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Abstract

Fish recruitment is interannually variable and challenging to predict. Annual recruitment is often regionally synchronized
among populations and identifying drivers of such synchrony may help shed light on recruitment dynamics. We investigated
interannual variation of alewife Alosa pseudoharengus recruitment by estimating year-class strength for populations from three
of the Laurentian Great Lakes (lakes Huron, Michigan, and Ontario) using annual assessment survey data from 1968 to 2022. We
first determined the age when year-class strength was set for each dataset. We then used a mixed-modeling approach incorpo-
rating age, year-class, and sampling year to estimate year-class strength for each study lake. Thereafter, we evaluated regional
synchrony in year-class strength across the three lakes and evaluated potential climatic drivers of synchrony. Our results sug-
gest that alewife year-class strength is set by age-1. Our model-derived indices of alewife year-class strength were synchronized
among the three lakes, and we identified spring-summer degree-days as a potential regional driver of synchrony. This analysis
highlights the potential for strong influence of climatic conditions on fish recruitment in large freshwater systems.
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1. Introduction

Elucidating drivers of fish recruitment is a challenge for
fisheries researchers and managers, especially in large fresh-
water systems where a suite of abiotic and biotic factors
can interact to regulate recruitment. Recruitment is often
highly variable among years (Ricker 1954; Houde 2008), as
small changes in survival rates during early life can greatly
influence subsequent year-class strength and population dy-
namics (Houde 1987, 1989). Evidence of inter-population
synchrony in recruitment can help to identify potential
drivers of recruitment variation. Synchrony in recruitment
of fish populations has been observed in both freshwater
(Grenouillet et al. 2001; Phelps et al. 2008; Honsey et al. 2016;
Bunnell et al. 2017; Honsey et al. 2020) and marine systems
(Fox et al. 2000; Hollowed et al. 2001) with climatic condi-
tions (i.e., the “Moran effect”; Moran 1953) and larval dis-
persal identified as potential drivers of synchrony (Bunnell
et al. 2010). Although climatic conditions have been shown
to contribute to recruitment synchrony in both freshwater
and marine systems, previous estimates of the spatial scales
of intraspecific recruitment synchrony in freshwater systems
were less than 50 km compared to 500 km in marine envi-
ronments (Myers et al. 1997; Feiner et al. 2019). In contrast,
more recent studies in large freshwater systems (i.e., the Lau-
rentian Great Lakes, hereafter Great Lakes) suggest that the

spatial scale of synchrony can be much broader than 50 km
(Bunnell et al. 2010; Honsey et al. 2016). Intraspecific recruit-
ment synchrony among Great Lakes populations has been
observed within bloater Coregonus hoyi (Bunnell et al. 2010),
yellow perch Perca flavescens (Honsey et al. 2016), and cisco
Coregonus artedi (Myers et al. 2015). Furthermore, climatic
conditions also appeared to contribute to recruitment syn-
chrony across multiple species in Lake Michigan (e.g., rain-
bow smelt Osmerus mordax, alewife Alosa pseudoharengus, and
yellow perch; Bunnell et al. 2017). Hence, a growing num-
ber of studies have revealed the potential of annual regional
climatic conditions to regulate the recruitment dynamics of
Great Lakes fishes.

Recruitment of non-native alewife populations in the Great
Lakes has been relatively well studied across decades and
lakes. Alewife constitute a substantial component of Great
Lakes food webs, serving as key forage for economically valu-
able salmonid fisheries (Jude et al. 1987; Jacobs et al. 2013;
Leonhardt et al. 2020). Given their importance within the
food web, multiple efforts to understand alewife recruitment
variability within lakes have been undertaken, particularly in
lakes Ontario and Michigan (e.g., Henderson and Brown 1985;
O’Gorman et al. 2004; Madenjian et al. 2005; H60k et al. 2008).
These studies have identified different potential drivers of
recruitment, including predation by salmonids (Madenjian
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et al. 2005), spring-summer temperatures (Madenjian et al.
2005; Hook et al. 2008; Collingsworth et al. 2014; Bunnell
et al. 2017), and winter severity (O’Gorman et al. 2004;
Collingsworth et al. 2014). In most of these studies, seasonal
water temperature has been included among key explana-
tory variables, which would suggest that large interannual
differences in regional temperature could act to synchronize
alewife recruitment across the Great Lakes basin. Nonethe-
less, only one study has evaluated alewife recruitment be-
tween lakes (Collingsworth et al. 2014), and their objective
was not to explicitly test for synchrony, but rather to investi-
gate whether two unique lake-specific models had common
environmental drivers. Furthermore, the collapse of alewife
in Lake Huron around 2003 (Riley et al. 2008) has led fishery
managers across the Great Lakes to prioritize understanding
of factors that underlie alewife recruitment variability and
population persistence.

Prior recruitment studies have used several different
methods to assess lake-specific recruitment patterns includ-
ing modifications to the Ricker stock-recruit model (e.g.,
Henderson and Brown 1985; O’Gorman et al. 2004; Madenjian
et al. 2005; Collingsworth et al. 2014; Bunnell et al. 2017).
Such studies have used catch-per-unit-effort (CPUE) of a single
age, such as age-2 (O’Gorman et al. 2004) or age-3 (Madenjian
et al. 2005; Collingsworth et al. 2014; Bunnell et al. 2017) to
index recruitment in part because alewife age distributions
from these surveys revealed that younger ages are not fully
vulnerable to assessment gear. Similar to many other fish
populations in large systems, however, it is likely that key
processes that affect alewife recruitment success act on ages
younger than age-2 or age-3 (e.g., Madenjian et al. 1996; Ivan
et al. 2011; Bunnell et al. 2010; Collingsworth et al. 2014).
Quantifying the age when year-class strength is set can shed
light on drivers of recruitment success and facilitate subse-
quent analyses.

Moreover, evaluating multiple potential ages to index year-
class strength could be beneficial given interannual sampling
variability and potential changes in age-specific catchability,
selectivity, and survival over time (Riley and Adams 2010;
He et al. 2012; He 2019). Across the Great Lakes, alewife are
sampled inconsistently across lakes using a variety of dif-
ferent gear types and targeted at multiple life stages. Lar-
val alewife are only sampled periodically by studies rang-
ing a few years (e.g., Hook et al. 2007; Weber et al. 2015;
Withers et al. 2015) or consistently in select regions (e.g.,
near Muskegon, Michigan; Ed Rutherford, National Oceanic
and Atmospheric Administration, oral communication, June
2022). Since the 1970s, the United States Geological Survey
(USGS) has performed prey fish assessment surveys on lakes
Huron, Michigan, and Ontario. In Lake Michigan, juvenile
and adult alewife are sampled in late summer by hydroacous-
tic surveys and midwater trawls (Warner et al. 2008) and in
the fall by bottom trawls (Madenjian et al. 2005). In Lake On-
tario, alewife are sampled in the spring via bottom trawls
(Weidel et al. 2019). In Lake Huron, alewife and other fishes
are assessed in the fall by bottom trawls, although the alewife
population crashed in the early 2000s (Riley et al. 2008). These
differences in sampling methods have made it difficult to uti-
lize datasets across lakes and to use multiple ages, including
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relatively young ages, to estimate year-class strength. More
recently, studies of year-class strength of other species have
used mixed-modeling approaches as such methods facilitate
(a) consideration of additional fixed and random effects on
age-specific abundances (e.g., sampling year, gear type), (b) in-
clusion of multiple assessment years, and (c) incorporation of
multiple measures of abundance of a given cohort across ages
into year-class strength estimates (e.g., Honsey et al. 2020; He
et al. 2023).

Our goals were to (1) identify the age at which alewife
year-class strength is set in three Great Lakes populations,
(2) reconstruct alewife year-class strength for each of the
three populations and investigate whether alewife year-class
strength is synchronized across the region, and (3) evalu-
ate potential regional environmental drivers of year-class
strength if synchrony among the lakes was observed. To do
this, we utilized a mixed-modeling approach with long-term
catch-at-age datasets to provide a more accurate estimate of
year-class strength and allowing for the inclusion of younger
ages and multiple age abundances per year-class. We hypoth-
esized that the age at which alewife year-class strength is set
would be earlier than age-3. We also hypothesized that since
past studies in multiple lakes point to the positive influence
of spring-summer temperatures on alewife recruitment (e.g.,
O’Gorman et al. 2004; Madenjian et al. 2005; Ho6k et al. 2008;
Collingsworth et al. 2014), recruitment of the three popu-
lations of alewife would be synchronized due to similar in-
fluences of annual regional climate conditions. Our analyses
aimed to provide a better understanding of alewife recruit-
ment drivers and dynamics across the Great Lakes.

2. Methods

2.1. Data collection

The datasets used for our analyses were compiled from the
USGS annual bottom trawl prey fish assessment surveys for
lakes Huron (fall, 1976-2004, Hondorp et al. 2024), Michigan
(fall, 1973-2022, Hondorp et al. 2024), and Ontario (spring,
1978-2022, Weidel et al. 2023). The Lake Huron dataset only
included data through 2003 as alewife were rarely sampled
in later years (Riley et al. 2008). Lake-wide age-specific densi-
ties (number/ha) of alewife were calculated for each sampling
year using established USGS methods. For more details de-
scribing the methods and summarization of each survey, see
Riley et al. (2008), Weidel et al. (2019), Madenjian et al. (2005),
and Collingsworth et al. (2014).

2.2. Age when year-class strength is set

Pairwise Pearson correlations were used to evaluate at
which age alewife year-class strength is set (e.g., Ivan et al.
2011). Lake-specific, age-paired correlations for each year-
class (e.g., age-0in 1971 vs. age-3 in 1974, etc.) were performed
for ages 0-3 using log-transformed relative abundances to
more closely approximate normality. Normal Q-Q plots were
used to verify the assumptions of normality. The year-classes
included in these pairwise correlations were 1974-2002 for
Lake Huron, 1971-2020 for Lake Michigan, and 1977-2020
for Lake Ontario. The portmanteau lack-of-fit test was per-
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formed on the lagged residuals of each correlation pairing to
test for significant temporal autocorrelation (Box and Jenkins
1976). If any outliers within each correlation were detected
using Cook’s distance (D;; Hair et al. 1998), they were subse-
quently removed. An observation was considered an outlier
if the D;of the observation was larger than the threshold of
4/(n—k — 1) where n is the number of observations and k is the
number of independent variables (Hair et al. 1998). The age
at which year-class strength was set was determined to be the
youngest age that significantly correlated with age-3 as this is
the known age when alewife are fully vulnerable to the trawl
assessment gear in lakes Michigan and Huron (Madenjian et
al. 2005; Collingsworth et al. 2014). These calculations were
performed in JMP Pro version 15.1.0 (SAS Institute Inc.).

2.3. Year-class strength estimation

Year-class strength of alewife was indexed by fitting a lin-
ear mixed-effects model to the trawl data set for each study
lake. The mixed-model incorporated abundances for cohorts
over multiple years, and separated age-specific effects (i.e.,
mortality and selectivity) and year-specific effects (i.e., sam-
pling effort, catchability, variable predation mortality across
years, etc.) from the year-class effect. (Parsons and Pereira
2001; Maceina and Pereira 2007; Honsey et al. 2020; He et al.
2023). Annual cohorts were only included if catches of two
or more ages (across >2 years) were available for that cohort
(Honsey et al. 2020). Ages 1-3 were included in the mixed-
models to incorporate the earliest age that year-class strength
was reliably set across all three lakes (Section 3.1 of Results)
and additional ages up to when the year-class fully recruits to
the fishing gears (He et al. 2023). After evaluation of different
model structures (including inclusion of ages greater than 3;
see Supplementary Materials), the following model was fit:

(1) log (CPUEiﬂ() =Ai + T+ Uy + g

where CPUE; is the catch per unit effort of alewife of age
i from year-class j in year k; A;is a normally distributed ran-
dom effect for age; Yj is the fixed effect parameter for each
year-class j; and v is the normally distributed random ef-
fect for each sampling year k (Honsey et al. 2020; He et al.
2023). Before running the models, log;o(CPUE) abundances
were standardized to N(0,1) to make the catch estimates com-
parable among lakes. The assumption of the model was that
the year-class strengths of alewife were influenced by ran-
dom variation in both age-specific (e.g., selectivity, mortality)
and year-specific (e.g., catchability) processes. The year-class
parameter was used to estimate year-class strength for each
year-class (He et al. 2023). The best linear unbiased predic-
tor (BLUP, Robinson 1991) from the sampling-year random
effect was used to infer sampling-year effects, such as shifts
in catchability or selectivity. These and further calculations
were performed in R version 4.3.2 (R Core Team 2023) with
the “Ime4” package (Bates et al. 2015).

2.4. Synchrony analysis

To assess recruitment synchrony across the three study
lakes, pairwise Pearson correlation coefficients were calcu-
lated for year-class strength estimates between lakes for over-
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lapping year-classes. A positive coefficient (r) indicated year-
class strength was positively synchrony between lakes (i.e.,
year-class strength is high (strong) or low (weak) during par-
ticular years across all lakes).

2.5. Regional climate indices

To assess the potential drivers of alewife year-class strength
synchrony, climatic conditions were examined at the re-
gional level. Based on previous studies, there is evidence
that warmer spring-summer temperatures positively influ-
ence alewife recruitment success (Madenjian et al. 2005;
Collingsworth et al. 2014) while colder winter temperature
negatively influence recruitment success (O’Gorman et al.
2004). A warmer spring-summer can lead to earlier hatching
and faster growth rates (Houde 1969; Hook et al. 2008), po-
tentially improving survival rates. A cooler winter prior to
spawning has been observed to influence egg development
and offspring quality in some fishes such as percids (Farmer
et al. 2015; Feiner et al. 2016), and a cooler winter post-hatch
potentially reduces overwinter survival of young-of-the-year
alewife (Dunlop and Riley 2013). Finally, increased spring pre-
cipitation has the potential to increase nutrient loading and
productivity and reduce visibility for predators (Reichert et
al. 2010).

To assess which climate conditions potentially drive syn-
chrony in alewife recruitment, four indices were considered
including (1) winter severity pre-spawn, (2) spring-summer
degree-days post-hatch, (3) spring precipitation pre-spawn,
and (4) winter severity post-hatch (hereafter first winter).
Daily maximum and minimum air temperatures and precip-
itation were collected from 12 weather stations across the
region from the National Oceanic and Atmospheric Adminis-
tration’s Climate Data Online Service (http://www.ncdc.noaa.
gov/cdo-web/; Fig. 1). If a particular weather station had any
data gaps, then a second weather station in close proxim-
ity (i.e., within the same city) was used to fill those missing
dates. Indices were calculated by location for each year then
averaged across all locations to calculate annual indices. Air
temperature data were used as they are often highly corre-
lated with surface water temperatures (Macan and Maudsley
1966; Chezik et al. 2014a) and are more readily available than
surface water temperature data across the broad spatial and
temporal scales considered through this study. The thresh-
old temperature of 0 °C for degree-days was based upon the
recommendation from Honsey et al. (2022) and Chezik et
al. (2014b). Spring-summer degree-days at age-0 (DD,) were
calculated as the sum of daily average temperatures above
0 °C from May 1 to July 31. Winter severity pre-spawn and
post-hatch were calculated as the number of days between
September and May in which the average air temperature
was below 0 °C (similar to Honsey et al. 2020). Regional spring
precipitation was calculated by averaging precipitation data
from each site for each month within each year followed by
averaging the monthly regional averages across months of in-
terest (April-May) for each year (Honsey et al. 2016). Regional
average year-class strength was calculated by averaging year-
class strength estimates among study lakes for a given year.
The indices and regional year-class strength were calculated

Can. J. Fish. Aquat. Sci. 81: 1456-1467 (2024) | dx.doi.org/10.1139/cjfas-2023-0322



http://dx.doi.org/10.1139/cjfas-2023-0322
http://www.ncdc.noaa.gov/cdo-web/

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAA CENTRAL on 03/26/25
For personal use only.

‘Canadian Science Publishing

Fig. 1. Map of the four southernmost Laurentian Great Lakes with the study lakes shaded in blue. Gray circles with a black
center represent the weather stations used to calculate the regional average climatic indices. The bottom trawling locations
are represented by black dots within each respective lake. Map credits: (U.S. State Boundaries: Great Lakes Commission 2019;

Great Lakes Shapefiles: United States Geological Survey 2010).
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for two time periods: 1977-2001 when year-class strength was
estimated for all three lakes and 1977-2020 when year-class
strength was estimated for lakes Michigan and Ontario. Pair-
wise Pearson correlation coefficients were estimated using
each of the four annual regional climatic indices and the re-
gional average year-class strength for each time period. For
climate and other associations, we not only note significant
effects at @ = 0.05 level of significance without corrections for
multiple comparisons, but also note that several correlations
were robustly significant (i.e., « = 0.01).

3. Results

3.1. Age when year-class strength is set

Results of pairwise correlations provided evidence that
alewife year-class strength is set at age-1 for all three pop-
ulations, and potentially by age-0 in the Lake Michigan
population (Table 1). Only one correlation was significantly
temporally autocorrelated and removed from the analysis:
Lake Ontario age-1 versus age-2 (x% >18.307). One outlier
(1996) was removed from the Lake Huron age-1 versus age-3
correlation (D; = 0.36). In all three lakes, age-1 relative abun-
dance was significantly, positively correlated with age-3 rela-
tive abundance 2 years later (Fig. 2). Strong correlations were
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also observed between age-2 and age-3 relative abundance in
lakes Michigan and Ontario (Table 1). Finally, in Lake Michi-
gan, a strong correlation was also observed between age-0 and
age-3 abundances indicating that year-class strength might
be set as early as the fall of the first year of life (Table 1). Al-
though age-0 and age-3 relative abundances were correlated
in Lake Michigan, we chose not to include age-0 abundances
in subsequent analyses as (a) age-0 abundances were not
available for Lake Ontario, (b) correlations from Lake Huron
did not support age-0 relative abundances being a strong pre-
dictor of age-3 relative abundances, and (c) potential climatic
drivers of synchrony included seasonal metrics not relevant
to age-0 individuals sampled in the fall (e.g., post-spawn win-
ter temperatures). In total for all three lakes, we determined
that year-class strength is set by age-1 and therefore age-1
and older capture data were used in subsequent analyses.

3.2. Year-class strength estimates

The mixed-models for: (1) Lake Huron included 28 year-
classes (1974-2001) from 27 sampling years (1976-1999,
2001-2003); (2) Lake Michigan included 50 year-classes (1971-
2020) from 50 sampling years (1973-2022); and (3) Lake On-
tario included 44 year-classes (1977-2020) from 44 sampling
years (1978-2019, 2021-2022; Fig. 3). Year-class strength in
Lake Huron during the late 1970s and early 1980s was con-
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Table 1. Pairwise Pearson correlation coefficients (r) relating alewife Alosa pseudo-
harengus abundance across ages for year-classes from four Laurentian Great Lakes

datasets.

Lake Huron fall
bottom trawl

Age 0 vs. Age 1 —0.02 [26]
Age 0 vs. Age 2 —0.04 [25]
Age 0vs. Age 3 —0.35 [24]
Age 1vs. Age 2 +0.45 [26]«
Age 1vs. Age 3 +0.49 [24]« T
Age 2 vs. Age 3 +0.24 [26]

Lake Michigan fall Lake Ontario spring
bottom trawl bottom trawl
+0.66 [43]x -
+0.48 [43] -
+0.52 [43] -
+0.75 [47]% ¥
+0.58 [46]+ +0.59 [42]
+0.73 [47] +0.70 [42]%

= Correlation removed due to significant temporal autocorrelation detected.
f= Outlier removed from correlation after detection using Cook’s D (year-class 1996). Previous correlation r =
+0.28. Significant correlations are indicated with an asterisk () for p < 0.01. The number of year-classes included

in each correlation are specified as [n].

Fig. 2. Comparisons of age-1 versus age-3 abundance (log(number ha~!)) for year-classes of alewife Alosa pseudoharengus in (a)
Lake Huron (r = 0.49), (b) Lake Michigan (r = 0.58), and (c) Lake Ontario (r = 0.59). Outlier removed from Lake Huron comparison

is indicated by red dot.
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sistently weak until becoming a more consistent pattern of
peaks in strong and weak years before the population crashed
in the early 2000s. In Lake Michigan, year-class strength was
relatively strong from 1970-1990 before becoming on aver-
age weaker in the 2000s and consistently weak after 2013.
Lake Ontario consistently has had a pattern of strong and
weak peaks in year-class strength throughout the entire time
series. For all three lakes, the sampling-year effect remained
relatively consistent around the model average (Fig. 4).

3.3. Synchrony analysis

Pairwise Pearson correlation coefficients (r), suggested that
alewife year-class strength is generally synchronized in the
Great Lakes region (Fig. 5). Lake Michigan was significantly
synchronized with Lake Huron (r = 0.59, p < 0.01, n = 28)
and Lake Ontario (r = 0.33, p = 0.03, n = 44). Lake Huron was
also significantly synchronized with Lake Ontario (r = 0.54,
p <0.01, n = 25).

3.4. Regional climate indices

Regional average year-class strength was significantly pos-
itively correlated with spring-summer degree-days when in-
cluding all lakes (1977-2001; r = 0.61) and when only includ-
ing lakes Michigan and Ontario (1977-2020; + = 0.30; Fig. 6).

1460

Regional average year-class strength was significantly nega-
tively correlated with spring precipitation when including
lakes Michigan and Ontario (1977-2020; + = —0.32) but not
across all lakes (1977-2001; Table 2). Neither winter severity
pre-hatch nor winter severity post-hatch were significantly
correlated with regional average year-class strength (Table 2).

4. Discussion

We indexed alewife year-class strength for lakes Huron,
Michigan, and Ontario from 1977 to 2020 and provide ev-
idence that alewife recruitment is regionally synchronized.
Our results suggest that alewife recruitment is set by age 1.
Moreover, our study suggests that annual regional climate
conditions contribute to alewife recruitment success and re-
gional synchrony, as spring-summer degree-days were posi-
tively related to year-class strength.

An advantage of the mixed-modeling approach was the
ability to account for changes in the sampling-year effect.
These datasets span a large number of years throughout
which there were likely changes in catchability due to inter-
annual variability in food web composition, changes in the
timing of the survey, or lake-wide ecosystem changes. For ex-
ample, increased water clarity could plausibly affect capture

Can. J. Fish. Aquat. Sci. 81: 1456-1467 (2024) | dx.doi.org/10.1139/cjfas-2023-0322
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Fig. 3. Year-class strength estimates for alewife Alosa pseudoharengus from (a) Lake Huron, (b) Lake Michigan, and (c) Lake Ontario.
Zero represents the mean year-class strength value across the time series. The gray shaded area represents 95% confidence

intervals.

a) Lake Huron

Year - Class Strength (Y)

I I
1970 1980

I
1990

I I I
2000 2010 2020

Year-Class

efficiency of sampling gear (Bunnell et al. 2021). The Lake
Michigan ecosystem has undergone substantial changes that
could decrease catchability in a daytime bottom trawl, in-
cluding increased water clarity (Binding et al. 2015; Yousef
et al. 2017; Bunnell et al. 2021), high salmonid predation
(Madenjian et al. 2002), decreased prey availability (Barbiero
et al. 2012; Bunnell et al. 2018), and declining adult alewife
abundance (Madenjian et al. 2002; Madenjian 2022). Adult
alewife abundance may have reached a sufficiently low level
by 2014 such that catchability in the bottom trawl survey gen-
erally decreased. The findings of Swain et al. (1994) provide
support for this hypothesis, as these researchers estimated
that catchability of older Atlantic cod (Gadus morhua) in the
bottom trawl survey of the southern Gulf of St. Lawrence

was relatively low when older Atlantic cod abundance
was low.

This study provides evidence that alewife year-class
strength is generally set by age-1 in the study lakes and
may be set earlier in Lake Michigan. Previous studies have
modeled recruitment based on relative abundances of age-3
alewife due to incomplete recruitment to the sampling gear
before this age (Eck and Brown 1985; Krause 1999; Madenjian
et al. 2005). We chose to use age-1 as the earliest age to in-
clude because (1) age-1 abundances were strong predictors of
subsequent age-3 abundances of cohorts, (2) previous stud-
ies have shown a potential effect of winter severity on the
survival of age-0 individuals to age-1 (e.g., O’Gorman et al.
2004; Hook et al. 2007), (3) the dataset for Lake Ontario does

Can. J. Fish. Aquat. Sci. 81: 1456-1467 (2024) | dx.doi.org/10.1139/cjfas-2023-0322 1461
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Fig. 4. Sampling-year effect estimate for trawl surveys from (a) Lake Huron, (b) Lake Michigan, and (c) Lake Ontario. A minimal
effect of sampling-year is indicated by a value of zero. The gray shaded area represents 95% confidence intervals.

a) Lake Huron
2_

b) Lake Michigan
2_

Sampling Year Effect (W)
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Fig. 5. Scatterplots of alewife Alosa pseudoharengus year-class strength estimates between (a) lakes Huron and Ontario, (b) lakes
Michigan and Huron, and (c) lakes Ontario and Michigan. Trend lines are presented to visualize the direction of the correlation.
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Fig. 6. Scatterplots of spring-summer degree-days versus regional alewife Alosa pseudoharengus year-class strength for (a) 1977-
2001 and (c) 1977-2020. Trend lines are presented to visualize the direction of the correlation. Pairwise Pearson correlation
coefficients (r +/—95% confidence intervals) of spring-summer degree days versus regional year-class strength and year-class
strength for each respective lake for (b) 1977-2001 and (d) 1977-2020.
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All Lakes (1977-2001) Lakes Michigan and Ontario (1977-2020)
r p-value r p-value
Winter severity pre-spawn —0.30 0.15 —0.25 0.10
Spring precipitation —0.13 0.54 —0.32 0.03
Spring-summer degree-days 0.61 <0.01 0.61 <0.01
Winter severity post-spawn —0.29 0.15 —-0.17 0.26
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not include age-0 abundances, and (4) the mixed-modeling
approach allows for the inclusion of ages before full vulnera-
bility to sampling gear. Abundances at younger ages (i.e., age
0, age (1) have also been found to be strong predictors of abun-
dances at older ages for other species in the Great Lakes, in-
cluding yellow perch in Saginaw Bay (Ivan et al. 2011) and
Lake Erie (Farmer et al. 2015) and bloater in Lake Michigan
(Bunnell et al. 2010). In recent years, the age structure of the
alewife population in Lake Michigan has become truncated
(Vidal et al. 2019), and it has become difficult to use tradi-
tional stock-recruitment models without indices for older in-
dividuals. The fact that Lake Michigan alewife recruitment
appears to be largely set by age-1 (if not earlier) could allow
fisheries scientists and managers to use relative abundance
data from younger ages to proactively assess the strength of
alewife year-classes. Thereby, managers may be able to de-
termine alewife year class strength before an alewife cohort
reaches age 3. This could allow for proactive management
of salmonine stocking or harvest in anticipation of available
forage availability.

The observation of recruitment synchrony among the three
study lakes adds to the growing body of evidence that the
spatial scale of fish recruitment synchrony in freshwater sys-
tems can be much broader than an earlier estimate of 50 km
(Myers et al. 1997; see, for example, Bunnell et al. 2010;
Collingsworth et al. 2014; Myers et al. 2015; Honsey et al.
2016; Bunnell et al. 2017). With the development of modeling
methods and the availability of larger datasets, spatial syn-
chrony of freshwater fish population dynamics for the Great
Lakes is now observed to be up to 400 km for short term and
800 km for long-term trends (Bunnell et al. 2010); although,
it is important to note that these various studies have used
different methods for calculating scales of synchrony. This
broad-scale recruitment synchrony may be common among
Great Lakes fish populations, as the Great Lakes have similar-
ities with marine systems in terms of physical and biological
properties (Ludsin et al. 2014) and marine fishes typically ex-
hibit much broader scales of recruitment synchrony (Myers et
al. 1997). In addition, many Great Lakes fishes (e.g., percids,
clupeids, coregonines) have similar life-history strategies to
those of many marine fishes, including broadcast spawning,
high fecundity, and pelagic larval stages (Ludsin et al. 2014).
As such, alewife recruitment may be synchronized in the
Great Lakes because survival of individuals in early life stages
can be strongly influenced by climatic conditions (e.g., sea-
sonal temperatures) and other physical processes that are cor-
related at broad scales, much like marine systems.

At the basin level, the best climatic index predictor of re-
gional year-class strength was spring-summer degree-days,
which was positively correlated with regional average year-
class strength (i.e., warmer spring-summer temperatures
led to relatively strong year-classes, and vice versa). Spring-
summer temperatures were also found to positively influ-
ence alewife recruitment in previous studies (Madenjian et
al. 2005; Hook et al. 2008; Bunnell et al. 2017). Warmer tem-
peratures lead to higher metabolic rates and may contribute
to higher growth rates so long as sufficient prey are avail-
able (Venturelli et al. 2010; Honsey et al. 2019). The growth
of an individual during early life stages is critical as larger
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young fish are less likely to starve and potentially better
able to avoid predation (Miller et al. 1988). In addition, over-
winter survival of alewife has been related to individual size
(Post and Evans 1989; Ho0k et al. 2007) with a suggested ap-
proximate size threshold of 60 mm required to survive the
first winter (Brown 1972; O’Gorman and Schneider 1986).
In several other fish species, years with warmer spring tem-
peratures have led to earlier hatching, faster growth, and
a longer growing season, thus increasing survival rates and
positively influencing year-class strength (Johnson and Evans
1990; Cargnelli and Gross 1996; Post et al. 1998).

Winter temperature was not strongly associated with re-
gional year-class strength. However, the directions of cor-
relation coefficients relating to regional year-class strength
were negative for both pre-spawn and post-spawn winter
severity indices. Cold winters can contribute to relatively
cold spring conditions immediately following the cold win-
ter. Thus, cold winters pre-spawn may partially reflect cooler
spring-summer temperatures that leads to a relatively weaker
year-class strength. In fact, pre-spawn winter severity was
correlated with subsequent spring-summer degree-days (Ta-
ble S3). Previous studies have found a lack of a significant
effect of post-spawn winter severity on year-class strength
for alewife in both Lake Michigan (Madenjian et al. 2005;
Collingsworth et al. 2014) and Lake Huron (Collingsworth et
al. 2014). An exception to these previous studies is O’Gorman
et al. (2004), who concluded that, in Lake Ontario, winter
severity during the first year of life had a significant negative
effect on alewife recruitment.

Although this study investigated the potential for climate
conditions to drive alewife recruitment synchrony, there are
certainly other abiotic and biotic factors that contribute to re-
cruitment variation, especially when recruitment is indexed
at older ages (i.e., age 3 and older). Previous studies have con-
cluded that high rates of salmonid predation were a signifi-
cant driver of alewife recruitment to age-3 in Lake Michigan
(Madenjian et al. 2005; Collingsworth et al. 2014) and Lake
Huron (He et al. 2015). Similarly, in Lake Ontario, predation
of alewife by salmonids was concluded to have a negative ef-
fect on adult alewife abundances (Murry et al. 2010). Clearly,
food web dynamics have an influence on survival of alewife to
older ages and should be considered when predicting abun-
dances.

In conclusion, this study used a mixed-modeling approach
to assess year-class strength of alewife in three Great Lakes.
Results indicate that alewife year-class strength is generally
synchronized across lakes Huron, Michigan, and Ontario. Cli-
matic conditions, in particular spring-summer degree-days,
appear to contribute to regional synchrony of these popu-
lations. With average temperatures anticipated to increase
in the future, it is possible that average alewife recruitment
levels could also increase. However, given the breadth of
ecosystem-level changes plausible through global changes,
we suggest such expectations are far from certain. In total,
this study demonstrates (a) the utility of a mixed-modeling
approach to generate and analyze informative indices of year-
class strength; (b) the value of long-term annual surveys of
fish stocks for further understanding and prediction of eco-
logical processes (Franklin 1989; Hughes et al. 2017); and (c)
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the importance of climatic factors in influencing recruitment
in large-freshwater systems and their ability to synchronize
recruitment in these systems across broad scales.

Acknowledgements

We thank the many Great Lakes Science Center employees
that have contributed to these unique datasets on these three
lakes, including vessels crews, biologists, technicians, and in-
formation technology specialists, both retired and current.
We also thank Scott Koenigbauer for his suggestions and cod-
ing assistance, and the members of the H66k lab for provid-
ing feedback on drafts of this manuscript. Any use of trade,
product, or firm names is for descriptive purposes only and
does not imply endorsement by the U.S. Government.

Article information

History dates

Received: 8 November 2023

Accepted: 6 June 2024

Accepted manuscript online: 20 June 2024
Version of record online: 16 September 2024

Copyright

© 2024 Authors Warren, Collingsworth, and H66k. Permis-
sion for reuse (free in most cases) can be obtained from
copyright.com.

Data availability

The U. S. Geological Survey (USGS) data for Lakes Michigan
and Huron are publicly available at https://doi.org/10.5066/P9
5KVYGG and the data for Lake Ontario are publicly available
at https://doi.org/10.5066/POLFED8G. The data generated in
this study including the mixed-model estimates and regional
climate indices are available in the supplementary materials.

Author information

Author ORCIDs

Les D. Warren https://orcid.org/0000-0002-1022-9592
Andrew E. Honsey https://orcid.org/0000-0001-7535-1321
David B. Bunnell https://orcid.org/0000-0003-3521-7747

Paris D. Collingsworth https://orcid.org/0000-0003-3294-3065
Darryl W. Hondorp https://orcid.org/0000-0002-5182-1963
David M. Warner https://orcid.org/0000-0003-4939-5368
Brian C. Weidel https://orcid.org/0000-0001-6095-2773

Tomas O. H66k https://orcid.org/0000-0001-9185-6741

Author contributions

Conceptualization: LDW, DBB, PDC, TOH

Data curation: LDW

Formal analysis: LDW, AEH, TOH

Funding acquisition: DBB, PDC, DMW, TOH

Investigation: LDW, AEH, DBB, PDC, DWH, CPM, DMW, BCW,
TOH

Methodology: LDW, AEH, DBB, PDC, DWH, CPM, DMW, BCW,
TOH

Resources: AEH, DBB, PDC, DWH, CPM, DMW, BCW, TOH

Can. J. Fish. Aquat. Sci. 81: 1456—1467 (2024) | dx.doi.org/10.1139/cjfas-2023-0322

‘Canadian Science Publishing

Visualization: LDW, AEH

Writing - original draft: LDW, TOH

Writing - review & editing: LDW, AEH, DBB, PDC, DWH, CPM,
DMW, BCW, TOH

Competing interests
The authors declare there are no competing interests.

Funding information

Funding for this work was provided by the Great Lakes Fish-
ery Trust (Grant #1860) and the Purdue University Depart-
ment of Forestry and Natural Resources.

Supplementary material

Supplementary data are available with the article at https:
/[doi.org/10.1139/cjfas-2023-0322.

References

Barbiero, R.P., Lesht, B.M., and Warren, G.J. 2012. Convergence of trophic
state and the lower food web in Lakes Huron, Michigan and Superior.
J. Great Lakes Res. 38(2): 368-380. doi:10.1016/j.jglr.2012.03.009.

Bates, D., Michler, M., Bolker, B., and Walker, S. 2015. Fitting linear
mixed-effects models using Ime4. ]. Stat Software, 67(1): 1-48. doi:10.
18637/js5.v067.i01.

Binding, C.E., Greenberg, T.A., Watson, S.B., Rastin, S., and Gould, J. 2015.
Long term water clarity changes in North America’s Great Lakes from
multi-sensor satellite observations. Limnol. Oceanogr. 60(6): 1976-
1995. doi:10.1002/In0.10146.

Box, G.E.P,, and Jenkins, G. 1976. Time series analysis: forecasting and
control. 5th ed. Holden Day, San Francisco.

Brown, E.H. 1972. Population biology of alewives, Alosa pseudoharengus,
in Lake Michigan, 1949-70. ]. Fish. Res. Board Can. 29(5): 477-500.
doi:10.1139/f72-084.

Bunnell, D.B., Adams, ].V, Gorman, O.T., Madenjian, C.P,, Riley, S.C., Rose-
man, E.F., and Schaeffer, ]J.S. 2010. Population synchrony of a na-
tive fish across three Laurentian Great Lakes: evaluating the effects
of dispersal and climate. Oecologia, 162(3): 641-651. do0i:10.1007/
$s00442-009-1487-6. PMID:19888603.

Bunnell, D.B., H66k, T.O., Troy, C.D., Liu, W., Madenjian, C.P., and Adams,
JV. 2017. Testing for synchrony in recruitment among four Lake
Michigan fish species. Can. J. Fish. Aquat. Sci. 74(3): 306-315. doi:10.
1139/cjfas-2015-0534.

Bunnell, D.B., Carrick, H.J., Madenjian, C.P., Rutherford, E.S., Vander-
ploeg, H.A., Barbiero, R.P., et al. 2018. Are changes in lower trophic
levels limiting prey-fish biomass and production in Lake Michi-
gan? Available from http:/[pubs.er.usgs.gov/publication/70199979 [ac-
cessed May 2023].

Bunnell, D.B., Ludsin, S.A., Knight, R.L., Rudstam, L.G., Williamson, C.E.,
Ho606k, T.O., et al. 2021. Consequences of changing water clarity on the
fish and fisheries of the Laurentian Great Lakes. Can. J. Fish. Aquat.
Sci. 78(10): 1524-1542. doi:10.1139/cjfas-2020-0376.

Cargnelli, L.M., and Gross, M.R. 1996. The temporal dimension in fish
recruitment: birth date, body size, and size-dependent survival in a
sunfish (bluegill: Lepomis macrochirus). Can. J. Fish. Aquat. Sci. 53(2):
360-367. doi:10.1139/f95-193.

Chezik, K.A., Lester, N.P.,, and Venturelli, P.A. 2014a. Fish growth
and degree-days I: selecting a base temperature for a within-
population study. Can. J. Fish. Aquat. Sci. 71(1): 47-55. doi:10.1139/
cjfas-2013-0295.

Chezik, K.A., Lester, N.P., and Venturelli, P.A. 2014b. Fish growth
and degree-days II: selecting a base temperature for an among-
population study. Can. J. Fish. Aquat. Sci. 71(9): 1303-1311. doi:10.
1139/cjfas-2013-0615.

Collingsworth, P.D., Bunnell, D.B., Madenjian, C.P., and Riley, S.C. 2014.
Comparative recruitment dynamics of alewife and bloater in Lakes

1465



http://dx.doi.org/10.1139/cjfas-2023-0322
https://marketplace.copyright.com/rs-ui-web/mp
https://doi.org/10.5066/P95KVYGG
https://doi.org/10.5066/P9LFED8G
https://orcid.org/0000-0002-1022-9592
https://orcid.org/0000-0001-7535-1321
https://orcid.org/0000-0003-3521-7747
https://orcid.org/0000-0003-3294-3065
https://orcid.org/0000-0002-5182-1963
https://orcid.org/0000-0003-4939-5368
https://orcid.org/0000-0001-6095-2773
https://orcid.org/0000-0001-9185-6741
https://doi.org/10.1139/cjfas-2023-0322
http://dx.doi.org/10.1016/j.jglr.2012.03.009
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1002/lno.10146
http://dx.doi.org/10.1139/f72-084
http://dx.doi.org/10.1007/s00442-009-1487-6
https://pubmed.ncbi.nlm.nih.gov/19888603
http://dx.doi.org/10.1139/cjfas-2015-0534
http://pubs.er.usgs.gov/publication/70199979
http://dx.doi.org/10.1139/cjfas-2020-0376
http://dx.doi.org/10.1139/f95-193
http://dx.doi.org/10.1139/cjfas-2013-0295
http://dx.doi.org/10.1139/cjfas-2013-0615

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAA CENTRAL on 03/26/25
For personal use only.

‘Canadian Science Publishing

Michigan and Huron. Trans. Am. Fisheries Soc. 143(1): 294-309.
d0i:10.1080/00028487.2013.833986.

Dunlop, E.S., and Riley, S.C. 2013. The contribution of cold winter tem-
peratures to the 2003 alewife population collapse in Lake Huron. J.
Great Lakes Res. 39(4): 682-689. doi:10.1016/j.jglr.2013.08.001.

Eck, G.W,, and Brown, E.H. 1985. Lake Michigan’s capacity to support
lake trout (Salvelinus namaycush) and other salmonines: an estimate
based on the status of prey populations in the 1970 s. Can. ]. Fish.
Aquat. Sci. 42(3): 449-454. doi:10.1139/f85-060.

Farmer, T.M., Marschall, E.A., Dabrowski, K., and Ludsin, S.A. 2015.
Short winters threaten temperate fish populations. Nat. Commun.
6. doi:10.1038/ncomms8724.

Feiner, Z.S., Coulter, D.P., Krieg, T.A., Donabauer, S.B., and H66k, T.O.
2016. Environmental influences on fish assemblage variation among
ecologically similar glacial lakes. Environ. Biol. Fishes 99(11): 829-
843. d0i:10.1007/s10641-016-0524-7.

Feiner, Z.S., Coulter, D.P., Linn, M.D., and H66Kk, T.O. 2019. A question of
scale: weak evidence for broad regional synchrony in fish year-class
strength within or among species in inland lakes. Fish. Res. 214: 45—
55. d0i:10.1016/j.fishres.2019.01.025.

Fox, CJ., Planque, B.P., and Darby, C.D. 2000. Synchrony in the recruit-
ment time-series of plaice (Pleuronectes platessa L) around the United
Kingdom and the influence of sea temperature. J. Sea Res. 44(1): 159—
168. doi:10.1016/S1385-1101(00)00039-3.

Franklin, J.F. 1989. Importance and justification of long-term studies in
ecology. In Long-term studies in ecology. Springer. pp. 3-19.

Great Lakes Commission. 2019. Great Lakes State Boundaries. Avail-
able from https://[www.arcgis.com/home/item.htm1?id=6d2188ad8f9
c4fc4b9c49536e72e1d41#overview [accessed 18 May 2023].

Grenouillet, G., Hugueny, B., Carrel, G.A., Olivier, J.M., and Pont, D.
2001. Large-scale synchrony and inter-annual variability in roach re-
cruitment in the Rhone River: the relative role of climatic factors
and density-dependent processes. Freshwater Biology, 46(1): 11-26.
d0i:10.1046/j.1365-2427.2001.00637.x.

Hair, J., Anderson, R., Tatham, R., and Black, W. 1998. Multivariate data
analysis. 5th ed. Prentice Hall, New Jersey.

He, J.X. 2019. Regions and sub-regions of Lake Trout in the main basin of
Lake Huron. Mar. Sci. 2(1).

He, ]J.X., Ebener, M.P., Riley, S.C., Cottrill, A., Kowalski, A., Koproski,
S., et al. 2012. Lake Trout status in the main basin of Lake Huron,
1973-2010. North Am. J. Fisheries Manag. 32(2): 402—412. d0i:10.1080/
02755947.2012.675947.

He, ]J.X., Bence, J.R., Madenjian, C.P., Pothoven, S.A., Dobiesz, N.E., Fielder,
D.G., et al. 2015. Coupling age-structured stock assessment and fish
bioenergetics models: a system of time-varying models for quanti-
fying piscivory patterns during the rapid trophic shift in the main
basin of Lake Huron. Can. . Fish. Aquat. Sci. 72(1): 7-23. doi:10.1139/
cjfas-2014-0161.

He, ].X., Honsey, A.E., Staples, D.F., Bence, J.R., and Claramunt, T. 2023.
Longitudinal analyses of catch-at-age data for reconstructing year-
class strength, with an application to lake trout (Salvelinus namaycush)
in the main basin of Lake Huron. Can. J. Fish. Aquat. Sci. 80(1): 183-
194. doi:10.1139/cjfas-2022-0140.

Henderson, B.A., and Brown, E.H. 1985. Effects of abundance and wa-
ter temperature on recruitment and growth of alewife (Alosa pseudo-
harengus) near South Bay, Lake Huron, 1954-82. Can. J. Fish. Aquat.
Sci. 42(10): 1608-1613. doi:10.1139/f85-201.

Hollowed, A.B., Hare, S.R., and Wooster, W.S. 2001. Pacific Basin climate
variability and patterns of Northeast Pacific marine fish production.
Prog. Oceanogr. 49(1): 257-282. d0i:10.1016/S0079-6611(01)00026-X.

Hondorp, D.W., Bunnell, D., Madenjian, C.P., and Honsey, A.E. 2024.
Bottom trawl catch alewife densities and ages in Lakes Michigan
and Huron. U.S. Geological Survey data release. doi:10.5066/
P95KVYGG.

Honsey, A.E., Bunnell, D.B., Troy, C.D., Fielder, D.G., Thomas, M.V,
Knight, C.T., et al. 2016. Recruitment synchrony of yellow perch
(Perca flavescens, Percidae) in the Great Lakes region, 1966-2008. Fish.
Res. 181: 214-221. do0i:10.1016/j.fishres.

Honsey, A.E., Venturelli, P.A., and Lester, N.P. 2019. Bioenergetic and lim-
nological foundations for using degree-days derived from air temper-
atures to describe fish growth. Can. J. Fish. Aquat. Sci. 76(4): 657-669.
d0i:10.1139/cjfas-2018-0051.

1466

Honsey, A.E., Feiner, Z.S., and Hansen, G.J.A. 2020. Drivers of walleye re-
cruitment in minnesota’s large lakes. Can. J. Fish. Aquat. Sci. 77(12):.
d0i:10.1139/cjfas-2019-0453. PMID:32461710.

Honsey, A.E., Rypel, A.L., and Venturelli, P.A. 2022. Guidance for selecting
base temperatures when using degree-days in fish growth analyses.
Can. J. Fish. Aquat. Sci. 80: 549-562. doi:10.1139/cjfas-2022-0197.

Ho66k, T.O., Rutherford, E.S., Mason, D.M., and Carter, G.S. 2007. Hatch
dates, growth, survival, and overwinter mortality of age-0 alewives in
Lake Michigan: implications for habitat-specific recruitment success.
Trans. Am. Fisheries Soc. 136(5): 1298-1312. doi:10.1577/t06-194.1.

Ho66k, T.O., Rutherford, E.S., Croley, T.E., Mason, D.M., and Maden-
jian, C.P. 2008. Annual variation in habitat-specific recruitment suc-
cess: Implications from an individual-based model of Lake Michigan
alewife (Alosa pseudoharengus). Can. J. Fish. Aquat. Sci. 65(7): 1402—
1412. doi:10.1139/F08-066.

Houde, E.D. 1969. Sustained swimming ability of larvae of walleye (sti-
zostedion vitreum vitreum) and yellow perch (Perca flavescens). J.
Fish. Res. Board Can. 26(6): 1647-1659. doi:10.1139/f69-148.

Houde, E.D. 1987. Fish early life dynamics and recruitment variability.
Am. Fish. Soc. Symp. 2: 17-29.

Houde, E.D. 1989. Subtleties and episodes in the early life of fishes. J. Fish
Biol. 35(sA): 29-38. d0i:10.1111/j.1095-8649.1989.tb03043.x.

Houde, E.D. 2008. Emerging from Hjort’s shadow evaluation of ecosys-
tem based reference points for Atlantic Menhaden in the Northwest
Atlantic ocean view project Emerging from Hjort’s Shadow. Artic. J.
Northwest Atlantic Fishery Sci. 41: 53-70. do0i:10.2960/].v41.m634.

Hughes, B.B., Beas-Luna, R., Barner, A.K., Brewitt, K., Brumbaugh, D.R.,
Cerny-Chipman, E.B., et al. 2017. Long-term studies contribute dis-
proportionately to ecology and policy. Bioscience 67(3): 271-281.
doi:10.1093/biosci/biw185.

Ivan, L.N., H6ok, T.O., Thomas, M.V., and Fielder, D.G. 2011. Long-term
and interannual dynamics of walleye and yellow perch in Saginaw
Bay, Lake Huron. Trans. Am. Fisheries Soc. 140(4): 1078-1092. doi:10.
1080/00028487.2011.603976.

Jacobs, G.R., Madenjian, C.P., Bunnell, D.B., Warner, D.M., and Clara-
munt, RM. 2013. Chinook salmon foraging patterns in a changing
Lake Michigan. Trans. Am. Fisheries Soc. 142(2): 362-372. d0i:10.1080/
00028487.2012.739981.

Johnson, T.B., and Evans, D.O. 1990. Size-dependent winter mortality of
young-of-the-year white perch: climate warming and invasion of the
Laurentian Great Lakes. Trans. Am. Fisheries Soc. 119(2): 301-313.
d0i:10.1577/1548-8659(1990)119%3c0301:SWMOYW%3e2.3.CO;2.

Jude, D.J., Tesar, F.J., Deboe, S.F., and Miller, T.J. 1987. Diet and selection of
major prey species by Lake Michigan salmonines, 1973-1982. Trans.
Am. Fisheries Soc. 116(5): 677-691. d0i:10.1577/1548-8659(1987)116%
3c677:DASOMP%3e2.0.CO;2.

Krause, A.E. 1999. Sampling variability of ten fish species and population
dynamics of alewife (Alosa pseudoharengus) and bloater (Coregonus
hoyi) in Lake Michigan. Michigan State University, East Lansing.

Leonhardt, B.S., Happel, A., Bootsma, H., Bronte, C.R., Czesny, S., Feiner,
Z., et al. 2020. Diet complexity of Lake Michigan salmonines: 2015-
2016. J. Great Lakes Res. 46(4): 1044-1057. doi:10.1016/j.jglr.2020.05.
010.

Ludsin, S.A., De Vanna, K.M., and Smith, R.E.H. 2014. Physical-biological
coupling and the challenge of understanding fish recruitment in
freshwater lakes. Can. J. Fish. Aquat. Sci. 71(5): 775-794. d0i:10.1139/
cjfas-2013-0512.

Macan, T.T., and Maudsley, R. 1966. The temperature of a moorland fish-
pond. Hydrobiologia, 27(1-2): 1-22. doi:10.1007/BF00161483.

Maceina, M.J., and Pereira, D.L. 2007. In Analysis and interpretation of
freshwater fisheries data. Recruitment Publisher, American Fisheries
Society. pp. 121-185.

Madenjian, C.P. 2022. Response of alewife abundance to the bacterial
kidney disease outbreak in the Chinook salmon population of Lake
Michigan: importance of predation. Can. J. Fish. Aquat. Sci. 79: 1154~
1161. doi:10.1139/cjfas-2021-0244.

Madenjian, C.P., Tyson, ]J.T., Knight, R.L., Kershner, M.W., and Hansen,
M.J. 1996. First-year growth, recruitment, and maturity of walleyes
in Western Lake Erie. Trans. Am. Fisheries Soc. 125: 821-830. doi:10.
1577/1548-8659(1996)125%3c0821:FYGRAM%3e2.3.CO;2.

Madenjian, C.P., Fahnenstiel, G.L., Johengen, T.H., Nalepa, T.F., Vander-
ploeg, H.A,, Fleischer, G.W., et al. 2002. Dynamics of the Lake Michi-

Can. J. Fish. Aquat. Sci. 81: 1456-1467 (2024) | dx.doi.org/10.1139/cjfas-2023-0322



http://dx.doi.org/10.1139/cjfas-2023-0322
http://dx.doi.org/10.1080/00028487.2013.833986
http://dx.doi.org/10.1016/j.jglr.2013.08.001
http://dx.doi.org/10.1139/f85-060
http://dx.doi.org/10.1038/ncomms8724
http://dx.doi.org/10.1007/s10641-016-0524-7
http://dx.doi.org/10.1016/j.fishres.2019.01.025
http://dx.doi.org/10.1016/S1385-1101(00)00039-3
https://www.arcgis.com/home/item.html?id=6d2188ad8f9c4fc4b9c49536e72e1d41#overview
http://dx.doi.org/10.1046/j.1365-2427.2001.00637.x
http://dx.doi.org/10.1080/02755947.2012.675947
http://dx.doi.org/10.1139/cjfas-2014-0161
http://dx.doi.org/10.1139/cjfas-2022-0140
http://dx.doi.org/10.1139/f85-201
http://dx.doi.org/10.1016/S0079-6611(01)00026-X
http://dx.doi.org/10.5066/P95KVYGG
http://dx.doi.org/10.1016/j.fishres
http://dx.doi.org/10.1139/cjfas-2018-0051
http://dx.doi.org/10.1139/cjfas-2019-0453
https://pubmed.ncbi.nlm.nih.gov/32461710
http://dx.doi.org/10.1139/cjfas-2022-0197
http://dx.doi.org/10.1577/t06-194.1
http://dx.doi.org/10.1139/F08-066
http://dx.doi.org/10.1139/f69-148
http://dx.doi.org/10.1111/j.1095-8649.1989.tb03043.x
http://dx.doi.org/10.2960/J.v41.m634
http://dx.doi.org/10.1093/biosci/biw185
http://dx.doi.org/10.1080/00028487.2011.603976
http://dx.doi.org/10.1080/00028487.2012.739981
http://dx.doi.org/10.1577/1548-8659(1990)119%3c0301:SWMOYW%3e2.3.CO;2
http://dx.doi.org/10.1577/1548-8659(1987)116%3c677:DASOMP%3e2.0.CO;2
http://dx.doi.org/10.1016/j.jglr.2020.05.010
http://dx.doi.org/10.1139/cjfas-2013-0512
http://dx.doi.org/10.1007/BF00161483
http://dx.doi.org/10.1139/cjfas-2021-0244
http://dx.doi.org/10.1577/1548-8659(1996)125%3c0821:FYGRAM%3e2.3.CO;2

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by NOAA CENTRAL on 03/26/25
For personal use only.

gan food web, 1970-2000. Can. J. Fish. Aquat. Sci. 59(4): 736-753.
doi:10.1139/f02-044.

Madenjian, C.P., Hook, T.O., Rutherford, E.S., Mason, D.M., Croley, T.E.,
Szalai, E.B., and Bence, J.R. 2005. Recruitment variability of alewives
in Lake Michigan. Trans. Am. Fisheries Soc. 134(1): 218-230. doi:10.
1577/ft03-222.1.

Miller, T.J., Crowder, L.B., Rice, J.A., and Marschall, E.A. 1988. Larval size
and recruitment mechanisms in fishes: toward a conceptual frame-
work. Can. J. Fish. Aquat. Sci. 45(9): 1657-1670. doi:10.1139/f88-197.

Moran, P.A.P. 1953. The statistical analysis of the Canadian Lynx cycle.
Aust. J. Zool. 1(3): 291-298. Available from. doi:10.1071/2Z09530291.

Murry, B.A., Connerton, M.J]., O’Gorman, R., Stewart, D.J., and Ringler,
N.H. 2010. Lakewide estimates of alewife biomass and Chinook
salmon abundance and consumption in Lake Ontario, 1989-2005: im-
plications for prey fish sustainability. Trans. Am. Fisheries Soc. 139(1):
223-240. doi:10.1577/T08-216.1.

Myers, R.A., Mertz, G., and Bridson, J. 1997. Spatial scales of interannual
recruitment variations of marine, anadromous, and freshwater fish.
Can. J. Fish. Aquat. Sci. 54(6): 1400-1407. doi:10.1139/f97-045.

Myers, ].T., Yule, D.L,, Jones, M.L., Ahrenstorff, T.D., Hrabik, T.R., Clara-
munt, R.M.,, et al. 2015. Spatial synchrony in cisco recruitment. Fish.
Res. 165: 11-21. doi:10.1016/].FISHRES.2014.12.014.

O’Gorman, R., and Schneider, C.P. 1986. Dynamics of alewives in Lake
Ontario following a mass mortality. Trans. Am. Fisheries Soc. 115(1):
1-14. d0i:10.1577/1548-8659(1986)115%3c1:DOAILO%3e2.0.CO;2.

O’Gorman, R., Lantry, B.F.,, and Schneider, C.P. 2004. Effect of stock size,
climate, predation, and trophic status on recruitment of alewives in
Lake Ontario, 1978-2000. Trans. Am. Fisheries Soc. 133(4): 855-867.
doi:10.1577/t03-016.1.

Parsons, B.G., and Pereira, D.L. 2001. Relationship between walleye stock-
ing and year-class strength in three Minnesota lakes. North Am. J.
Fisheries Manag. 21(4): 801-808. d0i:10.1577/1548-8675(2001)021%
3c0801:RBWSAY%3e2.0.CO;2.

Phelps, Q.E., Graeb, B.D.S., and Willis, D.W. 2008. Influence of the moran
effect on spatiotemporal synchrony in common carp recruitment.
Trans. Am. Fisheries Soc. 137(6): 1701-1708. doi:10.1577/T07-108.1.

Post, J.R., and Evans, D.O. 1989. Size-dependent overwinter mortality
of young-of-the-year yellow Perch (Perca flavescens): laboratory, in
situ enclosure, and field experiments. Can. J. Fish. Aquat. Sci. 46(11):
1958-1968. d0i:10.1139/f89-246.

Post, D.M,, Kitchell, J.F., and Hodgson, J.R. 1998. Interactions among
adult demography, spawning date, growth rate, predation, overwin-
ter mortality, and the recruitment of largemouth bass in a northern
lake. Can. J. Fish. Aquat. Sci. 55(12): 2588-2600. doi:10.1139/f98-139.

R Core Team. 2023. R: a language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria. https:
[[www.R-project.org|.

Reichert, J.M., Fryer, BJ., Pangle, K.L., Johnson, T.B., Tyson, ].T., Drelich,
A.B., and Ludsin, S.A. 2010. River-plume use during the pelagic larval
stage benefits recruitment of a lentic fish. Can. J. Fish. Aquat. Sci.
67(6): 987-1004. doi:10.1139/F10-036.

Can. J. Fish. Aquat. Sci. 81: 1456—1467 (2024) | dx.doi.org/10.1139/cjfas-2023-0322

‘Canadian Science Publishing

Ricker, W.E. 1954. Stock and recruitment. ]. Fish. Res. Board Can. 11(5):
559-623. doi:10.1139/f54-039.

Riley, S.C., and Adams, J.V. 2010. Long-term trends in habitat use of
offshore demersal fishes in Western Lake Huron suggest large-scale
ecosystem change. Trans. Am. Fisheries Soc. 139(5): 1322-1334.
d0i:10.1577/T09-090.1.

Riley, S.C., Roseman, E.F., Nichols, S.J., O’Brien, T.P., Kiley, C.S., and
Schaeffer, J.S. 2008. Deepwater demersal fish community collapse in
Lake Huron. Trans. Am. Fisheries Soc. 137(6): 1879-1890. d0i:10.1577/
T07-141.1.

Robinson, G.K. 1991. That BLUP is a good thing: the estimation of random
effects. Stat. Sci. 6(1): 15-32.

Swain, D.P., Nielsen, G.A., Sinclair, A.F., and Chouinard, G.A. 1994.
Changes in catchability of Atlantic cod (Gadus morhua) to an otter-
trawl fishery and research survey in the southern Gulf of St Lawrence.
ICES J. Mar. Sci. 51: 493-504. doi:10.1006/jmsc.1994.1050.

United States Geological Survey. 2010. Great Lakes and watersheds shape-
files. Available from https://[www.sciencebase.gov/catalog/item/530f8
a0ee4b0e7e46bd300dd [accessed 18 May 2023].

Venturelli, P.A., Lester, N.P., Marshall, T.R., and Shuter, B.J. 2010. Con-
sistent patterns of maturity and density-dependent growth among
populations of walleye (Sander vitreus): Application of the growing
degree-day metric. Can. J. Fish. Aquat. Sci. 67(7): 1057-1067. doi:10.
1139/F10-041.

Vidal, T., Irwin, B.J., Madenjian, C.P., and Wenger, S.J. 2019. Age trunca-
tion of alewife in Lake Michigan. J. Great Lakes Res. 45(5): 958-968.
d0i:10.1016/].JGLR.2019.06.006.

Warner, D.M,, Kiley, C.S., Claramunt, R.M., and Clapp, D.F. 2008. The
influence of alewife year-class strength on prey selection and abun-
dance of age-1 Chinook salmon in Lake Michigan. Trans. Am. Fish-
eries Soc. 137(6): 1683-1700. doi:10.1577/T07-130.1.

Weber, M.J., Ruebush, B.C., Creque, S.M., Redman, R.A., Czesny, S.]., Wahl,
D.H., and Dettmers, .M. 2015. Early life history of alewife Alosa pseu-
doharengus in southwestern Lake Michigan. ]. Great Lakes Res. 41(2):
436-447. doi:10.1016/j.jglr.2015.03.009.

Weidel, B.C., Holden, ].P., and Goretzke, ]J. 2023. Lake Ontario April Prey
Fish Bottom Trawl Survey, 1978-2023. U.S. Geological Survey data re-
lease. doi:10.5066/P9LFEDSG.

Weidel, B.C., Connerton, M.J., and Holden, ].P. 2019. Bottom trawl as-
sessment of Lake Ontario prey fishes. New York State Department of
Environmental Conservation Lake Ontario Unit 2018 Annual Report
Section, 12: 1-24.

Withers, J.L., Sesterhenn, T.M., Foley, C.J., Troy, C.D., and H66k, T.O. 2015.
Diets and growth potential of early stage larval yellow perch and
alewife in a nearshore region of southeastern Lake Michigan. J. Great
Lakes Res. 41: 197-209. d0i:10.1016/j.jglr.2015.08.003.

Yousef, F., Shuchman, R., Sayers, M., Fahnenstiel, G., and Henareh, A.
2017. Water clarity of the upper Great Lakes: tracking changes be-
tween 1998-2012. J. Great Lakes Res. 43(2): 239-247. do0i:10.1016/j.
j€lr.2016.12.002.

1467



http://dx.doi.org/10.1139/cjfas-2023-0322
http://dx.doi.org/10.1139/f02-044
http://dx.doi.org/10.1577/ft03-222.1
http://dx.doi.org/10.1139/f88-197
http://dx.doi.org/10.1071/ZO9530291
http://dx.doi.org/10.1577/T08-216.1
http://dx.doi.org/10.1139/f97-045
http://dx.doi.org/10.1016/J.FISHRES.2014.12.014
http://dx.doi.org/10.1577/1548-8659(1986)115%3c1:DOAILO%3e2.0.CO;2
http://dx.doi.org/10.1577/t03-016.1
http://dx.doi.org/10.1577/1548-8675(2001)021%3c0801:RBWSAY%3e2.0.CO;2
http://dx.doi.org/10.1577/T07-108.1
http://dx.doi.org/10.1139/f89-246
http://dx.doi.org/10.1139/f98-139
https://www.R-project.org/
http://dx.doi.org/10.1139/F10-036
http://dx.doi.org/10.1139/f54-039
http://dx.doi.org/10.1577/T09-090.1
http://dx.doi.org/10.1577/T07-141.1
http://dx.doi.org/10.1006/jmsc.1994.1050
https://www.sciencebase.gov/catalog/item/530f8a0ee4b0e7e46bd300dd
http://dx.doi.org/10.1139/F10-041
http://dx.doi.org/10.1016/J.JGLR.2019.06.006
http://dx.doi.org/10.1577/T07-130.1
http://dx.doi.org/10.1016/j.jglr.2015.03.009
http://dx.doi.org/10.5066/P9LFED8G
http://dx.doi.org/10.1016/j.jglr.2015.08.003
http://dx.doi.org/10.1016/j.jglr.2016.12.002


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


