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ABSTRACT

INVESTIGATIONS INTO EFFECTS OF ENVIRONMENTAL STRESSORS ON LAKE
STURGEON PHYSIOLOGY, BEHAVIOR, AND SURVIVAL DURING EARLY
ONTOGENY

By
Lydia Wassink

Environmental stressors experienced by wildlife can have profound impacts on behavior
and physiology that may have consequences for survival. My dissertation investigates how early
life stress influences physiology, behavior, and survival in lake sturgeon (Acipenser fulvescens),
an ancient chondrostean fish species. Lake sturgeon are regionally threatened, and therefore
exploring the mechanisms by which stressors influence fitness is important in informing
conservation efforts. My dissertation examines behavioral and physiological outcomes of four
potential stressors encountered by lake sturgeon larvae: high temperature, maternal-offspring
environmental mismatch, captive rearing, and predator interaction.

In Chapter 1, | examined effects of temperature by comparing lake sturgeon reared at
10°C (low stress) and 18°C (high stress). During the free embryo stage, individuals reared at
18C exhibited a smaller cortisol elevation in response to an acute stressor, indicating lower
physiological reactivity to stress. At the larval stage, individuals reared at 18C had higher levels
of swimming activity and higher survival rates when exposed to a crayfish predator. Findings
suggest that physiological and behavioral phenotypes induced by early life stress may be
adaptive during subsequent life stages in high-stress contexts such as exposure to predators

In Chapter 2, | further explored the adaptive potential of stress-related phenotypes. Since
stressed females can provision eggs with elevated cortisol that potentially prepares offspring for

high-stress conditions, | investigated outcomes of a match or mismatch between egg cortisol and



offspring stress levels. Individuals that experienced both high egg cortisol and high stress had
reduced cortisol reactivity to an acute stressor, but only in one of two families. Results suggest
that family (genetic) effects may mediate the interaction of maternal and offspring stress
experiences. The largest differences in swimming activity occurred between the “mismatch”
treatments, indicating that the combination of egg cortisol and offspring stress is more important
in determining offspring behavior than is egg cortisol or offspring stress alone.

In Chapter 3, | evaluated the role of stress in conservation programs by comparing stress
levels, behavior, and predation rates for hatchery-produced and wild-caught lake sturgeon larvae.
Cortisol levels did not indicate that hatchery-produced individuals were more stressed, but
cortisol reactivity to an acute stressor disappeared for both hatchery-produced and wild-caught
larvae after 9 days in the hatchery. Predation rates increased over time for larvae from both
treatments, suggesting that the hatchery environment may inhibit survival even though
individuals do not exhibit high stress. Results highlight that effects of captive rearing become
evident after only a short duration spent in captivity during early ontogeny.

In Chapter 4, I investigated stress-related effects of encounters with aquatic insects
commonly found in stream substrate during the free embryo stage. Lake sturgeon experienced
stress proportional to the amount of predation risk experienced. Individuals that encountered
Perlidae (obligate predators) had high mortality as well as elevated cortisol and cortisol reactivity
to an acute stressor. Individuals that encountered Isonychiidae (facultative predators) had
slightly elevated mortality compared to individuals that encountered no insects, and had slightly
elevated cortisol levels and cortisol reactivity. Results indicate early life stress as a mechanism
by which nonlethal predator interactions impact lake sturgeon, indicating the importance of

community-level ecological context in predicting outcomes for species of conservation concern.
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INTRODUCTION

Stress is a pervasive and widely studied phenomenon among species, with a variety of
potential outcomes that are often by default considered to be negative (Sheriff & Love 2013).
However, as stated by Robert Green Ingersoll (1882): “There are in nature neither rewards nor
punishments; there are consequences.” (p. 71). Similarly, in an ecological and evolutionary
framework, outcomes are not necessarily positive or negative. Rather, the adaptive or
maladaptive value of stress to the individual, as well as significance at the population level, must
be interpreted in the context of the environmental conditions in which they are expressed. The
physiological and behavioral outcomes of stress may have adaptive value in certain
environments, increasing individuals’ fitness by promoting survival in high-stress conditions
(Lynn et al. 2010). Understanding stress therefore necessitates evaluating its role within relevant
ecological contexts (Sheriff & Love 2013).

Since stress outcomes must be understood within relevant contexts, wildlife species are
valuable and important model systems for studying stress. Stress has been extensively studied in
a lab setting using a rodent models (Hammels et al. 2015), and this has provided considerable
insight into the physiological and epigenetic mechanisms that produce stress-related phenotypes.
However, evolutionarily, stress as a biological system exists in a broader and more complex
ecological setting than can be easily replicated in lab experiments. Therefore, studying stress in
wildlife species provides opportunities to gain a more complete picture of the role of stress and
the consequences of stress-induced phenotypes. Threatened wildlife species are especially useful
model systems, since in light of global change, stress is an important mechanism by which

environmental factors influence species of conservation concern. Wildlife stress responses can



be studied in terms of fitness within species’ natural environment, thus offering greater insight
into the adaptive or maladaptive value of stress outcomes.

My dissertation investigates stress using lake sturgeon (Acipenser fulvescens) as a model
system. Lake sturgeon are an excellent model system for studying stress within relevant
contexts. As poikilotherms, lake sturgeon physiology, phenotypes, and behaviors are closely tied
to environmental conditions. Lake sturgeon also experience high early life mortality so fitness
consequences can be quantified within a reasonable experimental period during early life stages,
despite extreme longevity and delayed sexual maturity. Finally, lake sturgeon a regionally
threatened wildlife species with populations that have been severely impacted by environmental
factors, particularly those related to anthropogenic change. Therefore, understanding how stress
influences fitness for lake sturgeon is relevant to informing to conservation and management
efforts in the Great Lakes region, and also offers insight into the ecological role of stress for
vulnerable wildlife species. | examine four contexts:

e In Chapter 1, | investigate the context of the environment under climate change,
specifically high temperature as a stressor. Prior research has documented that lake
sturgeon larvae are stressed by high temperatures (Zubair et al. 2012), but effects on
fitness have not been quantified. Lake sturgeon early developmental rates are determined
by temperature (Kempinger 1988), and adults rely on temperature cues for spawning
(Smith & King 2005). Since temperatures in the Great Lakes region are predicted to rise
3-5 °C by the end of the century (Hayhoe et al. 2010), understanding effects of high
temperature stress on lake sturgeon phenotypes, and how stress-related phenotypes will

impact fitness, is important for predicting survival.



In Chapter 2, | investigate the context of transgenerational mismatch, specifically a match
or mismatch in stress levels between maternal and offspring environments. In lake
sturgeon and other fish species, females experiencing stress provision eggs with elevated
cortisol that can influence offspring developmental trajectories and prepare offspring for
high-stress conditions (Giesing et al. 2010). However, if conditions change rapidly,
maternal environment may not match offspring environment. Understanding how a
match or mismatch between offspring stress levels and maternally-provisioned cortisol
influences offspring fitness is important in understanding how wildlife may respond to
rapidly changing environments.

In Chapter 3, I investigate the context of conservation, specifically the hatchery
conservation program as a potential source of stress. Reintroduction programs, including
fish hatcheries, are important tools for wildlife conservation. However, captivity is a
well-documented source of stress for individuals, and may result in phenotypes that are
maladapted to wild environments after individuals are released (Berger-Tal et al. 2016).
Understanding effects of captivity on lake sturgeon stress, behavior, and survival is
important for informing conservation efforts.

In Chapter 4, | investigate the context of ecological community, specifically inter-species
interaction. Lake sturgeon obligately share habitat with a variety of benthic invertebrates
during early life stages, some of which are potential predators (Bournaud et al. 1998).
Encounters with these species may be important early life experiences that affect stress-
related phenotypes and survival during subsequent life stages. Understanding the role of
stress in interactions with other species is essential to gaining insight into the ecological

context of stress.



For each of these four contexts, | focus on early life stages of lake sturgeon. Experiences
during early ontogeny can induce long-term phenotypic changes, with consequences for fitness.
| primarily focus on quantifying stress using cortisol levels, observing function of the stress axis,
analyzing stress-related behaviors, and quantifying fitness using predation rates.

Together, these studies highlight the value and importance of exploring stress within an
ecological framework. Quantifying context-dependent fitness consequences is necessary for
advancing a scientific understanding of stress beyond the dichotomous paradigm of positive and

negative and gaining insight into the evolutionary and ecological role of stress.
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CHAPTER 1:
High-stress rearing temperature in Acipenser fulvescens affects physiology,

behavior, and predation rates
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ABSTRACT

Early life stress can lead to long-term behavioral and physiological phenotypic alterations
that impact fitness. Understanding effects of environmental stressors on wildlife is important to
predict individual and population-level responses to stressors associated with climate change.
Lake sturgeon, Acipenser fulvescens, are a regionally threatened fish species that experience high
predation rates during larval stages. To investigate effects of a high temperature stressor, we
exposed lake sturgeon eggs from four families to 10 °C (low-stress) or 18 °C (high-stress)
rearing temperatures. At egg, free embryo and larval stages, we quantified stress levels for
individuals from each treatment using whole-body cortisol analysis at baseline and after an acute
stressor. At the larval stage, we videorecorded behavior trials to quantify swimming activity, and
we conducted predation trials to quantify survival outcomes for individuals from high-stress and
low-stress temperature treatments. Free embryos reared at 18 °C had a significantly smaller
cortisol response after exposure to an acute stressor, indicating that chronic high temperature
stress may reduce stress reactivity in lake sturgeon. In addition, larvae reared at 18 °C had
significantly higher activity levels during behavior trials and significantly higher survival rates
when exposed to crayfish predation, indicating that behavioral alterations induced by early life
stress may be adaptive in high-stress contexts such as predation. These findings illustrate the
need to experimentally evaluate fitness effects of stressors within ecologically relevant contexts

in order to predict population- and community-level outcomes of climate change.



INTRODUCTION

The life history, physiology and behavior of poikilothermic vertebrates are heavily
influenced by the environment. Early ontogenetic stages are especially susceptible, as
environmental stressors may alter physiological and behavioral development, with profound
consequences for survival (Biro et al., 2003; Sopinka et al., 2017). Quantifying effects of early
life chronic stress on physiological and behavioral development is essential to understand the
consequences of climate change and other anthropogenic disturbances at individual and
population levels (Baker et al., 2013; Hofer & East, 1998).

Physiological and behavioral responses to stress are mediated by glucocorticoids (e.g.
cortisol) (Schreck et al., 1997). In response to an acute stressor, the hypothalamic-pituitary-
interrenal (HPI) stress axis stimulates production of cortisol (Lovallo & Thomas, 2000). Cortisol
is important in regulating metabolism, immune system function (acting as an anti-inflammatory),
the cardiovascular system and other physiological systems. An increase in cortisol levels after
experiencing an acute stressor initiates behavioral responses as well as physiological responses to
enable the individual to react to and survive the source of stress (Dickerson & Kemeny, 2004).

If stressors are experienced continuously, this chronic stress can trigger long-term HPI
hyperactivity, in which the stress axis maintains a high level of activity that may outlast the
initial source of stress. HPI hyperactivity occurs when the HPI stress axis is unable to regulate
itself via the negative feedback loop, and instead continues to release elevated levels of
corticotropin-releasing hormone from the hypothalamus, adrenocorticotropic hormone from the
anterior pituitary and cortisol from the interrenal gland (Pariante & Lightman, 2008).
Dysregulation can occur when sustained elevated cortisol levels result in downregulation of

corticosteroid receptors in brain tissue (Meaney et al., 1985), which impairs the negative
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feedback loop of the HPI axis and perpetuates chronic cortisol elevation (Jeanneteau et al.,
2012). During early life stages, chronic stress can alter HPI axis function with long-term
consequences for behavior (Lukkes et al., 2009; Turner et al., 2010).

HPI hyperactivity has been associated with altered behavioral phenotypes (Flandreau et
al., 2012). In rodents, chronic stress results in persistent expression of anxious behaviors
(Sterlemann et al., 2008). Similar outcomes are seen in poikilothermic vertebrates exposed to
chronic stress. In zebrafish, Danio rerio, a 2-week unpredictable chronic stress regime resulted in
reduced activity, lower swimming height in the water column and decreased social cohesion,
along with elevated cortisol levels (Piato et al., 2011). Early life stress (1 min removal from
water repeated during three early stages) in rainbow trout, Oncorhynchus mykiss, affected later
HPI axis function (Auperin & Geslin, 2008). In sticklebacks (Gasterosteus aculeatus), chronic
stress from predation risk defines long-term individual personality, based on associations
between boldness and aggression (Bell & Sih, 2007).

Behavioral and physiological outcomes of stress can directly impact fitness (Cook et al.,
2014). Stress axis hyperactivity decreases the likelihood of reproduction and survival
(MacDougall-Shackleton et al., 2009; Romero & Wikelski, 2001), although the adaptive value of
stress reactivity varies in response to environmental conditions. Thus, fitness consequences of
stress may be context dependent (Breuner et al., 2008). For example, HPI hyperactivity resulting
from chronic stress can intensify antipredator behavior (Schreck et al., 1997), which may
increase survival in a high-risk environment (Boonstra, 2013). Fish are especially sensitive to
environmental stressors, and early life environments have been shown to adaptively influence
long-term behavioral phenotypes, including antipredator behavior (Ebbesson & Braithwaite,

2012; Galhardo & Oliveira, 2009; Wishingrad et al., 2014a; Wishingrad et al., 2014b).
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Immediate survival benefits may thus represent a trade-off with the long-term costs of stress.
Therefore, researchers have suggested that quantifying the adaptive or maladaptive potential of
stress-mediated phenotypes requires incorporating tests of fitness in ecologically relevant
contexts (Boonstra, 2013; Sheriff & Love, 2013; Sopinka et al., 2016).

Understanding fitness effects of early life chronic stress is especially important for
wildlife species exposed to environmental stressors associated with anthropogenic disturbance
such as climate change (Baker et al., 2013; Hofer & East, 1998). Stress-related alterations to
important functions such as antipredator behavior and reproduction may have negative impacts
on threatened populations. Lake sturgeon, Acipenser fulvescens, are a regionally threatened fish
species that are susceptible to environmental stressors during early life stages and may express
behavioral alterations that affect survival (Crossman et al., 2018; Wishingrad et al., 2015). After
overexploitation and habitat disturbance caused declines in populations across North America
(Ferguson & Duckworth, 1997), lake sturgeon are now a priority for conservation in the Great
Lakes basin. Lake sturgeon reach sexual maturity after approximately 20 years and congregate in
rivers to spawn during the spring (Peterson et al., 2007). At hatch, free embryos immediately
burrow into substrate and emerge as larvae once yolk sac reserves have been depleted (Hastings
et al., 2013). At the larval drift stage, lake sturgeon begin exogenous feeding and disperse
downstream from spawning areas to suitable larval rearing habitat (Duong et al., 2011).

Behavior and survival during the larval period is of particular interest since predation
during this period can negatively affect recruitment in fishes (Dudley & Matter, 2000;
Silbernagel & Sorensen, 2013). Predation on lake sturgeon during the period of larval drift
accounts for a large portion of the high level of mortality experienced during the first year of life

(Waraniak et al., 2018). Antipredator behavioral phenotypes in sturgeon larvae have been shown
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to affect predation, survival and recruitment (McAdam, 2011). Sturgeon are known to alter
antipredator behaviors according to environmental factors during early ontogenetic stages
(Crossman et al., 2018; Wishingrad et al., 2015). Therefore, the role of early life environmental
stressors in programming behavioral development, especially related to antipredator responses,
may be critical in determining survival (Biro et al., 2003), with implications for threatened
populations.

In lake sturgeon, chronic stress experienced during early life stages may trigger
developmental changes that influence probability of mortality during periods of high larval
predation. Embryonic production of cortisol, the primary circulating glucocorticoid in sturgeon,
begins around 3 days after egg fertilization (De Jesus, 1991). The HPI axis is functional by the
third day posthatch, as seen by increases in cortisol in response to an acute stressor (Falahatkar et
al., 2009; Li et al., 2012; Simontacchi et al., 2009; Wuertz et al., 2006).

Warm water temperature has been shown to be a stressor during early ontogenetic stages
(Bates et al., 2014; Dammerman et al., 2016; VVan Eenennaam et al., 2005; Zubair et al., 2012).
Therefore, warm temperature during egg incubation and during the free embryo stage
immediately after hatch may represent a chronic stressor and may have physiological and
behavioral effects that influence larval susceptibility to predation. Effects of temperature stress
on lake sturgeon development is particularly concerning in the current era of climate change,
which is expected to have profound impacts on fish populations.

Lake sturgeon are an important model system for investigating mechanisms of plasticity
in the context of changing environmental conditions. Since lake sturgeon take over 20 years to
attain reproductive maturity, they lack the ability to evolve rapidly, limiting their ability to

respond genetically to environmental change. Historic overharvest has already numerically
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bottlenecked lake sturgeon populations, reducing genetic variation, and stressors associated with
climate change will most likely continue to negatively affect recruitment for threatened
populations. In the Great Lakes region, air temperatures are expected to increase by 3-5 °C by
the end of the century (Hayhoe et al., 2010), and habitat suitability for Acipenseridae is predicted
to decrease by 5.5% as a result of climate change (Comte et al., 2012). Warming stream
temperatures cause shifts in the distribution of fish populations, but these shifts do not occur at a
fast enough pace to avoid detrimental effects of climate change (Comte & Grenouillet, 2013).
Understanding how temperature stress during early ontogeny affects larval survival is important
to predict effects of climate change on lake sturgeon population recruitment and long-term
viability.

This study seeks to quantify effects of temperature on HPI axis development and stress-
related behaviors on lake sturgeon, as well as consequences for survival of predation during the
vulnerable larval stage. Behavioral consequences of environmental stressors are particularly
important to consider within the ecologically relevant context of predation (Sheriff & Love,
2013; Storm & Lima, 2010). Understanding the effect of environmental stressors on fitness will
provide insight into the adaptive or maladaptive nature of stress-related behaviors and will help
inform conservation efforts for lake sturgeon and other threatened wildlife species.

METHODS

We collected gametes from four female lake sturgeon and two male lake sturgeon
spawning in the Upper Black River in Onaway, Ml in May 2016. All males and females were
captured on the same day (3 May 2016), during the first spawning period of the spawning season
while the water temperature was around 10 °C. During capture and gamete collection from

spawning adults, stress was minimized by ensuring that each individual's head and gills remained
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in the water at all times, and each individual was only handled for approximately 4 min while
gametes were extruded noninvasively before being returned to the stream to resume spawning.
Eggs were fertilized that same day according to standard hatchery procedures (Crossman et al.,
2011), with sperm from each of the two males used to fertilize eggs from two of the females
according to the following crosses: F60 x M48, F66 x M40, F69 x M48, F43 x M40. The nested
paternal half-sib design (1:2 male:female cross ratio) was chosen with the limitations of egg and
sperm availability from adult sturgeon captured that day, to avoid any confounding effects of
different start dates for different families included in the experiment. Fertilized eggs from each
of the four females were divided between warm (18 + 1 °C) and cold (10 + 1 °C) recirculating
tank systems that were temperature-controlled using a heater (SmartOne Heater: 1000 W, Model
S1T1111, Process Technology, Willoughby, OH, U.S.A.) and chillers (chiller 1: JBJ Arctica
DBE-200 3000 BTU/h Chiller (¥4 hp, 180 W), Transworld Aquatic Enterprises, Inglewood, CA,
U.S.A.; chiller 2: Pacific Coast Imports %2 hp C-0500 Aquarium Chiller (1700 W, 6000 BTU/h),
Transworld Aquatic Enterprises). Although water temperatures of 10-18 °C are within the typical
range in the Upper Black River during the spawning season and thus are ecologically relevant,
we considered 18 °C to be a high-stress treatment based on prior studies (Bates et al., 2014; Van
Eenennaam et al., 2005; Zubair et al., 2012).

Six replicates, each containing 286 eggs, were used per family in each of the two
temperature treatments (a total of 48 biological replicates). Earlier research pertaining to growth
responses to temperature (Dammerman et al., 2016) was a guide for selection of sample sizes.
Fertilized eggs were randomly allocated into each replicate and treatment by hatchery
technicians who were blind to treatment. Each of the recirculating tank systems included a heath

tray stack. Each replicate was contained in a 4-inch (10.16 cm) diameter coupling made of PVC
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plastic and mesh, and couplings were randomly assigned to trays in the heath tray stack. Trays
were rotated every 2 days throughout the experiment to avoid any effects of tray levels on
offspring. Since each tank system was supplied with stream water from the same source, any
biologically active compounds that may have been recirculating through tanks would have been
universally in contact with eggs and offspring of all families in both warm and cold treatments.
In addition, tank systems were thoroughly disinfected using dilute citric acid and betadyn
solutions and rinsed thoroughly prior to the experiment, in order to prevent the presence of any
biologically active agents that could have diffused among replicates. The recirculating tank
system used for this experiment has been successfully used for previous studies on effects of
different temperature regimes on sturgeon (Dammerman et al., 2016).

Since lake sturgeon developmental rates vary depending on water temperature, sampling
schedules were based on cumulative thermal units (CTUs) calculated for each temperature
treatment (Kempinger, 1988; Smith & King, 2005). CTUs use mean daily water temperature in

degrees Celsius (xi) and a constant (k, 5.8 °C) to predict developmental stages:

n
CTU = ;(xi —

Fertilized egg cortisol samples were taken at approximately 36 CTUs (approximately
half-way through egg incubation), at which point all maternally derived cortisol has diffused out
of the egg and any cortisol present is expected to have been produced by the developing embryo
(Detlaff et al., 1993; Simontacchi et al., 2009). Free embryo cortisol samples, measurements and
behavior trials were conducted at approximately 130 CTUs (approximately half-way through the
free embryo stage). Larval cortisol samples, measurements and behavior trials were conducted at
the onset of exogenous feeding at approximately 206 CTUs (Table 1.1). For each sampling

period, approximate developmental stage for each temperature treatment was confirmed based on
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examination of morphological features. For fertilized eggs at 36 CTUs, the closed neural tube
was visible; for free embryos at 130 CTUs, eyes were visible and yolk sac was still present; for
larvae at 206 CTUs, the yolk sac was depleted and the anal plug was shed (Detlaff et al., 1993;
Kempinger, 1988).

Table 1.1. Standardization of sampling schedule based on stage

calculated by CTU.

Sampling and trials were taken on days indicated using CTU equation

for each treatment, using water temperature (xi) and a constant (k,
5.8°C) to predict developmental stages ((Kempinger 1998, Smith and

King 2005).
Days Post
Stage R(;I\Ue Fertilization
8 18°C 10°C

fertilized egg (approximately halfway through

egg incubation) 36-46 3 days 9 days

hatch 72-74 6 days 14 days

free embryo (approximately halfway through

free embryo stage, after HPI axis functional) 130-134 11 days 24 days

larva (emergence from substrate, onset of

exogenous feeding, beginning of drift period) 206-207 17 days 37 days

Throughout the experiment, care was given to animal welfare by following hatchery
protocol for sturgeon rearing in order to minimize incidental stress. Since the warm (18 °C) and
cold (10 °C) temperatures chosen for experimental treatments reflect the typical range of water
temperatures occurring during the spawning season in the Black River, sturgeon were not
exposed to temperature stressors beyond what would have been encountered in their natural
environment. All sturgeon in the experiment were housed in couplings made of PVC plastic and

mesh that ensured adequate water flow-through. Dead eggs were removed daily during
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incubation. After hatch, shells were removed to avoid impediment of water flow-through, and
free embryos were supplied with 2.54 cm? Bio Balls (Pentair No. CBBI-5, Pentair Aquatic Eco-
Systems, Cary, NC, U.S.A.) to simulate substrate for burrowing. Since lake sturgeon are
negatively phototaxic until reaching the larval stage, couplings were kept in darkness and light
exposure was limited to daily removal of mortalities. All rearing and experimental protocols
were conducted according to approved Michigan State University Animal Use and Care
guidelines under Animal Use and Care project 05-16-056-00.
Body size

Size measurements were obtained using ImageJ software (ImageJ, National Institutes of
Health, Bethesda, MD, U.S.A., http:// rsbweb.nih.gov/ij/) to measure total body length for
hatchlings, free embryos and larvae. Photos used for ImageJ analysis were taken with a digital
camera and included a ruler for size calibration. Six individuals per replicate were measured
across all three stages, including each family and temperature treatment, for a total of 144
biological replicates (864 individuals) represented in the size data set. Individuals used for
measurements were sedated with 25 mg/liter MS 222 using approved Michigan State University
Animal Use and Care protocols and then removed from the experiment. Measurements of body
length at hatch were taken immediately after hatch at approximately 72 CTUs. Free embryo size
measurements were taken at approximately 130 CTUs (approximately half-way through the free
embryo stage). Larval size measurements were conducted at the onset of exogenous feeding at
approximately 206 CTUs. We used a Shapiro-Wilk test to assess normality for the body size data
set. Generalized linear models were fitted using the glm function in R v.3.2.2 (R Foundation for
Statistical Computing, Vienna, Austria). Variables present in the AlCc-selected model

(Cavanaugh, 1997) were further explored using ANOVA.
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Cortisol analysis

We preserved samples for cortisol analysis at the stages of unfertilized egg, fertilized egg,
free embryo and larva. For unfertilized eggs, we took three replicate samples from each of the
four females. We took fertilized egg samples from each replicate in the experiment, including
both temperature treatments and all four families, for a total of 48 samples. Egg samples
contained 1 ml of eggs per sample (approximately 52 unfertilized eggs or 25 fertilized eggs).
Free embryo and larvae samples contained six individuals per sample that were euthanized using
an overdose of MS-222. While sturgeon begin producing cortisol during egg development, the
HPI axis becomes functional after hatch, enabling individuals to increase cortisol levels in
response to a stressor (Simontacchi et al., 2009). Therefore, for free embryo and larval stages,
samples were taken at baseline, with no stressor applied, or 30 min after individuals were
exposed to an acute stressor to capture levels of cortisol elevation during HPI response to the
stressor. The acute stressor used was exposure to odorant created from whole-body
homogenization of sacrificed sturgeon larvae, as subdermal tissue homogenate from conspecifics
causes a physiological and behavioral response in fishes (Wagner et al., 2011; Wishingrad et al.,
2014a; Wishingrad et al., 2014b). Free embryo and larval samples were both taken from each
replicate in the experiment and at a state of either baseline or post-stress, for a total of 96 free
embryo samples and 96 larval samples. All cortisol samples were stored in cryotubes and
immediately submerged in liquid nitrogen for preservation.

We conducted cortisol analysis of samples using high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS). Samples were homogenized prior
to liquid-liquid extraction using ethyl acetate as a solvent. After the organic layer was extracted

and evaporated, it was reconstituted in methanol and stored at -18 °C until analysis. HPLC-
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MS/MS analysis was conducted using a Waters Xevo TQ-S mass spectrometer (Waters,
Millford, MA, U.S.A.) (Bussy et al., 2017).

We used Shapiro-Wilk tests to assess normality. The cortisol data set was not normally
distributed, so we log-transformed the data before analysis. We fitted generalized linear models
using the glm function in R v.3.2.2. Variables present in the AlCc-selected model (Cavanaugh,
1997) were further evaluated using ANOVA and post hoc Tukey tests.

Behavior

We quantified effects of temperature treatment on behavior by observing escape
behaviors in response to perceived threats (Lehtiniemi, 2005). Loligo v.4.0 tracking software
(Loligo Systems, Viborg, Denmark; https://www.loligosystems.com/software) was used to
record activity of six individuals in a 6-inch (15.24 cm) petri dish for 5 min. Observed variables
included velocity (cm/s), acceleration (cm/s? ), percentage of time active, number of seconds
active and total distance travelled (cm) (Sakamoto et al., 2016). Loligo tracking software records
pixel-based measurements that are converted to desired units (cm) and here reported to two
significant digits. During behavior trials, larvae were exposed to either an odorant created from
whole-body homogenization of euthanized sturgeon larvae simulating a predator cue (Wagner et
al., 2011; Wishingrad et al., 2014a; Wishingrad et al., 2014b) or water as a control. Control and
odorant trials were run simultaneously for each replicate in the experiment and analysed using
Loligo tracking software. We used Shapiro-Wilk tests to assess normality for the data set of each
behavioral variable. We fitted generalized linear models using the glm function in R v.3.2.2.
Variables present in the AlCc-selected model (Cavanaugh, 1997) were further evaluated using

ANOVA and post hoc Tukey tests.
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Predation trials

At the larval stage, we quantified survival rates in predation trials using rusty crayfish,
Orconectes rusticus, which are known to prey upon larval sturgeon (Crossman et al., 2018). In
the presence of crayfish, sturgeon larvae show predator avoidance by occupying more time in
water column than on substrate, unlike their responses to other predators (Crossman et al., 2018).
We placed 20 sturgeon larvae from each replicate in tanks supplied with flowing stream water,
for a total of 48 replicated predation trials. Flow-through tanks could not be temperature
controlled, so predation trials took place at ambient stream water temperature (17 °C). Since
ambient stream temperature for predation trials was closer to the warm temperature treatment (18
°C) than to the cold temperature treatment (10 °C), care was taken to acclimate larvae from both
treatments to ambient water temperature prior to predation trials. Tank dimensions were 42 30
cm and water depth was 12 cm. We measured carapace length (cm) of each crayfish and placed
one crayfish in each tank. After 5 h, we removed the crayfish and counted the surviving larvae in
each tank. Stress associated with the predation trial was minimized to the extent possible for
larvae by acclimating them to ambient water temperature beforehand, supplying trial tanks with
stream water at a flow rate of 15 gallons/h (56.78 liters/h) to ensure adequate oxygenation, and
removing surviving larvae immediately upon completion of the trial to avoid further interaction
with the crayfish predator. We fitted generalized linear models using a Poisson distribution for
the data set of survival counts using the glm function in R v.3.2.2. Variables present in the AlCc-

selected model (Cavanaugh, 1997) were further evaluated using a chi-square test.
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RESULTS
Body size

The AlC-selected model included temperature treatment, female (family), stage, the
interaction of temperature and female, the interaction of temperature and stage, and the
interaction of female and stage (AICc = 128.83) (Table 1.2). ANOVA indicated that the main
effect was significant for temperature (p = 0.0102), female (p < 0.0001) and stage (p < 0.0001).
There were significant interactions of temperature), stage (p < 0.0001), and female*stage (p =
0.0147), but the interaction of female*temperature was not significant (p = 0.2982). Tukey HSD
showed that while families differed significantly in body size at hatch and free embryo stages, by
the larval stage there were no significant differences in body size among families. At hatch,
individuals from the warm treatment were significantly smaller (mean length £ SE = 11.54 +
0.07 mm) than hatchlings from the cold treatment (12.05 + 0.07 mm) (F1,.45 = 28.00, p < 0.0001;
Figure 1.1). At the free embryo stage, individuals from the warm treatment were significantly
larger (16.53 = 0.08 mm) than those from the cold treatment (16.13 + 0.1 mm) (F1.43=20.22, p <
0.0001; Figure 1.1). At the larval stage, individuals from the warm treatment (22.31 £ 0.1 mm)
were significantly larger than those from the cold treatment (21.56 = 0.09 mm) (F1.46 = 30.79, p <
0.0001; Figure 1.1).
Cortisol analysis

Mean cortisol in unfertilized eggs was 543.40 £ 56.1 pg/g, with no significant differences
between eggs from the four females (p = 0.079). For fertilized eggs, the AlIC-selected model
contained temperature treatment, female (family), and the interaction of female and temperature
(AICc = 362.03) (Table 1.3). An ANOVA did not indicate a significant difference between mean

cortisol for fertilized eggs from the warm treatment (mean + SE = 48.19 + 4.26 pg/g) and from
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the cold treatment (mean = 39.20 + 2.38 pg/g) (F142=3.59, p = 0.065; Figure 1.2). Family had a

significant effect (F343 = 15.47, p < 0.001), as did the interaction of family and temperature (F3 39

=3.38, p = 0.028; Figure 1.3).

Table 1.2. Models for size at hatch, free embryo, and larvae.

Delta .
Model AlCc AlCc Weight
hatch
Size ~ Female + Temperature 2.77 0 0.92
Size ~ Female + Temperature + 7.66 4.89 0.08
Female*Temperature
Size ~ Temperature 35.1 32.33 0
Size ~ Female 42.46 39.7 0
free embryo
Size ~ Female + Temperature 32.07 0 0.84
Size ~ Female + Temperature + 3533 33 016
Female*Temperature
Size ~ Female 47.95 15.88 0
Size ~ Temperature 60.57 28.49 0
larvae
Size ~ Temperature 68.45 0 0.55
Size ~ Female + Temperature 69.18 0.73 0.38
Size ~ Female + Temperature + 72.88 4.43 0.06
Female*Temperature
Size ~ Female 93.99 25.54 0
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Figure 1.1. Mean length (mm) at hatch (130 to 134 CTU), free embryo stage (130 to 134
CTU), and larval stage (206 to 207 CTU).

N = 144 biological replicates (864 individuals) across all 3 stages, with 6 individuals measured
per replicate at each stage. At hatch, individuals from the warm treatment were significantly
smaller (mean length * standard error = 11.54 + 0.07 mm) than individuals from the cold
treatment (12.05 £ 0.07 mm) (F = 28.00, df = 1, p < 0.0001). At the free embryo stage,
individuals from the warm treatment were significantly larger (16.53 + 0.08 mm) than cold
treatment individuals (16.13 £ 0.1 mm) (F = 20.22, df = 1, p < 0.0001). At the larval stage,
individuals from the warm treatment (22.31 £ 0.1 mm) were significantly larger than those from
the cold treatment (21.56 + 0.09 mm) (F = 30.79, df = 1, p < 0.0001). Error bars indicate
standard error.

Table 1.3. Models for fertilized egg cortisol.
Model AlCc Delta AICc  Weight

Cortisol ~ temperature + female +

362.03 0 0.99
female*temperature
Cortisol ~ temperature + female 372.12 10.09 0.01
Cortisol ~ temperature 378.08 16.04 0
Cortisol ~ female 401.58 39.55 0
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Figure 1.2. Mean cortisol in fertilized eggs in original (not log-transformed) scale.

N = 48 samples, with 1 ml of eggs (approximately 25 eggs) per sample. One sample was taken
from each replicate in CTU range 36 to 46 (3 days post fertilization for 18°C treatment, 9 days
post fertilization for 10°C treatment). Mean cortisol for fertilized eggs was higher for the warm
treatment (mean + standard error = 48.19 + 4.26 pg/g) than for the cold treatment (mean = 39.20
+ 2.38 pg/g), but an ANOVA did not indicate a significant difference (F=3.59,df=1,p =
0.065). Errors bars indicate standard error.
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Figure 1.3. Fertilized egg cortisol levels by family in original (not log-transformed) scale.
N = 48 samples, with 1 ml of eggs (approximately 25 eggs) per sample. In both temperatures,
eggs from F69 had highest cortisol, eggs from F60 had lowest cortisol, and eggs from F43 and
F66 were in between. Consistency of relative cortisol levels across treatments indicate that
family effects (genetic or maternal effects) are important in determining embryonic cortisol
production. F43 eggs in the warm treatment had lower cortisol, in contrast to the other families,
which show increased egg cortisol in the warmer temperature. The main effect of family was
significant (F = 15.47, df = 3, p < 0.001), as was the interaction of family and temperature (F =
3.38, df = 3, p = 0.0278) Letters indicate significant differences among families based on post-
hoc Tukey results. Error bars indicate standard error.
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Figure 1.4. Mean cortisol levels in free embryos at baseline and after an acute stressor in
original (not log-transformed) scale.

N = 96 samples, with 6 individuals per sample. Samples were taken from each replicate in CTU
range 130 to 134 (11 days post fertilization for 18°C treatment, 24 days post fertilization for
10°C treatment). Baseline samples were taken after immediate euthanasia using an overdose of
MS-222. Individuals in post stress samples were euthanized 30 minutes after exposure to an
acute stressor. Mean baseline cortisol was lower for the warm treatment (0.29 + 0.06 pg/g) than
for the cold treatment (0.30 + 0.04 pg/g), but ANOVA did not indicate a significant difference (F
=3.67,df =1, p =0.063). After exposure to an acute stressor, cortisol significantly increased for
both treatments (F = 93.60, df = 2, p < 0.0001), but free embryos from the warm treatment had
significantly lower post-stress cortisol levels (0.59 + 0.06 pg/g) compared to free embryos from
the cold treatment (0.92 £ 0.08 pg/g) (F = 37.04, df =1, p <0.0001). Error bars indicate
standard error.

For free embryos, the AlIC-selected model included temperature treatment, female
(family), stress state (whether cortisol samples were taken at baseline or after an acute stressor),
and the two-way and three-way interactions of these factors (AlICc =-20.92) (Table 1.4).
ANOVA did not indicate a significant difference in mean baseline cortisol for free embryos from
the warm treatment (0.29 + 0.06 pg/g) and free embryos from cold treatment (0.30 + 0.04 pg/qg)

(F143=13.67, p = 0.063). After exposure to an acute stressor, cortisol significantly increased for
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individuals from both treatments (F2,137 = 93.60, p < 0.0001). Free embryos from the warm
treatment had significantly lower poststress cortisol levels (0.59 + 0.06 pg/g) compared to free
embryos from the cold treatment (0.92 £ 0.08 pg/g) (F1,01 = 37.04, p < 0.0001; Figure 1.4).
Family had a significant effect on free embryo cortisol (F3 140 = 22.78, p < 0.001), as did the
interaction of family and stress state (Fs 128 = 6.83, p < 0.001), and the three-way interaction of
family, stress state and temperature (Fs,120 = 6.29, p < 0.001). There was no significant effect of
the interaction of family and temperature (Fs 134 = 0.69, p = 0.557; Figure 1.5) or of the
interaction of temperature and stress state (F2,126 = 1.10, p = 0.3360; Figure 1.5) on free embryo
cortisol levels. The increased cortisol levels following exposure to an acute stressor indicated

HPI axis functionality as early as the free embryo stage.
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Figure 1.5. Free embryo cortisol levels by family at baseline and after an acute stressor
(post stress) in original (not log-transformed) scale for cold treatment (a) and warm
treatment (b).

N = 96 samples, with 6 individuals per sample. The main effect of family on free embryo
cortisol was significant (F = 22.78, df = 3, p < 0.0001). Error bars indicate standard error.
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Table 1.4. Models for free embryo cortisol.

Model AlCc Delta AICc  Weight

Cortisol ~ female + temperature + stress.state +
female*temperature + female*stress.state +

temperature*stress.state + -20.92 0 1
female*temperature*stress.state
Cortisol ~ female + temperature + stress.state +
P -1.71 19.2 0

female*temperature + female*stress.state

Cortisol ~ female + temperature + stress.state +
female*temperature + female*stress.state + 1.56 22.48 0
temperature*stress.state

Cortisol ~ female + temperature + stress.state 10.85 31.76 0

Cortisol ~ female + temperature + stress.state +

female*temperature 16.29 37.21 0
Cortisol ~ female + stress.state 30.69 51.61 0
Cortisol ~ temperature + stress.state 45.99 66.91 0
Cortisol ~ stress.state 60.68 81.6 0
Cortisol ~ female + temperature 100.48 121.4 0
Cortisol ~ female 110.22 131.13 0

Cortisol ~ temperature 117.28 138.2 0
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For larvae, the AIC-selected model included temperature treatment, female (family),
stress state (whether cortisol samples were taken at baseline or after an acute stressor), and the
two-way interactions of these factors (AlICc = 138.75; Table 1.5). An ANOVA indicated no
significant difference between mean baseline cortisol levels for larvae from the warm treatment
(1.42 £ 0.1 pg/g) and larvae from the cold treatment (1.22 + 0.08 pg/g) (F143= 3.36, p = 0.074;
Figure 1.6). After exposure to an acute stressor, cortisol levels significantly increased for
individuals from both temperature treatments (F2,137 = 6.53, p = 0.006; Figure 1.6). There was no
significant difference between mean post-stress cortisol in larvae from the warm treatment (1.49
+ 0.11 pg/g) and larvae from the cold treatment (1.64 + 0.1 pg/g) (F1,01= 0.28, p = 0.595; Figure
1.6). Family had a significant effect on larval cortisol (Fs 140 = 8.16, p < 0.0001), as did the
interaction of family and stress state (Fs 128 = 6.32, p < 0.001; Figure 1.7). There was no
significant effect of the interaction of family and temperature (Fs 134 =0.99, p = 0.3999) or of the

interaction of temperature and stress state (F2,126 = 2.43, p = 0.0924; Figure 1.7).
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Figure 1.6. Mean cortisol levels in larvae at baseline and after an acute stressor in original
(not log-transformed) scale.

N = 96 samples, with 6 individuals per sample. Samples were taken from each replicate in CTU
range 206 to 207 (17 days post fertilization for 18°C treatment, 37 days post fertilization for
10°C treatment). Baseline samples were taken after immediate euthanasia using an overdose of
MS-222. Individuals in post stress samples were euthanized 30 minutes after exposure to an
acute stressor. Mean baseline cortisol was higher for the warm treatment (1.42 + 0.1 pg/g) than
for the cold treatment (1.22 + 0.08 pg/g) but the difference was not significant (F = 3.36, df = 1,
p =0.074). After exposure to an acute stressor, cortisol significantly increased for both
treatments (F = 6.53, df = 1, p = 0.006). Larvae from the warm treatment had lower post-stress
cortisol (1.49 £ 0.11 pg/g) compared to larvae from the cold treatment (1.64 + 0.1 pg/g), but
ANOVA did not indicate a significant difference (F = 0.28, df = 1, p = 0.595). Error bars indicate

standard error.
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Figure 1.7. Larvae cortisol levels by family at baseline and after an acute stressor (post
stress) in original (not log-transformed) scale for cold treatment (a) and warm treatment
(b).

N = 96 samples, with 6 individuals per sample. The main effect of family on larval cortisol was
significant (F = 6.96, df = 3, p <0.0001). Error bars indicate standard error.

Male was not included as a factor in the models since male and female were not linearly
independent (i.e. we used a 1:2 male:female fertilization ratio due to limitations of gamete
availability). Examination of the raw data indicated that paternity was the driving factor in
determining interfamily differences at the fertilized egg (Figure A1), free embryo (Figure A2) or

larval stage (Figure A3).
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Table 1.5. Models for larvae cortisol.
Model AlCc Delta AICc  Weight

Cortisol ~ female + temperature + stress.state +
female*temperature + female*stress.state + -138.75 0 0.51
temperature*stress.state

Cortisol ~ female + temperature + stress.state +

female*temperature + female*stress.state -138.58 0.17 0.47
Cortisol ~ female + temperature + stress.state +
female*temperature + female*stress.state +
perature ¥ -131.85 6.9 0.02
temperature*stress.state +
female*temperature*stress.state
Cortisol ~ female + stress.state -123.21 15.54 0
Cortisol ~ female + temperature + stress.state -121.2 17.55 0
Cortisol ~ female -117.07 21.68 0
Cortisol ~ female + temperature + stress.state +
' cmperatu -116.78 21.97 0
female*temperature
Cortisol ~ female + temperature -115.1 23.65 0
Cortisol ~ stress.state -110.59 28.16 0
Cortisol ~ temperature + stress.state -108.65 30.1 0
Cortisol ~ temperature -103.64 35.11 0

Behavior

The AIC-selected model for larval velocity included temperature treatment, female
(family) and odor treatment (exposed to either sturgeon larvae homogenate or water as a control)
(AICc =428.27; Table 1.6). An ANOVA did not indicate a significant difference in mean
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velocity between larvae from the cold treatment (6.11 + 0.42 cm/s) and larvae from the warm
treatment (6.89 £ 0.25 cm/s) (F11 = 2.46, p = 0.1216). There was also no significant effect of

family (Fzgs=0.94, p = 0.4309) or odor treatment (F1,87 = 3.62, p = 0.1460; Figure 1.8a) on

velocity.
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Figure 1.8. Activity parameters yielded by Lolitrack analysis of larval movement.

Six larvae were tracked in a 6-inch petri dish for 5 minutes during exposure to either alarm odor
(made from sturgeon larvae homogenate) or control (water). There were no significant effects of
temperature treatment or odorant on larval velocity (a) or acceleration (b). Larvae from the
warm treatment had significantly higher percent activity (14 £ 0.77 %) compared to larvae from
the cold treatment (9.12 £ 0.68 %) (F = 29.55, df =1, p < 0.0001). Mean distance traveled was
significantly higher for warm treatment larvae (326.03 + 25.1 cm) compared to cold treatment
larvae (196.77 £ 22.13cm) (F = 16.95, df = 1, p < 0.0001). Error bars indicate standard error.
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Table 1.6. Models for larval velocity, acceleration, % activity, and distance.

Model AlCc Delta AICc  Weight
velocity
Velocity ~ temperature + female + odor.treatment 426.24 0 0.64
Velocity ~ temperature + female + odor.treatment +
yoteme N 428.04 1.8 0.26
temperature*female
Velocity ~ temperature + female + odor.treatment +
y —temp ¢ 430.16 3.92 0.09
temperature*female + temperature*odor.treatment
Velocity ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment + 435.11 8.87 0.01
female*odor.treatment
Velocity ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment + 441.19 14.95 0
female*odor.treatment + temperature*female*odor.treatment
acceleration
Acceleration ~ temperature + female + odor.treatment 1070.09 0 0.66
Acceleration ~ temperature + female + odor.treatment +
P c 1072.13 2.04 0.24
temperature*female
Acceleration ~ temperature + female + odor.treatment +
semp i 1074.09 4 0.09
temperature*female + temperature*odor.treatment
Acceleration ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment + 1078.4 8.31 0.01
female*odor.treatment
Acceleration ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment + 1085.14 15.05 0
female*odor.treatment + temperature*female*odor.treatment
% activity
%Activity ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment +
550.82 0 0.35

female*odor.treatment
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Table 1.6 (Cont’d)

%Activity ~ temperature + female + odor.treatment + 550.89 0.07 0.33
temperature*female

%Activity ~ temperature + female + odor.treatment 552.4 1.58 0.16

%Activity ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment

552.44 1.62 0.15

%Activity ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment + 558.58 7.76 0.01
female*odor.treatment + temperature*female*odor.treatment

distance

Distance ~ temperature + female + odor.treatment 1206.63 0 0.58

Distance ~ temperature + female + odor.treatment +

1208.48 1.85 0.23
temperature*female

Distance ~ temperature + female + odor.treatment +

temperature*female + temperature*odor.treatment 1205.03 2.4 0.17

Distance ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment + 1213.73 7.1 0.02
female*odor.treatment

Distance ~ temperature + female + odor.treatment +
temperature*female + temperature*odor.treatment +
female*odor.treatment +
temperature*female*odor.treatment

1220.16 13.53 0

The AlC-selected model for larval acceleration included temperature treatment, female
(family) and odor treatment (exposed to either death odor or water as a control) (AlICc =
1072.06; Table 6). An ANOVA did not indicate a significant difference in mean acceleration
between larvae from the cold treatment (177.59 + 13.16 cm/s? ) and larvae from the warm
treatment (196.35 + 8.11 + cm/s? ) (F101 = 1.55, p = 0.2180). ANOVA also showed no significant
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effect of family (Fzgs=0.96, p = 0. 0.4187) or odor treatment (F1,87 = 3.35, p = 0.1613; Figure
1.8b) on acceleration.

The AlCc-selected model for larval activity (percentage of time active) included
temperature treatment, female (family), odor treatment, and the interaction of family and
temperature (AICc = 553.07; Table 6). Larvae from the warm treatment had a significantly
higher percentage of activity (14 + 0.8%) compared to larvae from the cold treatment (9.12 +
0.68%) (F101=29.55, p < 0.0001; Figure 1.8c). An ANOVA showed that all factors indicated by
the model were significant: temperature (F101 = 29.55, p < 0.0001), female (Fzg3=5.89, p =
0.0011), odor treatment (F1,s7 = 8.18, p = 0.0206), temperature*female (Fz 4= 2.80, p = 0.0401,
Figs. 8c and 9).

The AlC-selected model for distance included temperature treatment, female (family) and
odor treatment (AICc = 1209.00; Table 6). Mean distance travelled was significantly higher for
warm treatment larvae (326.03 + 25.1 cm) compared to cold treatment larvae (196.77 £ 22.13
cm) (F1e1= 16.95, p <0.0001; Figure 1.8d). An ANOVA showed that all factors indicated by the
model were significant: temperature (F1,01 = 16.95, p < 0.0001), female (Fsgs = 2.90, p = 0.0415),
odor treatment (F1,87=8.77, p = 0.0159; Figure 1.8d).

Predation trials

The AlC-selected model for larval survival included temperature treatment, female
(family), crayfish (carapace length), length (larval length), and the interaction of crayfish and
length (AICc = 304.20; Table 1.7). Chi-square analysis of the AlCc-selected generalized linear
model showed that larvae from the warm temperature treatment had significantly higher survival

in the presence of a crayfish predator (¥? 1 = 80.68, p < 0.0001; Figure 1.9). Mean + SD numbers
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of survivors (out of 20 individuals per replicate) was 3.75 + 4.01 for larvae from the cold
treatment and 10.54 + 4.93 for larvae from the warm treatment.

There were no significant differences in survival among families (x* 3 = 4.52, p = 0.2106;
Figure 1.10). Neither crayfish carapace length (x? 1 = 2.51, p = 0.1134) nor mean larval length (y?
1=0.32, p =0.5727) had a significant effect on survival. However, the interaction of crayfish

length and larval length had a significant effect (y* 1 = 14.64, p = 0.0001; Figure 1.11).

12 1
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Temperature Treatment

Figure 1.9. Mean number of surviving larvae after a 5 hour exposure to a crayfish
predator.

Mean numbers of survivors (out of 20 individuals per replicate) was 3.75 for larvae from the
cold treatment and 10.54 for larvae from the warm treatment, and Chi Square analysis indicated
that the difference was significant (y? = 80.68, df = 1, p < 0.0001). Error bars indicate standard
error.
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Figure 1.10. Mean number of survivors in each family during predation trials.

Surviving larvae are out of 20 larvae total after a 5 hour exposure to a crayfish predator. Chi
Square analysis indicated no significant differences in survival among families (y? = 4.52, df = 3,
p =0.2106).
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Figure 1.11. Larval survival after crayfish encounter as a function of mean larval length
and crayfish carapace length.

Dot size indicates number of surviving larvae (out of 20) after a 5 exposure to a crayfish
predator. Crayfish carapace length and mean larval length did not have a significant effect on
survival (y2=2.51, df =1, p = 0.1134; y?=0.32, df = 1, p = 0.5727, respectively); however, the
interaction of crayfish length and larval length did have a significant effect (x> = 14.64, df =1, p
=0.0001). Larval survival is lower when larval size is small and crayfish size is large.
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Table 1.7. Models for survival.

Model AlCc Delta AlCc Weight
Survival ~ female + temperfture + crayfish + length + 304.2 0 0.69
crayfish*length
Survival ~ female + temperature + crayfish + length +
temperature*crayfish + crayfish*length 306.92 2.72 0.18
Survival ~ female + temperature + crayfish + length +
female*temperature + crayfish*length 308.38 4.19 0.08
Survival ~ female + temperat*ure + Frayfish +length + 311.84 7.64 0.02
temperature*crayfish
Survival ~ female + temperature + crayfish + length +
female*temperature + temperature*crayfish + 311.93 7.73 0.01
crayfish*length
Survival ~ female + temperature 3134 9.2 0.01
Survival ~ female + temperature + crayfish 313.51 9.32 0.01
Survival ~ temperature + crayfish + length 315.29 11.09 0
Survival ~ female + temperature + crayfish + length 315.95 11.75 0
Survival ~ ffmale + temperature + crayfiih + Ie.ngth + 316.07 11.87 0
female*temperature + temperature*crayfish
Survival ~ female + tem*perature + crayfish + length + 316.35 12.15 0
female*temperature
Survival ~ crayfish + length 360.28 56.08 0
Survival ~ female 391.58 87.38 0
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DISCUSSION

In both temperature treatments, cortisol present in unfertilized eggs greatly decreased
immediately following fertilization, and then gradually increased during egg incubation, as
observed in other fish species (Paitz et al., 2015). In contrast to results in lake sturgeon from
Zubair et al. (2014), which showed no consistent cortisol response to a chase stressor until the
larval stage, in the present study cortisol was significantly higher after an acute stressor in free
embryos (p < 0.001), confirming that the HPI stress axis began functioning during this early
ontogenetic stage. In the present study, cortisol levels were considerably lower than those
observed in prior studies with lake sturgeon (Zubair et al., 2012) and white sturgeon, Acipenser
transmontanus (Simontacchi et al., 2009), which is most likely explained by the use of
HPLCMS/MS rather than radioimmunoassay for cortisol samples. HPLCMS/MS has been
shown to yield significantly lower measures of cortisol levels compared to radioimmunoassay,
due to higher selectivity (Vieira et al., 2014).

Temperature treatment was an important factor contributing to cortisol levels in AlCc-
selected models. Differences in predation rates and multiple measures of swimming activity
demonstrated that temperature influenced HPI axis function and associated fitness-related traits.
One important effect of warm rearing temperature was the smaller poststress cortisol increase
observed during the free embryo and larval stages. Studies on other fish species including tilapia,
Oreochromis niloticus, Atlantic salmon, Salmo salar, and rainbow trout also documented a
‘dampening’ effect of chronic stress on the HPI axis, in which chronic stress reduces or
eliminates the cortisol response to an acute stressor, rather than the hyperactivity observed in
other model systems (Barcellos et al., 1999; Barton et al., 1987; Madaro et al., 2015). Auperin

and Geslin (2008) observed reduced cortisol response to stressors in 5-month-old trout that had
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been stressed during larval stages, showing that stress sensitivity can be modified by
environmental variables experienced during early life stages. Similarly, Vallée et al. (1999) saw
that postnatal handling stress in rats caused a decreased corticosterone response to stress that
persisted throughout adulthood, indicating that early life stress may be able to program more
efficient stress recovery for individuals. This effect could represent an adaptive response to
chronic stress, limiting an individuals' physiological reaction to additional stressors to avoid
perpetuating HPI hyperactivity.

Family also affected cortisol levels between temperature treatments. Family was
indicated as an important factor in AlCc-selected models for cortisol levels at the fertilized egg,
free embryo and larval stages, as well as in models for behavior variables and predation. Due to
the 1:2 male:female fertilization ratio, shared paternity may have increased offspring similarity
among families. Despite the potential increase in offspring similarity due to paternal effects,
there were still significant interfamily differences among mean cortisol for offspring at the
fertilized egg stage, free embryo stage and larval stage. There were also significant differences in
activity level for offspring from different families. Family*treatment interactions were frequently
found to be significant. Therefore, family-specific factors are important in determining
phenotypic responses of offspring to stress, and both maternal and paternal effects should be
considered in future studies on stress-related development. Dammerman et al. (2016) observed
phenotypic variation among families reared in different temperature regimes, indicating that
genetic factors influence developmental responses to temperature. In studies on humans, genetic
and environmental factors interact to determine the cortisol response to an acute stressor, as well

as longterm stress-related behavioral phenotypes (Alexander et al., 2009).
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Chronic stress associated with warm rearing temperature increased activity levels in
larval lake sturgeon, as indicated by a significantly higher percentage of activity (p < 0.001) and
total distance travelled (p < 0.001) compared to individuals reared in the cold temperature. In
multiple fish species, acute temperature stressors of upper and lower extremes have caused
increased swimming activity (Schreck et al., 1997). Similarly, chronic stress has been shown to
increase activity in an open field test in Norway rats, Rattus norvegicus (Grgnli et al., 2005). In
contrast, Piato et al. (2011) saw reduced locomotion in chronically stressed zebrafish, suggesting
that behavioral outcomes of stress may be species specific.

Behavioral outcomes of exposure to a high-stress environment during early ontogenetic
stages have been proposed to be adaptive by reducing predation risk (Sih, 2011). The increased
activity levels of larvae reared in warm temperatures reduced vulnerability to crayfish predation
and thus represents an adaptive behavioral response to early life stress. Larger mean size may
also have contributed to higher survival rates for larvae reared at 18 °C in the presence of a
crayfish predator, since larger body size has been associated with lower predation rates in lake
sturgeon (Wishingrad et al., 2014a; Wishingrad et al., 2014b). Note, however, that predation
trials were conducted at ambient stream temperature (17 °C), which was closer to the warm
temperature treatment (18 °C) than to the cold temperature treatment (10 °C), and thus larvae
from the cold treatment may have been affected by encountering a warm temperature and this
may have influenced their higher predation rates. However, since care was taken to acclimate
larvae from each treatment to ambient stream temperature prior to predation trials, interpretation
of predation results as being primarily affected by rearing temperature seems warranted. For lake
sturgeon, increased activity may be a behavioral outcome of early life stress that is adaptive in

the short term, while larvae are vulnerable to predators during the larval drift period. However,
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further research is needed to ascertain whether lake sturgeon and other threatened wildlife
species experience a long-term cost to developmental alterations associated with early life stress.
In addition, examining stressors that do not have as profound an effect on growth rates (for
example, high rearing density, which has been shown to create chronic stress for lake sturgeon)
may help disentangle the roles of size and stress in avoiding predation (Falahatkar et al., 2009; Li
etal., 2012; Wuertz et al., 2006).

Further research into family differences in stress responses will be useful in exploring
mechanisms of individual plasticity and population-level effects. The interaction between genetic
and environmental factors in developmental responses to temperature indicate that population
genetic structure and levels of diversity are important in predicting how populations will respond
to environmental stressors such as high temperatures. Parental experiences, which were unknown
in this experiment, may partially explain differences in offspring development among families
through maternal and paternal effects. For example, temperature stressors experienced by parents
influence stress-related development (Mills et al., 2015). Maternal effects play an important role
in programming stress responses (Sopinka et al., 2014), and different stressors experienced by
parents may have influenced offspring physiological and behavioral responses to temperature
treatment. Exploring transgenerational effects of environmental stressors by incorporating
parental experiences will give further insight into how vulnerable wildlife species respond to
climate change (Sheriff & Love, 2013), especially in utilizing studies on offspring stress to
predict population- and community-level effects (Love et al., 2013).

Assessing early life developmental alterations in response to environmental stressors,
especially those related to warming temperatures, is important for predicting how threatened

wildlife species will respond to climate change. The adaptive or maladaptive potential of
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physiological and behavioral outcomes need to be investigated within ecologically relevant
contexts (Sheriff & Love, 2013), such as predation, in order to make inferences about how
environmental stressors will affect vulnerable wildlife species. Fitness effects of stress depend on
environmental context, and thus rapidly changing environments can create ecological or
evolutionary traps for individuals and populations (Schlaepfer et al., 2002). Quantifying
ecological effects of stress and the potential for individual plasticity can help predict how
populations and communities will respond evolutionarily to climate change (Reed et al., 2010;
Woodward et al., 2010). Therefore, this study highlights the importance of understanding

responses to environmental stressors within contexts that can predict fitness.
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Figure Al. Cortisol dataset in original scale for fertilized eggs, showing influence of
maternity and paternity.
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Figure A2. Cortisol dataset in original scale for free embryos, showing influence of
maternity and paternity.
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Figure A3. Cortisol dataset in original scale for larvae, showing influence of maternity and
paternity.
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ABSTRACT

Quantifying transgenerational effects of stress is important to predict outcomes of anthropogenic
disturbances for wildlife species. Maternal stress can program physiological and behavioral
phenotypes in offspring, which may be maladaptive if maternal and offspring environments are
mismatched. We investigated effects of a match and mismatch between egg cortisol and
offspring stress levels in lake sturgeon, Acipenser fulvescens, using artificially elevated egg
cortisol levels (simulating maternal stress) and a chronic unpredictable stress regime for
offspring after hatch. Offspring cortisol levels were quantified at baseline and after an acute
stressor. Multiple measures of offspring swimming activity were assessed in behavior trials.
Individuals that experienced elevated egg cortisol and high offspring stress exhibited a
diminished cortisol response to an acute stressor, but responses were family-specific. Results
suggest that the interaction between maternal and offspring experience may cue an offspring
phenotype that is adaptive in high-stress conditions. Principal components analysis
characterizing interindividual variation in offspring behavioral variables showed that treatment
significantly affected multivariate offspring response along the PC1 axis (associated with
inactivity), and both treatment and family significantly affected response along the PC2 axis
(associated with shorter distance moved). The largest differences for PC1 occurred between the
‘mismatch’ treatments, indicating that the combination of egg cortisol and offspring stress is
more important in determining offspring behavior than is egg cortisol or offspring stress alone.
Findings suggest that family effects may mediate how the interaction of maternal and offspring
stress influences offspring physiological and behavioral outcomes, and indicate the need for
further research into environmental factors experienced by females that influence how offspring

respond to egg cortisol and early life stress.
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INTRODUCTION

Environmental disturbances can induce chronic stress for wildlife (Clinchy et al., 2004),
and have been quantified by increases in cortisol levels (Baker et al., 2013; Wingfield et al.,
1997). In a variety of wildlife species, cortisol levels have been shown to increase in response to
increased human activity (Creel et al., 2002; Thiel et al., 2008; Wasser et al., 1997), pollution
(Hopkins et al., 1997) and interannual climate variation (Bechshgft et al., 2013). Quantifying
fitness effects of physiological changes induced by environmental stressors is essential for
predicting effects of climate change and other anthropogenic disturbances (Wikelski & Cooke,
2006).

Environmental stressors that affect individuals’ cortisol levels can also impact subsequent
generations via maternal effects. Exposure to maternal cortisol can epigenetically reprogram
developing offspring and alter phenotypic trajectories, especially traits related to physiological
and behavioral stress reactivity (Brunton & Russell, 2010; Champagne & Meaney, 2006; Clarke
& Schneider, 1993; Ho & Burggren, 2010; Weinstock, 2005). In Atlantic salmon, Salmo salar,
artificially elevated maternal cortisol was associated with reduced offspring swimming activity
in a novel environment 4 months after hatch (Espmark, 2008). Free-living European starlings,
Sturnus vulgaris, experimentally subjected to chronic stress had offspring that exhibited
increased physiological reactivity to an acute stressor, indicated by higher corticosteroid levels
(Cyr & Romero, 2007).

Behavioral and physiological alterations induced by maternal stress may not necessarily
be maladaptive, but in some cases may prepare offspring to function and survive in high-stress
conditions (Gagliano & McCormick, 2009; Sheriff & Love, 2013). For example, in the tropical

damselfish Pomacentrus amboinensis, high-density stress causes females to have offspring with
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reduced body sizes (but does not affect offspring yolk size); the smaller body:yolk ratio increases
available energy reserves for offspring, enabling them to disperse farther from the high-density
area (Gagliano et al., 2007; McCormick, 2006). By preparing offspring to respond to a high-
stress environment, maternal effects provide a mechanism for transgenerational phenotypic
plasticity (Mousseau & Fox, 1998). However, for stress-induced offspring phenotypes to be
adaptive, maternal stress must accurately predict the stress level of future environments. If the
environment changes rapidly or unpredictably, resulting in a mismatch between stress-related
maternal effects and stress levels actually experienced by offspring, offspring phenotypes may be
maladaptive. Therefore, transgenerational stress effects occurring in the context of rapid
environmental change creates the potential for ecological and evolutionary traps (Schlaepfer et
al., 2002), which are especially important to consider for conservation and management of
threatened wildlife (Robertson et al., 2013).

Since females of oviparous species lack an in utero stage during which offspring may be
directly exposed to maternal cortisol, transgenerational effects of stress instead occur via egg
provisioning. Egg provisioning, the supply of eggs during oogenesis with hormones, lipids,
vitamins, mRNAsS, proteins and other substances, is an important means by which females
transmit information about the environment to offspring, especially for oviparous species that
provide no postovulatory parental care (Berg et al., 2001; Nesan & Vijayan, 2013). For example,
stressed female cod (Gadus morhua) have higher cortisol levels and deposit higher levels of
cortisol into developing eggs, resulting in elevated egg cortisol postspawning (Kleppe et al.,
2013). Female sticklebacks stressed by predation deposited more cortisol into eggs, and offspring
showed an increase in antipredator shoaling behavior (Giesing et al., 2010). Compared to in

utero exposure to maternal stress, egg provisioning involves a longer temporal gap between the
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female's experience of the stressor and the development of the embryo, resulting in more
opportunity for mismatch between maternal and offspring environments.

Lake sturgeon, Acipenser fulvescens, are an ancient chondrostean fish species that is
regionally threatened and a priority for conservation in the Great Lakes basin. Egg provisioning
occurs far in advance of spawning (Doroshov et al. 1997), and thus stressors influencing
maternal deposition of cortisol into egg yolk may not accurately predict the stress level of
environments experienced by offspring after hatch. Lake sturgeon populations have been
bottlenecked through historic overexploitation and habitat disturbance (Ferguson & Duckworth,
1997), and will likely continue to be threatened by environmental stressors associated with
climate change (Comte et al., 2013; Hayhoe et al., 2010). Since lake sturgeon take approximately
20 years to reach sexual maturity, the ability of populations to respond genetically to
environmental changes is limited, making them vulnerable to rapidly changing environmental
conditions. Therefore, it is important to understand whether transgenerational plasticity mediated
by maternal effects plays a role in determining survival and population viability. Maternal effects
on the behavior of lake sturgeon offspring may be especially important in the context of
antipredator behaviors, which have been shown to affect survival and recruitment in this species
(McAdam, 2011), as well as other fishes (Dudley & Matter, 2000; Silbernagel & Sorensen,
2013). During the larval stage, lake sturgeon are particularly vulnerable to predation, which
contributes largely to high mortality rates during the first year of life (Waraniak et al., 2018).
Therefore, alterations in offspring behavior induced by maternally provisioned egg cortisol can
potentially influence lake sturgeon larval survival and have downstream population-level effects.
Understanding effects of maternal stress requires assessing survival outcomes within

ecologically relevant contexts (Sheriff & Love, 2013; Sopinka et al., 2014), an important
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component of which is match or mismatch between maternal and offspring environments
(Sheriff et al., 2017). In fishes, maternal stress can be simulated by incubating eggs in a cortisol
solution to elevate egg cortisol levels (Sopinka et al., 2015, 2017). Offspring stress levels can be
manipulated using a chronic unpredictable stress regime (Lankford et al., 2005; Piato et al.,
2011). By combining these techniques, this study creates treatments that pair high egg cortisol
with high offspring stress, low egg cortisol with low offspring stress, high egg cortisol with low

offspring stress and low egg cortisol with high offspring stress (Figure 2.1).
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Figure 2.1. Experimental design.

The four treatments were high egg cortisol (simulating high maternal stress) and high offspring
stress(S/S), high egg cortisol and low offspring stress (S/C), low egg cortisol and high offspring
stress (C/S), and low egg cortisol and low offspring stress (C/C). “S” in the treatment name
designates stress, “C” designates control (or low stress). C/C and S/S treatments indicate a
match between egg cortisol and offspring environment, and C/S and S/C treatments indicate a
mismatch. Two families were included in the experiment, with eggs from each female divided
into the four treatments as depicted.

In this study, we hypothesize that specific combinations of egg cortisol exposure and
early life stress exposure, rather than egg cortisol alone or early life stress alone, will determine

offspring stress axis function, which can be quantified by assessing physiological and behavioral

reactivity (Weinstock, 2005). We specifically predicted that offspring that experience a
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mismatch between egg cortisol exposure and offspring stress would have increased physiological
and behavioral reactions to stress (higher rises in cortisol levels poststress and higher activity
levels, respectively) compared to those that experience a match. Stress reactivity determines how
individuals respond to threats such as predation risk (Vitousek et al., 2014), and thus is important
for predicting survival outcomes of transgenerational stress.
METHODS

Sturgeon eggs used in the experiment were collected from two female lake sturgeon
spawning in the Upper Black River in Onaway, Michigan, U.S.A. Female 1 was captured on 29
April 2017, and Female 2 was captured on 20 May 2017. Stress was minimized for adult
sturgeon during capture by ensuring that each individual's head and gills remained underwater
during handling, extruding gametes noninvasively by applying gentle pressure to the abdomen.
Each individual was handled for an average of around 5 min before release. Eggs were fertilized
using a 1:1 female:male ratio, and sperm was obtained the same day as egg collection for each of
the two families (Bauman et al., 2016; Crossman et al., 2011). PIT (passive integrated
transponder) tags and RFID (radiofrequency identification) tags were used for identification in
order to confirm that each of the females and males from which gametes were collected were
unique individuals. There were six replicates per family in each of the four treatments (Figure
2.1). Each replicate contained 11 ml of fertilized eggs (approximately 572 eggs), 4 ml
(approximately 208 eggs) of which were used for samples within the first 24 h of development,
leaving each replicate with 7 ml of eggs (approximately 364 eggs).

The four maternal/offspring treatments were high maternal stress and high offspring
stress (S/S), high maternal stress and low offspring stress (S/C), low maternal stress and high

offspring stress (C/S), and low maternal stress and low offspring stress (C/C). ‘S’ in the
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treatment name designates stress, ‘C’ designates control (or low stress) (Figure 2.1). To simulate
high maternal stress, eggs in S/S and S/C treatments were incubated in a cortisol solution made
by dissolving cortisol (H4001, Sigma) in 95% ethanol and adding to 400 ml of water for a final
cortisol concentration of 600 ng/ml (Sopinka et al., 2015). Eggs in the C/S and C/C treatments
were incubated in a control solution, made using the same amount of ethanol and water but
without cortisol. All eggs were incubated in cortisol or control solutions for 1 h immediately
following fertilization. High offspring stress was later created after hatch by applying an
unpredictable chronic stress regime (described below), and low offspring stress was created by
withholding the unpredictable chronic stress regime.

Concentration of cortisol solution (600 ng/ml) was selected based on typical ranges
chosen for similar studies in which fish eggs are incubated in cortisol solutions to elevate egg
cortisol levels (Auperin & Geslin, 2008; Sopinka et al., 2017). Data on cortisol concentrations in
unfertilized eggs of stressed sturgeon is lacking, and therefore we cannot compare cortisol levels
in experimental eggs with naturally occurring ranges. However, mean cortisol levels in eggs
immediately after incubation in cortisol solution were within the range of blood cortisol of
stressed adult sturgeon (Baker et al., 2002), suggesting that egg cortisol in this experiment was
not elevated beyond ecologically relevance. Furthermore, in nature, sturgeon eggs would be
exposed to elevated maternal cortisol while in the ovaries prior to spawning and fertilization,
whereas in this experiment cortisol treatment was applied to eggs immediately after fertilization,
since sturgeon eggs are activated by water (hydrolysis and opening of micropyles allowing
sperm to enter the egg). Water absorption during the water-hardening process, in which fish eggs
absorb water after fertilization until hardening of the chorion membrane, allows uptake of

cortisol from solution (Bouchard & Aloisi, 2002; Dettlaff et al., 1982; Zotin, 1958). Therefore,
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our experimental elevation of cortisol in fertilized sturgeon eggs is an artificial manipulation
meant to approximate the natural condition, in which eggs are exposed to maternal cortisol well
in advance of fertilization.

After fertilization and incubation in the cortisol or control solutions, eggs were rinsed
thoroughly to remove any residual solution and placed in Heath trays (Heath Tecna-Plastics,
Kent, WA, U.S.A.) in a recirculating tank supplied with filtered stream water from the Upper
Black River. Prior to the experiment, the tank was thoroughly disinfected using dilute citric acid
and betadyn solutions and rinsed. Any remaining biologically active agents recirculating through
the tank system would have been in contact with eggs and offspring of all treatments and
families and thus would not have affected experiment results. In addition, completion of the
water-hardening process after fertilization would prevent further uptake of any residual cortisol
or other chemicals (Bouchard & Aloisi, 2002; Dettlaff et al., 1982; Zotin, 1958). The tank was
temperature controlled to remain at 13 + 1 °C using a heater (SmartOne Heater, 1000 W, Model
S1T1111, Process Technology, Willoughby, OH, U.S.A.) and chiller (*2 HP C-0500 Aquarium
Chiller, 1700 W, Pacific Coast Imports, Transworld Aquatic Enterprises, Inglewood, CA,
U.S.A.). Mortalities were removed daily.

Offspring stress treatment (high stress for treatments C/S and S/ S, low stress for
treatments C/C and S/C) was implemented during the free embryo stage, starting 2 days after
hatch and continuing until the larval stage at the onset of exogenous feeding. Free embryos in the
S/S and C/S treatments were subjected to an unpredictable chronic stress regime (Lankford et al.,
2005), while free embryos in the S/C and C/C treatments were left unstressed. The unpredictable
chronic stress regime, which is designed to produce ongoing stress without habituation, consisted

of a set of three stressors, two of which were randomly applied daily. Stressor 1 was exposure to
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light for 2 min using a flashlight, since sturgeon free embryos are negatively phototaxic
(Richmond & Kynard, 1995, pp. 172-182). Stressor 2 was a thump on the table surface, produced
by dropping a weight of 212 g onto the table from a height of 22 cm, repeated twice. The thump
caused a visible startle response, indicating that it induced stress for free embryos (Davis, 2010).
Stressor 3 was exposure to low water level for 2 min, during which water was drained to a depth
of 2.54 cm. Low water level temporarily increases free embryo density, which has been shown to
stress lake sturgeon free embryos (Bauman et al., 2015). Daily stressors were selected using a
random number generator and applied at 1100 h and 1400 h. Applying randomly selected
stressors twice daily has been shown to cause chronic stress in sturgeon (Lankford et al., 2005).
Care was taken to promote animal welfare by minimizing incidental stress unrelated to the set of
three experimental stressors. Starting at the egg stage, individuals were housed in 4-inch (10.16
cm) diameter couplings made of PVC plastic and mesh that ensured adequate water flow-
through. Eggs were treated with 500 pl/ml peroxide every 2 days during incubation following
standard hatchery protocols to prevent fungal infection, and any mortalities were removed. After
hatch, shells were removed from couplings to avoid impediment of water flow-through, and 2.54
cm?® BioBalls (Pentair, No. CBBI-5, Pentair Aquatic Eco-Systems, Cary, NC, U.S.A.) were
added to each coupling to simulate substrate for burrowing free embryos. All protocols were
conducted according to approved Michigan State University Animal Use and Care guidelines
under Animal Use and Care project 04/17-071-00.
Body Size and Yolk Sac Area

To observe effects of treatment on offspring growth, we obtained body size (mm) and
yolk sac area (mm?) measurements at hatch and body size measurements at the larval stage using

ImageJ software (National Institutes of Health, Bethesda, MD, U.S.A., http://rsbweb.nih.goV/ij/).
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Photos used for ImageJ analysis were taken with a digital camera and included six individuals
per replicate, as well as a ruler for size calibration. Individuals used for measurements were
sedated with 25 mg/liter of MS 222 using approved Michigan State University Animal Use and
Care protocols and then removed from the experiment.
Cortisol levels

For each of the two females, we preserved three replicates of unfertilized egg samples,
each sample containing 1 ml or approximately 50 eggs, in liquid nitrogen for cortisol analysis to
characterize baseline levels of cortisol provisioned in eggs before experimental treatment to
elevate egg cortisol. After fertilization and incubation in the cortisol solution (for cortisol-treated
eggs) or control solution, samples were taken at 0 h, 2 h, 4 h and 24 h postfertilization. All
samples taken after fertilization contained 1 ml of eggs (approximately 52 eggs) taken from each
replicate in the experiment (6 replicates per treatment per female). Larval cortisol samples were
taken at the onset of exogenous feeding from each replicate (approximately 12 days posthatch),
and included six individuals per sample. Baseline cortisol samples of larvae were preserved
immediately after larvae were removed from the tank and euthanized, in order to capture cortisol
levels without application of acute stressor. Post-stress cortisol samples of larvae were preserved
30 min after individuals were exposed to an acute stressor and then euthanized, in order to
capture physiological response to acute stress. The acute stressor used for post-stress cortisol
samples consisted of a thump on the table surface (produced by dropping a 212 g weight from
height of 22 cm), which induces a startle response. All euthanasia was conducted using an
overdose of MS-222 (>250 mg/liter), which acts quickly enough (<1 min) ) to avoid causing a

cortisol increase in response.
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All egg and larval samples to be used for cortisol analysis were preserved in liquid
nitrogen and stored at - 80 °C until analysis. Prior to cortisol extraction, samples were thawed
and excess liquid was removed. All samples, containing either whole eggs or larvae, were
homogenized using 600 ml of ethyl acetate as a solvent. The organic layer was extracted and
evaporated before being reconstituted in methanol and stored at - 80 °C until analysis. Cortisol
levels of samples were determined using liquid chromatography tandem mass spectrometry using
a Waters Xevo TQ-S mass spectrometer (Waters, Milford, MA, U.S.A.) (Bussy et al., 2017).
Larval behavior

The effect of treatment on larval behavior was investigated by observing larval
swimming activity during a 5 min trial that began by administering a startle cue. Six larvae from
each replicate were placed in a 6-inch (15.24 cm) diameter Petri dish filled with water from the
tank system and allowed to acclimate for 2 min. After acclimation, a 5 min video was recorded.
The weight was dropped at 2 min to characterize behavior prior to and following the startle cue.
Loligo v.4.0 tracking software (Loligo Systems, Viborg, Denmark;
https://www.loligosystems.com/software) was used to simultaneously track activity of the six
individuals in each video. A centre zone was defined that excluded a 1-inch (2.54 cm) perimeter
around the Petri dish edge to determine whether edge-seeking behavior varied among larvae
from different treatments. Variables quantified from video analysis included velocity (cm/s),
acceleration (cm/s?), percentage of time active, total distance travelled (cm), number of visits to
centre zone and time spent in centre zone (s), following Sakamoto et al. (2016).

Statistical analysis
We assessed normality for each data set using a Shapiro-Wilk testin R v.3.2.2 (R

Foundation for Statistical Computing, Vienna, Austria). The cortisol data set was not normally
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distributed and was log-transformed prior to analysis. Generalized linear models were fitted to
quantify factors associated with body size, yolk sac area and cortisol data sets using the gim
function in R v.3.2.2. Models with delta AIC < 2 were considered competitive for the top model
(Burnham & Anderson, 1998). If multiple models were competitive, we took a maximization of
parsimony approach and chose the model with the fewest variables. For yolk area and size data
sets, candidate models included main effects of treatment and family, as well as the interaction of
treatment and family to assess whether cortisol treatment had a family-specific effect. For the
fertilized egg cortisol data set, candidate models included main effects of treatment, family and
stage, as well as the interaction of treatment and family (to assess whether treatment had a
family-specific effect on egg cortisol), the interaction of stage and treatment (to assess whether
cortisol content of eggs depended on developmental stage), and the interaction of family and
stage (to assess whether families had differing rates of cortisol absorption or efflux from eggs).
Candidate models for the larval cortisol data set included the main effects of treatment, family
and stress state (whether larvae were euthanized at baseline stress level or after an acute
stressor), as well as the interaction of treatment and family (to assess whether treatment had a
family-specific effect on larval cortisol), the interaction of family and stress state (to assess
whether family influenced physiological response to an acute stressor), and the interaction of
treatment and stress state (to assess whether treatment altered the physiological response to an
acute stressor). For each AlICc selected model (Cavanaugh, 1997), we used ANOVA to run F
tests on the model output and determine which variables were significant. Post hoc Tukey HSD
tests were conducted for significant variables.

We used principal components analysis (Hotelling, 1933) to examine behavioral

variables in order to reduce dimensionality of the data set by compressing dependent variables
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(percentage of time active, acceleration, velocity, distance travelled, zone time and zone visits)
into a composite behavioral measure (Ballew et al., 2017). The broken stick method was used to
determine that PC1 and PC2 were significant. We selected generalized linear models for PC1
and PC2 using AICc model selection, and used ANOVA to run F tests on the model output and
determine which variables were significant. Factor loadings above 0.5 were examined to
characterize behavioral relevance of each principal component.
RESULTS
Body size and yolk sac area

Since only cortisol or control incubation had been applied prior to hatch, and the stress
regime was not implemented until after hatch, we included only egg treatment (S for cortisol-
treated, C for control) during model selection for hatchling yolk sac area and body size data sets.
The top two AlCc-selected models for yolk sac area at hatch were competitive, so we chose the
most parsimonious model, which included family as the only factor (delta AICc = 1.28) (Table
2.1). ANOVA indicated that free embryos from Family 1 had a significantly larger yolk sac area
(mean + SD: C treatment: 6.97 £ 0.90 mm2 ; S treatment: 7.28 £ 0.90 mm2 ) than did free
embryos from Family 2 (C treatment: 6.95 + 0.75 mm2 ; S treatment: 6.75 + 1.17 mm2) (p =

0.01283; Figure 2.2).
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Figure 2.2. Offspring yolk sac area at hatch for each treatment and family.

Whiskers indicate minimum and maximum values, excluding data points that lie further than 1.5
times the interquartile range from the upper or lower quartile. “C” treatment refers to eggs
incubated in control solution to simulate low maternal stress, “S” treatments refers to eggs
incubated in cortisol solution to simulate high maternal stress. Individuals from Family 1 had a
significantly larger yolk sac area than did individuals from Family 2 (p = 0.0128). Eggs were
incubated in respective solutions for one hour immediately after fertilization.

Table 2.1. Models for yolk sac area at hatch.

Since the top two models were competitive with a delta AICc < 2, the model
containing family only was chosen as the most parsimonious model. Akaike weight
indicates conditional probability of each model (Wagenmakers & Farrell 2004).

Model AICc  Delta AlCc ":I':‘:'gkhi
Area ~ family + treatmentl + family*treatment1 787.86 0 0.55
Area ~ family 789.14 1.28 0.29
Area ~ family + treatmentl 790.98 3.13 0.11
(null model) Area~ 1 793.27 5.42 0.04
Area ~ treatmentl 795.11 7.25 0.01
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The AlCc-selected model for body size at hatch included family only (Table 2.2).

ANOVA indicated that free embryos from Family 2 were significantly larger (12.46 £ 0.31 mm)

than free embryos from Family 1 (11.79 + 0.26 mm) (p < 0.0001; Figure 2.2).

At the larval stage, the AlCc-selected model for body size included family only (Table

2.2). ANOVA indicated that larvae from Family 1 were significantly larger (21.78 £ 0.48 mm)

than larvae from Family 2 (21.25 + 0.50 mm) (p = 0.0006; Figure 2.3).
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Figure 2.3. Body size at hatch (A) and larval stage (B) for each treatment and family.
Whiskers indicate minimum and maximum values, excluding data points that lie further than 1.5
times the interquartile range from the upper or lower quartile. At hatch, individuals from Family
2 were significantly larger than free embryos from Family 1 (p < 0.0001). At the larval stage,
individuals from Family 1 were significantly larger than individuals from Family 2 (p = 0.0006)
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Table 2.2. Models for body size at hatch and larval stage.

Akaike weight indicates conditional probability of each model (Wagenmakers &

Farrell 2004).

Model AlCc  Delta AlCc “:Ik::;ﬁ
hatch
Size ~ Family 21.92 0 0.95
Size ~ Family + Treatment 27.69 5.78 0.05
Size ~ Family + Treatment + Family*Treatment 36.14 14.22 0
(null model) Size~ 1 61.51 39.59 0
Size ~ Treatment 67.95 46.04 0
larvae
Size ~ Family 72.25 0 0.95
Size ~ Family + Treatment 78.55 6.3 0.04
Size ~ Family + Treatment + Family*Treatment 81.38 9.13 0.01
(null model) Size~ 1 82.46 0.01
Size ~ Treatment 88.7 16.45 0

Cortisol levels

For unfertilized eggs (prior to incubation in cortisol solution), mean egg cortisol was

(mean £ SD =4.77 £ 0.23 ng/g).

much higher in eggs from Female 2 (mean + SD = 8.27 + 0.21 ng/g) than for eggs from Female 1

Since only cortisol or control incubation had been applied at the fertilized egg stage, and
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the stress regime was not implemented until after hatch, only egg treatment (S for cortisol-
treated, C for control) was included during model selection for the fertilized egg cortisol data set.
The AlCc-selected model for fertilized egg cortisol included egg development stage, egg
treatment, family, the interaction of egg treatment and family, the interaction of egg development

stage and egg treatment, and the interaction of egg development stage and family (Table 2.3).



Table 2.3. Models for cortisol at fertilized egg stage and larval stage, including top

three models and null model.

Akaike weight indicates conditional probability of each model (Wagenmakers &

Farrell 2004).

Akaike
Model AlCc Delta AlCc .
Weight
fertilized egg stage
Cortisol ~ stage + treat t1 + family + treat t1*family +
ortisol ~ stage rfa men amily *rea ment1*family 257.84 0 1
stage*treatmentl + stage*family
Cortisol ~ stage + treatment1 + family +
treatment1*family+stage*treatment1 36.02 221.82 0
Cortisol ~ stage + treatment1 183.39 441.23 0
(null) Cortisol ~ 1 449.19 707.03 0
larval stage
Cortisol ~ treatment + family + stress state + treatment*family + 215.14 0 1
treatment*stress state + family*stress state )
Cortisol ~ treat t + family + st tate + treat t*family +
ortisol ~ treatment + family : ress state + treatment*family 182.31 32.84 0
treatment*stress state
Cortisol ~ treatment + family + stress state + treatment*family -170.65 44.49 0
(null) Cortisol ~ 1 -62.25 152.89 0

ANOVA indicated that stage had a significant effect (p < 0.0001; Figs. 4, 5). ANOVA
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also indicated that eggs in the S treatment had significantly higher cortisol (89.58 + 165.19 ng/g)
than eggs in the C treatment (3.64 £ 5.17 ng/g) (p < 0.0001). The interaction of treatment and
family had a significant effect (p = 0.0003), with eggs from Family 1 having higher mean
cortisol than eggs from Family 2 in the C treatment but lower mean cortisol in the S treatment.
The interaction of stage and egg treatment had a significant effect (p < 0.0001), with S treatment
eggs showing a sudden increase in cortisol that then decreased by 24 h after fertilization to levels

comparable to those of C treated eggs. The interaction of stage and family had a significant



effect, with eggs from Family 1 having lower cortisol than eggs from Family 2 at 0 hand 2 h
after fertilization but higher cortisol 4 h and 24 h after fertilization (p < 0.0001; Figure 2.4).

For larval cortisol, the AlCc-selected model included treatment, family, stress state
(whether larvae were euthanized at baseline stress level or after an acute stressor), the interaction
of treatment and family, and the interaction of treatment and stress state (Table 2.3). ANOVA
indicated that treatment had a significant effect (p = 0.0001), family had a significant effect (p <
0.0001) and ‘poststress’ state had significantly higher cortisol than ‘baseline’ stress state (p <
0.0001). The interaction of treatment and family had a significant effect (p < 0.0001), with larvae
from Family 2 having higher cortisol than larvae in Family 1 for all treatments except S/S. The
interaction of treatment and stress state had a significant effect (p < 0.0001), with larvae in the
S/S treatment having a smaller poststress increase in cortisol compared to other treatments. The
interaction of family and stress state had a significant effect (p < 0.0001), with larvae from
Family 2 having a higher post-stress cortisol increase across treatments than larvae from Family
1. Tukey HSD conducted for larvae from Family 1 indicated that in all treatments post-stress
cortisol levels were significantly higher (5.33 + 0.84 ng/g) than baseline (3.90 + 0.69 ng/g).
Tukey HSD conducted for larvae from Family 2 indicated that in all treatments post-stress
cortisol levels were significantly higher (9.40 £ 2.99 ng/ g) than baseline (4.36 + 0.74 ng/g).
There were no significant differences among families at baseline, but at post-stress, larvae from
Family 2 had significantly higher cortisol than did larvae from Family 1, except in the S/S

treatment (Figure 2.6).
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Figure 2.4. Cortisol levels in fertilized eggs, shown for “control” treatment eggs not
incubated in cortisol solution (A) and for “stress” treatment eggs incubated in cortisol
solution to simulate maternal stress (B).

Egg incubation treatment started immediately after fertilization and lasted one hour. Samples of
fertilized eggs were taken starting immediately after incubation treatment (00). Eggs in the S
treatment had significantly higher cortisol than eggs in the C treatment (p < 0.0001). Error bars
show one standard error.
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Figure 2.5. Cortisol levels in fertilized eggs, shown for “control” treatment eggs not
incubated in cortisol solution (A) and for “stress” treatment eggs incubated in cortisol
solution to simulate maternal stress (B).

Whiskers indicate minimum and maximum values, excluding data points that lie further than 1.5
times the interquartile range from the upper or lower quartile. Means for each stage are averaged
across family. Stage had a significant effect (p < 0.0001), as did the interaction of treatment and
female (p = 0.0003), the interaction of stage and egg treatment (p < 0.0001), and the interaction
of stage and family (p < 0.0001). Letters indicate results of Tukey HSD test showing interaction
of treatment and stage.
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Figure 2.6. Cortisol levels at baseline levels and after exposure to an acute stressor, shown
separately for Family 1 (A) and Family 2 (B).

Letters indicate results of Tukey HSD test showing interaction of treatment and stress state.
Whiskers indicate minimum and maximum values, excluding data points that lie further than 1.5
times the interquartile range from the upper or lower quartile. Treatment C/C (control-control) is
low maternal stress, low offspring stress; treatment C/S (control/stress) is low maternal stress,
high offspring stress; treatment S/C (stress/control) is high maternal stress, low offspring stress;
treatment S/S (stress/stress) is high maternal stress, high offspring stress. Stress state is either at
baseline (no acute stressor applied) or post stress (30 minutes after acute stressor applied). There
were significant effects of treatment, family, stress state, and the two-way interactions of those.
Post-stress cortisol levels were significantly higher than baseline for both families (p = 0.0001).
There were no significant differences among families at baseline, but at post-stress larvae from
Family 2 had significantly higher post-stress cortisol than did larvae from Family 1, except in the
S/S treatment (p < 0.0001). The interaction of treatment and stress state had a significant effect
(p < 0.0001), with larvae in the S/S treatment having a smaller post-stress increase in cortisol
compared to other treatments.

Larval behavior

Behavioral variables (percentage of time active, velocity, acceleration, distance travelled,
zone time and zone visits) were reduced into two components using PCA. Factor loadings
indicated that the most important variable contributing to variation along PC1 was the percentage
of time active, and the most important variable contributing variation along PC2 was distance
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travelled (Table 2.4). PC1 was negatively associated with the percentage of time active and
therefore is interpreted as a measure of inactivity; PC2 was negatively associated with total
distance travelled (cm) and therefore is interpreted as a measure of reduced movement during
trials. PC1 explained 57.3% of the variation in the data and PC2 explained 21.1% of the variation
in the data (Figure 2.6). Model selection was conducted using PC1 and PC2 in generalized linear
models. For PC1, the AlCc-selected model included treatment, family, and the interaction of
treatment and family (Table 2.5). For PC2, the AlCc-selected model included treatment, family,
and the interaction of treatment and family (Table 2.5).

ANOVA for PC1 indicated that treatment was significant (p = 0.016) and that there was
no significant difference between families (p = 0.7318). The interaction of treatment and family
was significant (p = 0.0002), with larvae from Family 1 having lower mean PC1 scores (higher
activity levels) than larvae from Family 2 in all treatments except C/C. Tukey HSD indicated that
the mean PCL1 score for treatment S/C (mean PC1 score = 0.40) was significantly higher than that
for treatment C/S (mean PCL1 score = - 0.53). Since PC1 was negatively associated with the
percentage of time active, results indicate higher activity levels for individuals from treatment
C/S than for individuals from treatment S/C. There were no other significant pairwise differences

between treatments (mean for C/C = 0.16, mean for S/S = - 0.02).
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Table 2.4. Factor loadings and eigenvalues for principal components analysis

of behavioral variables.

PC1
PC2
PC3
PC4
PCS5
PC6

factor loadings

eigen- variance cumulative
velocity  accel. zone % _ distance 2" value % variance %
time activity Visits
0.4499 0.4569 -0.2114 -0.5013 -0.3464 -0.4158 3.438 57.299 57.299
-0.47 -0.4418 0.0708 -0.0605 -0.6134 -0.446 1.266 21.107 78.405
0.1247 0.1377 0.8972 -0.1726 -0.2581 0.2531 1.017 16.952 95.358
-0.1586 -0.2137 -0.2957 -0.6329 -0.1643 0.6437 0.18 2.994 98.351
0.1338 0.2377 -0.2405 0.5578 -0.6378 0.387 0.094 1.57 99.922
-0.7198 0.6892 -0.0025 -0.0605 0.057 0.0053 0.005 0.0779 100

Table 2.5. Models for principal components. Akaike weight indicates conditional
probability of each model (Wagenmakers & Farrell 2004).

Model AICc  Delta AlCc “:I':;ﬁ
PC1
PC1 ~ treatment + family + treatment*family 1119.57 0 1
PC1 ~ treatment 1131.58 12.01 0
PC1 ~ treatment + family 1133.56 13.99 0
(null model) PC1~ 1 1135.26 15.69 0
PC1 ~ family 1137.2 17.63 0
pPc2
PC2 ~ treatment + family + treatment*family 775.05 0 1
PC2 ~ treatment + family 793.29 18.23 0
PC2 ~ treatment 807.18 32.13 0
PC2 ~ family 846.89 71.83 0
(null model) PC2~ 1 857.63 82.58 0
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An ANOVA conducted for PC2 indicated that treatment was significant (p < 0.0001) and
that family was significant (p < 0.0001). The interaction of treatment and family was significant
(p < 0.0001), with larvae from Family 1 having lower PC2 scores (greater distance moved) than
larvae from Family 1 in all treatments except S/C. Tukey HSD indicated that for PC2, treatment
C/C (mean PC2 score = - 0.42) was significantly lower than treatments C/S (0.21) and S/S (mean
=0.27), and that Family 1 (mean = - 0.46) was significantly lower than Family 2 (mean PC2
score = 0.47). Since PC2 was negatively associated with total distance travelled, results indicate
that individuals from treatment C/C exhibited more movement during trials than individuals from
treatments C/S and S/S, and that individuals from Family 1 moved greater distances during trials
than did individuals from Family 2.

DISCUSSION

Stress treatment influenced offspring growth, physiology and behavior, although results
varied among offspring of different families. Individuals from Family 1 had lower growth during
egg incubation but larger larval size, lower physiological reactivity to an acute stressor and small
cortisol differences among treatments. Individuals from Family 2 had higher growth during egg
incubation but smaller larval size and high physiological reactivity to an acute stressor for larvae
from all treatments except S/S. Treatment also influenced behavior, with larvae that experienced
low egg cortisol and high stress showing higher activity levels during trials than larvae that
experienced high egg cortisol and low offspring stress. Larvae that experienced a match between
low egg cortisol and low offspring stress also moved greater distances during trials than larvae
that experienced high offspring stress (regardless of egg cortisol exposure). Interpretation of
results is limited because we included only two families in the experiment and parental

experiences were unknown. Differences in initial unfertilized egg cortisol and downstream

82



physiology and behavior may be explained by differing environments experienced by parents.
For example, spawn timing has been shown to impact egg provisioning of cortisol (Sampath-
Kumar et al., 1995), and Female 1 and Female 2 were early and late spawners, respectively
(Forsythe et al., 2011). Similarly, parents of each family could have experienced a variety of
differing environmental stressors that influenced egg provisioning and triggered other parental
effects to drive the differences seen in offspring throughout development. A larger sample size is
needed to adequately assess the interfamily variation and family-specific effects of
transgenerational stress. Nevertheless, this study highlights the complexity of transgenerational
stress and the importance of both egg cortisol and early life stress in determining offspring
physiology and behavior.

Initial differences in unfertilized egg cortisol prior to experimental treatment may also
have influenced offspring growth, evidenced by differences in yolk sac area between families at
hatch. In fishes, yolk sac area can be reduced by maternal stress (Erikson et al., 2006;
McCormick, 1998) due to increased metabolic rates (Mccormick & Nechaev, 2002). For Family
2, individuals from cortisol-treated eggs had increased growth during embryonic development,
possibly due to increased metabolic rates associated with faster yolk sac absorption, resulting in
hatchlings with smaller remaining yolk sacs and larger body sizes. While offspring from both
families hatched within the expected time span based on calculations of developmental stage
using cumulative temperature units (CTU) (Kempinger, 1998; Smith & King, 2005), offspring
from Family 1 hatched at a slightly earlier developmental stage. Family 1 hatched around CTU
54-62 and Family 2 hatched around CTU 65-76. Earlier hatch time confirms that increased
metabolic rate most likely speeded growth for Family 1. By the larval stage, individuals from

Family 1 had grown larger than individuals from Family 2 despite starting with smaller hatch
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sizes. Larger larval size has been shown to be advantageous in avoiding predation (Wassink et
al., 2019; Wishingrad et al., 2014a). Family was the only factor indicated as an important
predictor of larval size based on AICc model selection, highlighting the importance of
interfamily variation in developmental trajectories, which may have down-stream influences on
predation rates.

In cortisol-treated eggs, cortisol initially absorbed from the solution decreased during the
first 24 h after fertilization. In fishes, maternal cortisol decreases immediately after fertilization
as maternal cortisol is ejected from the egg, and does not increase until developing embryos
begin endogenous cortisol production (Sopinka et al., 2017). In this study, cortisol levels were
unexpectedly higher at 2 h postfertilization, which may indicate individual variation in rates of
cortisol efflux as samples represent separate eggs rather than repeated measures on the same
individuals. Since water temperature was consistent during sampling, differences in cortisol
efflux are more likely due to individual variation than to differences in developmental stages
among sampled eggs. ATP-binding cassette (ABC) transporters facilitate the efflux of cortisol
from the egg after fertilization, and may function to buffer offspring from effects of high
maternal cortisol (Paitz, 2016). If higher unfertilized egg cortisol for Family 2 was due to higher
maternal stress, other maternally mediated effects may have influenced uptake or efflux of
cortisol during egg treatment. For example, maternal stress may influence egg provisioning of
MRNAs and cause differential expression of ABC transporters in zygotes. Mommer (2013)
suggested that maternal regulation of ABC transporter activity in order to mediate embryonic
cortisol exposure is most likely dynamic and based on environmental influences encountered by

females. The large differences observed between families in how treatment affected physiology

84



and behavior may therefore be due to maternal stress-related effects already at play in eggs prior
to cortisol incubation treatment.

At the larval stage, treatment had a large impact on physiological response to an acute
stressor, but only for one family. For Family 2, larvae in the S/S treatment had a greatly reduced
cortisol response to an acute stressor, while larvae in the other three treatments had a
significantly higher cortisol response to an acute stressor compared to larvae in Family 1.
Individual variation in stress reactivity has been observed in many studies and most likely has a
strong genetic basis (Koolhaas et al., 2010). Interestingly, the S/S treatment represents a ‘match’
in which elevated egg cortisol accurately predicts a high-stress environment for offspring, but the
other ‘match’ treatment (C/C) did not result in larvae showing the lower-reactivity phenotype.
Since lower stress reactivity occurred for Family 2 only when elevated egg cortisol was
combined with high offspring stress, it may indicate an interaction between maternal egg
provisioning and offspring experience cuing an offspring phenotype that is adaptive in high-
stress conditions. In prior research with lake sturgeon, larvae reared at a warm (high-stress)
temperature did not show significant increases in baseline cortisol, but did show reduced cortisol
responses to an acute stressor (Wassink et al., 2019). In storks (Ciconia ciconia), lower
physiological stress reactivity predicted higher survival while baseline cortisol was not
associated with survival, suggesting that lower stress reactivity may be an adaptive phenotype in
some environmental contexts (Blas et al., 2007). Future research on transgenerational stress
should consider short-term advantages and long-term costs of phenotypes (Gagliano &
McCormick, 2009) within ecologically relevant contexts (Sheriff & Love, 2013) in order to

obtain a clearer picture of the adaptive value of different stress reactivity phenotypes.

85



Behavioral outcomes of different combinations of egg cortisol exposure and offspring
stress are important for predicting survival and population-level consequences, especially if
behaviors change predation rates. In this study, treatment affected behavior primarily in the
percentage of time active (negatively associated with PC1) and total distance moved during trials
(negatively associated with PC2). For PC1, the largest difference was between the two
‘mismatching’ treatments (S/C and C/S), in which egg cortisol failed to match offspring
environment. Individuals from treatment S/C had significantly higher scores for PC1 (indicating
lower activity levels) than did individuals from C/S. Prior research has shown that lake sturgeon
larvae reared at warmer (high-stress) temperatures are more active (Wassink et al., 2019), and
stressed individuals of other fish species show increased swimming activity (Schreck, 1997).
Higher activity levels exhibited by C/S larvae is therefore consistent with the higher level of
early life stress they experienced. Interestingly, larvae in the S/S treatment did not have higher
activity levels despite having experienced early life stress, suggesting that egg cortisol may play
a role in mediating how stressors impact behavioral development.

In contrast, larvae that experienced high egg cortisol but low offspring stress (S/C
treatment) exhibited lower activity levels compared to larvae from the C/S treatment. Increased
maternal cortisol in salmon has been shown to decrease offspring swimming activity (Espmark et
al., 2008). Maternal stress and associated elevation in egg cortisol may therefore be related to a
reduction in offspring activity levels. However, in this study the effect of egg cortisol on activity
levels may have been mediated by early life experience, since larvae that experienced both
elevated egg cortisol and high early life stress (S/S treatment) did not have lower activity.

For PC2, which was associated with total distance travelled during trials, larvae from the C/C

treatment moved greater distances than larvae in either of the treatments that experienced high
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early life stress (C/S and S/S). Family also had a significant effect on PC2, as larvae from Family
1 moved greater distances during trials than larvae from Family 2. While behavioral trials in petri
dishes bears limited applicability to behavior in the wild, a reduction in movement due to early
life stress may influence larval drift, when larvae emerge from the substrate and disperse
downstream (Smith & King, 2005). Past research in dispersal behavior of larvae from this
population documented large variability in the timing of dispersal by larvae from different
females that spawned within the same day (Duong et al., 2011). Further research could explore
whether early life stress and family-specific parental effects may reduce the rate at which larvae
drift downstream, and whether this represents an adaptive behavioral response to high-stress
conditions.

Overall, behavior results indicate that the combination of maternal and offspring stress is
more important in determining behavior than is maternal stress alone or offspring stress alone.
Higher activity levels in larval sturgeon have been associated with higher survival rates in the
presence of a crayfish predator (Wassink et al., 2019), and therefore the combination of egg
cortisol and early life environments experienced by sturgeon are probably important for larval
survival. Additionally, behaviors that may influence dynamics of larval drift, such as the
reduction in total distance moved, could also affect larval survival since larvae are particularly
vulnerable to predation during the drift period (Waraniak et al., 2018). Therefore, rapid
environmental changes resulting in a mismatch between maternal and offspring experiences has
the potential to significantly alter offspring behavior, which may ultimately have population-
level consequences for recruitment by altering predation rates.

Further research on transgenerational stress should consider interfamily variation in how

offspring respond to different combinations of maternal and offspring environments. Phenotypic
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variation, including stress reactivity, may play an important evolutionary and ecological role
(Koolhaas et al., 2010). Interfamily differences in transgenerational stress effects may generate
phenotypic variation and help populations escape evolutionary traps created by rapidly
fluctuating environmental conditions. This would be especially important for threatened wildlife
species such lake sturgeon, which have limited ability to respond genetically to environmental
changes due to long generation times. Phenotypic variation induced by family-specific responses
to maternal effects could therefore determine whether vulnerable wildlife species persist in the

face of threats like climate change.
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ABSTRACT

Reintroduction programs are important tools for wildlife conservation. However, captive rearing
environments may lead to maladaptive behavior and physiological alterations that inhibit
survival after release. For captive rearing programs that raise individuals captured from the wild
during early ontogeny for later release, there is a lack of information about when during
ontogeny the detrimental effects of captive rearing may become evident. In this study we
compared cortisol levels, predation rates, and swimming behavior between hatchery-produced
and wild-caught larval lake sturgeon (Acipenser fulvescens), a threatened fish species, at three
times over 9 days. Cortisol levels did not indicate that hatchery-produced individuals were more
stressed, but cortisol reactivity to an acute stressor disappeared for both hatchery-produced and
wild-caught larvae after 9 days in the hatchery. Swimming activity levels decreased over time
for hatchery-produced larvae but increased over time for wild-caught larvae, suggesting that
behavioral trajectories may be programmed prior to the larval stage. Neither increasing nor
decreasing activity levels was advantageous for survival, as predation rates increased over time
in captivity for larvae from both treatments. Results suggest that physiological and behavioral
phenotypes may not accurately predict survival for individuals released from reintroduction
programs, and that the captive environment may inhibit transition to the wild even if cortisol
levels do not indicate high stress. Findings emphasize that even a short amount of time in
captivity during early ontogeny can affect phenotypes of individuals captured from wild

populations, which may impact success of reintroduction programs.
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INTRODUCTION

Reintroduction programs, including captive breeding and rearing programs that release
individuals to increase numerical abundance and persistence of wild populations, are important
tools for wildlife conservation (Clark & Westrum, 1989). However, release of captive
individuals can be counterproductive to conservation goals by reducing fitness of wild
populations, as traits adaptive in captive environments may be maladaptive in the wild (McPhee,
2004). Studies that focus on conditions in fish hatcheries have demonstrated due to
domestication selection, mean population fitness declines proportionally with the amount of time
spent in a captive environment (Lynch & O’Hely, 2001; Ford, 2002). Hatchery-produced fish
often experience higher risk of predator-based mortality compared to wild fish as a result of
altered antipredator behavior (Berejikian, 1995; Stunz & Minello, 2001; Alvarez & Nicieza,
2003; Huntingford, 2004) as well as lower reproductive success (Berejikian et al., 1997; Araki et
al., 2009). While the multi-generational effects of captivity have been well documented, there is
still a need to understand within-generational effects of captive rearing on individuals in captive
rearing or headstarting programs. Captive rearing methods used for wildlife reintroduction
programs raise wild-caught individuals for release, in order to maximize survival during
vulnerable early life stages while avoiding the multi-generational effects of captivity. However,
stress induced by captivity may result in maladaptive behaviors that reduce survival post-release,
thus hindering the goals of conservation programs seeking to numerically expand wild
populations (McDougall et al., 2006; Berger-Tal et al., 2016). To inform conservation efforts, it
is essential to understand how and when during early ontogeny individual phenotypes are

affected by captive environments, so that maladaptive effects of captivity can be reduced.
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While captive rearing programs may protect individuals from mortality during early life
stages, captive rearing may also expose individuals to stress during important developmental
periods. Stress experienced during early life stages can cause long-term alteration to
hypothalamic-pituitary-adrenal (HPA) stress axis function, which can affect stress-related
behaviors (Auperin & Geslin, 2008; Lukkes et al., 2009; Turner et al., 2010). Chronic stress
(stressors experienced continuously) causes chronic elevation of cortisol levels, which can lead
to inhibition of the negative feedback loop of the stress axis and result in stress axis hyperactivity
(Schreck et al.. 1997, Pariante & Lightman, 2008, Jeanneteau et al., 2012). Stress axis
hyperactivity is characterized by elevated cortisol levels as well as altered behavior (Piato et al.,
2011). Features of the captive environment, such as high density in fish hatcheries, has been
shown to increase cortisol levels in individuals, indicating increased stress (Falahatkar et al.,
2009; Li et al., 2012). In captive rearing programs, behavior has been shown to be important for
predator avoidance, dispersal, foraging, and reproduction (Harvey et al., 2002; Kreger et al.,
2006; Okuyama et al., 2010), but chronic stress inhibits development of these important
behaviors and negatively affects transition to the wild and survival post-release (Olla et al., 1998;
Evans et al., 2014). Therefore, even if captive-reared individuals were produced from wild
parents and thus are genetically adapted to the wild environment, stress experienced during early
life stages in captivity can have profound behavioral effects that result in maladaptation when
subsequently introduced to the wild.

Lake sturgeon (Acipenser fulvescens) are a regionally threatened fish species. Lake
sturgeon conservation also is of cultural value for First Nations people in the Great Lakes region
(LRBOI 2008, Mann et al., 2011). Populations have been dramatically reduced by historic over-

exploitation and habitat disturbance (Ferguson & Duckworth, 1997), and populations remain
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vulnerable to environmental stressors associated with climate change and other anthropogenic
threats (Hayhoe et al., 2010; Comte et al., 2013), leading to a need for hatchery conservation
programs. Currently, lake sturgeon are a management priority in the Great Lakes (Hayes &
Caroffino, 2012).

Streamside rearing facilities raise larval lake sturgeon for release into local populations
(Brown & Day, 2002; Holtgren et al., 2007). In lake sturgeon, the stress axis is functional by the
third day post hatch, showing a physiological response to acute stress evidenced by an increase
in cortisol (Simontacchi et al., 2009). Early life stress due to factors associated with captive
rearing environments, such as high density, has been shown to increase cortisol levels in fish,
indicating higher stress (Falahatkar et al., 2009; Li et al., 2012). Features of hatchery rearing
have been shown to cause stress for lake sturgeon, such as incubating eggs in McDonald jars
(Earhart et al., 2020) and rearing larvae at high densities after hatch (Bauman et al., 2015). Early
life stress induced by hatchery rearing may impact survival, since early life stress influences
antipredator behaviors in larval lake sturgeon (Wassink et al., 2019, Biro et al., 2003). Much of
the high mortality lake sturgeon experience during the first year of life is caused by predation
during the early larval stage (Waraniak et al., 2018). Therefore, the impact of hatchery stress on
lake sturgeon larval behavior and predation has important conservation implications.

The Black Lake Sturgeon Facility in Cheboygan Co., MI was used to investigate how early
rearing environments shaped behavior, stress, and survival in lake sturgeon. Eggs and sperm
were collected from spawning adults in the Upper Black River and used to produce larvae for
release. Additionally, drifting larvae (10-30 days post hatch) are captured from the river using
drift nets and then reared captively in the hatchery. Since lake sturgeon are not bred in captivity

due to long generation times, there is no possibility of transgenerational domestication effects.
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The Black Lake system enables a direct comparison between early rearing environments,
specifically egg incubation and free embryo rearing in natural stream vs. hatchery conditions, for
individuals produced from the same wild population.
To examine how early rearing environment affects stress, behavior, and predation rates, we
conducted a study comparing hatchery-reared and wild-caught sturgeon larvae. We focused on
the early larval stage to investigate whether even short durations in captivity may detectably
stress individuals, since stress during early ontogeny is especially likely to alter behavioral and
physiological developmental trajectories, and since husbandry practices during early stages are
of interest to captive rearing programs. Research objectives were to: 1) determine whether the
hatchery environment influences stress and stress reactivity in larval lake sturgeon, and whether
wild-caught lake sturgeon experience these effects after spending time in the hatchery, and 2)
investigate whether rearing environment influences predation rates and ability to learn predator
avoidance.
METHODS

Lake sturgeon larvae used in the experiment were produced in the hatchery from gametes
collected from spawning adults were collected as wild larvae from the Upper Black River during
the period of larval dispersal in May 2018. Data collection was initiated approximately 8 days
post-hatch for both hatchery-produced and wild-caught groups. For hatchery-produced larvae,
eggs were collected from three female lake sturgeon and sperm was collected from three male
lake sturgeon spawning in the Upper Black River in Onaway, MI. Full-sibling offspring were
produced using one-to-one crosses using standard lake sturgeon culture procedures (Bauman et
al., 2016, Crossman et al., 2011). Fertilized eggs were incubated in McDonald jars, with 5 mls

of eggs (approximately 260 eggs) per jar, supplied with flowing stream water at a rate of 56.78
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liters/hour until hatch. After hatch, free embryos were moved to 3-liter aquaria supplied with
flowing stream water at a rate of 56.78 liters/nour and provided with 2.54 cm? sinking Bioballs
(N=32, CBB1-S, Pentair AES) as artificial substrate until reaching the larval stage. For wild-
caught larvae, individuals dispersing downstream from spawning areas at night were collected
using 1,000 micron D-frame drift nets and transported to the hatchery in a cooler supplied with
aerated stream water. At the hatchery, wild-caught larvae were placed in 3-liter aquaria supplied
with flowing stream water at a rate of 56.78 liters/hour.

We used equal numbers of hatchery-produced and wild-caught larvae, with six replicates
of hatchery-produced larvae from each of three families and six replicates of wild larvae from
each of three drift nights. Each replicate contained 132 larvae for a total of 6336 larvae in the
entire experiment. To avoid overcrowding, larvae from each replicate were divided among 3-
liter aquaria, with no more than 100 larvae per aquarium. Each 3-liter aquarium was supplied
with 50 micron filtered stream water at ambient stream temperature flowing at a rate of 56.78
liters/hour. Both hatchery-produced and wild-caught larvae were episodically fed premium
grade brine shrimp (Artemia sp., BSEP16Z, Brine Shrimp Direct) four times a day as per
Bauman et al. (2016), beginning at the onset of exogenous feeding (approximately 10 days after
hatch) and continuing throughout the duration of the experiment.

Trials were repeated three times over a total duration of 9 days after wild-caught
individuals were brought to the hatchery. The goals of this experiment were to determine
whether behavioral and physiological phenotypes of wild-caught lake sturgeon larvae would
change over the 9 day period of captivity to phenotypes of hatchery-reared larvae. The first 9
days of the larval stage encompassed the period of larval dispersal in the wild (Duong et al.,

2011), during which larvae initiate exogenous feeding and drift downstream from spawning
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locations. Stress-related behavior is particularly important during this stage due to the high rate
of predation larvae encounter during dispersal (Waraniak et al., 2018). Cortisol sampling,
measurements, behavior trials, and predation trials were conducted at three sequential time
periods during early larval development (hereafter referred to as stages): stage A (day one of the
larval stage for hatchery-produced larvae, or the day after capture for wild-caught larvae), stage
B (day five of the larval stage), and stage C (day nine of the larval stage). Stage A, the
beginning of the larval stage, was defined for hatchery-produced larvae based on emergence
from the substrate and the onset of exogenous feeding. Individuals captured from the stream
were assumed to be at the beginning of the larval stage, since the drift period begins upon
emergence from the substrate. No individuals were used more than once for samples or trials.
Analyses of larval body size

Total body length was quantified for each of six larvae per replicate at each of the three
stages using ImageJ software (National Institutes of Health, Bethesda, MD, U.S.A.,
http://rsbweb.nih.gov/ij /). Photos of larvae were taken using a digital camera, including a ruler
for body size calibration.
Analyses of larval cortisol levels

Cortisol levels were quantified to determine whether the hatchery environment induces
stress in larval lake sturgeon. Whole-body cortisol levels were quantified for larvae from each
replicate at stages A, B, and C. At each stage, samples were taken at baseline (meaning no acute
stressor was applied), or 30 minutes after individuals were exposed to an acute stressor to
document levels of cortisol elevation as a physiological response to the stressor. The acute
stressor was the novel environment behavioral trial, which involved placing larvae into a 15.24

cm diameter petri dish to record swimming activity for 4 minutes, and has been shown to be a
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stressor for larval sturgeon (Wassink et al., 2019). Each cortisol sample contained 6 individuals.
Individuals were euthanized using an overdose of MS-222 according to approved Michigan State
University Animal Use and Care protocols. Whole body levels of cortisol were estimated from
samples using liquid chromatography tandem mass spectrometry. LC-MSMS analysis was
conducted using a Waters Xevo TQ-S mass spectrometer (Waters, Millford, MA, USA) as
described previously for Black River lake sturgeon (Bussy et al., 2017).
Analyses of larval behavior

Three types of behavior trials were conducted to measure larval behavioral responses to
different stimuli.

1) Novel environment trials: Larval swimming activity in the petri dish was recorded with
no additional stimulus. Encountering the novel environment of the petri dish has been
shown to be a stressor for sturgeon larvae (Wassink et al., 2019).

2) Thump trials: Larval swimming activity in the petri dish was recorded after a 212 ¢
weight was dropped onto the table surface from a height of 22 cm to induce a startle
response.

3) Odor trials: Larval swimming activity in the petri dish was recorded after larvae were
exposed to odor created from whole-body homogenization of sacrificed sturgeon larvae,
as alarm cues in tissue homogenate from conspecifics has been shown to cause a
physiological and behavioral response in sturgeon (Wishingrad et al., 2014). 1 ml of the
odor homogenate was added to the center of the petri dish using a pipette at the start of
the trial.

One of each type of behavioral trial was conducted using 6 individuals from each of 6

replicates in each treatment (hatchery and wild). Trials took place in a 6-inch petri dish and
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behaviors of all individuals were recorded using a Go-Pro Hero 4 camera (GoPro, Inc) for a
duration of 4 minutes. Behavior trials employing the same acute stimuli were conducted for
individuals at each of the three stages (A, B, and C).

Loligo® software was used to simultaneously track activity of the six individuals in each
replicated trial, following Sakamoto et al. (2016). A center zone was defined that excluded a
one-inch perimeter around the petri dish edge to quantify edge-seeking behavior. Variables
quantified from the entire 4 minute video period included each individual’s velocity (cm/s),
acceleration (cm/s?), percent time active, total distance traveled (cm), number of visits to the
center zone, and time (s) spent in the center zone (Wassink et al., 2019, Wassink et al., 2020).
Predation

Predation rates were quantified using rusty crayfish (Orconectes rusticus), an important
predator of larval lake sturgeon (Crossman et al. 2018). One set of predation trials was
conducted using lake sturgeon larvae naive to crayfish, and a second set of trials was conducted
using larvae conditioned to crayfish odor combined with dead conspecific alarm cues, in order to
observe whether rearing environment affected ability to learn predator odor. Larval sturgeon
have an innate antipredator response to alarm cues released from the skin of injured conspecifics
that facilitates learning of predator odors (Wishingrad et al., 2014, Sloychuk et al., 2016), an
ecologically important cognitive function.

Predation trials were conducted at each of the three stages (A, B, and C) and included a
set of trials with larvae naive to predator odor and a set of trials with larvae conditioned to
predator odor combined with alarm cues. No larvae were used for more than one trial. One
naive predation trial and one conditioned predation trial was conducted per replicate.

Conditioned predation trials were conducted 24 hours after naive predation trials at each stage.
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Larvae were removed to a separate 3-liter tank for conditioning to predator odor.
Conditioning odor was created by combining crayfish odor (30 mls of water from a 15.24 cm by
22.86 cm container housing 3 crayfish for one hour) and lake sturgeon death odor (20 mls of
water containing sturgeon larvae homogenate). Sturgeon larvae homogenate was created from
whole-body homogenization of sacrificed sturgeon larvae, using approximately 15 individuals of
the same age and size as experimental larvae. 4 mls of conditioning odor was added to each 3-
liter tank housing larvae the night before the predation trial, and an additional 4 mls of
conditioning odor was added to each tank the following morning approximately eight hours prior
to the predation trial.

Predation trials took place in tanks that measured 42 cm by 30 cm, with a water depth of
12 cm (volume = 15.12 liters). Tanks were supplied with flowing stream water at a rate of 56.78
liters/hour, at ambient stream temperature (mean daily temperature + standard deviation = 17.1
°C £ 1.07). Rusty crayfish (Orconectes rusticus) were collected from the Upper Black River
using minnow traps, and carapace length of each individual was measured. For each trial, ten
sturgeon larvae were placed in a tank and allowed to acclimate for 50 minutes. After
acclimation, one crayfish was added to each tank and then removed after 2.5 hours. Surviving
larvae were counted and removed from the tank.

Statistical analysis

Normality for body size and cortisol datasets was assessed using a Shapiro-Wilk test in R
v 3.2.2. The body size and cortisol datasets were not normally distributed and therefore were
log-transformed prior to analysis. Generalized Linear Models were fit using the glm function in
R v 3.2.2. Models with delta AIC < 2 were considered competitive for top model (Burnham &

Anderson, 1998). The variables included in the body size models were treatment (hatchery-
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produced or wild-caught), stage (A, B, and C), and the interaction of treatment and stage. The
variables included in the cortisol models were treatment (hatchery-produced or wild-caught),
stress state (baseline or post stress), and the interaction of treatment and stress state. Predictor
variables in the AlCc selected models were further evaluated using ANOVA.

For behavior datasets, dependent variables (percent activity, acceleration, velocity,
distance, zone time, and zone visits) were compressed into a composite behavioral measure using
Principal Components Analysis (Ballew et al., 2017). The broken stick method was used to
determine that PC1, PC2, and PC3 were significant (Jackson, 1993). Factor loadings above 0.5
were used to determine behavioral relevance of each principal component. Generalized Linear
Models were selected for the three principal components using AICc model selection. ANOVA
was used to conduct F-tests on the model output and determine which variables were significant
(p < 0.05).

For predation datasets, Generalized Linear Models using a Poisson distribution were fit
for the dataset of surviving larvae per tank using the glm function in R v 3.2.2. Variables in the
models included treatment (hatchery-produced or wild-caught), stage (A, B, or C) conditioning
treatment (naive or conditioned to odor), and the two-way factor interactions. Variables present
in the AlCc selected model were further evaluated using a Chi-Square test.

Animal welfare considerations

All experiments were conducted under approved Michigan State University Animal Use
and Care protocols (04/17-071-00). Incidental stress was minimized for all lake sturgeon in the
experiment to the extent possible. Captured adults were handled for only about 4 minutes each,
and care was taken to ensure heads and gills remained underwater. In the hatchery, free embryos

were provided with 2.54 cm?® sinking Bioballs (N=32, CBB1-S, Pentair AES) as artificial
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substrate until emergence. At the onset of exogenous feeding at the beginning of the larval stage,
larvae were supplied with food ad libitum. Tanks housing free embryos and larvae were cleaned
daily, and mortalities were removed daily. Flow rate of filtered stream water was maintained at
56.78 liters/hour to ensure adequate oxygenation. During the dispersal period or wild larvae,
individuals were kept in a large cooler filled with stream water that was oxygenated using an
aerator. Larvae used for behavior trials were supplied with oxygenated water and only left in the
petri dish for the duration of the 4 minute trial. Any larvae sacrificed for samples or to create
odor were euthanized using an overdose of MS-222 according to approved Michigan State
University Animal Use and Care protocols.
RESULTS
Larval body size

The AICc selected model for body size included treatment, stage, and the interaction of
treatment and stage (Table 3.1). ANOVA indicated that hatchery-produced larvae had a larger
mean body size than wild-caught larvae (p < 0.0001), body size significantly increased at each
stage for both groups (p < 0.0001), and the interaction of stage and treatment was significant (p =
0.0280). Tukey HSD indicated that at stages A and C, hatchery-produced larvae were
significantly larger than wild-caught larvae (Cohen’s D = 1.11 and 0.48, respectively), but that

there was no significant difference in size between treatments at stage B (Figure 3.1).
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Figure 3.1. Body size (data on original scale, prior to log-transformation) across all three
stages for both treatments.

Stage A (day one of the larval stage for hatchery-produced larvae, or the day after capture for
wild-caught larvae), stage B (day five of the larval stage), and stage C (day nine of the larval
stage). Size increased significantly across stages (p < 0.0001). Tukey HSD indicated that
hatchery larvae were significantly larger than wild larvae at stages A and C, but not at stage B.
Whiskers indicate minimum and maximum values, excluding data points beyond 1.5 x the
interquartile range for the upper and lower guartiles.

Table 3.1. AICc selected models for body size, including predictor
variables of treatment (hatchery or wild) and stage (A, B, or C)

Model AlCc Delta AlCc Weight
Length ~ Treatment + Stage + Treatment*Stage -2727.8 0 0.83
Length ~ Treatment + Stage -2724.67 3.13 0.17
Length ~ Treatment -2672.54 55.26 0
Length ~ Stage -2309.88 417.92 0
null model -2282.63 445.17 0

109



Larval cortisol levels

For stage A (day 1 of the larval stage), the AICc selected model included treatment and
stress state (Table 3.2). ANOVA indicated wild-caught larvae had significantly higher whole-
body cortisol than hatchery-produced larvae at stage A (p <0.0001, Cohen’s D = 1.26) (Figure
3.2). Post stress cortisol levels were also significantly higher than baseline cortisol levels at
stage A for both treatments (p < 0.0001, Cohen’s D = 1.11) (Figure 3.2). For stage B (day 5 of
the larval stage), the AlICc selected model included stress state only (Table 3.2). ANOVA
indicated that post stress cortisol levels were significantly higher than baseline (p = 0.0008,
Cohen’s D = 0.83) (Figure 3.2). For stage C (day 9 of the larval stage), the AlCc selected model
was the null model (Table 3.2), indicating that no variables were important in explaining

variation in cortisol levels at this stage (Table 3.3).
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Figure 3.2. Cortisol (data on original scale, prior to log-transformation) during each of
three stages for both treatments (hatchery and wild) and stress states.

At stage A, mean cortisol of wild larvae was significantly higher than for hatchery larvae (p <
0.0001), and mean post stress cortisol was significantly higher than baseline (p <0.0001). At
stage B, treatment was not significant, and mean post stress cortisol was significantly higher than
baseline (p = 0.0008). At Stage C, neither treatment nor stress state was significant. Whiskers
indicate minimum and maximum values, excluding data points beyond 1.5 x the interquartile
range for the upper and lower quartiles. Outliers over 40 ng/g, of which there were 9 in Stage C,
were excluded from the boxplot but included in the analysis.
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Larval behavior

Behavioral traits associated with swimming activity (percent activity, velocity,
acceleration, distance, zone time, and zone visits) were reduced into three components using
PCA. Factor loadings indicated that the most important variable contributing to variation along

PC1 was percent activity (Figure 3.3) (Table 3.4).
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Figure 3.3. Percent activity for hatchery and wild larvae at all three stages (A, B, and C),
for all three behavior trial types.

Percent activity was the most important factor informing PC1. Stage A was day one of the larval
stage for hatchery-produced larvae, or the day after capture for wild-caught larvae. Stage B was
day five of the larval stage. Stage C was day nine of the larval stage. Novel environment trials
(nov) involved larvae being placed in the petri dish with no additional stimulus. Odor trials
(odor) involved 1 ml of odor, created from whole-body homogenization of conspecifics
containing alarm cues, being added to the center of the petri dish at the start of the trial. Thump
trials (thump) involved a 212 g weight being dropped onto the table surface from a height of 22
cm to induce a startle response. Whiskers indicate minimum and maximum values, excluding
data points beyond 1.5 x the interquartile range for the upper and lower quartiles.
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Table 3.2. AICc selected models for whole body cortisol levels at each
stage (A, B, and C), using log-transformed cortisol dataset, including
predictor variables of treatment (hatchery or wild) and stress state
(baseline or post acute stressor)

Model AlCc Delta AlCc Weight

Stage A

Cortisol ~ Treatment + Stress State -81.36 0 0.73

Cortisol ~ Treatment + Stress State +

Treatment*Stress State -79.38 1.98 0.27
Cortisol ~ Treatment -53.03 28.33 0
Cortisol ~ Stress State -48.3 33.06 0

null model -30.92 50.44 0
Stage B
Cortisol ~ Stress State -11.02 0 0.69
Cortisol ~ Treatment + Stress State -8.86 2.17 0.23
Cortisol ~ Treat t+ St State +
ortiso rea mfn ress State 6.57 4.46 0.07
Treatment™*Stress State
null model -1.55 9.48 0.01
Cortisol ~ Treatment 0.57 11.59 0
Stage C
null model 132.02 0 0.42
Cortisol ~ Treatment 132.7 0.69 0.3
Cortisol ~ Stress State 134.04 2.02 0.15
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Table 3.2 (Cont’d)

Cortisol ~ Treatment + Stress State 134.8 2.78 0.1

Cortisol ~ Treatment + Stress State +

Treatment*Stress State 137.02 >.01 0.03

Table 3.3. Mean (x SD) cortisol levels (in original scale, prior to log-
transformation) for hatchery-produced and wild-caught sturgeon larvae at
each stage (A, B, and C) and for each stress state (baseline or post stress).

Cortisol
Stage Treatment

baseline post stress

hatchery 2.97+0.94 432+1.10

A wild 4.46 £0.93 7.53+£2.69

hatchery 5.98 £4.53 9.07+7.42

’ wild 5.48 £3.46 7.81+3.37
hatchery 13.81+25.34 11.72 £ 22.40
- wild 19.22 +32.14 17.44 + 25.09

PC1, which explained 45.67% of the variation in the data, was negatively associated with

percent activity and can be characterized as “inactivity.” The AICc selected model for PC1

included treatment, stage, trial, and the interactions of treatment and trial (novel environment,

thump, or odor), trial and stage, and treatment and stage (Table 3.5). ANOVA indicated that all

terms included in the model significantly affected PC1: treatment (p < 0.0001), stage (p =

0.0008), trial (p = 0.0040), treatment*trial (p = 0.0066), stage*trial (p = 0.0028), and

treatment*stage (p < 0.0001). Hatchery-produced larvae had lower mean estimates of PC1 than

did wild-caught larvae at all stages (averaged across trial type) (Cohen’s D = 0.17), indicating

that hatchery-produced larvae were more active than wild-caught larvae regardless of
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developmental stage. At each stage, hatchery-produced larvae showed decreasing activity levels
(indicated by an increase in mean PC1 scores), while wild-caught larvae increased their activity
levels (indicated by a decreased in mean PC1 scores).

Factor loadings indicated that the most important variable contributing to variation along
PC2 was distance traveled (Figure 3.4) (Table 3.4). PC2, which explained 28.82% of the
variation in the data, was positively associated with distance and can be characterized as “total
distance moved.” The AICc selected model for PC2 included treatment, stage, trial, the
interaction of treatment and trial, and the interaction of trial and stage (Table 3.5). ANOVA
indicated that all terms included in the model significantly affected PC2: treatment (p < 0.0001),
stage (p < 0.0001), trial (p = 0.6411), treatment*trial (p = 0.0398), and stage*trial (p < 0.0001).
Hatchery-produced larvae moved greater distances (higher PC2 means) than wild-caught larvae
at all stages (averaged across trial type) (Cohen’s D = 0.29).

Factor loadings indicated that the most important variable contributing to variation along
PC3 was “zone time,” or time spent in the center zone of the petri dish (Figure 3.5) (Table 3.4).
PC3, which explained 18.34% of the variation in the data, is negatively associated with zone
time and can be characterized as “zone avoidance” (Table 3.4) (Figure 3.6). The AICc selected
model for PC3 included treatment, stage, trial, the interaction between treatment and trial, and
the interaction between trial and stage (Table 3.5). ANOVA indicated that all terms included in
the model significantly affected PC3: Treatment (p < 0.0001), stage (p < 0.0001), trial (p =
0.0142), treatment*trial (p = 0.0140), and stage*trial (p = 0.0104). Wild-caught larvae exhibited

significantly higher center zone avoidance, or more time spent along the one-inch perimeter of

114



the petri dish outside of the center zone, compared to hatchery-reared larvae at all three stages

(averaged across trial type) (Cohen’s D =0.28) (p < 0.0001).
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Figure 3.4. Total distance traveled (cm) during a four minute behavior trial for hatchery
and wild larvae at all three stages (A, B, and C), for all three behavior trial types.

Distance was the most important factor informing PC2. Stage A was day one of the larval stage
for hatchery-produced larvae, or the day after capture for wild-caught larvae. Stage B was day
five of the larval stage. Stage C was day nine of the larval stage. Novel environment trials (nov)
involved larvae being placed in the petri dish with no additional stimulus. Odor trials (odor)
involved 1 ml of odor, created from whole-body homogenization of conspecifics containing
alarm cues, being added to the center of the petri dish at the start of the trial. Thump trials
(thump) involved a 212 g weight being dropped onto the table surface from a height of 22 cm to
induce a startle response. Whiskers indicate minimum and maximum values, excluding data
points beyond 1.5 x the interquartile range for the upper and lower quartiles.
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Figure 3.5. Time spent in center zone (s) for hatchery and wild larvae at all three stages (A,
B, and C), for all three behavior trial types.

The center zone was defined by excluding a one-inch perimeter around the edge of the petri dish.
Zone time was the most important factor informing PC3. Stage A was day one of the larval
stage for hatchery-produced larvae, or the day after capture for wild-caught larvae. Stage B was
day five of the larval stage. Stage C was day nine of the larval stage. Novel environment trials
(nov) involved larvae being placed in the petri dish with no additional stimulus. Odor trials
(odor) involved 1 ml of odor, created from whole-body homogenization of conspecifics
containing alarm cues, being added to the center of the petri dish at the start of the trial. Thump
trials (thump) involved a 212 g weight being dropped onto the table surface from a height of 22
cm to induce a startle response. Whiskers indicate minimum and maximum values, excluding
data points beyond 1.5 x the interquartile range for the upper and lower quartiles.
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Figure 3.6. Principal Components Analysis showing ordination of all larval sturgeon
(hatchery and wild-caught) over the three stages (A, B, and C) based on behavioral
variables.

Behavioral variables quantified during each four minute video included percent activity (percent
of the trial spent active), velocity (mean velocity during the trial, cm/s), acceleration (mean
acceleration during the trial, cm/s2), distance (total distance traveled during the trial, cm), zone
time (amount of time spent in center zone, s), and zone visits (numbers of visits to center zone).
The center zone of the petri dish excluded a one-inch perimeter around the petri dish edge.

Table 3.4. Factor loadings and eigenvalues for principal components analysis of behavioral
variables.

factor loadings ) ) .
eigen-  variance  cumulative

zone % zone value % variance %
velocity  accel. . .. distance ..

time activity visits
pcp 05247 0.5396 -0.0907 -0.545 -0.2158 -0.2763 2.7399 45.6651 45.6652
pcy 03582 0.3198 -0.2607 0.2025 0.6642 0.4683 1.7293 28.8209 74.4861
pcy 01005 -0.1043 -0.8485 0.1587 0.0612 -0.4797 1.1002 18.3367 92.8228
pca 01121 0.0657 0.4502 0.2493 0.494 -0.6886 0.3342 5.5696 98.3924
pcg 02547 0.3232 0.0338 0.7543 -0.5105 0.0011 0.0912 1.5196 99.912
pce 07133 -0.6978 -0.0048 0.0167 -0.0616 0.0083 0.0053 0.0879 100
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Table 3.5. AICc selected models for principal components associated with
behavioral measurements, including only top four competitive models and
null model, and predictor variables of treatment (hatchery or wild), stage
(A, B, or C) and trial type (novel environment, odor, or thump)

Model AlCc Delta AlCc Weight
PC1
~ + + trial + *trial +
PC1 treatment stage + trial + treatment*trial 7136.86 0 0.98
trial*stage + treatment*stage
~ + + trial + *trial +
PC1 ~ treatment + stage t:lal treatment*trial 7144.71 785 0.02
treatment*stage
PC1 ~ treatment + stage + trial + treatment*stage 7150.93 14.07 0
~ H 41
PC1 ~ treatment + sta'ge + trial + treatment*trial + 7207.65 70.79 0
trial*stage
null model 7248.5 111.63 0
pPC2
~ H 41
PC2 ~ treatment + sta.ge + trial + treatment*trial + 6180.05 0 0.47
trial*stage
~ H Kt
PC2 treatment + stage + trial + treatment*trial + 6180.48 0.43 0.38
trial*stage + treatment*stage
PC2 ~ treatment + stage + trial + trial*stage 6182.39 2.34 0.15
PC2 ~ treatment + stage 6206.65 26.59 0
null model 6381.42 201.36 0
PC3
PC3 ~ treat t+st + trial + treat t*trial +
reatment +s a_ge* rial + treatment*tria 5147.46 0 0.54
trial*stage
- . _
PC3 treatment + stage + trial + treatment*trial + 5148.42 0.97 0.33
trial*stage + treatment*stage
PC3 ~ treatment + stage + trial + trial*stage 5151.91 4.46 0.06
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Table 3.5 (Cont’d)

PC3 ~ treatment + stage + trial + treatment*trial 5152.62 5.17 0.04

null model 5529.48 382.02 0

Levels of larval predation

For predation trials, the AlCc selected model included stage and treatment (Table 3.6).
Both treatment and stage were significant (p = 0.0033, p < 0.0001, respectively). Wild-caught
larvae had a significantly lower survival rate than hatchery-produced larvae at stage A and B (p =
0.0033, Cohen’s D = 0.22 for Stage A and 0.40 for Stage B). By stage C, after wild-caught
larvae fish have been in the hatchery for 10 days, there is no significant difference in mean
survival rates between treatments (Figure 3.7). Survival rates significantly decreased at each

stage (p < 0.0001).

Table 3.6. AICc selected models for larval lake sturgeon predation data,
including the top four competitive models and null model, and predictor
variables of treatment (hatchery or wild), stage (A, B, or C) and carapace
(crayfish carapace length as a proxy of crayfish size)

Model AlCc Delta AlCc Weight
Mortalities ~ Stage + Treatment 790.58 0 0.4
Mortalities ~ Treatment + Carapace + Stage 791.48 0.91 0.26

Mortalities ~ Treatment + Carapace + Stage +

792.37 1.8 0.16
Exposure
Mortalities ~ Treatment + Carapace + Stage + 794.57 3.99 0.05
Exposure + Treatment*Stage
null model 851.72 61.15 0
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Figure 3.7. Survival of hatchery-produced and wild-caught larvae across three stages,
including naive to predator (first exposure) treatment and conditioned to predator odor
(second exposure) treatment.

Stage A was day one of the larval stage for hatchery-produced larvae, or the day after capture for
wild-caught larvae, stage B was day five of the larval stage, and stage C was day nine of the
larval stage. Predation trials were conducted for each replicate, one trial using larvae that were
naive to predator odor and one using larvae that were conditioned to predator odor combined
with alarm cues. For conditioning, larvae were exposed to crayfish odor combined with
conspecific homogenate containing alarm cues. 4 mls of conditioning odor was added to each 3-
liter tank housing larvae the night before the predation trial, and an additional 4 mls of
conditioning odor was added to each tank the following morning approximately eight hours prior
to the predation trial. For each predation trial, 10 larvae were placed in a 15.12 liter tank
supplied with flowing stream water with one crayfish per tank for 2.5 hours. Whiskers indicate
minimum and maximum values, excluding data points beyond 1.5 x the interquartile range for
the upper and lower quartiles.

DISCUSSION

Findings demonstrate that stress-related phenotypes may develop over very short periods
of time following the onset of captive rearing. Both hatchery-produced and wild-caught sturgeon
experienced effects of the hatchery environment as indicated by physiological and behavioral
differences among stages. Wild-caught larvae initially exhibited elevated physiological
responses to an acute stressor as evidenced by higher whole-body cortisol (Figure 3.2).

Behaviorally, wild-caught larvae exhibited greater tendencies to maximize concealment (lower
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activity, lower total distance traveled, and less time spent in the center of the petri dish). Wild-
caught larvae experienced lower survival compared to hatchery-reared larvae until stage C, likely
due to their relative proclivity for inactivity when predators were experimentally introduced into
a small tank. At stage C (after 9 days in the hatchery environment), larvae from both rearing
environments had similarly low survival. Inferentially, a modest extension of 3 additional days
in a hatchery environment (6 days s. 9 days) was sufficient exposure to the captive regime to
alter behavior (i.e., increase activity) to the point where mortality of wild-caught larvae was at
comparative levels with hatchery-produced larvae (Figure 3.7). Low cortisol levels were
likewise expressed by larvae from both treatments by stage C, with no post-stress elevation of
cortisol levels (Figure 3.2). Wild-caught sturgeon, despite having spent early ontogenetic stages
in the wild, were still affected by the captive rearing environment over a short period to the
extent that their stress axis function was indistinguishable from that of hatchery-produced larvae
after only 9 days.

It is possible that the higher baseline cortisol levels observed in wild-caught larvae
compared to hatchery-produced larvae at Stage A may be a result of stress associated with
capture and transitioning to a new food type. However, prior research supports the likelihood of
hatchery environments affecting larval cortisol. A study by Earhart et al. (2020) on cortisol in
hatchery-produced lake sturgeon indicated that larvae incubated as eggs using a tumbling regime
in McDonald jars, a standard hatchery practice, had lower cortisol levels and delayed onset of
cortisol production than non-tumbled individuals. The decrease in physiological reactivity to
stress over time for both treatment groups in this study suggests that hatchery rearing impacts
stress axis function. Cortisol elevation in response to an acute stressor decreased over time for

larval lake sturgeon from both treatments, and was no longer evident by stage C (day 9 of the
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larval stage) (Figure 3.2). A prior experiment with lake sturgeon larvae observed that a decrease
in physiological reactivity was associated with chronic stress (Wassink et al., 2019). While it has
been proposed that lower physiological reactivity to threats may be adaptive in some contexts
(Blas et al., 2007), this experiment showed that predation rates increased over time coincident
with a decrease in cortisol reactivity. Therefore, decreasing physiological reactivity to stress
does not appear to improve fitness by helping lake sturgeon larvae avoid predation. Further
research could investigate the role cortisol responses play in fitness by defining in what
situations (i.e., captivity or wild environment) a lack of physiological reactivity is adaptive.
Overall, hatchery-produced sturgeon were more active and moved greater distances
(Figure 3.3, Figure 3.4), while wild-caught sturgeon spent more time avoiding the center zone
(Figure 3.5). In addition, hatchery larvae showed decreasing activity levels over time, while
wild larvae showed increasing activity levels (Figure 3.3). The opposite change in activity level
over time in hatchery-reared and wild-caught sturgeon suggests that behavioral trajectories may
be program prior to the larval stage (Dammerman et al., 2015). Behavioral trajectories could be
determined in response to factors such as genetic differences, maternal effects, egg incubation
environment, or free embryo experience prior to emergence from the substrate. For example,
prior work with lake sturgeon free embryos suggests that maternal effects are reflected in
familial differences in yolk sac egg provisioning, metabolism, and subsequent activity levels
after hatch (Wassink et al., 2019). Egg incubation environment has also been shown to influence
development (Walquist et al., in review, Dammerman et al., in review), which could have
downstream effects on stress-related behavior. Furthermore, behavioral phenotype may not be
directly linked to physiological phenotype, since differences in physiological reactivity between

treatments abated over time while behavioral differences remained. Collectively, findings
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indicate that further investigations into behavior programming mechanisms other than stress in
the early life environment are warranted.

In contrast to prior studies in which larger size was advantageous for avoiding predation
for lake sturgeon larvae aged 8 to 16 weeks (Crossman et al., 2018), the current experiment
found that predation rates increased over time (Figure 3.7). Larger size may explain the initially
higher survival of hatchery-produced larvae compared to wild-caught larvae at stages A and B
(Figure 3.1). However, the increasing size experienced by both treatment groups over time was
associated with decreased, rather than increased, survival during predation trials. Higher activity
levels have been associated in prior studies with increased survival of larval lake sturgeon during
predation trials with crayfish (Wassink et al., 2019). However, in this study wild-caught larvae
increased activity levels over time with no associated increase in survival. Thus, the negative
effect of the captive environment on anti-predator abilities may override advantages that would
typically promote survival for larval lake sturgeon.

Exposure to predator odor did not help lake sturgeon avoid predation by crayfish (Figure
3.7). Our results contrast with those of Wishingrad et al. (2014), who observed that lake
sturgeon larvae dramatically increase activity levels in response to predator odor combined with
conspecific homogenate. Lake sturgeon larvae associate predator odor with alarm cues released
from the skin of conspecifics, to which they have an innate reaction (Wishingrad et al., 2014).
One possible explanation is that in this experiment, lake sturgeon larvae increased swimming
activity as a stress response to conditioning odor, thereby depleting energy prior to predation
trials. A second possibility is that larval lake sturgeon do not as readily learn the odor of a
predator they did not co-evolve with, as rusty crayfish are an invasive species. A third

possibility is that the hatchery environment inhibited learning for both hatchery-produced and
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wild-caught individuals. It has been suggested that the capacity for learning is cued by
variability in the environment, since plasticity is usually adaptive in situations where individuals
encounter new stimuli (Kotrschal & Taborsky, 2010; Mettke-Hofmann, 2014). If the hatchery
setting creates a homogenous rearing environment through predictability of surroundings, food
availability, and lack of predator encounters, learning may not be promoted. This finding
highlights the importance of studies linking cognitive ecology to conservation, in order to
develop a more complete understanding of what environmental factors promote or inhibit
learning. Conservation programs would benefit from an understanding of how animal cognition
is impacted by captive environments, as cognitive abilities are likely important for post-release
survival (Teixeira et al., 2007).

Inter-individual variation in cortisol concentrations and predation rates appears to
increase by stage C, illustrating the importance of individuality in studying effects of captive
rearing environments (Figure 3.2, Figure 3.7). This finding is consistent with research showing
that captive environments increased inter-individual variation in oldfield mice (Peromyscus
polionotus subgriseus) (McPhee, 2004). Personality (temperament) is important in studies on
conservation in predicting success of captive breeding, captive rearing, and reintroduction
programs (McDougall et al., 2006). For example, amphibians exhibit consistent individual
differences in boldness, exploration, and activity, all of which are important in both captive
breeding success and survival after reintroduction (Kelleher et al., 2018) in contexts such as
predation, foraging, and dispersal (Cote et al., 2010). Research investigating the mechanisms
driving inter-individual differences in behavior could be applied to conservation efforts to predict
or promote success in released individuals (Healy & Jones 2002; Powell & Gartner 2011;

Greggor et al., 2014; Ballew et al., 2017).
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Parentage of wild-caught larvae is unknown, but it is likely that genetic effects played a
role in determining how individuals responded developmentally to rearing environment
(Dammerman et al., 2015, Dammerman et al., 2016). There was likely higher genetic variation
in wild-caught fish than in hatchery-reared fish, which was only represented by three full-sib
families. Non-genetic maternal effects are also important for lake sturgeon, as prior research has
suggested that both maternal and offspring experience are important in programming offspring
stress axis function (Wassink et al., 2020). Thus, additive genetic and maternal effects likely
explain some of the inter-individual variation in behavior and physiology expressed during
experimental trials. Genetic differences between hatchery-reared and wild-caught larvae could
also explain behavioral differences.

Overall, this study illustrates that even captive rearing programs that use individuals
captured from wild populations may impose a rearing environment that results in physiological
and behavioral changes that decrease survival after release. The cortisol stress response of wild-
caught lake sturgeon larvae became similar to that of hatchery-produced larvae after only 9 days
in the hatchery. Even though cortisol levels did not indicate that the hatchery environment
induced chronic stress, predation rates were still high, suggesting that physiological measures of
stress may not accurately predict success of individuals after release. Similarly, physiological
phenotype may not predict behavioral responses to threats, as behavioral differences between
hatchery-reared and wild-caught lake sturgeon did not appear to be linked to stress physiology.

Negative effects of captivity on predator avoidance may override advantages, such as
larger size and higher activity levels, that would typically promote survival. Both hatchery-
produced and wild-caught lake sturgeon larvae experienced increasing predation mortality over

time, with larger size and higher activity levels failing to convey an advantage for predator
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avoidance as expected from prior studies (Wassink et al., 2019, Crossman, 2018). Therefore,
even behaviors not directly induced by stress (or, conversely, not directly related to welfare) are
of concern for reintroduction programs. This finding suggests that reintroduction programs
could utilize research in cognitive ecology to create environments that behaviorally and
cognitively prepare individuals for facing challenges in the wild (Greggor et al., 2014). While
re-creating features of the wild environment within captive environments may not be logistically
feasible, programs could instead focus on promoting learning, behavioral plasticity, and
adaptation to novelty, to prepare individuals to navigate the transition to the wild and the high
variability in environments that will be encountered (Teixeira et al., 2007; Kotrschal &
Taborsky, 2010; Mettke-Hofmann, 2014). Implementing this strategy would require a more
detailed understanding of which specific features of early rearing environments promote learning

and resilience to environmental variability, as well as the developmental mechanisms involved.
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ABSTRACT

Inter-species interactions, including predator encounters, during early life stages can elicit
behavioral and physiological responses that in turn can have important consequences for
populations. In threatened lake sturgeon (Acipenser fulvescens), newly hatched free embryos co-
occupy stream substrate with potential predators including aquatic insect larvae. This study
investigated stress effects on lake sturgeon larvae after encounters with aquatic insects by
quantifying mortality, body size, cortisol levels, and swimming behavior. Free embryos were
exposed to either Perlidae (stonefly obligate predators) or Isonychiidae (mayfly filterers and
facultative predators). Free embryos that encountered Perlids exhibited high mortality as well as
elevated cortisol and cortisol reactivity to an acute stressor compared to individuals in the control
treatment (no insects). Free embryos that encountered Isonychiids exhibited slightly elevated
mortality compared to individuals in the control treatment (no insects) and had slightly elevated
cortisol and cortisol reactivity. Findings indicate that lake sturgeon free embryos are stressed by
exposure to benthic environments during early life stages that include predation of nearby
conspecifics in proportion to the amount of predation experienced. Lake sturgeon larvae also
exhibited alterations to swimming behavior, with individuals that encountered isonychiids
exhibiting lower activity levels, and individuals that encountered perlids exhibiting slower
swimming speed. Behavioral outcomes suggest that even encounters with aquatic insects
associated with low predation (isonychiids) have the potential to alter behavioral trajectories,
potentially as an adaptive response that will reduce predation rates in subsequent life stages. Our
results contribute to a broader understanding of how inter-species interaction with obligately co-
occurring benthic invertebrate communities may impact lake sturgeon populations, with the

potential to inform management and conservation efforts.
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INTRODUCTION

Interactions among members of different trophic levels play an important role in
ecosystems. In particular, nonlethal predator effects can have notable influences on individuals,
populations, and communities (Lima, 1998; Werner & Anholt, 1996; Skelly & Werner, 1990;
McKauley et al., 2011). Even in the absence of predator-induced mortality, the presence of
predators can alter prey behavioral and physiological phenotypes and impact survival during
subsequent life stages (Werner & Anholt, 1996, Skelly & Werner, 1990). For example, predator
cues can alter the rate of early development (Mirza et al., 2001), or determine responses to
subsequent predation cues (Ferrari & Chivers, 2009). One mechanism by which predator
presence can influence individuals is by creating early life stress (McKauley et al., 2011). Early
life stress can have profound impacts on downstream behavior and physiology, with implications
for future survival (Chen et al., 2014; Liesenjohann & Krause, 2012; Middlemis et al., 2013).
Therefore, understanding the role of early life predator-related stress in individual development
is important to predict population-level effects.

Lake sturgeon (Acipenser fulvescens) are a priority for management and conservation in
the Great Lakes because populations have experienced prolonged periods of over-harvest and
loss and degradation of spawning habitat (Hayes & Caroffino, 2012; Ferguson & Duckworth,
1997). During the free embryo and larval stages, lake sturgeon experience high levels of
predation by invertebrates and fishes (Waraniak et al., 2018). In response to conspecific
predation, lake sturgeon are known to respond to alarm cues from the skin of conspecifics during
early ontogeny (Wishingrad et al., 2014; Sloychuk et al. 2016). Alarm cues are released from
injured or predated conspecifics, allowing nearby individuals to perceive and adaptively respond

to predator presence (Cao & Li, 2020; Mourabit et al., 2010; Laurila et al., 1997). In fishes,
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exposure to conspecific alarm cues can be important by enabling individuals to recognize
predators and respond appropriately to potential threats (Smith, 1999; Vilhunen & Hirvonen,
2003; Holmes & McCormick, 2010). During the lake sturgeon free embryo stage, first the
olfactory and subsequently visual perceptive abilities become functional (Dettlaff et al., 1993),
enabling individuals to sense and responding to predator presence However, effects of predator
presence on important stress-related physiology and behavior during early life stages on lake
sturgeon development has not been extensively investigated.

Considering the ecological importance of phenotypic alteration related to nonlethal
predator effects (Lima, 1998), understanding implications of early life exposure to predators for
lake sturgeon survival and recruitment is essential for informing conservation efforts. The
hypothalamic-pituitary-interrenal (HPI) stress axis becomes functional during the free embryo
stage in sturgeon (Falahatkar et al., 2012; Simontacchi et al., 2009), so individuals likely
experience predator presence and associated alarm cues as a stressor. The stress axis is
responsible for mediating physiological response to stressors via the release of cortisol, the stress
hormone (Auperin & Geslin, 2008; Lukkes et al., 2009). For lake sturgeon free embryos
experiencing predator presence and associated alarm cues, stress can be quantified using cortisol
levels. Early life stress can alter stress axis function, resulting in longterm changes in
physiological and behavioral development (Piato et al., 2011; Schreck et al., 1997; Pariante &
Lightman, 2008; Jeanneteau et al., 2012). As a consequence, early life predator-induced stress
may have important downstream effects on future threat responses, especially during the larval
drift period when lake sturgeon are particularly vulnerable to predation (Waraniak et al., 2018).
Studies with other species have shown that nonlethal predation effects can change growth

trajectories and size at age (Middlemis et al., 2013; Skelly & Werner, 1990), which in sturgeon
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have been shown to be important for survival during subsequent periods of high predation
(Wishingrad et al., 2014; Crossman et al., 2011; Wassink et al., 2019). Early life exposure to
predators that induces stress may be important for triggering adaptive responses to predators
during the period of larval dispersal from spawning areas to rearing habitat downstream. Lake
sturgeon larvae that experience chronic temperature stress have lower cortisol reactivity and
higher activity levels, which have been shown to be associated with higher survival in the
presence of a crayfish predator (Wassink et al., 2019), suggesting that early life stress has the
potential to induce compensatory adaptive physiological and behavioral phenotypes in lake
sturgeon.

Lake sturgeon free embryos and aquatic insect larvae are likely to interact due to overlap
of obligate habitats (Hamilton, 2004). Lake sturgeon adults spawn on hard gravel substrate, and
free embryos burrow into interstitial spaces immediately after hatch until yolk sac reserves are
depleted (Kempinger, 1988). Larval stages of diverse aquatic benthic insect communities also
occupy gravel substrate in streams (Bournaud et al., 1998; Jahnig & Lorenz, 2008) and thus co-
occur with lake sturgeon free embryos. However, effects of invertebrate community
composition on lake sturgeon populations are not well understood. Prior research with lake
sturgeon eggs suggest that the presence of aquatic insects influences timing and body size at
hatch time depending on functional feeding group (Walquist et al., in review), but an
understanding of how aquatic insects affect lake sturgeon after hatch and effects during
subsequent life stages is limited.

Abundance and biodiversity of aquatic insects are heavily influenced by water quality
and other environmental factors (Dijkstra et al., 2014; Hershey et al., 2010). Therefore, differing

environments likely generate variation in taxonomic groups of aquatic insects encountered by
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lake sturgeon free embryos, as well as insect abundance and the frequency of such encounters.
Predatory groups like members of the stonefly family Perlidae are predator of larval fish (Claire
& Phillips, 1968). Members of the mayfly family Isonychiidae are collector-filterers and
facultative predators (Merritt & Cummins, 2008). Therefore, depending on function, isonychiids
could either potentially reduce stress of fish larvae by improving water quality (Menzie, 1980;
Morin et al., 1988), or increase stress and reduce survival via predation. Considering the
extensive co-occurrence between members of aquatic invertebrate communities and lake
sturgeon during early life stages, lake sturgeon are likely to have developed mechanisms for
reacting adaptively to exposure to predaceous aquatic insects. Understanding the adaptive
physiological and behavioral outcomes of inter-species interactions across trophic levels is
important in informing lake sturgeon management and conservation.

This study investigated both direct and indirect effects on lake sturgeon of encounters
with aquatic insect larvae during early ontogenetic stages. Specifically, we quantified mortality
rates, stress physiology, and swimming behavior of lake sturgeon larvae that encountered either
perlids, isonychiids, or no insects during the free embryo stage. We hypothesized that exposure
to perlids (predators) would cause alterations in behavioral and physiological reactivity since
individuals were expected to encounter an environment of high predation-related stress. We
predicted that lake sturgeon larvae exposed to perlids would have higher mortality rates, higher
cortisol levels, and increased behavioral reactivity to alarm cue odor compared to larvae exposed
to isonychiids or control larvae. Understanding how inter-species interactions during early life
stages impact lake sturgeon development will contribute to a broader understanding of proximal
and long term effects of biotic community interactions on wildlife species like lake sturgeon

whose populations are highly vulnerable to environmental changes.
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METHODS

Eggs and sperm were collected from adult sturgeon spawning in the Upper Black River in
Onaway, Ml on May 11, 2018. Eggs were fertilized using standard lake sturgeon hatchery
procedure (Bauman et al., 2016, Crossman et al., 2011). All individuals used for the experiment
were taken from one full sibling family, based on gamete fertilization using a single male and
female to reduce variation due to family (genetic or maternal) effects (Wassink et al., 2020).
Eggs were reared using a tumbling regime in McDonald egg-hatching jars (Pentair J32, Apopka,
FL) until hatch. Free embryos were then moved to 3-liter flow-through tanks. Tanks were
supplied with stream water at ambient temperature flowing at a rate of 56.78 liters/hour.

Experimental treatments using free embryo lake sturgeon began at 5 days after hatch,
approximately 3 days away from reaching the larval stage at the beginning of exogenous feeding.
Each of the three treatments (control, isonychiid, and perlid) included six replicates, each
containing 25 free embryos, with one replicate per tank. All aquatic insect larvae were captured
from the Upper Black River using either a kick-net or a D-frame drift net. The drift net was
moved downstream while sediment was disturbed in front of it for approximately 1 minute. Free
embryos held in 3-liter aquaria were provided with Bioballs (2.54 cm® BioBalls Pentair #CBBI-
5) as artificial stream substrate. Food was not provided to free embryos, since lake sturgeon
utilize yolk sac reserves during the free embryo stage and only begin exogenous feeding at the
onset of the larval stage (approximately 8 days after hatch). In the control treatment, no insects
were added to the 3-liter tanks. In the isonychiid and perlid treatments, four aquatic insect larvae
were added to each of the six replicate tanks in each treatment. For the isonychiid and perlid
treatments, insects were left to interact with free embryos for three days and then removed from

tanks.
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Free embryo mortality

After insects were removed from replicate tanks, all surviving free embryos were counted
to determine the mortality rate for each tank. Proportion of mortalities was calculated for each
replicate. A beta regression and pairwise contrasts were used to determine if proportions of
mortality differed among perlid, isonychiid, and control treatments using the betareg function in
program R v 3.2.2.
Larval body size

At the beginning of the lake sturgeon larval stage, total body length (mm) of six
individuals from each replicate in each of the three treatments were measured. Photos of lake
sturgeon larvae were taken using a digital camera, and ImageJ software (National Institutes of

Health, Bethesda, MD, U.S.A., http://rsbweb.nih.gov/ij /). Images were used to quantify total

body length for each individual using a ruler in each photo for calibration. A Shapiro-Wilk test
indicated that the body size dataset was normally distributed (p = 0.1423). A One-way ANOVA
was conducted using the aov function in program R v 3.2.2. to determine differences in body size
among treatments.
Larval cortisol levels

At the onset of the larval stage, larval samples for cortisol analysis were taken at baseline
(with no acute stressor applied) or after an acute stressor in order to quantify stress levels as well
as physiological reactivity of the stress axis to an acute stressor. The acute stressor was a 20
second period of removal from the water and exposure to air which is a known stressor in
sturgeon (Eslamloo & Falahatkar, 2014). Afterwards individuals were placed back in water for a
rest period of 30 minutes before being euthanized. Each cortisol sample contained 6 individuals.

One baseline and one post-stress sample were taken from each replicate tank in the experiment.
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Individuals were euthanized using an overdose of MS-222 according to approved Michigan State
University Animal Use and Care protocols. Whole body cortisol levels were estimated using
liquid chromatography tandem mass spectrometry with a Waters Xevo TQ-S mass spectrometer
(Waters, Millford, MA, USA) as developed by our group for lake sturgeon (Bussy et al. 2017).

The cortisol data were not normally distributed, so log-transformation was applied prior
to analysis. A Shapiro-Wilk test confirmed that the log-transformed dataset was normally
distributed (p = 0.8180). Generalized Linear Models were fit using the glm function in program
R v 3.2.2. Predictor variables in the models included invertebrate treatment, stress state (baseline
or after the acute stressor was applied), and the interaction of treatment and stress state.
Variables present in the AlICc selected model were further evaluated using an ANOVA and post
hoc Tukey HSD tests.
Larval behavior

Behavior trials were conducted at the beginning of the larval stage for 6 individuals from
each of the 6 replicate tanks in each treatment. Larvae were placed into a 15.24 cm diameter
petri dish filled with filtered stream water, and swimming activity was video recorded for 4
minutes using a Go-Pro Hero 4 camera (GoPro, Inc), without any additional stimuli added. After
4 minutes, video recording was paused and 1 ml of odor made from whole-body homogenization
of conspecifics was added to the center of the petri dish using a pipette. Video recording was
resumed for an additional 4 minutes to capture individuals’ swimming activity in reaction to
odor. Conspecific tissue homogenate has been shown to cause a physiological and behavioral
response in sturgeon, which have an innate reaction to conspecific alarm cues released from skin

(Wishingrad et al., 2014).

142



Loligo v.4.0 tracking software (Loligo Systems, Viborg, Denmark;
https://www.loligosystems.com/software) was used to simultaneously track activity of the six
individuals in each replicated trial, following Sakamoto et al. (2016). A center zone was defined
that excluded a one-inch perimeter around the petri dish edge to quantify edge-seeking behavior.
Variables quantified from the entire 4 minute video period included each individual’s velocity
(cm/s), acceleration (cm/s?), percent time active, total distance traveled (cm), number of visits to
center zone, and time (s) spent in center zone (Wassink et al., 2019; Wassink et al., 2020).

Behavioral variables (percent activity, acceleration, velocity, distance, zone time, and
zone visits) were compressed into a composite behavioral measure using Principal Components
Analysis (Ballew et al., 2017). Datasets from videos prior to addition of alarm cue odor, with no
stimulus, and datasets from videos after the addition of alarm cue odor were analyzed separately,
since the same individuals were present in both sets of videos and thus datapoints were not
independent. The broken stick method was used to determine that PC1, PC2, and PC3 were
significant for the no stimulus dataset, and PC1 and PC2 were significant for the alarm cue
dataset (Jackson, 1993). Factor loadings above 0.5 were used to determine behavioral relevance
of each principal component. ANOVASs were conducted using the aov function in program R v
3.2.2 for the principal components to determine whether there were significant differences
among principal component scores of the perlid, isonychiid, and control treatments.

Animal welfare

All experiments were conducted under approved Michigan State University Animal Use
and Care protocols (04/17-071-00). To the extent possible, stress was minimized for all
individuals in the experiment. Adults captured for gamete collection were handled for about 4

minutes each, while head and gills remained underwater. In the hatchery, Bioballs were
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provided as artificial substrate for free embryos until emergency. Once reaching the larval stage
and beginning exogenous feeding, individuals were supplied with food (premium grade brine
shrimp Artemia sp., BSEP16Z, Brine Shrimp Direct) ad libitum. Flow rate of filtered stream
water in tanks was maintained at 56.78 liters/hour to ensure adequate oxygenation. During the 4
minute behavior trials in petri dishes, larvae were supplied with oxygenated stream water for the
duration of the trial. Any larvae sacrificed for cortisol samples or for alarm cue odors were
euthanized according to approved Michigan State University Animal Use and Care protocols
using an overdose of MS-222.
RESULTS
Free embryo mortality

Mean percent mortalities among the six replicate tanks for the control treatment was
5.33%, for the isonychiid treatment was 7.33%, and for the perlid treatment was 18.67% (Figure
4.1). A beta regression and pairwise contrasts indicated that the perlid treatment experienced a
significantly higher mortality rate than did the control treatment (p = 0.0025). No significant
differences in mortality rate existed between the isonychiid treatment and either of the other

treatments.
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Figure 4.1. Mean proportion of mortality associated with each aquatic insect treatment.
Surviving larvae were counted after exposure to either no insects (Control), Isonychiid mayflies
(1s0), or Perlid stoneflies (Per) for three days. Whiskers indicate minimum and maximum
values, excluding data points beyond 1.5 x the range for upper and lower quartiles.
Larval body size

ANOVA indicated that treatment had a significant effect on body size at the beginning of
the larval stage (F2, 105 = 6.37, p = 0.0024). Tukey HSD indicated that individuals in the perlid
treatment were significantly larger (mean £ SD = 20.90 + 1.63) than individuals from the other
treatments (Figure 4.2). No significant difference existed between lengths of individuals from

the control treatment (mean + SD = 19.76 + 1.39) and the isonychiid treatment (mean = SD =

19.87 + 1.46) (Figure 4.2).
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Figure 4.2. Mean length (mm) of lake sturgeon at the beginning of the larval stage

after exposure to aquatic insect treatment (no insects (Control), Isonychiid mayflies

(Iso), or Perlid stoneflies (Per)).

Sample sizes were 6 individuals per treatment, or 18 total larvae. Whiskers indicate

minimum and maximum values, excluding data points beyond 1.5 x the range for upper

and lower quartiles.
Larval cortisol levels

For both baseline and post stress whole-body samples, larvae from the control treatment
were characterized by the lowest cortisol levels, larvae from the isonychiid treatment showed
intermediate levels, and larvae from the perlid treatment showed highest levels. The AlCc-
selected model included treatment, stress state, and the interaction of treatment and stress state
(Table 4.1, Figure 4.3). ANOVA indicated a significant effect of treatment (p < 0.0001), stress
state (p < 0.0001), and the interaction of treatment and stress state (p = 0.0489). Tukey HSD
indicated that individuals in the perlid and isonychiid treatments had significantly higher cortisol

after an acute stressor. Tukey HSD also indicated that baseline cortisol levels for individuals

exposed to perlids were significantly higher than those for individuals in the control treatment.
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Additionally, Tukey HSD indicated that post-stress cortisol levels for individuals exposed to

perlids were significantly higher than cortisol levels from any other treatment or stress state

(Figure 4.3).
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Figure 4.3. Cortisol levels presented in original scale, for lake sturgeon at the beginning of
the larval stage after exposure to aquatic insect treatments (no insects (Control), Isonychiid
mayflies (I1so), or Perlid stoneflies (Per)).

Cortisol levels are shown at baseline (pre exposure to air exposure as an acute stressor) and
following exposure to the acute stressor. Letters indicate significant difference among treatment
means based on Tukey HSD post hoc tests. Whiskers indicate minimum and maximum values,
excluding data points beyond 1.5 x the range for upper and lower quartiles.
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Table 4.1. Models for whole-body cortisol levels for lake sturgeon larvae exposed to
isonychiids, perlids, or no insect at baseline and after an acute stressor

Model AlCc Delta AlCc Weight
Cortisol ~ Treatment + Stress State + Treatment * Stress State -36.57 0 0.65
Cortisol ~ Treatment + Stress State -35.33 1.24 0.35
Cortisol ~ Stress State -12.14 24.44 0
Cortisol ~ Treatment -11.87 24.7 0
null model -0.29 36.28 0

Larval behavior

Behavioral traits associated with swimming activity (percent activity, velocity,
acceleration, distance, zone time, and zone visits) were reduced into three components using
PCA for the no stimulus and alarm cue datasets. The broken stick method was used to determine
that PC1, PC2, and PC3 were significant for the no stimulus dataset, and PC1 and PC2 were
significant for the alarm cue dataset (Jackson 1993).

For the dataset of behavioral responses with no stimulus applied, factor loadings
indicated that the most important variable contributing to variation along PC1 was percent
activity. PC1, which explained 55.93% of the variation in the dataset, was positively associated
with percent activity. ANOVA and a post-hoc Tukey HSD test indicated that individuals from
the perlid and control treatments were more active (higher mean PC1 scores) than individuals
from the isonychiid treatment (p = 0.0003). PC2 explained 25.48% of the variation in the dataset
and was negatively associated with velocity, acceleration, distance, and zone visits. ANOVA
and a post-hoc Tukey HSD test indicated that individuals from the perlid and control treatments
moved slower, traveled smaller distances, and avoided the center zone more (higher mean PC2

scores) compared to individuals from the isonychiid treatment (p = 0.0017) (Figure 4, Table 4.2).
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Table 4.2. Factor loadings and eigenvalues for principal components analysis of swimming
behavior with no stimulus applied and after the addition of alarm cue odor

factor loadings

eigen- variance cumulative
velocity accel. zonetime % activity distance zone visits ~ Value % variance %
No stimulus applied
PC1 -0.4168 -0.4338 0.2308 0.5095 0.4003 0.4062 3.3560 55.9332 55.9332
PC2  -0.5139  -0.4841 -0.0993 -0.0028 -0.5001 -0.4915 1.5289 25.4812 81.4145
PC3 0.0267 0.0294 0.9599 -0.1936 -0.1914 -0.0550 0.8726 14.5436 95.9581
PC4 -0.2556 -0.2030 -0.1174 -0.7258 -0.0904 0.5871 0.1540 2.5666 98.5247
PC5  -0.1172  -0.1405 0.0417 -0.4188 0.7375 -0.4955 0.0858 1.4308 99.9555
PC6  -0.6945 0.7181 0.0081 0.0267 0.0313 -0.0147 0.0027 0.0445 100.0000
Alarm cues added

PC1 0.3901 0.4380 -0.3477 -0.3197 -0.4599 -0.4705 2.9495 49.1578 49.1578
PC2  -0.5943  -0.5240 -0.0570 -0.2115 -0.4215 -0.3828 1.5319 25.5317 74.6895
PC3 0.0594 0.0816 0.6960 -0.6952 -0.0556 0.1378 1.0654 17.7564 92.4458
PC4  -0.1060  -0.1004 -0.6182 -0.5987 0.3438 0.3462 03173 5.2880 97.7338
PC5 0.0300 -0.0496 0.0956 -0.1024 0.6956 -0.7023 0.1305 2.1745 99.9083
PC6 0.6921 -0.7172 -0.0116 -0.0290 -0.0754 0.0081 0.0055 0.0917 100.0000

For the dataset of behavioral responses after individuals were exposed to alarm cue odor,

PC1 explained 49.16% of the variation in the dataset, and factor loadings indicated PC1 was

negatively associated with distance and zonevisits. ANOVA and a post-hoc Tukey HSD test

conducted for PC1 indicated that, in the presence of alarm cues, individuals from the isonychiid

treatment traveled smaller distances and avoided the center zone more (higher mean PCL1 score)

compared to individuals from the perlid treatment (p = 0.0142). PC2 explained 25.53% of the

variation in the dataset and was negatively associated with velocity and acceleration. ANOVA

and a post-hoc Tukey HSD test conducted for PC2 indicated that individuals from the perlid

treatment moved slower (higher mean PC2 score) than individuals from the isonychiid treatment,

in the presence of alarm cues (p = 0.0035). PC3 explained 17.76% of the variation in the dataset

and was positively associated with zone time and negatively associated with percent activity.
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ANOVA conducted for PC3 indicated no significant differences among treatments (p = 0.134)

(Figure 4.4, Table 4.3).
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Figure 4.4. Behavioral responses of lake sturgeon at the beginning of the larval stage after
exposure to aquatic insect treatments (no insects (Control), Isonychiid mayflies (I1so), or

Perlid stoneflies (Per)), in the absence of stimuli and after the addition of an alarm cue
odor.

Loligo software was used to extract % time active (A), velocity (cm/s) (B), acceleration (cm/s?)
(C), total distance traveled (cm) (D), time spent in center zone (S) (E), and number of visits to
center zone (F) for each individual in each video. Whiskers indicate minimum and maximum
values, excluding data points beyond 1.5 x the range for upper and lower quartiles.

DISCUSSION

This study demonstrates that lake sturgeon physiological and behavioral phenotypes are
influenced by inter-species interactions, specifically encounters with aquatic insect larvae known
to co-inhabit stream substrate with early sturgeon life stages. The presence of predaceous and

herbaceous aquatic insect larvae has previously been shown to influence sturgeon hatch time
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(Walquist et al., in review), and this study shows that aquatic insect presence has important
effects on lake sturgeon physiology and behavior after hatch as well. Specifically, results
showed that lake sturgeon free embryos experienced high mortality in the presence of perlids,
confirming the importance of perlids as sturgeon predators. Additionally, the mortality rate of
lake sturgeon free embryos in the presence of isonychiids implicates isonychiids as facultative
sturgeon predators, though direct observation of a predation event in nature will be necessary for
confirmation. Based on whole-body cortisol levels, lake sturgeon demonstrated alterations to
physiological phenotypes that differed depending on the aquatic insect group encountered.
Perlid encounters induced relatively high stress, with elevated baseline and post-stress cortisol
levels, while isonychiid encounters elevate stress levels slightly compared to controls (Figure
4.3). Interaction with aquatic insects also influences larval swimming behavior in lake sturgeon,
both with and without the presence of alarm cues (Figure 4). Findings collectively highlight the
importance of community-level factors, including predator encounters, on phenotypes and
survival. For threatened wildlife like lake sturgeon, conservation efforts should take be informed
by environmental variables determining inter-species interactions, since these may have
consequences for species of management concern.

Results indicate that cortisol levels and intensity of cortisol responses to an acute stressor
varied in accordance with the level of predator-induced mortality being experienced by nearby
conspecifics during an earlier life stage (Figure 4.3). Lake sturgeon larvae that encountered
isonychiids as free embryos had lower mortality levels and a slight increase in baseline and post
stress cortisol relative to larvae from the control (no insect) treatment. Larvae that encountered
perlids as free embryos had a higher increase in baseline and post stress cortisol relative to larvae

from the control treatment. Predator-induced stress reactivity has been documented elsewhere.
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For example, in Brachyrhaphis episcopi, a freshwater fish, individuals from areas of higher
predation risk had reduced physiological reactivity to stress, likely as an adaptation allowing
individuals to function despite high stress environments (Archard et al., 2012). Similarly,
tadpoles (Rana sylvatica and Rana clamitans) exposed to alarm cues showed lower physiological
reactivity (suppression of the stress axis), likely as a means of promoting behavioral quiescence
in order to avoid detection by predators (Fraker et al., 2009). In contrast, this study showed that
lake sturgeon exposed to predation risk showed increased physiological reactivity to an acute
stressor. This study used air exposure as a standardized acute stressor to observe stress axis
function, and did not directly observe cortisol elevation in response to alarm cues. Therefore, it
is possible that the intensified stress axis reactivity exhibited by lake sturgeon experiencing high
predation risk applies to some acute stressors (such as air exposure) but not others (such as alarm
cues). Research into differential responses of the stress axis to different threats likely to be
encountered in nature could provide insight into physiological stress reactivity as a means of
adaptation in response to environments experienced by individuals.

Interpretation of body length differences among lake sturgeon larvae from different
treatments is limited, since length measurements prior to exposure to aquatic insects are not
available. Without a before and after comparison, the significantly larger size of individuals
from the perlid treatment cannot be conclusively linked to interaction with perlids despite the
fact that all individuals were full-siblings. However, prior studies have shown that in larval lake
sturgeon, larger size aids predator avoidance (Crossman et al., 2018; Wassink et al., 2019),
supporting the interpretation that smaller individuals experienced higher rates of predation by
perlids. Lake sturgeon body size during early ontogeny is closely tied to water temperature, with

individuals reared in warm temperatures having much faster development but with smaller sizes
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(Kempinger, 1988; Smith & King, 2005). Temperature could therefore influence lake sturgeon
susceptibility to predation by aquatic insects. Specifically, warmer temperatures could increase
rates of predation by decreasing mean size of lake sturgeon free embryos. Further investigation
could investigate the inter-relationship of temperature, size, and fitness in the context of lake
sturgeon and invertebrate communities (Kingsolver & Huey, 2008).

Interaction with aquatic insects during the free embryo stage also influenced swimming
behavior of larval lake sturgeon (Figure 4.4). Comparison of individuals’ behavior before and
after addition of alarm cue odor to the petri dish is limited, since factor loadings indicated that
principal components of the two analyses were primarily informed by different behavioral
variables. However, results indicate that swimming behavior differs among lake sturgeon larvae
from different treatments, both with and without the presence of alarm cue odor. Based on PC1
from analysis of behavior with no stimulus applied, individuals from the isonychiid treatment
had lower activity levels, while individuals from perlid and control treatments had similar
swimming activity. Prior studies have indicated that high activity levels are associated with
higher survival in the presence of crayfish predators (Wassink et al., 2019), however, in this
study the higher activity levels are unlikely to be an adaptive response to predator experience
since they were observed in individuals from the control treatment. Notably, behavioral results
did not match cortisol results, since intensity of behavioral differences was not proportional to
the amount of predation experienced. One possibility is that the rate at which lake sturgeon
encountered potential predators, resulting in direct interaction, was more important the amount of
nearby conspecifics predation (indirect interaction) in determining behaviors. Individuals that
encountered perlids frequently were more likely to be predated and thus removed from the

sample population prior to behavior trials. Further investigation could examine whether
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interaction with less-predatory species has a larger impact on a population’s mean behavioral
phenotypes due to higher survival rates for individuals that experience such interactions.

Based on PC1 from analysis of behavior in the presence of alarm cue odor, individuals
from the isonychiid treatment traveled smaller distances and avoided the center zone more,
suggesting they were more likely to avoid alarm cues which were added to the center of the petri
dish. This result indicates that even when predator-induced mortality was low, as was the case
with the isonychiid treatment, interaction with aquatic insects appears to affect larval lake
sturgeons’ reaction to alarm cues. Avoidance of alarm cues is likely an adaptive behavior in the
presence of predators (Cao & Li, 2020; Mourabit et al., 2010; Laurila et al., 1997). Inter-species
interaction may therefore induce adaptive behavioral development that allows individuals to
avoid predation despite low prior experience with predation risk.

For individuals that did experience high levels of nearby conspecific predation moved
slower (based on PC2 from analyses of behavior with no stimulus and with alarm cues)
regardless of whether alarm cue door was present (Figure 4.4). Potentially, slower speeds could
be an adaptive response to threat exhibited both in the novel environment of the petri dish, which
has been shown to be a stressor for lake sturgeon larvae (Wassink et al., 2019; Wassink et al.,
2020), as well as in response to alarm cues. Another possibility is that lake sturgeon larvae that
had been actively avoiding perlids had reduced energy, resulting in slower movements during
behavior trials. Conclusions about adaptive or maladaptive outcomes of interactions with
aquatic insects requires further investigation that quantifies survival rates during subsequent life
stages.

To gain further understanding of how aquatic insect larvae influence lake sturgeon

survival, studies on how environmental factors influence aquatic insect predatory behavior would

154



be valuable. Perlids hunt as searchers under dark conditions, but as ambushers under light
conditions (Sjostrom, 1985). Since free embryos are burrowed into substrate, they are more
likely to fall prey to perlids hunting as searchers in dark conditions, so abiotic factors such as
moon phase and cloud cover could also influence rates of perlid predation on lake sturgeon.
Further research could investigate under what conditions isonychiids switch from filter-feeding
to predation, in order to predict effects on lake sturgeon free embryo survival. For example,
temperature influences adult size of isonychiids (Wallace & Merritt, 1980), which could
determine the feasibility of preying on lake sturgeon free embryos. Environmental variables are
likely important for determining not only the abundance and biodiversity of aquatic insects
encountered by lake sturgeon free embryos, but also whether such encounters result in predation.
Broadly, findings of this study indicate that interspecies interactions have important
effects on sturgeon development, and thus a community-level perspective is important for
understanding sources and outcomes of early life stress. Further research should explore how
stress-altered physiological and behavioral phenotypes associated with exposure to aquatic insect
larvae during the free embryo stage influence later predation rates of sturgeon. Understanding
how community composition affects survival can help predict more precisely how threatened
wildlife species like lake sturgeon respond to ecological factors. Specifically, inter-species
interactions could be explored in the context of climate change and habitat disturbance.
Freshwater stream biodiversity is highly vulnerable to climate change, and species are in danger
of range shifts and extinction (Heino et al., 2009). For aquatic insects, land use, habitat
disturbance, and climate change all have important impacts on abundance and biodiversity
(Hershey et al., 2010; Sheldon, 2012), and by extension influence the species with which aquatic

insects interact. Therefore, lake sturgeon populations could be affected by climate change and
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habitat disturbance on multiple levels, experiencing not only direct effects on sturgeon (Hayhoe
et al., 2010), but also indirect effects via the aquatic insects that influence survival rates and
phenotypes of free embryos. Understanding implications of stress-related phenotypes for
wildlife populations requires a thorough understanding of the interactions among biotic and

physical components of ecological systems.
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