Pagination not final/Pagination non finale

Individual-based analyses reveal high repeatability
in timing and location of reproduction in lake
sturgeon (Acipenser fulvescens)

Patrick S. Forsythe, James A. Crossman, Nora M. Bello, Edward A. Baker, and
Kim T. Scribner

Abstract: Few studies have quantified the repeatability of reproductive decisions by individuals or assessed their relation-
ship with environmental variables over multiple seasons for long-lived iteroparous fish species. Using individual-based data
collected for 678 lake sturgeon (Acipenser fulvescens) over 8 consecutive years, we evaluated hypotheses regarding spawn-
ing periodicity and repeatability of spawning location, spawning time, and environmental cues associated with spawning. At
our study site (Upper Black River, northern Michigan, USA), interspawning interval differed between males (2.3 +

0.08 years) and females (3.7 + 0.16 years), but was not significantly related to age. Individual spawning behavior was
highly repeatable with respect to spawning time (relative day within the spawning season) for both sexes regardless of size
or age, but was less repeatable, though still significant, relative to water temperature, river discharge, and lunar phase.
Breeding area was also repeatable, with individuals spawning earlier in the season selecting locations further upstream than
those spawning later. Repeatability in spawning times and locations suggest that subpopulation differentiation may develop
among different spawning groups, even within small and spatially contiguous areas.

Résumé : Peu d’études ont mesuré la répétabilité des décisions de reproduction des individus ou évalué leur relation avec
les variables du milieu sur plusieurs saisons chez les poissons itéropares a longue durée de vie. En utilisant des données ba-
sées sur I'individu récoltées sur 678 esturgeons jaunes (Acipenser fulvescens) pendant 8 années consécutives, nous évaluons
certaines hypotheses concernant la périodicité de la fraie, la réutilisation des sites de fraie, le moment de la fraie et les si-
gnaux environnementaux associés a la fraie. A notre site d’étude (Upper Black River, nord du Michigan, E.-U.), I'intervalle
entre les fraies differe entre les males (2,3 + 0,08 années) et les femelles (3,7 + 0,16 années), mais n’est pas significative-
ment relié a I’dge. Le comportement reproducteur individuel est fortement répétable en ce qui a trait au moment de la repro-
duction (jour relatif durant la saison de reproduction) chez les deux sexes sans égard a la taille ou 1’age, mais il est moins
répétable, bien que significatif, en ce qui concerne la température de 1’eau, le débit de la riviére et la phase de la lune. Les
zones de fraie sont aussi réutilisées, avec les individus qui fraient plus tot dans la saison choisissant des sites plus en amont
que ceux qui fraient plus tard. La répétabilité dans le calendrier de fraie et les sites de reproduction laisse croire qu’il peut
se développer une différenciation de sous-populations au sein des groupes de reproducteurs, méme dans des zones petites et
contigiies.
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Introduction

Associations between environmental cues and decisions
made by adults with respect to the timing and location of re-
production substantially affect interindividual variation in re-
productive success and population levels of recruitment.
Environmental conditions experienced by offspring during
embryogenesis and early life stages are largely determined
based on the timing and stream characteristics associated
with location of spawning that are selected by the parents
(Kamler 2002). In aquatic habitats, for example, water tem-
perature and stream discharge affect the timing of larval
hatch (Pepin et al. 1997), timing of larval dispersal (Duong
et al. 2011a), offspring phenotype (Mousseau and Fox
1998), and offspring developmental rate and survival (Trippel
et al. 1997; Jorgensen et al. 2008). Generally, repeatability in
expression of reproductive decisions is adaptive, given that
such decisions are based on reliable cues associated with suc-
cessful reproduction and recruitment (Williams and Nichols
1984).

Many species use cues in their physical environmental to
guide choices of when and where to reproduce in temporally
and spatially complex aquatic landscapes (Beall and de Gau-
demar 1999; Hodgson and Quinn 2002; Dahl et al. 2004).
Spawning time and breeding area selection have been attrib-
uted to genetic and physiological effects (Jennings et al.
1996; Quinn et al. 2000; Stewart et al. 2002), adult age or
size (Trépanier et al. 1996; Stewart et al. 2002), use of alter-
native reproductive tactics (Morbey 2003), social influences
(Brown and Laland 2003), and olfactory cues (Dittman and
Quinn 1996). External cues are important because environ-
mental variables that affect spawning site quality are related
to offspring survival (Malcolm et al. 2009; Smith and Mars-
den 2009). Survival during early life stages is in turn often
related to recruitment (Bailey and Houde 1989).

Despite the importance of selecting favorable spawning
times and locations, comparatively few data are available re-
garding individual repeatability in the timing and location of
reproductive events within a season (Pankhurst and King
2010). Mechanisms controlling gametogenesis are likely
acted on by selection, and therefore spawning behavior is an
individual- rather than population-level attribute. If individual
behaviors are repeatable, and interindividual differences can
be predicted based on associations with quantifiable environ-
mental variables, then at the population level, spawning times
have should major consequences for interannual variation in
recruitment (Wright and Trippel 2009).

Riverine habitats are dynamic in space and time (Fausch et
al. 2002). Thus, cues that reflect current conditions may not
enable individuals to anticipate the location or timing of fu-
ture (and preferred) conditions. Long-lived iteroparous spe-
cies are likely to experience different environmental
conditions from year to year over multiple reproductive epi-
sodes in an individual’s lifetime. Accordingly, plasticity in re-
sponse to changing environmental conditions is likely and
will have fitness consequences (Schlichting and Pigliucci
1998). Even if adults use the same environmental cues (e.g.,
specific temperatures, flow rates, substrate types, and depth)
during each reproductive event, over multiple spawning epi-
sodes, the location and time at which these cues are ex-
pressed are like to vary greatly. Therefore, variability in
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environmental characteristics at specific spawning locations
during the course of the reproductive season and across years
should decrease the degree of repeatability in an individual’s
selection of spawning locations and in timing of reproduc-
tion.

In addition to within-season repeatability, little is known
regarding the periodicity or frequency of reproduction (i.e.,
interannual spawning interval across years) for individuals.
The ability to acquire sufficient resources to allocate to repro-
duction is likely to vary among individuals (van Noordwijk
and de Jong 1986). In particular, gametogenesis and repro-
ductive success is generally thought to be limited by resour-
ces to a greater degree in females than in males (Stearns
1992). Accordingly, individual-based analysis are predicted
to reveal that the time required to acquire sufficient resources
between reproductive episodes is likely greater for females
than for males.

Several predictions have been made regarding age-specific
variation in interspawning interval. Based on well-established
relationships among maternal investment in egg size, egg
number, body size, and age (Berkeley et al. 2004; Kindsvater
et al. 2011), interspawning interval is predicted to be longer
for larger (or older) females than smaller (or younger) fe-
males. From a life history perspective, the frequency of
spawning may be expected to decrease in older females ow-
ing to trade-offs between investments in current vs. future re-
production (Stearns 1992). Studies have shown that females
with lower expected future reproductive potential (e.g., older
females) will devote more resources to produce more and
larger offspring (Marshall et al. 2010) and have higher fre-
quency of reproduction (Congdon et al. 2003) than do
younger females. For males, reproductive success is highly
correlated with mate number (Bateman 1948), which can be
increased based on higher reproductive frequency.

Lake sturgeon (Acipenser fulvescens) is a useful species for
individual-based studies of periodicity and repeatability in
spawning time and location. Sturgeon are long-lived and iter-
oparous (Rochard et al. 1990; Birstein 1993; Peterson et al.
2007), affording opportunities to gather data over multiple re-
productive events. Lake sturgeon also exhibit variation in re-
productive behavior, distance from spawning areas and
habitats occupied during nonspawning times, and use of mi-
gratory routes that potentially affect spawning time, physio-
logical condition, and rates of gamete maturation within and
among populations. As in other fish species, early life stages
of lake sturgeon experience high mortality (Kempinger 1988;
Forsythe 2010). Adult behaviors tied to environmental condi-
tions at the time and location of reproduction may thus con-
tribute substantially to rates of mortality during early life
stages (Duong et al. 2011b) and in turn represent a substan-
tial component of variation in lifetime fitness.

An individual-based analysis was used to quantify the de-
gree of repeatability in spawning time and location for lake
sturgeon. Based on mark-recapture data collected over 8 con-
secutive years, we evaluated several hypotheses concerning
individual repeatability in location and timing of reproduction
and sex and age differences in repeatability in interspawning
interval. First, we evaluated whether adults consistently re-
spond to environmental cues across years and spawn at pre-
dictable locations and times. We predicted that analyses
would reveal evidence for repeatability across years in repro-
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Fig. 1. Location (upper inset) and map of the Upper Black River, Michigan, USA. Lower inset: spawning areas used by adult lake sturgeon.
Areas generally represent a single spawning location. Arrows indicate direction of water flow.
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ductive behavior including spawning time within a breeding
season (e.g., early vs. late), spawning site location within a
tributary, or environmental conditions (e.g., water temperature
or stream discharge that could serve as cues). Secondly, we
predicted that spawning periodicity (i.e., interannual spawning
interval across years) would be shorter for males than for fe-
males and would decrease as a function of age.

Materials and methods

Study location

Research was conducted over 8 consecutive years (2001-
2008) on a lake sturgeon population located in Black Lake,

84°18'0"W

Michigan, USA. The Black Lake system is well suited for con-
ducting ecological long-term research. It is dammed and thus
closed to immigration. Lake sturgeon use a single tributary,
the Upper Black River (UBR), for reproduction and all spawn-
ing occurs within a 1.5 km stretch of the UBR that is approx-
imately 9 km upstream from the lake (45°43'N, 84°15'W;
Fig. 1). Upon arrival at the spawning grounds, UBR adults
congregate to spawn in groups for one to several days (For-
sythe 2010). During the spawning period, individuals are
easily observed and readily captured at several accessible and
wadable areas (Fig. 1). Individuals can also be visually moni-
tored nearly continuously because of their large size and be-
cause of the narrow stream channel (<25 m), shallow water
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depth (<1.5 m), and relatively low flow volume (daily average
8.3 m3-s~! during the spawning season; Forsythe 2010).

Data collection and preparation

Lake sturgeon were captured at several spawning areas
within the 1.5 km stretch of the UBR (Fig. 1) using long-
handled landing nets. Personnel searched this entire stretch
of the stream by wading at least once daily during the entire
spawning season each year. Captured individuals were sexed
by examining cloacal morphology (Bruch et al. 2001) or by
pressing on the abdomen to expel gametes. Total length (TL,
cm), mass (kg), and location (area) of capture were collected
at the time of capture. All individuals captured were marked
with plastic external Floy tags (Floy Tag & Mfg., Inc.) using
a fabric gun, as well as internal PIT (passive ntegrated trans-
ponder) tags inserted using a syringe, and identified in subse-
quent years using a hand-held scanner (Biomark, Inc.).
Studies estimate that PIT tag retention in adult lake sturgeon
(Donofrio 2007) and other sturgeon species is >95% (Clug-
ston 1996).

Quantitative data were collected continually throughout
each spawning season on environmental and biological varia-
bles of interest to explain spawning behaviors (Forsythe
2010). Water temperature was recorded hourly using Onset
Hobo temperature loggers. Because the United States Geo-
logical Survey (USGS) stream flow gauging station on the
UBR was removed in 2002, daily river discharge over the du-
ration of the study was estimated using a statistical model
(F[1.4056) = 9355, P < 0.0001, R*> = 0.68) that predicted daily
average discharge based on the relationship between long-
term historical (1950-2000) discharge of the UBR and dis-
charge of the Pigeon River, a nearby stream of comparable
size. Discharge data for the Pigeon and UBR rivers were ob-
tained online from the USGS National Streamflow Informa-
tion Program (http://water.usgs.gov/nsip). Daily data on the
lunar phase in the form of proportion of the moon illumi-
nated were obtained from the Astronomical Applications De-
partment of the US Naval Observatory (http://aa.usno.navy.
mil/data/docs/MoonFraction.php).

Data were summarized into the following explanatory vari-
ables to be used in statistical models: average daily water
temperature, average daily river discharge, 24 h rate of
change in average daily water temperature, 24 h rate of
change in average daily discharge (i.e., provides both direc-
tion and magnitude), 24 h lagged water temperature, 24 h
lagged discharge, and the proportion of the moon illuminated
each day. Recapture histories of all individual fish were re-
corded, and summaries of all environmental variables were
linked to daily capture data based on calendar day for each
year. Because the onset and duration of spawning activity
varied across years, spawning time was also quantified using
standardized spawning date (SSD), defined as the day of
spawning for a given year (y) divided by the total duration
of spawning activity (n, in days) observed for that year. The
first day of spawning site arrival each year was assigned a
value of 1. Thus, SSD placed the time of spawning on the
same relative O to 1 scale across years.

Statistical analyses
All statistical analyses were conducted using linear mixed
models implemented with SAS software (version 9.1, SAS
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Institute Inc., Cary, North Carolina). A general or generalized
implementation of linear mixed models was used to accom-
modate the normal or non-normal nature of each response
variable, respectively. Mixed effects models are appropriate
for the data structure because these models can account for
repeated, thus correlated, measurements on the same individ-
ual across years and thus estimate variance components
within and among individuals. These variance component es-
timates can then be used to compute repeatability.

Spawning periodicity

Spawning periodicity, defined as the interval between ob-
served spawning events across years, was computed as the
difference in years between consecutive captures. If an indi-
vidual was captured in >2 years over the period from 2001
to 2008, spawning periodicity was computed as the average
interval between successive captures, such that each individ-
ual was represented by only one value. Spawning periodicity
was then analyzed as a function of the fixed effect of sex, the
covariate TL as a measure of body size, and the interaction
between sex and body size. Since body size changes little be-
tween years for older individuals (Smith and Baker 2005),
TL at the first capture was used. Least square means and
standard errors (SEs) were used to estimate spawning perio-
dicity for male and female lake sturgeon as a function of
body size.

Spawning repeatability

Repeatability was used to evaluate environmental covari-
ates and the degree of consistency in lake sturgeon timing
(SSD) and location (area) of spawning. Repeatability esti-
mates are frequently used to describe the extent to which be-
haviors remain consistent over multiple measurements (e.g.,
Boake 1989; Farrell et al. 2009). Repeatability (r) can be de-
fined as the ratio of among-individual variance to the total
variance for a given trait and was estimated as

where 7 is the estimated repeatability, 82 is the estimated var-
iance among individuals, and 3? is the estimated variance
within individuals (Lessells and Boag 1987). Note that if
there was no variation between multiple observations col-
lected on the same individual (o = 0), then 7 = 1. In con-
trast, if all individuals had identical mean responses, no
variation would be present among individuals (o2 = 0), and
all variation would be associated with repeated observations
collected on the same individual (i.e., 7 = 0).

To compute repeatability, we estimated o2 and o2 for de-
pendent environmental variables, timing of reproduction (i.e.,
calendar day and SSD), and spawning site location. Linear
mixed models were fitted separately for females and males,
and thus no statistical comparisons between sexes are pro-
vided. All variance components were estimated using re-
stricted maximum likelihood in the context of a sex-specific
linear model that included an overall intercept. All models in-
cluded the random effect of individual to account for correla-
tion between repeated observations on the same individual
and to estimate the random variation among individuals (i.e.,
o). Sex-specific, among- and within-individual variance esti-
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mates, as computed using SAS (version 9.2, SAS Institute
Inc., Cary, North Carolina) under the models described,
were then used to calculate repeatability as per eq. 1.

We were also interested in changes in repeatability of re-
sponses as a function of increasing age. Body length is pre-
dictive of age in lake sturgeon despite slow growth rates
(Baker and Borgeson 1999; Bruch et al. 2009) and was used
as a proxy for age. We used quantiles to define three catego-
ries of body length for females and males separately. The
definition of categories based on quantiles was intended to
yield a similar number of observations per category. Female
categories for this analysis included individuals that were
(f1) 142-164 cm (28-42 years; n = 24), (f2) 166-174 cm
(43-48 years; n = 24), and (f3) 175-189 cm (49-57 years;
n = 22) TL, while male categories included individuals that
were (ml) 112-140 cm (15-25 years; n = 77), (m2) 141-
152 cm (26-30 years; n = 76), and (m3) 153-179 cm (35—
52 years; n = 79) TL. Likelihood ratio tests were used to
compare fit between models with homogeneous versus heter-
ogeneous residual (within-individual) and random (among-
individuals) variance components as a function of body size
(i.e., variance components are provided separately for each
length category). A p value < 0.05 on a likelihood ratio test
is considered evidence for improved model fit with hetero-
geneous variances, thereby providing significant evidence to
support size-based differences in repeatability. For each re-
sponse of interest, estimates of within- and among-individual
variance components were used to calculate sex-specific re-
peatability for the gth size category (g = fl, 2, f3, ml, m2,
m3), as described in the previous paragraph, such that:

~2

o
2 To=m—45
Gu,g + Ue,g

where Gi is the estimated variance among individuals in

D . R . ..
length category g, and o, is the estimated variance within in-
dividuals in length category g.

Spawning area selection

Temporal patterns in the use of different river areas for
spawning were modeled using a generalized linear mixed
model (GLIMMIX procedure, SAS version 9.2, SAS Institute
Inc., Cary, North Carolina) that used the logit link function to
fit the fixed effect of SSD to spawning area of capture (multi-
nomial categorical response; see Agresti 2007). No random
factors were included in the model. The response of interest
(area of capture) included six categorical levels (stream areas;
Fig. 1). Odds ratio estimates resulting from this model are in-
terpreted as the odds of a spawning event occurring in the fo-
cal area relative to such odds at a reference area. The
spawning area furthest upstream (Area 1; Fig. 1) was used
as a reference, based on empirical observations that spawning
groups appeared to utilize spawning areas further down-
stream as the season progressed (Forsythe 2010). An odds ra-
tio of 1 indicates that spawning is equally likely to occur in
both the area of observed spawning and reference area for a
given SSD. An odds ratio greater (or smaller) than 1 indicate
that spawning events are more (or less, respectively) likely to
occur in the observed area relative to the reference area. In-
ference was based on 95% confidence intervals (CIs) on

odds ratios and whether these intervals included the null
value of 1.

Variation in size of spawning adults arriving through the
season

To determine whether body size differed between early and
late spawners, a linear mixed model was fitted to the re-
sponse variable TL (dependent variable) at each capture.
This model included the fixed effects of sex, SSD, and their
interaction. The random effects of year and individual were
also included in the model to account for variation among
years and for repeated measurements on each individual
across years.

Results

A total of 1260 captures of 678 adult lake sturgeon were
made over 8 consecutive spawning seasons (2001-2008).
This represented 70% of the estimated 966 adults (916—
1044; 95% CI; E.A. Baker, unpublished data) in the popula-
tion. Most individuals were captured in multiple years. Be-
tween 100 and 234 adult lake sturgeon were observed
spawning in the UBR each year. Duration of spawning activ-
ity (range 19 to 43 days; Fig. 2) varied among years. More-
over, spawning activity was not continuous. Rather, distinct
groups of males and females were observed arriving, spawn-
ing, and departing from spawning areas (Fig. 2). The number
of spawning groups and the duration of intervals between
consecutive spawning groups also varied among years.

Spawning periodicity

Of the 678 adults captured between 2001 and 2008, 69 fe-
males (26% of total females captured) and 232 males (57% of
total males captured) were observed spawning during at least
2 of the 8 years surveyed (Fig. 3). Among recaptured individ-
uals, spawning interval was significantly longer for recap-
tured females (3.7 + 0.16 years, estimated least square
mean + SE) compared with recaptured males (2.3 =+
0.08 years) (Fjj99 = 49.5, P < 0.001). The intervals be-
tween spawning observations for an individual ranged from
1 to 7 years for males and from 2 to 7 years for females
(Fig. 4). There was no statistical evidence for an overall asso-
ciation between spawning interval and TL (F[j 99 = 0.04,
P = 0.84). Moreover, there was no evidence for an inter-
action between sex and the covariate body size on inter-
spawning interval, thereby indicating no significant
difference between sexes in the rate of change of the re-
sponse (F[1,299] = 123, P = 015)

Repeatability in spawning

Repeatability estimates for spawning time were comparable
in magnitude for day of calendar year and SSD (data not
shown). Since SSD better facilitates comparisons among
years, only results for SSD are provided. Variables with the
highest repeatability estimates were comparable for both
sexes and included SSD, river area, fraction of lunar illumi-
nation, and average river temperature (Table 1). Repeatability
of SSD was high for males and females (0.56 and 0.42) de-
spite the large interannual variation in the duration of spawn-
ing (Fig. 2). Thus, spawning time (SSD) for individual males
and females could be estimated with a high degree of cer-
tainty (Fig. 5). Based on a likelihood ratio test, there was no
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Fig. 2. Number of male (grey bars) and female (black bars) lake sturgeon captured upon arrival to spawning areas during each year for each
day of the season over 8 consecutive years (2001-2008) in the Upper Black River, Michigan. Day 1 is the first day of spawning activity for

each year.
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Fig. 3. Frequency distribution of capture and recapture events (N =
1260) for male (black bars; N = 408 individuals) and female (open
bars; N = 270 individuals) lake sturgeon collected arriving to
spawning locations over 8 consecutive years (2001-2008) in the
Upper Black River, Michigan.
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evidence for differences in repeatability between sex-specific
size categories for most variables. In contrast, for discharge
variables, statistical comparison of model fit supported heter-
ogeneity of variances, and thus heterogeneous repeatability,
among sex-specific size categories (Table 1).

Repeatability in spawning area selection

A significant association was identified between area of
spawning and SSD for both male and female lake sturgeon,
indicating that individuals were significantly more likely to
spawn in progressively downstream areas as the spawning
season progressed. Specifically, the odds of spawning in
downstream areas, relative to Area 1, were estimated to in-
crease by an overall factor of 9.7 (Area 3), 40.2 (Area 4),
90.9 (Area 5), and 31.7 (Area 6) for every 0.1 increase in
standardized spawning day (P < 0.001 for each area; Fig. 6).
No evidence for differences was apparent between Areas 1
and 2 (Fj 12477 = 1.82; P = 0.07). The choice of different
areas (1 or 2) as the reference upstream location did not af-
fect these conclusions (data not shown).

Variation in size of spawning adults arriving through the
season

A significant association was also found between TL and
SSD (£ 5601 = 9.02, P = 0.0028), indicating larger (i.e., pos-
itive slope; 2.7 + 1.2 cm (SE) increase per day) and presum-
ably older individuals arriving at spawning areas as the
season progressed. The interaction between SSD and sex
was nonsignificant (F; seo; = 2.84; P = 0.092).

Discussion

Individual-based analyses that included data from a large
proportion of the adult lake stugeon population in Black
Lake revealed that variation in spawning periodicity (i.e.,
interannual duration between spawning events) was small,
was shorter for males than for females, and was unrelated to
age. We also showed that intraannual individual reproductive
behaviors, such as relative spawning time within a season
(i.e., early vs. late) and locations selected for breeding over

Fig. 4. Estimated probabilities of female (top) and male (bottom)
lake sturgeon returning to spawn in the Upper Black River, Michi-
gan, during year ¢ + x, given that spawning has occurred in year ¢.
For example, there is an 18% chance that a male spawning in year ¢
will spawn in year ¢ + 1. Asterisks indicate upwardly biased prob-
ability estimates due to individuals likely missed between captures.

Female lake sturgeon

Male lake sturgeon

1.5 km (upstream vs. downstream), were consistent from
spawn to spawn. Analyses indicated that repeatability of
spawning in terms of water temperature, river discharge, and
the lunar cycle was comparably lower.

Spawning periodicity

Individual-specific estimates of spawning periodicity are
not commonly available for long-lived, iteroparous fish spe-
cies. Interannual spawning intervals have been reported to
vary with environmental cues that influence the physiological
condition of individuals and rates of gonad maturation (Dor-
oshov et al. 1997; Taylor 1986). Small variation in estimated
spawning periodicity suggests that the frequency of reproduc-
tion in this population of lake sturgeon is unaffected by inter-
annual variation in environmental conditions that individuals
experience during nonspawning periods. This result may be
specific to the Black Lake system (~3500 ha), where year-
to-year variation in environmental conditions may be small
in comparison with other larger systems (i.e., the Laurentian
Great Lakes). However, our estimates of spawning interval
for UBR lake sturgeon (2—4 years) are comparable with those
reported for other lake sturgeon populations inhabiting more
expansive and potentially heterogeneous areas (Roussow
1957; Magnin 1966; Bruch et al. 2009). Our estimates are
also consistent with other sturgeon species, including green
(Acipenser medirostris) (2-4 years; Erickson and Webb
2007), white (Acipenser transmontanus) (3-S5 years; Paraga-
mian et al. 2005), and Atlantic sturgeon (Acipenser oxyrin-
chus) (3 years; Caron et al. 2002), which have different life
histories and utilize large areas of open ocean during non-
spawning periods. Thus, estimates of spawning periodicity
may be generalizable to other locales and sturgeon species.

Because fecundity generally increases linearly with body
mass in fishes (Gross et al. 2002), and energetic allocation
to reproduction is substantially greater for larger individuals,
we predicted that spawning intervals would increase with in-
creasing age or size. In contrast, we found no evidence for an
association between spawning periodicity and individual size.
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Table 1. Estimated repeatability (range: 0-1) for standardized spawning day, river area (see Fig. 1), and environmental stream variables
in female and male lake sturgeon of the Upper Black River, Michigan.

Size class (cm)

Female Male

Variable Total 142-164 166-174 175-189  Total 112-140 141-152 153-179
Standardized spawning day 0.56 — — — 0.42 — — —
River area 0.16 — — — 0.14 — — —
Lunar illumination 0.15 — — — 0.04 — — —
Lagged water temp. 0.13 — — — 0.02 — — —
Average water temp. 0.12 — — — 0.00 — — —
Temp. change 0.00 — — — 0.00 — — —
Average discharge — 0.01 0.05 0.01 — 0.02 0.01 0.01
Lagged discharge — 0.00 0.08 0.00 — 0.00 0.01 0.00
Discharge change — 0.04 0.00 0.00 — 0.04 0.00 0.00

Note: Variables are rank ordered by the magnitude of repeatability estimates. Repeatability estimates are presented as overall means or on a size- or
age-group basis, depending upon statistical evidence of heterogeneous variances for body size as per a likelihood ratio test (see Materials and methods:
Spawning repeatability).

Fig. 5. Predicted standardized spawning day (+1 SE) for recaptured (a) female (N = 70) and (b) male (N = 232) lake sturgeon captured on more
than two occasions during 8 consecutive years (2001-2008). Individuals are presented in rank order by predicted standardized spawning day.
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Fig. 6. Estimated odds of lake sturgeon spawning in river Areas 2
to 6 (relative to upstream-most Area 1) in the Upper Black River,
Michigan (Area 1) as a function of standardized spawning day.
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Given that reproductive frequency (interspawning interval) is
tied to lifetime reproductive success in long-lived species
(Stearns 1992) and should be under selection, lack of a posi-
tive association between interspawning interval and age or
size could be due to the fact that the Black Lake lake stur-
geon have been harvested extensively and have a young age
structure (Baker and Borgeson 1999).

Interspawning interval was significantly shorter for male
than for female lake sturgeon. Differences in the reproductive
frequency between sexes are likely determined by resource
allocation that dictates predictably longer egg than sperm de-
velopment times (Stearns 1992; Bruch et al. 2001). However,
13% of females were recaptured spawning within 2 years of
their previous spawning, suggesting the time required to ac-
cumulate and allocate energy to reproduction may not be a
constraint on spawning time for at least some individuals in
this population. Further information regarding reproductive
effort during each year would be needed to evaluate alterna-
tive explanations for interindividual variation in female repro-
ductive frequency.

Differences in spawning periodicity between males and fe-
males are important in lake sturgeon and other long-lived
iteroparous species, particularly in situations of low adult
population size and polygamous mating systems (Sugg et al.
1996). Spawning asynchrony between males and females will
lower probabilities of encountering and mating with the same
or potentially related individuals over multiple reproductive
episodes. Shorter interspawning intervals for males result in
male-biased operational sex ratios each year (Duong 2010;
Forsythe 2010). For broadcast-spawning species, male-biased
sex ratios can be important to increase fertilization rates and
reproductive success (Emlen and Oring 1977; Levitan and
Petersen 1995).

Repeatability of spawning

Spawning time is affected by physiological, environmental,
and genetic factors in migratory fish (Rogers et al. 2006;
Cushing 1990). In the UBR, lake sturgeon spawn over
23 days per year on average, with peaks of spawning activity
occurring in association with phases of the lunar cycle (i.e.,
full or new moon), increasing water temperature, and declin-

ing river discharge (Forsythe 2010). Lunar cycles have been
implicated in endocrine activity (Takemura et al. 2004).
Spawning during new or crescent phases of the lunar cycle
may also facilitate larval dispersal from spawning sites during
periods of greater darkness, thereby reducing risk of preda-
tion from visual predators. Hernandez-Leon (2008) further
suggested that lunar-cued spawning activity that exposes lar-
vae to conditions of reduced visibility (i.e., dark moon
phases) or increased probabilities of encountering food at the
onset of exogenous feeding (i.e., light moon phases) affects
recruitment in other fish species.

Several factors should be considered when interpreting the
data. Although observations were made based on captures
and recaptures of approximately 70% of the estimated adult
population in Black Lake, our measurements of repeatability
were dominated by observations from consecutive spawning
episodes over a relatively short period of time. Thus, there
may be temporal autocorrelation in environmental variables
that would not be evident over an individual’s lifetime. How-
ever, estimates of SE for predicted SSD for individuals cap-
tured twice were not different from SE estimated from
individuals captured more than two times (data not shown).
Our observations were also made from a single population,
and our findings may differ in other systems. However, con-
siderable similarities and synchrony in spawning chronology
of other Great Lakes tributaries with the UBR can be found
(Elliott and Gunderman 2008), and intra-annual variability,
as evidenced by multiple spawning groups within year, has
been documented (Auer and Baker 2002). Further, our quan-
titative results at the individual-level support reports of popu-
lation-level variation documented in earlier studies (Auer
1996; Bruch and Binkowski 2002; Paragamian and Kruse
2001). Whether repeatability would be this stereotyped in
larger systems, where the window of opportunity to repro-
duce for individuals may be considerably larger, remains an
important future avenue of research.

Our results, showing the occurrence of multiple and tem-
porally segregated breeding groups and high repeatability of
spawning date, also suggest the intriguing possibility that
early and late spawning groups of adults may be reproduc-
tively isolated by time (Hendry and Day 2005). The tenden-
cies for adults to spawn at specific times as a function of
different environmental characteristics can promote diver-
gence in phenotypic, physiological, or life history traits of
offspring (Woody et al. 2000; Hendry and Day 2005; Still-
well and Fox 2005). For example, individuals that spawn
consistently at the same time within a season may have sim-
ilar gonad maturation schedules entrained by time-related en-
vironmental cues, such as photoperiod. Photoperiod has been
shown to be a important cue for lake sturgeon to enter the
UBR (Forsythe 2010) and to affect the timing of reproduc-
tion for other temperate fishes (Doroshov et al. 1997; Tar-
anger et al. 1998; review by Migaud et al. 2010). These
patterns, along with evidence for the covariation of early life
traits with environmental conditions (Crossman 2008), sug-
gest that subpopulation differentiation may have developed
among different spawning groups. However, high repeatabil-
ity for spawning time (SSD) and spawning location may also
indicate future challenges for numerically depressed iteropar-
ous species. If early and late spawning segments represent re-
productively isolated subpopulations, assortative mating as a
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function of repeatable timing of reproduction will decrease
the effective breeding population size (Frankham 1995).

Repeatability in spawning area selection

Spawning site selection can contribute greatly to variation
in inter- and intra-annual reproductive success of migratory
fish (e.g., Bernier-Bourgault and Magnan 2002). Our obser-
vations indicated that the UBR has numerous suitable spawn-
ing areas throughout a 1.5 km section. Despite the close
proximity of spawning areas in the UBR, adults arriving ear-
lier in the season were more likely to select locations further
upstream (Areas 1-3) relative to individuals arriving later
(Areas 3-6) . This trend was consistently observed across
years despite inter- and intra-annual variation in temperature
and stream hydrogeomorphology in the UBR (Forsythe
2010). Similar seasonal patterns have been noted in other mi-
gratory fish (e.g., Orians and Wittenberger 1991; Doctor and
Quinn 2009). Studies have implicated behavioral traits allow-
ing individuals to select certain environmental features (re-
viewed in Olson et al. 1978; Kieffer and Colgan 1992),
including mate copying, homing, genetics (Hansen and Jons-
son 1991), or olfaction (Quinn et al. 1999, 2006), all of
which can return individuals consistently to areas differing
in intrinsic physical properties within natal streams.

Data showing early and late spawning adults consistently
using different spawning areas, despite their proximity, sug-
gest temporal variation in habitat quality within a spawning
season. Alternatively, early and late spawning individuals
may differ in their responses to environmental cues. This dif-
ference in spawning area selection may also reflect differen-
ces in the physiological, hormonal condition, or age—size of
individuals at the time of arrival to spawning areas (Crossin
et al. 2008). Late arriving females, for example, may be in
the final stages of gonad maturation and thus spawn in the
first suitable (i.e., downstream) location encountered relative
to females with the predisposition to arrive early and with
more time to select spawning areas. Alternatively, relatively
high estimates of repeatability for spawning area (especially
for females) may suggest a degree of homing, genetic effects,
or selection for hydro- and geomorphological cues that vary
consistently across a spawning season and among locations.

Age-specific variation in reproductive behavior

Age- and sex-dependent reproductive behaviors have been
reported for many species, including migratory fish (e.g.,
Dickerson et al. 2002; Paitz et al. 2007; Niemeld et al.
2006). Because lake sturgeon are long-lived and individuals
have opportunities to breed multiple times, repeatability
could increase as a function of reproductive experience (i.e.,
learning), (e.g., Cyanistes caeruleus; Grieco et al. 2002).
Although repeatability associated with some environmental
variables (e.g., river discharge) varied among age classes, we
found no statistical evidence that repeatability for SSD or for
environmental conditions changed over size categories that
are generally related to increasing age. Lower repeatability in
male spawning time may be a reflection of sex-based alterna-
tive reproductive strategies or greater flexibility in reproduc-
tion among males (Bateman 1948; Shuster and Wade 2003),
whereby males may modify where and when they spawn to
increase mate number based on the timing of spawning and
locations used by females.
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Broader implications

Sturgeons have complex life histories that provide opportu-
nities to document environmental effects on reproductive ac-
tivities at the individual and population levels over multiple
temporal and spatial scales. However, these long-lived fishes
are among the least-studied fishes in North America. Most
species are also declining world-wide because of anthropo-
genic influences. These influences modify spawning habitats,
which decouple associations between the timing of reproduc-
tion and environmental conditions and can be tied to off-
spring survival (Portner and Farrell 2008).

Studies that have attempted to document the degree of spa-
tial and temporal segregation of breeding groups at compara-
tively small scales have been hampered by a lack of long-term
data (Doctor and Quinn 2009). Based on our 8-year time ser-
ies (Forsythe 2010; Duong 2010; data presented here), we
suggest that for lake sturgeon, and potentially populations of
other long-lived iteroparous fish species, environmental condi-
tions during spawning events at certain times and locations
within a spawning season may be more predictive of recruit-
ment at the population level than population demographic
composition (i.e., the number of spawning adults utilizing
these locations). High repeatability for spawning time, and
findings showing that temperature and discharge are important
cues that individuals responded to repeatedly across reproduc-
tive episodes (Forsythe 2010), can be used to guide manage-
ment decisions associated with dam operations and to predict
timing and location of spawning in response to natural inter-
and intra-annual environmental variation.
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