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Abstract

Climate change is transforming the ecology of lakes at a rapid pace, shifting

some lakes toward warmwater-dominant habitats. As a result, warmwater

fishes are increasingly becoming more prevalent in lakes where they already

existed, altering the patterning and strength of species interactions.

Understanding shifting species interactions (e.g., competition, predation),

and the role of lake management in shaping these interactions, will be critical

for lake stewardship in response to climate change. Here, we present results

from an intensive 5-year experimental removal of ~285,000 warmwater fishes

from a north-temperate lake. The goal of the experiment was to test whether

warmwater fish reduction is effective for rewiring lake food webs to reverse

undesirable conditions for coolwater species, leading to increased recruitment

and abundance of coolwater fishes. Throughout the experiment, warmwater

fishes were resilient to reductions, with biomass declines of 23% averaged across

five species. Among coolwater fishes, the top predator walleye showed no bio-

mass response, while yellow perch biomass increased by ~914%. Fish species

biomass changes translated to food web shifts, including a yellow perch trophic

position decline of 0.4, decreased zooplankton abundances, and increased

zoobenthos abundances. Our results highlight differential species responses to a

management action aimed at adapting to climate change. Despite similar
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thermal tolerances, two coolwater species responded differently to removal of

warmwater fishes, highlighting the characteristics (e.g., life history strategies,

adaptive capacity) that contribute to species resilience. Given the importance

of biotic interactions, climate adaptation may need to go beyond a

“one-size-fits-all” approach even when species have similar thermal tolerances.
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INTRODUCTION

Climate change is transforming the ecology of lakes at a
rapid rate, leading to rising and increasingly variable
water temperatures (O’Reilly et al., 2015; Woolway &
Maberly, 2020). North-temperate lakes often support
multiple thermal guilds of fishes, including warm, cool,
and coldwater species (Krabbenhoft et al., 2020). Climate
warming is generally shifting thermal habitats toward
increased suitability for warmwater fishes while decreas-
ing suitability for cold and coolwater fishes in some areas.
As a result, warmwater fish abundances are generally
increasing, alongside potentially amplified interactions
between previously segregated thermal guilds (Figure 1;

Hansen et al., 2015, 2017; Robillard & Fox, 2006). Further,
some lakes with a combination of warm- and cool- or
cold-water thermal habitat (e.g., “two-story” lakes) may
lose coldwater and/or coolwater habitats and species alto-
gether (Figure 1; Hansen et al., 2017). Thermal habitat
mediates the interactions between warm- and coolwater
fishes, and in lakes where thermal guilds coexist, biotic
interactions may play an increasingly important role
(Hellmann et al., 2012; Klanderud, 2005). Yet it is unk-
nown how management actions aimed at shifting biotic
interactions under climate change impact various thermal
guilds and species, especially in freshwater ecosystems
(Bartley et al., 2019; Hellmann et al., 2012; Klanderud,
2005; Suttle et al., 2007).

F I GURE 1 The anticipated shift from the dominance of cool- and cold-water fish guilds to warmwater guilds with warming water

temperatures due to climate change. (A) In lakes with low water temperatures, thermal habitat necessitates a cold- or coolwater fish guild

(blue fish). (C) For lakes with high water temperatures, thermal habitat necessitates a warmwater fish guild (orange fish). (B) Many lakes are

intermediate and have both cool- and warm-water thermal habitats, especially deeper lakes which undergo thermal stratification. This

allows sympatry of the two thermal guilds. In these lakes, cool- and warm-water fishes may loosely partition thermal habitat. But given that

lake habitats are closely coupled, there is strong potential for ecological interactions (predation and competition) between cool- and

warm-water guilds. Climate change is shifting thermal conditions toward warmwater conditions. This can manifest in several ways

depending on the lake type. (1) historically cool lakes may become suitable for warmwater fish, resulting in expansion of warmwater fish,

and coexistence of warmwater and coolwater guilds (A to B); (2) in coexistence lakes, abiotic conditions shift to give an advantage to

warmwater fishes (relative dominance of species shifts within B); or (3) lakes with warm- and coolwater thermal habitat lose coolwater

thermal habitat and become only suitable for the warmwater guild (B to C). The relative influence of abiotic and biotic drivers in these

contexts may influence community compositions.
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In many warming north-temperate lakes, abundances
of coolwater fishes (e.g., Percidae species) have declined
(Brandt et al., 2022; Holbrook et al., 2021; Rypel et al.,
2018), while warmwater fishes (e.g., Centrarchidae spe-
cies; hereafter centrarchids) have increased in abundance
(Hansen et al., 2015, 2017). Coolwater fish declines
accompanied by warmwater fish increases may alter the
strength of species interactions (e.g., competition, preda-
tion) wherein coolwater fishes experience increased
predation and/or competition, creating additional and
unexpected constraints for sensitive species. We defined
and measured species interactions according to long
standing experimental community ecology approaches
(e.g., Paine, 1980) where interaction strength is mea-
sured as the effect that a change in abundance of one
species or aggregate (here thermal guild) has on the
abundance of other species. This approach included
quantifying the outcome or effect of all interactions,
direct and indirect, including, for example, predation,
competition, and other types of community interac-
tions such as non-consumptive interactions.

The relative dominance of a species hinges on a com-
bination of abiotic and biotic drivers (Hellmann
et al., 2012; Suttle et al., 2007), thus understanding the
importance of food web interactions relative to thermal
habitat is key to developing effective climate adaptation
approaches for coolwater fishes in a changing climate.
One potential solution that is occasionally discussed in
fisheries management is the direct removal of warmwater

species. Targeted fish removals have been used to control
invasive species, reduce competition, and restore declin-
ing fish populations by selectively removing undesirable
species while promoting the growth of ecologically or
economically valuable fish populations (Carpenter
et al., 1995; McQueen et al., 1989; Mrnak et al., 2025;
Schindler, 1974); however, some whole-lake manipula-
tions and theoretical approaches have revealed that con-
tinuous intervention is necessary, while others have
successfully resulted in long-term regime shifts (Jarvis
et al., 2024; Mehner et al., 2002; Tunney et al., 2017).
Aside from the potential for a compensatory response
(Weber et al., 2016; Zipkin et al., 2008), it remains an
open question whether the reduction of warmwater spe-
cies, while inherently expensive, might confer a fitness
advantage or turnaround for declining coolwater species
because of reduced biotic pressures.

Here, we present results from an intensive 5-year
experimental removal of warmwater fishes from a
north-temperate lake to test the hypothesis that
warmwater-coolwater biotic interactions (e.g., competi-
tion, predation) regulate coolwater fish biomass and prey
use. From 2018 to 2021, we removed ~285,000
warmwater centrarchids from a 33.1 ha lake in northern
Wisconsin, USA, and contrasted biomass changes in that
lake with a nearby unmanipulated 44.5 ha reference lake.
Prior to removal, both lakes had warmed substantially
since the mid-2000s, which increased warm and
coolwater habitat (Figure 2). While performing

F I GURE 2 Estimated growing degree days (GDD, base water temperature 5�C, Winslow et al., 2017) for the experimental and

reference lakes from 1980 to 2015. Black dots correspond to annual GDD estimates. Gray shaded area and line correspond to loess smoother.

Horizontal dot–dash lines correspond to the approximate Hansen et al. (2017) degree day (base temperature 5�C) threshold between

warmwater (orange) and coolwater (blue) species dominance.
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extensively targeted removals, we quantified relative
biomasses of cool and warmwater fishes, fish habitat
reliance (i.e., carbon stable isotopes), fish prey reliance
(i.e., stomach contents, nitrogen stable isotopes), as
well as abundances of lower trophic level organisms
(i.e., zooplankton, zoobenthos). If warmwater species
interactions (e.g., competition, predation) were regulat-
ing coolwater species abundances, we predicted that
the reduction of warmwater fishes would lead to
reduced competition and predation on coolwater spe-
cies, leading to increased coolwater fish abundances.
We hypothesized these changes would be mediated
through altered competition and predation dynamics;
specifically, that reduced warmwater species would
reduce predation on coolwater fishes and invertebrates,
leading to higher coolwater species abundances,
reduced invertebrate abundances, as well as increased
fish reliance on benthic resources (e.g., enriched
carbon stable isotopes) and lower trophic levels
(e.g., decreased fish trophic positions). Understanding
the importance of abiotic and biotic drivers in regulat-
ing warming food webs can inform trophic ecology as
well as enable ecosystem-based fisheries management.

METHODS

Study area

We used a 2 × 2 study design wherein we evaluated an
experimental and reference lake before and after manipu-
lation. The experimental unit was “lake,” the manipula-
tion involved warmwater fish removals, and response
variables included percid biomasses and trophic positions
as well as invertebrate relative abundances. By employing
a whole-lake experiment, we manipulated one component
(warmwater fish abundance) and then compared results
to a nearby reference lake in which all other factors
(environmental drivers, fish species assemblage, man-
agement regime) were kept constant. This is a method
grounded by decades of studies using whole-ecosystem
manipulations aimed at understanding the role of
biotic interactions in regulating ecosystems (Carpenter
et al., 2001; He & Kitchell, 1990; Radinger et al., 2023).

Selecting the experimental and reference lakes
involved a lengthy community outreach and lake evalua-
tion process that began with >50 candidate lakes and
included extensive consultation with the Wisconsin
Department of Natural Resources (WDNR) and Great
Lakes Indian Fish and Wildlife Commission (GLIFWC)
biologists, and public meetings with lakeshore property
owners. Additionally, the experimental and reference
lakes were selected based on a series of abiotic and biotic

characteristics. Selection criteria for study lakes included:
existing coolwater fish (e.g., walleye Sander vitreus, yel-
low perch Perca flavescens) populations supported by natu-
ral recruitment, available coolwater fish spawning habitat,
and an increase in warmwater centrarchid abundances.
The two lakes were also chosen to be relatively close
together in space and similar in area and depth character-
istics. The experimental (McDermott Lake; 46.00299280 N,
90.16081610 W) and reference (Sandy Beach Lake;
46.10614350 N, 89.97131020 W) lakes are in Iron County
in northern Wisconsin. The experimental lake has a sur-
face area of 33.1 ha, a mean depth of 3.0 m, and a maxi-
mum depth of 5.7 m. The reference lake has a surface area
of 44.5 ha, a mean depth of 2.1 m, and a maximum depth
of 4.0 m. Both lakes are headwater drainage lakes and con-
tain a variety of substrates (e.g., rock, gravel, and sand)
and areas of submerged and emergent vegetation.
Throughout the study, we aimed to maintain consistency
in the factors potentially affecting the study lakes, except
for the removal of warmwater species in the experimental
lake. To achieve this, existing management measures, such
as harvest regulations, were kept unchanged.

At the start of the study, the experimental and refer-
ence lake fish communities were similar with high over-
all centrarchid abundances (e.g., black crappie Pomoxis
nigromaculatus, bluegill Lepomis macrochirus, and
pumpkinseed Lepomis gibbosus); however, there were
some lake-specific differences in which species were
highest and lowest in abundance (Table 1). Both lakes
had few adult walleye and a history of natural walleye
recruitment, albeit at low rates. Yellow perch and
walleye are highly sought-after coolwater fishes, suppo-
rting economically important recreational and culturally
important Tribal fisheries, but have declined by ~30% in
some parts of their range (Cichosz, 2017; Embke et al.,
2019; Hansen et al., 2022). For Wisconsin lakes, the natu-
ral recruitment of walleye is defined as the relative abun-
dance of non-stocked age-0 individuals collected in fall
electrofishing surveys (Cichosz, 2017). Natural recruit-
ment was last detected in both lakes in 2003–2004, with
higher age-0 catch per unit effort (CPUE) in the reference
lake (annual mean = ~6.51 individuals/km) compared to
the experimental lake (annual mean = ~1.67 individuals/
km; see below for further information on recruitment
survey methodology). Like other walleye populations
across the upper Midwest United States, both lakes have
experienced declines in adult walleye abundance and
have been stocked with extended growth fingerlings
(~150–225 mm TL) during the fall of every other year
since at least 2011. Other coolwater species present
included yellow perch, northern pike Esox lucius, and
muskellunge Esox masquinongy, as well as warmwater
species such as black bullhead Ameiurus melas and golden
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shiner Notemigonus crysoleucas. We recognize fish thermal
guilds are a continuum and species categorizations may
vary depending on context; for example, here we consider
all centrarchids to be warmwater species given the relative
thermal requirement differences to other focal fishes
(e.g., walleye, yellow perch), but some studies categorize
black crappie as coolwater (Wszola et al., 2024).

Limnological sampling

Each year, we deployed continuously recording HOBO
temperature loggers at three sites in the littoral zone and
four loggers spaced evenly along a rope fixed at 1 m
increments at the deepest point of the lake from early
May until mid-September. Water temperature was
recorded every 30 min. From these data, we calculated
mean daily littoral and pelagic water temperatures.

Fish sampling

Standardized surveys

During 2017–2021, standardized monitoring surveys were
conducted using numerous sampling techniques to test

for changes in fish communities of both lakes. Sampling
began immediately after ice-out (~mid-April) with the
deployment of five fyke nets (1.2 × 1.8 m frames,
1.9 cm bar mesh) for 1 week at nonrandom locations in
habitats that were probable walleye spawning sites
(Hansen et al., 1991). The fyke-net surveys served two
purposes: (1) to capture walleye for marking as part of
the mark–recapture survey to attain an adult population
estimate (PE); and (2) to estimate relative abundances
(fish per net night) of black crappie and yellow perch. All
collected walleye were measured (total length [TL]; in
millimeters), sexed, checked for a uniquely coded passive
integrated transponder (PIT) and implanted with a PIT if
one was not present. Adult walleye were defined as: fish
≥381 mm or fish for which sex could be determined
by extrusion of gametes (regardless of length; Cichosz,
2017). Walleye of unknown sex <381 mm were classified
as juvenile (immature). WDNR protocols were followed
to estimate walleye populations, where the goal was to
mark 10% of the anticipated spawning population (based
on previous PEs; Cichosz, 2017). Marking continued until
the target number was reached or spent females began
appearing in fyke nets. Tagged walleye were recaptured
using nighttime AC boat electrofishing of the entire
shoreline within 1 week (typically 1–4 days) after netting
and marking were completed (Beard et al., 1997). PEs

TAB L E 1 Species-specific thermal guild, mean optimal maximum water temperature (in degrees Celsius; Mandeville et al., 2019),

age-1+ relative biomass (BPUE; in kilograms per gear), log response ratio, and percent (in percentage) change for the experimental

(McDermott) and reference (Sandy Beach) lakes before (2017) and after (2021) warmwater fishes were removed from the experimental lake.

Lake
Thermal
guild Fish species

MOM water
temperature

(�C)

Biomass per unit
effort (kg/gear)

Log
response
ratio

Percent
change

Statistically
significant

Pre-
removal

Post-
removal

Experimental Warm Black Crappie 26.56 2.087 0.242 −0.936 −88.42 Yes

Bluegill 31.59 1.645 0.777 −0.326 −52.79 Yes

Largemouth Bass 31.38 0.046 0.068 0.170 47.78 No

Pumpkinseed 29.78 0.055 0.092 0.223 67.27 No

Rock Bass 30.24 0.134 0.013 −1.024 −90.54 Yes

Cool Walleye* 25.99 1.455 0.698 −0.319 −52.07 No

Yellow Perch 25.01 0.456 4.627 1.006 914.06 Yes

Reference Warm Black Crappie 26.56 1.239 4.776 0.586 285.55 No

Bluegill 31.59 0.076 0.133 0.243 75.00 No

Largemouth Bass 31.38 0.006 0.014 0.379 139.06 No

Pumpkinseed 29.78 0.024 0.022 −0.041 −8.91 No

Cool Walleye* 25.99 5.339 1.637 −0.513 −69.33 No

Yellow Perch 25.01 0.521 2.068 0.599 296.81 No

Note: If no individuals were collected in 2017, 2018 values are shown. Modeled predictions are presented for statistically significant trends, and empirical
estimates are presented for statistically insignificant trends. For walleye, the total population biomass (in kilograms per hectare) is presented.

Abbreviation: MOM, mean optimal maximum.
*α = 0.05 (adjusted for multiple comparisons) was used for to assess statistical signficance.
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were calculated using Chapman’s modification of the
Petersen estimator (Chapman, 1951; Cichosz, 2017). To
determine black crappie and yellow perch relative abun-
dances and size distributions, all individuals were
counted, and TL (in millimeters) was measured from a
subsample of 30 fish per species per day for each lake.

We used a combination of standardized surveys to
quantify centrarchid relative abundances of species other
than black crappie (i.e., bluegill, largemouth bass
Micropterus salmoides, pumpkinseed, and rock bass
Ambloplites rupestris). In early summer (May, water
temperatures = 13.0–21.0�C), we began surveys with an
AC boat electrofishing. During June–August, we sampled
fish once monthly when lake surface water temperatures
were ≥13.0�C in both lakes (water temperatures =
18.3–26.7�C; Simonson et al., 2008). Both lakes were sam-
pled for 1 week each month using three gears (AC boat
electrofishing, mini-fyke nets, cloverleaf traps; Sullivan
et al., 2019). Lakes were sampled on consecutive nights
in each 1-week period, but only one gear type was used
per night. All gears sampled shallow littoral zones (0–5 m
from bank, depth ≤ 2 m) and were deployed in fixed
locations following standard approaches (Bonar et al.,
2009). Sampling locations were evenly distributed along
the lake shoreline, and all gears were deployed in similar
habitat types. Five 10-min nighttime boat electrofishing
(Wisconsin-style; AC; 2.0–3.0 A, 200–350 V, 25% duty
cycle) transects were conducted using two dipnetters cov-
ering the majority (>80%) of the shoreline and spanning
a variety of habitat types (e.g., vegetation, sediment, and
gravel). Five mini-fyke nets (0.9 × 0.61-m frames, 3.2-mm
mesh [bar measure], 7.6-m-long lead, and a double
throat) were deployed in areas where the net frames
would be in 1.0–1.5 m of water, with leads fixed onshore.
Five cloverleaf traps (three lobed, height = 41 cm, 50 cm
diameter, 6.0-mm bar wire mesh with 12.7-mm-wide
openings between lobes, and an attractant [beef liver]) were
deployed in littoral habitats. Mini-fyke nets and cloverleaf
traps were set in the early afternoon, fished overnight, and
retrieved the following afternoon (~24-h soak time). All
catches were standardized according to gear-specific effort.
For boat electrofishing, CPUE was calculated as the num-
ber of individuals captured per hour. For mini-fyke nets
and cloverleaf traps, CPUE was calculated as the number of
individuals captured per net-night or trap-night.

To estimate walleye recruitment, we used multiple
gears including ichthyoplankton surface trawls, micro-
mesh gillnets, beach seines, and boat electrofishing. A
1000-μm mesh ichthyoplankton net was towed within 1 m
of the water surface at five locations in each lake at night
roughly every 7 days, beginning 2 weeks after the pre-
sumed walleye spawn until June (Isermann & Willis,
2008). During late July/early August, four standard

horizontal gillnets (46 × 1.2-m with 0.64-cm bar mesh)
were deployed. Sampling locations were evenly distributed
along the shoreline, and locations were fixed each year.
Gillnets were set at night at depths ranging from 0 to 5 m.
Set duration ranged from 1 to 2 h to minimize bycatch
(Boehm et al., 2020). When water temperatures were
<21�C (early September), age-0 walleye were targeted
using nighttime boat electrofishing of the entire shoreline
of each lake (Wisconsin-style; AC; 2.0–3.0 A, 200–350 V,
two netters). Surveys were conducted prior to walleye fin-
gerling stocking, meaning any collected age-0 walleye
were produced via natural recruitment.

Warmwater fish removals

In addition to standardized surveys, centrarchid removal
efforts began in 2018 in the experimental lake using a
variety of techniques including fyke nets, boat electro-
fishing, mini-fyke nets, and cloverleaf traps. Following
spring fyke net surveys, fyke nets remained in the experi-
mental lake to remove centrarchids. In 2018, 10 fyke nets
were used to remove fish daily from May 14 to June
7 and in 2019, from May 9 to June 27. In 2020 and 2021,
only five fyke nets were used from late spring (April
30 and May 10) until late June (June 25 and June 11) due
to personnel limitations. Additionally, five mini-fyke nets
and 21 cloverleaf traps were sampled from late May to
mid-August each year. All gears were emptied every
1–2 days where centrarchids were retained while other
species were returned to the lake. Sites were rotated
throughout the sampling season to maximize centrarchid
catches. Collected fish were identified to species and up
to 30 individuals per species per gear type were measured
daily (TL, in millimeters). Centrarchid species were
retained while other species were returned to the lake.
Species removed included black crappie, bluegill, green
sunfish Lepomis cyanellus, pumpkinseed, rock bass,
largemouth bass, and smallmouth bass Micropterus
dolomieu. Removed centrarchids were used for age esti-
mation (see below) or donated to local wildlife health
centers.

Fish processing

To understand demographic changes of centrarchid and
yellow perch populations in the experimental and refer-
ence lakes, up to 20 individuals per ~25 mm size interval
were retained for analyses from each lake. In the lab, indi-
viduals were dissected and species, TL (in millimeters),
mass (in grams), and stomach contents (in percentage of
wet mass) were recorded. Stomach contents were weighed,
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then components were identified to the lowest taxonomic
resolution possible and recorded as percentage of wet
mass. Dorsal tissue samples were taken and frozen until
processing for stable isotope analyses. All tissue samples
were dried for ~24–48 h at 60�C, ground, and ~1.25 g was
sealed in a capsule. Samples were sent to the UC Davis
Stable Isotope Facility for carbon and nitrogen stable
isotope analysis. Sagittal otoliths were removed from
fish to determine if an individual was age-0 or age-1+.
Ages were estimated using a combination of whole and
thin-sectioned otoliths. To generalize across species,
whole otoliths were typically used for fish <150 mm TL
and sectioned otoliths were always used for fish
>150 mm TL (Hoyer et al., 1985; Schramm, 1989).
Whole otoliths were submerged in water in a black dish
and viewed using a Nikon 1500 SMZ stereomicroscope
under reflected light; images were projected to a
76 × 45 cm flat-screen LCD monitor via a Nikon DS-Fi2
or DS-Fi3 color camera connected to Nikon NIS-Elements
software (Schramm & Doerzbacher, 1982). To section oto-
liths, one otolith was embedded in epoxy and a transverse
section (1.2 mm) through the focus was obtained using a
low-speed saw (Wegleitner & Isermann, 2017). Otolith sec-
tions were glued to microscope slides with cyanoacrylic
cement and were projected using the same microscope,
camera, and software configuration but under transmitted
light. Ages were estimated independently by two readers;
when disagreements occurred, consensus ages were
obtained by the two readers viewing the otoliths together.
If a consensus age could not be reached, the fish was not
used for age assignment.

Zooplankton and zoobenthos sampling

In both lakes each year, we sampled the invertebrate
community, including both zooplankton and zoobenthos.
From May to mid-August, we sampled zooplankton dur-
ing the day and night at bi-weekly intervals. Zooplankton
samples were taken at the deepest point in each lake by
pulling a conical net (15 cm diameter, 80 μm mesh) verti-
cally through the water column (i.e., vertical tow sam-
ple). After the net was raised and the sides rinsed, the
sample was transferred to a bottle and preserved in 90%
ethanol. Each sample was standardized to a sample vol-
ume of 100 mL; organisms were identified to family and
enumerated in three separate 1-mL subsamples obtained
by a Hensen-Stemple pipette. Abundances for each sam-
ple were standardized to the volume of water sampled
based on the sampling depth and net opening area
(in number of individuals per liter).

Twice each summer (late June and early August)
we sampled zoobenthos using an Ekman sampler

(3 L, 0.02 m2) along three transects per lake. At each
transect, we took three samples at depths of 0.5–1,
2, and 3–4 m. Ekman samples were transferred into a
sieving bucket (500 μm). All material remaining on the
sieve was transferred into sampling bottles and pre-
served in 90% ethanol. In the laboratory, macroinver-
tebrates were identified from the samples using a dissecting
microscope and taxonomic keys by Merritt and Cummins
(1996). We identified most taxa to order (i.e., Amphipoda,
Bivalvia, Coleoptera, Diptera, Ephemeroptera, Gastropoda,
Odonata, Oligochaeta, and Trichoptera). A few groups
were classified to class (i.e., Hirudinae and Ostracoda).
Nematoda was identified to phylum. Densities were
expressed as the number of individuals per square meter.

For stable isotope analyses, we collected zooplankton
and zoobenthos samples in June and August. Zooplankton
and zoobenthos samples were collected using the same
methods employed to measure relative abundance; how-
ever, samples were not stored in ethanol following collec-
tion. Samples were instead frozen until processing for
stable isotope analyses. Samples were dried for ~24–48 h
at 60�C, ground, and ~1.25 g was sealed in a capsule.
Samples were sent to the UC Davis Stable Isotope
Facility for carbon and nitrogen stable isotope analysis.

Data analyses

Water temperature

Winslow et al. (2017) estimated annual growing degree
days (base temperature 5�C; GDD5�C) for both study lakes
from 1980 to 2015. From these estimates, it was found
that for lakes with ~2400 GDD5�C, the probability of
largemouth bass (i.e., warmwater guild) versus walleye
(i.e., coolwater guild) dominance is relatively equal
(Hansen et al., 2017). Therefore, we used estimated
GDD5�C as a metric to assess the thermal characteristics
of the study lakes across the study period (Figure 2).

Fish biomass

Walleye biomass density (in kilograms per hectare) was
estimated by multiplying lake-year-specific PEs (n) by
mean individual mass (in kilograms), which was then
divided by lake area (in hectares) to derive biomass den-
sity (in kilograms per hectare). For centrarchids and yel-
low perch, we estimated trends in biomass per unit effort
(BPUE) over the study period by extrapolating lengths
and masses to unmeasured fish for each species and gear
type. On each sampling day, a subset of fishes was mea-
sured (daily maximum = 30 per species per gear), while
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all individuals were counted. Daily lengths were then
used to assign TL (in millimeters) to unmeasured indi-
viduals according to the total number of individuals col-
lected. Measured fish lengths were sampled with
replacement and used to assign lengths to unmeasured
fish. To estimate species-specific biomass (in kilograms),
species-specific mass-length regressions were developed
for each year within each lake to predict masses
(in grams) of fishes that were not weighed by regressing
ln-transformed mass on ln-transformed length, then
back-transforming these to predict individual mass from
individual length. Once all sampled fish had an assigned
mass, we calculated species-specific daily BPUE for each
lake-gear combination.

We assessed temporal trends of fishes that collectively
comprised the majority (>95%) of overall species abun-
dances: black crappie, bluegill, pumpkinseed, rock bass,
largemouth bass, walleye, and yellow perch. To remain
consistent across years, removal sampling dates were
separated from survey sampling dates. Removal data
were used to estimate abundance (n) and biomass
(in kilograms) of centrarchids removed from the experi-
mental lake. Standardized survey BPUE was compared
across years to test for changes due to the removal experi-
ment. Species susceptibility to gears varies across seasons.
Therefore, depending on the species of interest, different
(or a combination of) surveys were used to test for
changes in abundance over time. To test for changes in
black crappie and yellow perch relative abundances,
spring fyke net survey catches were used, whereas boat
electrofishing survey catches were used for largemouth
bass, as these surveys tend to best reflect adult relative
abundance shifts (Rypel et al., 2019). Further, once
lengths had been assigned for all sampled fish during
spring electrofishing surveys, largemouth bass <203 mm
were removed from analyses, as they were not fully
recruited to the sampling gear.

Bluegill, pumpkinseed, and rock bass were suscepti-
ble to multiple gears during the sampling season.
Therefore, gear-specific BPUE from each standardized
survey gear (cloverleaf trap, mini-fyke net, fyke net, boat
electrofishing) was used. We were primarily interested in
understanding the adult population dynamics of these
species while avoiding the influence of highly variable
age-0 recruitment dynamics. Therefore, we used otolith
age data from 2017 to 2020 to develop lake-species-
specific minimum length-at-age-1 thresholds to designate
fishes into two categories: age-1+ and age-0 (i.e.,
young-of-year). Based on assigned lengths, if a fish was
below the age-1+ length threshold, it was considered
age-0. If the fish was equal to or exceeded the age-1+
threshold, it was considered age-1+ and included in the
analyses. Once age-1+ fish were identified, BPUE was

calculated for each lake-gear-species combination. For all
data, Shapiro–Wilk tests were run to test whether BPUE
were normally distributed. Based on findings, BPUE data
were logₑ-transformed prior to analysis. To test for differ-
ences in mean annual BPUE during the study period for
each lake, we fit linear regressions where logₑ(BPUE)
was the dependent variable and year was the indepen-
dent variable. We then calculated the log response ratio
and temporal percent changes for all fish species
(Table 1). We were also interested in understanding how
changes in biomass between warm- and coolwater fishes
varied over the study period; therefore, we summed the
mean annual biomass (in kilograms per gear) for each
thermal guild annually and calculated the ratio between
cool- and warm-water fish biomass.

Stable isotope analyses

Resource support of experimental and reference lake con-
sumers was assessed using stable isotope values of carbon
(δ13C) and nitrogen (δ15N). Isotope samples were col-
lected in both lakes from May 2017 to August 2021 from
fishes as well as primary consumers (i.e., zooplankton,
zoobenthos). Isotope samples from fishes were analyzed
from individuals age-1+, with a minimum of three indi-
viduals per species lake year analyzed. Benthic primary
consumer δ13C samples were taken from two depths: <1
and 2–3 m. Thus, we assessed whether site depth signifi-
cantly affected δ13C values in each lake. As both the
experimental and reference lakes were small waterbodies
(<35 ha, mean depth = 3 m), it was unsurprising that
there was no statistically significant difference between
zooplankton and zoobenthos δ13C sampled at different
depths; therefore, no correction was necessary (Vander
Zanden et al., 1999).

Given data limitations of primary consumer stable
isotope estimates (annual n = 3–7), we assessed
lake-specific annual primary consumer δ15N to determine
if annual means were statistically significantly different.
Specifically, we performed a lake-specific ANOVA for
δ15N values for primary consumers and assessed annual
differences using a post hoc Tukey honestly significant
difference (HSD) test. Data from years that were not sta-
tistically different were combined to generate a
lake-specific primary consumer δ13C and δ15N baselines.
For years that were significantly different, primary con-
sumer values were maintained as year specific.

We then used corresponding mean primary consumer
nitrogen values to estimate trophic positions for fishes
according to Cabana and Rasmussen (1996). In the exper-
imental lake, primary consumer δ15N increased from
~2.0‰ to ~3.6‰ between 2019 and 2020 (Appendix S1:
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Figure S1), mean primary consumer δ15N from 2017 to
2019 was used to calculate trophic position for fishes col-
lected during that time, while values from 2020 to 2021
were used for fishes collected during that period (Vander
Zanden et al., 1999). We assessed species-specific annual
temporal changes in δ13C and trophic position for each
lake using an ANOVA and post hoc Tukey HSD test.
Once we identified whether temporal changes were sta-
tistically significant, we calculated percent changes.

Lower trophic levels—Zooplankton and
zoobenthos abundances

We quantified taxa-specific mean abundance of zoo-
plankton (in number of individuals per liter) and
zoobenthos (in number of individuals per square meter)
for each lake over the study period. For all data, we ran
Shapiro–Wilk tests to test whether densities were nor-
mally distributed. Based on the results of these tests, data
were logₑ-transformed prior to analysis. To test for differ-
ences in abundances before and after the experiment, we
fit linear regressions where logₑ(relative abundance) was
the dependent variable and year was the independent
variable. An α = 0.05 (adjusted for multiple comparisons)
was used for all statistical analyses. Only statistically sig-
nificant taxa responses are displayed.

Availability of data

All calculations and statistical analyses were performed
in R version 4.2.1 (R Core Team, 2024). Raw data and
accompanying metadata for species-specific BPUE, car-
bon and nitrogen stable isotopes of primary and second-
ary consumers, as well as zooplankton and zoobenthos
relative abundances are freely available to the public,
supported by the U.S. Geological Survey (USGS) Climate
Adaptation Science Centers (https://doi.org/10.5066/
P14MU9WM, Embke, 2024).

RESULTS

Both the experimental and reference lakes had suitable
thermal habitats for coolwater fishes (Figure 2) but were
projected to become centrarchid dominant by 2050
(Hansen et al., 2017). Mean annual growing degree days
(base water temperature 5�C; GDD5�C) increased from
1980 to 2015 for both the experimental and reference
lakes (Figure 2; Winslow et al., 2017). In 2007, both the
experimental and reference lakes reached maximum
GDD5�C of 2606 and 2673, respectively, exceeding the

GDD where a rapid shift from dominance by walleye
to largemouth bass is expected (Figure 2; Hansen
et al., 2017). Annual littoral and pelagic temperature pro-
files (~1 m depth) were variable, with peak water temper-
atures increasing over the study years (Figure 3). Littoral
temperatures were more variable and were significantly
warmer than pelagic temperatures, reaching a maximum
temperature of ~28.8�C in 2020 and ~27.8�C in 2021 in
the experimental and reference lakes, respectively,
and occasionally exceeding optimal thermal conditions
for coolwater fishes (Figure 3; Mandeville et al., 2019).
Therefore, although there was suitable coolwater habitat
available in the pelagic, littoral habitat is increasingly
warming, highlighting that these lakes appear to be at
the point of shifting from cool- to warm-water suitability
(Figure 3).

We removed ~285,100 warmwater fishes (~3190 kg)
comprising seven centrarchid species from the experi-
mental lake from 2018 to 2021, with a mean annual
removal of 23.74 kg/ha (Figure 4; Embke et al., 2022).
The majority of biomass removed was bluegill (~64%
of total), in addition to black crappie and pumpkinseed
(Figure 4). In response to removals, some warmwater
species relative biomass (BPUE) declined significantly,
including bluegill, black crappie, and rock bass by ~28%,
~61%, and ~64%, respectively (p < 0.001; Table 1,
Figure 5; Appendix S1: Figure S2). However, other
warmwater species including largemouth bass and pump-
kinseed relative biomass remained relatively constant or
increased (Table 1, Figure 5; Appendix S1: Figure S2).

No natural walleye recruitment occurred during the
study in either study lake as no age-0 walleye were col-
lected, indicating the experimental removal of centrarchids
did not result in a detectable boost for early walleye life
stages. Adult walleye biomass did not significantly change
in either lake (experimental lake mean biomass = 0.84 kg/
ha). Further, walleye diets and trophic positions did not
significantly change during the experiment. The other
coolwater species, yellow perch (P. flavescens), showed a
marked response to warmwater species removals, increas-
ing by 914% since the start of removal (BPUE change from
~0.46 to ~4.63 kg/net night, p < 0.001; Figure 5, Table 1),
compared to a 296% increase in yellow perch abundance
in the reference lake over the same time period. For the
experimental lake, we found that coolwater fish biomass
increased relative to warmwater fish biomass once
warmwater fish removals began in 2018 (Figure 6). The
dominance of coolwater fishes (cool-to-warm ratio > 1)
began in 2019 (cool:warm = 2), increased in 2020 (cool:
warm = 5.6), but declined in 2021 (cool:warm = 1.6). In
the reference lake, warmwater fishes were always domi-
nant relative to coolwater fishes for the entire study period
(cool:warm = 0.34; Figure 6). In the experimental lake,
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the only significant change in prey reliance observed was
a 0.4 decline in yellow perch trophic position from
TP = 3.29 in 2017 to TP = 2.89 in 2021 (Figure 7). There
was no change in δ13C for primary consumers or fish spe-
cies over the study period, indicating no measurable
change in fish habitat (e.g., benthic vs. pelagic) reliance.

In addition to habitat and prey reliance, we also
quantified fish species diet compositions (Appendix S1:
Figure S3). Regardless of thermal guild, fish diets were
dominated by benthic items (i.e., benthic invertebrates,

crayfish) and fishes in both lakes, emphasizing the
importance of benthic resources in supporting higher tro-
phic levels as well as fishes as links between benthic and
pelagic habitats (Figure 7; Appendix S1: Figure S2; Vander
Zanden et al., 2011; Vander Zanden & Vadeboncoeur,
2002). In the experimental lake, warmwater fishes were
highly omnivorous, with largemouth bass showing the
highest variability in diet (Figure 7; Appendix S1:
Figure S2). Of the two coolwater species, yellow perch
were omnivorous (5-year mean = 36% benthic

F I GURE 3 Littoral and pelagic water temperature (in degrees Celsius, 1 m depth) for the experimental and reference lakes taken

May–September (day of the year 150–250) from 2017 to 2021. Horizontal dotted and dashed lines correspond to the mean optimal maximum

water temperature (in degrees Celsius) estimated by Mandeville et al. (2019) for warmwater (orange) and coolwater (blue) fishes.

10 of 19 EMBKE ET AL.

 21508925, 2025, 7, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70297 by U

niversity O
f W

isconsin - M
adison, W

iley O
nline L

ibrary on [18/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



invertebrates, 7% crayfish, 31% fishes, 4% terrestrial inver-
tebrates, 14% vegetation, 12% zooplankton; Appendix S1:
Figure S3) and had a 5-year mean trophic position of 3.10
in the experimental lake (Figure 5). In the reference lake,
yellow perch was also omnivorous, but showed lower
reliance on benthic (e.g., crayfish) prey items in 2021
compared to yellow perch in the experimental lake
(Appendix S1: Figure S3). Walleye were more piscivorous
(5-year mean = 27% benthic invertebrates, 65% fishes, 8%
terrestrial invertebrates; Appendix S1: Figure S3) and had
a 5-year mean trophic position of 3.93. Reliance on zoo-
plankton decreased over time for most species, although

very small individuals (<100 mm) were not well repre-
sented in diet samples, which likely comprised the larg-
est consumers of zooplankton; therefore, overall
zooplankton consumption may have been underes-
timated (Appendix S1: Figure S3). We recognize there
are biases in fish diet analyses, as certain items, includ-
ing benthic invertebrates and fishes, have longer resi-
dency times in fish digestive systems or are easier to
identify in stomach contents, and are therefore more
likely to be detected in samples (Preston et al., 2017).

Changes in the fish community cascaded to lower tro-
phic levels in the experimental lake, where we observed

F I GURE 4 Warmwater fish guild (e.g., Centrarchidae) (A) abundance and (B) biomass removed from the experimental lake from 2017

to 2021. Color indicates species removed.
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significant declines in dominant zooplankton taxa abun-
dance (i.e., Calanoida, Cyclopoida, Daphnia, p < 0.001;
Figure 8A), potentially in response to increased predation
by yellow perch. In contrast, dominant zoobenthos taxa
abundance (i.e., Chironomidae, Gastropoda, Sphaeridae)
significantly increased over time (p < 0.001; Figure 8B),
potentially due to predation release from declining
warmwater littoral species.

DISCUSSION

Despite removing ~285,000 warmwater fishes, centrar-
chid biomass declined just 23%. The minimal change in
the biomass of warmwater centrarchid fishes in response
to removal indicates high population resilience and possi-
bly strong density-dependent growth and reproduction
(Mittelbach, 1986; Weber et al., 2016; Zipkin et al., 2008).
Furthermore, it reveals a persistent challenge in trying to
control fish populations when density-dependent effects
are pronounced (Beard & Essington, 2000). Coolwater
fish adult biomass showed sharply contrasting responses
during the study period; walleye recruitment and bio-
mass did not respond, but yellow perch biomass
increased nearly 10-fold. Perch length (in millimeters)
information (Embke et al., 2022) indicates this response
may have been driven by a strong year-class emerging
soon after initial removals. It is unclear whether the

year-class explosion of yellow perch was tied to release
from predation by centrarchids at early life stages, an
abundance of new food resources, or a combination of
these and other factors. Further, we found that the rela-
tive dominance of cool- and warm-water fishes shifted
following warmwater fish removals in the experimental
lake. Notably, the biomass of coolwater yellow perch
increased to 2–5 times that of warmwater fish, though
this effect was short-lived (Figure 6). Overall, our findings
supported the hypothesis that removing warmwater
fishes may benefit coolwater species; however, responses
varied among species within thermal guilds (Jarvis
et al., 2024). Continued monitoring will be critical to
disentangling the effects of species interactions driving
yellow perch population dynamics. This whole-lake
experimental removal of warmwater species highlights
the importance of biotic interactions in regulating species
with similar thermal constraints.

Thermal habitat variability indicated that although
these lakes currently provide suitable thermal conditions
for coolwater species in some habitats (i.e., pelagic),
others (i.e., littoral) are becoming too warm to support
the life cycle of coolwater species (Figure 3), a trend
predicted to continue with climate change (O’Reilly
et al., 2015). Overall, changing thermal regimes in the
study lake are consistent with others on the landscape
that are increasingly warming (O’Reilly et al., 2015). As
climate change accelerates (Woolway & Maberly, 2020),

F I GURE 5 (A) Percent (in percentage) change and (B) log response ratio in biomass per unit effort (BPUE; in kilograms per gear) for

warm- and cool-water fishes in the experimental and reference lakes from 2017 to 2021 following the removal of warmwater fishes. For

walleye Sander vitreus, percent change in total population biomass (in kilograms per hectare) is presented.
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it is likely more lake habitats will resemble these study
lakes, becoming more limiting for coolwater species
while also more suitable for warmwater species.

Community structure shifts in fish consumers cas-
caded to induce changes at lower trophic levels, where
we observed a 0.4 trophic level decrease in yellow
perch trophic position (indicating increased reliance
on lower trophic levels), decreases in zooplankton
abundance, and increases in zoobenthos abundances.
Thus, increasing yellow perch abundance and biomass
may be associated with increased planktivory, leading
to declining zooplankton abundances, highlighting the
importance of intermediate consumers in regulating
food web dynamics. Further, species feeding strategies
can influence an organism’s ability to adapt to change,
with more omnivorous species having more flexibility
(Wootton, 2017). Therefore, the flexibility of the yellow
perch feeding strategy (i.e., omnivory) in comparison
to walleye (largely a piscivore) may have contributed to

the yellow perch ability to adapt to varying ecological
conditions.

We observed strongly contrasting responses of two
coolwater fishes during our experimental removal of
warmwater fishes in a north-temperate lake, whereby
walleye abundance did not change (e.g., held steady)
while yellow perch increased. Although both species
have similar thermal niches (Christie & Regier, 1988),
walleye are more sensitive to light (Lester et al., 2004),
take longer to reach maturity (average age-at-maturity =

4–5 years for walleye vs. 2–3 years for yellow perch;
Brandt et al., 2022; Cichosz, 2017), and have more spe-
cific spawning requirements (Christie & Regier, 1988).
Given their flexibility, yellow perch may have a greater
adaptive capacity (Thurman et al., 2022) to respond to
reduced predation/competition. We found yellow perch
biomass increased to be 2–5 times greater than warm-
water fish biomass following fish warmwater fish reduc-
tions in the experimental lake. However, we

F I GURE 6 Relative biomass (in kilograms per gear effort) of warm- (orange) and cool-water (i.e., yellow perch Perca flavescens; blue)

fishes measured in the experimental and reference lakes from 2017 to 2021. Black dots show the ratio between cool- and warm-water fish

biomass for a given year. The horizontal dashed line at 1 indicates the switch between warm- and cool-water fishes dominance, where <1

corresponds to a year with more warmwater species and >1 corresponds to a year with more coolwater fishes. The vertical dotted line in the

experimental lake panel indicates the time at which warmwater fish removals began in 2018.
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acknowledge the coolwater fish compensation for
warmwater fish losses may not always be the case given
variable fish life history strategies and requirements. In
our case, warmwater species were dominated by bluegill,
which demonstrate similar life history to yellow perch
(i.e., both omnivorous broadcast spawners), but this
may not be the case for species with different life histo-
ries (e.g., northern pike). Further, we recognize ecologi-
cal changes may not have been detected due to response
time-lags, especially for slow-growing species like wall-
eye; therefore, continued monitoring will be key to
understanding long-term responses. Our work empha-
sizes that the relative importance of abiotic and biotic
drivers for coolwater species is not uniform but depends
on many factors including species life history, biological
constraints, and food web interactions.

Despite highly intensive removal efforts, warmwater
centrarchids were not easily controlled, highlighting a
capacity for these species to adapt to high rates of har-
vest and withstand mortality. Centrarchids can spawn
throughout the summer and are thus relatively

independent of abiotic spawning limitations, increasing
their capacity to reproduce despite climate variability
(Beard & Essington, 2000). Further, centrarchids have
nest spawning behavior and some parental care; there-
fore, they can reduce competition/predation of their off-
spring (Mittelbach, 1986; Winemiller & Rose, 1992);
however, this parental investment may require increa-
sed energy expenditure. Centrarchid reproductive strate-
gies are in direct contrast to coolwater broadcast
spawners with short, sensitive spawning strategies
(Winemiller & Rose, 1992). For these reasons, bluegill
and other centrarchids are notoriously resilient to har-
vest, and populations will rarely go extinct; however,
size structure can be strongly impacted (Beard &
Kampa, 1999; Rypel et al., 2016). Our study supports
these findings, as the size structure of centrarchids
shifted toward smaller individuals, but abundances
never dropped to levels threatening extirpation
(Figure 5; Embke et al., 2022). Instead, a compensatory
response was observed, consistent with other
centrarchid removal studies (Weber et al., 2016; Zipkin
et al., 2008). This resilience is also evident in previous
work where fish reductions led to strong year-classes of
smallmouth bass (Weidel et al., 2007). Biomanipulation
efforts have shown mixed results in altering species
interactions; for example, bullhead removals improved
walleye recruitment (Sikora et al., 2021), while other
studies found that biomanipulations can impact water
quality (McQueen et al., 1989). However, the efficacy of
biomanipulation depends heavily on lake morphometry
and habitat availability, with planktivore removals in
shallow lakes often leading to more stable, long-term
changes (McQueen, 1998). Overall, warmwater species
such as centrarchids appear more resilient to climate
change than coolwater species, suggesting that
maintaining coolwater populations in habitats domi-
nated by warmwater fishes may not be a viable climate
adaptation strategy (Feiner et al., 2022).

Understanding the relative importance and interac-
tions between thermal conditions and biotic drivers in
regulating fish dynamics will become increasingly impor-
tant as we try to navigate climate change and develop cli-
mate adaptation approaches (O’Gorman et al., 2023).
Others have identified the critical importance of biotic
interactions in regulating population dynamics in a
changing climate (Hellmann et al., 2012; Suttle et al.,
2007), however, our understanding of these relationships
in freshwaters is limited. In developing management
strategies, it will be key to consider species habitat
requirements as well as biotic interactions and indirect
food web implications of these shifts. Further, species life
history strategies will likely play a key role in a species’
ability to adapt to climate change (Rypel, 2023). For

F I GURE 7 Trophic position of yellow perch (Perca flavescens)

for the experimental and reference lakes from 2017 to 2021. The

dotted vertical line indicates the time at which warmwater fishes

began to be removed from the experimental lake. Statistically

significant changes in trophic position occurred in the experimental

lake following warmwater fish removals in 2020–2021.
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example, particularly sensitive species such as walleye
may require different adaptation approaches than other
coolwater species such as yellow perch, despite similar
thermal tolerances. In ecosystems projected to shift
toward suboptimal conditions under climate change, it
will be critical to consider the governing influence of spe-
cies interactions in fragile ecosystems. We found that
responses are flexible to a degree for some species but
may also depend on factors such as the life history strate-
gies of both the warmwater and coolwater species.

Species interactions are notoriously complex and may
be largely beyond the control of managers, especially
when thermal habitat availability becomes increasingly
limited (Carpenter et al., 2017). We highlight that climate
change strongly favors warmwater species, which are
resilient and flexible, while coolwater fishes may be more
sensitive and dependent on specific habitat characteris-
tics. However, species responses were not uniform within
thermal guilds. Because climate change will have
unmanageable impacts on important coolwater species, it
may be necessary to consider a portfolio of adaptation

approaches (Dudney et al., 2022; Hellmann et al., 2012).
There may be a conflict between biotic and abiotic
drivers in regulating population dynamics, and these
dynamics may provide advantages to certain species under
certain conditions. Given this high level of context depen-
dence, it is necessary to develop a better system-specific
understanding of climate adaptation approaches. Time
scale and context are critically important in understanding
the impacts of climate change on certain species. In eco-
systems with less than optimal conditions, which will
become more common with climate change, species inter-
actions may play a larger role, but that is dependent on
species life-history traits and sensitivities. Understanding
species adaptive capacity under variable conditions can
greatly inform the development of feasible solutions. In a
changing climate, coolwater species adaptation may ben-
efit from considering the current and future habitat tra-
jectory of the ecosystem, species assemblage life history
strategies, and potential indirect biotic interactions, as all
of these factors interact to generate complex and variable
outcomes.

F I GURE 8 The loge(abundance) of (A) key zooplankton taxa and (B) zoobenthos taxa in the experimental and reference lakes from

2017 to 2021 (mean ± 2 SD). Vertical dotted lines indicate the time at which warmwater Centrarchidae removals began from the

experimental lake in 2018. Only taxa with statistically significant responses are displayed.

ECOSPHERE 15 of 19

 21508925, 2025, 7, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70297 by U

niversity O
f W

isconsin - M
adison, W

iley O
nline L

ibrary on [18/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



AUTHOR CONTRIBUTIONS
All authors contributed to the study design, data analysis,
and writing of the manuscript. Giancarlo Coppola, Holly
S. Embke, Daniel A. Isermann, Christopher J. Sullivan,
and M. Jake Vander Zanden performed data collection.
Holly S. Embke maintains raw data and metadata.

ACKNOWLEDGMENTS
Many field assistants and scientists were critical to the data
collection for this research, including Aly Andersen, Kailee
Berge, Matt Chotlos, Dan Dembkowski, Levi Feucht,
Rebecca Hennigsen, Olivia Nyffeler, Quinn Smith, and Ben
Vasquez. We thank Colin Dassow for conducting an inter-
nal USGS review as well as the other anonymous reviewers
for useful comments. Others, including Hilary Dugan,
Gretchen Hansen, Olivia LeDee, Greg Sass, Emily Stanley,
and Aaron Shultz, provided helpful input throughout this
project. This work would not have been possible without
collaboration with the Great Lakes Indian Fish and
Wildlife Commission and the Wisconsin Department of
Natural Resources. Great thanks also to the UW Trout
Lake Research Station community who were instrumental
to the success of this project. Andrew L. Rypel was
supported by the California Agricultural Experimental
Station of the University of California Davis (grant
no. CA-D-WFB-2467-H), the National Science Foundation
(NSF) under grant DEB-2225284, and by the Peter
B. Moyle and California Trout Chair in Coldwater Fish
Ecology. This work was supported by the U.S. Geological
Survey (USGS) National and Midwest Climate Adaptation
Science Centers (USGS to the University of Wisconsin sys-
tem G16AC00222). Any use of trade, firm, or product
names is for descriptive purposes only and does not imply
endorsement by the US government.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
All raw data and accompanying metadata for
species-specific biomass per unit effort, carbon and nitrogen
stable isotopes of primary and secondary consumers, as well
as zooplankton and zoobenthos relative abundances
(Embke, 2024), are available from the U.S. Geological
Survey (USGS) Climate Adaptation Science Centers
ScienceBase-Catalog: https://doi.org/10.5066/P14MU9WM.

ORCID
Holly S. Embke https://orcid.org/0000-0002-9897-7068
Stephen R. Carpenter https://orcid.org/0000-0001-8097-
8700
Andrew L. Rypel https://orcid.org/0000-0002-9812-8306

Christopher J. Sullivan https://orcid.org/0000-0001-
7214-3789

REFERENCES
Bartley, T. J., K. S. McCann, C. Bieg, K. Cazelles, M. Granados,

M. M. Guzzo, A. S. MacDougall, T. D. Tunney, and B. C.
McMeans. 2019. “Food Web Rewiring in a Changing World.”
Nature Ecology & Evolution 3: 345–354. https://doi.org/10.
1038/s41559-018-0772-3.

Beard, T. D., and J. M. Kampa. 1999. “Changes in Bluegill, Black
Crappie, and Yellow Perch Populations in Wisconsin during
1967–1991.” North American Journal of Fisheries Management
19(4): 1037–43. https://doi.org/10.1577/1548-8675(1999)
019<1037:CIBBCA>2.0.CO;2.

Beard, T. D., and T. E. Essington. 2000. “Effects of Angling and Life
History Processes on Bluegill Size Structure: Insights from an
Individual-Based Model.” Transactions of the American
Fisheries Society 129(2): 561–68. https://doi.org/10.1577/1548-
8659(2000)129<0561:EOAALH>2.0.CO;2.

Beard, T. D., S. W. Hewett, Q. Yang, R. M. King, and S. J. Gilbert.
1997. “Prediction of Angler Catch Rates Based on Walleye
Population Density.” North American Journal of Fisheries
Management 17(3): 621–27. https://doi.org/10.1577/1548-8675
(1997)017<0621:POACRB>2.3.CO;2.

Boehm, H. I. A., J. C. Gostiaux, G. J. A. Hansen, J. M. Hennessy,
and D. A. Isermann. 2020. “Indexing Age-0 Walleye
Abundance in Northern Wisconsin Lakes before Fall.” North
American Journal of Fisheries Management 40(4): 910–921.
https://doi.org/10.1002/nafm.10452.

Bonar, S. A., W. A. Hubert, D. W. Willis, and American Fisheries
Society. 2009. Standard Methods for Sampling North American
Freshwater Fishes. Bethesda, MD: American Fisheries Society.

Brandt, E. J., Z. S. Feiner, A. W. Latzka, and D. A. Isermann. 2022.
“Similar Environmental Conditions Are Associated with
Walleye and Yellow Perch Recruitment Success in Wisconsin
Lakes.” North American Journal of Fisheries Management
42(3): nafm.10729. https://doi.org/10.1002/nafm.10729.

Cabana, G., and J. B Rasmussen. 1996. “Comparison of Aquatic
Food Chains using Nitrogen Isotopes.” Proceedings of the
National Academy of sciences 93(20): 10844–47.

Carpenter, S. R., J. J. Cole, J. R. Hodgson, J. F. Kitchell, M. L. Pace,
D. Bade, K. L. Cottingham, T. E. Essington, J. N. Houser, and
D. E. Schindler. 2001. “Trophic Cascades, Nutrients, and Lake
Productivity: Whole Lake Experiments.” Ecological
Monographs 71(2): 163–186. https://doi.org/10.1890/0012-9615
(2001)071[0163:TCNALP]2.0.CO;2.

Carpenter, S. R., S. W. Chisholm, C. J. Krebs, D. W. Schindler,
and R. F. Wright. 1995. “Ecosystem Experiments.”
Science 269(5222): 324–27. https://doi.org/10.1126/science.
269.5222.324.

Carpenter, S. R., W. A. Brock, G. J. A. Hansen, J. F. Hansen, J. M.
Hennessy, D. A. Isermann, E. J. Pedersen, et al. 2017.
“Defining a Safe Operating Space for Inland Recreational
Fisheries.” Fish and Fisheries 18(6): 1150–60. https://doi.org/
10.1111/faf.12230.

Chapman, D. G. 1951. Some Properties of the Hypergeometric
Distribution with Applications to Zoological Sample Censuses.
Berkeley: University of California Press.

16 of 19 EMBKE ET AL.

 21508925, 2025, 7, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70297 by U

niversity O
f W

isconsin - M
adison, W

iley O
nline L

ibrary on [18/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5066/P14MU9WM
https://orcid.org/0000-0002-9897-7068
https://orcid.org/0000-0002-9897-7068
https://orcid.org/0000-0001-8097-8700
https://orcid.org/0000-0001-8097-8700
https://orcid.org/0000-0001-8097-8700
https://orcid.org/0000-0002-9812-8306
https://orcid.org/0000-0002-9812-8306
https://orcid.org/0000-0001-7214-3789
https://orcid.org/0000-0001-7214-3789
https://orcid.org/0000-0001-7214-3789
https://doi.org/10.1038/s41559-018-0772-3
https://doi.org/10.1038/s41559-018-0772-3
https://doi.org/10.1577/1548-8675(1999)019%3C1037:CIBBCA%3E2.0.CO;2
https://doi.org/10.1577/1548-8675(1999)019%3C1037:CIBBCA%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(2000)129%3C0561:EOAALH%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(2000)129%3C0561:EOAALH%3E2.0.CO;2
https://doi.org/10.1577/1548-8675(1997)017%3C0621:POACRB%3E2.3.CO;2
https://doi.org/10.1577/1548-8675(1997)017%3C0621:POACRB%3E2.3.CO;2
https://doi.org/10.1002/nafm.10452
https://doi.org/10.1002/nafm.10729
https://doi.org/10.1890/0012-9615(2001)071%5B0163:TCNALP%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2001)071%5B0163:TCNALP%5D2.0.CO;2
https://doi.org/10.1126/science.269.5222.324
https://doi.org/10.1126/science.269.5222.324
https://doi.org/10.1111/faf.12230
https://doi.org/10.1111/faf.12230


Christie, G. C., and H. A. Regier. 1988. “Measures of Optimal
Thermal Habitat and their Relationship to Yields for Four
Commercial Fish Species.” Canadian Journal of Fisheries and
Aquatic Sciences 45(2): 301–314. https://doi.org/10.1139/
f88-036.

Cichosz, T. 2017. “Wisconsin Department of Natural Resources
2015–2016 Ceded Territory Fishery Assessment Report
(No. 87).” Treaty Fisheries Assessment Unit. p. 74.

Dudney, J., C. D’Antonio, R. J. Hobbs, N. Shackelford, R. J.
Standish, and K. N. Suding. 2022. “Capacity for Change: Three
Core Attributes of Adaptive Capacity that Bolster Restoration
Efficacy.” Restoration Ecology 32(8): e13647. https://doi.org/10.
1111/rec.13647.

Embke, H. S. 2024. “Catch and Biomass per Unit Effort of Fishes in
Two Northern Wisconsin Lakes from 2017–2021.” Dataset.
U.S. Geological Survey ScienceBase-Catalog. https://doi.org/
10.5066/P14MU9WM.

Embke, H. S., A. L. Rypel, S. R. Carpenter, G. G. Sass, D. Ogle,
T. Cichosz, J. Hennessy, T. E. Essington, and M. J. Vander
Zanden. 2019. “Production Dynamics Reveal Hidden
Overharvest of Inland Recreational Fisheries.” Proceedings of
the National Academy of Sciences of the United States
of America 116(49): 201913196. https://doi.org/10.1073/pnas.
1913196116.

Embke, H. S., S. R. Carpenter, D. A. Isermann, G. Coppola, D. T.
Beard, A. J. Lynch, G. G. Sass, Z. S. Feiner, and M. J. Vander
Zanden. 2022. “Resisting Ecosystem Transformation through
an Intensive Whole-Lake Fish Removal Experiment.” Fisheries
Management and Ecology 29(4): fme.12544. https://doi.org/10.
1111/fme.12544.

Feiner, Z. S., A. D. Shultz, G. G. Sass, A. Trudeau, M. G. Mitro, C. J.
Dassow, A. W. Latzka, et al. 2022. “Resist-Accept-Direct
(RAD) Considerations for Climate Change Adaptation in
Fisheries: The Wisconsin Experience.” Fisheries Management
and Ecology 29(4): fme.12549. https://doi.org/10.1111/fme.
12549.

Hansen, G. J. A., J. Ruzich, C. A. Krabbenhoft, H. Kundel,
S. Mahlum, C. I. Rounds, A. O. Van Pelt, L. D. Eslinger, D. E.
Logsdon, and D. A. Isermann. 2022. “It’s Complicated and It
Depends: A Review of the Effects of Ecosystem Changes on
Walleye and Yellow Perch Populations in North America.”
North American Journal of Fisheries Management 42(3):
nafm.10741. https://doi.org/10.1002/nafm.10741.

Hansen, G. J. A., J. S. Read, J. F. Hansen, and L. A. Winslow. 2017.
“Projected Shifts in Fish Species Dominance in Wisconsin
Lakes under Climate Change.” Global Change Biology 23(4):
1463–76.

Hansen, G. J. A., S. R. Carpenter, J. W. Gaeta, J. M. Hennessy, and
M. J. Vander Zanden. 2015. “Predicting Walleye Recruitment
as a Tool for Prioritizing Management Actions.” Canadian
Journal of Fisheries and Aquatic Sciences 72(5): 661–672.
https://doi.org/10.1139/cjfas-2014-0513.

Hansen, M. J., M. D. Staggs, and M. H. Hoff. 1991. “Derivation of
Safety Factors for Setting Harvest Quotas on Adult Walleyes
from Past Estimates of Abundance.” Transactions of the
American Fisheries Society 120(5): 620–28. https://doi.org/10.
1577/1548-8659(1991)120<0620:DOSFFS>2.3.CO;2.

He, X., and J. F. Kitchell. 1990. “Direct and Indirect Effects of
Predation on a Fish Community: A Whole-Lake Experiment.”

Transactions of the American Fisheries Society 119(5): 825–835.
https://doi.org/10.1577/1548-8659(1990)119<0825:DAIEOP>2.
3.CO;2.

Hellmann, J. J., K. M. Prior, and S. L. Pelini. 2012. “The Influence
of Species Interactions on Geographic Range Change under
Climate Change: Species Interactions and Range Change.”
Annals of the New York Academy of Sciences 1249(1): 18–28.
https://doi.org/10.1111/j.1749-6632.2011.06410.x.

Holbrook, B. V., B. J. Bethke, M. D. Bacigalupi, and D. F. Staples.
2021. “Assessing Minnesota’s Changing Yellow Perch
Populations Using Length-Based Metrics.” North American
Journal of Fisheries Management nafm.10682: 642–658.
https://doi.org/10.1002/nafm.10682.

Hoyer, M. V., J. V. Shireman, and M. J. Maceina. 1985. “Use of
Otoliths to Determine Age and Growth of Largemouth Bass in
Florida.” Transactions of the American Fisheries Society 114(2):
307–9. https://doi.org/10.1577/1548-8659(1985)114<307:
UOOTDA>2.0.CO;2.

Isermann, D. A., and D. W. Willis. 2008. “Emergence of Larval
Yellow Perch, Perca flavescens, in South Dakota Lakes:
Potential Implications for Recruitment.” Fisheries
Management and Ecology 15(4): 259–271. https://doi.org/10.
1111/j.1365-2400.2008.00610.x.

Jarvis, L., B. C. McMeans, C. Chu, and T. D. Tunney. 2024. “Species
Control for Managing Thermal Guild Interactions in Warming
Food Webs.” Frontiers in Ecology and the Environment 22(10):
e2794. https://doi.org/10.1002/fee.2794.

Klanderud, K. 2005. “Climate Change Effects on Species
Interactions in an Alpine Plant Community.” Journal of
Ecology 93(1): 127–137. https://doi.org/10.1111/j.1365-2745.
2004.00944.x.

Krabbenhoft, T. J., B. J. E. Myers, J. P. Wong, C. Chu, R. W.
Tingley, J. A. Falke, T. J. Kwak, C. P. Paukert, and A. J. Lynch.
2020. “FiCli, the Fish and Climate Change Database, Informs
Climate Adaptation and Management for Freshwater Fishes.”
Scientific Data 7(1): 124. https://doi.org/10.1038/s41597-020-
0465-z.

Lester, N. P., A. J. Dextrase, R. S. Kushneriuk, M. R. Rawson, and
P. A. Ryan. 2004. “Light and Temperature: Key Factors
Affecting Walleye Abundance and Production.” Transactions
of the American Fisheries Society 133(3): 588–605. https://doi.
org/10.1577/T02-111.1.

Mandeville, C. P., F. J. Rahel, L. S. Patterson, and A. W. Walters.
2019. “Integrating Fish Assemblage Data, Modeled Stream
Temperatures, and Thermal Tolerance Metrics to Develop
Thermal Guilds for Water Temperature Regulation: Wyoming
Case Study.” Transactions of the American Fisheries Society
148(4): 739–754. https://doi.org/10.1002/tafs.10169.

McQueen, D. J. 1998. “Freshwater Food Web Biomanipulation:
A Powerful Tool for Water Quality Improvement, but
Maintenance Is Required.” Lakes & Reservoirs: Science, Policy
and Management for Sustainable Use 3(2): 83–94. https://doi.
org/10.1111/j.1440-1770.1998.tb00035.x.

McQueen, D. J., M. R. S. Johannes, J. R. Post, T. J. Stewart, and
D. R. S. Lean. 1989. “Bottom-Up and Top-Down Impacts on
Freshwater Pelagic Community Structure.” Ecological
Monographs 59(3): 289–309. https://doi.org/10.2307/1942603.

Mehner, T., J. Benndorf, P. Kasprzak, and R. Koschel. 2002.
“Biomanipulation of Lake Ecosystems: Successful Applications

ECOSPHERE 17 of 19

 21508925, 2025, 7, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70297 by U

niversity O
f W

isconsin - M
adison, W

iley O
nline L

ibrary on [18/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1139/f88-036
https://doi.org/10.1139/f88-036
https://doi.org/10.1111/rec.13647
https://doi.org/10.1111/rec.13647
https://doi.org/10.5066/P14MU9WM
https://doi.org/10.5066/P14MU9WM
https://doi.org/10.1073/pnas.1913196116
https://doi.org/10.1073/pnas.1913196116
https://doi.org/10.1111/fme.12544
https://doi.org/10.1111/fme.12544
https://doi.org/10.1111/fme.12549
https://doi.org/10.1111/fme.12549
https://doi.org/10.1002/nafm.10741
https://doi.org/10.1139/cjfas-2014-0513
https://doi.org/10.1577/1548-8659(1991)120%3C0620:DOSFFS%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(1991)120%3C0620:DOSFFS%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(1990)119%3C0825:DAIEOP%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(1990)119%3C0825:DAIEOP%3E2.3.CO;2
https://doi.org/10.1111/j.1749-6632.2011.06410.x
https://doi.org/10.1002/nafm.10682
https://doi.org/10.1577/1548-8659(1985)114%3C307:UOOTDA%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(1985)114%3C307:UOOTDA%3E2.0.CO;2
https://doi.org/10.1111/j.1365-2400.2008.00610.x
https://doi.org/10.1111/j.1365-2400.2008.00610.x
https://doi.org/10.1002/fee.2794
https://doi.org/10.1111/j.1365-2745.2004.00944.x
https://doi.org/10.1111/j.1365-2745.2004.00944.x
https://doi.org/10.1038/s41597-020-0465-z
https://doi.org/10.1038/s41597-020-0465-z
https://doi.org/10.1577/T02-111.1
https://doi.org/10.1577/T02-111.1
https://doi.org/10.1002/tafs.10169
https://doi.org/10.1111/j.1440-1770.1998.tb00035.x
https://doi.org/10.1111/j.1440-1770.1998.tb00035.x
https://doi.org/10.2307/1942603


and Expanding Complexity in the Underlying Science.”
Freshwater Biology 47(12): 2453–65. https://doi.org/10.1046/j.
1365-2427.2002.01003.x.

Merritt, R. W., and K. W. Cummins, eds. 1996. An Introduction to
the Aquatic Insects of North America, 3rd ed. Dubuque, IA:
Kendall/Hunt Pub. Co.

Mittelbach, G. 1986. “Predator-Mediated Habitat Use: Some
Consequences for Species Interactions.” Environmental Biology
of Fishes 16(1–3): 159–169. https://doi.org/10.1007/BF00005168.

Mrnak, J. T., M. V. Wilkinson, L. W. Sikora, L. M. Feucht, A. M.
Mrnak, M. J. Vander Zanden, and G. G. Sass. 2025. “Invasive
Control and Native Restoration: Directing Ecosystem
Transformation through Purposeful Food Web
Manipulations.” Fisheries 50: vuae017. https://doi.org/10.1093/
fshmag/vuae017.

O’Gorman, E. J., L. Zhao, R. L. Kordas, S. Dudgeon, and G.
Woodward. 2023. "Warming Indirectly Simplifies Food Webs
through Effects on Apex Predators." Nature Ecology &
Evolution 7(12): 1983–92.

O’Reilly, C. M., S. Sharma, D. K. Gray, S. E. Hampton, J. S. Read,
R. J. Rowley, P. Schneider, et al. 2015. “Rapid and Highly
Variable Warming of Lake Surface Waters around the Globe.”
Geophysical Research Letters 42(24): 10773–81. https://doi.org/
10.1002/2015GL066235.

Paine, R. T. 1980. “Food Webs: Linkage, Interaction Strength and
Community Infrastructure.” The Journal of Animal Ecology
49(3): 666. https://doi.org/10.2307/4220.

Preston, D. L., J. S. Henderson, L. P. Falke, and M. Novak. 2017.
“Using Survival Models to Estimate Invertebrate Prey
Identification Times in a Generalist Stream Fish.”
Transactions of the American Fisheries Society 146(6): 1303–14.
https://doi.org/10.1080/00028487.2017.1370018.

R Core Team. 2024. R: A Language and Environment for Statistical
Computing. Version 4.2.1. Vienna: R Foundation for
Statistical Computing.

Radinger, J., S. Matern, T. Klefoth, C. Wolter, F. Feldhege, C. T.
Monk, and R. Arlinghaus. 2023. “Ecosystem-Based
Management Outperforms Species-Focused Stocking for
Enhancing Fish Populations.” Science 379(6635): 946–951.
https://doi.org/10.1126/science.adf0895.

Robillard, M. M., and M. G. Fox. 2006. “Historical Changes in
Abundance and Community Structure of Warmwater
Piscivore Communities Associated with Changes in Water
Clarity, Nutrients, and Temperature.” Canadian Journal of
Fisheries and Aquatic Sciences 63(4): 798–809. https://doi.org/
10.1139/f05-259.

Rypel, A. L. 2023. “Ecosystem Size Filters Life-History Strategies to
Shape Community Assembly in Lakes.” Journal of Animal
Ecology 92(6): 1161–75. https://doi.org/10.1111/1365-2656.
13925.

Rypel, A. L., D. Goto, G. G. Sass, and M. J. Vander Zanden. 2018.
“Eroding Productivity of Walleye Populations in Northern
Wisconsin Lakes.” Canadian Journal of Fisheries and Aquatic
Sciences 75(12): 2291–2301. https://doi.org/10.1139/cjfas-2017-
0311.

Rypel, A. L., J. Lyons, J. D. T. Griffin, and T. D. Simonson. 2016.
“Seventy-Year Retrospective on Size-Structure Changes in the
Recreational Fisheries of Wisconsin.” Fisheries 41(5): 230–243.
https://doi.org/10.1080/03632415.2016.1160894.

Rypel, A. L., T. D. Simonson, D. L. Oele, J. D. T. Griffin, T. P. Parks,
D. Seibel, C. M. Roberts, S. Toshner, L. S. Tate, and J. Lyons.
2019. “Flexible Classification of Wisconsin Lakes for Improved
Fisheries Conservation and Management.” Fisheries 44:
225–238. https://doi.org/10.1002/fsh.10228.

Schindler, D. W. 1974. “Eutrophication and Recovery in
Experimental Lakes: Implications for Lake Management.”
Science 184(4139): 897–99. https://doi.org/10.1126/science.184.
4139.897.

Schramm, H. L. 1989. “Formation of Annuli in Otoliths of
Bluegills.” Transactions of the American Fisheries Society
118(5): 546–555. https://doi.org/10.1577/1548-8659(1989)
118<0546:FOAIOO>2.3.CO;2.

Schramm, H. L., Jr., and J. F. Doerzbacher. 1982. “Use of Otoliths
to Age Black Crappie from Florida.” Proceedings of the Annual
Conference Southeastern Association of Fish and Wildlife
Agencies 36: 95–105.

Sikora, L. W., J. A. VanDeHey, G. G. Sass, G. Matzke, and M. Preul.
2021. “Fish Community Changes Associated with Bullhead
Removals in Four Northern Wisconsin Lakes.” North
American Journal of Fisheries Management 41(S1): S71–S81.
https://doi.org/10.1002/nafm.10594.

Simonson, T., A. Fayram, J. Hennessy, and T. Treska. 2008.
Fisheries Assessments—Lakes 2007–09 Sampling Procedures.
Madison, WI: Wisconsin DNR internal publication.

Sullivan, C. J., H. S. Embke, K. M. Perales, S. R. Carpenter, M. J.
Vander Zanden, and D. A. Isermann. 2019. “Variation in
Bluegill Catch Rates and Total Length Distributions among
Four Sampling Gears Used in Two Wisconsin Lakes
Dominated by Small Fish.” North American Journal of
Fisheries Management 39(4): 714–724. https://doi.org/10.1002/
nafm.10305.

Suttle, K. B., M. A. Thomsen, and M. E. Power. 2007. “Species
Interactions Reverse Grassland Responses to Changing
Climate.” Science 315(5812): 640–42. https://doi.org/10.1126/
science.1136401.

Thurman, L. L., J. E. Gross, C. Mengelt, E. A. Beever, L. M.
Thompson, G. W. Schuurman, C. L. Hoving, and J. D. Olden.
2022. “Applying Assessments of Adaptive Capacity to Inform
Natural-Resource Management in a Changing Climate.”
Conservation Biology 36(2): e13838.

Tunney, T. D., S. R. Carpenter, and M. J. Vander Zanden. 2017.
“The Consistency of a Species’ Response to Press Perturbations
with High Food Web Uncertainty.” Ecology 98(7): 1859–68.
https://doi.org/10.1002/ecy.1853.

Vander Zanden, M. J., and Y. Vadeboncoeur. 2002. “Fishes as
Integrators of Benthic and Pelagic Food Webs in Lakes.”
Ecology 83(8): 2152. https://doi.org/10.2307/3072047.

Vander Zanden, M. J., J. M. Casselman, and J. B. Rasmussen. 1999.
“Stable Isotope Evidence for the Food Web Consequences of
Species Invasions in Lakes.” Nature 401(6752): 464–67. https://
doi.org/10.1038/46762.

Vander Zanden, M. J., Y. Vadeboncoeur, and S. Chandra. 2011.
“Fish Reliance on Littoral–Benthic Resources and
the Distribution of Primary Production in Lakes.”
Ecosystems 14(6): 894–903. https://doi.org/10.1007/s10021-
011-9454-6.

Weber, M. J., M. J. Hennen, M. L. Brown, D. O. Lucchesi, and T. R.
St. Sauver. 2016. “Compensatory Response of Invasive

18 of 19 EMBKE ET AL.

 21508925, 2025, 7, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70297 by U

niversity O
f W

isconsin - M
adison, W

iley O
nline L

ibrary on [18/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1046/j.1365-2427.2002.01003.x
https://doi.org/10.1046/j.1365-2427.2002.01003.x
https://doi.org/10.1007/BF00005168
https://doi.org/10.1093/fshmag/vuae017
https://doi.org/10.1093/fshmag/vuae017
https://doi.org/10.1002/2015GL066235
https://doi.org/10.1002/2015GL066235
https://doi.org/10.2307/4220
https://doi.org/10.1080/00028487.2017.1370018
https://doi.org/10.1126/science.adf0895
https://doi.org/10.1139/f05-259
https://doi.org/10.1139/f05-259
https://doi.org/10.1111/1365-2656.13925
https://doi.org/10.1111/1365-2656.13925
https://doi.org/10.1139/cjfas-2017-0311
https://doi.org/10.1139/cjfas-2017-0311
https://doi.org/10.1080/03632415.2016.1160894
https://doi.org/10.1002/fsh.10228
https://doi.org/10.1126/science.184.4139.897
https://doi.org/10.1126/science.184.4139.897
https://doi.org/10.1577/1548-8659(1989)118%3C0546:FOAIOO%3E2.3.CO;2
https://doi.org/10.1577/1548-8659(1989)118%3C0546:FOAIOO%3E2.3.CO;2
https://doi.org/10.1002/nafm.10594
https://doi.org/10.1002/nafm.10305
https://doi.org/10.1002/nafm.10305
https://doi.org/10.1126/science.1136401
https://doi.org/10.1126/science.1136401
https://doi.org/10.1002/ecy.1853
https://doi.org/10.2307/3072047
https://doi.org/10.1038/46762
https://doi.org/10.1038/46762
https://doi.org/10.1007/s10021-011-9454-6
https://doi.org/10.1007/s10021-011-9454-6


Common Carp Cyprinus Carpio to Harvest.” Fisheries
Research 179: 168–178. https://doi.org/10.1016/j.fishres.2016.
02.024.

Wegleitner, E. J., and D. A. Isermann. 2017. “Comparison of Two
Viewing Methods for Estimating Largemouth Bass and
Walleye Ages from Sectioned Otoliths and Dorsal Spines.”
North American Journal of Fisheries Management 37(6):
1304–10. https://doi.org/10.1080/02755947.2017.1383324.

Weidel, B. C., D. C. Josephson, and C. E. Kraft. 2007. “Littoral Fish
Community Response to Smallmouth Bass Removal from an
Adirondack Lake.” Transactions of the American Fisheries
Society 136(3): 778–789. https://doi.org/10.1577/T06-091.1.

Winemiller, K. O., and K. A. Rose. 1992. “Patterns of Life-History
Diversification in North American Fishes: Implications for
Population Regulation.” Canadian Journal of Fisheries and
Aquatic Sciences 49(10): 2196–2218.

Winslow, L. A., G. J. A. Hansen, J. S. Read, and M. Notaro. 2017.
“Large-Scale Modeled Contemporary and Future Water
Temperature Estimates for 10774 Midwestern U.S. Lakes.”
Scientific Data 4: 170053. https://doi.org/10.1038/sdata.
2017.53.

Woolway, R. I., and S. C. Maberly. 2020. “Climate Velocity in
Inland Standing Waters.” Nature Climate Change 10(12):
1124–29. https://doi.org/10.1038/s41558-020-0889-7.

Wootton, K. L. 2017. “Omnivory and Stability in Freshwater
Habitats: Does Theory Match Reality?” Freshwater Biology
62(5): 821–832. https://doi.org/10.1111/fwb.12908.

Wszola, L., N. A. Sievert, A. J. Lynch, H. S. Embke, A. L. Kaz, M. D.
Robertson, S. R. Midway, and C. P. Paukert. 2024. “Lake

Temperature and Morphometry Shape the Thermal
Composition of Recreational Fishing Catch.” Transactions of
the American Fisheries Society 153(6): 746–762. https://doi.org/
10.1002/tafs.10481.

Zipkin, E. F., P. J. Sullivan, E. G. Cooch, C. E. Kraft, B. J. Shuter,
and B. C. Weidel. 2008. “Overcompensatory Response of a
Smallmouth Bass (Micropterus dolomieu) Population to
Harvest: Release from Competition?” Canadian Journal of
Fisheries and Aquatic Sciences 65(10): 2279–92. https://doi.org/
10.1139/F08-133.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Embke, Holly S.,
Stephen R. Carpenter, T. Douglas Beard Jr.,
Giancarlo Coppola, Daniel A. Isermann, Eric
J. Pedersen, Andrew L. Rypel, Christopher
J. Sullivan, Tyler D. Tunney, and M. Jake Vander
Zanden. 2025. “Differential Responses of
Coolwater Fishes to a Whole-Lake Reduction of a
Warmwater Thermal Guild.” Ecosphere 16(7):
e70297. https://doi.org/10.1002/ecs2.70297

ECOSPHERE 19 of 19

 21508925, 2025, 7, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecs2.70297 by U

niversity O
f W

isconsin - M
adison, W

iley O
nline L

ibrary on [18/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.fishres.2016.02.024
https://doi.org/10.1016/j.fishres.2016.02.024
https://doi.org/10.1080/02755947.2017.1383324
https://doi.org/10.1577/T06-091.1
https://doi.org/10.1038/sdata.2017.53
https://doi.org/10.1038/sdata.2017.53
https://doi.org/10.1038/s41558-020-0889-7
https://doi.org/10.1111/fwb.12908
https://doi.org/10.1002/tafs.10481
https://doi.org/10.1002/tafs.10481
https://doi.org/10.1139/F08-133
https://doi.org/10.1139/F08-133
https://doi.org/10.1002/ecs2.70297

	Differential responses of coolwater fishes to a whole‐lake reduction of a warmwater thermal guild
	Abstract
	INTRODUCTION
	METHODS
	Study area
	Limnological sampling
	Fish sampling
	Standardized surveys

	Warmwater fish removals
	Fish processing

	Zooplankton and zoobenthos sampling
	Data analyses
	Water temperature
	Fish biomass
	Stable isotope analyses
	Lower trophic levels—Zooplankton and zoobenthos abundances

	Availability of data

	RESULTS
	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


