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ABSTRACT

EXOGENOUS CORRELATES OF MIGRATION, SPAWNING, EGG DEPOSITION
AND EGG MORTALITY IN THE LAKE STURGEON (ACIPENSER FULVESCENS)

By
Patrick Stephen Forsythe

Understanding patterns of migration, the timing of reproduction, breeding site
selection and the sources and magnitude of early life mortality provides a unique
perspective into exogenous regimes that influence patterns in recruitment as well as those
leading to the evolution of important and adaptive life history traits. Unfortunately, such
knowledge of how migratory patterns and reproductive behaviors, the consistency of
reproductive events and the time/location of reproduction relates to exogenous variables
is largely lacking for many species, especially long-lived iteroparous vertebrates. Further,
associations between habitat variables and patterns in the occurrence of early life stages,
quantitative estimates of mortality, and the sources of loss are relatively unknown. In
order to address these uncertainties, [ used tagging data from a long-term lake sturgeon
monitoring program (2000-2008) established in the Black River, MI as well as
experimental manipulations and laboratory studies to: 1) quantify relationships between
migration patterns and spawning behaviors with exogenous variables, 2) estimate the
consistency (i.e., repeatability) for individual spawning events across years, 3) assess
whether stream covariates were predictive of spawning site selection, egg deposition and
survival during incubation in natural settings and 4) quantify the magnitude, sources and
the abiotic and biotic conditions (e.g., substrate size, predator density and size) that
influence egg mortality. Migratory activity (i.e., the daily number of adults entering the

river) and spawning activity (i.e., the daily number of adults collected at upstream



spawning locations) were found to be significantly associated with exogenous variables
including daily photoperiod, water temperature, river discharge and the lunar cycle.
However, the relative importance of variables interacted in different ways at different
sequences in migration continuum (i.e., river entry, upstream movement, entry to
spawning locations). Individual male and female lake sturgeon were also found to be
highly repeatabie in their choices of spawning time and spawning location (i.e., upstream
vs. downstream preference). Egg deposition in natural stream settings was spatially
explicit (i.e., patchy) and patterns were non-randomly and significantly associated with
stream covariates including substrate size and water velocity across all sampled locations.
Although egg mortality was consistent between sites over three days (70% mortality
rate), environmental covariates, particularly substrate size, were predictive of mortality
rates. Finally, egg mortality was high (91%) and quite variable (75-97%) across treatment
groups in experimental settings and the relative magnitude of mortality sources varied
significantly across simulated conditions, further suggesting strong relationships with the
ecological features eggs experience naturally during incubation and survival.
Developmental mortality (i.e., mortality due to abnormal egg development) was the
major source of loss (84%) followed by predation (16%). However, egg mortality due to
predation was shown to be high in laboratory experiments (80% after 24 hrs) with
approximately 17-104 eggs consumed on average per predator. The highest levels of
mortality were observed in treatments with high predator density and little habitat
complexity. Information provided has been largely unknown and will be valuable in the

ongoing restoration efforts for this unique and imperiled migratory fish.
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INTRODUCTION

Migratory animals have captivated scientists for decades as I have been for the
past seven years. Migratory fishes in particular have received considerable attention
(reviewed in 1977 by Leggett) because these animals often move over great distances,
they have a strong tendency to return to specific locations of streams often of natal origin
and they arrive to reproduce at extremely predictable times of the year (Stewart et al.
2002). Migratory fishes have evolved this behavior in part due to the fitness benefits of
placing their offspring in environments, often streams and rivers, best suited for survival
and growth (Jorgensen et al. 2008). However, the road to achieving reproductive success
is not easy. For example, individuals must first enter and move upstream at times that
reduce energetic and physiological demand (Cooke et al. 2004) or minimize the risk of
mortality occurring en route to spawning areas (Quinn et al. 2001). They must also
coordinate the time of arrival to spawning sites with gonad maturation, release offspring
(i.e., embryos) at times best matched with developmental requirements during incubation
(e.g., temperature) and select locations that provide the best possible chance of survival
(Einum and Fleming 2000; Malcolm et al. 2003).

The direct exposure of migratory fish embryos to the environment not
surprisingly leads to disproportionally high levels of mortality, relative to older juvenile
stages, that often plays a critically important role in both population dynamics and
regulation (Houde 1987). In fact, variation in a single source of mortality such as
predation has been shown to generate large and predicable annual fluctuations in
recruitment or the addition of new individuals to the population (Bailey and Houde

1989). However, because of these survival and fitness consequences to both offspring and



adults, natural selection has also played a vital role in the evolution of a host of genetic
(i.e., heritably for spawning time) and physiological (i.e., visual and olfactory
mechanisms) traits that tend to enhance the ability of individuals to use exogenous cues
for selecting the best times to migrate and reproduce (Quinn and Adams 1996). Likewise,
migratory fishes have also evolved an array of reproductive behaviors (e.g., nest
construction, egg fanning), physiological defenses (e.g., induced hatching), anti-predator
mechanisms and abilities to use exogenous information for selecting breeding locations
that compensate for excessive loss in natural settings (Knouft et al. 2003). Interestingly,
the times and habitats chosen for reproduction can also impose selection on phenotypic,
behavioral, and morphological traits of offspring, most of which are alsp tied in some
way to survival during subsequent early life stages that have long since dispersed from
breeding grounds (Hendry et al. 2005).

While the ecology of migration and aspects the early life history of many fishes is
becoming better understood, the responses of migratory fishes to exogenous cues during
migration, while spawning or to habitats used for reproduction are not always concordant
(e.g., Dahl et al. 2004). Further, information regarding the relative response of individuals
to exogenous variables for migration and reproduction and the role environmental
covariates in egg mortality is based largely on a limited number of species that have very
similar ecologies. Take sturgeons for example, a highly migratory lineage of fishes with
extremely unique life history characteristics (i.e., longevity and iteroparity) and mating
behaviors (i.e., broadcast spawning) where much tighter associations between responses
that have fitness consequences and exogenous cues that elicit them may be expected.

However, we know little about the exogenous cues that regulate the reproductive cycle



and those that synchronize annual migration and reproductive events. Quantitative
information regarding inter-annual variation in natural recruitment and of the
environmental or biotic agents responsible for inter-annual variation during early life
stages, particular during the embryonic stage, is lacking. In fact, the entire life history,
reproductive ecology and processes dictating levels of annual recruitment of sturgeon
species has been described as a jigsaw puzzle more pieces missing than not (Jager et al.
2002).

My dissertation research empirically addresses this uncertainty using the lake
sturgeon as a focal species. In my first chapter, I decompose annual reproduction into
several stages including the daily numbers of individuals initiating migration at the river
mouth, upriver movement and daily number of adults entering areas upstream to spawn. I
then investigate whether observed patterns are related to exogenous cues including
photoperiodism, lunar cycle, photoperiod, water temperature and river discharge. In the
second chapter, I use data from individuals captured over multiple years to estimate
spawning periodicity (i.e., inter-annual spawning intervals) and to quantify the relative
degree of consistency (i.e., repeatability) in spawning time within a breeding season with
respect to either time-related cues or environmental covariates. In chapter 3, I use
hierarchal mixed spatial models to determine whether stream variables are predictive of
variation in egg deposition and survival and test whether rates of embryo mortality are
constant across locations after environmental covariates are accounted for. Finally, in
chapter 4, I estimate mortality during the egg stage as a function of experimentally
manipulated incubation conditions and partition mortality into its dominant sources. I

compare and contrast the significance of my results in light of what is known about other



migratory fishes and from ecological from evolutionary and conservation perspectives in
the synthesis and conclusions section.

I also hope that my research will aid considerably in the rehabilitation of this
species which where once reported to be one of the five most abundant commercial fishes
in the Great Lakes during the late 1800°s but are now believed to be at less than 1% of
historic levels (Hay-Chmielewski and Whelan 1994). The main causes of decline are
overexploitation, destruction of spawning habitat, barriers to migration and the pollution
of streams and rivers (Auer 1999). Currently, lake sturgeon are classified as endangered,
threatened, or a species of special concern across its geographic range (Auer 1999). In
recent years, conservation and rehabilitation of lake sturgeon has become a high priority
throughout the Great Lakes region and worldwide for other sturgeon species. The
management activities include reducing natural and fishing mortality of adults,
enhancement of spawning sites through the addition of substrate, the implementation of
fish passage solutions, stocking, regulation of rivers during migration and spawning and
pollution control. Despite these actions and high expectations for recovery, most extant
populations continue to show traces of natural reproduction. Since our knowledge of
fundamental aspects of the species’ reproductive ecology is lacking, I believe that
restoration programs such as spawning site enhancement or river regulation tactics
currently based on “best professional judgment” rather than quantitative data will

continue to be relatively ineffective.



CHAPTER 1

EXOGENOUS CUES ASSOCIATED WITH MIGRATION AND SPAWNING IN
LAKE STURGEON

INTRODUCTION

There is strong selection for animals to breed at times and in locations that
enhance the survival of offspring. Migration between areas used for foraging and areas
used for reproduction is a behavior that has evolved in many organisms in part because of
fitness advantages associated with placing progeny in habitats that enhance probabilities
of survival during early life stages (Alerstam and Enckell 1979; Alerstam et al. 2003).
The ability of migratory animals to coordinate arrival times at breeding locales and
during periods of optimal exogenous (i.e., all external influences) conditions has
important fitness consequences, especially when recruitment variation is attributed to
high rates of mortality during early life history stages at or near the sites of reproduction
(Smith and Moore 2005; Forchhammer et al. 2002; Secor and Houde 1995).

Migration can be viewed as a continuum whereby individuals respond to
exogenous cues, processing different sources of information en route that then culminates
in reproduction (Duriez et al. 2009). However, the relative importance of exogenous cues
may vary at different sequences during migration (i.e., onset of migration vs. onset of
reproduction after arrival), and cues may interact to enlist different responses in different
species, populations or individuals. For example, the probability that sea turtles will
depart foraging areas and initiate migration to nesting areas is associated with rising
chlorophyll-a concentration and rising sea-surface temperature (Sherrill-Mix et al. 2008).
However, geomagnetic cues are used by adults to orient in open water once migration is

initiated (Luschi et al. 2007), chemical cues released from natal beaches are used for fine-



scale homing (Lohmann et al. 1999), and local environmental cues such as rainfall,
temperature and tides are correlated with the probability individuals will emerge from the
ocean and initiate nesting behavior (Pike 2008).

Initiation of movement into tributaries and the timing of reproduction represent
important behavioral decisions that are elicited by reliable cues (e.g., day length), and
cues related to features of the physical environment, and which are associated with
adaptive outcomes in fishes (e.g., successful reproduction) (Williams and Nichols 1984).
Migrating at favorable times can reduce mortality en route and may conserve energy
needed to compete for mates and quality breeding locations (Cooke et al. 2004; Crossin
et al 2003; Hinch and Rand 1998). Adults must also time reproduction so that offspring
are placed in conditions suited for growth and survival (Einum and Fleming 2000,
Hendry et al. 1998). During and following reproduction, eggs and larvae have
developmental requirements, and growth and survival are influenced by many physical
biotic factors including water temperature, river discharge, and predator abundance
(Bailey and Houde 1989; Chotkowski and Marsden 1999; Mion et al. 1998; Smith and
Marsden 2009). The strength of associations between exogenous cues and expression of
behavioral responses will be dictated by the timing and location of selection (i.e., adults
or gametes/offspring) during the migration continuum.

Nearly 300 fish species exhibit migratory behavior culminating in spawning in
stream habitats (Northecote 1978; Frank and Leggett 1985). Migration for purposes of
reproduction in fishes is mediated by factors associated with risks of mortality during
migration to and from spawning areas and benefits of placing fertilized gametes and

offspring in high-quality incubation and nursery areas (Alexander 1998). The chronology



of migration is generally defined by stages defined as river entry, upstream movement,
and the initiation of reproduction (Beall and de Gaudemar 1999; Bruch and Binkowski
2002; McMicheal et al 2005). Examples of exogenous variables found to be associated
with stages in this continuum in fishes include tidal height (Karppinen et al 2004),
photoperiod (Quinn and Adams 1996), ambient light (Bizzotto et al 2009; Parsley et al
2008), river discharge (Keefer et al. 2009; Overton and Rulifson 2009), turbidity
(Rakowitz et al. 2008), river water temperature (Binder and McDonald 2008; Salinger
and Anderson 2006; Workman et al 2002), the lunar cycle (Kuparinen et al 2009;
Bizzotto et al 2009) and social/demographic influences associated with spawner
abundance and sex ratio (Kiflawi and Mazeroll 2006; Couzin et al. 2005).

Responses of migratory fishes during different stages of migration to exogenous
cues are not always concordant (e.g., Dahl et al. 2004; Quinn and Adams 1996). Sex-
specific responses to exogenous cues may occur due to contrasting reproductive
strategies utilized by males and females to increase reproductive success (Bateman 1948)
but are rarely documented (Ball and Ketterson 2008). As a consequence of this
uncertainty, our ability to generalize the magnitude of ecological/evolutionary responses
of migratory fish populations to exogenous cues and to predict the impacts of
environmental or anthropogenic induced change is limited.

Information regarding the importance of different exogenous cues to the initiation
of behaviors at sequential stages of migration is lacking for many species. This is
especially true for long-lived iteroparous migratory fishes and for broadcast spawning
species that do not exhibit post-ovulatory parental care where tight linkages between

responses that have fitness consequences and environmental cues that elicit them may be



expected. Inference may also be confounded by temporally correlated observations, both
of dependent and independent variables (Thorstad et al. 2008).

We used data from a long-term research program collected over a range of
exogenous conditions and integrated novel methods of statistical inference to quantify the
relative role of environmental and lunar covariates (collectively referred to as exogenous
cues or variables) during the stages of migration in lake sturgeon (Acipenser fulvescens),
a long-lived highly migratory iteroparous fish species. The specific objectives of this
study were to 1) describe inter-annual, intra-annual and diel variation in the onset of
migration at the river mouth and quantify associations between movement with
exogenous variables, 2) estimate variation in pre-spawn river residency and determine
whether inter-annual variation in the interval between first entry and first arrival to
spawning areas can be tied to river conditions, 3) describe inter- and intra-annual
variation in the onset of arrival to spawning locations, quantify associations between
arrival with exogenous conditions, and test for evidence of sex-specific responses.

METHODS
Study site

Migratory and reproductive activities of a pt;pulation of lake sturgeon in the
northern lower peninsula of Michigan were monitored over eight consecutive years
(2001-2008). This population is of moderate size (approximately 1,100 sexually mature
adults, upper 95% confidence limit) and is isolated from other water bodies by dams to a
large inland lake (Black Lake ~3500 ha). Migration and reproduction occurs in the spring
(late April through May) and is restricted to the Upper Black River (UBR) (Smith and

Baker 2005; Baker and Borgeson 1999), a shallow fourth order tributary of Black Lake



(Smith and King 2005). Approximately 11 km of the UBR located downstream from
Kleber Dam (ca. 1949) to the river mouth is composed of unrestricted habitat used for
staging and spawning each year. Fish spawn within a shallow and wadable 1.5 km section
of the UBR 9 km upstream from the river mouth (Smith and Baker 2005). These
characteristics allow unrestricted access to adults. Based on genetic determination of
parentage, approximately 90% of spawning adults are sampled entering the spawning
areas in many years (Duong et al. in review). Large sample sizes permit quantification of
inter and intra-annual variation in migratory and spawning behavior and quantification of
relationships between behaviors observed during different stages of migration and
exogenous variables.
Observations of river entry

Movements of lake sturgeon into the mouth of UBR were quantified over three
consecutive years using a weir which restricted passage to a narrow channel of the stream
and past a video-surveillance system. The specific dates for weir set-up and thus the
beginning of sampling were 4/22, 4/15 and 4/16 from 2001-2002, respectively. Gill nets
were also set at the river mouth in 2000 beginning on 4/17. The weir was constructed of
aluminum fencing and metal poles arranged in a V-shaped configuration that guided
migrants through an opening approximately 3 m wide. A sheet of white painted
aluminum was placed on the stream bottom to enhance fish visibility as they passed
through the weir. A video recorder was placed overhead at the weir opening to record
images of passing individuals. Halogen lights also illuminated the weir opening at night
allowing for continuous 24 hour observation. The video-surveillance system included a

Sony Digital Handycam (Model DCR-TRV720) attached to a Panasonic real motion



cassette recorder (Model RT600A). The time-lapse option was used to condense a 24-
hour sampling period onto a standard 160-minute VHS tape. Numbers of migrants were
summed by hour for each day within a season.
Upstream movement and observations of arrival to spawning areas
Adult lake sturgeon were captured as they arrived or shortly thereafter while
spawning at upstream locations over eight consecutive years (2001-2008). Trapezoid-
shaped handled landing nets (78.7 cm base, 30.5 cm top, and 70.5 cm length) were used
for sampling spawning adults from early April until mid-June by walking the entire
spawning area between 1000 — 1700 h each day. Sex was determined at the time of
collection by cloacal morphology or by physically inducing gamete emission (Bruch et
al. 2001). Characteristics of spawning UBR lake sturgeon including size, age and sex
ratios as well as other aspects of spawning and migratory behaviors have been described
previously (Smith and Baker 2005). Simultaneous observations of movement at stages 1
(i.e., river entry) and 3 (i.e., spawning site arrival) were provided in 2001 and 2002. We
use this data to estimate the duration of pre-spawning river residency for early migrants
(Stage 2) and determine whether inter-annual variation in the interval (i.e., lag time)
between first entry and first arrival to spawning areas is a function of river conditions.
Explanatory variables
Exogenous variables explored in this study were selected based on commonalities
found in numerous ecological studies of fish migration including sturgeons and based on
the likelihood of their influence on the timing of migratory and spawning behavior of
lake sturgeon in the UBR system. Those selected encompassed three general categories

including 1) time-related variables (i.e., seasonal and diel photoperiodism; see, e.g.,
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Doroshov et el. 1997; Webb et al. 2001; Smith and Smith 1997; Binder and McDonald
2008; Baril and Magnan 2002), environmental stream variables such as water
temperature and river discharge (see, e.g., Jonsson 1999; Salinger and Anderson 2006;
Cooke et al. 2004; Kemp et al. 2006) and the lunar phase (i.e., lunar illumination; see,

e.g., Kuparinen et al. 2009).
River water temperature was monitored hourly using HOBO® data loggers (Onset

Computer Corp.) placed at the river mouth. A United States Geological Survey (USGS)
gauging station was removed from the UBR in 2002. However, estimated UBR discharge
(2001-2008) was based on comparisons between long-term (i.e., 50 years) data from
UBR prior to gauge removal and from the Pigeon River which still has a gauge, a nearby
tributary of Mullet Lake, MI (Lat 45° 09’ N, Long 84° 28’ W). Discharge data for
comparisons were obtained online from the USGS National Streamflow Information
Program (http://water.usgs.gov/nsip). Data on lunar phase expressed as the fraction of the
moon illuminated for Eastern Standard Time was obtained online from the Astronomical
Applications Department of the U.S. Naval Observatory
(http://aa.usno.navy.mil/data/docs/MoonFraction). Actual light levels, moonrise or set
times or whether the moon was visible on a given night were not taken.
STATISTICAL ANALYSES

Diurnal patterns of movement into the river mouth were analyzed using a linear
mixed model developed within the MIXED procedure of SAS (version 9.1, SAS Institute,
Cary, NC). Hourly movement was modeled with the fixed effects of hour and year. A
multivariate first-order auto-regressive covariance matrix was used to account for

correlations of observations of individuals across hour of the day. Modeling error as an
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auto-regressive process was appropriate because observations of hourly migratory
activity which are more proximate in time were believed to be more highly correlated
than more temporally separated observations. Post-hoc pair-wise comparisons of least
square means were performed for each hour and nominal alpha levels were. adjusted for
multiple comparisons using the Tukey-Kramer method.

We used a hierarchal generalized linear mixed modeling (GLMM) approach to
quantify the effect of exogenous variables on temporal variation in daily numbers of
sturgeon observed initiating migration and entering the UBR (i.e., dependant variable)
and the daily number of sturgeon captured as they arrived to spawning locations and
initiated spawning activity (i.e., dependant variable). Daily activity was analyzed as a
Poisson random process to account for heterogeneity of variances and non-normal
residual variation resulting from a strong positive skew with many days each year having
zero or a low number of observations or captures.

Correlations between observations, which tend to have the most serious impact on
statistical interpretation of migratory data (Tre panier 1996 and Erkinario et al. 1999),
were accounted for using a low-rank radial smoothing algorithm applied through time
(i.e., days). Radial smoothing is a non-linear non-parametric procedure that can be
applied within the context of a parametric linear model with parameters of fixed and
random components (see Gurrin et al. 2005). Like other methods that account for
temporal autocorrelation (e.g., autoregressive models), smoothing algorithms generally
provide more accurate predictions across the range of linear covariates (Pyper and
Peterman 1998). Importantly, accounting for autocorrelation by using smoothing

algorithms also provide more precise and robust estimates of model B’s by reducing
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irregularities (random fluctuations) in the dependant variable of time series data (Paige et
al. 2009; Verbyla et al. 1999; Wang 1998). Radial smoothing algorithms were applied

though time as a random effect using the GLIMMIX procedure (SAS Institute, Cary,
NC). Terms for year (B;) and the day (B,) samples were collected were also incorporated

into all statistical models. Year was treated as a random effect. The addition of a
chronically ordering day component as a fixed effect provided a measure of correction
for expected intra-annual declines in spawner abundance.
Environmental effect models

The behaviors of migratory animals are often dependent on covariates
experienced during previous periods (e.g., Sherril-Mix 2008). Therefore, lagged
environmental variables, estimated over a period of 1-2 days prior to daily observations,
were used to assess the influence of environmental conditions on the initiation of

migration and arrival to spawning grounds in the UBR. These variables included: 24 hr

lagged temperature (Tlag, B3), 24 hr lagged discharge (Dlag, B4), 24 hr change in

temperature (Tchange, Bs) and 24 hr change in discharge (Dchange, Bg). Changes in

water temperature and discharge were computed as the average difference between mean
observations collected 48 hrs apart, reflecting direction (positive vs. negative) and
magnitude of trends. Note that lagged variables were also highly and significantly
correlated (r range = 0.90-0.98) with conditions at the time of observation or capture
(e.g., average daily water temperature).

Two models of increasing complexity were fit to count data for the number of

individuals entering the river mouth and arriving at spawning grounds. The first model
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included only environmental covariates. A second model included both environmental
variables and autocorrelation parameters (i.e., smoothing) to illustrate the importance of
accounting for temporal trends. We refer to these models as Model 1- 2 (initiation of
migration) and 6-7 (arrival at spawning areas), respectively. Environmental models

generally took the form:
Y =p+B) Year + By Day + B3 Tlag +p4 Dlag + Bs Tchange + Bg Dchange,

where Y is the number of lake sturgeon observed or captured each year on a given day, p
is the intercept and the B’s are parameters for each dependent variable to be estimated.
Collinearity among independent variables was not a problem due to low correlation (» <
0.3). Preliminary analysis also indicated that daily arrival to spawning sites may be
quadratic (i.e., curvilinear with an intermediate extreme) function of water temperature.
Thus, an additional quadratic term for lagged effects of water temperature was added to
these models. However, since lagged temperature and its quadratic effect were highly
correlated, both variables were centered by subtracting the mean of each variable from
each of its values and only the transformed variable of best fit was used in the final model
(see below).

Lunar effect model

The effect of lunar periodicity was initially assessed separately using several

terms (i.e., sin 6, B7; cos 6, Bg; sin 26, Bg) that treated the lunar cycle as continuous

cyclical rather than discretized events (see deBruyn and Meeuwig 2001). Here, 8 was the
an -transformed day of the lunar cycle (day/29 x 2=x). A significant cos 6 regression

coefficient represents a peak occurring at full moon and new moon whereas a significant
sin O regression coefficient represents a peak at the first and last quarter. The strength of
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association and the direction of association between numbers observed and lunar
variables (i.e., full vs. new moon) depends on the sign of the coefficient. We also
included the sin 20 coefficient due to evidence of multiple spawning peaks per lunar
cycle (i.e., sin 20 test for peaks at the first and last quarter as well as a full or new moon).
Each relationship describes how strongly the time series of observations tended to covary
with lunar functions. Two models of increasing complexity were again developed for
both the daily number of individuals entering the river mouth and arriving to spawning
grounds and included: a lunar effect only model and a model with autocorrelation plus
lunar covariates. We refer to these models as 3-4 (river entry and onset of migration) and
8-9 (arrival at spawning areas and initiation of spawning activity), respectively. The full
lunar model was generally:

Y =p + B} Year + 5 Day + B7 sin 0 + fg cos 6 + g sine 26,

where Y is the number of lake sturgeon observed or captured each year on a given day, p
is the intercept and B’s are the parameters for each dependent variable to be estimated.
Model selection

Detecting the best fitting and most parsimonious model is an important analytical
step. However, the estimation methods employed by GLIMMIX (e.g., REML) do not
allow for multivariate model selection procedures such as forward, backward or stepwise
selection criteria. Thus, predictive variables from both environmental and lunar models
(EL) were selected based on level of significance (P < 0.25) and then combined in
reduced and parsimonious multi-parameter environmental-lunar models. All possible
two-way interactions between selected environmental and lunar variables (e.g., Tlag x

Dlag; Tchange x Dchange; Tchange x cosine) were evaluated during this last model
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selection phase. All interactions were included and sequentially removed (i.e., model was
re-run each time) based on levels of statistical confidence (P > 0.05). An interaction was
removed if it contributed little to model fit (see below). In our assessment of the number
of individuals arriving to spawning locations, we also tested for sex-based responses to
both environmental and lunar effects within in the environmental lunar model by
including two-way (e.g., sex x Dlag) and three-way interactions (e.g., sex x Dlag x
cosine). A sex x day interaction was also included to test and account for expected non-
random sex-based declines in spawner abundance.

All models were compared by examining residuals, fitted values and parameter
estimates as well as a linear comparison of observed and predicted values (i.e., Rz). The

ratio of the Pearson Chi-Square over degrees of freedom was also used to compare
information on residual model variability (The GLIMMIX Procedure, SAS Institute,
Cary, NC). A ratio close to 1 indicates that variability has been properly modeled and that
there is little remaining residual over-dispersion in the data. Other commonly used model
fit statistics (e.g., AIC or BIC; Burnham and Anderson 2002) were not used because
GLMM s fit using the GLIMMIX procedure in SAS estimates model parameters by
applying pseudo-likelihood techniques and also provide unreliable information when
models incorporate a random component (i.e., year and smoothing algorithms).
RESULTS
Summary of river entry

The first individual observed at the river mouth defining the onset of annual

migration was extremely consistent with respect to calendar date and thus seasonal

photoperiodism (23 April in 2000; 24 April in 2001; 23 April in 2002) but less so with

16



river water temperature (9.6 °Cin 2000; 10.8 °Cin 2001; 8.9 °C in 2002) and river

discharge (7.8 m3/s in 2000; 11.8 m3/s in 2001 and 9.9 m3/s in 2002). However, inter-

annual consistency in temperature and discharge at migration onset was still notable

considering strong intra-annual trends as well as ranges in temperature (range: 8.6 —21.0
0C), and discharge (range: 5.4-23.3 m3/s) observed over the whole season (Figures 1.1

and 1.2). The onset of migration did not coincide with percentage of lunar illumination
(Range = 0-82%). Migration into the UBR lasted for a maximum of 36 days from April
to late May (29 days in 2000; 32 days in 2001 and 36 days in 2002). An average of 8
individuals moved upstream daily. However, as many as 55 individuals were observed

moving upstream over a single 24 hour period. Upstream migration occurred at mean

daily water temperature and river discharge ranging from 8-21°C and 5-24 m3/s,

respectively. Intra-annual variation in the number of individuals entering the river was

characterized by discernable peaks that differed in magnitude and duration (Figure 1.4).
Exogenous correlates of river entry

A total of 757 recordings were made of lake sturgeon initiating migration (264 in

2000; 258 in 2001 and 235 in 2002). Counts of individuals entering the river were

significantly associated with hour of the day (F23 46 =31.3; P < 0.001) and this behavior

was consistent across years (F2, 46 = 1.15; P =0.33; Figure 1.3). Individual pair-wise

comparison across 24 hours of the day (i.e., hour 1 vs. hour 2) generally showed that
significantly (P < 0.05) more individuals initiated upstream migrations in the early

mormning (0600 though 1100) and early evening hours (1700 through 2200) compared to
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other times of the day (Figure 1.3) suggesting a strong influence of diel photoperiodicity
on upstream movement. Pair-wise comparisons of three arbitrary categories established
based on relative levels of ambient light also show that significantly (P < 0.001) fewer
lake sturgeon initiated upstream migration during the night from 2200 to 0500 hrs (0.8
individuals + 0.7 SE) and during the day from 1000 to 1700 hrs (6.4 individuals + 2.6 SE)
relative to twilight hours from 1800 to 2100 and 0600 to 0900 (27.8 individuals + 10.2
SE), respectively.

Environmental (i.e., Models 1-2) and lunar (i.e., Models 3-4) mixed models
explained 11-77% of the variation in numbers of sturgeon entering the river (Table 1.1).
However, environmental models that accounted for temporal autocorrelation in
observations of movement explained a relatively greater proportion of the variance. All
factors including water temperature and river discharge were significant predictors of
daily numbers of individuals entering the river (Table 1.2). Variables characterizing the
lunar cycle were not significant (1.2). However, a model with environmental and lunar
effects including the fixed effects of time (day), lagged river discharge, lagged water
temperature, change in water temperature, change in river discharge and sine of lunar
angle explained the greatest proportion of the variance (93%) in daily migratory activity.
Model predictions and 95% confidence intervals were also highly concordant with
observations (Figure 1.4). Two-way interactions between environmental and lunar
variables were non-significant (data not shown) and were excluded from the analysis.

Regression estimates for variables included in the best-fitting environmental-lunar
model as well as measures of uncertainty in model estimates (95% CI) (Table 1.4)

revealed that the number of individuals entering the river did not significantly decrease
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during the season (F|, 12 = 0.01, P = 0.93). However, daily numbers of individuals
entering the river was significantly and positively associated with lagged water

temperature (F} 30 = 6.75, P = 0.01), increasing by approximately 20% (95% CI: 4-39%);

Figure 1.5) for every unit increase (OC). Lagged river discharge as well as the magnitude

and direction of change in niver discharge were also significant predictors of daily
movements at the river mouth (D-lag, F 99 = 4.37, P = 0.04, Figure 1.5; Dchange, F} 79

= 3.86; P = 0.05). However, in contrast to water temperature, daily number of individuals

entering the river was predicted to decline by 7% (95% CI: 1- 12%; Figure 1.5) and 8%
(95% CI: 2 -12 %, Figure 1.5), respectively for every unit (m3/s) increase in daily UBR

discharge. Migratory activity was unrelated to the sine of lunar angle although model fit
decreased substantially if this variable was removed.
Summary of upstream movement and arrival to spawning sites

We recorded 1262 captures of adult lake sturgeon from 2001-2008 including
repeat observations of the same individuals over multiple years (Chapter 2). The total
number of individuals captured per season ranged from 104-226, and more observations
of males were made seasonally and throughout the study relative to females (360
females; 902 males). In years when both river entry and arrival to spawning areas were
monitored simultaneously (i.e., 2001 and 2002), variable lags between the first individual
observed entering the UBR and the first adult arriving to spawning locations were found

(4 days in 2001 and 14 days in 2002; Figure 1.6). Further, UBR water temperature was

2°C warmer on average and increasing faster in 2001 relative to 2002 before spawning
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and river discharge was also higher in 2002 on average during this time (Figure 1.1). We
also noted based on this comparison that numbers of individuals arriving to spawning
areas were more cohesive (i.e., well defined groups) relative to movement at the river
mouth (Figure 1.6).

The number of individuals arriving to spawning areas and initiation of spawning
activity lasted 29 days on average (range 19-43 days) from 2001-2008, generally
encompassing a full lunar cycle (Figure 1.7). Six individuals were captured each day on
average. However, the number of newly arriving individuals daily ranged from 0-50

individuals (Figure 1.7). Spawning occurred at water temperatures ranging from 8 to 19

°C but activity peaked (i..e, quadratic) when temperatures ranged from 11-17 °c.
. . . . . 3
Spawning activity was also highest when river flow volume ranged from (5-9 m'/s) and

declined precipitously on days when daily river discharge exceeded 9-10 m3/s. Seasonal

patterns in upstream spawning activity were also complex and generally characterized by
2 (e.g., 2002, 2003 and 2005), 3 (e.g., 2004 and 2007) or 4 (e.g., 2001, 2006 and 2008)
distinct peaks that differed in occurrence with respect to calendar date, magnitude and
duration (Figure 1.7), though multiple captures of the same individual over multiple years
revealed that the timing of spawning was highly repeatable (Chapter 2).

The onset of arrival at spawning sites (i.e., first individual observed) was highly

variable across years with respect to calendar date (April 20 — May 7) and river water

temperature (8-14.9 oC). However, river discharge at this time was generally low (8.1-

12.7 m'/s) relative to seasonal ranges. The onset of spawning site arrival did not coincide

with a consistent percentage of lunar illumination (Range 2-87 %). However, the day of
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first arrival consistently occurred after the first three lunar cycles since the beginning of
the year. Further, years when spawning site arrival was most delayed (e.g., 2002 and

2005) were generally years when the fourth full moon occurred at a later day of the
calendar year although this relationship was not found to be significant (F; 7 =2.5; P=

0.162). There was no evidence for consistent sex-based differences in first arrival to
spawning locations (i.e., protandry) noted in other studies of lake sturgeon reproduction
and as such spawning behavior was generally observed to begin within hours to days
after arrival (Forsythe, unpubl.) based on observations of reproductive behaviors such as
male cruising of spawning areas, porpoising, nudging and tail beats (described in Bruch
and Binkowski 2002).
Exogenous correlates of spawning site arrival

Environmental (i.e., Models 6-7) and lunar (i.e., Models 8-9) models explained 2-
66% of the variation in daily spawning activity in the UBR over eight years (Table 1.1).
However, a model with lunar variables only that accounted for temporal dependency in
catch of adults explained a relatively greater proportion of the variance relative to models
the environmental effects of temperature and discharge (Table 1.3). Further, coefficients
for both the cosine and 2sine of the lunar angle showed were significant suggesting a role
of cyclic lunar conditions in affecting intra-annual variation in spawning activity of UBR
lake sturgeon. However, a model with both lunar and environmental variables best
explained our observations of spawning (Table 1.1) and in most cases was highly
predictive of captures within and across years (Figure 1.7). This environmental-lunar
model of best fit included the fixed effects of day, sex, lagged discharge, rate of change

in water temperature, the quadratic effect of lagged temperature, cosine and 2sine of the
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lunar angle. Two-way interactions between time and sex as well as the interaction
between lagged discharge and water temperature (quadratic effect and the rate of change)
with cosine 8 were also included based on their contribution to model fit (Table 1.4).
Regression estimates for all variables as well as measures of uncertainty in
parameter estimates (95% CI) (Table 1.4) provide strong evidence for declines in
numbers of individuals arriving at spawning areas thus smaller sizes of spawning

aggregations later in the spawning season. However, rates of decline in spawner
abundance differed significantly by sex (F 12 = 23.89, P < 0.0001), being significantly
faster for females than males. Specifically, female abundance declined by 4% on average
(2-6 % CI) each day the season progressed whereas the number of newly arriving males

at spawning locations remained unchanged. Numbers of both males and females arriving

to spawning sites were found to be equally (i.e., no sex-based interaction) and
significantly associated with 2 sine of the lunar angle (F 458 = 54.5, P <0.0001), a
function that suggests peaks in arrival in association with the first and last quarters of the
lunar cycle as well as at a full or new moon (Figure 1.7). However, a negative parameter
estimate for sine 26 (Table 1.4) indicates a stronger association with a quarter moon, or
roughly 25% lunar illumination.

The numbers of male and female lake sturgeon arriving to upstream spawning

areas were equally predicted (i.e., no sex-based interaction) by the main effects of cosine

of the lunar angle (F, 458 = 10.7, P =0.0012), lagged discharge (Fj, 458 =28.4; P<
0.0001), rate of change in water temperature (F 458 = 57.7; P <0.0001) and the

quadratic function of lagged water temperature (F') 458 = 0.02, P = 0.015) (Table 1.4).
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However, highly significant two-way interactions between these lunar and environmental
variables (Table 1.4; P < 0.0001) indicate that the responses of individuals in terms of

spawning behaviors were not independent. Yet, spawning activity expressed as a function
of all two-way interactions was consistent with the sign of individual parameter estimates

(Table 1.4), generally highlighting the trend of increased numbers of spawners arriving to

spawning sites at times with lower river discharge (7-15 m3/s; Figure 1.8 a), when water

temperature approached an intermediate level within its range (12-16 oC; Figure 1.8 b)

and at times when water temperature was increasing at a faster rate to this “optimum”
(Figure 1.8 c), especially when the cosine of lunar angle approached 1 or a full or new
moon (Figures 1.8 a,b.c).
DISCUSSION

Organisms often use environmental cues to make decisions that weigh heavily in
probabilities of offspring survival. Our results revealed that exogenous environmental
and lunar covariates affected lake sturgeon behavior associated with initiation of
migration, movements in the stream during migration, and timing of arrival at spawning
areas leading up to the initiation of spawning.

River entry

The onset river entry in the UBR occurred at nearly the same Julian date (range of
two days over three years). Migration was initiated within a range of 1.9°C mean water
3 . . .
temperature, a range of 4 m"/s mean river discharge but was unrelated to a phase in the

lunar cycle. Data collected during this period suggest that time-related variables (i.e., day

length in the form of seasonal photoperiodism) represent an important exogenous cue for
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UBR lake sturgeon to initiate migration. Day length has been shown to mediate the
endogenous cycle of oocyte maturation in other migratory fishes (Lee et al. 2002;
Taranger et al. 1998) including sturgeon (Doroshov et al. 1997; Webb et al. 2001) and
this may explain the remarkable inter-annual consistency in the beginning of upstream
movement. This result, however, is in contrast to other migratory fishes where migration
occurs at specific temperatures regardless of the date and thus is considerably more
variable across years and between early and late spawning periods (Dahl et al. 2004;
Juanes et al. 2004). Gessner et al. (2007) also noted latitudinal gradients in the timing of
migration in other sturgeons (i.e., Green and Atlantic) at a spatial scale where water
temperature, spring discharge and photoperiodism vary greatly. We also noted earlier
arrival to spawning areas (i.e., April 20) suggesting that individuals may move into the
UBR earlier, especially in years with abnormally high water temperature (i.e., 2006;
Figure 1.1). Thus, while day length may be the strongest proximate driver in the onset of
river entry, the onset of migration for UBR sturgeon indicated by river entry may have a
degree of behavioral plasticity.

Time of day was also a significant predictor of river entry. Significantly more
individuals entered the river at dawn and dusk relative to other times of the day (Figure
1.3). Crepuscular activity may represent a leamed behavioral response to predator (and
human) activity rather than a strict environmentally mediated behavior due to the small
and shallow river environment. Alternatively, crepuscular activity may also allow UBR
lake sturgeon to avoid the thermal stress of migrating during rapidly cooling evening
water temperatures, which is considerable in small northern temperature systems like the

UBR, while avoiding sources of mortality through reduced visibility. Warmer water
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temperatures, such as those occurring later in the spawning season, shown to shift
migratory movements in some migratory fishes away from nocturnal conditions in favor
of increased swimming endurance in laboratory experimental settings supports this
hypothesis (Binder and McDonald 2008).

Environmental models that accounted for temporal autocorrelation in observations
of daily river entry explained a large proportion (77%) of the variation in daily counts of
sturgeon entering the river and considerably more than comparable models with only
lunar effects (36%). In general, the strong negative effect of river discharge (Figure 1.5)
and positive effect of water temperature (Figure 1.5) on the number of individuals
entering the river is likely due to physiological effects of both factors on swimming
performance, especially given the poor swimming ability of sturgeons relative more to
fusiform species such as salmonids (Webb 1986; Singer et al. 1990). However, UBR
sturgeon may also respond to conditions at the river mouth as a mechanism of directly
increasing offspring survival. For example, Hare and Cowen (1997) and Rideout et al.
(2005) show that by avoiding stressful conditions (i.e., high temperature, high discharge)
migratory females can divert extra blood flow to ovaries, positively affecting the size and
quality of eggs, characteristics often related to increased survival during the egg and
larval stages. We expand on the specific effects of discharge and temperature in the next
few paragraphs.

Comparable studies of sturgeon migration over shorter time periods are
concordant with our results with respect to river discharge (Benson et al. 2007), while
numerous others have shown positive associations with river flow (Paragamian and

Kruse 2001; Chapman and Carr 1995). One possibility for this difference is that studies
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based on telemetry collect data on fewer individuals and may not detect the tendency for
individuals to select energetically efficient conditions (Crossin et al. 2003) or discharge
may have a greater influence on migratory behavior in smaller and shallower systems.
Differences in the response of sturgeon to river discharge are a reflection of species and
location specific migration strategies as found in well-studied salmon and trout (reviewed
in Hinch and Rand 1998). For example, in systems where spawning sites are relatively
close (9 km) and few natural barriers exist to impede movement may favor a migratory
strategy that conserves energy to support current reproduction. Individuals using systems
which require considerably longer migration distances, however (e.g., Kooteni River, 247
km), may elect to swim outside of optimal conditions to conserve time in order to best
coordinate arrival with gonad maturation (i.e., occurring in route) and spawning activity
with conditions (i.e., mate type and number, water temperature) that increase
probabilities of reproductive success (Standen et al. 2004).

Positive monotonic relationships between daily numbers of individuals entering
rivers and water temperature are also common in migratory fishes including sturgeons
(Dahl et al. 2004; Tetzlaff et al. 2005; Paragamian et al. 2002) as a function of swimming
performance. Alternatively, other studies demonstrate that maximal' sustainable speeds of
migratory fishes decline sharply as water temperature increases above a thermal optimum
and thus migration activity slows as individuals seek to conserve energy and in some
cases reduce the risk of pre-spawn mortality (Hammer 1995; Mayfield and Cech 2004).

For example, Salinger and Anderson (2006) show that swim speed in Chinook salmon
(Oncorhynchus tshawytscha) increased below 16°C but decreased above this optimum.

We tested this hypothesis but found no statistical evidence of a preference for UBR
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sturgeon to migrate at a specific water temperatures (i.e., no quadratic effect); rather,
migratory activity increased linearly until 21°C (Figure 1.5). One explanation for this

result is that individuals were avoiding stressful high-temperature conditions altogether
and thus a decline in numbers with increasing water temperature was not detectable. Lake

sturgeon have also demonstrated enhanced, sustained and prolonged swimming

performance at higher water temperatures without reaching an optimum (i.e., up to 2 loC)

(Peake et al. 1997). Alternatively, warmer water temperatures may be a strong cue for
individuals at the point of river entry for reasons that enhance embryo development,
especially in systems such as the UBR where migration distances are relatively close.

A model that incorporated both environmental and lunar effect was the best fit to
our data (R2 = 0.94) and was predictive of substantial intra- and inter-annual variation

observed in the daily number of individuals in the UBR (Figure 1.4). This finding
illustrates the relative importance of several features of the data. First, the improvement
of model fit with addition of a single lunar parameter (i.e., sine of the lunar angle)
indicates a weak but potentially important lunar effect that three years of video-
surveillance may not have been sufficient to significantly elucidate, even with the
integration of statistical methods that can generally expose weak associations (deBruyn
and Meeuwig 2001).Assuming that additional years of data would reveal a significant
lunar effect, lunar-induced movement may be adaptive for sturgeons in reducing
predation-driven mortality or in facilitating the passage of individuals to spawning
locations purported in other migratory fishes where this phenomenon is observed

(Carlsson et al. 2004; Wilson and Halupka 1995). However, since there is strong
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correlation between the timing of spawning with specific phases in the lunar cycle (i.e.,
full and new moon) for reasons later discussed, a more likely explanation for a weak
lunar effect is that the association between causal and response variables at sequences in
the migratory continuum spatially and temporally removed from the agent of selection
would be weaker. Recent studies demonstrating significant evidence of weak lunar effect
at the time of river entry in environments where its indirect effects are small like the UBR
(i.e., tides), lends support for this hypothesis and suggest that lunar-based migration is of
greater biological relevance than previously discussed (Kuparinen et al 2009).

We tested for the combined effects of discharge and water temperature on river
entry by testing for interactions in the full lunar-environmental model because
interactions between years are often notable (Prigel and Wirth 1997; Quinn et al. 1997,
Keefer et al. 2004). However, interactions between water temperature and discharge
variables on movement upstream within a season were either non-significant or
contributed little to model fit suggesting that times with either warmer water temperatures
or decreasing river flow were equally strong cues for individuals to initiate river entry
(i.e., the decision of individuals to depart at times with high temperature was independent
of river flow). This result contrasts the others that have tested for interactions. For
example, Svendsen et al. (2004) found that while the probability of anadromous female
brown trout (Salmo trutta) to move upstream significantly increased with increasing
discharge, this probability was differentially affected by water temperature. However, the
relative effect of water temperature, discharge and thus the potential for interaction on
inducing upstream movement clearly varies among systems (Jonsson 1991; Workman et

al. 2002). Further, since the UBR is small and environmental cues like temperature and
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discharge vary over a shorter temporal scale, daily observations and lag effects of
conditions during periods preceding the day of observation are likely to elicit a more
immediate, independent (and detectable) response relative to larger rivers.

Finally, predictions of future environmental conditions are often based on
conditions expérienced in the immediate past. In order for UBR lake sturgeon to detect
effects of conditions over previous days (lagged cues) individuals would need to be near
the source of these cues prior to the onset of migration (i.e., staging before river entry).
Staging has been reported for lake sturgeon in other larger systems (i.e., Green Bay; Bott
et al. 2005) and for numerous other migratory fishes (Godinho et al. 2007; High et al.
2006). Many migratory species such as birds form pre-migratory aggregations where
conspecific social interactions represent important cues that induce migration (Lundberg
1985). Migratory fish are generally not social and yet the congregation of individuals
near river mouths before migration and evidence of repeated bouts of river entry and
withdrawl in sturgeon (Godinho et al. 2007) may suggest that social influences are an
important component of migration in addition to the exogenous cues tested herein.

Upstream movement and arrival to spawning sites

Arrival to spawning locations was more variable with respect to calendar date
than the onset of migratory activity. Thus, time-related cues such as day length appear to
become less important after river entry in the UBR. The onset of spawning activity was
also inconsistent with lunar illumination. However, arrival was delayed when the fourth

full moon occurred later in the season. Water temperature at first documented arrival to
spawning grounds was also variable (10-19°C) but consistent with the incubation

requirements of embryos (8—20 °C; Detlaff 1993; Van Eenennaam et al. 2005) and
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similar to those reported at the onset of spawning for populations across the species
geographic range (McKinley et al. 1998; Auer 1996; Bruch and Binkowski 2002; LaHaye
et al 1992). Based on these similarities, we believe water temperature is a strong cue
regulating the onset of reproduction. However, arrival to spawning locations also
occurred when UBR discharge was low and decreasing. Increased lag time between the
onset of migration and arrival to spawning locations in years with higher average
discharge were also observed (2001 vs. 2002; Figure 1.6). Thus, inter-annual variation in
arrival time to spawning sites may be related to river discharge resulting from different
river residence times, as individuals stay in the river between entry and initiation of
spawning. Prigel and Wirth (1977) also noted significant delays in spawning during
seasons of high water in the Wolf River, Wisconsin.

Counter to our expectations, models with only lunar covariates explained the
largest proportion (66%) of the observed variation in spawning activity. Times
approaching a new moon, during or just after with full lunar illumination were found to
be important cues for individuals to initiate reproductive activity. Lunar cues may have
important ecological implications for sturgeon species. For instance, the incubation
duration of lake sturgeon embryos is predictable given water temperature and maternal
effects (Duong et al. 2010). Thus, synchronizing reproduction with the lunar cycle (i.e.
full moon) may be synchronized to timing of the larval dispersal (Forsythe et al. 2010),
decreasing larval risk to nocturnal predators. Timing spawning with lunar phases
facilitates hatching and post hatching development during a period that subsequently
exposes larvae to dark lunar phase conditions that reduce visibility during nocturnal drift

and as exogenous feeding begins (Hernandez —Leon 2008). Incubation length and the
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duration of larval residence in the substrate prior to downstream dispersal tend to
decrease with increasing temperature as the season progresses (Crossman 2008; Duong et
al. 2010). Our study is consistent with reports indicating that spawning in both lake and
Gulf sturgeon occurred in association with a new moon (Auer and Baker 2002; Sulak and
Clugston 1998).

Models with environmental effects also explained a large proportion of the

variance in spawning site arrival (R2 = 0.63). Parameter estimates indicated that low-flow

conditions (i.e., below 9 m"/s) were a significant cue for individuals to arrive at spawning

areas and initiate spawning (Table 1.3). One explanation for this relationship is that
increased river discharge is a negative cue for individuals staging downstream to move
onto spawning locations (i.e., similar to at the river mouth). Reproductive readiness of
individuals as well as critical aspects of the species’ reproductive ecology may also be
impaired or disrupted as river discharge increases (Auer 1996). Low flow conditions are
likely important for increasing probabilities of egg fertilization and to increase
probabilities that eggs are deposited within desirable substrates within selected spawning
locations to increase egg survival (Auer 1996; LaHaye et al. 1992; Paragamian and
Wakkinen 2002). However, increased abundance of reproductively active individuals
arriving to spawning sites has been found to coincide with inci'easing river stage for some
sturgeons (i.e., shortnose) (Tripp et al. 2009).

The number of new individuals arriving to spawning sites and initiating spawning

was best predicted by a quadratic function of water temperature, peaking between 12 and

16 °C, and by the rate of increase in water temperature over successive days (Table 1.4).
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Similar qualitative associations between intra-annual variation in spawning activity and
water temperature and temperature induced behaviors have been documented in other
sturgeon species across a wide geographic range. For example, Scott and Crossman
(1973) and LaHaye (1992) reported peak spawning temperatures between 13 and 18°C.
Kempinger (1988) and Paragamian and Wakkinen (2002) noted that small declines in
water temperature (0.8 — 3°C) reduced spawning activity and caused individuals to
temporally leave spawning locations. Reproductive activity of lake sturgeon in the Des
Praries and L’ Assomption Rivers also increased in association with increasing water
temperature (LaHaye et al. 1992). However, our study is the first to empirically test for
and quantify the relationship between spawning site arrival and temperature over multiple
spawning seasons and based on groups spawning at different times.

The lunar cycle was a relatively stronger cue for UBR lake sturgeon at the final
stages in the migration continuum as compared to the importance of water temperature,

river, discharge or Julian date for initiation of migration at the river mouth. Yet, a model

incorporating both lunar and environmental effects best fit our capture data (R2 =0.77)

and predictions and confidence intervals were concordant with observed spawning
activity across all years (Figure 1.7), especially after accounting for temporal
autocorrelation. Parameter estimates were similar between all models (Tables 1.4 and
1.4). However, highly significant interactions between all environmental variables with a
single lunar covariate (i.e., cosine 8) suggests that the response of individuals to
environmental variables was of secondary importance to lunar cues as adults arrived at
spawning areas and initiated spawning. Significant interactions suggest that inter-annual

variation in timing of initiation of spawning is a reflection of environmentally-induced
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modification of behavior from times with either a full or new moon (Figures 1.8 a, b and
¢). Associated work on the UBR supports this hypothesis showing that environmental
deviance is not extreme, as inter-annual variation in the timing of spawning when
adjusted to a standardized day of spawning, for individual lake sturgeon is highly
repeatable (Chapter 2).

We found little statistical support for sex-based differences in response to
exogenous conditions at the time of spawning. Sex-based responses may not be important
to initiation of spawning as observed during other stages during migration. Paragamian
and Kruse (2001) found that male white sturgeon were significantly less likely to respond
to changes in water temperature and discharge while moving upstream than females.
Although males and females are exposed cued by the same exogenous conditions,
differences in reproductive strategies likely keep males at spawning locations longer to
enhance mating opportunities as additional females arrive at spawning sites as noted
previously (Bruch and Binkowski 2002; Van Eenennaam 1996; Douglas et al. 2009;

Carmichael et al. 1998).
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CHAPTER 2

REPEABILTY FOR SPAWNING TIME AND SPAWNING SITE SELECTION IN
THE LAKE STURGEON

INTRODUCTION

The tendency of adults to reproduce during certain times or at specific locations 1s
an adaptive behavior that places offspring in ecological conditions that are conducive to
growth and survival (Norris 1993; Trippel 1998; Sheldon et al. 2003; Hipfner et al.
2010). For some animals, an important component of this adaption is long-distance
migration, often with considerable fitness consequences, to habitats that prepare
individuals for reproduction (i.e., foraging areas) and areas suitable for offspring
development. In migratory species, movement during times that favor energy
conservation and reduced mortality (Rand and Hinch 1998), the capacity to perceive and
respond to environmental cues during migration so that reproductive activities are
coordinated with suitable features of the environment (Duriez et al. 2009), and the ability
to select suitable breeding areas within spatially and temporally heterogeneous
environments represent important behavioral traits (Geist and Dauble 1998).

Migratory fishes that use streams for reproduction exemplify species that must
coordinate reproductive activities with specific conditions to successfully reproduce
because of high mortality of offspring during early-life stages (Bailey and Houde 1989;
Smith and Marsden 2009; Chapter 1). To achieve success, many species use
environmental features of streams (e.g., temperature, discharge, substrate size), that affect
spawning site quality (Malcolm et al. 2009), and other abiotic cues (e.g., lunar cycle) to
make choices of when and where to reproduce (Hodgson and Quinn 2002; Beall and de

Gaudemar 1999; Dahl et al. 2004; Chapter 2). Previous reproductive experience and
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learning from repeated breeding events (Trippel 1998; Carr and Kaufman 2009), age/size
(Trepanier et al. 1996; Stewart et al. 2002), alternative reproductive tactics (Morbey
2003) and social influences (Brown and Laland 2003) also affect inter- and intra-annual
spawning time and breeding site selection. For many migratory fishes, the timing of
spawning and spawning site selection also have a genetic basis (Jennings et al. 1996;
Quinn et al. 2000; Stewart et al. 2002) whereby the responses of individuals to
environmental cues are regulated through endogenous cycles (i.e., gonad maturation) that
influence spawning time or to physiological (i.e., olfaction) properties that allow
individuals to find suitable spawning habitats and thus choices are consistent over
multiple reproductive events.

Spawning time and spawning site selection may also have considerable
implications depending on the circumstances that affect them. For example, many
migratory fishes are characterized by groups that reproduce at different times and often at
different locations within a single tributary with little mixing of groups (Hellawell et al.
1974; Fillatre et al. 2003; Papa et al. 2007). If environmental conditions associated with
spawning habitats affect offspring traits and fitness, and if offspring share similar
tendencies, adaptive phenotypic divergence can evolve across breeding units even within
the same population, a pattern recently coined isolation by time (IBT) (Hendry and Day
2005). Examples of heritable adaptive phenotypic and life history specializations across
multi-modal distributions of temporally and spatially isolated migratory fish breeding
groups include age at first reproduction, egg size, fecundity and embryonic incubation
time (Hendry and Day 2005). Co-variation between adult spawning time and juvenile

traits has also been quantified (Quinn et al. 2000, Einum and Fleming 2004).
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Despite the significance of both spawning time and spawning site selection in
migratory fishes, little is known regarding individual variation (i.e., plasticity) in
response to exogenous cues that individuals experience (e.g., stream flow, temperature,
lunar cycle, social influences) or whether trait expression remains consistent over
repeated reproductive events (i.e., has direct genetic basis). Further, knowledge of
whether individuals exhibiting similar tendencies for timing and location of reproduction
continue to associate with each other across reproductive episodes is limited but has
important implications, particularly for small populations. We used multi-year data
collected on a migratory fish species, the lake sturgeon (Acipenser fulvescens), to conduct
an individual-based analysis of spawning behavior. The specific objectives of this study
were to 1) estimate spawning periodicity (i.e., inter-annual spawning intervals) and
determine whether intervals varied as a function of sex and age, 2) measure the degree of
intra-annual consistency in spawning time within a breeding season and determine
whether time-dependant or exogenous covariates were the best predictors of when and
where spawning occurred within a small tributary and 3) test for evidence of size-based
(ontogenetic) variability in arrival time.

Lake sturgeon are a long-lived iteroparous species exhibiting aggregate mating
behavior where eggs and sperm are released over large areas of natal streams in the
absence of nest preparation and without post-ovulatory parental care (reviewed in
Peterson et al. 2007). Because of the species’ mating ecology and offspring exposure to
variable environmental conditions and predation, eggs and juvenile lake sturgeon often
experience high mortality early in life (Kempinger 1998, Chapter 4). Further, because

early-life survival represents a substantial component of variation in lifetime fitness, there
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is also opportunity for natural selection to direct adult behaviors, breeding site selection,
and offspring traits that are tied to environmental conditions at the time of reproduction.
Quantification of the degree of sex and age differences in spawning behaviors, individual
behavioral plasticity, or evidence of IBT through non-random assortative mating
promoted through inter-annual consistency in spawning time and spawning location
selection has seldom been empirically evaluated in long-lived iteroparous fishes.
METHODS
Study location

Research was conducted from 2001-2008 on a well-studied lake sturgeon
population located in Black Lake, Michigan. The Black Lake system is ideal for
conducting long-term research directed at quantifying variability in individual spawning
behavior over several reproductive episodes. The Black Lake system is closed to
immigration because of dams. Lake sturgeon use a single tributary, the Upper Black
River (UBR), for reproduction (Chapter 1) and individuals spawn within a 1.5 km stretch
of the UBR that is approximately 9 km upstream from the mouth (Figure 2.1). After
arriving at spawning sites adults spawn in groups for periods of one to several days
(Chapter 1). During the spawning period, individuals are readily captured at several
accessible and wadable areas. Individuals can also be visually monitored nearly
continuously after capture without the use of telemetry or acoustics because of the narrow

stream channel (< 25 m), shallow water depth (< 1.5 m), and relatively low flow volume

(daily average 6.4 m3/s). Due to ease of collection, a large proportion of adults have been

captured (i.e., 678 individuals of an estimated 850; E. Baker unpublished data) and most

individuals have been observed over multiple years.
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Data collection

Lake sturgeon were captured at several locations in the UBR using large handled
landing nets while wading the entire section of the stream used for spawning > 1 per day
through the entire spawning season each year. All individuals were sexed by examining
cloacal morphology or expelling gametes and biological information including total
length (cm) and weight (kg) was collected at the time of capture. Information on the
relative stream location (i.e., Zone; Figure 2.1) where individuals were first observed
each year was also recorded. All individuals captured were marked with both internal PIT
(Passive Integrated Transponder) tags (Biomark, Inc.) and a unique combination of
external colored polyethylene T-Bar Anchor Tags (FLOY TAG, Inc.) placed at the base
of the dorsal fin. Quantitative data on exogenous conditions that likely influence daily

and seasonal levels of migratory and spawning activity in lake sturgeon including water
temperature (OC), stream discharge (m3/s) and the lunar cycle phase were also collected

continuously through the spawning season (Forsythe et al. 2010). Water temperature was
recorded hourly using Onset Hobo temperature loggers. Because the gauging station on

the UBR was removed in 2002, daily river discharge was estimated using a statistical
model (F 4056 = 9355, P < 0.0001, R2 = 0.68) that predicted daily average discharge
based on long-term historical correlations (1950-2000) between the UBR and discharge
of the Pigeon River, a nearby tributary of Mullet Lake. Discharge data were obtained
online from the USGS National Streamflow Information Program
(http://water.usgs.gov/nsip). Daily data on the lunar phase in the form of the fraction of

the moon illuminated (values range from 0-1) were obtained online from the
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Astronomical Applications Department of the U.S. Naval Observatory
(http://aa.usno.navy.mil/data/docs/MoonFraction).
STATISTICAL ANALYSES
Data preparation

Repeatability in individual spawning time was analyzed using summarized stream
environmental and lunar variables including: average daily water temperature, average
daily discharge, rate of change in average daily water temperature and discharge (lagged
over previous 48 hrs), 24 h lagged water temperature and discharge and the proportion of
the moon illuminated each day. Values resulting from the summarization of
environmental variables for each day were linked to capture and recapture histories for all
individuals in all years. Analyses of repeatability for spawning date were initially
conducted using the day of the calendar year. However, because the onset and duration of
spawning activity were variable across years, repeatability was also computed as a
function of standardized spawning date (SSD). SSD was estimated as the day of
spawning activity for a given year (y) divided by the total duration of spawning activity
(n) observed for that year with the first day spawning was observed assigned a value of 1.
This computation placed the time of spawning on the same relative O to 1 scale across
years. Statistical analyses of individual repeatability in SSD and differences in
repeatability as a function of sex and body size (age) were conducted using linear mixed
or generalized linear mixed models in SAS (version 9.1, SAS Institute, Cary, NC). Mixed
effects models were generally appropriate for this analysis because of the ability to
account for repeated measurements on the same individual across spawning seasons

implemented as a random component. Mixed models can also account for alternative
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(e.g., multinomial) distributions of the response variable, and provide a means to estimate
the variance attributable to a random factor which was also assessed at the individual
level.
Spawning periodicity

The interval between observed spawning events (i.e., spawning periodicity) was
computed as the difference in years between consecutive captures. If an individual was
captured on > 2 occasions over the period 2001-2008, inter-spawning interval was
computed as the average interval between all successive captures. The effects of sex and
size on inter-spawning interval were incorporated into the model as fixed effects.
Average spawning interval for each sex was estimated using least square means (P <
0.05).

Repeatability in spawning behavior

Repeatability was used to evaluate the degree of consistency in individual lake
sturgeon spawning behavior. Repeatability (r) is commonly defined as the ratio of
between-individual variance to the total variance for a given trait or the proportion of all
variation expressed among rather than within individuals (Lessels and Boag 1987).
Repeatability estimates are equivalent to an intra-class correlation coefficient (i.e., the
data are centered and scaled using a pooled mean and standard deviation for individuals)
and frequently used to describe the extent to which a behavior remains consistent over
multiple measurements (Boake 1989; Farrell et al. 2009). In this study, repeatability in
spawning time was estimated for SSD along with environmental variables (e.g., current

and time-lagged river temperature and discharge) that define the stream environment at or
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immediately before spawning, lunar phase, and spawning site location. Repeatability was

estimated using the following equation:

g (1)
+ o‘-eg

A 2 A
where is O ug the estimated variance among individuals of sex g and O ¢g is the

estimated variance within individuals of sex g (i.e., residual variance). Estimates of
among- and within-individual components of variance in repeatability were computed
separately for each dependent variable (i.e., time and environmental covariates) and were
obtained using restricted maximum likelihood estimation in the context of a null linear
model (i.e., intercept with no independent variables). Among and within estimates of

variance were provided as covariance parameter estimates in SAS. Consider two

a2
hypothetical cases. If there was no variation within individuals (O eg =0),thenr=1

and all spawning observations for the same individual would occur on the same SSD. In

contrast, if no variation was present among individuals ( c 3g = 0) and all variation
could be attributed to within-individual factors, then r = 0.

.In addition to estimating variance components separately for each sex, we also
tested for evidence of heterogeneous variances among individuals of different size groups
under the alternative hypotheses that repeatability increases with increasing age and
spawning experience. Body length is correlated to and predictive of age in lake sturgeon
(Baker and Borgeson 1999; Bruch et al. 2009). We first defined three size categories for

both female and male lake sturgeon that placed approximately 33% of the total number
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into each category. Approximately equal representation in all categories was necessary to
meet statistical assumptions. However, categories were adjusted in situations where
distinct gaps in size/age frequencies and thus levels of reproductive experience were
observed. Female categories for this analysis included individuals that were 142-164 cm
(28-42 yrs), 166-174 cm (43-48 yrs) and 175-189 cm (49-57 yrs) TL while male
categories included individuals that were 112-140cm (15-25 yrs), 141-152cm (26-30 yrs)
and 153-179 cm (35-52 yrs) TL. Estimates of within and between individual components
of variance were then computed separately for each dependent variable according to size

category and separately for each sex. Thus, equation 1 was modified to:

A2
o . (2)

—_ ugi

A2 A2
O-ugi + o-egi

2

A2

where O ugi is the estimated variance among individuals of sex g in length category i

A2
and O egi 1S the estimated variance within individuals of sex g in length category /. The

improvement in fit of this more complex model was evaluated relative to the primary
model (i.e., homogenous variances using Eq. 1) using likelihood ratio tests (P < 0.05).
Statistical evidence supporting a model with heterogeneous variances would indicate
size-based differences in repeatability with respect to the size categories created here.
Spawning site selection and size based arrival
Seasonal patterns in use of different river zones were tested using a generalized
linear mixed model that fit river zone at the time of capture to standardized spawning

day. The dependent variable in this analysis (i.e., zone of capture) was modeled as having
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a multinomial distribution with a grouped logit function which is appropnate for
categorical variables with a fixed number of outcomes (i.e., six zones in this particular
case). Parameter estimates resulting from this model are interpreted as the odds of an
event occurring in the focal zone relative to a predefined reference. Zone 1 was used as a
reference based on the observation that spawning groups tended to utilize spawning zones
further downstream as the season progressed. An odds ratio of 1 indicates that spawning
is equally likely to occur in both the zone of observed spawning and reference zone with
respect to SSD. An odds ratio greater than 1 indicated that the spawning was more likely
to occur in the observed zone relative to the reference.

Non-random seasonal patterns in SSD as a function of body size were evaluated
using a linear mixed model that fit total length at each capture to the fixed effects of SSD
along with the interaction between SSD and sex. The interaction term is biologically
interesting because it tests for evidence of heterogeneous slopes in the relationship
between total length and SSD for each sex. The effects of year and individual were
included as random effects to correct for annual variation in the number of individuals
spawning at different times, and to account for repeated measurements across time.

RESULTS
Spawning periodicity

A total of 1260 captures of 678 adult lake sturgeon were made over 8 consecutive |
years of sampling (2001-2008). Between 100 and 234 adult lake sturgeon were observed
spawning in the UBR each year. Dates of initiation and the duration of spawning activity
varied among years and spawning generally extended just over 40 days (range 19 to 43

days; Figure 2.2). However, spawning activity was not continuous during a spawning
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season. Rather, distinct groups of males and females were observed arriving, spawning
and departing from spawning areas (Figure 2.2). The number of spawning groups and
intergroup intervals (in days) also varied among years.

Of the total number of adults captured, 302 (44%), consisting of 70 females (26%
of total females captured) and 232 males (57% of total males captured), were observed
spawning during at least two years (Figure 2.3). The interval between spawning events

was significantly longer for females (3.7 £+ 0.16 yrs, least square mean + SE) compared to

males (2.3 + 0.08 yrs, least square mean + SE) (F | 299 = 49.5, P <0.001). Intervals

between spawning observations for individuals ranged from 1-7 years for males and 2-7

years for females (Figure 2.4). There was no statistical evidence for an association

between spawning interval and average body size for combined data (F) 299 = 0.04, P =

0.84) or separately for female (F| g9 = 0.05, P = 0.84) or male (F 301 = 0.02, P = 0.78)

lake sturgeon.

Repeatability estimates were similar for both day of calendar year and SSD (data
not shown). Because SSD facilitates comparisons among years, only results for SSD are
provided. Levels of repeatability in males and females spawning differed with respect to
SSD, environmental conditions and spawning zone (Table 2.1). However, the highest
levels of repeatability were consistent for both sexes and included standardized spawning
day, river zone, fraction of lunar illumination and average river temperature, respectively
(Table 2.1). Repeatability was high for males and females despite the large inter-annual
variation in duration of spawning (Figure 2.2). Estimated repeatability of 0.56 and 0.44

for SSD in particular were high for females and males, respectively, and can be viewed as



the percent consistency in choice for spawning during a standardized time within a
season. Estimates of individual variance (standard error) in SSD were also relatively
small (~0.15 of the entire spawning season; Figure 2.5). Estimated SSD’s (mean +
expected SE) are reported in Figure 2.5 for all recaptured individuals. Although there was
limited support for differences in repeatability according to size categories for most
variables (i.e., homogenous variance model was the model of best fit to SSD, lunar cycle
and temperature), statistical comparison of model fit did support evidence for
heterogeneous between-and within-individual variances for some discharge variables
including average discharge, lagged discharge and the magnitude and the rate of change
in discharge,. Thus, computed estimates of repeatability were different for each size class
within each sex (Table 2.1).
Spawning site selection and size-based spawning

A significant association was found between zone of spawning and standardized
spawning day for both male and female lake sturgeon (P < 0.001). In general, adults were
significantly more likely to spawn in downstream zones during later periods of the
spawning season. Specifically, the odds of spawning in downstream zones, relative to
zone 1, increased by 2.9 (Zone 2), 4.3 (Zone 3), 18.7 (Zone 4), 108.7 (Zone 5) and 333.1
(Zone 6) for every 0.1 increase in standardized spawning day, respectively. Computed
odds were highly significant (P < 0.001) with the exception of odds for zone 2 (P = 0.07).
Figure 2.6 illustrates the odds of spawning in each zone relative to zone 1 throughout the

reproductive season. A significant positive association was also found between body size
(total length) and SSD (F 569 = 9.02, P = 0.0028) indicating that individuals arriving

later in the season were significantly larger than those arriving to spawn earlier.
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However, no evidence for heterogeneous slopes between sexes was found based on a

non-significant sex x SSD interaction (F] 569 = 2.84; P = 0.092). Thus, predicted

seasonal increases in total length (i.e., 2.7 cm) for each standardized day were the same
for male and female UBR lake sturgeon (Figure 2.7).
DISCUSSION

Variation in numerous reproductive traits including offspring size, birth date and
female condition has been reported to vary among taxa and among populations in part as
an adaptive response to local ecological processes (Reznick and Ghalombor 2001).
Recent research has also indicated that reproductive traits vary among individuals within
the same population (Brown and Shine 2007) and most are repeatable over multiple
reproductive events despite variation in exogenous conditions (Farrell et al. 2009). We
show that reproductive behaviors in the form of intra- annual spawning time and breeding
site selection in a highly migratory fish species vary substantially among individuals
within a single population. However, reproductive behaviors, including inter-annual
spawning time are highly repeatable for individuals across reproductive episodes and are
relatively unaffected by exogenous conditions. We discuss the plausible ecological and
evolutionary mechanisms leading to repeatability and how these behaviors may or may
not be adaptive for the future of this imperiled fish species.

Inter-annual spawning time

Longevity and iteroparity are important for species with high mortality early in
life because individuals need to reproduce on multiple occasions to ensure successful
reproduction (Winemiller and Rose 1992). The inter-annual spawning interval for

iteroparous fish is highly dependent on factors that influence the duration of the
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maturation cycle including sex (i.e., window is longer for females than males) and
environmental variation that affects the rate of gamete maturation (Pankhurst and King
2010). Estimates of means and ranges of spawning periodicity for male and female lake
sturgeon found in this study indicate significant sex-based differences in the frequency of
and duration between spawning episodes (reflected in the frequency distribution; Figure
2.4). Our estimates of inter-annual spawning time were concordant with those reported
for other lake sturgeon populations (Roussow 1957; Magnin 1966; Bruch et al. 2009) as
well as for green (Acipenser medirostris) (2-4 yrs; Erickson and Webb 2007) white
(Acipenser transmontanus) (3-5 yrs; Paragamian et al. 2005) and Atlantic sturgeon
(Acipenser oxyrinchus) (3 yrs; Caron et al. 2002). Importantly, based on our large sample
sizes and quantitative analysis with numerous environmental variables, differences in
spawning periodicity between sexes is likely determined by resource allocation that
dictate egg and sperm production and maturation schedules as opposed to variation in
environmental conditions (Doroshov et al. 1997; Taylor 1986). Further, because of the
lack of influence of environmental variables, inter-annual spawning interval is likely to
remain consistent over time and also will not vary as a function of age.

Differences in inter-annual spawning interval between males and females can be
important in long-lived iteroparous species, particularly species with polygamous mating
systems or in situations where breeding population size is low, due to lower probabilities
of encountering (and mating with) the same individuals over multiple reproductive
episodes. Quantitative estimates of inter-annual spawning interval provide probabilities
of encountering and mating with individuals from previous years, the demographic

composition of future spawning runs and annual spawner abundance (e.g., Waples 2002;
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Figure 2.4). In the UBR, for example, a female spawning in year t would interact with
mature UBR males ranging in age from 15 to 52 years on average (predicted age-
frequency distribution for all UBR males collected to date). This female would
subsequently return to spawn with the highest probability (0.46) three years later based
on observed inter-annual spawning intervals (Figure 2.4). Assuming no repeatability for
SSD, this female would interact with approximately 42% (i.e., proportion of males
projected to return every year plus every three years) of the males encountered during the
first spawning event based on expected male inter-spawning intervals (Figure 2.4).
Results from our study further suggests that this pattern would repeat throughout this
individual’s lifetime and would be largely unaffected by age (Table 2.1).

Intra-annual spawning time (repeatability)

Spawning time in many fish is affected by exogenous and genetic factors that are
adaptive for synchronizing reproduction with ecological conditions that promote
increased offspring survival during critical early life stages (Roéers et al. 2006; Cushing
1990). For many fishes, especially broadcast spawning species with little or no post-
ovulatory parental care and high early life mortality, timing reproduction with appropriate
exogenous conditions linked to survival represents a critical life history feature (Webb
and McLay 1996; Quinn et al. 2000). In the UBR, lake sturgeon spawn over 23 days on
average (Chapter 1) in the early spring with peaks of spawning activity (Figure 2.2)
occurring in relation to times with rising and absolute water temperature and declining
river discharge, especially as the lunar cycle approaches a new moon (Chapter 1).
Although abiotic conditions vary throughout a breeding season, the window individual

lake sturgeon choose to spawn is considerably smaller and choices are highly repeatable
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in time across seasons irrespective of exogenous conditions (Table 2.1). This result
appears to conflict with studies suggesting that lake sturgeon have evolved the ability and
use exogenous cues to guide the timing of reproduction (Paragamian and Kruse 2001;
Chapter 1). However, subtle variation in individual SSDs may represent an
environmentally mediated and behaviorally plastic response within this window to
proximal exogenous conditions including water temperature, the lunar cycle and
discharge, all of which are consistent within and across years and have higher estimates
of repeatability (Table 2.1). One potential caveat to our data is that measures of
repeatability were dominated by observations from consecutive spawning episodes. Thus,
there may be temporal autocorrelation in environmental variables that would not be
evident over the lifetime of the individual. However, the SE for repeatability in SSD for
individuals captured twice were not different from SE estimated from individuals
captured more than 2 times.

Interestingly, repeatability estimates (r) may also provide an upper limit estimate
on the heritability (h2) for a given trait because repeatability includes both genetic and

environmental sources of variation whereas heritability only reflects genetic differences
(Boake 1989; Falconer and Mackay 1996; Dohm 2002). However, since SSD is a
reflection of both genetic and environmental components, and we have estimates of
repeatability for the plausible sources of exogenous variables thought to influence
spawning time in this species (i.e., discharge, water temperature and lunar effects;
Chapter 1) we estimate that heritability for spawning time may be considerably lower and
approximately 0.27 for both females and males (i.e., SSD repeatability — repeatability for

average water temp, river discharge and the lunar cycle). Comparable estimates of
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repeatability for breeding time in natural populations of long-lived migratory animals,
especially fishes, are rare in the literature. However, levels of repeatability for spawning
time derived from lab and aquaculture studies are generally higher than found here
(rainbow trout, r = 0.72-0.83, Quinton et al. 2004) but estimates of repeatability for other
behavioral traits such as mate preference (guppy, r = 0.05-0.35, Brooks 1996;

stickleback, r = 0.65; Bakker 1993) are similar. Although not directly comparable,

estimates of heritability (h2) for spawn date based on breeding studies of other migratory

animals including the collard flycatcher (0.19; Sheldon et al. 2003) and German blackcap
(0.34; Pulido et al. 2001) as well as for migratory fishes such as rainbow trout (0.55;
Siitonen and Gall 1989) and coho salmon (0.26; Gall and Neira 2004) are within our
pseudo-estimates of heritability for spawning time for lake sturgeon.

Heritability for spawning time may have several important implications for lake
sturgeon populations (Hendry et al. 1999). One is that natural selection may be effective

in shifting spawning time. For example, Sheldon et al. (2003) found that estimated

heritability for egg laying date in the collared flycatcher, although small (h2 =0.19),

promoted consistent and directional selection at the level of the phenotype. Second,
heritability would indicate that groups of individuals spawning at the same time in the
UBR, and those responding similarly to environmental conditions specific to the timing
of spawning, are also likely maintained through heritable additive genetic variation. Thus,
the observed occurrence of multiple and temporally segregated breeding groups (Figure
2.2) were not random mixtures of individuals but rather groups of reproductively mature
adults with the tendency to reproduce at specific times (Figure 2.5). Although the

ultimate mechanisms that induce repeatable differences in spawning time in lake sturgeon
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are generally unknown, we posit that groups of individuals may be genetically
predisposed to differentially respond to time-related cues such as photoperiod, a known
proximate cue for lake sturgeon at the point of river entry in the UBR (Chapter 1). Third,
the tendencies for adults to spawn at specific times as a function of different
environmental characteristics such as water temperature may promote isolation,
phenotypic traits and adaptations unique to each breeding group (Hendry and Day 2005;
Woody et al. 2000). Covariation in temperatures at the time of mating and temperatures
experienced through the period of embryonic and early post-incubation development
have been shown to affect body size and developmental rate (Atkinson 1994) and
offspring size (Fox and Czesak 2000). Stillwell and Fox (2005) have also shown that
temperatures experienced by adults affected life history traits of offspring including age
at first reproduction, fecundity and embryonic developmental time. Recent studies in
migratory fishes including UBR lake sturgeon also support this hypothesis. For example,
larvae produced from females spawning later in the season, when water temperatures are
generally warmer (Chapter 1), had significantly smaller body sizes than larvae from early
spawning females implying different utilization efficiencies (Crossman 2008). Due to
these reasons and our findings of high repeatability in spawning time (SSD) for males
and females (SSD, Table 2.1), our study minimally suggests that a full quantitative
genetic analysis based on multigenerational pedigrees is warranted.
Intra-annual spawning time (learning)

Age and sex-dependent reproductive behaviors have been reported for many

species including migratory fish (e.g., Paitz et al. 2007; Dickerson et al. 2002). Fish of

different ages have also been found to spawn at different times (i.e., maiden vs. multi-
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year spawning fish) (Niemela et al. 2006). Some migratory species, have been found to
alter reproductive timing based on previous successful experiences (e.g., egg and
hatching survival in blue tits; Grieco et al. 2002). Because lake sturgeon are a long-lived
species and individuals have opportunity to breed multiple times during a lifetime (i.e.,
estimated 18 times for males and 15 times for UBR females based on estimated adult
survival and age structure, repeatability could increase as a function of reproductive
experience (i.e., learning). Although repeatability varied among age classes according to
some environmental variables (e.g. river discharge), we generally found no statistical
evidence that variability in repeatability for SSD or for exogenous conditions decreases
with age and reproductive experience. Without a means of reinforcement (e.g.,
observations of reproductive success or failure associated with spawning decisions) or the
ability to recognize kin, selection operating as a function of offspring survival associated
with conditions at the time of reproduction is unlikely to control repeatability in this
species. However, some sex-based differences were found with respect to spawning date
(Table 2.1). In particular, lower repeatability in spawning time for males may indicate
greater plasticity in behavior relative to females. We posit that lower repeatability in male
spawning time may be a reflection of sex-based alternative reproductive strategies
whereby males achieve reproductive success by attempting to increase mate number
rather than select appropriate breeding times.

Our analysis of spawning time was also intended to test the hypothesis that arrival
to spawning sites varied as a function of body size (and age). Our hypothesis was based
on two factors. First, phenotype-dependant based arrival is common in migratory animals

and proposed in migratory fishes with larger older and generally better conditioned or
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experienced males and females often arriving first (Moller 1994; Keefer et al. 2009;
Cooper et al. 2009). Second, early arrival may be adaptive because early arriving
individuals likely experience less competition, have access to high quality mates and are
able to select the best breeding habitats; all factors contributing to reproductive success
(Quinn 1999; Dickerson et al. 2002). We found that early arriving male and female lake
sturgeon were significantly smaller than later arriving individuals (Figure 2.7). Size-
based arrival partly conflicts with the results discussed previously and generally contrasts
the findings of other studies. The positive relationship between body size and SSD
documented herein may also be driven by different historical recruitment patterns of early
and late spawning groups. For instance, contemporary levels of annual recruitment to the
larval stage have consistently been higher from early groups leading to a relatively
younger (and smaller) aggregate of early spawning individuals, relative to later groups
that are comprised of larger and older individuals.
Inter-annual spawning site selection

Spawning site selection is an important component of reproductive success in
migratory fish where strong associations between stream habitat features (e.g., substrate
size, intra-gravel water flow) and levels of mortality during the egg and larval stages exist
(Chapter 4). The UBR has numerous suitable spawning locations throughout a 1.5 km
section. However, despite the close proximity of spawning areas in the UBR, males and
females arriving earlier in the season are significantly more likely to select locations
further upstream (Zone 1-3; Figure 1.1) relative to individuals arriving later (Zone 3-6;
Figure 1.1) (Figure 1.6). These relationships held across years despite temporally

transient changes in sedimentation, stream cover or temperature across years or variation
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in stream hydro-geomorphology and levels of ground water infusion have likely occurred
within and among years. Similar seasonal patterns have been noted in other migratory
fish and were attributed to habitat optimization (e.g., Orians and Wittenberger 1991),
whereby earlier arriving individuals selected the best habitats which were located further
upstream (Doctor and Quinn 2009). Mechanisms such as social learning (reviewed in
Kieffer and Colgan 1992; Olson et al. 1978), mate copying or heritable genetic attributes
(Quinn et al. 2006) that return individuals to areas differing in intrinsic physical
properties within natal streams have also been implicated as mechanisms.

Our findings that show early and late spawning adults consistently used different
spawning sites even though all sites were available during the entire reproductive season
suggests intra-annual variation in habitat quality and the ability of individuals to select
these high quality areas that are specific to different spawning times (i.e., habitat
optimization). Alternatively, relatively high estimates of repeatability for spawning zone
(especially for females; Table 2.1) may suggest that either spawning site quality varies
seasonally or selection for hydrogeomorphological cues intrinsic to specific spawning
times and locations is heritable. Further, higher repeatability estimates in spawning site
selection for females (Table 2.1) suggest that females not only dictate the relative
spawning time (SSD) but also specific locations in the UBR. Regardless, temporally
structured annual spawning groups of lake sturgeon are further segregated through the
selection of different habitats even over the course of a spawning season. Although fine
scale homing has been observed in several migratory fish (e.g., Quinn et al. 1999), future
work could profitably explore the relative influences of behavioral flexibility versus

heritability in spawning site selection.
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We should note that our observations may be a consequence of significant
reductions in numerical abundance of UBR lake sturgeon over the past 50-100 yrs. Yet,
the UBR has always been the primary spawning area for fish in the drainage and thus our
inferences should be robust. Our observations were also made from a single population
and may not be generalizable to other systems. However, considerable similarities and
synchrony in spawning chronology of other Great Lakes tributaries with the UBR have
been found. Further, evidence of multiple spawning runs in other systems has been
reported in support of this research (Auer and Baker 2002). Thus, it is likely that other
populations of lake sturgeon, as well as other sturgeon species, are composed of discrete
breeding groups that are structured in part due to spawning periodicity and isolation as a

function of repeatable spawning time and spawning site selection.
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CHAPTER THREE

SPATIALLY EXPLICIT ANALYSIS OF LAKE STURGEON EGG DEPOSITON AND
MORTALITY IN NATURAL STREAM SETTINGS

INTRODUCTION

Many organisms seek very specific habitats at different times of the year for the
purpose of reproduction. Further, the decisions that adults make with regard to breeding
site selection often have serious fitness consequences for both themselves and for their
offspring. For example, the environments that animals select may have characteristics
that significantly influence survival, especially for species that have offspring which are
vulnerable to numerous physical and biotic sources that contribute to mortality (Donazar
et al. 1993; Stokes and Boersma 1998; Wilson 1998; Hendry et al. 2001). High and
variable mortality during early life stages is important and often tied to variation in
population levels of recruitment (Bailey and Houde 1989). Second, habitats chosen for
reproduction can impose selection on phenotypic, behavioral, and morphological traits of
offspring, most of which are also tied in some way to survival during subsequent early
life stages that have long since dispersed from breeding grounds (Jensen et al. 2008;
Shine et al. 1997; Webb et al. 2001). Thus, the process of habitat selection for the
purpose of reproduction is often under strong selective pressure and in some situations
results in the evolution of physiological or behavioral traits that allow adults to use
exogenous (i.e., physical or biotic) cues to assess the relative habitat quality for their
offspring (Danchin et al. 1998).

For some species, the process of reaching critically important breeding habitats
requires individuals to complete long-distance migrations during abbreviated periods

within a season (Alerstam and Enckell 1979; Alerstam et al.2003). Although migration is
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necessary for reducing mortality incurred during early life periods, it is also an extremely
risky behavior that comes with tremendous fitness (i.e., energetic) consequences for
adults (Cooke et al. 2004; Jonsson et al. 1997; Hinch and Rand 1998; Shmueli et al.
2000). Because of this tradeoff, there is strong selection for migratory animals to make
the best choices by differentiating and accurately selecting among habitats for
reproduction after arrival (Blanchfield and Ridgway 2005; Fontaine and Martin 2006;
Kondou et al. 2001; Rodewald and Yahner 2001). However, because the environments
that migratory species seek are often spatially complex, change temporally over short
time periods, and have varying implications across different early life stages (Sillett and
Holmes 2002) this task can be challenging. Yet, if selection is strong and is expressed
similarly across different breeding sites, the same suites of environmental traits
(including habitat) should theoretically be selected by breeding adults and equally
influence survival, regardless of where or when they elect to reproduce. This hypothesis
is rarely tested.

Highly migratory fish species that utilize spatially and temporally dynamic and
structurally complex rivers for reproduction provide an excellent opportunity to study the
effect of environmental covariates on the distribution of offspring and their subsequent
survival among sites selected for reproduction. Examples of important and quantifiable
features of river systems of stream habitats and those empirically shown to increase
survival rates, include river substrates with interstitial spacing (Bernier-Bourgault and
Magnan 2002; Chapter 4; Smith and Marsden 2009), highly permeable riverbeds with
ample ground and surface water exchange (Malcolm et al. 2003; Malcolm et al. 2005;

Youngson et al. 2004) , increased river gradient (Curry and MacNeill 2004) and areas
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with suitable water velocity (Smith and Marsden 2009) that provide sediment free
substrates. Interestingly, habitats associated with spawning locations also frequently form
the basis for environmentally-mediated selection during embryogenesis and on
phenotypes during early life stages that create locally specific adaptations in many
species including fishes (Hendry et al. 1995). As such, it is critically important for
researchers to characterize the physical and biotic features of breeding habitats that
influence survival during early life stages of these animals (Fausch et al. 2002).
Although offspring distribution and survival as a function of non-random
spawning site selection has been intensively studied in migratory fish with very specific
life histories (e.g., nest building), few studies have attempted to map the spatial
occurrence and subsequent survival of offspring for broadcast spawning species in
natural environments where fertilized gametes are tied to the locations of adult
reproductive activity with no parental care. Further, few studies have provided a detailed
understanding of whether deposition and early life survival are mediated by spatial and
temporal variation in environmental variables over small micro- geographic scales or
across time intervals of relevance to organisms during critical life stages (e.g., during
incubation). There are many reasons for this lack of information. First, highly migratory
broadcast spawning species are rare because of recent and dramatic population declines.
Second, analyses seeking to quantify the importance of environmental covariates to egg
deposition and survival in some situations need to account for more complex spatial
dependencies. Failing to account for spatial dependence may result in inaccurate
parameter estimates and erroneous conclusions regarding associations between stream

covariates related to spawning sites and gamete and offspring survival (Hoeting 2009).
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Further, rigorous statistical applications for jointly modeling early life survival data
within and between time periods while accounting for both spatial autocorrelation and
exogenous covariates have yet to be developed for complex heterogeneous environments
such as streams and rivers.

We address both ecological and statistical limitations using the lake sturgeon, a
long-lived, iteroparous, highly fecund (11,000 eggs’kg) and broadcast spawning (i.e.,
eggs are released without nest preparation) migratory fish. Lake sturgeon were selected
for this study in part because they exhibit an aggregate mating behavior whereby
negatively buoyant eggs and sperm are released over large areas of rock and gravel. No
nest preparation and no post-ovulatory parental care are provided for offspring. As such,
lake sturgeon eggs experience extremely high mortality in natural settings (i.e., 80-99%)
due primarily to direct exposure of eggs to harsh environmental conditions, predation or
microbial infection, and physical processes that dislodge and transport eggs from
spawning sites (Kempinger 1988; Parsley et al. 2002). Thus, the features of sites selected
by adults for reproduction are also likely conducive to egg and offspring survival.

The specific objective of this study was to quantify relationships between
environmental covariates characterizing attributes of lake sturgeon spawning locations
that were predictive of egg deposition and loss using a novel hierarchal spatial modeling
approach. Our working hypotheses were 1) stream variables defining hydro-
geomophological conditions can explain variability in egg deposition and egg survival, 2)
the relative importance of environmental covariates on deposition and survival are

consistent across spawning sites suggesting that females are focusing on similar micro-
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geographic features in each spawning environment, and 3) rates of egg survival are
constant across spawning sites once environmental covariates are considered.
METHODS
Study location
This study was conducted on a well-studied lake sturgeon population that migrate
annually into fhe Upper Black River (UBR), the primary tributary of Black Lake, MI
(Figure 1), and use one of several spawning locations (Chapter 2). The UBR is a unique
location for studying migratory fish and exogenous environmental features associated
with adult spawning, egg deposition, and larvae for several reasons. First, individuals are
relatively free to choose spawning habitats. In other systems, for example, traditional
spawning sites have been blocked by dams, covered with sediments or destroyed by other
anthropogenic activities (Paragamian et al. 2009). Second, the UBR is relatively narrow
and shallow with low average discharge which facilitates observations of spawning
adults, monitoring early life history stages, and quantifying environmental covariates.
Other characteristics of the UBR include seasonal increases in water temperature,
stochastic variation in river discharge as well as predictable variation in the timing of
annual migration and spawning activity (Chapter 2). Further, Forsythe (2010), and Smith
and Baker (2005) detail exogenous correlates related to reproductive activity as well as
characteristics of the adult spawning population which also aids in the logistics of the
time sensitive data collection. Forsythe (2010) also provide evidence that adults returning
to breed at repeatable times and locations in the UBR suggesting that timing of spawning
is heritable and suitability of selected habitats in different locations by adults spawning at

different times may vary.
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Field sampling

Data were collected at four spawning locations selected by lake sturgeon along
the UBR, Figure 3.1, on 5/19/03, 5/12/05, 5/10/05, and 4/25/06 (Sites 1-4, respectively).
Lake sturgeon were observed entering and captured while spawning using handled
trapezoid shaped landing nets (78.7 cm base, 30.5 cm top, and 70.5 cm length).
Individuals were sexed at the time of capture by examining cloacal morphology and by
physically extruding gametes. Each Site was delineated using GPS and permanent stakes
were placed along the stream bank during the spawning event. One day after spawning
was completed and adults had left the area, transects were established across the stream
channel starting ~ 1 m below the most downstream spawning group and repeated every 5
m upstream to cover the downstream extent of the spawning. Counts of eggs and
measurements of environmental covariates were collected at a 1 m interval along each
transect (Figure 2). At each sample location, the number of eggs was measured using a

standardized kick net sample. Substrate was thoroughly disturbed for 5 seconds over a

0.125 m2 area of substrate upstream of a small triangular net (305 x305 x 305 mm

opening). Eggs deposited on and within the disturbed substrate were swept into the net by
the stream current.

The status (live vs. dead) of eggs collected during sampling was determined by
visual inspection and for microbial colonization in the form of visible fungal h);phae
growth. Numbers of live and dead eggs were recorded. Data on environmental covariates
(water depth, water velocity, and substrate size) were collected immediately after surveys
of egg deposition by a separate survey crew. Stream depth was recorded in meters using a

stadia rod. Water velocity at the stream bed was recorded using an electromagnetic flow
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meter (Marsh-McBimey, Inc.). Substrate size was recorded as the average of four

randomly collected stones within the 0.125 m2 sampled area. The largest stone within the

area was also measured to estimate maximum substrate size.

For Sites 1 and 3, a secondary sampling of egg deposition was conducted 3-4 days
following the initial data collection to determine the magnitude of egg loss. The number
of eggs and survival status was recorded. The sampling grid was shifted 0.5 m upstream
during the second sampling period to mitigate the disturbance caused by the first
sampling, but retain the proximate sampling locations and to replicate as closely as
possible the spatial dispersion of sampling sites within transects.

STATISTICAL ANALYSES

Covariate summaries

Analysis of variance (ANOVA) and Kolomogorov-Smimov (KS) tests were used to
summarize and compare the frequency distributions of environmental covariates within
and among sites. The KS test was used to determine whether the frequency distribution of
sites' substrate size (average and maximum), water velocity, and water depth came from
the same population while ANOVA was used to test for significant differences between
the means of these variables among the sites. Means were differentiated using a Tukey
HSD that adjusts for multiple comparisons. Surface plots used for exploratory analysis of
egg counts and environmental covariates were generated with multilevel B-splines using

the R (www.r-project.org) package MBA.

Embryo deposition
A Poisson regression model was used to quantify associations between egg counts and

environmental covariates measured at the same sites. This model is adequate in the
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absence of correlated variation beyond what may be explained by possible covariates.
However, because lake sturgeon are broadcast spawners and eggs are extruded into a
spatially complex fluvial environment, counts of eggs are expected to exhibit strong
anisotropic spatial dependency along the down-stream and across-stream sampling axes
(i.e., similar egg counts in the proximate locations) even after accounting for the
information provided by environmental covariates. This residual spatial correlation was

modeled as a random spatial effect. Given observati