnesota, USA in years 2019— 2020. The fish
terms are primary hypothesized variables, and the other variables
(plants, pH, and wetland size) are covariates included to improve

parameter estimates for fish effects. The counts of Fathead Minnow
and Brook Stickleback are square root transformed A in the Gam-
marus lacustris model to improve the model’s predictive power and
meet model assumptions. Wetland size threshold is a binary variable
used to classify wetlands either as>15 ha and <15 ha

Effect on Gammarus lacustris E SE Z-score P
Fathead Minnow count 2 -1.10e-06 6.29¢e-07 -1.75 0.08
Brook Stickleback count? -2.61e-04 1.66e-04 -1.58 0.11
Submerged aquatic plant (SAV) biomass -1.89 0.60 -3.15 <0.01
pH 2.63 1.03 2.55 0.01
Wetland size threshold -2.55 0.97 -2.63 <0.01
Effect on Hyalella azteca E SE Z-score P
Fathead Minnow count 1.19e-04 6.25e-04 1.91 0.05
Brook Stickleback count -2.32e-02 7.05e-03 -3.29 <0.01
Black Bullhead count -1.12e-02 -5.89¢-03 -2.06 0.04
Submerged aquatic plant (SAV) biomass 0.62 0.33 1.89 0.06

regression results were similar regardless of removing or
retaining the two outliers with high Fathead Minnow bio-
mass (Table 2, Table S2).

Fish Functional Feeding Guilds Affected Amphipods
Amphipods were negatively associated with the fish com-

munity and fish functional feeding guilds (PERMANOVA:
F355=2.63, p=0.013). Amphipods were strongly and

@ Springer
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Fig.3 Model-predicted densi- (a)
ties of Gammarus lacustris in
response to counts of Fathead

(b)

Minnow Pimephales promelas
(panel a) and Brook Stickleback
Culaea inconstans (panel b) in
59 wetlands sampled in 2019-
2020 from prairie pothole wet-
lands of Minnesota, USA. The
catch per unit effort (CPUE) for
this study was a 19-h overnight
soak for one gill net and two
fyke nets. The other model
covariates in Table 2 were held
constant at their mean values.
Blue dashed lines represent 90%
confidence intervals
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Fathead Minnow CPUE

negatively associated with benthivore fishes along the RDA1
axis (F s4="7.53, p=0.010). The Black Bullhead were the
most prevalent benthivore (29% prevalence), followed by
Common Carp (8% prevalence). The RDA2 axis and the
associated functional feeding guilds of planktivore and pis-
civore were not significantly associated with amphipod com-
munity abundance (F 55=0.51, p=0.922).

Graphically, the RDA revealed further relationships
between the fish and amphipod communities (Fig. 5). Most
wetlands were clustered in ordination space, indicating simi-
lar fish assemblages among wetlands. Although fish assem-
blages were often similar, the fish guild abundances were
along a strong gradient of few fish to very high abundances.
The planktivores and piscivores were positively correlated,
but not correlated to benthivores. Both amphipod species
had slight positive correlations with each other, indicating
that wetlands can house both amphipod species.

Discussion

High amphipod densities are essential forage for certain
wildlife like scaup and tiger salamander, Ambystoma tigri-
num (Olenick and Gee 1981; Strand et al 2008). Our results
and others (Hanson and Butler 1994; Anteau et al 2011)
show that fishless wetlands often support greater amphi-
pod densities than wetlands with fish. Amphipod densities
decline non-linearly with greater CPUE of the three most

@ Springer
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common fishes. The PPR has been extensively modified in
ways that support greater fish abundances and movements
among wetlands. Resource managers are faced with the
decisions and challenges of fish management for bolstering
amphipod densities, and we discuss tools that managers may
consider implementing in the altered PPR landscape that
wildlife continually depend on.

Fish Presence and Abundance Negatively Affected
Amphipod Densities

Our results, along with other observational and experimental
studies (Hanson and Butler 1994; Anteau et al 2011), show
that fish presence and abundance are not generally observed
with high densities of amphipods. The PPR was extensively
modified in favor of fish movement and high abundances,
yet our study and others show that ~20% of wetlands remain
fishless (Anteau and Afton 2008b; Anteau et al 2011; Han-
son et al 2012). Considering the marked effects that fish
likely have on amphipods and other invertebrate communi-
ties, a landscape survey and predictive model that can iden-
tify semi-permanent and permanent wetlands that remain
fishless would be a valuable tool for conservation because it
could be used to prioritize conservation towards preventing
the spread of fish. In wetlands with existing fish populations,
resource managers need to weigh multiple tradeoffs to make
decisions on whether to manage either fish or amphipods
(Hanson and Butler 1994; Potthoff et al 2008).
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Fig.4 Model-predicted densities of Hyalella azteca in response to
counts of Black Bullhead Ameiurus melas (panel a), Fathead Minnow
Pimephales promelas (panel b), and Brook Stickleback Culaea incon-
stans (panel c¢) in 59 prairie pothole wetlands of Minnesota, USA in

In our study, amphipods were not detected in the presence
of Black Bullheads. Black Bullhead are one of the most com-
mon native fish species found in Minnesota wetlands and are
known to be tolerant to wider environmental conditions than
many fish (Mork et al 2009). This species can reach high
densities and may have increased due to anthropogenic influ-
ences like increased wetland connectivity and consolidation.
Diet studies from other regions indicated Black Bullhead
are highly opportunistic feeders and will readily consume
amphipods (Repsys et al 1976; Strand et al 2008). Black
Bullhead and other benthivores like Common Carp may also
indirectly affect the quality of wetland habitats that amphi-
pods rely on by increasing turbidity and decreasing aquatic
vegetation (Zimmer et al 2002; Fischer et al 2013; Kowal
et al 2022). Therefore, we hypothesize that Black Bullheads
are excluding amphipods, but it is also possible that the two
organisms rely on different wetland types.

Amphipods had a strong, negative association with
Brook Stickleback. The Brook Stickleback are efficient

Fathead Minnow CPUE

1000 2000 0
Brook Stickleback CPUE

50 100 200

years 2019—-2020.The catch per unit effort (CPUE) for this study was
a 19-h overnight soak for one gill net and two fyke nets. The other
model covariates in Table 2 were held constant at their mean values.
Blue dashed lines represent 90% confidence intervals

at colonizing wetlands (Wieker et al 2016) and tolerant
to a broad range of environmental conditions (McLean
et al 2016). Although Brook Stickleback has a small gape
(mouth), they may be consuming amphipods by picking
them apart or eating Gammarus in their early life stage when
small. In Manitoba prairie wetlands, G. lacustris was the
most consumed food item by weight for Brook Stickleback
(Moodie 1986). Further, Brook Stickleback preferentially
consumed ovigerous female amphipods in a controlled
experiment (Lewis and Loch-Mally 2010). We hypothesize
that the mechanism for amphipod reduction is direct preda-
tion because we found no support in the literature for the
notion that Brook Stickleback are responsible for major
habitat degradation.

The effects of Fathead Minnow on amphipod densities
remain unclear. Our study shows Fathead Minnow had a
negative effect on G. lacustris densities, similar to previous
work (Zimmer et al 2002; Anteau et al 2011). The effects
of the planktivorous Fathead Minnow on G. lacustris are

@ Springer
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Fig.5 Redundancy analysis (RDA) biplot of the amphipod commu-
nity (Gammarus lacustris and Hyalella azteca counts) in relation to
the catches of fish within three fish functional feeding guilds (benthi-
vore, planktivore, and piscivore) from 59 wetlands in western Min-
nesota, USA. The counts of amphipods and fish were standardized for
sampling effort. The fishes catch per unit effort (CPUE) for this study

likely to be both direct and indirect, though this study did
not elucidate these effects due to insufficient sample sizes
for such a model. Fathead Minnow could readily consume
amphipods and likely compete with amphipods for detritus
as food, and cause bioturbation (Zimmer et al 2002). Inter-
estingly, the tiger salamander can affect trophic structure
of prairie potholes similarly to planktivorous fish like the
Fathead Minnow; yet, tiger salamander gut contents showed
high amphipod consumption but not a strong effect on over-
all wetland amphipod densities (Benoy 2008; Wiltermuth
2014).

Contrary to our hypothesis, we did not detect a nega-
tive association between Fathead Minnows and H. azteca;
however, this result had a weak, positive coefficient and a
marginal p-value. Our finding contrasts with results found
by Anteau et al. (2011), in which H. azteca showed greater
decline in response to low Fathead Minnow abundances
compared to G. lacustris. Based on Anteau et al. (2011) and
our observations, Fathead Minnows and amphipods thrive
in similar ecological niches. For example, a wetland must be
deep enough to support overwinter survival of each species,
but shallow enough not to support large abundances of large,
predatory fish. This habitat-driven co-occurrence makes dis-
cerning cause and effect mechanisms of species interactions
impossible in this observational study. However, it is also
possible that some wetlands have conditions that can support

@ Springer

was a 19-h overnight soak for one gill net and two fyke nets. The
yellow triangles represent individual wetlands, and the red lines are
vectors showing the abundance gradients of fishes within each func-
tional feeding guild. Vectors at<90° angles are positively correlated,
vectors at 90° angles are uncorrelated, and vectors at 180° angle are
negatively correlated

productivity of both species. Two wetlands were excluded
from our models due to having high populations of both
G. lacustris and Fathead Minnows, and future research that
targets wetlands with high co-occurrence may reveal what
wetland characteristics support this anomaly. Further, we
are aware of two wetlands in North Dakota with long-term
data that also supported sustained populations of Fathead
Minnows and amphipods (National Ecological Observatory
Network 2023a; National Ecological Observatory Network
2023b). We believe further study would provide valuable
insights into the mechanisms driving amphipod productivity.

The Interactions Among Aquatic Vegetation, Fish,
Waterfowl, and Amphipods Remain Unknown

In both G. lacustris and H. azteca models, SAV biomass
was an informative covariate. Interestingly, G. lacustris
responded negatively to SAV biomass while H. azteca
responded positively in this study and associated work
(Larson et al 2022). We postulated reasons that amphipods
respond differently to SAV, including use as a food resource,
structural habitat, water purification, water-depth associa-
tions (e.g., lacustrine versus palustrine habitats), and mediat-
ing fish predation. Future research using more data than we
currently have could explore interactions to learn whether
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plant biomass and plant diversity negates fish predation on
amphipods.

The effects of predation on amphipods from either
waterfowl or fish remain unclear from this study and the
literature. Following ice-out when we sampled amphipods
(April-May), millions of waterfowl would be using the PPR
under high energetic demands for migration and reproduc-
tion. For example, scaup feed extensively on amphipods
during spring migration (Anteau et al 2014) and will target
wetlands with high densities of amphipods (Lindeman &
Clark 1999) . Therefore, waterfowl may or may not nega-
tively affect amphipod densities in this study and could be
a confounding factor not controlled for in our study design.
Future work could sample waterfowl use days, fish, and
amphipods concurrently to better investigate their relation-
ships or model out the effects of waterfowl to better under-
stand the fish effects.

Managing Fish to Increase Amphipods for Wildlife
Forage

Throughout the PPR, high amphipod densities are some-
times a management goal to support wildlife (Bouffard and
Hanson 1997; Larson et al 2018). High amphipod densities
can support migrating and breeding scaup (Lindeman and
Clark 1999; Anteau and Afton 2006; Kahara and Chipps
2009), tiger salamanders (Benoy et al 2002; Benoy 2008),
and likely other species that eat macroinvertebrates. Our
results indicated that complete fish removal or reduced
abundances may allow for greater densities of amphipods
to serve as vertebrate food. A case study of Lake Christina,
Minnesota, USA, suggested fish removal markedly increased
amphipod densities until fish reinvaded (Hanson & Butler
1994). Exclusion of Common Carp from Delta Marsh,
Manitoba, Canada, resulted in improved wetland conditions,
SAV, and increased use of the marsh by migrating waterfowl
(Kowal et al 2022; Bortolotti et al 2023).

Chemicals and water level drawdowns are two tools for
reducing fish abundance in many wetland types. Rotenone
is a non-selective piscicide that inhibits cellular respira-
tion and leads to fish death. Non-target organisms, includ-
ing amphipods, can be affected by Rotenone treatments
but macroinvertebrate communities had quick recovery
(Skaar et al 2017). Different species of fish require different
concentrations of Rotenone; therefore, the target fish spe-
cies should be identified before treatments for maximum
effectiveness. Wetland drawdowns can also be an effective
method of removing nuisance fish while increasing SAV that
benefit amphipods (Larson et al 2020), but severe dewater-
ing would likely harm amphipods as they cannot survive
desiccation and are poor colonizers. Admittedly, removing
fish from wetlands can be challenging, expensive, and often
unsuccessful.

Stocking piscivorous fish to induce a trophic cascade
may help reduce small nuisance fish (like Fathead Min-
now). Biomanipulation via stocking Walleye Sanders
vitreus and Northern Pike Esox lucius successfully sup-
presses Fathead Minnow (Potthoff et al 2008). In Minne-
sota’s wetlands stocked with Walleye fry, the amphipods
responded positively although the effect was short-lived;
therefore, repeated fry stocking might be needed for last-
ing impacts (Potthoff et al 2008). In our study, the wetland
named ‘Cuba’ has very high densities of both amphipod
species (> 5,000 individuals per m®) yet is commonly used
as a Walleye rearing pond by Minnesota Department of
Natural Resources. However, there is uncertainty whether
piscivorous fish would preferentially consume amphipods
if smaller fish were not available or if the stocked fry
began to age and had greater energy demands.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13157-024-01808-5.
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