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Abstract
The Walleye Sander vitreus is an important sport fish that has experienced low reproductive success in some

Great Lakes tributaries since severe population declines began in the late 1940s. In the Muskegon River, a Lake
Michigan tributary, natural reproduction of Walleyes remains low and is largely supplemented by stocking. We
evaluated the influence of abiotic factors on Walleye reproductive success in the Muskegon River during April and
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May 2009 and 2010 by (1) estimating Walleye egg density and survival; (2) estimating the size, density, abundance,
and survival of Walleye larvae; and (3) relating our estimates to physical habitat conditions. Egg densities were 70-
fold higher in 2009 than in 2010, but eggs experienced colder water temperatures, higher river discharge rates, and
lower survival in 2009 relative to 2010. Egg survival in incubators was positively related to temperature and
negatively related to flow at most sites. In both years, Walleye larvae that hatched during periods of cooler
temperature were smaller than larvae that hatched later during periods of warmer temperature. Walleye larval
densities were highest near spawning grounds and decreased downstream. Bayesian estimates of variability in
larval densities indicated that temporal variability was twice as high as spatial variability in the Muskegon River.
Larval survival was much lower in 2009 than in 2010, resulting in an approximately sevenfold higher production of
larvae in 2010 than in 2009. Survival was highest for smaller larvae that hatched early in April 2010, when
temperatures were warm and discharges were low and stable; in contrast, survival was much lower for larger
larvae hatching later in 2010 or for large and small larvae in 2009, when water temperatures were colder and
discharges were higher and more variable. Our results suggest that abiotic factors, primarily temperature and river
flow, likely control the early survival of Walleyes in the Muskegon River.

The Walleye Sander vitreus is a key predator in nearshore
food webs and supports valuable commercial and recreational
fisheries in the Great Lakes region. Walleye populations were
self-sustaining in many tributaries and nearshore areas of the
Great Lakes until the 1950s, when the cumulative impacts of
dam construction, habitat degradation, mercury contamination,
and a likely increase in predation on early life stages lowered
their abundance and harvest (Schneider and Leach 1979;
Fielder et al. 2007). Walleye reproductive success and poten-
tial recruitment are known to be influenced by biotic and
abiotic factors occurring during the egg and larval stages.
Abiotic factors—primarily river flow and temperature—are
known to affect the production and survival of Walleye eggs
and larvae, with higher discharges and colder temperatures
decreasing egg and larval survival and abundances (Mion
et al. 1998; Ivan et al. 2010; Crane and Farrell 2013;
DuFour et al. 2014; Raabe and Bozek 2015). Cold water
temperatures can delay egg development and can reduce sur-
vival through increased exposure to predation or disease.
Biotic factors, especially predation on eggs and larvae
(Corbett and Fowles 1986; Roseman et al. 2006; Fielder
et al. 2007), also have been suggested as influencing Walleye
reproductive success.

The Muskegon River, a tributary to Lake Michigan, histori-
cally supported one of the largest adfluvial Walleye runs in the
lake, but a population decline starting in the late 1940s low-
ered Walleye abundances from over 120,000 adults to fewer
than 7,000 adults by the late 1960s (Schneider and Leach
1979). Walleye spawning in the Muskegon River was altered
by construction of the Newaygo Dam (Figure 1) in 1910,
which blocked the upstream movement of fish and reduced
the amount of available spawning habitat (Schneider and
Leach 1979). The Newaygo Dam subsequently collapsed and
was removed by floods in 1968, allowing Walleyes to access
spawning grounds upriver. Starting in 1978, an aggressive
stocking program of 50,000 juveniles/year has rebuilt the
adult population to over 40,000 individuals (Hanchin et al.
2007), but presently only 5–10% of the population is sustained
through natural reproduction (O’Neal 1997), suggesting the

presence of recruitment bottlenecks in both the Muskegon
River and Muskegon Lake.

Factors preventing Walleye reproductive success in the
Muskegon River remain unclear. Walleye egg production
appears to be substantial and the eggs are viable (Ivan et al.
2010), but larval fish densities sampled in 1986 were low (Day
1991). High river discharge is known to negatively influence
Walleye recruitment (Mion et al. 1998), and discharge in the
Muskegon River increased 34% between 1934 and 2001 (esti-
mated from U.S. Geological Survey [USGS] gauging station
04121650 at Big Rapids, Michigan). Cold water temperatures
on the spawning grounds, which are associated with upstream
hydroelectric dams, also could negatively affect the survival of
Walleye eggs and larvae. Through analysis of Walleye harvest
data, Schneider et al. (1991) found that strong year-classes in
Lake Michigan were produced during years with warm spring
temperatures. Although experiments by Schneider et al. (2002)
indicated that Walleye eggs are very resilient to fluctuations in
temperature, extended periods of cold temperature can delay
egg development (Koenst and Smith 1976), thereby increasing
the potential for egg predation or for the eggs to be dislodged
and advected by floods to unfavorable habitats downstream
(Johnson 1961).

Biotic factors like predation can also influence Walleye
reproductive success. Predation on Walleye larvae by
Alewives Alosa pseudoharengus (Madenjian et al. 2008)
was considered a potential factor affecting low recruitment
in the Muskegon Lake–Muskegon River system (Day 1991)
and in Saginaw Bay, Lake Huron (Fielder et al. 2007). In
addition, populations of invasive zebra mussels Dreissena
polymorpha have been present in Muskegon River and
Muskegon Lake since the late 1990s and have altered the
composition of spawning habitat (Giuliano 2011), reducing
the interstitial spaces that are critical for the retention of
Walleye eggs (Crane and Farrell 2013). Egg incubation
experiments and surveys conducted in 2005–2006 by Ivan
et al. (2010) indicated that egg survival varied among loca-
tions in the Muskegon River but was not related to shear
stress, substrate composition, or velocity. Walleye eggs in
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covered incubators had higher survival than eggs that were
deposited in situ on uncovered furnace mats, indicating that
egg predation could be an important determinant of recruit-
ment success (Ivan et al. 2010).

Our goal was to investigate potential bottlenecks to
Walleye reproductive success in the lower Muskegon River.
Specifically, our objectives were to (1) estimate Walleye egg
density and survival in prime spawning areas of the Muskegon
River; (2) quantify spatiotemporal variation in Walleye larval
density and abundance on spawning grounds and larval survi-
val to downstream areas of the river; and (3) relate variation in
egg density, egg survival, and larval survival to environmental
variables.

METHODS
Study site.—The Muskegon River drains about 6,700 km2

in the western central portion of Michigan’s Lower Peninsula.
The river flows into Muskegon Lake, a drowned river mouth
system (Steinman et al. 2008) that is connected to Lake

Michigan via a navigation channel. Since the collapse of
Newaygo Dam in 1968, adfluvial Walleyes have spawned
primarily below Croton Dam (Figure 1) in areas with rocky
substrate, rapid flows (>1 m/s), and cold hypolimnetic water
from the dam’s reservoir upstream (O’Neal 1997). Croton
Dam, a hydroelectric facility located at river kilometer 80,
blocks the upstream migration of all fish and alters the
temperature and flow of the Muskegon River; the
impoundment created by the dam is used for flood control
(O’Neal 1997). Our study sites in the Muskegon River were
located within a 60-km reach downstream of the dam.

River environment.—Daily measures of Muskegon River
water temperature and discharge during April–May 2009 and
2010 were obtained from USGS gauging station 04121970 at
Croton Dam (USGS 2011), upstream of the Walleye spawning
area (Figure 1). Each time a sample was taken at any site,
environmental variables were measured by using a multiprobe
sonde (YSI Model 6600v2; Yellow Springs Instruments, Inc.)
and a portable flow meter (Marsh-McBirney Flo-Mate Model
2000). Measured variables included water temperature, depth,

FIGURE 1. Map of the Muskegon River (Michigan), a tributary of Lake Michigan, showing sampling locations that were used to estimate Walleye egg and
larval densities. Each egg mat sampling site on the map consists of two locations, resulting in a total of six sites.
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velocity, pH, turbidity, and dissolved oxygen concentration.
Paired t-tests were used to distinguish differences in river
temperature and discharge between years; ANOVA was used
to test for differences in other variables among sites and
between years.

Substrate composition also was measured at each egg mat
site (described below; Figure 1). Three representative surface
substrate samples were collected with a 1.9-L scoop within a
few meters of each mat at each site on June 25, 2009, and May
3, 2010. Substrate samples were then transported to the labora-
tory, where they were dried to a constant mass in a desiccating
oven at 80°C. Samples were dry-sieved by using a sieve
shaker (CSC Model 18480) and four stacked sieves (64, 16,
and 2 mm along with a collection basin on bottom). After
about 5 min of shaking, each grain size category was weighed
to the nearest 0.01 g on a top-loading balance, and the con-
tribution of each category was expressed as a proportion of the
total sample.

Collection of spawning females and eggs.—Fertilized eggs
for estimating Walleye egg survival in incubators were obtained
from Michigan Department of Natural Resources (MDNR)
Fisheries Division personnel during their hatchery program’s
egg take on the Muskegon River (below Croton Dam) on April
2 and 9, 2009, and March 25 and 29, 2010. Adult Walleyes
were captured by boat electrofishing, brought to holding pens,
measured, and weighed; gametes were then collected on site.
Significant differences in mean length or weight of females
between years or between collection weeks were tested by
using ANOVA; a Wilcoxon rank-sum test was used for the
comparison if data did not meet the assumptions of normality
and homogeneity of variance. Significant differences were
assessed at an α level of 0.05. We used JMP version 10.0.1 to
conduct statistical tests. Eggs were fertilized at a male: female
ratio of 1:1. Fertilized eggs from five adult pairs were then
combined in a bucket containing a bentonite–clay mixture in
water to prevent the adhesion of eggs during the 60-min water
hardening process. After water hardening, eggs were rinsed of
clay particles and were transferred to a glass tray, where they
were pipetted into incubator chambers for in situ survival
experiments (described below).

Egg density sampling.—Densities of naturally spawned
Walleye eggs in the Muskegon River were estimated using
furnace filter mats in accordance with the design described by
Manny et al. (2007). Mats consisted of a furnace filter (60 ×
76 cm) that was wrapped around a steel frame (60 × 38 cm)
and held in place with binder clips. Mats were then grouped
together in gangs of three, and an anchor was attached to the
upstream end. One gang of mats was deployed at random
locations along the river margin at each of six sites
(Figure 1) prior to Walleye spawning activity each spring
(March 24, 2009; and March 22, 2010). Site locations were
stratified across three regions of the river that represented a
longitudinal gradient from Croton Dam (Figure 1). Thus, our
estimates of egg density on mats should be viewed as indices

of egg density in the substrate rather than estimates of true egg
abundance in the substrate.

Egg mats were sampled weekly. The surface of each mat
was divided into eight equal sections. Each week for six
consecutive weeks in 2009 and five consecutive weeks in
2010, one sample was randomly selected for removal from
each mat at all sites. The same mat was then redeployed in the
river. A small proportion of the eggs was lost during mat
retrieval and redeployment; however, we assumed that the
proportion was constant among mats. The selected mat sec-
tions were preserved in a 10% solution of buffered formalin.
In the laboratory, each mat section was measured on two sides
to the nearest 0.10 mm by using calipers (mean sample area =
44.65 cm2 in 2009 and 35.1 cm2 in 2010), and all eggs were
identified and enumerated. Egg density was expressed as the
number of eggs per square meter to standardize for the sam-
pling area on the mat.

The majority of eggs were sampled within a 3-week period
corresponding to the peak of the Walleye spawning run from
late March to mid-April. We calculated the 3-week peak mean
egg density (hereafter, “peak mean egg density”) by averaging
individual mat estimates over the 3 weeks with the greatest
egg densities to provide three replicates per site (i.e., a peak
mean estimate for mats 1, 2, and 3 at each site). We then used
a two-way ANOVA to test whether the peak mean egg density
significantly differed among sites or between years; the site ×
year interaction was also evaluated. If a significant difference
was detected with ANOVA, then Tukey’s honestly significant
difference (HSD) test was used to identify differences.
Residual plots were examined to determine whether transfor-
mations were necessary to correct for heteroscedasticity. In
both study years, a square-root transformation (plus 1 to
account for zeros) was applied to the peak mean egg densities
for analysis.

Egg survival on mats.—Walleye egg survival also was
quantified by observing the developmental stage of eggs
collected on mats. Eggs collected in 2009 and 2010 were
cleared by using Stockard’s solution via the method of Galat
(1972) to allow for observation of embryos. Embryos were
examined under a phase-contrast microscope with variable
magnification, and the egg developmental stage was
determined (Heidinger et al. 1997). Developmental stages
were grouped into four categories: deceased, stage 1, stage
2, or stage 3. Stage-1 eggs were pre-organogenesis and had not
acquired 28 temperature units; stage-3 eggs were just about to
hatch, exhibiting well-developed eyes, caudal mesenchyme,
and pectoral fin buds, and had acquired at least 97
temperature units; and stage-2 eggs were intermediate
between stages 1 and 3 (Heidinger et al. 1997).

Annual egg survival was estimated for each site in 2009
and 2010. For each year, egg densities were pooled across all
three mats at each site. A density-weighted mean date of
collection (Ruetz and Jennings 1999) was calculated for the
initial number of eggs and for stage-3 eggs as
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Di ¼ �diJið Þ= �dið Þ; (1)

for i = 1, 2, . . ., n, where di is the density at each sampling
event for the initial number of eggs or stage-3 eggs, Ji is the
Julian date of each sampling event, and n is the number of
sampling events. The products of equation (1) for the initial
number of eggs (D0) and for stage-3 eggs (D3) were used to
estimate the amount of time (t) that was necessary for an
average egg collected to achieve stage-3 status. This was
done by subtracting the density-weighted mean date of collec-
tion for the initial number of eggs from the density-weighted
mean date for stage-3 eggs (t = D0 – D3) at each site. The
instantaneous mortality rate (Z) was estimated as

Z ¼ loge Nt=N0ð Þ=t; (2)

where Nt is the summation of stage-3 egg densities across all
collection dates, N0 is the summation of stage-1 egg densities
across all collection dates plus the summation of deceased egg
collected during the first two collection dates, and t is the
amount of time necessary for an average egg collected to
achieve stage-3 status (as described above). Annual egg sur-
vival (Segg) was then calculated as

Segg ¼ e�Zt; (3)

where t and Z are the products of equation (2).
Egg survival in incubators.—Walleye egg survival in the

Muskegon River was quantified by using well incubators via
the design described by Manny et al. (1989). Incubator
construction consisted of three Plexiglas pieces: a large
center piece with 50 wells (well depth = 9.0 mm; diameter =
13.0 mm) and two covers containing the same well pattern.
Each cover was lined with 400-µm Nitex mesh to allow for
water exchange. A single egg was placed in each well, and the
covers were secured by using thumb screws. After the
incubators were inoculated with fertilized eggs, they were
grouped together in gangs of three, and an anchor was
attached to the upstream end. Incubators were then
transported in Muskegon River water to their deployment
sites, where they were placed horizontally on the river
bottom. Two gangs of incubators were deployed at each site
on April 2, 2009, and March 25, 2010 (6 sites × 2 gangs × 3
incubators per gang = 36 incubators per year); deployments
occurred on the same days the eggs were obtained from the
MDNR during the Walleye egg take. In each study year, one
additional gang of incubators was transported to Thompson
State Fish Hatchery (Manistique, Michigan) to serve as a
control. Control incubators were maintained at a water
temperature of 8.0°C for the first 21 d, after which the
temperature was increased to 13°C until hatch occurred.

In 2009, one gang of incubators was removed from the
river at 21 d postfertilization, and the other gang was removed
at 28 d postfertilization. In 2010, one gang was removed at 7 d

postfertilization, and the other was removed at 21 d postferti-
lization. During sorting, eggs were deemed nonviable if they
were completely opaque, contained a white spot, or were
completely engulfed in fungus (Johnson 1961). The remaining
eggs were deemed viable, and the proportion of eggs surviving
the incubation period was calculated.

A two-way ANOVA was used to test whether the propor-
tion of eggs surviving differed between the two incubation
periods (i.e., 21 and 28 d in 2009; 7 and 21 d in 2010) or
among sites within each year; the interaction between incuba-
tion period and site was also assessed. The two experiments
were analyzed separately because the duration of incubation
periods differed between 2009 and 2010. Residual plots were
examined to determine whether transformations were neces-
sary to correct for heteroscedasticity; no transformations were
needed for data from either year. Two-way ANOVA also was
used to test whether the proportion of eggs surviving to 21 d
postfertilization differed between years and among sites and
whether the site × year interaction effect was significant.
Residual plots provided no evidence for homoscedasticity, so
no transformation was used for the data prior to conducting
the ANOVA.

Variation in egg density and survival relative to
environmental variables.—Spearman’s rank correlation
coefficients were used to explore relationships between
environmental variables and Walleye egg deposition on mats
(peak mean egg density) in 2009 and 2010. Environmental
variables were represented as the mean and variance
(coefficient of variation [CV], %) of all measurements taken
during the duration of a sampling event (22 sampling events
per year). Egg survival estimates for mats and incubators (over
21 d) were related to physical habitat variables by using
simple linear regression.

Larval drift sampling.—In 2009 and 2010, drift samples
were collected to obtain larval Walleyes at three fixed sites in
the Muskegon River from early April to mid-May (Figure 1;
Supplementary Table S.1 available in the online version of this
paper). Sites were located near the Pine Street boat launch
(hereafter, “Pine Street”), near the Thornapple boat launch
(hereafter, “Thornapple”), and near the B-31 bridge at Maple
Island Road (hereafter, “Maple Island Road”). In both years,
sampling frequency was increased from 2 nights/week in early
April to 4 nights/week during the seasonal peak of larval fish
drift in mid- to late April and then was decreased to 2 nights/
week in mid-May.

Drift samples were collected by using paired conical drift
nets (333-μm mesh; 0.5-m diameter) with flow meters
(Ragosha) attached to the center. In both study years, samples
were collected at night, as literature reports suggested that
Walleye larval drift is highest at night (Jude 1992;
D’Amours et al. 2001). A diel survey of larval drift was also
conducted at the Maple Island Road site to confirm that
Walleye larval drift was highest at night and to better compare
our results with those of a previous study that was conducted
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in the Muskegon River during the daytime (Day 1991).
Walleye larvae were collected every 2 h starting at 1800
hours on April 25 and ending at 1400 hours on April 26.
Two replicate stations were established at each site except
when conditions limited our access to suitable anchoring loca-
tions. Using river anchors and buoys, 10-min surface samples
and near-bottom samples were collected at each station, result-
ing in a total of 4 samples/site. Samples were washed with
water into Nitex mesh (333 µm) covered containers, concen-
trated into sample jars, and preserved in a 95% solution of
ethanol for later examination in the laboratory.

Fish larvae were removed from preserved samples in the
laboratory, identified as Walleyes following Auer (1982), and
enumerated. Walleye TLs (mm) were measured by using the
manual measurement tool in Image-Pro Plus version 5.1
(Media Cybernetics, Bethesda, Maryland). Samples containing
considerable amounts of detritus were subsampled by using a
Folsom plankton splitter. Significant differences in mean TL
of Walleye larvae among emergence dates (<210 cumulative
degree-days [CDDs] and ≥210 CDDs; CDDs = the sum of
average daily temperatures starting from April 1) and between
years were tested by using ANOVA. Significant differences in
Walleye larval densities between nighttime (n = 4) and day-
time (n = 7) sampling events at Maple Island Road were
compared by using a Wilcoxon rank-sum test.

Walleye larval densities (number/100 m3) were estimated
as the number of larvae in a sample divided by the volume of
water filtered (estimated from the flow meter in the mouth of
each drift net). Average volume filtered per 10 min at a site
over the study period was substituted in cases where detritus
disabled the flow meter; this situation occurred 7% of the time
in 2009 and 3% of the time in 2010. The number of Walleye
larvae drifting over the 10-min sample period was estimated as
the mean larval density multiplied by river discharge (m3/s).
These nightly estimates were then extrapolated over the 24-h
drift period to estimate the number of Walleye larvae emigrat-
ing each day, as there was no significant difference in the
densities of larvae sampled during daytime and nighttime at
the Maple Island Road site. Numbers of larvae emigrating on
unsampled nights were estimated by using Bayesian techni-
ques (see below), and the total number of Walleyes emigrating
from each site was calculated as the sum of the 24-h estimates
and interpolations.

Spatiotemporal variation, abundance, and survival of
larvae.—We estimated the proportional contribution of
spatial and temporal variance components in the larval
Walleye drift to help identify the scale at which abiotic
factors contribute to fluctuations in abundance. Sample
densities were converted to the number of fish larvae per
100 m3 and were rounded to the nearest whole number to
allow the use of a discrete Poisson distribution. A Bayesian
hierarchical Poisson ANOVA was used to account for an
unbalanced data structure and count data bounded at zero.
Under these data conditions, which are often encountered

with observational data, Bayesian hierarchical methods
provide improved estimates of variance components relative
to traditional maximum likelihood-based ANOVA methods
(Qian and Shen 2007; Gelman et al. 2014). The ANOVA
model included three factors and an error term: the site
factor, representing small-scale spatial variation; day and
year factors, representing small- and large-scale temporal
variation, respectively; and the error term, representing
unexplained variation that was attributable to small-scale,
within-site variation in larval density. We used normal
distributions with low-information priors for the mean
(normal [0, 0.001]) and SD (folded-T [0, 0.01, 2]) to
represent model parameters. We used Markov chain–Monte
Carlo (MCMC) methods in OpenBUGS (Lunn et al. 2009) to
sample posterior distributions, including three mixing chains
with 5,000 iterations each, a 1,000-iteration burn-in period,
and thinning of samples to 1 out of every 10. OpenBUGS was
called through program R via the R2OpenBUGS package
(Sturtz et al. 2005). Model convergence was assessed by
using visual monitoring of chain history and by calculating
the r̂ statistic (Gelman and Hill 2007). We report SDs of
posterior model parameter estimates, which represent the
proportional contribution of variation from each factor and
unexplained variation.

Annual production of Walleye larvae at each site was
estimated to help identify differences in abundance within
our study; we also compared changes in abundance with
results reported from previous studies of Walleyes in Great
Lakes tributaries. We used a Bayesian state–space model,
which was beneficial in that it (1) accounted for spatial and
temporal variability, which is commonly encountered when
sampling larval Walleyes in the drift (D’Amours et al. 2001;
DuFour et al. 2014); (2) estimated unsampled days by using
an autoregressive component, which shared information
among days (Harvey and Fernandes 1989), making the rea-
sonable assumption that the hatch of larval Walleyes was
driven by a continuum of environmental factors and that
days close to one another likely held similar values; and (3)
propagated spatial, temporal, and model uncertainty into the
final annual production estimates (Cressie et al. 2009;
DuFour et al. 2014). Subsequently, annual production esti-
mates were described as a probability distribution, fully
acknowledging all sources of uncertainty. Low-information
prior distributions were used throughout the model, which
allowed the final estimates to be dominated by sampled
density data. In general, the state–space model produced
posterior daily density estimates in distributional form.
These estimates were rescaled from density to abundance
by multiplying by the average daily river discharge, which
resulted in daily estimates of larval Walleye production that
were also described with probability distributions. Daily pro-
duction estimates were summed to generate annual estimates
of larval Walleye production (see DuFour et al. 2014 for
model specifics). We ran the model separately for each site
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(Pine Street, Thornapple, and Maple Island Road) and each
year (2009 and 2010), resulting in six annual production
estimates. We used MCMC methods in OpenBUGS (Lunn
et al. 2009) to sample posterior distributions, including three
mixing chains with 25,000 iterations each, a 5,000-
iteration burn-in period, and no thinning. Model convergence
was assessed by using visual monitoring of chain history.

Survival of Walleye larvae (Slarva) from upstream sites
to downstream sites was calculated as the ratio of larval
abundance at the downstream site (Maple Island Road)
divided by larval abundance at the upstream site
(Thornapple). Instantaneous daily mortality (Z/d) of larvae
was calculated as Z/d = loge(Slarva)/d. Walleye larvae that
hatched from spawning grounds at or above the Thornapple
site were assumed to travel from Thornapple to Maple Island
Road in approximately 2 d based on hydraulic model results
(M. Wiley, University of Michigan, personal communica-
tion). To determine the relative influences of temperature
and discharge on larval survival, we calculated survival
rates for Walleye larvae that hatched early in the season in
cooler temperatures (<210 CDDs since April 1) and for
larvae that hatched later in warmer temperatures (≥210
CDDs since April 1).

RESULTS

River Environment
The Muskegon River environment was significantly war-

mer, had lower discharge, and exhibited less variability in
2010 than in 2009 (paired t-ratio = –25.69, df = 89, P <
0.0001; Figure 2; Table S.2). Daily temperatures in April
were 2°C warmer in 2010 than in 2009. Average water tem-
perature from March 31 to May 15—the time period when
Walleye eggs and larvae were present in the Muskegon River

—was 8.5°C (range = 3.9–13.8°C; CV = 37%) in 2009 and
10.5°C (range = 5.6–14.4°C; CV = 19%) in 2010. Average
daily river discharge (USGS 2011) calculated for the same
time period was 96 m3/s (range = 57–174 m3/s; CV = 30%) in
2009 and 61 m3/s (range = 36.8–89.5 m3/s; CV = 22%) in
2010. Peak discharge in 2010 (~90 m3/s) was half the peak
discharge observed in 2009 (~175 m3/s). Peak discharge in
2010 occurred during the second week in April, whereas peak
discharge in 2009 extended from late April to early May, with
a secondary peak during the first week of April. Conductivity
and pH values were lower in 2009 than in 2010, while velo-
city, depth, dissolved oxygen, and turbidity values were higher
in 2009 than in 2010 (Table S.2).

Water quality variables differed less among larval drift
sample sites than between years. Only temperature and turbid-
ity values varied consistently among sites in each year, as
values were higher at the Maple Island Road site than at
upstream sites. In 2010 only, dissolved oxygen concentrations
also were significantly higher at Maple Island Road than at
upstream sites (Table S.2). Mean (±SE) water quality values
averaged over both years and sites were as follows: tempera-
ture was 11.6 ± 0.2°C; dissolved oxygen was 10.1 ± 0.09 mg/
L; pH was 8.0 ± 0.01; specific conductivity was 318 ± 4 µS/
cm; and turbidity was 2.68 ± 0.51 NTU.

The river substrate at egg mat placement sites was predo-
minantly hard, consisting mainly of pebble and gravel
(Table S.3). There was no significant difference in relative
composition of all hard substrate types combined among
sites (χ2 = 0.039, df = 2, P = 0.98) or between years (χ2 =
0.231, df = 1, P = 0.13).

Walleye Spawner Size, Egg Density, and Survival
Over the first 2 weeks of the spawning season, 100

Walleye females were sampled in 2009, and 106 females
were sampled in 2010. Spawner length ranged from 526 to
800 mm TL (mean = 659 ± 8 mm), and spawner weight
ranged from 1.4 to 6.0 kg (mean = 3.3 ± 0.1 kg). Mean TL
of Walleye females was smaller in 2009 than in 2010, but
female weight did not differ between years (Table S.4).
Walleye females that were sampled during the first week of
the spawning season were significantly larger in TL and
weight than females that were sampled during the second
week (Table S.4).

In both 2009 and 2010, Walleyes deposited eggs at sample
sites from the last week of March to the second week of April
(Supplementary Figure S.1 available in the online version of
this paper). Three-week peak mean egg densities occurred
during the weeks of April 7, 14, and 21 in 2009 and during
the weeks of April 5, 12, and 19 in 2010. In 2009, data for
the last 2 weeks of sampling were not available from
Thornapple site 2 because mats were removed by high
flows. Peak mean egg density was found to be significantly
affected by year (F1, 24 = 76.76, P < 0.01), site (F5, 24 =
35.72, P < 0.01), and the site × year interaction (F5, 24 =

FIGURE 2. River discharge (Q; m3/s) and water temperature measured near
Croton Dam on the Muskegon River, Michigan (see Figure 1; U.S. Geological
Survey gauging station 04121970), from April 1 to May 15, 2009–2010.
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25.83, P < 0.01; Figure 3). Thus, we found evidence that
peak mean egg densities were higher in 2009 and differed
among sites (see the online Supplement for a description of
specific differences). In 2009 and 2010, peak mean egg
densities on mats were negatively correlated (ρ = –0.71)
with site proximity to Croton Dam, suggesting that egg
deposition decreased as distance from the dam increased.
Peak mean egg density was not significantly correlated with
any other environmental variable (mean water temperature,
depth, velocity, pH, turbidity, dissolved oxygen concentra-
tion, or substrate composition).

Egg Survival on Mats
Walleye egg survival on mats was considerably lower in

2009 than in 2010 (Table 1). No stage-1 or stage-3 Walleye
eggs were deposited at Croton Dam site 1 or Henning Park
site 2 in 2010, so egg survival at those sites could not be
estimated. In 2009, egg survival averaged over all six sites
was 18%; in 2010, egg survival was 35% (averaged over the
four sites where eggs had been deposited). Croton Dam site

2 experienced the greatest increase in annual egg survival
between years: from 13% in 2009 to 82% in 2010.
However, a decrease in egg survival was observed at
Henning Park site 1, from 50% in 2009 to 0% in 2010
(Table 1). Mean egg survival in 2010 and egg survival
averaged across both years decreased with distance down-
stream, whereas in 2009 mean egg survival was highest at
Henning Park site 1. There was no significant relationship
between the estimated egg survival rates and any of the
environmental variables measured.

Egg Survival in Incubators
In 2009 and 2010, Walleye egg survival in incubators

within the Muskegon River was relatively high and was simi-
lar to survival in the control incubators at Thompson State
Fish Hatchery. Mean egg survival in control incubators was
76.0 ± 5.3% (n = 3) in 2009 and 43.3 ± 18.0% (n = 3) in 2010.
In 2009, one gang of incubators (28-d incubation period at
Henning Park site 1) was lost due to vandalism. Nevertheless,
similar results were obtained in both years. In 2009, Walleye
egg survival was not significantly affected by site (F5, 21 =
1.53, P = 0.22), the length of the incubation period (F1, 21 =
2.90, P = 0.10), or the site × incubation period interaction (F4,

21 = 2.71, P = 0.05). Walleye egg survival at 21 d ranged from
30.7% to 71.3% (average over all sites = 50.3%; Table 2), and
survival at 28 d ranged from 21.3% to 54.7% (average over all
sites = 40.7%). In 2010, Walleye egg survival was signifi-
cantly affected by site (F5, 23 = 3.27, P = 0.02); however, the
length of the incubation period (F1, 23 = 3.94, P = 0.05) and
the site × incubation period interaction were not significant
(F5, 23 = 0.70, P = 0.62). Egg survival was significantly higher
at Croton Dam site 2 than at Henning Park site 2 (i.e., the sites
with the highest and lowest survival rates, respectively) but
was not significantly different among the other sites (Tukey’s

FIGURE 3. Three-week peak mean (+SE) Walleye egg density on mats
deployed at various sites (see Figure 1) in the Muskegon River during 2009
and 2010. Note that the egg densities are untransformed values and that the
y-axis scale differs between the two panels.

TABLE 1. Annual egg survival (S), instantaneous egg mortality rate (Z), and
the number of days an average egg took to reach stage-3 status (t) for Walleye
eggs collected on mats deployed at three sites in the Muskegon River,
Michigan, during 2009 and 2010 (CR = Croton Dam; TA = Thornapple; HP
= Henning Park; Figure 1).

2009 2010

Site t S Z t S Z

CR 1 21.8 0.23 0.07 No eggsb No eggs No eggs
CR 2 20.2 0.13 0.10 15.7 0.82 0.01
TA 1 20.6 0.22 0.07 16.0 0.48 0.05
TA 2 N/Aa 0.00 N/A 19.4 0.10 0.12
HP 1 24.3 0.50 0.03 N/A 0.00 N/A
HP 2 N/A 0.00 N/A No eggs No eggs No eggs

a “N/A” indicates that no stage-3 eggs were collected at the site; therefore, we
assumed that survival was zero because stage-1 eggs were collected.

b “No eggs” indicates that no stage-1 or stage-3 eggs were collected at the site.
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HSD test: P ≥ 0.50). Walleye egg survival at 7 d ranged from
37.3% to 94.0% (average over all sites = 66.5%), and egg
survival at 21 d ranged from 21.3% to 62.6% (average over all
sites = 49.7%).

Although there was not a significant year effect (F1, 23 =
0.01, P = 0.91) or site effect (F5, 23 = 0.70, P = 0.63) on mean
Walleye egg survival at 21 d, the site × year interaction was
significant (F5, 23 = 3.88, P = 0.01). Egg survival at Henning
Park site 2 was greater in 2009 (71.3%) than in 2010 (21.3%).
When all sites were considered, results of linear regression
analysis indicated that there was no significant relationship
between egg survival in incubators and any environmental
variable. However, when the Henning Park 2010 survival
data were removed, egg survival over all other sites was
negatively related to flow velocity (F1, 9 = 11.61, P = 0.009,
R2 = 0.59) and was positively related to temperature (F1, 9 =
5.16, P = 0.05, R2 = 0.39).

Walleye Larval Catch, Length, Density, and Survival Rate
In total, 242 larval drift samples were collected for analy-

sis; the volume of water filtered across all samples was lower
in 2010 (mean ± SE = 62 ± 1.4 m3) than in 2009 (81 ± 1.6 m3).
Despite the lower flows in 2010, many more Walleye larvae
were caught during that year (2,247 larvae) than over the
slightly longer sample period in 2009 (581 larvae). Mean TL
of Walleye larvae varied between years (F1, 1,941 = 112.58, P <
0.0001) and between dates (F1, 1,941 = 2,862.05, P < 0.0001).
Walleye larvae were smaller on average in 2009 (least-squares
mean ± SE = 7.2 ± 0.06 mm; n = 453) than in 2010 (7.5 ±
0.02 mm; n = 1,491). Within each year, larvae were smaller

when hatched earlier in colder temperatures (<210 CDDs from
April 1; mean TL ± SE = 6.6 ± 0.04 mm; n = 611) than when
hatched later in warmer temperatures (≥210 CDDs; 8.0 ±
0.03 mm; n = 1,333).

Densities of Walleye larvae varied significantly between
years (F1, 245 = 13.663, P < 0.001) and among sites (F2, 245

= 4.707, P < 0.01), while total variation in larval density
was dominated by small-scale day-to-day fluctuations.
Walleye larval densities were higher and peaked earlier in
2010 than in 2009. Larval densities peaked between April
30 and May 11 in 2009 (Figure 4), whereas they peaked

TABLE 2. Mean annual percent survival (with coefficient of variation [CV,
%] in parentheses) of Walleye eggs in incubator chambers deployed at three
Muskegon River sites during 2009 and 2010 (values are means for three
replicate egg chambers per site; CR = Croton Dam; TA = Thornapple; HP =
Henning Park; see Figure 1).

Site Survival (CV)

2009
CR 1 50.1 (4)
CR 2 30.7 (55)
TA 1 53.3 (18)
TA 2 48.0 (7)
HP 1 48.7 (16)
HP 2 71.3 (16)

2010
CR 1 62.0 (26)
CR 2 60.0 (12)
TA 1 62.7 (26)
TA 2 53.3 (43)
HP 1 39.0 (98)
HP 2 21.3 (141)

FIGURE 4. Bayesian estimates of the median density of Walleye larvae at
three sites in the Muskegon River during April 14–May 21, 2009, and
corresponding water temperature and river discharge (m3/s) measured at
Croton Dam. Sites (see Figure 1) from upstream to downstream are Pine
Street near Croton Dam (upper panel); Thornapple (middle panel); and Maple
Island Road (lower panel). Error bars represent 2.5% and 97.5% credible
intervals around the median values. The y-axis scale differs among the panels.
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between April 17 and May 2 in 2010 (Figure 5). Average
larval densities in both 2009 and 2010 were significantly
higher at the upstream sites (Pine Street and Thornapple)
than at the downstream site (Maple Island Road; Table 3).
Temporal variability in larval density was greater than spa-
tial variability in the Muskegon River: day-to-day variability
predominated, followed by year-to-year variability (reported
as loge[SD]; Table 4). Within-site spatial variability in larval
density was low in comparison with other sources, whereas

among-site variability had the lowest contribution to total
variability. Diel sampling of Walleye larval drift at the
Maple Island Road site revealed no significant difference
(χ2 = 0.797, df = 1, P = 0.232) in catches of Walleye larvae
between daytime and nighttime.

Assuming that larval Walleye drift at night was representa-
tive of drift that occurred during other periods, we estimated
total annual production at each site in each year (Figure 6).
Median larval abundance at the Pine Street site was similar in
2009 and 2010, as indicated by substantial overlap in the 95%
credible intervals (CIs). However, differences in larval abun-
dance between the two study years began to increase as fish
moved downstream: median abundance at Thornapple was
lower in 2009 than in 2010, and the overlap between the
95% CIs also decreased. The total number of larvae produced
at the downstream-most site (Maple Island Road) near the
nursery area in 2009 was 2.1 million (95% CI = 1.3–3.8

FIGURE 5. Bayesian estimates of the median density of Walleye larvae at
three sites in the Muskegon River during April 7–May 20, 2010, and corre-
sponding water temperature and river discharge (m3/s) measured at Croton
Dam. Sites (see Figure 1) from upstream to downstream are Pine Street near
Croton Dam (upper panel); Thornapple (middle panel); and Maple Island
Road (lower panel). Error bars represent 2.5% and 97.5% credible intervals
around the median values. The y-axis scale differs among the panels.

TABLE 3. Estimates of Walleye larval density (number/1,000 m3; least-
squares mean [LSM] ± SE) at each drift sampling site (Figure 1) in the
Muskegon River during April–May 2009 and 2010. Differences in larval
densities among sites and between years are indicated by the F-test results.

Site or factor LSM ± SE df F-ratio P > F

2009 Larval density
Pine Street 3.3 ± 4.3
Thornapple 5.2 ± 4.3
Maple Island Road 0.6 ± 4.3
Average 3.0 ± 2.5

2010 Larval density
Pine Street 10.0 ± 4.0
Thornapple 27.6 ± 4.0
Maple Island Road 8.6 ± 4.0
Average 15.4 ± 2.3

F-Test results
Year 1 13.663 0.0003
Site 2 4.767 0.0099
Site × year 2 2.251 0.108
Corrected total 245 5.717 0.001

TABLE 4. Summary of variance (expressed as loge[SD]) in median Walleye
larval density (with 50% and 95% credible limits [CLs]) at different temporal
and spatial scales (replicate nets at a site [extra], among sites, among days,
and between years) as determined using Bayesian hierarchical models.

Source
Lower
95% CL

Lower
50% CL Median

Upper
50% CL

Upper
95% CL

Year 1.034 1.261 1.383 1.507 1.726
Day 1.856 1.954 2.006 2.059 2.163
Site 0.643 0.761 0.826 0.891 1.009
Extra 0.918 0.956 0.977 0.997 1.038
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million larvae), which was sevenfold lower than the 2010
estimate of 14.8 million larvae (95% CI = 9.4–27.7 million
larvae; Figure 6). The annual production patterns indicated
that larvae experienced greater mortality during the down-
stream drift in 2009.

The median survival of Walleye larvae from Thornapple
to Maple Island Road was lower in 2009 (Slarva = 12.7%;
95% CI = 9.0–13.3%) than in 2010 (Slarva = 47.3%; 95% CI
= 44.6–52.7%). In 2009, the survival of Walleye larvae that
hatched early in the season (before May 1) and in colder
temperatures (<210 CDDs from April 1) was similar to the
survival of larvae that hatched in warmer temperatures (246
CDDs) after May 2 (Slarva = 13% for early hatching larvae
and 14% for later-hatching larvae). However, in 2010, the
survival of larvae that hatched early (before April 23) and in
cooler temperatures was much higher than the survival of
larvae that hatched in warmer temperatures (296 CDDs) after
April 24 (Slarva = 82% for early hatching larvae and 16% for
later-hatching larvae). In each year, river discharge was
lower (by ~400 m3/s) for early hatching larvae than for
late-hatching larvae.

DISCUSSION
Our results suggest that abiotic variables, specifically

water temperature and river discharge, are primary factors
affecting the survival of Walleye eggs and larvae in the
Muskegon River. Factors that are known to influence the
survival of Walleyes prior to the juvenile stage include (1)
water temperature and river discharge during the egg incu-
bation and larval emigration periods (Mion et al. 1998;
Jones et al. 2003); (2) the size and quality of Walleye eggs
and larvae (Venturelli et al. 2010); (3) prey availability
(Quist et al. 2004); and (4) predation on the relatively
immobile eggs and larvae (Mion et al. 1998; Roseman
et al. 2006; Fielder et al. 2007). These factors often are
regionally important and representative of biotic and abiotic

alterations to Walleye spawning habitat. Previous studies of
the Muskegon River have linked low recruitment of natu-
rally spawned Walleyes to poor egg survival (Day 1991;
Ivan et al. 2010).

Walleye egg deposition occurred over a short period of time
(~3 weeks in both 2009 and 2010) and at a highly localized
scale, with the majority of egg deposition occurring on mats
over hard substrates from Croton Dam to Thornapple, a dis-
tance of 13.5 river kilometers. This was evident from the
negative correlation between peak mean egg density and dis-
tance from the dam. Walleye egg densities in our study were
similar to those reported in earlier work on theMuskegon River.
Ivan et al. (2010) estimated river average egg densities of
28,444 eggs/m2 in 2005 and 6,539 eggs/m2 in 2006; our esti-
mate of peak mean egg density on mats (12,029 eggs/m2) was
intermediate between those values. In 2010, estimated peak
mean egg density was considerably lower at 285 eggs/m2, but
this may have been partly an artifact of our sampling regime.
The same sites were sampled during both years to allow for
comparisons, but water depths were much lower in 2010, thus
forcing the Walleyes to spawn in deeper areas adjacent to our
sites. Although egg densities on mats were an order of magni-
tude lower in 2010 than in 2009, our 2009 estimates were in
agreement with previous estimates for the Muskegon River.

Egg survival in incubators and mats was sufficient to pro-
duce a relatively high abundance of Walleye larvae in the
Muskegon River. Average survival of Walleye eggs in incuba-
tors was nearly 50% across all sites in both years; Ivan et al.
(2010) reported that egg survival rates in incubators were 24%
in 2003 and 50% in 2004. We suspect that egg survival in
incubators approaches the theoretical limit for survival in the
river, as eggs within incubators are not vulnerable to predation
and may be less impacted by the physical habitat; for instance,
they are less likely to be entombed in the substrate (which
would reduce survival) or displaced from the substrate (which
could result in settlement in low-quality habitats and mortality
due to physical abrasions). Eggs on mats are more likely to
experience mortality from predation (i.e., predators have
greater access to eggs on mats than eggs in incubators), and
changes in river discharge could cause eggs to be displaced
from the mats. Egg displacement from mats due to changes in
discharge or movement during surveys could result in under-
estimates of density and survival. As expected, average survi-
val across sites was lower for eggs on mats than for eggs in
incubators, a result that was also observed by Ivan et al.
(2010), although survival still equaled or exceeded 18%.
Interestingly, average Walleye egg survival on mats across
sites was about twice as high in 2010 (35%) than in 2009
(18%), but egg deposition on mats was about 42 times higher
in 2009 than in 2010. However, discharge was also higher in
2009 than in 2010, as discussed above.

Egg transport and fine sediment accumulation have been
linked to decreased Walleye egg survival (Roseman et al.
1996). Johnson (1961) found that the survival of Walleye

FIGURE 6. Bayesian estimates of annual median Walleye larval abundance at
three stations in the lower Muskegon River (see Figure 1). Estimates are based
upon daily discharge at Croton Dam and posterior daily densities estimated for
individual sites. We assumed a constant 24-h drift. Error bars represent 2.5%
and 97.5% credible intervals around the median values.
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eggs was related to substrate composition; on average, only
2.9% of eggs survived to the eyed stage when incubated in
areas containing high amounts of sand and silt, whereas 17.7%
survived when incubated on gravel–cobble substrates.
Survival of Walleye eggs on mats in the Muskegon River
during 2005 and 2006 (S = 2%; Ivan et al. 2010) was much
lower than the rates we observed in 2009 and 2010. The
differences in survival between the two studies may have
been related to colder temperatures in 2005; however, we
believe that these differences are more likely attributable to
differences in estimation procedure than to differences in
physical conditions. Ivan et al. (2010) estimated egg survival
rates based on initial egg abundance by using estimates of
population size, fecundity, and egg fertilization rate, and they
applied daily egg mortality rates from egg density data. When
we re-analyzed Ivan et al.’s (2010) egg density data for 2005,
estimated egg survival on mats ranged from 3% to 45% and
averaged 20%, close to our mean annual values of 18% and
30%. Average daily discharge rates during the Walleye egg
incubation period (March 23–May 5) in the Muskegon River
were higher in 2009 (96 m3/s) than in 2010 (61 m3/s).
Furthermore, the seasonal peak discharge rate during
Walleye spawning in 2009 (174 m3/s) was higher than that
in 2010 (133 m3/s). The combination of high sustained dis-
charge and high peak discharge in 2009 may have contributed
to the greater egg mortality and lower abundance of newly
hatched Walleye larvae in 2009 compared with 2010; egg
survival in our incubators was negatively related to flow
velocity at most sites.

Annual differences in Walleye egg density and larval pro-
duction in the Muskegon River suggest that variability in early
life survival may be related to relatively short temporal changes
in the physical environment during spawning and incubation.
Walleye egg densities were higher but larval production was
lower in 2009 than in 2010; river temperature and discharge
over the same period (April 1–30) were also lower and more
variable in 2009 than in 2010. Physical habitat suitability mod-
eling of the Muskegon River (Ivan et al. 2010) confirmed that
slower water velocities and warmer temperatures like those
experienced in 2010 should have provided more suitable habitat
for Walleye eggs. Although we found no statistical relationship
between flow velocity and egg survival on mats, we did find a
negative trend between flow velocity and egg survival in incu-
bators. Mion et al. (1998) reported that higher survival (but not
higher production) of Walleye larvae occurred under slower
river flows in Lake Erie tributaries.

Water temperature also plays an important role in Walleye
egg development and survival. The average temperature dur-
ing the Walleye egg incubation period in the Muskegon River
was 6.9 ± 0.4°C (mean ± SE) during April 1–30, 2009, and 7.8
± 0.4°C during March 25–April 22, 2010; these values were
several degrees colder than the optimum temperature range for
Walleye development during egg incubation (9–15°C; Colby
et al. 1979). Walleye eggs are known to be extremely sensitive

to environmental disturbance during the first 10 d postfertili-
zation (Latif et al. 1999). Ivan et al. (2010) found that annual
differences in egg survival were correlated with differences in
average water temperature during the first 10 d postfertiliza-
tion. We also detected positive relationships between water
temperature and egg survival in incubators at most sites. In our
study, water temperatures averaged 4.6 ± 0.3°C during the first
10 d postfertilization in 2009—well below the average 10-d
temperature (6°C) that is considered favorable for egg survival
after fertilization (Latif et al. 1999). In 2010, the average water
temperature during the first 10 d postfertilization was 5.5 ±
0.4°C, which is closer to the favorable 6°C temperature but is
still below optimum.

Differences in Walleye larval density among sites are likely
related to differences in proximity to spawning locations. In
contrast to Day’s (1991) study of Walleye larvae in the
Muskegon River during 1986, we observed significantly
lower densities of Walleye larvae at the downriver site
(Maple Island Road) than at sites further upstream in both
years. Walleyes are known to spawn on gravel–cobble sub-
strates (Raabe and Bozek 2015), which are found primarily
upstream of the Thornapple site, rather than on sandy sub-
strates, which are common in the lower river. We cannot
explain why Day (1991) found higher catches of Walleye
larvae at the Maple Island Road site than at upstream sites.
Perhaps Walleyes used flooded wetlands in the lower river for
spawning during that study, which may have contributed addi-
tional larval production, as was observed by Priegel (1970) in
the Lake Winnebago system, Wisconsin.

Hatching times and densities of Walleye larvae were com-
parable to those identified during an earlier study of the
Muskegon River. Day (1991) found that mean larval Walleye
densities at six sites on the Muskegon River in 1986 peaked on
May 3 at 9–34 larvae/100 m3; this density was lower than the
peak of 229 larvae/100 m3, which we observed at the
Thornapple site during late April 2010. We estimated the
number of Walleye larvae emigrating from the Muskegon
River during Day’s (1991) study at approximately 913,000
larvae, similar to our estimated number of emigrating larvae
in 2009 and one-tenth the estimate for 2010. Although varia-
tion in sampling methods between the two studies may partly
account for the difference in estimated larval emigration from
the spawning grounds, we suspect that the difference was
primarily due to differences in the physical environment. For
example, Day (1991) sampled larvae during the daytime,
whereas we conducted larval sampling at night; Day (1991)
sampled from nets attached to a boat in mid-river, while we
sampled from nets suspended between anchors and floats.
However, both studies sampled the same sites before, during,
and after the peak in Walleye larval drift.

Spatial and temporal variation in the larval drift may pro-
vide insight into the factors controlling larval fish production
in rivers. Variation in the larval drift can be influenced by
many factors, including the timing of spawning events (Pritt
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et al. 2013); the environmental conditions that dictate hatching
(Koenst and Smith 1976), transport (Wolter and Sukhodolov
2008), and survival (Mion et al. 1998); and the behavior of
individuals in the drift (Pavlov et al. 2008; Lechner et al.
2014). Within the Muskegon River, temporal variability
(among days and between years) was greater than spatial
variability (within sites and among sites), and day-to-day
fluctuations were the largest source. This pattern was similar
to that observed in the Maumee River, Ohio, a much larger
system where small-scale temporal and spatial variability was
predominant (DuFour et al. 2014). Such patterns indicate that
factors controlling the riverine production of larval Walleyes
operate over short temporal scales (e.g., fluctuations in water
temperature and discharge) and that consistency in larval
production may depend on the overall stability of environ-
mental conditions within each system.

Our estimates of Walleye larval abundance were generally
lower than those reported for other Great Lakes tributaries, but
our survival estimates were comparable with those from other
Great Lakes studies (Table S.5). Larval Walleye abundances in
the Muskegon River during 2009–2010 were approximately
10-fold lower than those in the Maumee River during 1993–
1995 (Mion et al. 1998) or during 2010–2011 (DuFour et al.
2014) and were similar to those reported for the Sandusky
River, Ohio, during 1993–1995 (Mion et al. 1998) and for the
Saginaw River, Michigan, during the 1980s (Jude 1992;
Table S.5). Prior estimates of adult spawner abundance
(~40,000 spawners) in the Muskegon River (Hanchin et al.
2007) also were lower than those estimated for the Maumee
River (Pritt et al. 2013; Table S.5). A recent estimate of larval
survival in the Maumee River was 37%, intermediate to our
annual survival estimates. Differences in Walleye larval abun-
dance and survival rate among watersheds may be related to
differences in the landscape and local physical habitat condi-
tions that affect spawning habitat suitability and egg survival
(Jones et al. 2003; Anderson et al. 2006); the annual varia-
bility in environmental conditions; the incidence of predation
(Corbett and Fowles 1986; Fielder et al. 2007); and the abun-
dance and fecundity of adult spawners (Schneider et al. 1991;
Madenjian et al. 1996).

Factors influencing temporal variation in Walleye larval
survival and production in the Muskegon River were similar
to those reported for other Great Lakes tributaries. Mion et al.
(1998) reported that in the Maumee and Sandusky rivers, high
Walleye larval survival rates (but not abundances) were corre-
lated with slower flows and typically occurred during the
middle third of the larval emergence season. Those authors
suggested that low survival of Walleye larvae later in the
larval emergence period may have resulted from predation
associated with spawning migrations of omnivores such as
the White Perch Morone americana and White Bass Morone
chrysops. In 2010, we also observed higher survival of
Walleye larvae that hatched earlier in the season, which
resulted in high larval production at the downstream site.

Although larval abundance upstream was 2.6-fold lower
before April 24 than afterward, Walleye larvae encountered
warm temperatures and low flows, and survival to the Maple
Island Road site was fivefold higher before April 24 than
afterward or during 2009. Due to the favorable environmental
conditions early in 2010, the estimate of annual larval Walleye
production downstream was sevenfold higher in 2010 than in
2009. The temporal differences in larval survival during 2010
also may have been caused by predation. Although White
Perch and White Bass do not migrate into the lower
Muskegon River during the spring, several other potential
predators of Walleye larvae inhabit the lower Muskegon
River, including sunfishes (Centrarchidae) and shiners
(Cyprinidae; O’Neal 1997).

Although not a direct focus of this study, differences
observed in the size of Walleye spawners and larvae over
the spawning and hatching periods suggested that maternal
characteristics potentially influenced Walleye reproductive
success. Such influences can occur if the condition or size
of spawning females or their offspring varies among years
or during the spawning season (Madenjian et al. 1996; Secor
2000; Johnston et al. 2007; Venturelli et al. 2010; Wang
et al. 2012). Larger females in better spawning condition
may produce larger eggs, resulting in larger larvae at hatch
(Johnston and Leggett 2002; Wang et al. 2012), which may
have better survival and feeding success in prey-limited
environments (Venturelli et al. 2010). In our study, the
average TL of newly hatched Walleye larvae increased as
temperatures warmed, but there was no relationship between
larval length and survival. Although females that spawned
during the first week of the season were larger than females
that spawned later, eggs that were measured from large and
small females did not differ in size between 2009 and 2010
(Z. Feiner, Purdue University, personal communication), and
Walleye larvae that hatched earlier—and likely hatched from
the eggs of larger females—were smaller than the larvae that
hatched later. Likewise, in a study of the Saginaw River by
Jude (1992), Walleye larvae that hatched early in the spawn-
ing season were smaller than those that hatched later.
However, although early hatching Walleye larvae were smal-
ler, they may have been in better condition than later-
hatching larvae. We did not measure the condition of
Walleye larvae, but we did note that the early hatching
larvae tended to have larger yolk sacs than later-hatching
individuals. In laboratory studies of Yellow Perch Perca
flavescens, Heyer et al. (2001) and Andree et al. (2015)
observed that the larval progeny of large females had larger
yolk sacs but smaller sizes at hatch than the progeny of
small females. Andree et al. (2015) noted that the survival
of newly hatched Yellow Perch larvae (<5 d posthatch
[dph]) had a strong negative relationship to female size
and age, whereas the survival of older larvae (>9 dph) was
unrelated to maternal traits. Those authors speculated that
selective forces could vary for different sizes and ages of
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Yellow Perch larvae; newly hatched larvae may require a
large yolk investment to survive in the more prey-limited
environments encountered early during development, while
selective pressures on older larvae may favor attributes
associated with larger size and growth rate as temperatures
warm and as predation pressures increase.

Environmental variability also may affect maternal influ-
ence on Walleye larvae. Variability in river hydrology was
negatively correlated with egg size among populations of the
Southern Pygmy Perch Nannoperca australis (Morrongiello
et al. 2012). Interannual variation in maternal effects on egg
size may differ within and among Walleye populations
(Feiner, personal communication). These experimental and
empirical results may explain the observed temporal trend of
small Walleye larvae hatching in cold temperatures during
the early portion of the spawning season in the Muskegon
River.

Results of our study on the density and survival of
Walleye eggs and larvae support earlier evidence (Day
1991; Mion et al. 1998; Ivan et al. 2010; DuFour et al.
2014) suggesting that abiotic factors can regulate the produc-
tion of Walleye early life stages in the Muskegon River and
other Great Lakes tributaries. In particular, strong and vari-
able river discharge and/or cold temperatures during Walleye
egg incubation and larval hatch may lower egg survival and
larval production. We believe that future research should
focus on both biotic and abiotic factors influencing the
survival and growth of Walleye larvae in the Muskegon
River, Muskegon Lake, and other Great Lakes nursery habi-
tats. Abiotic environmental factors are predicted to change
under climate warming scenarios that are forecast for the
Muskegon River by 2070 (Wiley et al. 2010); river water
temperature is predicted to increase by 3–5°C, and discharge
is also expected to increase. It is unclear whether the benefit
of increased temperatures will counteract the negative influ-
ence of predicted higher discharge on the survival of Walleye
eggs and larvae. We suspect that Alewives and other plank-
tivorous fishes (e.g., White Perch) also may limit Walleye
recruitment through predation on the larvae as they drift
from the Muskegon River to Muskegon Lake. Events in
Lake Huron suggest that the dramatic decline in adult
Alewives—known predators of fish larvae—has removed
the reproduction and recruitment bottlenecks that had existed
for Walleyes and other nearshore native species (e.g., Fielder
et al. 2007; Schaeffer et al. 2008).
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