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Abstract
Objective: Walleye Sander vitreus is an important species that has been widely intro-
duced outside of its native distribution. The goal of this study was to assess the effects 
of an established Walleye population in the Lake Pend Oreille (LPO) system, Idaho.
Methods: Food habits of Walleyes were described using stomach contents and sta-
ble isotopes (δ15N, δ13C). Trophic structure of the LPO system's food web was identi-
fied using stable isotopes. Annual consumption by Walleyes of important prey items 
was estimated using a bioenergetics model.
Result: Walleyes consumed a diversity of prey items, including macroinvertebrates 
and fishes. Kokanee Oncorhynchus nerka, the most frequently consumed prey item, 
occurred in 23% of all Walleye diets. Combined, native cyprinids and catostomids 
occurred in 31% of all Walleye stomachs. Select taxa (e.g., native cyprinids, koka-
nee) were consistently consumed by Walleyes across seasons, regions, and cohorts, 
whereas other taxa (e.g., Westslope Cutthroat Trout O. lewisi, Smallmouth Bass 
Micropterus dolomieu) were consumed inconsistently. Stable isotope analysis sug-
gested that Walleyes occupied similar trophic positions as other top-level piscivores 
in the system. As Walleye age increased, δ15N increased and δ13C decreased, indi-
cating increased consumption of pelagic prey resources and prey at higher trophic 
positions. The estimated biomass of kokanee consumed annually by Walleyes was 
27,121 kg (95% confidence interval = 9178–61,603). Comparatively, native cyprin-
ids represented about 46% of the total biomass of kokanee consumed by Walleyes, 
whereas native catostomids represented about 11% and native salmonids represented 
about 15% of the total biomass of kokanee consumed by Walleyes.
Conclusion: This study revealed that Walleyes consumed various fishes across the 
LPO system. Although kokanee were the most frequently consumed prey item, na-
tive cyprinids and catostomids (combined) occurred at similar proportions. This 
study contributes to our growing knowledge of the effects of nonnative Walleyes on 
important salmonids and native fishes in western systems.
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INTRODUCTION

Freshwater fisheries management in North America 
has a long history of nonnative species introductions 
(Moyle 1986). Introductions of nonnative species have oc-
curred for a variety of reasons ranging from recreational 
purposes to biological control (Rahel 1997; Gozlan 2008; 
Rahel and Smith 2018). Prey species have been introduced 
to improve growth of consumers and ultimately enhance 
an existing fishery. For instance, Rainbow Smelt Osmerus 
mordax have been introduced to provide prey resources 
for predators such as Smallmouth Bass Micropterus 
dolomieu and Walleyes Sander vitreus (Johnson and 
Goettle  1999). Similarly, some nonnative species have 
been introduced purposefully to alter system characteris-
tics. Bighead Carp Hypophthalmichthys nobilis and Grass 
Carp Ctenopharyngodon idella were introduced into the 
United States in the 1970s to improve water quality and 
increase fish production in aquaculture facilities (Leslie 
et al. 1996; Fuller et al. 1999; Conover et al. 2007). Another 
common reason for the introduction of a nonnative spe-
cies is recreation. Of the 17 most commonly introduced 
fish species in the United States, 13 (76%) were introduced 
as sport fishes (Rahel  2000). Although nonnative fishes 
have often been introduced for a particular reason, many 
introductions have unexpected consequences (Knapp 
et al. 2001; Leprieur et al. 2009).

Regardless of the intent of introductions, nonnative 
species can be detrimental to aquatic systems (Zaret and 
Paine  1973; Goldschmidt et  al.  1993; Cucherousset and 
Olden  2011). Several studies have documented the neg-
ative effects of established nonnative fishes (e.g., Moyle 
and Light 1996; Muhlfeld et al. 2008; Jeschke et al. 2014). 
Nonnative species indirectly affect native species through 
hybridization (Pierce and Van Den Avyle 1997; McKelvey 
et al. 2016; Blackwell et al. 2020), introduction of novel dis-
eases and parasites (Blanc 1997; Prenter et al. 2004; Gozlan 
et al. 2005), and habitat modification (Field-Dodgson 1987; 
Koehn  2004; Gutiérrez  2017). More directly, nonnative 
species have been shown to outcompete other species for 
resources, with ramifications for growth, survival, and re-
production (McMillan 1984; Irons et al. 2007; Keller and 
Brown 2008). Perhaps the most common mechanism by 
which nonnative species have influenced native fishes is 
through predation (Ogutu-Ohwayo  1990; McIntosh and 
Townsend 1996; Pelicice and Agostinho 2009). For exam-
ple, after the introduction of Nile Perch Lates niloticus into 
Lake Victoria, Africa, abundance of native cichlid popu-
lations declined (Ogutu-Ohwayo  1990) and 60% of the 
endemic fishes were extirpated due to predation (Witte 
et al. 1992). Despite the recognized negative effects, non-
native species have continued to appear in novel aquatic 
environments (Rahel and Smith 2018).

Walleye  is an ecologically and recreationally import-
ant fish that is widely distributed in cool, mesotrophic 
freshwater systems throughout North America (Colby 
et al. 1979; Hoagstrom and Berry 2010; Barton 2011). In 
the United States, the species' native distribution is limited 
to the Mississippi River and Great Lakes drainage basins. 
Largely because of their popularity with anglers, Walleyes 
have been widely introduced outside of their native distri-
bution, particularly in the western United States (Colby 
et al. 1979; McMahon and Bennet 1996; Carlander 1997; 
Billington et  al.  2011). Walleyes are highly piscivorous 
and often alter fish community structure through pre-
dation and competition (McMillan  1984; Lyons and 
Magnuson  1987; Scarnecchia et  al.  2014). In systems 
across the western United States, Walleye consumption 
of kokanee Oncorhynchus nerka and other important sal-
monid species has been documented (McMillan 1984; Poe 
et al. 1991; McMahon and Bennet 1996). In Lake Roosevelt, 
Washington, Baldwin et al. (2003) evaluated Walleye pre-
dation on kokanee and Rainbow Trout Oncorhynchus my-
kiss. From 1999 to 2000, Walleyes consumed about 7–15% 
of hatchery kokanee within 41 days of release. Similarly, 
in Buffalo Bill Reservoir, Wyoming, Yellowstone Cutthroat 
Trout Oncorhynchus virginalis bouvieri and Rainbow Trout 
represented the majority of prey items in Walleye diets 
(Johnson et al. 2017). More recently, Murphy et al. (2021) 
concluded that Walleyes were a primary threat to survival 
of juvenile Chinook Salmon Oncorhynchus  tshawytscha 
in the Middle Fork Willamette River, Oregon. Although 
the consumption of salmonid species by Walleyes has 
been documented, information regarding consumption of 
native nongame fishes is limited. However, Scarnecchia 
et al. (2014) documented a marked decrease in abundance 
of native cyprinids and catostomids after the introduction 
of Walleyes into Noxon Rapids and Cabinet Gorge reser-
voirs, Montana.

Walleyes were illegally introduced upstream of 
the Lake Pend Oreille (LPO) system in Noxon Rapids 
Reservoir in the 1990s (Rust et al. 2020). By 2005, Walleyes 
naturally dispersed and were sampled in the Pend Oreille 
and Clark Fork rivers, Idaho, and then in LPO, Idaho, the 
following year (Schoby et al. 2007). Monitoring conducted 

Impact Statement

Despite continued expansion into novel systems, 
little is known about the effects of nonnative 
Walleyes in salmonid-dominated systems. Our 
research describes the effects of Walleyes on na-
tive and nonnative fishes in the Lake Pend Oreille 
system, Idaho.
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by the Idaho Department of Fish and Game (IDFG) esti-
mated that the Walleye population doubled approximately 
every 3 years from 2011 to 2017 (Ryan et  al.  2021). The 
LPO system supports robust populations of nonnative and 
native salmonids, particularly Westslope Cutthroat Trout 
Oncorhynchus lewisi and Bull Trout Salvelinus confluentus, 
both of which have high conservation value. The system 
also supports an assemblage of native cyprinids and ca-
tostomids. Additionally, LPO is well known for its kokanee 
and trophy Rainbow Trout fisheries. Although Rainbow 
Trout and kokanee are nonnative fishes, kokanee consti-
tute an important prey resource for piscivores, including 
Bull Trout. The kokanee population does reproduce natu-
rally, but it is also supplemented through stocking. Clarke 
et al. (2005) evaluated diet contents of piscivores in LPO 
and found that kokanee were the dominant prey item (40–
100% of the total biomass consumed) for adult Bull Trout, 
Lake Trout Salvelinus namaycush, and Rainbow Trout. As 
such, the establishment of Walleyes will likely negatively 
affect salmonid populations in the LPO system; however, 
the extent of the effect is unknown.

This study aims to answer questions related to the food 
habits of Walleyes in the LPO system. Specifically, the ob-
jectives of the study were to (1) describe the current distri-
bution of Walleyes in the system; (2) evaluate spatial and 
temporal variation in Walleye diets; (3) describe the tro-
phic structure of the fish assemblage; (4) identify trends in 
Walleye trophic ecology in relation to age; and (5) estimate 
annual consumption of kokanee, native cyprinids, and na-
tive catostomids by Walleyes.

METHODS

Study area

The LPO system is located in northern Idaho near the 
junction of the Cabinet, Selkirk, and Coeur d'Alene 
mountain ranges. The system encompasses 64,300 km2 
(Woods  2004) and consists of LPO and the Clark Fork 
and Pend Oreille rivers (Figure  1). Lake Pend Oreille is 
Idaho's largest lake, with a surface area of 36,400 ha, and 
it is the fifth deepest natural lake in the United States, 
with an average depth of 164 m and a maximum depth 
of 357 m (Woods 2004; Rust et al. 2020). The Clark Fork 
River, with headwaters in Montana, is the primary tribu-
tary to the lake. The Pend Oreille River, a tributary to the 
Columbia River, is the only outlet of LPO. Throughout the 
LPO system, available habitat can vary seasonally or daily 
because of water management practices implemented at 
hydropower facilities. Full-pool elevation (628.7 m) is usu-
ally maintained from June to September (Rust et al. 2022). 
Drawdown begins in September and reduces the surface 

elevation to 625.1 m, resulting in changes to available hab-
itat, particularly in the northern portion of LPO and the 
Pend Oreille River (Figure  1). On the Clark Fork River, 
power peaking operations cause daily augmentation of 
flows, which then changes available habitat.

The LPO system supports a diversity of fishes. Native 
fishes include Bull Trout, Westslope Cutthroat Trout, 
Mountain Whitefish Prosopium williamsoni, Pygmy 
Whitefish Prosopium coulterii, Slimy Sculpin Cottus cogna-
tus, Largescale Sucker Catostomus macrocheilus, Redside 
Shiner Richardsonius balteatus, Peamouth Mylocheilus 
caurinus, and Northern Pikeminnow Ptychocheilus or-
egonensis. Nonnative fishes include kokanee, Rainbow 
Trout, Lake Trout, Brown Trout Salmo trutta, Smallmouth 
Bass Micropterus dolomieu, Largemouth Bass Micropterus 
nigricans, Tench Tinca tinca, Yellow Perch Perca fla-
vescens, Northern Pike Esox lucius, and Walleyes (Maiolie 
et al. 2004; Rust et al. 2020).

The basin was divided into five regions to assess spa-
tial variability in food habits (Figure 1). Regions were de-
fined as (1) the Pend Oreille River to the railroad bridge 
in Sandpoint, Idaho (POR); (2) the northern basin of LPO 
from the railroad bridge in Sandpoint to Hope, Idaho (LPO-
N); (3) a transition zone in the northern basin from Hope 
to the Clark Fork delta and south to Mineral Point (central 
LPO; LPO-C); (4) the Clark Fork River and its delta (CFR); 
and (5) the southern basin of LPO from Mineral Point 
to the southernmost extent of LPO past Bayview, Idaho 
(LPO-S). Divisions were based on differences in habitat 
characteristics and were consistent with how IDFG de-
fines the system. The POR and CFR regions are riverine 
habitats with seasonally abundant aquatic vegetation. 
The LPO-N and LPO-C regions are fairly shallow (mean 
depth ~ 29 m), with gradually sloping shorelines, whereas 
LPO-S is deep (mean depth ~ 220 m), with steep, rocky 
shorelines (Woods 2004). Additionally, average tempera-
tures of LPO-N and LPO-C are approximately 4°C higher 
than average temperature in LPO-S (Woods  2004; Rust 
et al. 2022). Regions were then stratified by depth to eval-
uate whether Walleye diets varied by depth. Depth cate-
gories were (1) less than 5 m, (2) from 5 to 15 m, and (3) 
greater than 15 m as a modification of the fall Walleye 
index netting (FWIN) protocol (Morgan 2002).

Standardized sampling

Fish were sampled approximately 2 weeks per month 
from May 25, 2020, to May 8, 2021. Hazardous winter 
weather conditions as well as exposure to COVID-19 lim-
ited sampling events in December 2020, when sampling 
only occurred during the first week. Walleyes were sam-
pled using standardized sinking gill nets. Gill nets were 
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1.8 m tall × 61.0 m long and consisted of eight panels of 
varying mesh sizes (i.e., 25-, 38-, 51-, 64-, 76-, 102-, 127-, 
and 152-mm stretched mesh) in accordance with FWIN 
specifications (Morgan 2002). Six nets were set per night. 
Nets were set perpendicular to shore and soaked over-
night. Generally, nets were set 1–2 h before dusk and 
pulled 1–3 h after dawn.

Supplemental sampling

Walleyes were also collected during four other programs 
that occur consistently across the LPO system. These pro-
grams include the spring Walleye suppression netting in 
the LPO-N, LPO-C, and CFR regions; FWIN in all regions; 
Lake Trout suppression netting efforts conducted by 
IDFG in all regions except POR; and salmonid population 
monitoring conducted by Avista in the CFR region. Five 
individuals per 10-mm length-group were subsampled 
from the spring Walleye suppression netting. Gill nets 

were 274.0 m long and consisted of three 91.4-m panels 
(Rust et al. 2020; Bouwens et al. 2021). Each panel con-
sisted of a single mesh size (i.e., 89-, 106-, and 114-mm 
stretched mesh). Ten gill nets were joined together and 
fished at one location. Gill nets were set around dawn and 
retrieved 4–6 h later. All incidentally captured Walleyes 
from the Lake Trout suppression netting events were pro-
cessed. Sinking gill nets for the Lake Trout netting efforts 
consisted of 10 gill nets. Gill nets had the same dimensions 
as the spring Walleye suppression netting (i.e., length, 
number of panels) except that mesh sizes differed depend-
ing on the month (Dux et al. 2019). During September–
October, the stretched-mesh sizes were 127 and 140 mm 
to target mature, spawning Lake Trout. From December 
to March, netting events targeted immature and mature 
Lake Trout. Stretched-mesh sizes used during this time 
included 38, 44, 51, 64, 76, 89, 102, 114, 127, and 140 mm. 
During all Lake Trout netting events, gill nets were set 
around dawn and retrieved 4–6 h later (Rust et al. 2020; 
Bouwens et  al.  2021). Samples were collected from all 

F I G U R E  1   The Lake Pend Oreille (LPO) system located in northern Idaho. This system included LPO, the Pend Oreille River, and the 
Clark Fork River. The system was divided into five regions: the Pend Oreille River (POR), northern portion of LPO (LPO-N), a transition 
zone between the shallow northern portion and the deep southern basin of LPO (central LPO; LPO-C), the Clark Fork River and its delta 
(CFR), and the southern portion of LPO (LPO-S). Triangles indicate cities, and diamonds represent landmarks on the lake used to separate 
regions. Inset map shows study system location (star) in the state of Idaho.
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Walleyes captured during the FWIN, which occurred in 
October. The FWIN gill nets were 61.0 m long and 1.8 m 
tall, with eight panels of increasing mesh sizes (i.e., 25-, 
38-, 51-, 64-, 76-, 102-, 127-, and 152-mm stretched mesh; 
Morgan  2002). Gill nets were soaked for approximately 
24 h (Ryan et  al.  2021). Additionally, samples were col-
lected from all Walleyes encountered during the spring 
salmonid population monitoring conducted on the Clark 
Fork River by IDFG and Avista. Walleyes were collected 
by use of boat electrofishing conducted at night. Boats 
used pulsed DC at 400 V, 60 Hz, and a 20% duty cycle 
(Ransom 2022).

Zooplankton and opossum shrimp Mysis diluviana 
(hereafter, Mysis) were collected for stable isotope analysis 
(see below) using vertical tows. For Mysis, vertical tows 
occurred at night through Mysis layers that were identified 
with sonar (Caldwell and Wilhelm 2012). Mysis were col-
lected in June 2021 by using a Wisconsin-style zooplank-
ton net with a 1-m-diameter opening, 1-mm mesh, and a 
500-μm-mesh collection bucket. Zooplankton were sam-
pled during May 2022 using a Wisconsin-style net with a 
0.5-m-diameter opening and an 80-μm mesh size and col-
lection bucket.

Fish processing

All sampled fish were measured for total length (near-
est millimeter) and weighed (nearest gram). During the 
spring (i.e., March, April, May), ovaries were removed and 
weighed (g). Aging structures, muscle samples, and stom-
ach contents were collected from all sampled Walleyes. 
Sagittal otoliths were removed and placed into a centri-
fuge tube to prevent damage prior to laboratory analysis. 
Muscle tissue, in a quantity sufficient to fill a 2-mL cen-
trifuge tube, was collected from the anterior dorsal mus-
culature for stable isotope analysis. Stomachs from the 
esophagus to the pyloric sphincter were removed in the 
field and preserved in 10% buffered formalin to assess food 
habits (Johnson et al. 2008). For all potential prey items 
collected from gill nets (i.e., fishes, Cambaridae), white 
muscle samples were collected from about 20 individu-
als in each region of the LPO system during each season 
for stable isotope analysis. Muscle samples from all spe-
cies were placed on ice and transported to the laboratory, 
where they were stored at −20°C until further processing. 
For potential prey species that were known or expected 
to exhibit an ontogenetic diet shift, muscle samples were 
collected from approximately 20 individuals less than and 
approximately 20 individuals greater than the length at 
which a shift in diet was expected to occur (Carlander 1997; 
McIntyre et  al.  2006; Yasuno et  al.  2012; Baranowska 
and Robinson 2017). The lengths were 140 mm for Black 

Crappie Pomoxis nigromaculatus (Tuten et  al. 2008), 
300 mm for Bull Trout (Lowery and Beauchamp  2015), 
300 mm for Northern Pikeminnow (McIntyre et al. 2006), 
430 mm for Lake Trout (Zimmerman et  al. 2009), and 
150 mm for Smallmouth Bass (Olson and Young  2003). 
Zooplankton and Mysis samples were immediately placed 
on ice and stored at −20°C until further processing. 
Mysis individuals were analyzed separately from other 
zooplankton. Since Mysis diets often vary by length, Mysis 
were separated by length (small: <1 cm; large: >1 cm). 
Individuals were combined until a 2-mL centrifuge tube 
was filled (~5 g wet weight). All other bulk zooplankton 
samples (~5 g) were grouped and analyzed by collection 
site. Copepods and cladocerans were the dominant zoo-
plankton in the samples.

Laboratory processing

Otoliths were mounted in epoxy and sectioned along the 
transverse plane using an IsoMet low-speed saw (Buehler; 
Koch and Quist 2007). Annuli were marked and enumer-
ated to estimate growth. Stomach contents were rinsed 
with water prior to identification. Prey items were enu-
merated and identified using taxonomic keys (Frost 2000; 
Traynor et al. 2010; Stroud and Scholz 2014). Except for 
Mysis, macroinvertebrates were identified to order; fish 
were identified to species when possible. Diagnostic bones 
(e.g., cleithra, dentaries, pharyngeal arches) were used to 
identify vertebrate prey items (Scott and Crossman 1973; 
Frost 2000; Traynor et al. 2010; Stroud and Scholz 2014). 
When diagnostic bones were unavailable, vertebral counts 
were used to identify prey items to the lowest taxonomic 
classification (Scott and Crossman  1973; Wydoski and 
Whitney  2003; Wallace and Zaroban  2013). Lengths of 
prey items were measured using a caliper (Mitutoyo) to 
the nearest 0.01 mm, and blotted-wet weight was col-
lected for each prey item to the nearest 0.1 g (Chipps and 
Garvey  2006). Total length was measured for macroin-
vertebrate taxa. Total length, standard length, and fork 
length were measured for all intact fish taxa. If prey items 
were not intact, standard length, fork length, or vertebral 
counts were quantified (Johnson et al. 2008).

Muscle samples were dried at 60°C for 48 h and 
ground to a fine powder with either a mortar and pestle 
or a Wig-L-Bug automatic grinder (International Crystal 
Laboratories). All samples were sent to the Stable Isotope 
Core Laboratory at Washington State University. Samples 
were converted to N2 and CO2 with an elemental ana-
lyzer (ECS 4010; Costech Analytical) and were analyzed 
with a continuous-flow isotope ratio mass spectrometer 
(Delta Plus XP, Thermo Finnigan; Brenna et al. 1997; Qi 
et al. 2003).
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Catch per unit effort, age structure, and 
seasonal growth

Estimates of catch per unit effort (CPUE) only included 
Walleyes that were collected from the standardized sam-
pling. The CPUE was described as the mean number of 
Walleyes caught per net-night in each region by season. 
Months were grouped into seasons as follows: spring 
(March–May), summer (June–August), fall (September–
November), and winter (December–February). The total 
number of Walleyes caught per net was averaged across 
all nets fished in each region during a particular season 
and across all depths. A Welch's t-test indicated that 
mean catch rates of Walleyes did not differ across depths 
(α = 0.05). As such, CPUE was reported across regions by 
season.

Age structure of Walleyes was described as the propor-
tion of the sampled individuals assigned to each cohort. 
Seasonal growth was measured as the change in the aver-
age length and weight by cohort and season for all regions 
combined. Additionally, seasonal growth represented 
males and females; the 2012 and older cohorts were pooled 
because of low sample sizes (n < 10 individuals/cohort).

Food habits

Walleye food habits were described using proportion by 
weight (Wi), frequency of occurrence (Oi), proportion 
energy contribution (Ei), and prey-specific energy con-
tribution (Probst et al. 1984; Amundsen et al. 1996; Pope 
et al. 2001; Chipps and Garvey 2006; Walrath et al. 2015). 
Proportion by weight was estimated as

where Wi is the proportion by weight of prey type i, Xi is 
the weight of prey type i, and Q is the number of prey types 
(Chipps and Garvey  2006). Proportion by weight repre-
sented weights of prey items as observed in the stomachs at 
the time of identification. For this summarization, weights 
of individual prey items were not reconstructed to represent 
weight prior to ingestion. Frequency of occurrence was es-
timated as

where Oi is the frequency of prey type i, Ji is the number of 
Walleye stomachs containing prey type i, and P is the num-
ber of nonempty stomachs. Percent energy contribution was 
estimated by multiplying the weight of a prey type by its 
energy density and dividing by the total energy contributed 

by all prey types (Probst et  al.  1984). Energetic densities 
from the literature (Table S1 available in the Supplemental 
Materials in the online version of this article) were used to 
estimate energetic contributions. Prey-specific energy con-
tribution of each prey type was estimated by dividing the 
energy contribution of a specific prey type by the total en-
ergy of all prey types for the stomachs that contained the 
specific prey type (Costello  1990; Amundsen et  al.  1996). 
Macroinvertebrate prey types included species from the 
orders Amphipoda, Arthropoda, Diptera, Ephemeroptera, 
Isopoda, Odonata, Plecoptera, and Trichoptera as well as in-
dividuals from the Hirudinea and Oligochaeta subclasses of 
Annelida. Macroinvertebrate prey types were combined into 
one prey taxon. Mysis was grouped separately. Energy den-
sities of all macroinvertebrate prey types were averaged and 
then used as the energy density of the macroinvertebrate 
group (Hartman and Brandt 1995). The energy density of 
unknown fish was represented by the average of fish spe-
cies observed in Walleye stomach contents, as demonstrated 
by Courtney et al. (2018). Energy densities that were used 
to calculate the average can be found in the Supplemental 
Materials (Table S1).

Differences in diets across regions, seasons, and cohorts 
were assessed using the Wi data. Prey types with Oi less than 
5% in all regions, seasons, and cohorts were removed to re-
duce the effects of rare species (Zar 1999; Smith et al. 2014). 
Prey types that were removed from the analysis due to low 
occurrence were Brook Trout Salvelinus fontinalis, Bluegills 
Lepomis macrochirus, Largemouth Bass, Pumpkinseeds 
Lepomis gibbosus, and Walleyes. Differences in diet across 
regions, seasons, and cohorts were assessed using a permu-
tational multivariate analysis of variance (PERMANOVA) 
with the Bray–Curtis dissimilarity matrix and 9999 per-
mutations (Rodger et  al.  2021). A PERMANOVA was 
used because of its robust nature with unbalanced de-
signs, various correlation structures, and heterogeneity of 
dispersions in comparison with traditional multivariate 
analysis of variance, analysis of similarity, and the Mantel 
test (Anderson  2001; Anderson and Walsh  2013). The 
PERMANOVA returned a pseudo-F-statistic and p-value, 
which were used to identify significant differences between 
groups (p < 0.05). A similarity percentage (SIMPER) analy-
sis was used to identify the species contributing to the dif-
ferences between groups (Clarke 1993; Bonato et al. 2012). 
The PERMANOVA may be sensitive to heterogeneity in 
group dispersion. As such, heterogeneity of group disper-
sion was tested to evaluate differences existing between 
groups (i.e., seasons, regions, and cohorts). Since multiple 
gear types were used, we also used the PERMANOVA to 
evaluate whether differences in diets among regions, sea-
sons, and cohorts varied by gear type. No statistically sig-
nificant differences among gear types were identified after 
accounting for regions, seasons, and cohort differences. 

Wi =
Xi

∑Q
i=1

Xi
,

Oi =
Ji
P
,
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1300  |      FRAWLEY et al.

Thus, we did not include gear type as a covariate in the 
summarization of food habits. Analyses were completed 
using the adonis2, simper, and betadisper functions in the 
R package vegan (R Core Team 2022).

Trophic structure

Trophic structure of all species was described using 15N 
and 13C isotopes. Results were reported with respect to 
Vienna Pee Dee belemnite and atmospheric nitrogen in 
parts per thousand (‰; Coplen 1994). Results from the 
laboratory analysis were described as the relative differ-
ence of the isotopes from each sample and a standard such 
that

where δ (‰) is the difference, Rsample is the isotope ratio 
of the sample, and Rstandard is the isotope ratio of the 
standard. Because lipids are typically depleted in δ13C 
relative to proteins and carbohydrates (DeNiro and 
Epstein  1978), δ13C values were normalized using a 
mathematical correction (Post et al. 2007). Trophic struc-
ture of the system was graphically assessed using bi-plots 
of the average δ15N and δ13C for each species. Individuals 
from the same species were grouped unless the species 
was known to exhibit an ontogenetic shift in diet, in 
which case individuals were classified as “juvenile” and 
“adult” by using the lengths used to differentiate ontoge-
netic shifts in diet. Limited sample sizes, particularly of 
piscivores, precluded statistical tests to assess differences 
within individual taxa among seasons. However, visual 
inspection of the isotope bi-plots suggested that variation 
in the piscivore species was consistent across seasons and 
that no major differences occurred. As such, samples 
were pooled across seasons.

Trophic structure was further described by assessing 
the trophic position of all taxa in the system using δ15N 
values. Zooplankton were assumed to be the primary con-
sumer and to feed at trophic position 2. The trophic posi-
tion was calculated as

where TPi is the trophic position of the ith taxon, δ15Ni is the 
nitrogen signature of the ith taxon, and δ15Nz is the nitrogen 
signature of zooplankton (Post 2002). For Walleyes, trophic 
position was summarized using the mean across all individ-
uals sampled and then was further summarized by cohort. 
For all other taxa, trophic position was summarized as the 
mean across all samples that were collected and analyzed.

Isotope samples from Walleyes were subsequently as-
sessed by cohort because of apparent ontogenetic shifts 
identified from the stomach content analysis. Differences 
in isotopic ratios between cohorts were visually evaluated 
by summarizing the mean and variance of δ15N and δ13C 
for each cohort. Since isotopic ratios incorporate long-
term diet information (Post  2002; Boecklen et  al.  2011), 
the trends of the isotopic ratios should reflect general 
trends in prey items observed in the stomach contents. 
Differences between stable isotopes and the prey items 
observed in the stomach contents could be indicative of 
changing food habits or varying proportions of prey con-
sumed (Vinson and Budy 2009).

Bioenergetics modeling and per-capita 
performance

Fish Bioenergetics 4.0 was used to estimate per-capita 
consumption of prey items (Ney 1993; Hanson et al. 1997; 
Deslauriers et al. 2017). The bioenergetics model is a mass 
balance equation that partitions energy consumed into 
physiological processes:

where C is consumption, R is respiration, S is specific dy-
namic action, F is fecal egestion, U is nitrogenous excretion, 
and ΔB is the change in growth (i.e., weight) per individual. 
The simulation was run with a daily time step and divided 
into seasons as defined for the CPUE and diet summariza-
tions (i.e., spring, summer, fall, winter) to describe tempo-
ral trends in consumption for each cohort. Bioenergetics 
models require information on water temperature, predator 
and prey energy densities, change in weight of the predator, 
and predator diet proportions (Kitchell et al. 1977; Hanson 
et  al.  1997; Deslauriers et  al.  2017). Water temperature 
was collected from HOBO Pendant temperature loggers 
(Onset Computer Corporation) placed on individual nets. 
Temperatures (°C) were recorded every 15 min to estimate 
a mean daily temperature. In some instances, the tem-
perature loggers did not record water temperature data. In 
such cases, supplemental temperature data were obtained 
from standard limnological profiles conducted by IDFG for 
May–October. Ryan et al.  (2021) estimated a 0.5 probabil-
ity of maturity at 1.7 years for male Walleyes and 3.6 years 
for female Walleyes in the LPO system. Therefore, physio-
logical parameters for juvenile Walleyes were used for the 
2020 and 2019 cohorts. Parameters for adult Walleyes were 
used for all other cohorts. The first instance of spawning 
was assigned to the 2018 cohort. We assumed that spawn-
ing occurred on April 22 (i.e., approximately the middle of 
the Walleye suppression netting conducted by IDFG), and 
we attributed an average body weight loss of 12.5% on the 

δ =
Rsample − Rstandard

Rstandard
× 1000,

TPi =
δ15Ni − δ15Nz

3.4
+ 2,

C = (R + S) + (F +U) + ΔB,
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spawning day for all adult Walleyes (Kitchell et  al.  1977; 
Madenjian et al. 1998). Prey energy densities from the lit-
erature were used in the model (Table S1). Seasonal weight 
change was estimated using the average weight of individu-
als across all regions in a cohort for each season. If the av-
erage weight of individuals in a cohort decreased between 
seasons, no growth was assumed to occur during that time 
period (Walrath et al. 2015). Proportion by weight for prey 
items was summarized by season and cohort across all re-
gions and then input into the model. Results of the bioen-
ergetics modeling were reported as the per-capita biomass 
consumed across cohorts and seasons for the entire sys-
tem as well as proportion of maximum consumption (Pc). 
Proportion of maximum consumption was calculated as

where C is the estimated consumption, Cmax is the maximum 
consumption of a specific ration at a given temperature, and 
rc is a temperature-dependent proportional adjustment of 
consumption rate (Kitchell et al. 1977; Hanson et al. 1997). 
Bioenergetics modeling was conducted for all cohorts, but 
individuals from the 2012 and older cohorts were grouped 
together because of low sample sizes (n < 10 individuals/
cohort).

Kokanee and native fish consumption

The bioenergetics model estimated the total per-capita bi-
omass of all prey types consumed by Walleyes. However, 
we were interested in how the entire population of 
Walleyes might influence various important salmonids 
(i.e., kokanee, Westslope Cutthroat Trout, Rainbow Trout) 
and native fishes (i.e., Peamouth, Northern Pikeminnow, 
Largescale Sucker, Longnose Sucker Catostomus catosto-
mus) in the LPO system. The first metric we assessed was 
the total biomass of each species annually consumed by 
Walleyes. Currently, a population abundance estimate for 
Walleyes in the LPO system does not exist. As such, we 
first calculated a Walleye population abundance for the 
system. Because Ryan et al. (2021) considered only a por-
tion of the habitat in the LPO system suitable for Walleyes, 
we estimated region-specific abundances of Walleyes. 
Abundance of Walleyes of each cohort in each region was 
estimated as

where Dj is the density (number/ha) of Walleyes in the jth 
region, estimated using relationships provided in Giacomini 
et al. (2020); Sj represents the surface area of the jth region 

as defined by Ryan et al. (2021) for the FWIN conducted by 
IDFG; and Ai is the proportion of the Walleye population 
represented by the ith cohort (Loboschefsky et  al.  2012; 
Cerino et al. 2013). Because age-0 Walleyes did not consume 
kokanee and were not fully recruited to the gear, age-0 in-
dividuals were excluded. After removing age-0 individuals, 
Ai was obtained using the observed age structure from the 
Walleyes collected. The 95% confidence interval (CI) for the 
population abundance was estimated following Giacomini 
et al. (2020). The total biomass of kokanee consumed was 
then estimated as

where T is the total biomass (kg) of kokanee consumed by 
the Walleye population and kij is the biomass (kg) of ko-
kanee consumed by the ith cohort in the jth region. The bio-
mass consumed in each region was calculated by

where Ci is the per-capita biomass (kg) of kokanee con-
sumed by the ith cohort from the bioenergetics model and 
Wij is the abundance of Walleyes of the ith cohort in the jth 
region. Per-capita biomass of the prey species of interest 
consumed by the ith cohort was estimated by multiplying 
the estimated total biomass of all prey items consumed (i.e., 
from the bioenergetics model) by the proportion by weight 
of each prey species of interest from the food habits summa-
rization (Schultz et al. 2017). The proportion by weight of 
each prey species of interest from the food habits summa-
rization represented the average cohort-specific proportion 
across the entire system. Although the biomass of the prey 
species consumed is informative, we also estimated the total 
number of each species consumed given its relevance to 
resource managers (Hansen et al. 1993). The same method 
outlined above was used to estimate the total number of 
each prey species of interest annually consumed, where Ni 
represented the per-capita number of the prey species of in-
terest consumed per cohort. Since the bioenergetics model 
provides an estimate of the biomass consumed, we first esti-
mated the average weight of an individual prey species con-
sumed by each cohort using the observed stomach contents. 
Because the prey species observed in Walleye stomachs 
were at varying stages of digestion, a standard length–total 
length regression from the prey items observed in the stom-
ach contents was used to estimate total length of partially 
digested individuals of prey items of interest. Subsequently, 
a total length–weight regression from all individuals of the 
appropriate species sampled during the standardized sam-
pling was used to estimate the weight prior to ingestion for 
each prey item of interest observed in Walleye stomachs. For 
each cohort, the mean estimated weight prior to ingestion 

Pc = C ×

(

Cmax
rc

)

,

Wij = Dj × Sj × Ai,

T =
∑

kij,

kij = Ci ×Wij,
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1302  |      FRAWLEY et al.

was used to represent the weight of an average individual of 
each species consumed by a Walleye. The per-capita number 
of individuals of each prey species for each cohort was then 
estimated as

where Bi is the total per-capita biomass (kg) of all prey items 
consumed by Walleyes in the ith cohort, Pi is the mean pro-
portion by weight of the prey species of interest observed 
in stomach contents of Walleyes in the ith cohort, and Fi is 
the mean weight (kg) of an individual of the prey species of 
interest consumed by Walleyes in the ith cohort.

RESULTS

In total, 1157 Walleyes were caught across all sampling 
efforts, with similar numbers caught during standardized 
sampling efforts (n = 600 Walleyes) and supplemental 
sampling (n = 557 Walleyes). Of the Walleyes captured 
during supplemental sampling, 371 were collected during 
the Walleye and Lake Trout suppression efforts (i.e., 333 
in spring, 19 in fall, and 19 in winter), 61 were sampled 

from the salmonid population monitoring efforts (i.e., 
spring only), and 125 were collected during the FWIN 
survey (i.e., fall only). Except for LPO-S, Walleyes were 
caught in all regions during all seasons (Table 1; Figure 2). 
During the spring and summer, catch rates were highest 
in CFR, whereas in the fall and winter, catch rates were 
highest in POR. Catch rates of Walleyes were lowest in 
LPO-S during all seasons. The highest catch rates were 
observed in the fall in POR (mean ± standard error [SE] 
= 4.17 ± 0.50), and lowest catch rates were observed in 
LPO-S during the spring and winter, when no Walleyes 
were caught (Figure 2).

Walleyes varied in length from 175 to 822 mm and var-
ied in age from 0 to 20 years (Figure  3). No individuals 
from the 2001–2005 cohorts were identified, and individu-
als from the 2006–2008 and 2000 cohorts represented less 
than 1% of the sample. The 2015 and 2019 cohorts rep-
resented 53% of sampled Walleyes. Growth of Walleyes 
seemed to occur across seasons (Figure  4). The greatest 
changes in mean length and weight for the 2019 and 2020 
cohorts occurred from spring to summer and from fall 
to winter, respectively (Figure 4). For the 2013–2018 co-
horts, growth was typically fastest from summer to fall or 
from winter to spring. However, some of the apparent fast 
growth may have been an artifact of low sample size (i.e., 

Ni =

(

Bi × Pi
)

Fi
,

T A B L E  1   Sample sizes for season, region, and cohort comparisons of diets collected and total number of Walleyes sampled in the Lake 
Pend Oreille (LPO) system from May 2020 to May 2021. The numbers in the parentheses indicate the total numbers of individuals sampled 
from the season, region, or cohort combination. Seasons are defined as spring (March–May), summer (June–August), fall (September–
November), and winter (December–February). Regions are defined as Pend Oreille River (POR), northern LPO (LPO-N), central LPO 
(LPO-C), Clark Fork River (CFR), and southern LPO (LPO-S). Walleyes from the 2012 and older cohorts (2012+) were pooled due to low 
sample sizes (n < 10 individuals/cohort).

Region or cohort Spring Summer Fall Winter

Overall 207 (501) 86 (180) 206 (397) 23 (77)

Region

POR (281) 16 (24) 12 (32) 102 (179) 12 (46)

LPO-N (508) 112 (287) 57 (97) 53 (104) 8 (20)

LPO-C (92) 14 (43) 0 (1) 18 (42) 2 (6)

CFR (227) 54 (131) 14 (49) 18 (43) 0 (4)

LPO-S (31) 0 (0) 0 (1) 15 (29) 1 (1)

Cohort

2020 (29) 3 (4) 1 (1) 11 (17) 2 (7)

2019 (286) 38 (61) 21 (28) 98 (162) 9 (35)

2018 (184) 38 (66) 21 (36) 33 (68) 3 (14)

2017 (133) 24 (74) 8 (24) 10 (27) 2 (8)

2016 (31) 6 (19) 3 (7) 2 (5) 0 (0)

2015 (320) 54 (175) 22 (57) 33 (78) 5 (10)

2014 (24) 5 (13) 2 (6) 3 (4) 1 (1)

2013 (59) 15 (38) 4 (8) 4 (12) 1 (1)

2012+ (73) 20 (46) 3 (9) 1 (17) 0 (0)
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<10 individuals, winter to spring). Additionally, seasonal 
growth estimates represent both males and females and 
do not account for any loss in weight due to spawning. As 
such, some variability could be due to a higher proportion 
of one sex in a specific group.

In total, 522 Walleye stomachs contained prey items. 
Stomach contents of Walleyes included macroinverte-
brates and fishes (Table 2). Generally, one prey type was 
observed in individual Walleye stomach samples (~70%). 
Approximately 30% of all Walleye stomachs contained 
more than one prey type. Unknown fish occurred in about 
23% of all Walleye stomachs, representing 2% of the total 
weight of all prey items consumed. Otherwise, kokanee 
was the most frequently identified prey item in Walleye 
stomachs (23% of all Walleye stomachs) and accounted 
for approximately 67% of the total weight and 79% of the 
total energy consumed by Walleyes. Macroinvertebrates 
were the second most common prey item (16%), fol-
lowed by Black Crappie (13%), Peamouth (13%), Northern 
Pikeminnow (9%), and Yellow Perch (9%). Collectively, 
these five taxa contributed 13% of the total energy. Other 
taxa that occurred in Walleye stomachs (≤5%) included ca-
tostomids, salmonids (other than kokanee), centrarchids, 
ictalurids, and cottids. No predation on Bull Trout was ob-
served, and only one instance of cannibalism was docu-
mented. Visual observation of frequency of occurrence (Oi) 
relative to prey-specific energy contribution indicated that 
select prey taxa were important for individual Walleyes 

(Figure  5). Few taxa were consumed at relatively high 
frequencies and contributed more than 50% of the total 
energy to individual Walleyes. For example, Peamouth 
occurred in approximately 13% of all Walleye stomachs, 
but they accounted for approximately 80% of the total en-
ergy consumed by Walleyes containing Peamouth (i.e., 
prey-specific energy contribution). Similar patterns were 
evident for Black Crappie. Kokanee occurrence in Walleye 
diets was 23%, and prey-specific energetic contribution 
was approximately 99%. Most other species occurred at 
less than 5% and contributed less than 50% of the prey-
specific energy.

The PERMANOVA indicated that diets varied sig-
nificantly across regions (F4,385 = 7.04, p < 0.01), seasons 
(F3,385 = 5.83, p < 0.01), and cohorts (F13,385 = 3.51, p < 0.01) 
but not across depths (F3,385 = 1.08, p > 0.10). Of the six 
most frequently observed prey items, all taxa were con-
sumed in at least four regions (Figure  6). Kokanee and 
Northern Pikeminnow were consumed in all five regions. 
In general, diets of Walleyes from LPO-S consisted of the 
lowest diversity of prey items, whereas Walleye stom-
achs collected from POR and LPO-N contained the high-
est diversity of prey items (Table  3). The low diversity 
of prey items observed in stomach contents of Walleyes 
collected from LPO-S could be an artifact of low sample 
size. Interestingly, rare prey items (i.e., Largemouth Bass, 
Walleyes, Tench, Pumpkinseeds, Bluegills) occurred in 
diets of Walleyes sampled in the POR. The POR was the 

F I G U R E  2   Mean catch per unit effort (CPUE; number of Walleyes [WAE] caught per net-night [NN]) in the Lake Pend Oreille (LPO) 
system by season from May 2020 to May 2021. Error bars represent one standard error. Months are grouped into seasons as spring (March–
May), summer (June–August), fall (September–November), and winter (December–February). Regions are defined as Pend Oreille River 
(POR), northern LPO (LPO-N), central LPO (LPO-C), Clark Fork River and its delta (CFR), and southern LPO (LPO-S).

Fall Winter

Spring Summer

POR LPO−N LPO−C CFR LPO−S POR LPO−N LPO−C CFR LPO−S
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only region where kokanee occurred in less than 10% of 
all Walleye stomachs and contributed less than 50% of the 
total energy to Walleye diets. In all other regions, kokanee 
occurred in at least 20% of Walleye stomachs and repre-
sented 81–100% of the total energy consumed. Although at 
low frequencies and energy contributions, Rainbow Trout, 
Mysis, and Westslope Cutthroat Trout were consumed 
consistently throughout the system. The SIMPER analysis 
indicated that differences in diets were largely driven by 
consumption of kokanee, Black Crappie, and Peamouth 
(Table S2). Additionally, the proportion of macroinverte-
brates consumed was an important difference among diets 
of Walleyes in CFR compared to all other regions.

Similar to patterns observed across regions, Walleye 
diets varied among seasons (Table 4). Except for the least 
commonly observed prey items (i.e., Tench, Largemouth 
Bass, Walleyes, Gasterosteidae), all taxa identified in 
Walleye diets were consumed during at least three sea-
sons. Kokanee and Black Crappie were the most fre-
quently observed prey items across seasons, but other taxa 
were seasonally important (Figure 7). For example, Mysis 
was rare and contributed little (by weight) to Walleye diets 
during the spring, summer, and fall; however, Mysis was 
the third most frequently observed prey item in the win-
ter (Table 4). Similarly, Yellow Perch contributed 24% of 
the total energy consumed by Walleyes in the winter but 

contributed about 1% of the total energy in all other sea-
sons. Kokanee occurred most frequently in Walleye diets 
in all seasons except winter (Figure 7) and contributed the 
highest amount of energy to Walleye diets in all seasons. 
The SIMPER analysis indicated that consumption of ko-
kanee and Black Crappie was the primary difference in 
diets across seasons (Table S3). However, consumption of 
Yellow Perch was apparently important for summer and 
winter as well as fall and winter comparisons. Similarly, 
macroinvertebrate consumption was important in the 
comparisons between spring and all other seasons.

Consistent with patterns across regions and seasons, 
Walleye diets varied by cohort (Table 5). Fishes were con-
sumed by all cohorts, but macroinvertebrates were only 
consumed by a few cohorts. Consumption of fishes by 
Walleyes increased with age, whereas consumption of 
macroinvertebrates generally decreased. The 2020 cohort 
consumed macroinvertebrates and Mysis more frequently 
than all other age-classes (Figure 8). In general, consump-
tion of catostomids and cyprinids remained consistent 
across all age-classes, whereas consumption of centrar-
chids and percids decreased with age (Table  5). In con-
trast, consumption of salmonids, particularly kokanee, 
increased with age. Similarly, the energy contribution 
of kokanee to Walleye diets increased with age. For the 
2017–2020 cohorts, kokanee represented 0–35% of the 

F I G U R E  3   Total length (mm) and age (years) structure of Walleyes sampled in the Lake Pend Oreille system from May 2020 to May 
2021. Individuals are grouped based on sampling method (i.e., standardized, suppression, salmonid monitoring). The 2015, 2017, 2018, and 
2019 cohorts represented approximately 75% of all individuals sampled.
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total energy consumed by Walleyes. Kokanee represented 
80–100% of the total energy consumed by Walleyes in 
the 2016 and older cohorts. Similar to the comparisons 
across seasons and regions, the SIMPER analysis showed 
that consumption of Black Crappie and kokanee was the 
primary driver of differences between cohorts (Table S4). 
Additionally, consumption of macroinvertebrates and 
Peamouth was important in differences across cohorts.

Taxa in the LPO system had diverse isotopic ratios 
(Figure 9). On average, δ15N varied from 7.0‰ to 12.5‰ 
and δ13C varied from −34.1‰ to −23.4‰ for fishes. As 
expected, zooplankton represented the lowest δ15N and 
δ13C values. Bull Trout generally had the highest δ15N, 
and Largemouth Bass had the highest δ13C. The δ15N val-
ues of Walleyes (mean ± SE = 11.7 ± 0.1‰) seemed to be 

similar to those of other piscivores in the system, includ-
ing Bull Trout (12.3 ± 0.2‰), Lake Trout (11.2 ± 0.2‰), 
and Smallmouth Bass (10.9 ± 0.1‰). Walleye isotopic ra-
tios varied by age (Table 6). As Walleye age increased, δ13C 
values decreased and δ15N increased.

Trophic positions of taxa in the LPO system varied 
from 2.0 to 4.2 (Table  7). Estimated trophic positions 
for Largemouth Bass represent juveniles, as no adult 
individuals were sampled. In general, taxa associated 
with piscivory (e.g., Bull Trout, Lake Trout, Northern 
Pikeminnow, Walleyes, etc.) were identified at high tro-
phic positions. As expected, estimated trophic positions 
for juvenile fishes were lower than those of their adult 
counterparts. Trophic position of Walleyes increased 
with age (p ≤ 0.05). The minimum trophic position of all 

F I G U R E  4   Mean total length (mm) and weight (g) of Walleye cohorts collected from the Lake Pend Oreille system from May 2020 
to May 2021. Bars represent one standard error. Months are grouped into seasons as spring (March–May), summer (June–August), fall 
(September–November), and winter (December–February). Walleyes from the 2012 and older cohorts (2012+) were pooled due to low 
sample sizes (n < 10 individuals/cohort).
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Walleyes was 4.4, and the maximum was 6.4 (Table 6). In 
general, trophic positions of the 2017–2020 cohorts were 
significantly different (p ≤ 0.05) than those of the 2015 
and older cohorts, whereas trophic positions among the 
2015 and older cohorts were not significantly different 

(p > 0.05). For the 2020 cohort, the average trophic posi-
tion was 4.9 ± 0.1 (mean ± SE), whereas the average tro-
phic position of the 2009 cohort (the oldest cohort with 
>10 samples) was 5.8 ± 0.1. Additionally, variability in 
trophic position generally decreased with age. The 2019 
cohort had the greatest variation in trophic position 
(4.5–5.9), which was approximately double the variation 
of the 2009 cohort.

Bioenergetics modeling revealed that Pc varied from 
0.21 to 0.79 across seasons and cohorts. The 2019 and 2020 
cohorts generally consumed prey items at the greatest 
Pc (Figure  10). In general, Pc values were highest in the 
spring and fall but lowest in the summer and fall except 
for the 2014–2016 cohorts. However, for the 2014 and 2016 
cohorts, this pattern may be an artifact of low sample size 
(Table 1). In general, per-capita biomass of prey consumed 
increased with age of Walleyes. Per-capita biomass of prey 
consumed by each cohort varied from 463 to 7048 g. The 
total estimated Walleye abundance was 22,971 individuals 
(95% CI = 7774–52,177). Total biomass of kokanee annu-
ally consumed by Walleyes was approximately 27,121 kg 
(95% CI = 9178–61,603), which represented approxi-
mately 824,673 kokanee (95% CI = 279,091–1,873,186). 
Consumption of other salmonids and native fishes by 
Walleyes was lower compared to kokanee. For other im-
portant salmonids, the estimated biomass of Westslope 
Cutthroat Trout consumed by Walleyes was 1496 kg (95% 
CI = 506–3398), which represented approximately 37,277 
individuals (95% CI = 12,615–84,671); consumption of 
Rainbow Trout was approximately 2480 kg (95% CI = 839–
5634) and 42,297 individuals (95% CI = 14,315–96,075). 
For native cyprinids, the biomass and number consumed 
by Walleyes were approximately 8852 kg (95% CI = 2995–
20,106) and 421,099 individuals (95% CI = 142,511–
956,497) for Peamouth and 3612 kg (95% CI = 1222–8205) 
and 164,510 individuals (95% CI = 55,674–373,672) for 
Northern Pikeminnow. Approximately, 2339 kg (95% 
CI = 792–5314) of Largescale Sucker were consumed by 
Walleyes, which represented 63,020 individuals (95% 
CI = 21,327–143,144). The total consumption of Longnose 
Sucker was approximately 707 kg (95% CI = 239–1605), 
which equated to approximately 19,031 individuals (95% 
CI = 6441–43,228).

DISCUSSION

The food habits of Walleyes have been extensively stud-
ied to provide insight on their ecology and manage-
ment (e.g., Jackson et  al.  1993; Jones et  al.  1994; Ward 
et al. 2007). Specifically, research has focused on poten-
tial overlap and competition among piscivores (Swenson 
and Smith 1976; Forney 1977; Wuellner et al. 2011); prey 

T A B L E  2   Overall contribution of prey items to Walleye diets 
collected from the Lake Pend Oreille system from May 2020 to 
May 2021. Diet summarizations are frequency of occurrence (O), 
proportion by weight (W), and proportion of energy (calories) 
contributed (E). Taxa are denoted as Black Crappie (BCR), Brook 
Trout (BKT), Bluegill (BLG), Brown Bullhead Ameiurus nebulosus 
(BRB), Gasterosteidae spp. (sticklebacks; GAS), kokanee (KOK), 
Largemouth Bass (LMB), Longnose Sucker (LNS), Largescale 
Sucker (LSS), Lake Whitefish Coregonus clupeaformis (LWF), 
macroinvertebrates (MAC), Mountain Whitefish (MWF), opossum 
shrimp Mysis diluviana (MYS), Northern Pikeminnow (NPM), 
other (OTH), Pumpkinseed (PKS), Peamouth (PMC), Rainbow 
Trout (RBT), Cottidae spp. (sculpins; SCP), Smallmouth Bass 
(SMB), Tench (TNC), unknown fish (UNK), Walleye (WAE), 
Westslope Cutthroat Trout (WCT), and Yellow Perch (YEP). The 
letter “a” indicates that the proportional contribution was less than 
0.01.

Taxon

Summarization

O W E

UNK 0.23 0.02 0.01

KOK 0.23 0.67 0.79

MAC 0.16 a a

PMC 0.13 0.09 0.06

BCR 0.13 0.05 0.03

NPM 0.09 0.03 0.02

YEP 0.09 0.03 0.01

LSS 0.05 0.02 0.01

RBT 0.04 0.03 0.02

OTH 0.04 a a

WCT 0.04 0.02 0.02

LNS 0.04 a a

BRB 0.03 0.01 a

SCP 0.03 a a

MWF 0.02 0.01 0.01

MYS 0.02 a a

SMB 0.02 a a

LWF 0.02 0.01 a

TNC 0.01 a a

LMB 0.01 a a

GAS 0.01 a a

BKT a a a

BLG a a a

PKS a a a

WAE a a a
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F I G U R E  5   Overall prey-specific energy contribution of prey items observed in Walleye stomachs collected from the Lake Pend Oreille 
system during May 2020–May 2021. Months are grouped into seasons as spring (March–May), summer (June–August), fall (September–
November), and winter (December–February). Prey item abbreviations are as follows: Black Crappie (BCR), Brook Trout (BKT), Bluegill 
(BLG), Brown Bullhead (BRB), Gasterosteidae spp. (sticklebacks; GAS), kokanee (KOK), Largemouth Bass (LMB), Longnose Sucker (LNS), 
Largescale Sucker (LSS), Lake Whitefish (LWF), macroinvertebrates (MAC), Mountain Whitefish (MWF), opossum shrimp Mysis diluviana 
(MYS), Northern Pikeminnow (NPM), other (OTH), Pumpkinseed (PKS), Peamouth (PMC), Rainbow Trout (RBT), Cottidae spp. (sculpins; 
SCP), Smallmouth Bass (SMB), Tench (TNC), Walleye (WAE), Westslope Cutthroat Trout (WCT), and Yellow Perch (YEP).
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F I G U R E  6   Frequency of occurrence (%) of the six prey items most frequently consumed by Walleyes that were sampled from the Lake 
Pend Oreille (LPO) system during May 2020–May 2021. Frequency of occurrence is grouped by regions and seasons. Regions are defined as 
Pend Oreille River (POR), northern LPO (LPO-N), central LPO (LPO-C), Clark Fork River and its delta (CFR), and southern LPO (LPO-S). 
Months are grouped into seasons as spring (March–May), summer (June–August), fall (September–November), and winter (December–
February). Prey item abbreviations are as follows: Black Crappie (BCR), kokanee (KOK), macroinvertebrates (MAC), Northern Pikeminnow 
(NPM), Peamouth (PMC), and Yellow Perch (YEP).
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availability, including novel or re-established prey species 
(Kershner et  al.  1999; Fincel et  al.  2014); and influence 
of abiotic conditions (Kocovsky and Carline 2001; Quist 
et al. 2002, 2003; Massie et al. 2021). As more nonnative 
Walleye populations become established, understand-
ing the direct and indirect effects of Walleyes is critical 
(Poe et al. 1991; Baldwin et al. 2003; Johnson et al. 2017; 
Murphy et al. 2021). Results of our research are consist-
ent with other studies of Walleye diets. Walleye diets 
not only have been shown to be diverse, but also often 
vary spatially within a system (Bryan  1995; Pothoven 

et al. 2017; Koenig 2020), temporally (Knight et al. 1984; 
Liao et  al.  2004; Herbst et  al.  2016), and by length or 
age (Jackson et  al.  1993; Slipke and Duffy  1997; Liao 
et al. 2004). Walleyes in the LPO system exhibited similar 
variability in diet. Walleye stomachs contained a diversity 
of prey items, but differences in diets were largely driven 
by changes in the consumption of kokanee, Black Crappie, 
and Peamouth. Kokanee were the most frequently con-
sumed prey item, and consumption of kokanee increased 
with Walleye age. Stable isotopes revealed that Walleyes 
were at similar trophic levels as other piscivores in the 

T A B L E  3   Regional contribution of prey items to Walleye diets collected from the Lake Pend Oreille (LPO) system from May 2020 to 
May 2021. Summarizations are frequency of occurrence (O), proportion by weight (W), and proportion of energy (calories) contributed (E). 
Dashes indicate that the species did not occur in the given region, and the letter “a” indicates that the proportional contribution was less 
than 0.01. Taxon abbreviations are Black Crappie (BCR), Brook Trout (BKT), Bluegill (BLG), Brown Bullhead (BRB), Gasterosteidae spp. 
(sticklebacks; GAS), kokanee (KOK), Largemouth Bass (LMB), Longnose Sucker (LNS), Largescale Sucker (LSS), Lake Whitefish (LWF), 
macroinvertebrates (MAC), Mountain Whitefish (MWF), opossum shrimp Mysis diluviana (MYS), Northern Pikeminnow (NPM), other 
(OTH), Pumpkinseed (PKS), Peamouth (PMC), Rainbow Trout (RBT), Cottidae spp. (sculpins; SCP), Smallmouth Bass (SMB), Tench (TNC), 
unknown fish (UNK), Walleye (WAE), Westslope Cutthroat Trout (WCT), and Yellow Perch (YEP). Regions are defined as Pend Oreille 
River (POR), northern LPO (LPO-N), central LPO (LPO-C), Clark Fork River (CFR), and southern LPO (LPO-S).

Taxon

Region

POR LPO-N LPO-C CFR LPO-S

O W E O W E O W E O W E O W E

UNK 0.25 0.13 0.02 0.23 0.13 0.01 0.33 0.24 0.04 0.23 0.18 0.01 0.12 0.06 a

KOK 0.08 0.08 0.46 0.27 0.26 0.84 0.23 0.21 0.83 0.26 0.26 0.81 0.76 0.76 1.00

MAC 0.11 0.06 a 0.19 0.11 a 0.09 0.04 a 0.23 0.13 a – – –

PMC 0.23 0.18 0.24 0.08 0.05 0.02 0.14 0.11 0.04 0.10 0.08 0.08 – – –

BCR 0.30 0.24 0.13 0.09 0.08 0.03 0.09 0.09 0.01 0.02 0.01 a – – –

NPM 0.07 0.05 0.04 0.07 0.04 0.01 0.05 0.01 a 0.19 0.15 0.03 0.06 a a

YEP 0.13 0.08 0.04 0.10 0.09 0.01 0.05 0.05 0.04 0.04 0.02 a – – –

LSS 0.06 0.05 0.04 0.05 0.03 0.01 0.00 0.00 0.00 0.03 0.01 a – – –

RBT a a a 0.06 0.04 0.03 0.07 0.04 0.01 0.04 0.02 0.03 – – –

OTH 0.05 0.01 a 0.03 0.01 a 0.02 0.00 a 0.07 0.03 a – – –

WCT 0.01 a a 0.05 0.03 0.02 0.05 0.02 0.01 0.05 0.03 0.02 – – –

LNS 0.04 0.01 a 0.04 0.01 a – – – 0.02 a a – – –

BRB 0.02 0.01 a 0.06 0.05 0.01 0.02 0.02 a – – – – – –

SCP 0.02 0.01 a 0.04 0.03 a 0.05 0.05 a – – – – – –

MWF 0.00 0.00 0.00 0.03 0.01 0.01 0.02 0.02 0.01 0.05 0.04 0.02 – – –

MYS 0.02 0.01 a 0.02 0.01 a 0.05 0.05 a 0.01 a a 0.12 0.12 a

SMB 0.04 0.03 a 0.02 0.01 a – – – – – – 0.06 0.06 a

LWF – – – 0.03 0.01 0.01 – – – 0.02 0.01 a – – –

TNC 0.04 0.02 0.01 a a a – – – – – – – – –

LMB 0.03 0.01 a – – – – – – 0.01 0.01 a – – –

GAS – – – a a a 0.05 0.03 0.00 0.02 0.01 a – – –

BKT – – – a a a 0.02 a a – – – – – –

BLG a a a – – – – – – – – – – – –

PKS 0.01 a a – – – – – – 0.01 0.01 a – – –

WAE 0.01 a a – – – – – – – – – – – –
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system and that an ontogenetic shift toward pelagic prey 
resources (i.e., kokanee) occurred.

Walleyes are recognized as generalists and can eas-
ily switch between prey resources when necessary 
(Forney 1974; Fincel et al. 2014; Pothoven et al. 2017). In 
the LPO system, Walleye food habits varied among indi-
viduals. Typically, food habit studies identify general pat-
terns in populations and variability within individuals is 
often overlooked. By assessing the energetic contribution 
of prey types relative to frequency of occurrence, inferring 

the relevance of a particular prey taxon to individuals is 
possible (Costello 1990). In the LPO system, no prey items 
occurred in more than 50% of Walleye stomachs, suggest-
ing that no single prey item was dominant (i.e., occurred 
in >50% of all stomachs, had >50% prey-specific energy 
contribution) across all sampled individuals. However, 
the observed consumption of kokanee (23% occurrence, 
99% prey-specific energy contribution) suggests that ko-
kanee were arguably the most important prey resource 
for Walleyes. Although kokanee were not technically a 

T A B L E  4   Seasonal contribution of prey items to Walleye diets collected from the Lake Pend Oreille system from May 2020 to May 
2021. Summarizations are frequency of occurrence (O), proportion by weight (W), and proportion of energy (calories) contributed (E). 
Dashes indicate that the species did not occur in the given season, and the letter “a” indicates that the proportional contribution was less 
than 0.01. Months are categorized as spring (March–May), summer (June–August), fall (September–November), and winter (December–
February). Taxon abbreviations are Black Crappie (BCR), Brook Trout (BKT), Bluegill (BLG), Brown Bullhead (BRB), Gasterosteidae spp. 
(sticklebacks; GAS), kokanee (KOK), Largemouth Bass (LMB), Longnose Sucker (LNS), Largescale Sucker (LSS), Lake Whitefish (LWF), 
macroinvertebrates (MAC), Mountain Whitefish (MWF), opossum shrimp Mysis diluviana (MYS), Northern Pikeminnow (NPM), other 
(OTH), Pumpkinseed (PKS), Peamouth (PMC), Rainbow Trout (RBT), Cottidae spp. (sculpins; SCP), Smallmouth Bass (SMB), Tench (TNC), 
unknown fish (UNK), Walleye (WAE), Westslope Cutthroat Trout (WCT), and Yellow Perch (YEP).

Taxon

Season

Spring Summer Fall Winter

O W E O W E O W E O W E

UNK 0.15 0.10 a 0.29 0.17 0.01 0.29 0.17 0.01 0.20 0.13 0.07

KOK 0.24 0.23 0.86 0.34 0.34 0.79 0.17 0.17 0.71 0.12 0.10 0.09

MAC 0.30 0.18 a 0.11 0.05 a 0.06 0.02 a 0.04 0.04 a

PMC 0.09 0.08 0.03 0.07 0.07 0.04 0.19 0.14 0.12 0.08 0.06 0.06

BCR a a a 0.18 0.17 0.07 0.21 0.18 0.06 0.32 0.21 0.37

NPM 0.12 0.10 0.02 0.01 0.01 0.01 0.10 0.06 0.03 0.04 0.01 0.01

YEP 0.05 0.04 a 0.09 0.07 a 0.11 0.08 0.01 0.20 0.18 0.24

LSS 0.04 0.02 a 0.05 0.02 a 0.05 0.04 0.02 0.04 0.03 0.02

RBT 0.04 0.03 0.02 0.04 0.03 0.05 0.05 0.02 0.01 – – –

OTH 0.05 0.02 a 0.04 0.01 a 0.03 a a – – –

WCT 0.05 0.03 0.02 0.02 a a 0.03 0.01 a – – –

LNS 0.03 a a 0.04 a a 0.03 0.01 a 0.04 0.01 a

BRB 0.06 0.06 a 0.02 a a 0.01 a a – – –

SCP 0.05 0.04 a – – – 0.01 a a 0.04 0.04 a

MWF 0.03 0.02 a 0.01 a a 0.02 0.02 a – – –

MYS 0.02 0.01 a 0.01 a a 0.01 a a 0.16 0.16 a

SMB a a a 0.02 0.02 a 0.03 0.02 a – – –

LWF 0.02 a a 0.03 0.02 a a a a – – –

TNC – – – – – – 0.02 0.01 a 0.04 0.02 0.11

LMB a a a – – – 0.02 a a – – –

GAS 0.02 0.01 a – – – – – – 0.04 a a

BKT a a a 0.01 0.01 a – – – – – –

BLG – – – 0.01 a a – – – – – –

PKS a a a – – – – – – 0.04 a a

WAE – – – – – – a a a – – –
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dominant prey item across all individual Walleyes, ko-
kanee generally represented the greatest proportion (by 
weight) of prey items consumed by Walleyes and contrib-
uted the highest proportion of energy to Walleyes, partic-
ularly for older individuals (i.e., 2016 and older cohorts). 
Even at low occurrence, multiple prey items contributed 
greater than 50% of the prey-specific energy. This pattern is 
indicative of a mixed-feeding strategy characterized by op-
portunistic feeding whereby individual Walleyes may spe-
cialize on specific prey items (Colby et al. 1979; Schneider 
et  al.  1991; Galarowicz et  al.  2006; Bozek et  al.  2011). 
Bolnick et  al.  (2003) and Svanbäck and Persson  (2004) 
suggested that individual variation in diets helps to re-
duce intraspecific competition and results in faster growth 
and better condition of individuals. Overall, Walleyes in 
the LPO system grew consistently throughout the sam-
pling period, suggesting that intraspecific competition 
was likely low. Additionally, plasticity in diets may help 
Walleyes to respond to shifts in prey availability. Bethke 
et al. (2012) documented a decrease in trophic position of 
Walleyes and increased diversity of prey items consumed 
after extirpation of Gizzard Shad Dorosoma cepedianum in 
two reservoirs in Lancaster County, Nebraska. Similarly, 
in Seminoe Reservoir, Wyoming, nonnative Walleyes de-
pleted populations of native cyprinids, catostomids, and 
percids (McMillan 1984). Subsequently, Walleye predation 
on Rainbow Trout increased. Walleyes in the LPO system 
consumed greater proportions of Yellow Perch and cen-
trarchids in regions where habitats were seemingly more 
favorable for these species (i.e., shallow, comparatively 

warm water temperatures). Similarly, the proportion by 
weight of kokanee was greatest in LPO-S, where kokanee 
were generally more abundant relative to other regions of 
the system (Rust et al. 2020).

Walleye consumption varied seasonally. The Pc was 
highest in the summer for most cohorts. Only the young-
est cohort had a higher Pc in the spring. Higher Pc values 
are consistent with the period of greatest growth exhibited 
by Walleyes in the system. This likely reflects increased 
temperatures at which Walleyes are more active and can 
optimize growth (Huh et  al.  1976; Kitchell et  al.  1977; 
Paragamian 1989; Struthers et al. 2017). Additionally, the 
periods of greatest growth and higher Pc values are consis-
tent with the seasons in which kokanee were consumed 
by Walleyes at the greatest frequencies. Encounter rates 
between Walleyes and kokanee may simply have been 
higher in the summer. Kokanee typically inhabit areas 
near the thermocline and exhibit vertical diel movements 
(Finnell and Reed 1969; Bevelhimer and Adams  1990; 
Iida and Mukai 1995). Water temperatures in LPO begin 
warming in late April or May, and the thermocline is typ-
ically established by July at a depth between 5 and 14 m 
(Caldwell et  al.  2015). Most of the Walleyes collected 
during this research were sampled at depths less than 
10 m. Additionally, water clarity may have influenced the 
encounter rates between kokanee and Walleyes during 
the summer. Kokanee exhibit vertical movements in re-
sponse to penetration of light in the water column (e.g., 
Beauchamp et  al. 1997). In the LPO system, water clar-
ity (i.e., Secchi depth) is generally lower in the summer 

F I G U R E  7   Seasonal frequency of occurrence (%) of the six most frequently consumed prey items observed in Walleye stomachs 
collected from the Lake Pend Oreille system during May 2020–May 2021. Months are grouped into seasons as spring (March–May), summer 
(June–August), fall (September–November), and winter (December–February). Prey item abbreviations are as follows: Black Crappie (BCR), 
kokanee (KOK), macroinvertebrates (MAC), Northern Pikeminnow (NPM), Peamouth (PMC), and Yellow Perch (YEP).
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      |  1311FOOD HABITS OF NONNATIVE WALLEYES

(~10–14 m) than in other seasons (IDFG, unpublished 
data). As a result, kokanee may inhabit shallower depths 
(<10 m) during the summer and have a higher probabil-
ity of encountering Walleyes. Although encounter rates 
between kokanee and Walleyes may have been higher as 
a result of abiotic conditions, Walleyes may be actively se-
lecting kokanee as prey. In Lake Erie, temperature was not 
the underlying reason for seasonal movements of Walleyes 
(Raby et  al.  2018); rather, individual Walleyes followed 
aggregations of soft-rayed prey fishes, such as Rainbow 
Smelt and Emerald Shiner Notropis atherinoides. Previous 
research suggests that Walleyes prefer soft-rayed fishes 
over spiny-rayed fishes (Knight et al. 1984; Hartman and 
Margraf 1992). Regardless of the mechanism, research has 
shown that nonnative Walleyes negatively affect salmonid 
fisheries, particularly kokanee populations, via direct pre-
dation (McMahon and Bennet 1996). Poe et al. (1991) re-
ported that salmonids were the most important prey item 
consumed by Walleyes in John Day Reservoir, Oregon. 
In Lake Roosevelt, Washington, approximately 200 kg of 
kokanee were consumed by 1000 Walleyes (~0.2 kg/in-
dividual Walleye) from June through August (Baldwin 
et  al.  2003). Using the estimated population abundance 
of Walleyes in the LPO system, our results suggest that 
Walleyes may consume approximately 27,121 kg (~1.18 kg/
individual Walleye) of kokanee on an annual basis. In the 
LPO system, standardized kokanee sampling showed that 
estimated kokanee biomass varied from 74 to 626 metric 
tons (mean ± SE = 226 ± 124 metric tons) between 1995 
and 2016 (Corsi et al. 2019). The estimated biomass of ko-
kanee consumed annually by Walleyes represents approx-
imately 12% of the mean annual biomass of kokanee from 
1995 to 2016 and 8–11% of the total estimated biomass of 
kokanee in 2017 and 2018 (Rust et al. 2020).

Walleyes may also have indirect effects on other pisci-
vores in the LPO system. Declines of salmonid popula-
tions after Walleye introductions have been documented 
in similar systems across the western United States (Bell 
and Stevens  1984; Scarnecchia et  al.  2014). In Seminoe 
Reservoir, McMillan  (1984) observed decreased body 
condition of Brown Trout, which resulted from compe-
tition with Walleyes for prey resources. In the LPO sys-
tem, multiple studies have identified kokanee as the 
primary prey resource for piscivores, including Bull 
Trout, Rainbow Trout, Northern Pikeminnow, and Lake 
Trout (Jeppson and Platts  1959; Wydoski and Bennett 
1981; Vidergar 2000). Clarke et al. (2005) found that ko-
kanee composed 50–100% by weight of the annual diets 
of large Northern Pikeminnow, Rainbow Trout, Lake 
Trout, and Bull Trout. Similarly, bioenergetics modeling 
revealed Pc values for Rainbow Trout (Pc = 0.27–0.43), 
Lake Trout (Pc = 0.45–0.66), and Bull Trout (Pc = 0.29–
0.46; Vidergar  2000), which were generally higher than 

the estimated Pc values for Walleyes from our study 
(Pc = 0.27–0.34). This suggests that consumption rates of 
prey items were slightly higher for other predators (i.e., 
not Walleyes) relative to their individual metabolic needs 
and that there is a high potential for competitive interac-
tions among top-level predators. Interestingly, Pc values 
for Walleyes were most similar to Pc values of Rainbow 
Trout. Vidergar  (2000) estimated that Rainbow Trout 
consumed approximately 82% (~3,412,465 kokanee) of 
the total number of kokanee consumed by piscivores in 
the LPO system. Comparatively, Walleyes consumed ap-
proximately 20% of the number of kokanee consumed by 
Rainbow Trout and 18% of the total estimated number of 
kokanee consumed by Rainbow Trout, Bull Trout, Lake 
Trout, and Northern Pikeminnow. This further supports 
the potential for interspecific competition between pisciv-
ores in the LPO system.

Although kokanee are important in the LPO system 
and serve as a valuable prey resource, the consumption 
of other salmonids and native fishes is compelling and 
cannot be ignored. Few studies (e.g., McMillan  1984; 
Scarnecchia et  al.  2014) have commented on the effect 
that Walleyes have on native or nonsport fishes. Our es-
timates suggest that consumption of native fishes can be 
fairly high relative to the consumption of kokanee. For 
Peamouth, the estimated biomass consumed by Walleyes 
represented approximately 33% of the total biomass 
of kokanee consumed by Walleyes. The estimated bio-
mass of other salmonids and native fishes (i.e., Rainbow 
Trout, Westslope Cutthroat Trout, Longnose Sucker, 
Largescale Sucker, Northern Pikeminnow) represented 
approximately 3–14% of the estimated biomass of kokanee 
consumed by Walleyes. At this point, no population esti-
mates (including juvenile fish) exist for Rainbow Trout, 
Westslope Cutthroat Trout, and the native catostomids 
and cyprinids in the LPO system. As such, it is difficult to 
evaluate the direct effect of consumption by Walleyes on 
the population dynamics of these species.

The estimated consumption of salmonids and native 
fishes by the Walleye population is noteworthy, but several 
assumptions were made when estimating the abundance of 
Walleyes and extrapolating the per-capita consumption to 
the population. As a result, uncertainty is embedded in the 
estimates. The first assumption underlying the estimates 
was that the relationship between density of Walleyes and 
the CPUE from FWIN (i.e., catchability) in Ontario and 
Quebec, Canada, waters (Giacomini et al. 2020) was rep-
resentative of the LPO system. Catchability varies among 
waters (e.g., Mogensen et al. 2014; Giacomini et al. 2020; 
Hansen et al. 2023) and is influenced by a suite of abiotic 
and biotic conditions. For instance, when the catchabil-
ity estimates from Giacomini et  al.  (2020) were applied 
to two Colorado reservoirs, abundance of Walleyes was 
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1312  |      FRAWLEY et al.

T A B L E  5   Cohort-specific contribution of prey items to Walleye diets collected from the Lake Pend Oreille system from May 2020 
to May 2021. Summarizations (SUM) are frequency of occurrence (O), proportion by weight (W), and proportion of energy (calories) 
contributed (E). Dashes indicate that the species did not occur in the given cohort, and the letter “a” indicates that the proportional 
contribution was less than 0.01. Taxon abbreviations are Black Crappie (BCR), Brook Trout (BKT), Bluegill (BLG), Brown Bullhead 
(BRB), Gasterosteidae spp. (sticklebacks; GAS), kokanee (KOK), Largemouth Bass (LMB), Longnose Sucker (LNS), Largescale Sucker 
(LSS), Lake Whitefish (LWF), macroinvertebrates (MAC), Mountain Whitefish (MWF), opossum shrimp Mysis diluviana (MYS), 
Northern Pikeminnow (NPM), other (OTH), Pumpkinseed (PKS), Peamouth (PMC), Rainbow Trout (RBT), Cottidae spp. (sculpins; SCP), 
Smallmouth Bass (SMB), Tench (TNC), unknown fish (UNK), Walleye (WAE), Westslope Cutthroat Trout (WCT), and Yellow Perch 
(YEP). Walleyes from the 2012 and older cohorts (2012+) were pooled due to low sample sizes (n < 10 individuals/cohort).

SUM UNK KOK MAC PMC BCR NPM YEP LSS RBT OTH WCT LNS BRB SCP MWF MYS SMB LWF TNC LMB GAS BKT BLG PKS WAE

2012+

O 0.15 0.36 0.10 0.32 – – – – – 0.04 0.04 – 0.02 0.02 0.02 – 0.02 0.02 – – – – – – –

W 0.01 0.45 a 0.08 – – – – – a a – a a a – a a – – – – – – –

E a 0.86 a 0.10 – – – – – a a – a a a – a a – – – – – – –

2013

O 0.12 0.42 0.12 0.15 – 0.04 0.08 0.12 0.12 – 0.12 0.08 0.08 – – – – – – – 0.04 – – – –

W 0.08 0.41 0.08 0.14 – 0.01 a 0.07 0.08 – 0.04 0.01 0.08 – – – – – – – a – – – –

E a 0.90 a 0.03 – a a 0.04 a – a a a – – – – – – – a – – – –

2014

O 0.15 0.54 0.08 – 0.08 0.08 0.08 0.08 0.08 – 0.08 – – – – – – – – – – – – –

W 0.13 0.54 0.08 – 0.02 0.08 0.06 0.06 0.03 – 0.02 – – – – – – – – – – – – –

E a 0.92 a – 0.01 0.05 0.01 a a – a – – – – – – – – – – – – –

2015

O 0.24 0.46 0.12 0.07 0.05 0.07 0.05 a 0.04 0.02 0.04 0.01 0.04 0.02 – – a – 0.01 a – – – 0.01 –

W 0.17 0.45 0.05 0.06 0.03 0.04 0.04 a 0.03 0.01 0.03 a 0.04 0.01 – – a – a a – – – a –

E 0.01 0.86 a 0.04 0.02 0.01 a a 0.02 a 0.02 a a a – – a – a a – – – a –

2016

O 0.15 0.62 0.15 – 0.08 – – – – 0.15 – – 0.08 – 0.08 – – 0.08 – – – – – – –

W 0.08 0.60 0.15 – 0.08 – – – – 0.08 – – a – a – – a – – – – – – –

E a 0.97 a – 0.02 – – – – a – – a – a – – a – – – – – – –

2017

O 0.30 0.22 0.17 0.17 0.06 0.06 0.06 0.02 0.07 0.06 0.06 0.02 0.04 – 0.02 – 0.02 – – – 0.04 0.04 – – –

W 0.20 0.20 0.11 0.14 0.04 0.03 0.04 0.01 0.06 a 0.03 a 0.04 – 0.02 – 0.01 – – – 0.03 0.02 – – –

E 0.02 0.54 a 0.14 0.05 0.01 0.02 a 0.13 a 0.06 a a – 0.01 – a – – – a a – – –

2018

O 0.22 0.14 0.24 0.11 0.13 0.13 0.09 0.06 0.04 0.04 0.04 0.05 0.06 0.08 0.04 0.02 – 0.06 – – – – – – –

W 0.11 0.13 0.13 0.08 0.12 0.09 0.08 0.04 0.02 a 0.02 0.02 0.05 0.06 0.02 a – 0.03 – – – – – – –

E 0.02 0.35 a 0.15 0.12 0.10 0.05 0.03 0.03 a 0.01 0.02 0.02 0.02 0.03 a – 0.04 – – – – – – –

2019

O 0.26 0.03 0.15 0.14 0.25 0.12 0.14 0.08 0.04 0.04 0.02 0.05 0.02 0.02 0.04 0.04 0.04 a 0.02 0.02 a – a – a

W 0.15 0.03 0.09 0.10 0.22 0.09 0.10 0.05 0.02 a a 0.02 a 0.02 0.03 0.03 0.03 a a 0.01 a – a – a

E 0.04 0.15 a 0.13 0.31 0.09 0.06 0.06 0.03 a 0.01 0.01 a 0.01 0.06 a 0.02 a a 0.01 a – a – a

2020

O 0.28 – 0.28 0.17 0.22 0.17 0.11 – 0.06 – – – – – – 0.17 0.06 – 0.06 – – – – – –

W 0.12 – 0.11 0.11 0.21 0.10 0.09 – a – – – – – – 0.15 0.06 – 0.04 – – – – – –

E 0.11 – 0.02 0.23 0.34 0.10 0.05 – a – – – – – – 0.01 0.11 – 0.02 – – – – – –
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      |  1313FOOD HABITS OF NONNATIVE WALLEYES

T A B L E  5   Cohort-specific contribution of prey items to Walleye diets collected from the Lake Pend Oreille system from May 2020 
to May 2021. Summarizations (SUM) are frequency of occurrence (O), proportion by weight (W), and proportion of energy (calories) 
contributed (E). Dashes indicate that the species did not occur in the given cohort, and the letter “a” indicates that the proportional 
contribution was less than 0.01. Taxon abbreviations are Black Crappie (BCR), Brook Trout (BKT), Bluegill (BLG), Brown Bullhead 
(BRB), Gasterosteidae spp. (sticklebacks; GAS), kokanee (KOK), Largemouth Bass (LMB), Longnose Sucker (LNS), Largescale Sucker 
(LSS), Lake Whitefish (LWF), macroinvertebrates (MAC), Mountain Whitefish (MWF), opossum shrimp Mysis diluviana (MYS), 
Northern Pikeminnow (NPM), other (OTH), Pumpkinseed (PKS), Peamouth (PMC), Rainbow Trout (RBT), Cottidae spp. (sculpins; SCP), 
Smallmouth Bass (SMB), Tench (TNC), unknown fish (UNK), Walleye (WAE), Westslope Cutthroat Trout (WCT), and Yellow Perch 
(YEP). Walleyes from the 2012 and older cohorts (2012+) were pooled due to low sample sizes (n < 10 individuals/cohort).

SUM UNK KOK MAC PMC BCR NPM YEP LSS RBT OTH WCT LNS BRB SCP MWF MYS SMB LWF TNC LMB GAS BKT BLG PKS WAE

2012+

O 0.15 0.36 0.10 0.32 – – – – – 0.04 0.04 – 0.02 0.02 0.02 – 0.02 0.02 – – – – – – –

W 0.01 0.45 a 0.08 – – – – – a a – a a a – a a – – – – – – –

E a 0.86 a 0.10 – – – – – a a – a a a – a a – – – – – – –

2013

O 0.12 0.42 0.12 0.15 – 0.04 0.08 0.12 0.12 – 0.12 0.08 0.08 – – – – – – – 0.04 – – – –

W 0.08 0.41 0.08 0.14 – 0.01 a 0.07 0.08 – 0.04 0.01 0.08 – – – – – – – a – – – –

E a 0.90 a 0.03 – a a 0.04 a – a a a – – – – – – – a – – – –

2014

O 0.15 0.54 0.08 – 0.08 0.08 0.08 0.08 0.08 – 0.08 – – – – – – – – – – – – –

W 0.13 0.54 0.08 – 0.02 0.08 0.06 0.06 0.03 – 0.02 – – – – – – – – – – – – –

E a 0.92 a – 0.01 0.05 0.01 a a – a – – – – – – – – – – – – –

2015

O 0.24 0.46 0.12 0.07 0.05 0.07 0.05 a 0.04 0.02 0.04 0.01 0.04 0.02 – – a – 0.01 a – – – 0.01 –

W 0.17 0.45 0.05 0.06 0.03 0.04 0.04 a 0.03 0.01 0.03 a 0.04 0.01 – – a – a a – – – a –

E 0.01 0.86 a 0.04 0.02 0.01 a a 0.02 a 0.02 a a a – – a – a a – – – a –

2016

O 0.15 0.62 0.15 – 0.08 – – – – 0.15 – – 0.08 – 0.08 – – 0.08 – – – – – – –

W 0.08 0.60 0.15 – 0.08 – – – – 0.08 – – a – a – – a – – – – – – –

E a 0.97 a – 0.02 – – – – a – – a – a – – a – – – – – – –

2017

O 0.30 0.22 0.17 0.17 0.06 0.06 0.06 0.02 0.07 0.06 0.06 0.02 0.04 – 0.02 – 0.02 – – – 0.04 0.04 – – –

W 0.20 0.20 0.11 0.14 0.04 0.03 0.04 0.01 0.06 a 0.03 a 0.04 – 0.02 – 0.01 – – – 0.03 0.02 – – –

E 0.02 0.54 a 0.14 0.05 0.01 0.02 a 0.13 a 0.06 a a – 0.01 – a – – – a a – – –

2018

O 0.22 0.14 0.24 0.11 0.13 0.13 0.09 0.06 0.04 0.04 0.04 0.05 0.06 0.08 0.04 0.02 – 0.06 – – – – – – –

W 0.11 0.13 0.13 0.08 0.12 0.09 0.08 0.04 0.02 a 0.02 0.02 0.05 0.06 0.02 a – 0.03 – – – – – – –

E 0.02 0.35 a 0.15 0.12 0.10 0.05 0.03 0.03 a 0.01 0.02 0.02 0.02 0.03 a – 0.04 – – – – – – –

2019

O 0.26 0.03 0.15 0.14 0.25 0.12 0.14 0.08 0.04 0.04 0.02 0.05 0.02 0.02 0.04 0.04 0.04 a 0.02 0.02 a – a – a

W 0.15 0.03 0.09 0.10 0.22 0.09 0.10 0.05 0.02 a a 0.02 a 0.02 0.03 0.03 0.03 a a 0.01 a – a – a

E 0.04 0.15 a 0.13 0.31 0.09 0.06 0.06 0.03 a 0.01 0.01 a 0.01 0.06 a 0.02 a a 0.01 a – a – a

2020

O 0.28 – 0.28 0.17 0.22 0.17 0.11 – 0.06 – – – – – – 0.17 0.06 – 0.06 – – – – – –

W 0.12 – 0.11 0.11 0.21 0.10 0.09 – a – – – – – – 0.15 0.06 – 0.04 – – – – – –

E 0.11 – 0.02 0.23 0.34 0.10 0.05 – a – – – – – – 0.01 0.11 – 0.02 – – – – – –
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1314  |      FRAWLEY et al.

underestimated by approximately 50% compared to mark–
recapture estimates (Hansen et  al.  2023). Regardless of 
variation among waters, catchability of Walleyes in the 
LPO system was likely different than the mean reported 
by Giacomini et al. (2020), particularly due to differences 
in lake morphology. For example, the mean depth of the 
sites in Canada varied from 39 m, whereas the mean depth 
in LPO is approximately 164 m. Factors such as depth, 
bathymetry, or water clarity can affect catchability by 
influencing spatial distribution of fishes (Hamley 1975; 
Cook and Bergersen 1988; Hilborn and Walters 1992). In 
attempts to minimize the potential influence of differ-
ing catchability, we assumed that Walleye use of habitat 
(i.e., depth) in LPO was typical of other Walleye popula-
tions. Thus, we limited the surface area used to represent 
the area of suitable habitat (~10,000 ha) in concert with 
the selection of FWIN sampling sites by IDFG (Ryan 

et al. 2021). The design included sites up to 15 m deep, and 
the resulting surface area was about one-third of the total 
surface area of LPO. Although Walleyes are typically as-
sociated with depths less than 15 m, use of pelagic habitat 
(depths ≥ 15 m) has been shown to vary (Schlagenhaft and 
Murphy 1985; Gorman et al. 2019; Matley et al. 2020). Of 
the Walleyes captured during our research, approximately 
5% were caught at depths greater than 15 m. As such, the 
limited area used in the abundance estimates may have 
underestimated Walleye abundance. The second assump-
tion that we made related to size selectivity of the gear. 
Giacomini et  al.  (2020) used adult Walleyes of 350 mm 
total length or larger to minimize the effects of gear se-
lectivity. However, we applied the relationship to Walleyes 
larger than 230 mm (i.e., age-1 and older individuals). 
Inherent to this decision was the assumption that selec-
tivity on Walleyes smaller than 350 mm is approximately 

F I G U R E  8   Frequency of occurrence (%) of the six prey items most frequently consumed overall by Walleyes that were sampled from 
the Lake Pend Oreille system during May 2020–May 2021. Frequency of occurrence is grouped by cohorts and seasons. Months are grouped 
into seasons as spring (March–May), summer (June–August), fall (September–November), and winter (December–February). Prey item 
abbreviations are as follows: Black Crappie (BCR), kokanee (KOK), macroinvertebrates (MAC), Northern Pikeminnow (NPM), Peamouth 
(PMC), and Yellow Perch (YEP).
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F I G U R E  9   Stable isotope values (δ13C and δ15N; ‰; 
mean ± standard error) for all species sampled in the Lake Pend 
Oreille system from May 2020 to May 2021. Prey item abbreviations 
are as follows: Black Crappie (BCR), Bull Trout (BLT), Brown Trout 
(BNT), Brown Bullhead (BRB), crayfish (CRAY), kokanee (KOK), 
Largemouth Bass (LMB), Longnose Sucker (LNS), Largescale 
Sucker (LSS), Lake Whitefish (LWF), Mountain Whitefish (MWF), 
opossum shrimp Mysis diluviana (MYS), Northern Pike (NPK), 
Northern Pikeminnow (NPM), Pumpkinseed (PKS), Peamouth 
(PMC), Rainbow Trout (RBT), Cottidae spp. (sculpins; SCP), 
Smallmouth Bass (SMB), Tench (TNC), Walleye (WAE), Westslope 
Cutthroat Trout (WCT), Yellow Perch (YEP), and zooplankton 
(ZOO). Taxon abbreviations followed by “A” indicate values for 
adult individuals (i.e., after an ontogenetic shift occurred), and 
those followed by “J” indicate values for juvenile individuals (i.e., 
before an ontogenetic shift occurred).

Whitlock et  al.  2018), and adult kokanee are generally 
at least 200 mm total length (Rust et  al.  2020, 2022). 
Approximately 22% of the kokanee observed in Walleye 
diets were 200 mm or larger, which suggests that Walleyes 
may have consumed up to 181,428 adult kokanee (i.e., 13–
16% of the total abundance of adult kokanee) from 2020 
to 2021 (IDFG, unpublished data). Although our estimate 
contains uncertainty, this illustrates the potential effect of 
Walleyes on kokanee throughout the system, especially 
considering the potential population growth of Walleyes. 
Catch rates during the 2017 FWIN survey were approx-
imately double those used to estimate Walleye abun-
dance and consumption of kokanee in our study (Ryan 
et  al.  2021). Additionally, Ryan et  al.  (2021) concluded 
that somatic growth, body condition, and age at maturity 
were at the biological maxima for Walleyes despite in-
creased catch rates from 2011 to 2017. This suggests that 
our estimate of the number of kokanee consumed rep-
resents only a fraction of the consumption that has previ-
ously occurred or may occur in the future. Ultimately, this 
simulation illustrates the need for continued research to 
inform management actions.

The current management objectives for the LPO sys-
tem include sustaining a kokanee population that is ca-
pable of providing a harvest fishery and abundant prey to 
support a trophy fishery for Rainbow Trout, maintaining 
or enhancing native Westslope Cutthroat Trout and Bull 
Trout populations, and providing diverse angling oppor-
tunities (IDFG 2019). Although our results indicated lit-
tle or no direct predation by Walleyes on Rainbow Trout, 
Westslope Cutthroat Trout, and Bull Trout, an expanded 
Walleye population is likely to directly conflict with 
management objectives because predation by Walleyes 
on kokanee may result in competitive interactions be-
tween Walleyes and important piscivorous salmonids. 
Additionally, Oncorhynchus species other than kokanee 
may become important prey items for Walleyes in the 
future, particularly during times of low abundance of 
kokanee. In systems with kokanee populations, other sal-
monid species are still present in the diet. For example, 
Baldwin et al.  (2003) estimated that Walleyes consumed 
similar proportions of kokanee (9.4%) and Rainbow 
Trout (7.3%) released from hatcheries in Lake Roosevelt, 
Washington. Similarly, in western systems without ko-
kanee populations, Oncorhynchus species are consumed 
by Walleyes. In Buffalo Bill Reservoir, Wyoming, Rainbow 
Trout and Yellowstone Cutthroat Trout comprised 64% 
of Walleye diets (Johnson et al. 2017). Despite the uncer-
tainty of future conditions, Walleyes will likely continue 
to affect salmonid populations in ways that directly con-
flict with the current management objectives for LPO.

As a method to mitigate the interactions between 
Walleyes and salmonids, IDFG implemented a tiered 

equal to selectivity on 350-mm and larger individuals. 
However, the opposite has been shown (Walker et  al. 
2013). As a result, the abundance of Walleyes in the LPO 
system was likely underestimated.

The final assumptions concern the way in which age 
structure and diet proportions were summarized. Because 
of low sample sizes, we did not use region-specific age 
structure or diet proportions. Instead, we used age struc-
ture and diet proportions that were summarized for all 
individuals collected during the fall. However, the overall 
proportion of prey items by weight was not necessarily 
representative of each region (Table  3). As a result, the 
number of kokanee consumed was likely overestimated 
for select regions (i.e., POR). Even if the estimated num-
ber of kokanee consumed by Walleyes is an overesti-
mate, the potential effect of Walleyes on the kokanee 
population is particularly concerning when the length 
structure of kokanee consumed is considered. Walleyes 
consumed kokanee that varied from 40 to 267 mm, and 
the length of kokanee consumed increased with Walleye 
length (Figure 11). In the LPO system, kokanee typically 
mature between age 3 and age 4 (i.e., adult kokanee; 
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removal program using gill nets in 2018 and incentivized 
angler harvest in 2019. Our results suggest that such efforts 
to limit Walleye expansion in the LPO system are seemingly 
warranted. Thus far, these efforts appear to have had some 
success in decreasing Walleye abundance in the system, at 
least in the main body of LPO (Bouwens et al. 2021). Catch 
rates of Walleyes decreased in the 2020 FWIN assessment 
and in the targeted removal efforts that have occurred since 
2017. However, in the 2023 FWIN survey of LPO, catch rates 
were higher than previous surveys—particularly the catch 
rates of age-0 Walleyes (E. Geisthardt, IDFG, personal com-
munication). Life history characteristics, such as survival 
and recruitment, can be highly variable in self-sustaining 
Walleye populations. As such, assessing the cause of the 
variability in FWIN catch rates would likely be beneficial 
in evaluating future management decisions in the LPO sys-
tem. Additionally, our results indicate that Walleye catch 
rates remained high in the Pend Oreille River despite ap-
parent reductions in overall abundance. This suggests that 
Walleyes may use the Pend Oreille River differently than 
expected. In particular, a portion of the population may 
spawn in the areas of the Pend Oreille River that are not 
targeted during removal efforts. Understanding the use of 
the Pend Oreille River by the Walleye population will likely 
provide information regarding additional removal oppor-
tunities. Because of the high catch rates in the Pend Oreille 

River, the estimates of Walleye abundance are highest in 
the Pend Oreille River and thereby influence the estimates 
of consumption of kokanee. However, in the diet analysis, 
kokanee represented a relatively small proportion of prey 
items. This raises important questions about the use of the 
Pend Oreille River by kokanee and our interpretation of 
the effect of Walleyes on the kokanee population. As such, 
assessing the interactions between kokanee and Walleyes 
in the Pend Oreille River appears to be important to fur-
ther understand the implications of the existing Walleye 
population.

This study adds to the growing body of literature doc-
umenting the effects of nonnative Walleye populations in 
the western United States and has important implications 
for fisheries managers, especially concerning the sustain-
ability of existing recreational fisheries and native spe-
cies conservation. Similar to other systems in the western 
United States (Poe et al. 1991; Baldwin et al. 2003; Johnson 
et al. 2017), salmonids—particularly kokanee—were im-
portant prey for Walleyes across various spatial and tem-
poral scales in the LPO system. As Walleye populations 
continue to expand throughout the western United States 
(e.g., colonization of the Columbia and Snake rivers), co-
occurrence with vulnerable salmonids has exposed juve-
niles to higher predation risk and has exposed adults to 
increased competition (Murphy et al. 2021). Since many 

T A B L E  6   Stable isotope values (δ13C, δ15N; ‰) and trophic positions of Walleyes collected from the Lake Pend Oreille system from May 
2020 to May 2021. Values are grouped by cohort. Minimum (Min), mean (Ave), and maximum (Max) values are shown for δ13C, δ15N, and 
trophic positions; the associated standard error (SE) of each group is also presented. Differences (Diff) between maximum and minimum 
values of the trophic position are shown. The letter “a” indicates that the value was less than 0.01. Dashes indicate that a value was not 
available because only one sample was collected from the specific group.

Cohort n

δ13C δ15N Trophic position

Min Ave Max SE Min Ave Max SE Min Ave Max SE Diff

2000 1 – −26.28 – – – 12.84 – – – 5.78 – – –

2006 1 – −26.51 – – – 14.16 – – – 6.16 – – –

2007 3 −26.77 −26.59 −26.48 0.05 13.03 13.27 13.60 0.10 5.83 5.90 6.00 0.03 0.17

2008 3 −27.48 −27.07 −26.74 0.13 12.79 13.41 14.08 0.22 5.76 5.94 6.14 0.06 0.38

2009 52 −29.80 −27.44 −24.49 0.02 11.89 13.05 14.37 0.01 5.50 5.84 6.23 a 0.73

2010 3 −28.20 −27.33 −26.81 0.25 12.53 13.10 13.66 0.19 5.69 5.85 6.02 0.06 0.33

2011 2 −28.70 −27.07 −25.43 1.16 12.50 12.85 13.19 0.24 5.68 5.78 5.88 0.07 0.20

2012 9 −28.46 −27.40 −26.01 0.09 12.24 12.92 13.74 0.06 5.60 5.80 6.04 0.02 0.44

2013 58 −31.37 −27.79 −25.68 0.02 11.47 12.73 13.93 0.01 5.37 5.74 6.10 a 0.72

2014 24 −29.64 −27.74 −25.70 0.05 11.30 12.46 13.74 0.02 5.32 5.66 6.04 0.01 0.72

2015 311 −30.76 −27.97 −24.80 a 10.58 12.63 15.02 a 5.11 5.71 6.42 a 1.31

2016 28 −29.91 −27.77 −25.08 0.05 10.32 12.19 14.89 0.03 5.04 5.58 6.38 0.01 1.34

2017 128 −31.08 −27.01 −23.69 0.01 9.52 11.49 14.08 0.01 4.80 5.38 6.14 a 1.34

2018 185 −28.84 −26.75 −22.83 0.01 8.74 10.96 13.22 a 4.57 5.22 5.89 a 1.32

2019 284 −28.88 −26.30 −21.97 a 8.34 10.59 13.17 a 4.45 5.11 5.87 a 1.42

2020 28 −27.23 −24.92 −20.37 0.07 8.95 9.99 11.51 0.03 4.63 4.94 5.39 0.01 0.75
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T A B L E  7   Mean (TP), minimum (Min), and maximum (Max) 
trophic positions of taxa in the Lake Pend Oreille system. Trophic 
position was estimated from stable isotope signatures of samples 
collected during May 2020–June 2021. Zooplankton samples were 
collected in May 2022. Taxon abbreviations are Black Crappie (BCR), 
Bull Trout (BLT), Brown Trout (BNT), Brown Bullhead (BRB), 
crayfish (CRAY), kokanee (KOK), Lake Trout (LKT), Largemouth 
Bass (LMB), Longnose Sucker (LNS), Largescale Sucker (LSS), 
Lake Whitefish (LWF), macroinvertebrates (MAC), Mountain 
Whitefish (MWF), opossum shrimp Mysis diluviana (MYS), 
Northern Pike (NPK), Northern Pikeminnow (NPM), Pumpkinseed 
(PKS), Peamouth (PMC), Rainbow Trout (RBT), Cottidae spp. 
(sculpins; SCP), Smallmouth Bass (SMB), Tench (TNC), Walleye 
(WAE), Westslope Cutthroat Trout (WCT), Yellow Perch (YEP), and 
zooplankton (ZOO). Species abbreviations followed by “A” indicate 
values for adult individuals (i.e., after an ontogenetic shift occurred), 
and those followed by “J” indicate values for juvenile individuals 
(i.e., before an ontogenetic shift occurred).

Taxon n TP Min Max

BCR-A 65 3.6 2.2 4.0

BCR-J 27 2.8 2.4 3.1

BLT-A 39 4.2 3.4 4.6

BNT 27 3.8 3.0 4.3

BRB 38 2.9 2.2 3.4

CRAY 30 3.1 2.7 3.4

KOK 72 3.4 3.1 4.0

LKT 66 3.8 3.0 4.5

LMB-J 13 2.6 2.1 3.3

LNS 103 3.2 2.1 3.9

LSS 130 3.1 2.0 3.8

LWF 434 3.6 2.9 4.3

MAC 13 2.0 1.3 2.7

MWF 68 3.4 2.5 4.3

MYS-A 32 2.7 2.5 2.9

MYS-J 13 2.2 2.1 2.4

NPK 36 3.6 2.7 4.0

NPM-A 233 3.8 2.7 4.3

NPM-J 81 3.3 2.5 4.2

PKS 32 3.1 2.2 3.6

PMC 236 3.2 2.7 4.0

RBT 9 3.4 3.1 3.8

SCP 4 3.9 3.6 4.2

SMB-A 129 3.7 3.0 4.3

SMB-J 6 3.2 2.4 3.9

TNC 42 2.7 2.1 3.1

WAE 1147 3.9 3.0 4.9

WCT 32 2.8 2.3 3.4

YEP 209 3.3 2.2 4.0

ZOO 13 2.1 1.4 2.5

salmonid populations are supported through hatchery 
supplementation programs, increased abundances of es-
tablished and novel nonnative predators may inhibit the 
success of supplementation and reduce angling opportu-
nities. Furthermore, although the interactions between 
Walleyes and salmonids are the focus of many studies, 
the effects of Walleyes on native nongame species should 
not be dismissed. Since the introduction of Walleyes and 
Northern Pike into Noxon Rapids Reservoir, catch rates 
of native cyprinids and catostomids have decreased sig-
nificantly while catch rates of nonnative piscivores have 
increased (Scarnecchia et  al.  2014). Currently, the fish 
community of Noxon Rapids Reservoir is dominated by 
nonnative piscivores. In LPO, our results showed that na-
tive cyprinids and catostomids combined occurred more 
frequently in Walleye diets than kokanee. During peri-
ods of low abundances of kokanee, native cyprinids and 
catostomids may become increasingly important prey 
items for Walleyes. Likewise, should the kokanee popu-
lation collapse, it is reasonable to assume that Walleyes 
will switch to other fishes to replace the dominant source 
of energy. Regardless of how Walleye food habits might 
change in the future, our study provides more evidence 
that introductions of nonnative species continue to pose 
a challenge to fisheries management and emphasizes the 
importance of understanding how nonnative species in-
teract with their environment.
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F I G U R E  1 1   Lengths of kokanee (KOK) consumed by Walleyes (WAE) that were collected from the Lake Pend Oreille system from May 
2020 to May 2021. The top panel shows the length-frequency distribution and cumulative frequency (i.e., percent of the total number) of all 
kokanee that were consumed by Walleyes. The bottom panel shows the length of kokanee consumed relative to the length of the Walleye; 
different Walleye ages (years) are depicted by different symbols (8+ represents age-8 and older fish).
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F I G U R E  1 0   Estimated proportion of maximum consumption (Pc) from the bioenergetics model of Walleyes sampled from the Lake 
Pend Oreille system between May 2020 and May 2021. Walleyes were grouped by cohorts, and estimates were generated for each season. 
Months are grouped into seasons as spring (March–May), summer (June–August), fall (September–November), and winter (December–
February). Individuals from the 2012 and older cohorts (2012+) were grouped due to low sample sizes (n < 10 individuals/cohort).
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