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To feed or flee: early life-history behavioural strategies of
juvenile lake sturgeon (Acipenser fulvescens) during risk-sensitive
foraging
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Abstract: Balancing foraging opportunities with predation risk can promote complex behavioural strategies in juvenile fishes,
particularly in northern temperate environments with short growing seasons. To test how predation experience may influence
foraging effort and risk assessment of juvenile lake sturgeon (Acipenser fulvescens Rafinesque, 1817), flight response and substrate
preference behavioural measurements were taken during critical life periods of early exogenous feeding (~60 days post
fertilization (dpf)) and pre-winter (~160 dpf). Lake sturgeon were placed in arenas with partial cover and exposed white plastic
bottom. Chemical alarm cue (AC) was introduced to predator naive individuals in the presence or absence of food over the
exposed portion of the arena to simulate risk sensitive foraging over diurnal and seasonal periods. The same protocol was run
on predator-experienced individuals, which were classically conditioned to predator cue (PC) prior to the trials. Whole-body
cortisol measures were also taken to determine the physiological response to predation experience. Results suggest a propensity
to forage in spite of predation risk during the naive ~60 dpf trials and highlight context-specific anti-predator responses of naive
and experienced lake sturgeon. Elevated basal whole-body cortisol levels and reduced body condition (p < 0.05) were observed
with increased predator experience.
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Résumé : La recherche d’un équilibre entre les occasions de quéte de nourriture et le risque de prédation peut favoriser des
stratégies comportementales complexes chez les jeunes poissons, particuliéerement dans les milieux tempérés nordiques ou les
saisons de croissance sont courtes. Pour vérifier comment 'expérience de prédation pourrait influencer I'effort de quéte de
nourriture et ’évaluation du risque chez les esturgeons jaunes (Acipenser fulvescens Rafinesque, 1817) juvéniles, des mesures
comportementales de la réaction de fuite et des préférences en matiére de substrat ont été prises durant les périodes critiques
du début de I’étape d’alimentation exogene (~60 jours apres la fécondation (jaf)) et avant I'hiver (~160 jaf). Des esturgeons jaunes
ont été placés dans des enceintes partiellement couvertes et dotées d’un fond en plastique blanc exposé. Des spécimens sans
expérience de prédateurs ont été exposés a un signal d’alarme chimique en présence ou en I’absence de nourriture dans la partie
exposée de I'enceinte afin de simuler une quéte de nourriture sensible au risque durant des périodes diurnes et saisonnieres. Le
méme protocole a été appliqué a des spécimens avec expérience de prédateurs, conditionnés de maniére classique a un signal de
prédateur avant les essais. Des mesures de la concentration corporelle globale de cortisol ont été prises afin de déterminer la
réaction physiologique a I’expérience de prédation. Les résultats indiqueraient une propension a la quéte de nourriture en dépit
de I’existence d’un risque de prédation durant les essais a ~60 jaf sur des poissons naifs et soulignent le fait que les réactions
anti-prédation des esturgeons naifs et expérimentés dépendent du contexte. Une élévation des concentrations corporelles
globales de base de cortisol et une diminution de I’embonpoint (p < 0,05) étaient associées a une plus grande expérience de
prédateurs. [Traduit par la Rédaction]

Mots-clés : esturgeon jaune, Acipenser fulvescens, quéte de nourriture, apprentissage, prédation, physiologie.

responses optimal for the current state of the individual and en-
vironmental context (Wolf and Weissing 2010; Polverino et al.
2016).

During early life stages, prey animals often have high energy
requirements and limited predation experience. Rapid shifts in
intrinsic energy demands and extrinsic pressures can occur dur-

Introduction

The trade-off between feeding and avoiding potential predation
threat is often faced by foraging animals (Elgar 1989). For the
individual, it is beneficial to promote avoidance behaviour pro-
portional to the gradient of perceived threat so as to maximize

foraging. Avoidance behaviour of the individual can be promoted
through intrinsic demands (growth, metabolic rate, body condi-
tion, etc.) and extrinsic pressures (predation experience, micro-
habitat heterogeneity, foraging, etc.) (Polverino et al. 2016). Intrinsic
demands and extrinsic pressures vary over age, size, body, or phys-
iological condition of the individual, thus promoting behavioural

ing this period. Responding appropriately to these stimuli across
such a gradient can promote complex early life-history behav-
ioural strategies. For example, at early life stages, fish may adopt
a more risky foraging strategy when growth is paramount; how-
ever, older and larger individuals may be less prone to take risky
foraging strategies in favour of predator avoidance. Such ontoge-
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netic shifts in risk assessment behaviour can rapidly occur in
juvenile fishes and are well documented (Golub and Brown 2003;
Jones et al. 2003; Marcus and Brown 2003; Harvey and Brown
2004; Lonnstedt et al. 2012). Furthermore, risk assessment behav-
iour can change over much shorter time frames such as day or
night foraging when predation pressures and the ability to avoid
predators may greatly change.

In higher latitude temperate environments, fishes must grow
and obtain energy reserves within a small window of time, bal-
ancing energy allocations towards somatic growth, anti-predator
behaviour, and energy storage in preparation for winter. Numer-
ous models (Ludwig and Rowe 1990; Rowe and Ludwig 1991;
Houston et al. 1993; Werner and Anholt 1993; Clark 1994) and
laboratory experiments (Johansson and Rowe 1999; Anholt et al.
2000; Johansson et al. 2001) demonstrate that prey take greater
risks when foraging since this window of time is reduced. Indeed,
winter mortality may be more severe than predation mortality in
juvenile fishes (Schultz and Conover 1997), which may promote an
early life behavioural strategy that maximizes growth and energy
reserves in some fishes (Post and Evans 1989; Post and Parkinson
2001; Hurst and Conover 2003). Understanding the extent to
which predation threat and time constraints promote risk-taking
behaviour is challenging, yet it may prove rewarding since the
selective forces promoting this behaviour have large population-
level consequences (Biro et al. 2003, 2004).

Lake sturgeon (Acipenser fulvescens Rafinesque, 1817), along with
Siberian sturgeon (Acipenser baerii Brandt, 1869), occupies the most
northerly habitat and coldest water of all sturgeon species (Artyuklin
1995). After spring spawning, juvenile lake sturgeon have a single
season to grow before they endure their first overwinter chal-
lenge, which may last for at least 3 months with limited foraging
opportunities and temperatures near 0 °C (McDougall et al. 2014).
Such overwintering events have large consequences for survival
and subsequent year-class strength as that cohort moves into the
following year (Post and Evans 1989; Hurst and Conover 2003;
Deslauriers et al. 2018; Yoon et al. 2019). Recent laboratory studies
have demonstrated complex behavioural responses in juvenile
lake sturgeon (Wishingrad et al. 2014b, 2014c; Ferrari et al. 2015;
Sloychuk et al. 2016; Bjornson and Anderson 2018), but none have
attempted to determine the trade-off between foraging and re-
sponding to predation threats in juvenile lake sturgeon.

The juvenile lake sturgeon is an ideal species to examine the
trade-off between foraging and responding to potential predation
threat because the selective forces promoting foraging behaviour
in a northern temperate environment may be more pronounced.
In particular, juvenile lake sturgeon are routinely stocked into
natural habitats as part of stock enhancement programs because
they are considered imperiled across their range (Pollock et al.
2015). Understanding the behavioural responses necessary for sur-
vival in the natural environment are essential for the survival of
stocked progeny. Therefore, the present study aims to test the
hypothesis (i) that age 0+ lake sturgeon diurnal risk assessment
behaviour will shift from favoring foraging behaviour to anti-
predator behaviour as they develop (i.e., as they grow and shift
intrinsic states); (ii) that predation experience (i.e., more preda-
tion experience) would further shift their diurnal and ontogenetic
risk assessment behaviour from foraging to responding to poten-
tial predation threat; (iii) that predation experience may reduce
fitness through chronic elevation of the endocrine stress response
in a heightened predation pressure environment.

Materials and methods

Animal acquisition and care

Unfertilized eggs and sperm were stripped from spawning
adults caught below Pointe du Dubois generating station
(50°17'52"N, 95°32'51"W) on the Winnipeg River, Manitoba, Can-
ada, in May 2016 following previously published procedures (Genz
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et al. 2014). Upon gamete collection, all adult fishes were immedi-
ately returned to the river. The gametes were stored in a cooler,
and brought to the University of Manitoba, Department of Biolog-
ical Sciences, and artificially fertilized. Eggs from two females
were fertilized with sperm from four males to form evenly mixed
parentage from the brood stock and account for genetic effects on
behaviour. The ratio of eggs to sperm was 15 mL of eggs to 40 L of
sperm and gametes were gently mixed for 2 min in 10 mL of water.
They were then rinsed three times with de-chlorinated water and
rinsed again in Fuller’s clay for 30 min to remove the adhesive
coating of the eggs (Genz et al. 2014). Fertilized eggs were then
equally distributed between five flow-through MacDonald hatch-
ing jars (approximately 75 mL of fertilized eggs per jar) at 16 °C and
100% dissolved oxygen (DO) de-chlorinated tap water with a 14 h
light : 10 h dark photoperiod. Dead or fungus-infected eggs were
removed twice daily, with mortalities recorded. Upon hatching,
the larva spilled out of the jars into one of two 75 L circular tanks
in even densities and were supplied with flow-through de-
chlorinated tap water at 16 °C and 100% DO with a 14 h light: 10 h
dark photoperiod. At 27 days post fertilization (dpf), the lake stur-
geon were fed live Artemia Leach, 1819 at 0700, 1200, and 1800 CST
daily. After 44 dpf, shaved frozen bloodworms were mixed into
their diet, and gradually the size and proportion of bloodworm
increased until 51 dpf when they were fed bloodworm exclusively.
At 67 dpf, the fish were moved into two 230 L tanks supplied with
flow-through de-chlorinated tap water at 16 °C and 100% DO with
a14 h light : 10 h dark photoperiod, in similar densities. Sex of the
individuals could not be determined, thus sex-based influences on
behaviour and physiology could not be measured in these exper-
iments.

All ensuing experimental procedures were approved by the
University of Manitoba Protocol Review Committee (protocol
No. F015-007) under the guidelines of the Canadian Council on
Animal Care.

Odour preparation

To ensure fresh and age-specific chemical alarm cue (AC) for
each experiment, juvenile lake sturgeon AC was prepared at two
critical life periods: (1) early exogenous feeding at 55 dpf (approx-
imately 45 days post hatch) when fish have just transitioned fully
to a diet of blood worm and freely forage in the water column, and
(2) pre-winter at 170 dpf (approximately 160 days post hatch) when
fish are again freely foraging in the water column with fully de-
veloped scutes. Eighteen juvenile lake sturgeon at 55 dpf (mean
total length 27 mm; mass 0.09 g) and three juvenile lake sturgeon
at 170 dpf (mean total length 56.5 mm; mass 5.82 g) were sacrificed
by cervical dislocation in the absence of MS-222 that may dampen
production of AC in the skin and therefore the subsequent re-
sponse by our focal animals to the skin extract. The gut cavity of
each fish was cleared to remove any dietary cues and the remain-
ing tissue, for each separate experimental period, was placed into
100 mL of de-chlorinated water and homogenized with a Polytron™
2100. The homogenate was then filtered through glass wool, di-
luted to 3.2 g/L, following the protocol of Wishingrad et al. (2014a),
and frozen at -20 °C for later use.

Predator odour cue (PC) was prepared from northern crayfish
(Orconectes virilis (Hagen, 1870)), a known predator of juvenile lake
sturgeon (Caroffino et al. 2010), collected below the Pointe du Bois
and Slave Falls generating station on the Winnipeg River from 20 to
21 May 2016. A total of 68.3 g of crayfish was collected and frozen
for transport back to the University of Manitoba. Predator cue
preparation followed a similar protocol as described for the alarm
cue, where the homogenized whole-body crayfish were filtered
through glass wool and made to a final concentration of 3.2 g/L
and frozen at 20 °C for later use. Additionally, a control of dis-
tilled water was also frozen for later use in the behavioural trials.
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Fig. 1. Behavioural arenas measuring 21 cm long by 14 cm wide and 6.4 cm deep at ~60 days post fertilization (dpf) trials and 59.7 cm long
by 42.9 cm wide and 14.9 cm deep in ~160 dpf trials, with each substrate encompassing a third of the area, and each containing randomly
assorted substrates (no substrate, sand, and gravel) with feeding tube position over no substrate in all arenas.

QO Feeding and odour
introduction tube

QO Water introduction tube

No Substrate

Exit Spillway

Experiment 1: diurnal risk assessment ontogeny

Twelve behavioural arenas measuring 21 cm long by 14 cm wide
and 6.4 cm deep were constructed (Fig. 1). Three substrates were
positioned randomly in the arena: gravel to present interstitial
spaces for cover-seeking individuals, sand for preferred substrate
of juvenile lake sturgeon (Chiasson et al. 1997; Benson et al. 2005),
and a smooth, white plastic substrate to present an exposed area
(described henceforth as no substrate); all positioned at the same
elevation. Fine mesh was fastened over the exit spillway to con-
tain the fish, and the arenas were placed in a large splash tray and
curtained off to prevent disturbance from observers. A feeding
hose and odour hose were positioned over the white plastic sub-
strate of each arena to represent a high-risk feeding area and led
over the top of the surrounding curtains so that food and odour
could be introduced without disturbing the fish. The arenas were
placed in a single splash tray, with a row of six on either side of the
splash tray. Three SONY DCR-SR68 Handycam camcorders, each
encompassing two arenas in their field of view, were positioned in
the middle of the splash tray and were rotated to view each side
during the behavioural trials.

One hundred and forty-four lake sturgeon between 52 and
54 dpf were anaesthetized with MS-222, weighed and measured,
and introduced into the behavioural arenas in groups of six to
create a total of 24 independent trials. The groups of six created a
gregarious social context typical of their early life behaviour
(Allen et al. 2009; Barth et al. 2009), and ensuing behavioural
measurements thus included risk-taking and cover-seeking be-
haviours within an ecologically relevant group context. Lake stur-
geon were fed 0.5 mL of frozen Artemia at 0800 CST and again at
2000 CST daily. Behaviours were recorded on the third day during
the introduction of 0.5 mL of whole-body homogenate AC, at con-
centrations used by Wishingrad et al. (2014a), into the arenas
simultaneously with the presence or absence of 0.5 mL of Artemia,
at both 0800 and 2000 CST on the same individuals. Thus, a 1 x
2 design was used to measure the behavioural response of lake
sturgeon to AC in the presence or absence of food.

At 158-170 dpf, the same protocol was conducted on an addi-
tional 144 juvenile lake sturgeon in a total of 24 independent trials
to measure potential ontogenetic shifts in behavioural responses.
To accommodate growth of these fish, 12 larger arenas measuring
59.7 cm long by 42.9 cm wide and 14.9 cm deep were constructed
in a similar fashion as the first risk assessment trial, providing
approximately the same space per fish as the earlier trials. Addi-
tionally, 5 mL of frozen bloodworm was fed to the lake sturgeon
and 3.4 mL of AC was introduced to create similar concentrations
as used in the earlier trial. Thus, predator naive juvenile lake
sturgeon were presented with a risk-sensitive foraging paradigm
during early exogenous feeding and pre-winter developmental
periods. Risk-taking behaviour, as defined as the magnitude of
escape response, and cover-seeking behaviour (i.e., increased time
spent over gravel and sand substrata) was measured as the num-

ber of line crossings in the experimental arena, could be quanti-
fied as a function of time of day and developmental stage in the
presence or absence of food with n =12 for each treatment.

Experiment 2: predation experience

Between 49 and 67 dpf (early exogenous feeding), lake sturgeon
were conditioned to the predator cue in two groups, an acute
group and a chronic group, to simulate different levels of preda-
tion experience. Acute conditioning took place between 49 and
58 dpfin 7 L flow-through tanks (approximately 20 fish/tank) with
an air stone for additional water mixing. A combined stimulus of
AC and PC (AC+PC) was introduced into half the tanks, and the
other half received a control of PC with water (PC+C) between
0800-1000 CST and 1600-1800 CST for 3 days, such that a total
of six conditioning events occurred. During each conditioning
event, the water flow was turned off for 10 min, allowing the air
stone to mix the odours throughout the tank. At the end of the
conditioning period, the lake sturgeon were immediately moved
to the same behavioural arenas as used in the risk assessment
experiment. The same protocol as the risk assessment experiment
was used with the exception of a 2 x 2 experimental approach
where predation experienced (AC+PC) and naive to predation ex-
perience (PC+C) lake sturgeon were introduced to PC and water in
the presence or absence of food at 2000 and 0800 CST to test how
acute predation experience might influence their risk-sensitive
foraging behavioural response. This was repeated at 160 to 169 dpf
(~160 dpf) to measure any ontogenetic shifts in acute predation
experience. A total of 96 trials were run for acute predation expe-
rience and naive to predation experience (288 acute experienced
individual fish and 288 control individual fish) for early exogenous
feeding and pre-winter life periods in lake sturgeon.

Chronic predation experience involved the same protocol as
the acute conditioning, except the duration of exposure to the
odours lasted 12 days, providing a total of 24 conditioning events
for 55 to 67 dpf (early exogenous feeding) lake sturgeon. Chronic
conditioning was not completed for the pre-winter life stage be-
cause the numbers of lake sturgeon were limited. A total of
48 trials were run on chronic predator-experienced and naive to
predation experience (144 chronic conditioned and 144 control
individuals) lake sturgeon during early exogenous feeding. Thus,
differing levels of predator-experienced juvenile lake sturgeon
were presented with a risk-sensitive foraging paradigm where
risk-taking behaviour (i.e., the magnitude of escape response) and
cover-seeking behaviour (i.e., increased time spent over gravel
and sand substrata) could be quantified as a function of time of
day, developmental stage, and varying extrinsic states with n =12
for each treatment.

Risk assessment and conditioning video coding
All videos were coded with JWatcher version 1.0 (Blumstein
et al. 2006) for both experiment 1 and experiment 2 in the same
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way. Briefly, the data were separated into 8 min pre- and post-
stimulus introduction periods so that stimulus-induced behav-
iour could be measured. Two focal fish were randomly selected
from each arena, with flight response and substrate-type prefer-
ence behaviour being coded. A 1 x 2 grid was superimposed over
the arena and the sum of grid lines crossed by the head of the
focal individuals allowed estimation of baseline movement and
stimulus-induced movement. Thus, potential risk-taking be-
haviour as a function of differences in grid lines crossed between
pre- and post-stimulus introduction periods could be determined
(i.e., magnitude of escape response), which has been reported to
be a robust measure of anti-predator behaviour in juvenile lake
sturgeon (Wishingrad et al. 2014a; Sloychuk et al. 2016). Two
widthwise grid lines lay on the divide between each substrate
type, and the other lay lengthwise, bisecting each substrate. By
doing so, it was possible to measure movement between substrate
types, as well as within. Additionally, the total amount of time the
focal fish spent over each substrate type in each arena during the
trial was collected to determine cover-seeking behaviour (i.e.,
more time spent in gravel substrate) and potential stimulus-
induced change.

Whole-body cortisol analysis

In July 2017, lake sturgeon raised in a similar manner as previ-
ously described were moved into six 7 L flow-through tanks at
56 dpf, with densities of 20 fish/tank, following the same protocol
as experiment 2 for acute and chronic predator conditioning.
Treatments of AC+PC, PC+water, and a control group receiving
introductions of water only were randomly assigned to two of
the six tanks. Acute conditioning began 9 days after chronic-
conditioned groups, such that sampling of all individuals oc-
curred at 67 dpf, at the same time of day. Fresh odours were
produced and introduced to the treatments using the same pro-
tocol as experiment 2. At the end of the conditioning, 10 individ-
uals from each acute and chronic group were immediately
sacrificed in an overdose of MS-222 (200 mg/L), measured for total
length and mass, and frozen at —80 °C for later whole-body basal
cortisol analysis. Terminal sampling of the fish took less than
3 min.

Individual fish were thawed, weighed, and immediately placed
in separate tubes with phosphate-buffered solution (0.1 mol/L
Na,HPO, and 0.03 mol/L NaH,PO, at pH 7.4) for whole-body corti-
sol analysis. The tubes were homogenized, vortexed, and whole-
body cortisol was extracted with Sep-Pak C18 cartridges. Three
millilitres of methanol was used to elute the cortisol from the
Sep-Paks, and the eluted samples were then dried and frozen at
-80 °C for later measurement of cortisol using a radioimmuno-
assay (RIA) as previously described (Zubair et al. 2012). Briefly,
samples were reconstituted in 250 pL RIA buffer (90 mL Milli-Q
water, 10 mL PBS, 0.9 g NaCl, and 0.5 g bovine serum albumin).
One hundred microlitres of 5000 DPM tritiated cortisol (PerkinEl-
mer, Inc., Waltham, Massachusetts, USA) and 100 pL of cortisol-
specific antibody (1:6000 dilution) (Fitzgerald Industries, Acton, New
Jersey, USA) were added to 100 pL of reconstituted sample in du-
plicate. Assay tubes were vortexed, then incubated at room tem-
perature for 1 h before an overnight incubation at 4 °C. The
following day, the assay was stopped with the addition of 100 pL
charcoal separation buffer (1.25 g of charcoal and 0.125 g of dex-
tran in 25 mL RIA buffer) to each assay tube. Samples were allowed
to incubate on ice for 15 min, then they were centrifuged at 4 °C
for 15 min (rabbit anti-cortisol polyclonal antibody; Fitzgerald In-
dustries). The liquid phase was then decanted into a scintillation
vial, 4 mL of scintillation cocktail (Ultima Gold, PerkinElmer, Inc.)
was added to each vial, and samples were counted on a liquid
scintillation counter (PerkinElmer, Inc.; Tri-Carb 3110 TR) for
5 min. Cortisol concentration for each sample was determined by
interpolating against a standard curve, generated with each assay
in triplicate. Extraction efficiency was 99.5% + 1.32% and intra-
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Table 1. Results of generalized linear mixed models
(GLMMs) from experiment 1 predicting the effect of
alarm cue (AC) or AC with food (AC+Food) on the escape
response and substrate-type preference (gravel, sand, no
substrate) of juvenile lake sturgeon (Acipenser fulvescens) in
relation to Period,* Time, and Season.*

Predictor
Model variable  Estimate SE Pr(>|z|)
Escape response
AC Period 0.55 0.17 0.000889
AC Season 0.52 0.18 0.003687
AC Time 0.84 019 11x10°°
AC+Food Period -0.89 0.15 5.21x10°
AC+Food Season — — —
AC+Food Time -0.71 0.16 4.89 x10-°
Gravel
AC Period 0.59 0.17 0.000625
AC Season -1.94 0.27 3.03x10713
AC Time 0.76 0.21 0.00029
AC+Food Period -0.49 0.23 0.03193
AC+Food Season -1.20 0.34 0.000437
AC+Food Time — — —
Sand
AC Period — — —
AC Season — — —
AC Time — — —
AC+Food Period — — —
AC+Food Season — — —
AC+Food Time — — —
No substrate
AC Period — — —
AC Season 0.31 0.12 0.0124
AC Time — — —
AC+Food Period — — —
AC+Food Season 0.21 0.11 0.066
AC+Food Time — — —

Note: Parameter estimates, standard errors (SE), and probabil-
ity associated with the Wald statistic (Pr(>|z|)) of the negative
binomial GLMMs of the eight models all run separately for the
presence or absence of food, with fish ID as the random effect
nested within tank ID. Em dashes denote the absence of signifi-
cance of the factor within the model, which was removed from
the final Akaike’s information criterion (AIC) model.

*Period is from pre- to post-stimulus introduction.

tTime is associated to evening or morning trials.

#Season is associated to the ~60 days post fertilization (dpf) or
~160 dpf trials.

assay variation and inter-assay variation were 13% and 7%, respec-
tively. Serial dilution of a sample pool showed good parallelism
with the standard curve.

Statistical analysis

Generalized linear mixed models (GLMMs) were used in exper-
iment 1 to quantify the relationship between lake sturgeon flight
response to AC in the presence or absence of food, and substrate-
type preference, during ~60 and ~160 dpf'trials. In all models, the
identity of the lake sturgeon in the arenas was modeled as a
random effect nested within arena to account for the selection of
two focal lake sturgeon from each arena and measurement of the
same group of individuals during evening and morning trials. The
introduced stimuli, AC and AC with food, were modeled sepa-
rately because the objective was to quantify the behavioural re-
sponse to each stimulus independently of each other. Analyses
were carried out using R (R Core Team 2016) with GLMMs fitted
using the glmer function from the Ime4 package (Bates et al. 2015).
The final model quantifying flight response to AC consisted of all
predictor variables (Period, denoting pre- or post-stimulus intro-
duction period; Season, denoting ~60 or ~160 dpf trials; and
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Table 2. Results of generalized linear mixed models
(GLMMs) from experiment 2 predicting the effect of
odour* and food' on the escape response and substrate-
type preference (gravel, sand, no substrate) of juvenile
lake sturgeon (Acipenser fulvescens) in relation to Period,*
Time,$ and Season,! with Conditioning? and Exposure*
effects tested for later recognition of the predator odour
and potential ensuing risk assessment behaviour.

Model Estimate SE Pr(>|z|)
Escape response
Period -0.84 0.07 2.0 x 1071
Food 0.57 0.09 1.0 x 10-1°
Exposure — — —
Time 0.60 0.09 1.2 x 1010
Odour -0.12 0.09 0.16
Season -0.32 0.11 0.0047
Conditioning 0.43 0.11 5.0 x10-°
Gravel
Period -0.45 0.08 6.8 x 108
Food — — —
Exposure — — —
Time 0.56 0.14 5.8 x10-°
Odour — — —
Season 1.22 0.18 6.5 x 10~12
Conditioning 0.59 0.18 0.0014
Sand
Period -0.09 0.04 0.016
Food 0.30 0.11 0.006
Exposure 0.25 0.11 0.024
Time — — —
Odour — — —
Season 0.97 0.14 11x 102
Conditioning 0.24 0.14 0.089
No substrate
Period 0.08 0.06 0.0025
Food -0.10 0.03 0.0662
Exposure -0.14 0.06 0.0138
Time 0.08 0.06 0.1519
Odour — — —
Season -0.61 0.06 2.0 x 1016
Conditioning — — —

Note: Parameter estimates, standard errors (SE), and probabil-
ity associated with the Wald statistic (Pr(>|z[)) of the negative
binomial GLMMs of the eight models all run separately for the
presence or absence of food, with fish ID as the random effect
nested within tank ID. Em dashes denote the absence of signifi-
cance of the variable within the model, which was removed from
the final Akaike’s information criterion (AIC) model.

*Odour is associated to a control of water or predator odour
within the stimulus.

TFood is associated to the presence or absence of food within
the stimulus.

¥Period is from pre- to post-stimulus introduction.

STime is associated to evening or morning trials.

ISeason is associated to the ~60 days post fertilization (dpf) or
~160 dpf trials.

9Conditioning associated to naive fishes (PC+C) or predator-
conditioned fishes (AC+PC), where PC is predator cue, C is control
water, and AC is alarm cue.

*Exposure to odours during conditioning of the acute (6 expo-
sures) or chronic (24 exposures) group.

Time, denoting evening or morning trials), and the final model
quantifying flight response to AC with food consisted of only Pe-
riod and Time, based on Akaike’s information criterion (AIC)
(Table 1). Competing models consisted of all possible subsets of
these predictor variables (Table 1).

GLMMs were similarly used in experiment 2 to quantify flight
and substrate-type preference response of predator-experienced
lake sturgeon to the introduced stimulus. These models consisted
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Table 3. Poisson and negative binomial dispersion esti-
mates of the generalized linear mixed models (GLMM)
from the risk assessment experiment predicting the ef-
fect of the introduction of alarm cue (AC) in the presence
or absence of food on juvenile lake sturgeon (Acipenser
fulvescens) escape response and substrate-type preference
(gravel, sand, no substrate).

Poisson Negative binomial
Stimulus introduced  dispersion  dispersion
Escape response
AC 6.83 0.60
AC+Food 4.69 0.75
Gravel
AC 0.27 0.58
AC+Food 0.39 0.55
Sand
AC 0.48 0.58
AC+Food 0.64 0.73
No substrate
AC 0.45 0.62
AC+Food 0.54 0.71

Table 4. Poisson and negative binomial dispersion esti-
mates of the generalized linear mixed models (GLMMs)
from experiment 2 predicting lake sturgeon (Acipenser
fulvescens) escape response and substrate-type preference
(gravel, sand, no substrate) in response to the introduced
stimulus of predator cue or a control of water, either in
the presence or absence of food.

Poisson Negative binomial
Model dispersion dispersion
Escape response 157 0.55
Gravel 0.30 0.40
Sand 0.49 0.51
No substrate 0.34 0.48

of seven possible response variables (Period; Food, denoting the
presence or absence of food in the stimulus; Conditioning, denot-
ing predator-experienced or naive lake sturgeon; Time; Odour,
denoting the presence or absence of PC in the stimulus; Season;
and Exposure, denoting acute or chronic predator-experienced
lake sturgeon). All variables were modeled together because the
objective was to examine the main factors that drive juvenile lake
sturgeon behaviour with a more complex phenotype consisting of
more developed extrinsic experiences and intrinsic pressures.

Model ranking was accomplished with AIC in the function
dropl from the lme4 package (Bates et al. 2015) (Table 2). The
response variable for each model was either flight response, sand,
gravel, or no substrate, depending on whether flight or cover-
seeking response was of interest in the analysis. In all models, a
negative binomial distribution outperformed a Poisson distribu-
tion (Tables 3 and 4), which was used in the final model. The
identity of the lake sturgeon in the arenas was modeled as a
random effect nested within arena to account for the selection of
two focal lake sturgeon from each arena and measurement of the
same individuals during evening and morning trials.

Cortisol data were log-transformed to achieve normality (Shapiro—
WilK’s test, p = 0.40), and linear regression was used to examine
the differences in juvenile lake sturgeon basal whole-body cortisol
concentrations between treatments (AC+PC, PC+C, control), sea-
son (early exogenous feeding and pre-winter), and predation ex-
perience exposure (acute vs. chronic). The Breusch-Pagan test was
used to confirm homogeneity of variance in the models (p > 0.05
in all models).
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Fig. 2. Change in line crosses (post-stimulus minus pre-stimulus magnitude of escape response) during the risk assessment trials of ~60 days
post fertilization (dpf) and ~160 dpf lake sturgeon (Acipenser fulvescens) to the introduction of alarm cue (AC) in the presence or absence of
food, with trials run during the morning and evening. Boxplot hinges are expressed as first and third quartiles around the median, with

whiskers representing *+1.5 inter-quartile range.
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Total length, mass, and condition factor of the lake sturgeon
were tested for normality (Shapiro-Wilk’s test; p = 0.05, 0.003, and
0.42, respectively). Given a linear regression’s robust nature to-
wards deviations from normality (Lix et al. 1996; Keselman et al.
2008) and the minimal deviations observed in the models (qqnorm
plots), linear regression was used to measure potential differences in
body metrics between the predator experience treatments and expo-
sure. Length, mass, and condition factor models were tested for ho-
mogeneity of variance with the Breusch-Pagan test (p = 0.53, 0.23,
and 0.14, respectively).

Results

Risk assessment ontogeny

The introduction of AC resulted in a significant flight response
(i.e., magnitude of escape response) in all AC alone trials and it
became significantly more pronounced in the pre-winter trials
(Fig. 2, Table 1). However, when the combined stimulus of AC with
food was introduced, no flight response was observed at either
critical life period of early exogenous feeding or pre-winter.
Rather, basal movement levels significantly reduced in all AC with
food trials. However, the reduction in flight response to AC with
food in the pre-winter trials was more moderate, suggesting a
potential shift from foraging to anti-predator behaviour. Addi-
tionally, the largest difference in response to AC was observed
between evening and morning trials, where flight response was
significantly higher in the morning (Fig. 2, Table 1). Lake sturgeon
flight response did not change over the critical life periods (sea-
son) in response to the combined stimulus of AC with food, and
thus, was removed from the final model (AIC).

Overall, season had the strongest influence on lake sturgeon
gravel and no substrate preference in response to AC, where
gravel preference significantly decreased from early exogenous

~60 dpf Evening

~160 dpf Morning ~160 dpf Evening

feeding to pre-winter (~60 to ~160 dpf) and no substrate signifi-
cantly increased (Table 1), suggesting less risk-averse behaviour
with development. In response to the combined stimulus, gravel
preference significantly declined and the reduction was more pro-
nounced with season. For no substrate preference, season was
only positively influenced by the combined stimulus. In all mod-
els, no stimulus-induced change in sand preference was observed.

Predator experience

Overall, flight response of the juvenile lake sturgeon signifi-
cantly decreased from pre- to post-introduction of the stimulus
(Table 2). Similar to experiment 1, their flight response signifi-
cantly decreased from morning to evening trials, suggesting that
their responses to foraging and anti-predator behaviour are
heightened in the early hours of the day. Season also produced a
significant reduction in their flight response behaviour, where
more developed fish in the pre-winter trials overall responded
with reduced flight response behaviour. Again, the introduction
of food with the odour stimulus resulted in reduced flight response
behaviour, suggesting that juvenile lake sturgeon continue to re-
spond to foraging opportunities despite developmental stage or
heightened predation experience. Interestingly, predator-experienced
lake sturgeon flight response behaviour was no different from
their naive counter parts, nor did the predator cue in the intro-
duced stimulus produce any flight behaviour in the fish. However,
juvenile lake sturgeon of chronic predation experience had a sig-
nificantly depressed flight response from their naive or acute
predation-experienced counter parts.

In all models, juvenile lake sturgeon cover-seeking behaviour
significantly reduced from pre- to post-stimulus introduction,
where time spent in gravel and sand substrates significantly re-
duced and time in no substrate significantly increased (Table 2).
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Fig. 3. Basal whole-body cortisol concentrations of experienced (alarm cue with predator cue (AC+PC)), naive (predator cue with control water
(PC+C)) and control lake sturgeon (Acipenser fulvescens) subject to either acute experience (6 exposures to the odours) or chronic experience

(24 exposures to the odours) at ~60 days post fertilization (dpf) and ~160 dpf. Data are expressed in nanograms per gram (ng/g) body mass,
with boxplot hinges as first and third quartiles around the median and whiskers representing *1.5 inter-quartile range.
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However, cover-seeking behaviour significantly increased with Discussion

season, where fish in the pre-winter trials spent more time in
gravel and sand substrates, with a subsequent reduction in no
substrate time. The introduction of food in the stimulus signifi-
cantly increased the amount of time juvenile lake sturgeon spent
over the more “risky” no substrate to forage, with corresponding
reduction of time spent over sand and no change over gravel.
Interestingly, juvenile lake sturgeon with predation experience
spent significantly more time over sand substrate and less time
over the more “risky” no substrate. Additionally, juvenile lake
sturgeon with chronic predation experience spent significantly
more time over the gravel substrate, which represented the most-
safe habitat by providing interstitial spaces for the fish to seek
cover. Similar to their flight response behaviour, the introduction
of PC in the stimulus had no effect on their cover-seeking behav-
iour.

Cortisol

Following predator experience conditioning, basal whole-body
cortisol concentrations were significantly higher in juvenile lake
sturgeon introduced to AC+PC (Fig. 3), whereas exposure (acute vs.
chronic) to the odours and season (early exogenous feeding vs.
pre-winter) had no effect on basal cortisol concentrations. How-
ever, lake sturgeon chronically exposed to AC+PC had signifi-
cantly lower Fulton’s condition factor (p < 0.05) than chronic PC+C
and control treatments (Fig. 4), which may impact overwinter
survival in juvenile lake sturgeon (Yoon et al. 2019).

In the risk assessment experiment, predator-naive juvenile lake
sturgeon responded with increased anti-predator behaviour dur-
ing the morning trials and with development in response to AC
alone. However, the introduction of the combined stimulus of AC
with food elicited a strong foraging response, i.e., they moved to
the source of food and consumed all available food, despite the
presence of potential predation risk, time of day, or critical life
stage. This response is not uncommon among fishes, as a number
of studies report the costs of leaving an ideal foraging patch may
exceed the perceived risk (Stankowich and Blumstein 2005),
which is particularly true in temperate environments where over-
winter mortality can be more severe than predation mortality in
fishes (Schultz and Conover 1997) and where obtaining enough
energy reserves to maximize winter survival is paramount (Post
and Evans 1989; Post and Parkinson 2001; Hurst and Conover
2003). Studies on other sturgeon species suggest finding properly
sized and nutritious food is critical for early life survival (Wildhaber
et al. 2007). Similarly, environmental selective pressures on juvenile
lake sturgeon may promote an early life behavioural strategy that
selects for foraging over anti-predator behaviour during risk-
sensitive foraging occurrences.

Juvenile lake sturgeon contextual behavioural responses to
predation threat provide insight into the multiple selective forces
on their early life behavioural strategy. First documented by
Wishingrad et al. (2014a) was the ability of juvenile lake sturgeon
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Fig. 4. Fulton’s condition factor of juvenile lake sturgeon (Acipenser fulvescens) treatments (experienced fishes introduced to alarm cue with
predator cue (AC+PC), naive fishes introduced to predator cue with control water (PC+C), and control) after being subject to chronic
experience (24 introductions of odourants over 12 days) at ~60 days post fertilization (dpf). Boxplot hinges are expressed as first and third
quartiles around the median, with whiskers representing *+1.5 inter-quartile range.
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to produce and respond to AC with innate and immediate anti-
predator behaviour. Shortly after, Sloychuk et al. (2016) demon-
strated the ability of juvenile lake sturgeon to rapidly learn
predator odours through classical conditioning. These mecha-
nisms are costly to produce and are characteristic of predator-
prey arms race relationships in fishes (Ferrari et al. 2010b),
suggesting that predation pressure poses a strong selective force
on juvenile lake sturgeon. Interestingly, predation experience
had no effect on their flight response behaviour in our study.
Perhaps the design of this study, by contrasting high potential
predation risk with protracted foraging opportunities, created a
high consequence paradigm that did not allow other effects to be
statistically observed. Predator abundance (Hurst 2007) and prey
availability can vary markedly (Heck and Crowder 1991) over small
spatial scales in freshwater habitats similar to the ones occupied
by juvenile lake sturgeon. In such environments of gradient risks
and foraging patches, it is likely that more complex risk assess-
ment behaviour could be observed.

Physiological responses to predation threat are necessary. Typ-
ically, this involves activation of the hypothalamic-pituitary-
interrenal (HPI) axis, which can lead to increased plasma levels of
glucocorticoids such as cortisol (Barton 2002) to mobilize energy
reserves and fuel a response. Similarly, chronic exposure of AC
combined with PC showed a significant increase in basal whole-
body cortisol concentrations in juvenile lake sturgeon at 60 dpf.
Such physiological responses have been observed in other taxa.
For example, Clinchy et al. (2004) observed increased glucocorti-
coids in Song Sparrows (Melospiza melodia (A. Wilson, 1810)) resid-

PC+C Control

Treatment

ing in high-predation environments, and Berger et al. (2007) found
a similar trend in marine iguanas (Amblyrhynchus cristatus Bell,
1825), which experience recent predator introductions.

If glucocorticoid levels are elevated for prolonged periods, then
they can have deleterious effects on the well-being of vertebrates
(Clinchy et al. 2004; Sapolsky et al. 2000). Indeed, juvenile lake
sturgeon exposed to chronic exposures of AC with PC at ~60 dpf
had significantly lower mass and Fulton’s condition factor than
those individuals in the chronic PC with water and control treat-
ments. Such body differences, particularly Fulton’s condition fac-
tor can influence juvenile lake sturgeon conspecific resource
competition and potentially decrease their ability to respond to
potential predation threat (Bjornson and Anderson 2018). In addi-
tion to physiological responses, juvenile lake sturgeon with
chronic predator experience responded behaviorally with signifi-
cantly less time spent over the no substrate foraging area and
more time seeking cover in the gravel interstitial spaces. This
response shows the first deviation in juvenile lake sturgeon early
life-history strategy of feeding regardless of predation threat. This
may suggest that over a gradient of predation pressures, a thresh-
old may be reached where the predation pressures exceed that of
the upcoming winter-period pressures, and a shift in risk assess-
ment behaviour during risk-sensitive foraging may occur. How-
ever, if high predation pressures continue, then it is likely that
overwinter survival may be compromised (Bjornson and Anderson
2018; Deslauriers et al. 2018).

Results indicate the complex and context-dependent early life
behavioural strategies of juvenile lake sturgeon during risk-
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sensitive foraging. During an individual lake sturgeon’s early life
period, foraging plays a strong role in their risk assessment be-
haviour and this may be more important than responding to po-
tential predation threats during early life stages. However, our
results suggest that juvenile lake sturgeon have the ability to
assess multiple risks simultaneously and produce complex behav-
ioural responses optimal for survival. If predation threat is ele-
vated for a sufficient time, then juvenile lake sturgeon may shift
from foraging to anti-predator behaviour during risk-sensitive
foraging opportunities, with potential implications for winter
survival. Such observations have clear implications for conserva-
tion management of this species. In particular, a better under-
standing of juvenile lake sturgeon risk assessment may improve
stock enhancement by providing enriched rearing environments
that promote more ecologically robust behavioural phenotypes,
as well as more appropriate release timing into natural ecosys-
tems that align better with their risk assessment ontogeny.
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