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Abstract Ontogenetic shifts represent important

transitions that can influence how fish interact with

their environment. However, ontogenetic shifts are

rarely placed into a population context due to the

difficulty of incorporating the vagaries of size-medi-

ated interactions. As such, we evaluated the role of

ontogenetic shifts in diet as they relate to potential

competitive interactions between kokanee On-

corhynchus nerka and Opossum Shrimp Mysis dilu-

viana (hereafter Mysis) in Lake Pend Oreille, Idaho.

Contemporary data were used to understand diet

patterns of Mysis and kokanee. Historical data were

evaluated within the context of ontogenetic shifts to

better understand the long-term, population-level

ramifications of interactions between Mysis and

kokanee. Diet analysis revealed age-specific diver-

gences in diet whereby juvenile kokanee primarily

consumed copepods and adult kokanee preferentially

consumed cladocerans. When placed in a historical

context, age-specific patterns in kokanee diet likely

led to increases in adult growth following declines in

Mysis abundance. Improved fitness of adult fish likely

resulted in record high abundances of kokanee in Lake

Pend Oreille thereby shifting the balance from inter- to

intraspecific competition.
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Introduction

Competitive interactions are characterized by spa-

tiotemporal overlap in the use of a limited resource

and theoretically result in declines in the fitness and

density of inferior competitors (Morin, 1999). As

such, interspecific competition and its effects have

long been a major focus of ecologists. However, clear

patterns surrounding competitive interactions may be

obscured by the confounding effects of ontogenetic

shifts in diet that often occur in size-structured

populations (Rose et al., 2001). Despite the challenges

associated with identifying interspecific competition,

understanding how species interact is important for

explaining ecological processes and guiding manage-

ment actions.

The importance of understanding the mechanisms

underlying competition is typified in systems with co-

occurring kokanee Oncorhynchus nerka (Walbaum,

1792) and Opossum Shrimp Mysis diluviana Audzi-

jonyte & Väinölä, 2005 (hereafter Mysis) populations.

Kokanee is a zooplanktivore that provides valued

recreational fisheries and represents an important prey

resource for economically, socially, and ecologically

important species such as Bull Trout Salvelinus

confluentus (Suckley, 1859) and Rainbow Trout

Oncorhynchus mykiss (Walbaum, 1792; Wydoski &

Bennett, 1981; Paragamian & Bowles, 1995). In an

effort to improve the size structure of kokanee (and

other sport fish), Mysis were widely introduced in the

mid-20th century throughout systems in North Amer-

ica and Europe (Nesler & Bergersen, 1991). Ironically,

recipient fish populations exhibited inconsistent pat-

terns in growth, and population declines of kokanee

were widely reported following Mysis introductions

(Lasenby et al., 1986; Bowles et al., 1991; Northcote,

1991). Mysis were later identified as a poor prey

resource for kokanee due to opposing diel vertical

migrations (Beeton, 1960; Johnston, 1990; Levy,

1991) and proved to be an effective consumer of

cladoceran zooplankton, the preferred prey of koka-

nee. In Lake Pend Oreille, Idaho Daphnia spp. and

Bosmina longirostris (O.F. Müller, 1776) were gen-

erally available from April to December prior to the

introduction of Mysis, but were restricted to July and

August following establishment of Mysis (Rieman &

Falter, 1981). The negative effect of Mysis on the

composition and distribution of zooplankton led to the

hypothesis that Mysis negatively influence kokanee

through resource competition (Cooper & Goldman,

1980; Beattie & Clancey, 1991; Bowles et al., 1991).

However, a direct link between Mysis’ influence on

zooplankton and potential effects on kokanee popula-

tions has remained difficult to identify.

One of the primary difficulties constraining our

ability to understand Mysis–kokanee interactions in

natural systems is the occurrence of numerous

confounding factors. Kokanee populations are often

subject to bottom-up (i.e., resource limitation) and top-

down (i.e., predation) forces that are interrelated and

co-occur. Bottom-up forces imposed by Mysis act

over long temporal scales and may negatively influ-

ence growth, fitness, and population density (Hairston

et al., 1960). Mysis also serve as an important prey

resource for juvenile Lake Trout Salvelinus namay-

cush (Walbaum, 1792) thereby releasing the species

from recruitment bottlenecks (Ellis et al., 2011;

Schoen et al., 2015) resulting in reductions in kokanee

densities via predation (Bowles et al., 1991; Martinez

et al., 2009). Thus, systems with Lake Trout, kokanee,

and Mysis often experience complex interactions that

can confound understanding the role of any one agent.

For instance, Lake Trout and Mysis were reported to

negatively influence kokanee biomass and production

in Lake Pend Oreille (Corsi et al., 2019). A collapse in

Mysis abundance corresponded to an increase in

kokanee production of 224–523 tonnes, whereas

predation by Lake Trout combined with high Mysis

densities negatively influenced kokanee biomass.

Similarly, Mysis altered zooplankton composition

and released Lake Trout from a recruitment bottleneck

in Flathead Lake, Montana resulting in a widespread

trophic cascade (Ellis et al., 2011). Identifying the

influence of top-down and bottom-up forces in gov-

erning kokanee populations remains an important goal

for natural resource agencies. Nevertheless, identify-

ing the role of regulatory forces relies on a thorough

understanding of how each mechanism acts on a

population.

Mysis are typically considered to have a negative

influence on kokanee populations by disproportion-

ately affecting age-0 fish (Bowles et al., 1991; Clarke

& Bennett, 2002; Caldwell et al., 2016). For instance,

Mysis were implicated in the decline of kokanee in

Lake Pend Oreille by competing with kokanee fry for

cladocerans (Bowles et al., 1991). Although the

presumption that age-0 fish are most susceptible to

resource limitations has support (Hjort, 1914;
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Cushing, 1969, 1990), previous research suggests age-

0 kokanee may be less sensitive to competitive

interactions with Mysis than adult fish. Age-0 kokanee

exhibited no difference in lipid content or stomach

fullness in lakes with and without Mysis, whereas age-

1 fish exhibited decreasing lipid content in systems

with Mysis when compared to systems without Mysis

(Clarke et al., 2004). If the dietary requirements of

adult kokanee differ from juvenile fish, competition

between kokanee and Mysis may exhibit age-specific

patterns. Unfortunately, kokanee–Mysis interactions

have rarely been framed in an age-specific context,

thereby limiting our understanding of competitive

interactions between species. We sought to evaluate

age-specific patterns in abundance and growth of

kokanee in Lake Pend Oreille before and after the

decline of Mysis in 2011. We hypothesized that the

decline of Mysis positively influenced kokanee abun-

dance and growth in Lake Pend Oreille due to

increases in available prey. However, previous

research (e.g., Clarke et al., 2004) suggests kokanee

may not respond to increased prey availability

uniformly due to potential disparities in diet or energy

requirements. As such, we also evaluated age-specific

patterns in diet to better understand how diet poten-

tially influenced competition between Mysis and

kokanee. We hypothesized that competition for

cladocerans disproportionally influenced adult koka-

nee resulting in distinct changes in abundance and

growth following declines of Mysis in Lake Pend

Oreille.

Methods

Study area

Lake Pend Oreille is a large (383 km2), deep (mean

depth = 164 m), meso-oligotrophic lake located in

northern Idaho (Fig. 1). The northern basin of the lake

is relatively shallow (\ 200 m maximum depth),

whereas the majority of the southern basin is over

300 m deep. Due to the variable bathymetry of the

system, the Idaho Department of Fish and Game

divides the lake into northern, middle, and southern

sections for sampling purposes (Fig. 1). In 1952,

Cabinet Gorge (upstream) and Albeni Falls (down-

stream) dams began operation on Lake Pend Oreille.

Mysis were introduced into Lake Pend Oreille from

1966 to 1970 and became established by 1974. Mysis

establishment co-occurred with changes to dam oper-

ations (i.e., consistent, deep-water drawdowns) and

likely influenced kokanee in Lake Pend Oreille.

Following Mysis establishment and changes to dam

operations, lake-wide kokanee abundance declined

and remained at a depressed state until hatchery

supplementation was initiated in the mid-1970s

(Hoelscher et al., 1990). In 2011, Mysis exhibited an

unexplained collapse and have averaged between 6

and 157 individuals m-3 annually from 2011 to 2017.

In addition to kokanee, the fish assemblage of Lake

Pend Oreille consists of 9 native and about 15 non-

native species (Hoelshcer, 1993; Corsi et al., 2019). Of

particular note was the establishment of Lake Trout in

the mid-1990s that led to unsustainable predation and

near collapse of kokanee (Hansen et al., 2010).

However, a successful suppression program has

reduced the effect of Lake Trout on kokanee (Dux

et al., 2019). During the majority of the year, copepods

[Diacyclops thomasi (S.A. Forbes, 1882), calanoid

copepods] are the most abundant zooplankton in the

system (Clarke & Bennett, 2002). However, clado-

cerans (Daphnia spp., Bosmina longirostris, Di-

aphanosoma leuchtenbergianum Fischer, 1854) are

relatively abundant during summer.

Trawling

Since 1998, kokanee population composition (e.g.,

length structure, age distribution) has been evaluated

using annual mid-water trawling surveys. Mid-water

trawling was conducted at night during the new moon

in August or September. From 1998 to 2002, kokanee

were sampled using an otter trawl that measured

13.7 m in length and had a 3.0 m 9 3.0 m mouth.

From 2003 to 2017, kokanee were sampled with a

fixed-frame trawl that had a 3.0 m 9 2.2 m opening

and measured approximately 10.5 m in length. Both

trawls were constructed of graduated mesh starting at

32.0 mm at the mouth decreasing to 6.0 mm mesh at

the cod end. Thirty-six transects were randomly

selected each year and were evenly distributed among

lake transects (12 per section) to ensure complete

spatial coverage throughout Lake Pend Oreille. Prior

to sampling, the vertical distribution of kokanee was

determined using a Furuno Model FCV-585 depth

sounder with a 108 hull-mounted transducer (Furuno

Electric Co, LTD, Washington). Each transect was
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sampled in a stepwise-oblique pattern to sample the

entire kokanee layer (Rieman, 1992). Each step was

defined by the net height and was towed for three

minutes at a consistent speed (* 1.6 m s-1). Due to

changes in sampling protocols, weight data (nearest

0.1 g) were collected from 1998 to 2017, whereas

weight and length data (nearest 1.0 mm) were col-

lected from 2003 to 2017. Aging structures (e.g.,

scales, otoliths) were consistently removed from about

10 fish per 1-cm length bin from 1998 to 2017.

Kokanee age was independently estimated by two

readers and age-length keys were applied to the

corrected length distribution of kokanee to represent

the ages and lengths of all kokanee sampled (Isley &

Grabowski, 2007; Quist et al., 2012).

In 2017, juvenile and adult kokanee were sampled

with mid-water trawls three times per year (i.e., May,

August, November) to evaluate age-specific food

habits. Mid-water trawling was conducted as

described previously. However, trawl sampling oppor-

tunistically focused on areas of high kokanee density

to ensure adequate catch. Following each tow, the net

was retrieved, and five kokanee from each 1-cm length

group were preserved with 90% ethanol for diet

analysis. Kokanee less than 150 mm in length were

preserved whole after the body cavity was opened to

aid in preservation of gut contents. The stomachs of

kokanee larger than 150 mm were removed and

preserved whole. In an effort to avoid digestion of

gut contents, trawl sampling only occurred within 2 h

of sunset (Rieman & Bowler, 1980). The diet of

individual kokanee was assessed by removing the

digestive tract from esophagus to pyloric caeca. The

stomach was opened and its contents rinsed into a

10 km

Pend Oreille River

Clark Fork River

Sandpoint

Hope

Bayview

Fig. 1 Map of Lake Pend Oreille, Idaho with major tributaries

included. Solid black lines represent boundaries between the

south, middle, and north sections. Dotted lines represent 500 m2

sampling quadrats. Areas of Lake Pend Oreille with an average

depth\ 25.0 mwere excluded from sampling and do not have a

sampling grid
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graduated cylinder. Stomach contents were then

subsampled until at least 200 individuals of the most

abundant taxa were identified and enumerated (Hys-

lop, 1980; Bunnell et al., 2011). Due to varying

degrees of digestion, zooplankton and macroinverte-

brates were only identified to order (e.g., Cladocera,

Hymenoptera).

Hydroacoustics

Since 1998, hydroacoustic surveys occurred immedi-

ately before or after annual mid-water trawl sampling

to provide abundance estimates. Surveys consisted of

six to eight transects varying in length from 3.6 to

7.7 km. Each transect traveled from shore to shore at a

boat speed of approximately 1.3 m s-1. All surveys

were conducted using a Simrad EK60 echo-sounder

equipped with a 120.0 kHz split-beam transducer

(Kongsberg Maritime, Horten, Norway). Kokanee

density was estimated with Echoview software (Echo-

view Software, Hobart, Tasmania) using the echo-

integration technique (Parker-Stetter et al., 2009). The

density of kokanee along each transect was estimated

as

q ¼ NASC

4p10
TS
10

� �
0:00292;

where q is density (number of fish per ha), NASC is the

total backscattering (m2/nautical mile2), and TS is the

mean target strength (decibels) in the sampling area.

Kokanee abundance was estimated by multiplying the

geometric mean density by the area of Lake Pend

Oreille. Lake-wide abundance was apportioned to age-

specific abundances by first separating age-0 kokanee

(\ 100 mm) from older age classes based on a

frequency histogram of target strengths. Older age

classes (1–5 years) were further separated based on

the age frequency identified from mid-water trawling

data. Abundance estimates of age-0 and adult (age

3–5) kokanee were used in analyses.

Mysis and zooplankton sampling

From 1998 to 2017, Mysis were sampled in June

within 1 week of the new moon due to the negative

phototaxis of Mysis (Rieman & Bowler, 1980). Mysis

sampling intensity varied through time, but between

eight and fifteen samples were annually collected from

each lake section. Mysis were collected with vertical

hauls using a 1-m-diameter net with a 1000-lm-mesh

body and a 500-lm-mesh collection bucket. The net

was lowered to a depth of 45.7 m and raised to the

surface at about 0.5 m s-1 (Rieman & Falter, 1981).

The net was rinsed, and all collected Mysis were

preserved in 90% ethanol.

From 2015 to 2017, Mysis and zooplankton were

sampled monthly to evaluate their distribution, species

composition (zooplankton), and the diet of Mysis. All

sampling was conducted at night within five days of

the new moon. From April 2015 to December 2017,

Mysis and zooplankton were sampled at 10–12

randomly selected sites per lake section (34 total

sites) to ensure complete spatial coverage throughout

the system. Sites were randomly selected using a

geographic information system based on 500.0 m2

quadrats of the lake surface and were re-selected on a

monthly basis. Mysis were sampled once at each site

following the sampling methods described above.

Zooplankton were sampled once at each site using a

0.5-m-diameter Wisconsin-style plankton net (80.0-

lm-mesh). Zooplankton were sampled from a depth of

20.0 m to the surface at a speed of 0.4 m s-1

(Caldwell et al., 2016). Mysis and zooplankton

samples were preserved in 90% ethanol.

Our analysis only focused on adult Mysis

([ 10 mm) because Mysis less than 10 mm in length

are primarily herbivorous and less likely to compete

with kokanee for zooplankton prey (Branstrator et al.,

2000). Adult Mysis density was estimated for each site

and month by dividing the total number of adult Mysis

sampled by the volume of water sampled. In May,

August, and November of 2017, five Mysis from each

site were sampled for diet analysis. The gastric mill

(i.e., foregut) of each individual was removed and

transferred to a glass slide with melted glycerol jelly

(Caldwell et al., 2016). The contents were distributed

throughout the melted glycerol jelly, covered with a

coverslip, and analyzed under a compound micro-

scope. Contents in Mysis guts were identified to the

lowest possible taxonomic level and enumerated.

Zooplankton prey were identified to order (e.g.,

Cladocera) based on diagnostic structures (e.g., caudal

rami, mandibles; Chess & Stanford, 1998; Johannsson

et al., 1994).

Zooplankton composition and density were esti-

mated for each site and month. Zooplankton were

identified and enumerated from 1.0 to 2.0 ml
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subsamples until 200–400 zooplankton of the most

abundant taxa were identified (Barbiero et al., 2009;

Bunnell et al., 2011). Zooplankton were identified to

the lowest possible taxonomic level. Zooplankton

density was estimated for each site and month by

dividing the total number of zooplankton sampled by

the volume of water sampled.

Analysis

General patterns in the relationship between kokanee

abundance and Mysis density were evaluated to

understand the potential influence of Mysis on koka-

nee abundance. The abundance of juvenile kokanee

(age 0), adult kokanee (age 3–5), and Mysis were

summarized as lake-wide averages from 1998 to 2017.

Although competition may ultimately result in

changes in abundance, competitive interactions likely

manifest as changes in fitness-related measures (e.g.,

growth, survival) prior to observable changes in

density (Morin, 1999). Thus, the relationship between

Mysis density and kokanee condition was evaluated as

age-specific changes in mean weight of kokanee

before and after the Mysis collapse in 2011. Potential

changes in the average weight of kokanee following

the collapse of Mysis were compared using t tests at an

a = 0.05 (Zar, 1996). Previous research has shown

that mid-water trawls are size selective for small

kokanee (Klein et al., 2019). As such, analysis of

weight data focused on age-0 (mean length = 60 mm)

through age-3 (221 mm) kokanee to avoid erroneous

conclusions based on small sample sizes of large, old

fish (age-4 and age-5 kokanee).

The temporal dynamics of common zooplankton

(calanoid copepods, Diacyclops thomasi, Bosmina

longirostris, Diaphanosoma leuchtenbergianum, and

Daphnia spp.) were evaluated to understand the

seasonal availability of zooplankton in Lake Pend

Oreille. Zooplankton data were originally evaluated

on an annual basis from 2015 to 2017. However,

annual patterns in zooplankton densities were similar

among years and were combined as a monthly average

across years.

Age-specific diet patterns of kokanee were ana-

lyzed to evaluate potential ontogenetic shifts in diet.

Ontogenetic diet shifts were assessed using mixed

logistic regression (Agresti, 2007). The occurrence of

a particular diet item (e.g., cladoceran, copepod)

served as the dependent variable, whereas age (0–3)

and sampling month were independent variables. The

date of sampling was used as a random variable to

account for the lack of independence among diet

samples collected on the same date. Diet types

included cladocerans (Bosmina longirostris, Daphnia

spp., Diaphanosoma leuchtenbergianum), copepods

(calanoid copepods, Diacyclops thomasi), and an

‘‘other’’ category. The other category included

Aranea, Coleoptera, Collembola, Diptera, Ephe-

meroptera, Hymenoptera, Mysis, Odonata, and Ostra-

coda. Regressions were fit for each diet item and

significant parameters were identified using a Wald

Chi-square statistic (P B 0.05; Agresti, 2007).

Regression analysis was conducted with R statistical

software (R Development Core Team, 2018).

Diet composition of Mysis and kokanee was

evaluated to understand potential interactions between

the species. Diet was expressed as proportion by

weight. Identification and size estimation of individual

diet items was impossible for most diet items due to

varying degrees of digestion. In addition, Mysis rarely

consume an entire prey item and instead focus on soft,

easily digestible portions of zooplankton prey (Gross-

nickle, 1982; Smokorowski et al., 1998). As such, diet

was expressed as simple taxonomic groupings that

included cladocerans and copepods. Prey-specific

weights were determined by multiplying the number

of individuals in a given diet by the average dry weight

of cladocerans and copepods that occur in Lake Pend

Oreille (Rieman & Bowler, 1980). Although this

approach ignores other diet items, length–weight

relationships were not available for all diet items

necessitating a simplified description of diet. Regard-

less, we were primarily interested in understanding use

of common zooplankton by kokanee and Mysis in

Lake Pend Oreille rather than a complete description

of each predator’s diet. Due to the difficulty of

sampling large numbers of fish, Mysis and kokanee

diets were summarized as lake-wide averages for each

month (May, August, November) and age class

(kokanee only). Diet analysis focused on adult Mysis

(C 10 mm) and age-0–age-3 fish due to low catch of

age-4 and age-5 kokanee in mid-water trawls.

Diet overlap between Mysis and kokanee was

evaluated using the Schoener Index (Schoener, 1970).

The Schoener Index of diet overlap (a) was estimated

as

123

3956 Hydrobiologia (2020) 847:3951–3966

Author's personal copy



a ¼ 1� 0:5
Xn
i¼1

pxi � pyi
�� ��

 !
;

where n denotes the number of food categories, pxi
represents the proportion of prey item i in the diet of

species x, and pyi represents the proportion of prey

item i in the diet of species y. Proportions were based

on the number of individual prey items. Prey items

used to estimate diet overlap included cladocerans

(Bosmina longirostris, Daphnia spp., Diaphanosoma

leuchtenbergianum), copepods (calanoid copepods,

Diacyclops thomasi), Aranea, Coleoptera, Collem-

bola, Diptera, Ephemeroptera, Hymenoptera, Mysis,

Odonata, Ostracoda, rotifers, and pollen. The Scho-

ener Index varies from 0.0 to 1.0 with values over 0.60

denoting biologically significant diet overlap (Zaret &

Rand, 1971; Mathur, 1977).

Results

Annual increases in kokanee abundance corresponded

to reductions in Mysis density from 1998 to 2017

(Fig. 2). The inverse relationship between Mysis and

kokanee density was most pronounced following

declines of Mysis in 2011. After 2011, age-0

abundance reached a record high of over 16 million

fish. Similarly, age-3 through age-5 kokanee neared

two million fish in 2013 and 2014. The relationship

between average weight of kokanee and the density of

Mysis exhibited distinct, but alternative patterns by

age class (Fig. 3). Following declines of Mysis, the

mean weight of age-0 fish declined by about 42% and

the average weight of age-1 fish decreased by about

16%. Declines in weight following the collapse of

Mysis were significant for age-0 (t = 7.14, df = 51.66,

P\ 0.001) and age-1 (t = 2.49, df = 52.22,

P = 0.016) fish. Conversely, the average weight of

age-2 kokanee increased by approximately 5%,

whereas the mean weight of age-3 fish increased by

about 34% following Mysis collapse. However, sig-

nificant increases in mean weight were only evident

for age-3 kokanee (t = - 4.16, df = 38.39,

P\ 0.001).

Zooplankton abundance and seasonal availability

were variable and taxa-specific in Lake Pend Oreille

(Fig. 4). Calanoid copepods were relatively abundant

throughout the year (mean ± SD; 6.45 ± 3.05 l-1),

but exhibited a peak in abundance (14.47 ± 4.16 l-1)

in May. D. thomasi occurred throughout the year in

Lake Pend Oreille and exhibited a peak in abundance

(50.84 ± 15.16 l-1) in July. Compared with
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Fig. 2 Historical estimates

of adult Mysis density
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copepods, cladocerans were less abundant and only

available seasonally. B. longirostris were relatively

rare in Lake Pend Oreille exhibiting two minor peaks

in abundance in June (1.71 ± 0.14 l-1) and September

(1.39 ± 0.47 l-1).Daphnia spp. were generally absent

from samples until May and then peaked in abundance

in July and August (1.98 ± 0.90 l-1). D. leuchten-

bergianumwere the most abundant cladoceran in Lake

Pend Oreille. D. leuchtenbergianum appeared in

samples in May and exhibited peak densities in

August and September (4.80 ± 0.71 l-1).

Kokanee exhibited distinct patterns in consumption

of zooplankton with age (Fig. 5). The probability of

occurrence of cladocerans in the diet of kokanee

increased from 0.80 for age-0 kokanee to 0.98 for age-

3 fish. However, patterns in the probability of occur-

rence of particular diet items in the diet of kokanee

differed by prey type. The predicted probability of the

occurrence of copepods in kokanee diets exhibited

little variability with fish age. Conversely, the prob-

ability of occurrence of ‘‘other’’ diet items in kokanee

stomachs increased from 0.09 to 0.38 as fish age

increased from 0 to 3. The probability of consuming

cladocerans (z = 3.14, P = 0.001) and other diet items

(z = 2.40, P = 0.016) was influenced by fish age. Age

was not a significant predictor of the probability of

occurrence of copepods in the diet of kokanee

(z = 1.52, P = 0.129).

Kokanee and Mysis exhibited variable patterns in

their use of zooplankton that largely reflected the

seasonal availability of prey in Lake Pend Oreille

(Fig. 6). In May, kokanee and Mysis consumed higher

proportions of copepods than cladocerans. Cladocer-

ans were more prevalent in the diets of kokanee and

Mysis in August than May. However, copepods

continued to outnumber cladocerans in the diet of

Mysis. In November, Mysis consumed more clado-

cerans than in May and August. Kokanee continued to

consume cladocerans in November, but they consti-

tuted a smaller proportion of kokanee diets when

compared to August. In addition to seasonal variation

among diets, age-specific patterns in diet were evident.

Age 0 Age 1

Age 3Age 2

Fig. 3 Boxplots showing age-specific mean weights (g) for kokanee sampled from Lake Pend Oreille pre-Mysis collapse (1998–2010)

and post-Mysis collapse (2011–2017). Note differing scale of y axis
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For instance, cladocerans accounted for 55–70% of the

zooplankton consumed by age-2 and age-3 kokanee in

August, whereas cladocerans represented smaller

proportions of the zooplankton consumed by age-0

(0.19%) and age-1 (0.36%) kokanee.
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and copepod probabilities are offset to aid in interpretation

123

Hydrobiologia (2020) 847:3951–3966 3959

Author's personal copy



Schoener Index values largely reflected season-

specific diet habits (Table 1). For instance, Schoener

Index values increased from 0.11 in May to 0.58 in

November. In addition, patterns in diet overlap were

fairly consistent between kokanee age classes and

Mysis. Diet overlap was estimated as 0.11 in May

regardless of the kokanee age class under considera-

tion. Diet overlap increased to near significant levels

in November, but continued to exhibited little vari-

ability with kokanee age classes.

14 33 13 4 163
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noitroporP

May

32 37 26 8 129

0.0
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0.4

0.6

0.8

1.0

1.2

thgie
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noit roporP

August

54 25 23 144

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Age 0 Age 1 Age 2 Age 3 Mysis

thgie
w

yb
noi troporP

Diet source

November

Cladocerans Copepods

Fig. 6 Average proportion by weight in the diets of age-0

through age-3 kokanee and Mysis for May, August, and

November in Lake Pend Oreille. Diet categories include

cladocerans (Bosmina longirostris, Daphnia spp.,

Diaphanosoma leuchtenbergianum) and copepods (calanoid

copepods, Diacyclops thomasi). Sample sizes are included

above each column

Table 1 Schoener Index values of diet overlap between

kokanee and Mysis sampled in the May, August, and

November of 2017

Age (years)

Season 0 1 2 3 Overall

Spring 0.10 0.10 0.11 0.10 0.11

Summer 0.49 0.49 0.31 0.49 0.50

Autumn 0.57 0.58 0.53 0.58 0.58

Indices were calculated using percent by number for each prey

type
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Discussion

Our results suggest kokanee exhibit consistent onto-

genetic shifts in diet. Cladocerans composed between

70 and 55% of age-2 and age-3 kokanee diets in

August, whereas age-0 and age-1 fish contained

between 19 and 36% over the same period. Although

our results highlight apparent ontogenetic shifts in diet

of kokanee, the majority of literature focused on

kokanee food habits suggest kokanee diets vary little

with age (Bevelhimer & Adams, 1993; Stockwell &

Johnson, 1997; Stockwell & Johnson, 1999) and are

largely related to seasonal zooplankton availability

(Northcote & Lorz, 1966; Scheuerell et al., 2005). For

instance, age-0 through age-2 kokanee consumed

seasonally abundant zooplankton in Lake Granby,

Colorado, whereby cladocerans were the dominant

prey in the summer and copepods dominated diets for

the remainder of the year (Martinez & Bergersen,

1991). Optimal foraging theory suggests fish should

maximize their net rate of energy intake by consuming

energetically profitable (e.g., larger prey) items that

require short handling times (Townsend & Winfield,

1985). As such, the use of energetically costly prey

items (e.g., evasive behavior; O’Brien, 1979; Drenner

et al., 1980) by juvenile kokanee raises questions as to

the constraints imposed on kokanee that lead to age-

specific patterns in resource use.

Diet can be influenced by myriad factors including

prey availability, habitat, and biotic interactions (e.g.,

competition, predation; Morin, 1999). However, pre-

vious research suggests that predator avoidance is a

predominant factor influencing the behavior and diet

of kokanee (Townsend & Winfield, 1985; Levy,

1991). For instance, age-0 kokanee exhibited large

diel vertical migrations in Blue Mesa Reservoir,

Colorado despite decreased daytime foraging oppor-

tunities (Hardiman et al., 2004). The authors suggested

the observed migration patterns were largely associ-

ated with increased predation risk from Lake Trout.

Similarly, juvenile Oncorhynchus nerka (kokanee,

Sockeye Salmon) in lakes in the Stanley Basin, Idaho,

exhibited increasing avoidance of limnetic zones as

predator densities increased and zooplankton densities

decreased (Beauchamp et al., 1997). Although direct

comparisons between systems are difficult, predation

of kokanee by Lake Trout is a principal concern in

Lake Pend Oreille (Hansen et al., 2008, 2010; Corsi

et al., 2019) and has the potential to influence the

behavior of kokanee. As immature fish are most

susceptible to predation in Lake Pend Oreille (Vider-

gar, 2000), juvenile kokanee may avoid limnetic zones

until light attenuation reduces predation risk (Beau-

champ et al., 1999; Mazur & Beauchamp, 2006).

Cladocerans are typically distributed in the upper

epilimnion; therefore, predator avoidance behavior by

juvenile kokanee may constrain fish to deeper habitats

that are dominated by copepods (Rieman & Falter,

1981). Adult fish are not subject to the same

constraints and can more readily feed on cladocerans

thereby increasing their competitive interactions with

Mysis.

Theoretically, competition for limited resources

should result in declines in density related to emigra-

tion, increased mortality, or decreases in fitness

components (e.g., body size; Morin, 1999). Bluegill

Lepomis macrochirus (Rafinesque, 1819) and Pump-

kinseed Lepomis gibbosus (Linnaeus, 1758) growth

declined linearly as Bluegill density and competition

for littoral invertebrates increased (Mittelbach, 1988).

Diet overlap between Mysis and kokanee approached

significant levels in August and November suggesting

the potential for competitive interactions between

species. Furthermore, Mysis’ ability to regulate zoo-

plankton abundance has been well documented. Prior

to the collapse of Mysis, Mysis were estimated to

consume 70%–100% of the daily standing stock of

cladocerans in Lake Pend Oreille (Chipps & Bennett,

2000; Caldwell et al., 2016). Additionally, Mysis

consumed over four times as many cladocerans as

kokanee in a given year in Lake Pend Oreille (Chipps

& Bennett, 2000). Thus, reductions of Mysis in Lake

Pend Oreille should result in overall increases in

cladoceran abundance and positively influence the

growth of adult fish (Rieman & Myers, 1992) assum-

ing contemporary age-specific diet patterns are reflec-

tive of historical food habits. In Lake Pend Oreille,

summer (July–September) cladoceran (Daphnia spp.,

Diaphanosoma leuchtenbergianum) densities

increased from an average of 2,270 individuals m3 in

2009 (Caldwell et al., 2016) to 3,479 individuals m3 in

2015–2017. The decline of Mysis and increase in

cladocerans was associated with an average increase

in weight of 30.0 g in age-3 kokanee (pre-Mysis

collapse vs. post-Mysis collapse; 90.3 ± 24.5 g vs.

121.32 ± 28.1 g). Body size is positively related to

nearly every aspect of a fish’s life including survival

(Sogard, 1997) and reproduction (e.g., fecundity, egg
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size; McGurk, 2000; Whitlock et al., 2018a). There-

fore, increases in kokanee body size can confer

improvements in overall fitness and likely explain

population-level patterns observed in Lake Pend

Oreille. For instance, the number of mature adults

increased from an average of about 570,000 to over

900,000 following declines in Mysis densities in Lake

Pend Oreille. Similarly, natural recruitment increased

from a mean of 6.6 million to about 10.4 million over

the same time frame. Although declines in Mysis and

concurrent increases in cladocerans have likely pos-

itively influenced kokanee in Lake Pend Oreille, a

reduction in interspecific competition may exacerbate

interactions between conspecifics.

Oncorhynchus nerka are well known for exhibiting

density-dependent reductions in growth (Ricker,

1937; Goodlad et al., 1974; Peterman, 1984). Age-

1–3 kokanee displayed a clear inverse relationship

between fish density and length-at-age in ten lakes and

reservoirs throughout Idaho (Rieman &Myers, 1992).

In the current study, age-0 kokanee exhibited similar

density-dependent effects. Following increases in

natural recruitment in Lake Pend Oreille in 2011, the

average weight of age-0 kokanee declined by nearly

50%. Increases in kokanee abundance should corre-

spond to decreases in zooplankton density; however,

average zooplankton density increased following the

collapse of Mysis in Lake Pend Oreille (Caldwell

et al., 2016). Despite increases in overall zooplankton

abundance, reductions in growth of age-0 fish could be

associated with more complex changes in the food

web of Lake Pend Oreille. The vertical distribution of

pelagic zooplankton can be ‘‘squeezed’’ between

planktivorous fish from above and predatory inverte-

brates from below (Zaret & Suffern, 1976; Bowers &

Vanderploeg, 1982; Peacor et al., 2005). In the

absence of high Mysis densities, zooplankton may be

released from invertebrate predation and exhibit more

extensive avoidance of kokanee. Regardless of the

exact mechanism governing density-dependent pro-

cesses in Lake Pend Oreille, the observed patterns in

growth of age-0 kokanee brings into question common

kokanee management practices in the system.

Hatchery supplementation was initiated in Lake

Pend Oreille to rebuild the declining kokanee popu-

lation in the 1970s resulting in the annual stocking of

between 500,000 and 17 million age-0 fish. Often-

times, higher rates of stocking in Lake Pend Oreille

have followed years of low adult returns or when

abundant adults create surplus eggs (Whitlock et al.,

2018b). Each stocking scenario can create abnormally

high numbers of age-0 fish that likely intensifies

density-dependent processes. Additions of hatchery

fish following years of low adult returns likely

compound density-dependent processes due to com-

pensatory stock–recruitment relationships typical of

wild kokanee in Lake Pend Oreille (Whitlock et al.,

2018b). Similarly, high returns of mature kokanee are

positively correlated with the number of hatchery and

wild age-0 fish leading to concordant increases in

natural recruitment and stocking rates of juveniles.

Declines in Mysis have only acted to intensify existing

density-dependent processes due to increases in adult

fitness, survival, and recruitment. For instance, the

total number of kokanee in Lake Pend Oreille has

increased by 62% following the collapse of Mysis in

2011. Hatchery supplementation is an undeniably

valuable tool for kokanee management, but declines in

Mysis abundance have further altered the dynamics of

Lake Pend Oreille necessitating a reevaluation of

current hatchery practices.

Despite the often-reported negative effects of

Mysis on kokanee populations (Cooper & Goldman,

1980; Beattie & Clancey, 1991; Bowles et al., 1991),

the presence of piscivorous Lake Trout in the system

complicates identifying clear patterns in kokanee

abundance. Lake Trout negatively influence the

abundance of kokanee in systems where the species

co-occur (Martinez et al., 2009; Ellis et al., 2011).

Increases in Lake Trout abundance coincided with

declines in kokanee abundance in Lake Pend Oreille

(Corsi et al., 2019). However, the negative influence of

Lake Trout could not be decoupled from the negative

effects of competition between Mysis and kokanee.

Thus, Corsi et al. (2019) concluded that Mysis were

just as important as Lake Trout in regulating the

kokanee population in Lake Pend Oreille. Although

Mysis and Lake Trout likely both act to regulate

kokanee in Lake Pend Oreille, management resources

have been directed at Lake Trout suppression in the

system due to lack of feasible suppression techniques

for Mysis. Following the inception of Lake Trout

suppression in Lake Pend Oreille, age-8 and older

Lake Trout have been reduced by about 64% (Dux

et al., 2019). The continued suppression of Lake Trout

in Lake Pend Oreille may have shifted kokanee

regulation from top-down to bottom-up controls as

evidenced by the precipitous increases in kokanee
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following the collapse of Mysis in 2011. In addition,

declines in the weight of kokanee most susceptible to

Lake Trout predation (e.g., juvenile kokanee) suggest

an increase in density-dependent processes rather than

a reduction in density-dependent processes that would

be expected under top-down regulation (Rose et al.,

2001). Nevertheless, the influence of Lake Trout

cannot be discounted. Rather, Mysis and Lake Trout

impose complimentary regulatory forces on kokanee

(Ellis et al., 2011; Schoen et al., 2015; Corsi et al.,

2019) thereby necessitating consideration of both top-

down and bottom-up processes and their ability to

structure kokanee populations.

Admittedly, the ability to completely untangle the

complex relationships occurring between Mysis and

kokanee is challenging given the variable factors

influencing the Lake Pend Oreille ecosystem. Preda-

tion, competition, and hatchery supplementation have

continually altered population abundance of kokanee

in Lake Pend Oreille. Notwithstanding, our results

suggest kokanee exhibit age-specific patterns in

resource use that ultimately influence how the species

interacts with Mysis. Adult kokanee exhibited signif-

icant increases in weight and abundance following the

collapse of Mysis. Simultaneously, juvenile kokanee

abundance increased but corresponded to a significant

decline in the average weight of age-0 and age-1 fish.

Concordant declines in weight and increases in

juvenile kokanee abundance suggest density-depen-

dent processes are negatively influencing juvenile fish.

Such density-dependent processes are exacerbated by

ongoing stocking that acts to magnify intraspecific

competition among juvenile fish. Hatchery supple-

mentation has mitigated kokanee declines in the face

of predation and competition. However, the continued

suppression of Lake Trout and decline of Mysis may

have intensified intraspecific competition necessitat-

ing a reconsideration of traditional stocking practices.

The concurrent influence of various factors on koka-

nee in Lake Pend Oreille poses an interesting

challenge for managers. However, the continued

sustainability of kokanee in Lake Pend Oreille

requires a comprehensive consideration of the age-

specific dynamics of biotic interactions to more fully

understand how fish interact with potential competi-

tors and ultimately influence large-scale patterns in

population structure.
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