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Abstract
Growth is arguably the most important dynamic rate function due to its interaction with survival and recruitment.

As such, understanding the mechanisms underlying growth is a primary focus of fisheries research. Kokanee Oncor-
hynchus nerka in Lake Pend Oreille, Idaho, provide an interesting case study for investigating the factors that influ-
ence growth. Early-run and late-run kokanee occur in Lake Pend Oreille, but early-run fish generally grow faster
than late-run fish. The observed growth disparity between early- and late-run fish could be due to genetic differences
between the two groups. Conversely, a common hatchery practice of slowing growth by reducing feed has been
hypothesized to elicit a compensatory growth response in early-run fish and to explain the size difference between
breeding groups. Using two different experiments, we tested the hypotheses that (1) early-run kokanee are genetically
disposed to grow faster than late-run kokanee at identical water temperatures; and (2) feed restriction elicits a com-
pensatory growth response in early-run kokanee that explains the observed size difference between breeding groups.
Estimates of mean FL, weight, Fulton’s condition factor (K), and specific growth rate (SGR) were not significantly
different (P ≥ 0.05) between early-run and late-run fish in the first experiment. However, water temperature was posi-
tively related to mean FL, weight, K, and SGR for both breeding groups. Fish that were subjected to food deprivation
exhibited an increased growth rate and obtained weights similar to those of control fish. Overall, our results suggest
that early- and late-run fish have similar growth potential, but certain hatchery practices likely provide early-run fish
with an initial advantage in growth, size, or both.

Growth is arguably the most important dynamic rate
function governing fish population dynamics. Growth is
related to survival and recruitment through its effects on
myriad factors, including size at maturity, size-mediated
predator–prey interactions, and size-related mortality. For
instance, the length and age of adult female Black Rock-
fish Sebastes melanops were positively related to growth of
their progeny (Berkeley et al. 2004). Large larval Colorado

Pikeminnow Ptychocheilus lucius (44 mm) exhibited a higher
survival rate (100%) than small (30 mm; 3.3% survival)
and intermediate-length (36 mm; 6.7%) fish subjected to
starvation over a 210-d laboratory experiment (Thompson
et al. 1991). The authors (Thompson et al. 1991) con-
cluded that smaller individuals lacked the lipid reserves
necessary to survive periods of low prey abundance. In
addition, growth provides insight on the abiotic (e.g.,
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water temperature) and biotic (e.g., habitat and prey
resources) conditions of a fish’s environment (Quist et al.
2012). For instance, the growth of Creek Chub Semotilus
tromaculatus, Red Shiners Cyprinella lutrensis, and Green
Sunfish Lepomis cyanellus was positively related to habitat
quality (i.e., wood) in prairie streams within Fort Riley
Military Reservation, Kansas (Quist and Guy 2001).
Given the extent of the indirect and direct effects of
growth on the ecology and life history of fishes, an under-
standing of the mechanisms underlying growth is critical.

Kokanee (lacustrine Sockeye Salmon Oncorhynchus
nerka) provide an interesting subject for understanding the
mechanisms influencing growth in fish. The kokanee is a
widely distributed species and is often the focus of man-
agement agencies due to its ecological and recreational
importance. Throughout their distribution, kokanee exhi-
bit variable life history patterns ranging from stream
spawning (Eiler et al. 1992) to shoreline spawning at
depths greater than 20 m (Hassemer and Rieman 1981).
However, naturally reproducing fish are generally catego-
rized as shore-spawning or stream-spawning ecotypes.
Management agencies often employ hatchery programs to
supplement or maintain kokanee populations. The co-
occurrence of hatchery propagation and naturally repro-
ducing populations can create a complex mixture of wild
and hatchery groups exhibiting different breeding strate-
gies. The complex assortment of kokanee breeding groups
is epitomized in Lake Pend Oreille (LPO), Idaho. Wild
kokanee in LPO are categorized as either early- or late-
run fish. Early-run kokanee spawn in tributaries from
August to September, whereas late-run kokanee spawn in
tributaries and along shorelines from November to
December. Tributary-spawning fish (early run and late
run) are also collected by the Idaho Department of Fish
and Game (IDFG) for broodstock to support statewide
kokanee needs. Progeny from LPO broodstock collections
are stocked back into the lake; thus, kokanee in LPO
represent wild-origin or hatchery-origin fish that exhibit
early-run or late-run spawning behavior. In addition to
disparate spawning times, growth differences exist among
breeding groups (Whitlock et al. 2018). Based on trawl
data collected from LPO during 2005–2015, early-run
hatchery kokanee were on average about 20 mm longer
than late-run hatchery kokanee and 20–30 mm longer
than wild-origin (early-run and late-run) fish of the same
age (0–3 years; IDFG, unpublished data). Although the
disparity in average length between hatchery and wild fish
is likely explained by hatchery rearing (e.g., consistent
water temperatures and feeding), the difference in length
between early-run and late-run hatchery fish is poorly
understood. Understanding the mechanisms underlying
the growth disparity between early- and late-run kokanee
is important from a management perspective. Fast-grow-
ing kokanee require less time in hatcheries to reach

“stockable” lengths and are more likely to avoid size-
selective predation than slow-growing fish once stocked
(Miller et al. 1988). Furthermore, fast-growing fish have
been shown to have higher catchability due to behavioral
characteristics associated with fast growth (e.g., aggres-
siveness; Biro and Post 2008; Tsuboi et al. 2016). As such,
identifying the factors that contribute to fast growth is an
important management consideration for kokanee.

Identifying the primary factors that influence growth in
kokanee is difficult. The observed growth difference
among kokanee breeding groups could be influenced by a
multitude of extrinsic (e.g., water temperature, dissolved
oxygen levels, and food availability) and intrinsic (e.g.,
hormone secretion, age, and morphology) factors (Moyle
and Cech 1982). However, we were primarily interested in
addressing two hypotheses surrounding the growth dispar-
ity between early-run and late-run hatchery fish. Kokanee
exhibited genetic differentiation based on breeding group
(Whitlock et al. 2018), suggesting that early-run hatchery
fish may be genetically predisposed (e.g., feed conversion
efficiency) to grow faster than late-run hatchery fish (Hus-
ton and Deangelis 1987). Conversely, certain hatchery
practices could explain the growth disparity between
hatchery-reared kokanee. Due to disparate spawning times
of wild fish, the development of early-run larvae reared in
the hatchery precedes that of late-run progeny by about
2 months. In an effort to stock similar-size kokanee,
hatchery managers may “hold back” early-run hatchery
fish by reducing feed such that they are of similar size to
late-run kokanee at the time of stocking (June; J. Rankin,
IDFG, Cabinet Gorge Fish Hatchery, personal communi-
cation). Retarding the growth of early-run kokanee may
result in a compensatory growth response whereby periods
of depressed growth are followed by periods of accelerated
growth (Ali et al. 2003; Dmitriew 2011). For instance,
Yellow Perch Perca flavescens that were subjected to six
cycles comprising 12 d of food deprivation (1.0% of body
mass/d) followed by ad libitum feeding exhibited faster
growth and achieved similar final weights as control fish
(continuous ad libitum feeding) after 147 d (Hayward
and Wang 2001). In an effort to determine the underlying
cause of the observed growth differences between early-
run and late-run kokanee, we experimentally tested the
hypotheses that (1) early-run kokanee are genetically
disposed to grow faster than late-run fish at identical
water temperatures and (2) feed restriction elicits a com-
pensatory growth response in early-run kokanee that
explains the observed size difference between breeding
groups.

METHODS
Experiment 1.— In January 2017, approximately 300

early-run kokanee (mean FL = 39.3 mm) were obtained
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from the IDFG Cabinet Gorge Fish Hatchery and trans-
ported to the University of Idaho. A similar number of
late-run kokanee (mean FL = 36.0 mm) was obtained
from Cabinet Gorge Fish Hatchery and transported to the
University of Idaho in February 2017. Prior to being
transported to the University of Idaho for experimenta-
tion, both groups were approximately 125 d posthatch
and had experienced the same hatchery conditions. Specifi-
cally, both breeding groups were reared at the same water
temperatures (8.0–10.0°C) and were fed the same food at
the same rate (3.8% of body weight). The two groups were
used to evaluate potential growth differences between
breeding groups.

Fish were allowed to acclimate for 48 h in a 950-L,
flow-through tank at a water temperature of 10°C (�1°C).
During the acclimation period, fish were fed 3% of their
body weight twice daily. After the acclimation period, fif-
teen 3.8-L, flow-through aquaria were stocked with 15 ran-
domly selected early-run kokanee (n = 225). Fifteen
additional aquaria were each stocked with 15 randomly
selected late-run kokanee. Each aquarium was randomly
assigned to one of three water temperature treatments (win-
ter: 4 � 1°C; spring: 10 � 1°C; summer: 15 � 1°C) such
that five aquaria per breeding group were allocated to each
treatment. Water temperatures used during the experiment
were based on mean seasonal water temperatures of LPO.
Kokanee were allowed to acclimate to their aquaria for
72 h before the experiment began. During the acclimation
period, water temperatures were maintained at 10 � 1°C
for 24 h. After 24 h, water temperatures were increased or
decreased to obtain the desired treatment temperature.
After 72 h, kokanee were removed from their aquaria,
anesthetized with tricaine methanesulfonate (MS-222;
75 mg/L; Western Chemical, Ferndale, Washington), mea-
sured for FL (nearest 1.0 mm), weighed (nearest 0.01 g),
and returned to their respective aquaria. Fish were unfed
for at least 15 h prior to collection of FL and weight data.
In an effort to reduce handling stress, individual fish were
removed from the anesthesia bath using a 5- × 5-cm
aquarium net and placed directly onto a polyvinyl chloride
measuring board. After length was recorded, the fish was
transferred to a 5- × 5-cm piece of nylon mesh that was set
on a dry paper towel to absorb excess water. The fish was
then transferred to a plastic weigh boat, weighed, and
placed in an aerated recovery bath. Collection of length
and weight data took about 10 s per fish.

Fish were fed 3% of their body weight twice daily using
Rangen Trout and Salmon Starter Number 1 (Rangen,
Buhl, Idaho) for the duration of the experiment. Feed
rations of each aquarium were adjusted weekly to account
for changes in weight and(or) fish density (i.e., mortalities).
Aquaria were cleaned daily. Dissolved oxygen and water
temperature were monitored weekly. All fish were exposed
to a 12-h light : 12-h dark cycle. Every 7 d, kokanee were

anesthetized with MS-222, measured for FL, and weighed
via the procedure described above. On day 28 of the exper-
iment, fish were euthanized with an overdose of MS-222
(200 mg/L), measured for FL, and weighed.

Experiment 2.— In February 2018, approximately 600
early-run kokanee (50.0 mm) were obtained from Cabinet
Gorge Fish Hatchery and transported to the University of
Idaho, where the potential for a compensatory growth
response after starvation was evaluated. Fish were allowed
to acclimate for 48 h in a 950-L, flow-through tank at a
water temperature of 10°C (�1°C). During the acclima-
tion period, fish were fed 3% of their body weight twice
daily. After the acclimation period, thirty 3.8-L, flow-
through aquaria were each stocked with 15 randomly
selected kokanee. Prior to stocking, fish were anesthetized
with MS-222 (75 mg/L), measured for FL (nearest
1.0 mm), weighed (nearest 0.01 g), and placed in an
aquarium. All fish were measured and weighed by using
the procedure described for experiment 1. Five aquaria
were randomly assigned to one of five food-deprivation
treatments: 7, 14, 21, 28, or 35 d without feed (hereafter
referred to as 7-, 14-, 21-, 28-, and 35-d groups, respec-
tively). The remaining five aquaria served as controls.
Control fish were fed for the duration of the experiment;
treatment fish were fed after completion of their food
deprivation period until the end of the experiment.
Because compensatory growth most often occurs through
hyperphagia (Ali et al. 2003), treatment and control fish
were fed an excess ration (6% of mean body weight) of
Rangen Trout and Salmon Starter Number 1 twice daily
to allow for increased food intake. Feed rations of each
aquarium were adjusted weekly to account for changes in
weight, fish density (i.e., mortalities), or both. The experi-
ment was run for 70 d to allow any growth compensation
to manifest. Water temperatures of all aquaria were held
at 10 � 1°C to mimic spring water temperatures in LPO.
All fish were exposed to a 12-h light : 12-h dark cycle.
Every 7 d, kokanee were anesthetized with MS-222, mea-
sured for FL, and weighed. Aquaria were cleaned daily.
Dissolved oxygen and water temperature were monitored
weekly. On the final day of the experiment, fish were euth-
anized with an overdose of MS-222 (200 mg/L), measured
for FL, and weighed.

Analysis.— For both experiments, average FL and
weight were estimated for each measurement period and
aquarium. The specific growth rate (SGR) was estimated
for each measurement period and aquarium as

SGR ¼ loge Wf � loge Wi

t

� �
� 100;

where Wf represents the average final weight of fish in an
individual aquarium; Wi represents the average initial
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weight of fish in an individual aquarium; and t represents
the time between final and initial weight measurements
(Shoup and Michaletz 2017).

Fulton’s condition factor (K) was also estimated for
each measurement period and aquarium as

K ¼ Wx

L3
x

� �
� 100;000;

where Wx is the final weight of fish x; and Lx is the final
FL of fish x (see Nash et al. 2006; Neumann et al. 2012).
Estimates of K were averaged for each aquarium and used
for statistical comparisons.

For each experiment, potential differences in FL,
weight, K, and SGR between breeding groups and among
temperature treatments were evaluated using ANOVA or
ANCOVA (Ott and Longnecker 2010). We were primarily
interested in potential long-term growth patterns and thus
focused our analysis on mean FLs, weights, K-values, and
SGRs at the end of each experiment. Because starting
weights and lengths differed between early- and late-run
fish in experiment 1, ANCOVA was used to evaluate
potential differences among final mean FLs, mean
weights, and mean K-values between groups by treatment
temperature. Breeding group (early run or late run) served
as the main effect, and initial mean FL or initial mean
weight was included as a covariate to control for initial
differences in length and weight between early- and late-
run kokanee. All other comparisons were evaluated using
ANOVA. In experiment 2, mean FLs, weights, and SGRs
of kokanee (treatment and control fish) were likely influ-
enced by the time period after initial feeding (Ali et al.
2003). As such, ANOVA was used to compare final aver-
age FLs, weights, and SGRs based on the number of days
since feeding commenced. For example, the SGRs of con-
trols and 35-d fish were compared at the 35th day after
initiation of feeding. If differences in indices occurred,
Tukey’s post hoc test was used to detect differences
between treatments (Ott and Longnecker 2010). All analy-
ses were conducted using R statistical software (R Devel-
opment Core Team 2017) and were considered significant
at α = 0.05.

RESULTS

Experiment 1
Over the course of experiment 1, five fish (3 early run;

2 late run) died. At the beginning of the experiment, aver-
age FLs differed between breeding groups (Figure 1).
Early-run kokanee averaged 39.28 mm FL (SD = 0.98),
and late-run fish averaged 36.07 mm FL (SD = 1.21). As
the experiment progressed, average lengths of all

treatment groups increased and were positively influenced
by water temperature. Fish reared at 4°C were the shortest
(P < 0.001) among the treatment groups. Early-run fish
raised in 4°C water had a final mean length of 46.09 mm
(SD = 0.61), and late-run fish in the same treatment aver-
aged 43.58 mm (SD = 0.98) at the end of the experiment.
Both early- and late-run fish reared in 15°C water
obtained the longest mean FLs of any treatment group
(early run: 47.75 mm FL, SD = 1.12; late run: 48.10 mm
FL, SD = 0.79) by the conclusion of the experiment. At
the end of the experiment, mean FLs of early- and late-
run fish were not statistically different for the 4°C
(F1, 9 = 0.41, P = 0.54) and 10°C (F1, 9 = 2.07, P = 0.19)
treatments. However, early- and late-run fish reared in
15°C water exhibited a significant difference in mean FL
at the end of the experiment (F1, 9 = 17.69, P = 0.0001).

At the beginning of the experiment, average weights
differed between breeding groups (Figure 1). Early-run
kokanee averaged 0.39 g (SD = 0.02), whereas late-run
fish exhibited a mean weight of 0.28 g (SD = 0.01). As
the experiment progressed, average weights were variable
and primarily influenced by water temperatures. Both
breeding groups obtained the lowest final mean weight in
4°C water (P < 0.001) at the conclusion of the experi-
ment. At the termination of the experiment, early-run fish
raised in 4°C water averaged 0.64 g (SD = 0.19) in

FIGURE 1. Average FL (top panel) and weight (bottom panel) of early-
run (solid lines; solid symbols) and late-run (dashed lines; open symbols)
kokanee reared at 4°C (triangles), 10°C (squares), or 15°C (circles).
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weight, and late-run fish in the same treatment had a
mean weight of 0.51 g (SD = 0.14). Early-run fish raised
in 10°C water were the heaviest among treatments (0.73 g;
SD = 0.25) at the end of the experiment, whereas late-run
kokanee obtained the heaviest mean weight in 15°C water
(0.71 g; SD = 0.15) over the same time period. At the end
of the experiment, mean weights were not statistically
different between early- and late-run fish in the 4°C
(F1, 9 = 2.32, P = 0.18), 10°C (F1, 9 = 0.85, P = 0.39), or
15°C (F1, 9 = 2.22, P = 0.19) treatment.

Early-run kokanee exhibited better body condition than
late-run fish at comparable time frames (Figure 2). After
14 d, early-run fish had an average K between 0.66
(SD = 0.06) and 0.69 (SD = 0.09), and late-run fish had
an average K between 0.61 (SD = 0.05) and 0.64
(SD = 0.05) over the same time frame. Similar patterns in
condition were apparent at the end of the experiment. For
instance, estimates of K for all early-run fish were about
0.64 at 28 d, whereas the K of late-run fish was between
0.59 (SD = 0.05) and 0.65 (SD = 0.05) over the same time
period. Average K was influenced by water temperature,
but the effects were variable. Fish reared at 10°C and 15°C
tended to have better condition than fish reared at 4°C. At
the end of the experiment, K was not statistically different
between early- and late-run fish at any temperature treat-
ment (4°C: F1, 9 = 4.45, P = 0.08; 10°C: F1, 9 = 1.08,
P = 0.34; 15°C: F1, 9 = 1.88, P = 0.22).

The SGRs were variable between kokanee breeding
groups through time and among treatments (Figure 3).
Late-run fish in the 10°C treatment exhibited the fastest
growth rate among all treatments. For instance, late-run
kokanee in the 10°C treatment averaged 4.58%

(SD = 0.62) growth each day in the first week of experi-
mentation, whereas all other treatments had SGRs of
3.62% or less. Overall, SGRs declined through time and
converged on relatively similar values by the end of the
experiment. No difference in growth between breeding
groups was apparent at the conclusion of the experiment
(F1, 29 = 0.33, P = 0.57). However, water temperature
influenced the growth rates of both groups (F2, 29 = 28.12,
P < 0.001). The final SGR of fish held at 4°C was signifi-
cantly less than that of fish held at 10°C and 15°C
(P < 0.001), but there was no difference in mean SGR
between fish in the 10°C and 15°C treatments (P = 0.86).

Experiment 2
A single fish died during experiment 2. The mean FL of

study fish varied little over the course of the experiment
(Figure 4). At the beginning of the experiment, the mean
FL of all groups was 50.53 mm (SD = 1.37), and there
was no significant difference between groups (F5, 29 = 0.65,
P = 0.66). Control fish obtained the longest average FL of
all fish after 70 d (74.29 mm; SD = 7.35). However, con-
trol fish exhibited similar average FLs as treatment fish for
a given time period. For example, the average FL of treat-
ment and control fish 35 d after initiation of feeding varied
from 61.37 mm (35-d group) to 65.70 mm (14-d group).
No significant differences in average FL were observed
between control fish and treatment groups regardless of the
time period (P ≥ 0.05).

Treatment fish exhibited fairly consistent weight gain
regardless of their treatment (Figure 4). The mean weight
of study fish was 0.86 g (SD = 0.03) at the beginning of
the experiment, and there was no significant difference
between groups (F5, 29 = 2.04, P = 0.11). Control fish
obtained the largest maximum weight of all fish and
achieved an average weight of 3.22 g (SD = 0.96) after
70 d. In general, food-deprived fish exhibited mean

FIGURE 2. Average Fulton’s condition factor for early-run (solid lines;
solid symbols) and late-run (dashed lines; open symbols) kokanee reared
at 4°C (triangles), 10°C (squares), or 15°C (circles).

FIGURE 3. Mean specific growth rate (% per day) of early-run (solid
lines; solid symbols) and late-run (dashed lines; open symbols) kokanee
reared at 4°C (triangles), 10°C (squares), or 15°C (circles).
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weights similar to controls for a given time period
(P > 0.05). The 14-d group was the only treatment that
showed a significant difference in mean weight at the end
of the experiment when compared to controls (P = 0.03).
Fish in the 14-d treatment group averaged 2.99 g
(SD = 0.78) after 56 d of excess feeding, whereas controls
had a mean weight of 2.64 g (SD = 0.77) after 56 d.

Average K of study fish was fairly consistent through-
out the experiment (Figure 5). Control fish tended to exhi-
bit the highest K-values regardless of the time period.
Average K decreased with increasing food deprivation
time but quickly achieved values similar to those of con-
trols once feeding resumed. However, the time required to
reach K-values similar to those of controls was related to
the amount of time for which fish were deprived of food.
For instance, 7-d fish obtained an average K similar to
that of control fish after 7 d of feeding, whereas 28-d fish
required 42 d of feeding to obtain a mean K similar to
that of control fish. Excluding 35-d fish, all fish achieved a
mean K similar to that of control fish by the end of the
experiment (P > 0.05). Fish that were deprived of food
for 35 d had the lowest mean K (0.73; SD = 0.01) and
were the only group to exhibit a mean K that was statisti-
cally different from that of controls (P = 0.01).

The SGRs of treatment fish tended to be positively
related to the food deprivation period (Figure 6). For

instance, 7-d fish obtained a maximum average SGR of
3.13% (SD = 0.19) after feeding resumed, whereas 28-d
fish had a maximum mean SGR of 3.42% (SD = 0.40)
after the resumption of feeding. However, the longer fish

FIGURE 5. Average Fulton’s condition factor for early-run kokanee
that were starved for 7 d (×-symbols), 14 d (open triangles), 21 d (open
diamonds), 28 d (open circles), or 35 d (open squares), after which
feeding was resumed. Average values for control fish are indicated by the
solid squares.

FIGURE 4. Average FL (top panel) and weight (bottom panel) after
initial feeding for early-run kokanee that were starved for 7 d (×-
symbols), 14 d (open triangles), 21 d (open diamonds), 28 d (open
circles), or 35 d (open squares). Average values for control fish are
indicated by the solid squares.

FIGURE 6. Average specific growth rate (% per day) after initial
feeding for early-run kokanee that were starved for 7 d (×-symbols), 14 d
(open triangles), 21 d (open diamonds), 28 d (open circles), or 35 d (open
squares). Average values for control fish are indicated by the solid
squares.
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were deprived of food, the longer it took those fish to
obtain their maximum SGR. Fish that were deprived of
food for 14 d achieved their maximum SGR (3.05%;
SD = 0.22) after 7 d of feeding, whereas 35-d fish
obtained their maximum SGR (3.25%; SD = 0.09) after
28 d of feeding. All fish that were deprived of food for
more than 7 d exhibited a higher SGR than controls for
the duration of the experiment. After 70 d, the 35-d group
(2.43%; SD = 0.32) and 28-d group (2.41%; SD = 0.13)
had the highest SGRs, followed by 21-d fish (1.80%;
SD = 0.18), 14-d fish (1.60%; SD = 0.08), controls
(1.40%; SD = 0.15), and 7-d fish (1.32%; SD = 0.07). Fish
that were starved for 14 and 28 d were the only groups to
exhibit SGRs statistically higher than those of controls
(14 d: P = 0.00; 28 d: P < 0.001) at comparable time
frames. All other treatments were not statistically different
from controls at similar time periods (P > 0.05).

DISCUSSION
Growth in fishes is influenced by numerous intrinsic

and extrinsic factors that often interact and change with
a fish’s age (Moyle and Cech 1982). Our results confirm
the positive effect of water temperature on the growth
rate of fish. Early-run and late-run kokanee reared at
10°C and 15°C exhibited significantly faster growth rates
than fish raised in 4°C water. In controlled experiments,
the growth rate of Sockeye Salmon was maximized at
2.60% per day at 15°C (Brett et al. 1969). Juvenile
Atlantic Salmon Salmo salar and Rainbow Trout O.
mykiss increased their growth rate by as much as nine
times as water temperature increased from 4°C to 16°C
(Austreng et al. 1987). However, early- and late-run fish
were similarly influenced by increasing water tempera-
ture in the current study, suggesting that sympatric fish
would have to exhibit divergent behavior (e.g., habitat
use and diet) for differences in growth to manifest.
Whitlock et al. (2018) suggested that the observed differ-
ences in growth between adult (age-2–4) early-run and
late-run wild kokanee in LPO were due to differences in
behavior and(or) physiology related to genetic differenti-
ation between groups. Despite the findings of Whitlock
et al. (2018), we did not observe meaningful differences
in FL, weight, or SGR between early-run and late-run
kokanee. However, the current study focused on age-0
fish and did not allow for potential differences in behav-
ior or physiology that may manifest in wild adult fish.
The offspring of two sympatric Arctic Char Salvelinus
alpinus morphs exhibited incongruent growth patterns in
Lake Fjellfrøsvatn, Norway (Knudeson et al. 2015).
Knudeson et al. (2015) suggested that the divergent
growth patterns were due to differences in habitat use
whereby one morph occupied the profundal zone and
exhibited consistent growth rates and the other morph

occurred in the littoral zone and exhibited seasonal fluc-
tuations in growth. Early- and late-run hatchery koka-
nee are stocked in the same locations in LPO and are
thought to occupy the same habitat type (limnetic zone)
based on standard midwater trawl surveys. Furthermore,
the observed growth disparity likely occurs early in life,
as evidenced by the consistent size difference among all
age-classes of early- and late-run kokanee in LPO. As
such, our results suggest that the observed growth differ-
ence between early- and late-run kokanee is due to
extrinsic rather than intrinsic factors.

The response of kokanee to periods of food deprivation
may partially explain the difference in mean length
observed in LPO. The average SGR of control fish in
experiment 2 was 2.38% per day (SD = 0.44) during their
first week of feeding, whereas fish that were deprived of
food exhibited SGRs varying from 2.28% per day
(SD = 0.24; 35-d group) to 3.13% per day (SD = 0.19;
7-d group) during the first week of resumed feeding. Simi-
lar patterns of increased growth rate after periods of food
deprivation have been reported for various fishes. Atlantic
Salmon receiving restricted rations for 37 d attained the
same body size as control fish after 215 d of feeding
(Nicieza and Metcalfe 1997). Sockeye Salmon that were
starved for 1–3 weeks achieved the mean weight of control
fish after 8 weeks of feeding (Bilton and Robins 1973).
Despite the accelerated growth rate of kokanee in experi-
ment 2, none of the treatment groups obtained final mean
weights similar to those of control fish. However, when
weights were compared based on post-feeding time, all
treatment groups equaled or exceeded the mean weight of
controls. After 6 weeks of receiving excess rations, the 7-,
14-, 21-, and 28-d treatments had average weights between
1.88 g (SD = 0.54) and 2.04 g (SD = 0.53), whereas con-
trols had a mean weight of 1.88 g (SD = 0.56). Fish that
were starved for 14 d were the only treatment group to
achieve an average weight significantly heavier than that
of controls. Although the 14-d treatment was the only
group to surpass the mean weight of controls, these results
suggest that kokanee possess the capacity to overcompen-
sate for lost growth and obtain heavier mean weights than
controls. Nevertheless, it is unclear whether an accelerated
growth at age 0 would manifest as appreciable size differ-
ences in adult fish.

If compensatory growth causes long-term size differ-
ences between early- and late-run kokanee, the growth
rate of early-run fish would have to equal or exceed that
of late-run fish over long time frames. However, previous
research suggests that prolonged periods of accelerated
growth are rare. Of the 50 growth compensation studies
reviewed by Ali et al. (2003), only one (Hayward et al.
1997) reported changes in final size that would likely per-
petuate to later life stages. Hayward et al. (1997) subjected
hybrid sunfish (Green Sunfish × Bluegill L. macrochirus)
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to repeated cycles of no feeding and refeeding that varied
from 2 to 14 d in length. Sunfish that were subjected to
the 2-d treatment outgrew controls by 2×, and those from
the 14-d treatment exceeded the growth of controls by
about 1.5× at the end of the 105-d experiment. The
growth rate of food-deprived sunfish never declined to that
of control fish. However, Hayward et al. (1997) continu-
ally subjected treatment fish to feed–no feed cycles, so it is
unclear whether the growth trajectories of treatment fish
would have persisted if they were fed similar to controls.
Age-1 Arctic Char that were given a restricted diet for
8 weeks and then were fed an ad libitum ration for
8 weeks showed an initial increase in growth, which then
decreased to levels similar to those of control fish (ad libi-
tum feeding; Miglavs and Jobling 1989). In the current
study, kokanee generally resumed growth rates commen-
surate with those of controls once a “normal” growth tra-
jectory was achieved. If early- and late-run kokanee
exhibit similar growth patterns in LPO, early-run fish
would have to achieve and maintain an initial size advan-
tage over late-run fish for long-term growth disparities to
manifest.

Differences in sizes at stocking could potentially influ-
ence the size disparity observed between early- and late-
run fish in LPO. Hatchery staff attempt to produce simi-
larly sized early- and late-run fish at the time of stocking;
however, early-run kokanee may exceed the length of late-
run fish by about 13 mm in a given year (Rankin, per-
sonal communication). The initial disparity in size between
early- and late-run fish could persist, assuming the growth
rate of early-run fish never declines below that of late-run
fish. Bimodal size distributions can be perpetuated through
time given an initial size disparity and constant growth
rates (Huston and Deangelis 1987). Furthermore, differ-
ences in growth rates between sympatric groups would be
amplified in relation to divergences in growth rate. As
such, a compensatory growth response of early-run fish
coupled with an initial size advantage would magnify the
disparity in size between early- and late-run fish. Nonethe-
less, it remains unclear how size and growth rate at age 0
influence long-term growth trajectories. Juvenile size and
growth rate have been shown to influence a suite of life
history traits (e.g., adult growth rates and reproductive
success) in adult cichlids Simochromis pleurospilus
(Taborsky 2006). Taborsky (2006) reported that juvenile
cichlid growth rate (and size) influenced adult size, but the
author noted that growth rates were highly flexible and
could be altered through feeding regimes. Previously food-
deprived Atlantic Salmon displayed full compensation in
autumn but exhibited slower growth rates and lipid
reserves than control fish during the following spring
(Morgan and Metcalfe 2001). Presumably, early-run
kokanee would be able to maintain a size advantage over
late-run fish, but without long-term data on growth-

manipulated kokanee, it is difficult to know how acceler-
ated growth in juvenile fish would influence the growth of
kokanee at later life stages.

The primary goal of this research was to identify the
cause of divergent growth in sympatric breeding groups of
kokanee. We hypothesized that the observed growth dif-
ference between early- and late-run fish was due to each
group’s respective genetics. However, early- and late-run
kokanee did not exhibit divergent growth patterns under
experimental conditions, suggesting that the observed
growth differences are due to factors other than those
related to the genetics of each breeding group. The growth
rates of both groups responded similarly to changes in
water temperature, implying that early- and late-run fish
would have to exhibit different behavior (e.g., diet and
habitat use) for a growth difference to manifest. In light
of the results from experiment 1, we hypothesized that the
hatchery practice of retarding the growth of early-run fish
would result in a compensatory growth response and lead
to the observed differences in length between breeding
groups. Our results suggest that kokanee possess the abil-
ity to overcompensate for lost growth after periods of
food deprivation and support the hypothesis that growth
retardation of hatchery fish may partially explain the
observed growth difference between early- and late-run
kokanee. In addition, our results provide valuable insight
for kokanee management. Controlled feed restriction in
hatcheries could be used to positively influence the growth
rates of age-0 kokanee. Increased growth rates would
likely reduce the amount of time fish spend in the hatch-
ery, and even small increases in size may help juvenile fish
to avoid size-selective mortality (e.g., predation and star-
vation; Miller et al. 1988). However, growth compensation
has been associated with considerable costs, including
hyperphagia-related predation, growth abnormalities, and
decreased longevity (Ali et al. 2003; Inness and Metcalfe
2008). As such, large-scale growth manipulations should
be used with caution. Although disentangling the factors
that influence growth in fishes is difficult, an improved
understanding of growth will help advance the manage-
ment and conservation of economically and ecologically
important species.
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