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Abstract In Great Lakes tributaries, age-0 juvenile
lake sturgeon Acipenser fulvescens use riverine nursery
habitats during their first summer of life and migrate to
adjacent lakes after a seasonal decline in water
temperature. We used mark-recapture data collected
during this river-residency phase to monitor patterns in
juvenile abundance and movement in the Peshtigo
River, Wisconsin, during 2006 and 2007. Jolly-Seber
and multistate models were used to estimate abundance
and describe the probability of movement between
river sections. Juvenile abundance was higher in 2007
than in 2006; however, in both years, abundance at the
end of the sampling season was lower than at the
beginning. Downstream movements were observed

more frequently than upstream movements, and the
probability of a downstream movement was higher
than the probability of an upstream movement. The
lower abundance later in the sampling season and
propensity for downstream movements suggests
that some age-0 juvenile lake sturgeon may leave
the natal river before a seasonal decline in water
temperature.

Keywords Age-0 juvenile lake sturgeon . Abundance .
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Introduction

Lake sturgeon Acipenser fulvescens were historically
abundant throughout the Great Lakes; however, their
current abundance is approximately 1% of historical
levels (Hay-Chmielewski and Whelan 1997).
Substantial declines occurred in the 1800s due to
widespread overharvest and habitat degradation, and
populations have persisted at low levels throughout
the 1900s (Harkness and Dymond 1961; Auer 1999a).
Although interest in rehabilitating this species has
increased over the past few decades, critical knowl-
edge gaps relating to juvenile lake sturgeon ecology,
particularly movement patterns and recruitment, still
exist. A better understanding of these attributes will
aid restoration efforts by identifying the extent of
critical habitats required by juveniles and allow more
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accurate forecasting of adult populations (Auer
1999a; Secor et al. 2002).

Adult lake sturgeon migrate into tributaries of the
Great Lakes for spawning, and their offspring use
these rivers for nursery habitat. Larval lake sturgeon
drift downriver from hatching to nursery areas
between 16 and 22 mm in length, begin exogenous
feeding, and take up residence on nursery habitat
within the natal river (Kempinger 1988; Auer and
Baker 2002; Benson et al. 2006). Once larvae reach
40–50 mm in total length and settle in nursery
habitat they are considered age-0 juveniles. This life
stage prefers shallow water depths (<1.5 m) and are
typically found over soft sediments which allows
them to forage for benthic macroinvertebrates
(Kempinger 1996; Chiasson et al. 1997; Beamish et
al. 1998; Benson et al. 2005a). The duration of this
river-residency phase can vary, but once river water
temperatures decline in late summer and fall, age-0
juvenile lake sturgeon in tributaries to the Great
Lakes leave their natal river and migrate to the
adjacent lake (Holtgren and Auer 2004; Benson et al.
2005a).

Age-0 juvenile lake sturgeon can be effectively
sampled within river nursery areas and have been
captured in a number of Great Lakes tributaries (e.g.,
Kempinger 1996; Holtgren and Auer 2004; Benson
et al. 2005b). The resulting mark-recapture data can
be used to determine age-0 juvenile abundance.
However, only one study has sampled age-0 juveniles
on a spatial and temporal scale sufficient enough to
estimate abundance within natal river nursery habitats.
Benson et al. (2006) estimated the abundance of the
2003 lake sturgeon year class within the Peshtigo
River, Wisconsin, to be 261 age-0 juveniles (95% CI:
164–386 fish). This estimate was only for large
(>150 mm) age-0 juveniles and was generated with a
closed-population estimator. Through use of an
open-population estimator and marking fish at smaller
sizes, accurate estimates of abundance could be
generated throughout the sampling season for a greater
size range of age-0 juveniles. Conducting such
estimates would allow for better forecasting of adult
population abundance, and if conducted over sufficient
years, may allow patterns in recruitment to be detected,
promoting a better understanding of this population
parameter.

Mark-recapture data can also be used to examine
movement patterns of fish, and it serves as the basis

for multistate models (Brownie et al. 1993).
Multistate models are a generalization of the
Cormack-Jolly-Seber models (Cormack 1964; Jolly
1965; Seber 1965) and, in addition to estimating
survival and capture probabilities, also incorporate
movement data (Brownie et al. 1993). These models
allow the user to define specific states, then yield
estimates of the probability that an individual within
the given population will transition from one state to
another. Biological hypotheses about the data can be
tested by evaluating the fit of different models to the
data. For example, to test the hypothesis that
survival does not differ by river section, the support
for a model with section-specific survival would be
compared to that of a model without section-specific
survival. By defining different sections of a river as
states, the probability of movement within a river
can be described.

While movement patterns of adult lake sturgeon
have been described for a variety of systems (e.g.,
Fortin et al. 1993; Rusak and Mosindy 1997;
McKinley et al. 1998; Auer 1999b; Knights et al.
2002), movement data on age-0 juveniles is less
complete and has only been generated for large
(>220 mm) fish using radio telemetry (Holtgren and
Auer 2004; Benson et al. 2005a). Utilizing mark-
recapture data would allow movement patterns of
smaller (50 – 220 mm) age-0 juveniles to be
described. The objectives of this study were to: 1)
determine trends in abundance of age-0 juvenile lake
sturgeon during river residency; and 2) describe the
movement patterns of age-0 juvenile lake sturgeon.
These results will provide information about the
variation of lake sturgeon recruitment and provide a
better understanding of the river-residency phase of
juvenile lake sturgeon.

Methods

Study site

This research was conducted in the lower Peshtigo
River, a tributary of Green Bay, located in northeastern
Wisconsin (N 45o 0.246’ W 87o 41.335’; Fig. 1). Adult
lake sturgeon spawn immediately below a dam
(located 19 km upstream from Green Bay), and after
hatching, larvae drift downriver and age-0 juveniles
use the lower sections of the river as nursery habitat.
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Based on river morphology and post-hoc fish capture
locations, the nursery area was divided into five
sections (Fig. 1). The upstream boundary of the
sampled area was a rapid at river kilometer (rkm) 12
(distance from the mouth). Once larval or age-0
juvenile sturgeon drifted or moved downstream of this
area, they likely could not move above it because of
their poor swimming ability (Peake et al. 1997).
Sampling above rkm 12 occurred on one occasion in
2006 and two occasions in 2007. No age-0 juveniles
were captured above rkm 12 in 2006, and only one
age-0 juvenile was captured above rkm 12 in 2007;
therefore, the upper seven kilometers of river were not
sampled in subsequent events. Each section was
separated from those adjacent to it by a stretch of
river at least 100 m in length that contained either
poor habitat (woody debris, vegetation) or deep
water (2 to 4 m). All deep waters (>2 m) within
and between river sections were searched by

SCUBA divers who neither captured nor observed
age-0 juveniles in these areas.

Field methods

For the remainder of the manuscript the term
‘juvenile’ refers to age-0 juvenile as all juvenile
sturgeon captured on nursery habitat in the Peshtigo
River were age 0. Juvenile lake sturgeon were
captured during 10 sampling events each from 19
June through 9 August 2006 and from 13 June
through 3 August 2007. Juvenile lake sturgeon
between 50 and 100 mm were captured by daytime
snorkeling. Three (2006) or four (2007) snorkelers
were equally spaced across the river channel and
passively floated downstream scanning waters up to
2 m in depth for juvenile sturgeon. When a juvenile
sturgeon was located, the snorkeler floated past the
fish, approached from downstream, and captured it

Fig. 1 Map of the lower Peshtigo River, Wisconsin, showing the five river sections, capture locations of age-0 juveniles in 2007, and
river distances from Green Bay
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with a dip net. Once fish reached 100 mm in total
length, their increased swimming ability allowed them
to avoid capture. At this size, juveniles were large
enough to be seen using a spotlighting technique
(Benson et al. 2005a). Night sampling included
scanning shallow waters (<2 m) with spotlights while
wading or slowly motoring upstream. Once fixed in a
spotlight beam, juveniles became stationary and could
be approached from downstream and captured using
larger dip nets.

Each sampling event included searching all waters
from the mouth to the top of “Section 1” at rkm 12.
Each event lasted two or three days, and between two
and six days elapsed between sampling events. All
captured sturgeon were measured for total length (to
the nearest 1 mm), and fish observed for the first time
were given a unique mark. Juveniles between 50 and
150 mm were marked with Visible Implant Elastomer
(VIE; Northwest Marine Technology, Shaw Island,
Washington), using a combination of four colors
(orange, blue, red, and green) and four tagging locations
(under the rostrum, anterior and posterior of the barbels
on both sides of the body midline) to uniquely mark
each fish. Once juveniles reached 150 mm in total
length, a PIT tag (13.5 mm long; model TX1405L,
Biomark Inc., Boise, Idaho) was implanted dorso-
laterally behind the second scute of each individual. In
2006, all fish that received a PIT tag also received a VIE
mark. Due to a larger year class in 2007, juveniles
were given both marks only until VIE was no longer
available. After marking, all fish were released at the
site of capture. A handheld global positioning system
(GPS; Garmin Ltd., Olathe, Kansas) was used to
record the latitude and longitude of each capture and
subsequent recapture location.

Abundance

We used open population Jolly-Seber (JS) models (Jolly
1965; Seber 1965) in the POPAN option of program
MARK (White and Burnham 1999) to obtain
maximum-likelihood estimates of population size at
the onset of the first sampling event and subsequent
abundance during later events. In addition to abun-
dance estimates, these models also provide estimates of
survival and capture probabilities. The survival param-
eters represent apparent survival, allowing for both
death and permanent emigration from the study site.
We considered a small suite of models because our

purpose for this analysis was abundance estimation
rather than testing hypotheses about reasons for change
in abundance. We considered combinations of models
that allowed each of the parameters (abundance,
survival, and capture) to remain constant or vary
throughout the sampling season. Model selection was
based on Akaike’s information criterion (AICc;
Hurvich and Tsai 1989). The selected model had the
lowest AICc value and highest Akaike weight, which
represents the approximate probability that the specified
model is best given the data and the other candidate
models run (Burnham and Anderson 2002).

Movement

The coordinates of each capture location were
uploaded to ArcGIS 9.2 (ESRI, Inc., Redlands,
California), and distances between the capture and
recapture locations of each individual fish were
measured to the nearest 10 m. Distances moved
upstream were represented by positive values, while
distances moved downstream were represented by
negative values. The number of fish moving upstream
and downstream during each sampling event was also
recorded.

We estimated movement probability of age-0
juvenile lake sturgeon between sections of the river
using multistate models (Brownie et al. 1993).
Multistate models are similar to Cormack-Jolly-
Seber models except estimated survival and capture
probabilities are state-specific, which in our study was
section of the river, and movement among states can
be estimated (Brownie et al. 1993). Sufficient data
was only collected from the 2007 lake sturgeon year
class and multistate models were only fitted to that
data set. Five states were defined, which corresponded
to the five sections of the lower Peshtigo River, and we
estimated the probability of movement between any
pair of river sections. These models were fitted to the
2007 mark-recapture data using the multi-state option
in program MARK (White and Burnham 1999).
Goodness-of-fit testing for the most general model
(Pradel et al. 2003) was conducted using the program
U-CARE (Choquet et al. 2005).

The most general model was indicated by S(ts) p
(ts) Ψ(ts), allowing the probabilities of survival (S),
capture (p), and movement (Ψ) to vary both by time
(t) and by river section (s). This general model failed
to reach numerical convergence in MARK, likely due
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to the number of movement parameters estimated
(180, one for each possible movement between five
river sections estimated during each of nine time
intervals). The time specificity of each possible
movement was removed (160 parameters) and the
model S(ts) p(ts) Ψ (s) reached convergence and was
used as a starting point for further constraints.
Reduced models were chosen based on biological
hypotheses (Table 1) and were named by removing
sources of variation (t, s) to indicate the excluded
effect. Model names that included (.) were those
testing if the corresponding variable was constant
over time and by section. Movement parameters
were also modified to evaluate whether the proba-
bility of movement depended on the direction
traveled (upstream versus downstream), the distance
moved (one river section versus multiple river
sections), and the river section from which the
move was initiated. Mean water temperature and
mean fish size were included as covariates in
models that allowed movement to vary over time
to determine if these factors explained variability in

movement. The AICc value and model weight were
used to evaluate all candidate models and to
determine which model best fit the data (Burnham
and Anderson 2002). Estimated values of model
parameters are followed by their standard errors.

Results

Tag loss from age-0 juvenile lake sturgeon in the
lower Peshtigo River was not observed in 2006 and
was minimal in 2007. There was no evidence of VIE
or PIT tag loss from any fish recaptured in 2006. In
contrast, two of the recaptured fish in 2007 had likely
expelled their PIT tag. A wound on each individual at
the tagging site suggested a PIT tag loss, but because
these two fish did not belong to the group of 13 fish
that were double marked, tag loss could not be
confirmed and unique identification could not be
made. As a result, these fish were excluded from the
study. There was no evidence of VIE tag loss during
2007.

Table 1 Hypotheses and candidate models used to estimate probabilities of survival (S), capture (p), and movement (Ψ) of age-0
juvenile lake sturgeon in the Peshtigo River, Wisconsin, during 2007, including AICc values, model weights, and number of
parameters (NP) estimated for each model

Hypothesis Tested Model Name AICc AICc Weight NP

General model — failed to converge S(ts) p(ts) Ψ (ts) 270

General baseline model, no difference in movement over time S(ts) p(ts) Ψ (s) 2617.138 0.00 110

No difference in survival between sites S(t) p(ts) Ψ (s) 2536.872 0.00 74

No difference in survival over time S(s) p(ts) Ψ (s) 2536.117 0.00 70

No difference in survival between sites or over time S(.)p(ts) Ψ (s) 2527.725 0.00 66

No difference in capture probability over time S(.)p(s) Ψ (s) 2545.651 0.00 26

No difference in capture probability between sites S(.)p(t) Ψ (s) 2565.857 0.00 30

No difference in capture probability between sites or over time S(.)p(.) Ψ (s) 2593.475 0.00 22

No difference in probability of movement between river sections S(.) p(ts) Ψ (t) 2530.918 0.00 55

Probability of movement varies only by direction traveled S(.) p(ts) Ψ (D) d 2520.268 0.04 48

Probability of movement varies only by distance traveled (short versus long) S(.) p(ts) Ψ (C) c 2519.832 0.05 48

Probability of movement varies by direction and distance S(.) p(ts) Ψ (A)a 2515.046 0.50 49

Probability of movement varies by direction, distance, and starting river section S(.) p(ts) Ψ (B) b 2515.424 0.42 55

a A: Ψ modeled as 3 parameters, 1) movement of one section upstream from any section, 2) movement of one section downstream
from any section, and 3) movement of two or more sections in any direction from any section
b B: Ψ modeled as 9 parameters, 1–8) movement of one section upstream and one section downstream from each of the five sections,
and 9) movement of more than one section in any direction from any section
c C: Ψ modeled as 2 parameters, 1) movement of one section in any direction from any section and 2) movement of more than one
section in any direction from any section
d D: Ψ modeled as 2 parameters, 1) upstream movement of any distance from any section and 2) downstream movement of any
distance from any section

Table 1 Hypotheses and candidate models used to estimate
probabilities of survival (S), capture (p), and movement (Ψ) of
age-0 juvenile lake sturgeon in the Peshtigo River, Wisconsin,

during 2007, including AICc values, model weights, and number
of parameters (NP) estimated for each model
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Abundance

The best supported JS model during 2006 estimated
time-varying abundance, but capture probability and
survival did not differ by time. During 2006, 50 lake
sturgeon were marked with 27 subsequent recaptures,
including six fish that were recaptured twice and three
fish that were recaptures three times. The total length
of fish that were captured ranged from 53 to 215 mm.
Population abundance declined from an initial
estimate of 108 (95% CI: 80–162) juveniles to 28
(95% CI: 10–45) fish by the 4 August sampling event
(Fig. 2). Capture probability for each sampling event
and daily survival throughout the sampling season
were estimated to be 0.18 (0.04) and 0.95 (0.02),
respectively.

The 2007 year class was larger than 2006 and
although survival did not vary between the time
periods, capture probability and abundance did.
During the sampling season, 649 different juvenile
lake sturgeon were marked with 384 subsequent
recaptures, including 65 fish that were recaptured
twice, 18 fish that were recaptured three times, and
six fish that were recaptured four times. Fish size

ranged from 50 to 210 mm in total length. The JS
model that had the lowest AICc value and highest
model weight (0.60) included a single parameter for
survival (0.94, 0.006), but capture probability differed
by sampling event (ranged from 0.07, 0.016 to 0.32,
0.034). The abundance estimates yielded by this
model began with an initial population size of 1260
(95% CI: 1127–1431) juveniles, which had declined
to 454 (95% CI: 384–522) fish on the 31 July
sampling event (Fig. 2).

Movement

Downstreammovements were observedmore frequently
than upstream movements in 2006. Of the 27 lake
sturgeon recaptured, 16 were recaptured downstream
and nine upstream, with two fish being recaptured within
10 m of their last capture location. The mean distance
moved by recaptured juveniles was 130 m downstream,
and the median distance moved was 20 m downstream.
The longest observed downstream movement was
2240 m, and the longest observed upstream movement
was 370 m (Fig. 3). Only one juvenile was captured in
river “Section 1”, and that individual was never
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recaptured. Due to lack of sufficient data, multistate
modeling was not conducted for this year class.

Spatial coordinates of capture locations were only
recorded for 312 of the 384 total lake sturgeon
recaptured in 2007; therefore, distances moved could
only be calculated for this subset of fish. More fish
moved downstream than upstream (153 compared to
139; Fig. 3), while 18 fish were recaptured within
10 m of their last capture location. Two juveniles
were marked on one side of the split in river
“Section 2” and recaptured on the other side,
requiring both a downstream and upstream move-
ment. The mean distance moved by recaptured
juveniles was 90 m upstream, and the median distance
moved was 0 m. The longest observed downstream
movement was 3590 m and the longest observed
upstream movement was 9190 m. The number of age-
0 juveniles moving upstream and downstream was
similar during each of the sampling events (Fig. 4).

The most general multistate model (S(ts) p(ts)
Ψ(ts)) adequately described the data set (χ2=68.21,
df=84, P=0.894). In the best supported models,
survival was constant between river sections and over
time; however, capture probabilities varied by both
river section and sampling event (Table 1). Models
that allowed movement to vary only by river section
or time were not well supported (ΔAICc >15.87), and
including mean water temperature and mean age-0
juvenile size as covariates for movement did not
improve model fit (ΔAICc=34.53; weight <0.01).

Once the number of movement parameters was
reduced by direction and distance traveled, two
models were clearly better supported than all the rest.

The weight of the best fit model (referred to as model
A) was 0.50, and the weight of the second best model
(referred to as model B) was 0.42, with a ΔAICc of
0.379. This indicated nearly equal support for these
two models, which were approximately eight times
better supported by the data than the next best model
(weight=0.05; Table 1).

There was no difference in the structure of the
parameters estimating survival and capture probability
between models A and B. The probability of daily
survival in between sampling events was constant by
site and through time and was estimated to be 0.953
(0.006) in model A. Combined, there were 27 days
between the sampling events, so the overall probability
of surviving and remaining in the study area for the
duration of this research was 0.95327=0.273. Capture
probability differed both by sampling event and river
section. The 45 parameters for capture probability
varied from 0 (instances when no fish were captured)
to 0.469 (0.066), and generally decreased from
upstream to downstream sections (Table 2).

Models A and B only differed by the number and
type of movement parameters. In model A, three
movement parameters were estimated: 1) the probability
of moving upstream one river section from any location;
2) the probability of moving downstream one river
section from any location; and 3) the probability of
moving two or more sections in any direction. The
probability of moving one section downstream (0.064,
0.016) was greater than the probability of moving one
section upstream (0.028, 0.008), and the probability of
making any other movement (0.015, 0.004) was lower
than both of these movement probabilities. Model B had
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nine movement parameters: 1) the probability of
moving two or more sections in any direction (0.013,
0.004); and 2–9) the probability of moving one section
upstream or one section downstream from each
location. For any given section, there was a higher
probability that a juvenile lake sturgeon would move
downstream rather than upstream (Table 2). Neither of
these models reflected a directional difference in the
probability of moving more than one section.

Discussion

Wide fluctuations in recruitment are not uncommon in
species with reproductive strategies similar to that of
the lake sturgeon (Winemiller and Rose 1992).
Estimates of juvenile abundance and recruitment
should be made over multiple years so that the extent
of variation in year-class strength can be described.
The absolute abundance of age-0 juvenile lake
sturgeon in the Peshtigo River was more than

ten-fold greater in 2007 than it was in 2006. A
dewatering event at the Peshtigo dam soon after lake
sturgeon had deposited eggs reduced the size of the
2006 year class (D. Caroffino, unpublished data). The
abundance of the 2003 year class of lake sturgeon in
the Peshtigo River was estimated using mark-recapture
data from PIT tagged age-0 juveniles (Benson et al.
2006). Comparing this estimate to those made from
similar sized fish during 2006 and 2007 suggested that
the 2003 year class was likely intermediate in strength
(261 juveniles; 95% CI: 164–386 fish) between the poor
year class of 2006 (36 juveniles; 95% CI: 18–34 fish)
and the strong year class of 2007 (535 juveniles; 95%
CI: 442–628 fish). Continued sampling of future year
classes to establish a long-term data set in this and other
sturgeon rivers will only increase the understanding of
the variability that can be expected in annual lake
sturgeon recruitment.

The capture probability for juvenile lake sturgeon
was not constant during this study. Differing sampling
methods and conditions contributed to changing

Table 2 Parameter estimates for second best multistate model, including the probability of juvenile sturgeon moving upstream or
downstream one river section and mean capture probability (p) in each section. Probability of survival was constant (0.953, SE=0.06)

Section Upstream probability (SE) Downstream probability (SE) Mean p (SE)

1 – 0.023 (0.014) 0.33 (0.058)

2 0.021 (0.008) 0.073 (0.028) 0.23 (0.035)

3 0.023 (0.015) 0.173 (0.063) 0.08 (0.015)

4 0.047 (0.028) 0.062 (0.045) 0.14 (0.030)

5 0.099 (0.101) – 0.07 (0.027)
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capture probabilities over time. Snorkeling was most
effective during sunny days with low flow conditions as
the river was clearer and a greater number of deep areas
could be effectively searched. Calm, clear nights were
essential for successful capture during spotlighting.
Surface disturbances caused by rain or wind reduced
visibility, sometimes to the extent that sampling could
not be performed. Although each river section was
subjected to the same amount of effort, capture
probability also varied between the five river sections,
likely caused by river morphology. Lower capture
probabilities were observed in wider, deeper areas of
the Peshtigo River.

Although the absolute abundance of age-0 juvenile
lake sturgeon differed greatly between 2006 and
2007, the pattern of the abundance estimates between
the 2 years was similar. The number of sturgeon
present on the nursery grounds declined rapidly from
the initial estimate and then increased before slowly
declining again. The increase, observed in both years,
corresponded to the switch of sampling methods from
snorkeling to spotlighting, which occurred in the
fourth sampling event (10–11 July) in 2006 and the
fifth sampling event (5–6 July) in 2007. This increase
may represent an influx of juveniles moving down-
river into the sampling area. Because no fish were
captured during snorkeling surveys above the rapids
at rkm 12 in 2006, it was assumed that most larvae
drifted into the sampled area. Due to the small year
class in 2006, if a group of juveniles was present and
not detected upstream of “Section 1”, their down-
stream movement into the sampled area could have
caused the observed increase in juvenile abundance.
Only one juvenile was captured above rkm 12 in
2007, and because of the overall size of the year class,
the impact of a small group of fish moving into the
sample area would not have been as large. The
increase in abundance observed in 2007 was within
the bounds of the confidence intervals from previous
sampling events.

The drift behavior of larvae may have caused
abundances to decline from their initial level. Larvae
moved downriver up to 40 d after spawning in the
Sturgeon River, Michigan (Auer and Baker 2002).
Sampling in the Peshtigo River began 30 and 37 d
after spawning in 2006 and 2007, respectively.
Although marked fish all exceeded 50 mm on the
first sampling event, they resembled larvae, lacking
the distinctive mottled coloration, scutes, and well-

developed fins that characterize age-0 juveniles
(Peterson et al. 2006). Some individuals marked on
the initial sampling event may have continued to
move downstream and left the river, preventing their
recapture and causing the initial drop in abundance.
Recaptures were infrequent during the early sampling
events, preventing evaluation of the movement of fish
of this size. Small lake sturgeon may also be
susceptible to higher rates of predation until their
protective scutes develop; however, analysis of
stomach contents from 746 potential sturgeon predators
revealed that only one lake sturgeon (<50 mm) was
consumed (Caroffino 2009). If predation contributed to
the decline of age-0 juveniles, it would be expected to
have a high impact while juveniles are small and a
diminishing effect as age-0 juveniles attain a larger size
(Gadomski and Parsley 2005b).

Once juveniles exceeded 100 mm in total length,
the estimates of abundance were lower during
subsequent sampling events. Although there was
overlap in some of the confidence intervals for the
latter abundance estimates, we also observed fewer
fish in the river later in the season. This decline may
represent natural mortality from starvation or preda-
tion. Despite the extensive visual surveys conducted
throughout 2006 and 2007, no dead sturgeon were
observed. All fish that were captured were in good
condition and demonstrated rapid growth rates (up to
3.8 mm per day), similar to those observed in the
2003 year class (Benson et al. 2006). In addition,
stomach contents from 376 potential piscine predators
were examined for the presence of juvenile lake
sturgeon larger than 50 mm during the 2 years of this
study, and there was no evidence of juvenile
consumption (Caroffino 2009). Although the impact
of avian predators present along the lower Peshtigo
River was not evaluated, the following species were
observed during this research: belted kingfisher
Megaceryle alcyon, great blue heron Ardea herodias,
snowy egret Egretta thula, black-crowned night heron
Nycticorax nycticorax, osprey Pandion haliaetus, and
bald eagle Haliaeetus leucocephalus. The nocturnal
behavior of age-0 juvenile lake sturgeon (Chiasson et
al. 1997; Holtgren and Auer 2004; Benson et al.
2005b) may reduce predation risk from both avian
and fish predators. Gadomski and Parsley (2005a)
found that predation of juvenile white sturgeon
Acipenser transmontanous was reduced in low-light
conditions. It is unlikely that natural mortality alone
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caused the reduction in abundance of age-0 juvenile
lake sturgeon that was observed.

Modeling suggested that survival of age-0 juvenile
lake sturgeon was constant by site and through time.
This parameter does not exclusively estimate the
probability of survival, but the probability of surviving
and remaining in the sampled area. Due to the observed
initial drop in population abundance, we speculated that
survival may have differed during the first or second
time period; however, modeling survival as two param-
eters, one for the initial drop and one for the remainder of
the time period was not better supported than models
with a single survival parameter (ΔAICc=3.70). The
best fit models estimated daily survival between the
sampling periods to be 0.953. The remaining 0.047
represents mortality and/or emigration. In a laboratory
environment, mortality of age-0 juvenile lake sturgeon
was negligible, ranging from 0 to 0.6% over 5 weeks
(Fajfer et al. 1999). Although consumption of lake
sturgeon by predators or evidence of other mortality
was not observed in the Peshtigo River, it may occur.
However, it is also likely that juveniles may leave the
river and migrate to Green Bay throughout the summer
months.

Despite capture probabilities that generally decreased
in lower sections, downstream movements were
detected more often than upstream movements. Multi-
state models that separated movements by direction,
either upstream or downstream, were better supported
than those that did not. In all cases, if a juvenile sturgeon
had the opportunity to move upstream or downstream to
an adjacent section, the probability of moving
downstream exceeded the probability of moving
upstream, reflecting an apparent trend toward down-
stream movement. Research utilizing radio telemetry to
monitor the movements of age-0 juvenile lake sturgeon
has suggested that they leave the natal river after a
decline in water temperatures during late summer and
early fall (Holtgren and Auer 2004; Benson et al.
2005b). However, monitoring age-0 juvenile move-
ments with this method has only occurred near the end
of the growing season and after juveniles have
exceeded 220 mm in total length. While the majority
of age-0 juveniles may remain in the natal river until
fall, the evidence presented here suggests that there
may be a tendency for downstream movement
throughout the summer that results in some age-0
juveniles leaving the natal river before a decline in
water temperature occurs.

It is unclear why some age-0 juvenile lake sturgeon
leave the Peshtigo River during the summer months.
Although food availability has not been compared
between the Peshtigo River and Green Bay, the
growth rates of juveniles suggest that it is not
limiting. There is also substantial habitat available
for juvenile lake sturgeon in the lower Peshtigo River
(Benson et al. 2005b). Because of the small size and
connectivity of this system uniform thermal condi-
tions are common, and lethal levels were not observed
(Fajfer et al. 1999). If conditions were not suitable for
age-0 juvenile lake sturgeon we would have expected
to observe a larger-scale emigration from the river.
The likely reason that some age-0 juveniles emigrate
from the Peshtigo River may be related to the reduced
length of the available river. The historic spawning
grounds in this and many tributaries to the Great
Lakes were located well upstream of present-day
barrier dams (Daugherty et al. 2009). Larvae had to
drift for longer periods of time and greater distances
to reach nursery habitat, and that same movement in a
short-run stream could result in emigration. Likewise,
age-0 juveniles could historically move greater
distances downriver without leaving the nursery
habitat, but such movements in restricted habitats in
a shortened stream would result in emigration.

If properly designed, annual monitoring of age-0
juvenile lake sturgeon populations can continue to fill
gaps in knowledge concerning this life stage. Multiple
years of complete river sampling will determine the
extent of critical nursery habitat for each sturgeon
population, as the amount used by juvenile lake
sturgeon will vary widely with changing year-class
strength, as observed in the Peshtigo River during
2006 and 2007. Large reaches of habitat should be
protected, so that in years of favorable reproductive
conditions, sufficient habitat is available to facilitate
high survival of juveniles. This research was not
designed to capture juvenile lake sturgeon in Green
Bay; however, such captures could be incorporated as
an additional state in multistate models, allowing the
probability of river emigration to be estimated
throughout the summer months. Without estimates
of emigration rates, downstream movement that
results in emigration from the natal river could
produce misleading estimates of age-0 abundance
generated by closed-population estimators. Capturing
and marking juveniles after summer emigration may
allow the contribution of this group to future adult
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populations to be determined. Presently, the survival
rate of larval and juvenile lake sturgeon once they
enter the adjoining lake is unknown. It is unclear if
annual survival and is maximized by spending
extended periods in the natal river or if an early exit
is advantageous. Continued research that incorporates
the patterns of abundance and movement observed
during our study to address these questions about the
dynamics of age-0 juvenile lake sturgeon populations
will increase the effectiveness of annual monitoring
programs and contribute the overall goal of basin-wide
restoration.
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