1402

Annual variation in habitat-specific recruitment
success: implications from an individual-based
model of Lake Michigan alewife (Alosa
pseudoharengus)

Tomas 0. Hook, Edward S. Rutherford, Thomas E. Croley Il, Doran M. Mason, and
Charles P. Madenjian

Abstract: The identification of important spawning and nursery habitats for fish stocks can aid fisheries management, but
is complicated by various factors, including annual variation in recruitment success. The alewife (Alosa pseudoharengus)
is an ecologically important species in Lake Michigan that utilizes a variety of habitats for spawning and early life growth.
While productive, warm tributary mouths (connected to Lake Michigan) may contribute disproportionately more recruits
(relative to their habitat volume) to the adult alewife population than cooler, less productive nearshore habitats, the extent
of interannual variation in the relative contributions of recruits from these two habitat types remains unknown. We used
an individual-based bioenergetics simulation model and input data on daily temperatures to estimate alewife recruitment to
the adult population by these different habitat types. Simulations suggest that nearshore lake habitats typically produce the
vast majority of young alewife recruits. However, tributary habitats may contribute the majority of alewife recruits during
years of low recruitment. We suggest that high interannual variation in the relative importance of habitats for recruitment
is a common phenomenon, which should be considered when developing habitat management plans for fish populations.

Résumé : L’identification des habitats importants de frayére et de nourricerie pour les stocks de poissons peut améliorer
la gestion des péches, mais elle est compliquée par divers facteurs, dont la variation annuelle du succés du recrutement.
Le gaspareau (Alosa pseudoharengus) est une espece d’importance écologique au lac Michigan qui fraye et se développe
dans des habitats multiples. Les embouchures productives de tributaires plus chauds (reliés au lac Michigan) peuvent four-
nir une quantité disproportionnée de recrues (par rapport au volume représenté par ces habitats) a la population adulte de
gaspareaux par comparaison aux habitats plus frais et moins productifs prés des berges; cependant, I’'importance de la var-
iation interannuelle des contributions relatives de ces deux types d’habitat reste inconnue. Dans un modele de simulation
bioénergétique basé sur I’individu, nous utilisons les températures journalieres comme données d’entrée pour estimer le re-
crutement de gaspareaux vers la population adulte a partir de ces différents types d’habitat. Les simulations laissent croire
que les habitats le long des berges fournissent généralement la trés grande majorité des recrues de gaspareaux. Cependant,
les années de faible recrutement, il se peut que les tributaires produisent la majorité des recrues. Nous croyons que la forte
variation interannuelle de 1’importance relative des habitats pour le recrutement est un phénomeéne commun dont on doit
tenir compte lors de 1’établissement de plans de gestion pour les populations de poissons.

[Traduit par la Rédaction]

Introduction effective management of fish populations. Several initiatives
(e.g., the Sustainable Fisheries Act) directly or indirectly ad-

The identification and subsequent protection of habitats dress the need for classification of habitats that contribute
that support production of early life stages is critical for the  disproportionate numbers of individuals to adult fish popula-
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tions, either on an areal basis (i.e., nursery habitats; Beck et
al. 2001, 2003) or in total (i.e., effective juvenile habitats;
Dahlgren et al. 2006). While a focus on spatial differences
is appropriate when discriminating among habitats, recruit-
ment dynamics and early life processes of fish also are char-
acterized by high temporal variation (e.g., Hjort 1914;
Cowan and Shaw 2002). As such, habitat-specific produc-
tion rates of juvenile fish are likely to vary over time (e.g.,
Hilborn et al. 2003; Berkeley et al. 2004; Schindler et al.
20006). Therefore, even the most productive habitats will ex-
perience periods of low recruitment (e.g., Peterman et al.
2003).

There is a growing recognition of the biocomplexity of
fish populations (Hilborn et al. 2003; Ruzzante et al. 2006).
Many fish stocks are characterized by spatially and tempo-
rally distinct substocks, which contribute differentially to
adult populations and fisheries (Iles and Sinclair 1982; Ruz-
zante et al. 2000; Andrews et al. 2006). In fact, studies sug-
gest that relative habitat-specific recruitment can vary at
annual (e.g., Berkeley et al. 2004) and even decadal (e.g.,
Hilborn et al. 2003) time scales. Such phenomena imply
that management plans that prioritize conservation of the
seemingly fittest substocks and most productive habitats are
inadequate, and instead, for many systems fish populations
and habitats should be managed to maximize genetic (e.g.,
Ryman et al. 1995) and environmental diversity, respec-
tively.

While it is apparent that the relative contributions of spe-
cific habitats to system-wide fish recruitment can vary inter-
annually, mechanistic understanding of such phenomena is
lacking. Herein, we present a mechanistic, individual-based
model (IBM) to explore interannual variation of both nurs-
ery and effective juvenile habitats. An IBM framework is
appropriate for depicting annual variation in habitat-specific
recruitment because (7) it accounts for individual phenotypic
variation and allows for movement among habitats; (i7) it
can bridge the gap between temporally dynamic models of
fish populations and static analyses of fish—habitat linkages
(Minns et al. 1996); and (iii) it can provide mechanistic-
derived estimates of habitat-specific recruitment when em-
pirical relationships between habitat-specific recruitment
and annual measures of physical and biological factors are
unavailable.

Our model is based upon the Lake Michigan alewife
(Alosa pseudoharengus) population. While alewives are
exotic in Lake Michigan, they constitute the forage base
for economically important salmon and trout. Further, the
Lake Michigan alewife population is a useful model in that
the stock biology (Norden 1967; Brown 1972) and habitat
utilization (Goodyear et al. 1982; Hook et al. 2007) of this
clupeid are similar to many exploited populations through-
out the world. Alewife year-class strength in the Great
Lakes is positively correlated to summer temperatures
(O’Gorman et al. 2004; Madenjian et al. 2005). This tem-
poral association suggests that recruitment success also
may vary among habitats, with warmer habitats yielding
more young-of-year (YOY) alewives. In fact, field studies
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during 2001 and 2002 indicate that (i) densities of young
alewife are greater in drowned river mouth lakes, which
are smaller, warmer, and more productive than cooler, near-
shore areas of Lake Michigan (Hook 2005) and (ii) because
of a better growth environment, earlier hatching dates, and
size-dependent over-winter mortality, tributary habitats
likely yield more young alewife (on a volumetric basis;
Hook et al. 2007). Nonetheless, the volume of water con-
tained in nearshore areas of Lake Michigan is at least two
orders of magnitude greater than all tributary habitats com-
bined (H60k 2005), and chemical analyses of otolith cores
suggest that the majority of alewife recruits in 2002 (age-1
fish in spring) actually inhabited nearshore Lake Michigan
during early life (Dufour et al. 2005). However, the 2002
growing season was relatively warm, so habitat-specific
contributions estimated for this year may not be indicative
of cooler years.

Materials and methods

Model description

Here, we present an overview of the model (details of the
model are presented in the Supplemental Materials?). The
model simulates YOY alewife emergence, growth, survival,
and movement throughout Lake Michigan and tributary hab-
itats over a 180-day period (1 May to 27 October). Although
the model describes individual-level dynamics of YOY ale-
wives, the model actually tracks 20000 “super-individuals”,
with each super-individual potentially representing a multi-
tude of individual fish (e.g., Scheffer et al. 1995). In addi-
tion to the number of individual fish represented by a
super-individual, other individual-level variables include
length (mm), weight (g), percentage of weight composed of
storage tissue, percentage of weight composed of structural
tissue, and location. The model progresses at daily time
steps, and individual level variables are updated each day.
The model represents a simplified version of Lake Michigan
and surrounding tributary habitats as 10 discrete compart-
ments: two offshore compartments (0-1), four nearshore
compartments (2-5), and four tributary compartments (6-9;
Fig. 1). Each compartment represents a well-mixed epilimn-
ion (top 10 m of water column) of the corresponding habitat,
with homogeneous temperatures, water clarities, and prey
densities.

The primary inputs for the IBM are year-specific esti-
mates of daily Lake Michigan water temperatures from a
physical model (Croley 1989, 1992; Croley and Assel
1994; Fig. 2). Croley and Assel’s (1994) temperature
model predicted lake-wide average daily water tempera-
tures at the surface and multiple depths based on observed
measures of cloud cover, humidity, wind velocity, and air
temperature at various locations. Model predictions closely
match observed Lake Michigan surface temperatures
(Croley 1992), and the model has been used to model en-
vironmental effects on alewife dynamics (Madenjian et al.
2005). Based on a plethora of measured temperatures
(Schwab et al. 1999; Hook et al. 2004, 2007), we devel-
oped equations to relate daily mean surface temperature

3 Supplementary data for this article are available on the journal Web site (cjfas.nrc.ca) or may be purchased from the Depository of Un-
published Data, Document Delivery, CISTI, National Research Council Canada, Building M-55, 1200 Montreal Road, Ottawa, ON K1A
OR6, Canada. DUD 3766. For more information on obtaining material refer to cisti-icist.nrc-cnrc.gc.ca/cms/unpub_e.html.
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Fig. 1. Diagram of the spatial distribution of habitat compartments
represented within the individual-based model. Compartments 0—1
represent offshore Lake Michigan habitats; 2-5 represent nearshore
Lake Michigan habitats; and 6-9 represent tributary habitats. Thick
connecting lines demonstrate how individual alewives can move
between habitat compartments.

in Lake Michigan to daily, habitat-specific, mean epilim-
netic temperature in each of the 10 model compartments
(see Supplemental Materials3).

In addition to temperature, water clarity and prey den-
sities also vary among habitat compartments. Based on field
observations, water clarity in tributary mouths is generally
much lower than that in Lake Michigan. Further, as YOY
alewives primarily feed on zooplankton, the model depicts
three microzooplankton types (copepod nauplii, rotifers, and
Dreissena spp. veligers) and four macrozooplankton size
categories. Prey categories vary in length (and hence vulner-
ability to gape-limited predators), mass, energy content, and
seasonal density (see Supplemental Materials?).

In Lake Michigan, adult alewives spawn and larvae subse-
quently emerge over an extended time period (late May to
early August; Jude et al. 1981a, 1981b; HO0k et al. 2007)
and in a variety of habitats (Wagner 1972; Goodyear et al.
1982; Mansfield 1984). In each nearshore and tributary hab-
itat compartment (2-5 and 6-9, respectively; see Fig. 1),
2500 super-individuals emerge over a 41-day period. The
actual number of super-individuals emerging each day was
determined from a parametric distribution function, with a
mean at the midpoint of the 41-day emergence period (the
day of peak emergence). Each year the same total number
of individuals emerged in each habitat compartment, but
time of emergence varied among years. Peak emergence
dates in each compartment are determined each year as a
function of habitat-specific temperatures and time of year.

Can. J. Fish. Aquat. Sci. Vol. 65, 2008

Fig. 2. Daily temperature inputs from Croley’s (1989 and 1992)
temperature model for 1992-2002. Each line represents a specific
year.
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Although the same number of super-individuals emerges in
each habitat compartment, super-individuals emerging in
different compartments initially represent different numbers
of individual alewives (based on field observations of larval
alewife densities and the volume of water represented by
each habitat compartment). Therefore, super-individuals
emerging in nearshore habitats initially represent substan-
tially more individual alewives than super-individuals
emerging in tributary habitats.

Model alewives emerge at 4 mm total length (Auer 1982)
and 137 pg (6.3% storage tissue and 93.7% structural tis-
sue). Subsequently, individual size and energy composition
(Flath and Diana 1985; Stewart and Binkowski 1986; He-
wett and Stewart 1989) are updated daily using a bioener-
getics framework (Hanson et al. 1997). The model includes
a foraging submodel similar to a model presented by
Letcher et al. (1996), which tracks alewife encounter rates
with their zooplankton prey and uses an optimal foraging
approach to model which prey types are included in individ-
uals’ diets.

The encounter rate of an individual YOY alewife with a
particular zooplankton prey type is a function of the indi-
vidual fish’s total length and swimming speed (a function
of size and temperature; Stewart and Binkowski 1986;
Klumb et al. 2003), water clarity in the habitat, and density
and individual length of the prey type. Time spent attacking
and handling prey reduces the time an individual fish can
search, attack, and handle other prey; thus, individual ale-
wives only include prey items that should maximize their
net daily energy intake (Charnov 1976; Stephens and Krebs
1986). Prey-specific capture success and handling time are
dependent on individual fish length, and consumption is
limited by gape diameter. After determining which prey to
include in an individual’s diet (based upon optimal foraging
criteria), the number of prey items consumed by an individ-
ual fish is randomly selected (from a binomial distribution).
However, daily consumption is constrained to not exceed
the physiological maximum daily consumption rate (Stewart
and Binkowski 1986; Letcher et al. 1996, 1997). Individual
alewives lose energy through respiration, egestion, excre-
tion, and specific dynamic action (Stewart and Binkowski
1986; Klumb et al. 2003), and daily energy gain (and tissue
growth) is calculated as the difference between daily energy
consumed and energy lost.

Mortality occurs through predation and starvation and is

© 2008 NRC Canada
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evaluated daily. Predation mortality declines with increasing
size (Mansfield and Jude 1986) and is higher in tributary
habitats than in other compartments (based on unpublished
trawling and acoustics surveys; T. Hook, D. Mason, and D.
Krueger, University of Michigan and NOAA’s Great Lakes
Environmental Research Laboratory, Ann Arbor, Michigan).
Starvation mortality only occurs if the percentage of body
mass composed of storage tissue declines below a size-
specific threshold.

Each day, individual alewives potentially move (passively
or actively) to adjacent habitat compartments (Fig. 1). Po-
tential movements are evaluated in two stages: (i) individu-
als are randomly assigned to either move or remain in their
current habitat box as a function of length (i.e., smaller indi-
viduals were more likely to move; Hook et al. 2006), and
(i7) if individuals move, then the direction of movement
(i.e., new habitat compartment) is randomly assigned. The
model assumes that individuals moving within Lake Michi-
gan are most likely to move in the direction of prevailing
cyclonic water currents (i.e., counterclockwise in the North-
ern Hemisphere; Beletsky et al. 1999).

Model simulations

We simulated YOY alewife dynamics in Lake Michigan
habitats for 11 years (1992-2002). The model was initiated
each year with daily temperature inputs from the physical
model (Fig. 2; Croley 1989, 1992; Croley and Assel 1994),
which were used to assign habitat-specific daily tempera-
tures to each of the habitat compartments. Primary model
outputs were lengths, weights, and energy densities of indi-
viduals alive on simulation day 180 (27 October), as well as
individuals’ birth dates and natal and current habitats.

We evaluated habitat-specific recruitment as the number
of individual alewives >60 mm at the end of simulations
(27 October). In general, smaller fish tend to have lower en-
ergy stores and higher weight-specific respiration rates and
are therefore less likely to survive extended periods of lim-
ited feeding. Alewives in the Great Lakes likely feed little
during winter, as evidenced by large decreases in somatic
tissue energy densities from late fall to spring (Flath and Di-
ana 1985). For this reason, several authors have suggested
that YOY alewives in the Great Lakes must reach some
minimum size to survive winter (Brown 1972; O’Gorman
and Schneider 1986; Bergstedt and O’Gorman 1989). Col-
lections of yearling alewives suggest that the minimum
length of yearling alewives in spring is 65 mm (Ho6k et al.
2007). Thus, allowing for the possibility of limited over-
winter growth, we assumed that YOY alewives must reach
a minimum length of 60 mm by the end of the simulation
to survive winter.

Model analysis

To explore the effects of stochastic components of the
simulation model on annual size distributions and habitat-
specific contributions, we executed the model multiple (at
least five) times for selected years. In addition, to consider
how model assumptions regarding temporal and spatial pat-
terns of zooplankton densities influenced final size distribu-
tions and habitat-specific contributions, we ran model
simulations assuming that zooplankton densities were uni-
form over time and across habitat compartments. Two zoo-
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plankton densities were used: (i) zooplankton densities set
at 1.5 times minimum levels (see Supplemental Materials
B, Table SB2%) and (ii) zooplankton densities set at three
times minimum levels. Finally, we executed additional sim-
ulations to consider how certain model assumptions (i.e.,
predation mortality, habitat-specific temperatures, move-
ment, hatching dates, and size threshold to survive winter)
influenced final size distributions of simulated alewives and
habitat-specific contributions of alewife recruits (see Supple-
mental Materials?).

To analyze our model outputs, we discriminated among
three classes of individual alewives: (i) Lake Michigan resi-
dents, (ii) migrants (i.e., alewives born in tributaries that
subsequently moved into Lake Michigan), and (iii) tributary
residents (i.e., alewives born in tributary compartments that
remained in natal habitat compartments throughout the sim-
ulation). Further, to consider model dynamics, we focused
on three representative years: 1995 (an average thermal
year), 1996 (the coldest year), and 1998 (the warmest year).
To facilitate comparisons across years and habitats, we also
evaluated early-life vital rates (daily instantaneous growth
(G) and mortality (Z)) for individuals who emerged in dif-
ferent habitat compartments during 1995, 1996, and 1998.
For each super-individual, we calculated growth and mortal-
ity rates from the day of emergence until 35 days after
emergence. We chose this time period because it roughly
corresponds to recent field-derived estimates of alewife
growth and mortality rates (see Hook 2005).

Model corroboration

We used a pattern-matching approach (Grimm et al.
2005) to corroborate model outputs. First, we compared size
distributions of simulated alewives at the end of the 2002
model run with size distributions of YOY alewives captured
in nearshore Lake Michigan and Muskegon Lake (a
drowned river mouth lake) during October and November
2002; we also compared vital rates of simulated alewives
with vital rates estimated for larval alewives captured during
summer 2001 and 2002 in nearshore Lake Michigan and
Muskegon Lake (see HO00k 2005). Second, we compared
model predictions of alewife recruitment (number of indi-
viduals reaching >60 mm total length during year f) with ob-
served recruitment success (from US Geological Survey,
Great Lakes Science Center’s fall bottom trawl surveys).
We calculated observed recruitment success as recruitment
per unit of spawner biomass; recruitment is defined as bio-
mass of age-3 alewives during year ¢ + 3, and spawner bio-
mass is estimated as adult biomass during year ¢ (see
Madenjian et al. 2005). Finally, we compared simulated
habitat-specific contributions of surviving alewives during
2002 with estimates of habitat-specific contributions derived
from isotopic signatures in age-1 alewife otolith cores (Du-
four et al. 2005).

Results

In general, IBM simulations suggested that during 1992—
2002, the majority of alewives recruiting to the adult Lake
Michigan population (YOY longer than 60 mm on simula-
tion day 180) emerged in Lake Michigan proper (Fig. 3).
On average, 5.1 x 108 alewives per year were large enough

© 2008 NRC Canada
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Table 1. Mean lengths (mm) and dates of birth of three classes of young-of-year (YOY) alewives (Alosa pseudoharengus)
alive on simulation day 180 (27 October), with mean daily temperature inputs for 1992-2002.

Mean length (mm)

Mean birth day

Tributary — Tributary —

Mean Lake Michigan  Lake Michigan  Tributary Lake Michigan =~ Lake Michigan  Tributary
Year temp. (°C) residents migrants residents residents migrants residents
1992 10.55 42.8 73.8 85.1 72 55 55
1993 8.89 23.8 57.9 76.0 96 62 62
1994 8.59 20.6 49.9 66.5 100 65 64
1995 10.92 441 75.3 84.6 75 57 58
1996 6.37 16.5 324 43.9 101 71 67
1997 8.87 22.1 53.6 71.4 99 65 64
1998 14.05 82.9 97.6 87.3 57 47 48
1999 13.40 80.5 94.0 85.9 58 48 48
2000 13.34 80.8 94.4 86.7 57 47 47
2001 11.96 59.2 85.1 86.8 69 54 55
2002 13.99 80.3 95.1 86.2 59 48 48

to survive the winter, out of which 5.0 x 108 emerged in
Lake Michigan habitat compartments. However, given that
the volume of water contained in nearshore Lake Michigan
is more than two orders of magnitude greater than that in
all tributary mouths combined (H66k 2005), on a volumetric
basis, tributary mouths were roughly twice as productive as
nearshore habitats. Further, during relatively cold years, ale-
wife recruitment was much lower, and relative contributions
of tributary habitat compartments increased greatly. In fact,
although 98% of survivors (from 1992-2002) emerged in
Lake Michigan, the annual percent contribution of survivors
from Lake Michigan ranged from 0% to 99% (mean = 60%;
Fig. 3). Of those fish alive on simulation day 180, migrants
and tributary residents tended to have emerged earlier than
Lake Michigan fish (Table 1). In addition, migrants and trib-
utary residents tended to be larger than fish that spent their
whole life in Lake Michigan (Table 1; Fig. 4).

Survival rates and relative contributions of recruits varied
across habitat types (Lake Michigan versus tributaries) and
specific habitat compartments (Table 2). On average, indi-
viduals emerging in tributaries were more likely to recruit to
the adult population. However, during warm years (e.g.,
1998), survival rates (individual probability of recruitment)
were actually higher for individuals emerging in Lake Mich-
igan (Table 2 and Fig. 5). Not surprisingly, individuals born
early tended to grow to larger sizes by the end of simulations
(Fig. 5). In turn, during cold years, such early-emerging indi-
viduals were most likely to survive the growing season and
subsequently recruit to the population (i.e., reach 60 mm by
the end of the simulation). However, during warm years of
fast growth, late-emerging individuals risked mortality for a
relatively short time period and simultaneously were able to
obtain a sufficient size by the end of the simulation. As a
consequence, during warm years, recruitment success was
actually greatest for late-emerging individuals (Fig. 5).

During 1995 and 1996, early-life growth was highest for
individuals emerging in tributary habitats, but during warm
years, average growth rates were higher in Lake Michigan
compartments (Table 3 and Fig. 6). Relationships between
time of emergence and early-life growth were also apparent,
and during 1995 and 1996, individuals emerging later grew
slower (Fig. 6). Differences in early-life mortality rates

Fig. 3. Numbers of young-of-year (YOY) alewives (Alosa pseudo-
harengus) >60 mm on simulation day 180 (27 October), with mean
daily temperature inputs (lines) for 1992-2002 (open bars, Lake
Michigan; solid bars, tributary residents; gray bars, tributary — Lake
Michigan migrants). Note logarithmic scale for left-hand y axis.
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among habitat compartments were less dramatic. Nonethe-
less, in 1996, early-life mortality rates were noticeably
higher in Lake Michigan habitat compartments (Fig. 6).
During warm years, such as 1998, there was no apparent
temporal relationship between day of emergence and early-
life survival. However, during cooler years, mortality rates
tended to be higher for late-emerging individuals (Fig. 6).
For individuals emerging at the same time, growth and mor-
tality rates were more variable in tributaries than in Lake
Michigan; thus early-life G/Z values also tended to be more
variable in tributary habitats (Fig. 6).

Repeated simulations suggested that stochastic compo-
nents of the model have only minor influences on model out-
puts. Assumptions regarding zooplankton densities clearly
influenced final length distributions and habitat-specific con-
tributions (Table 4). However, qualitative differences among
habitats in growth and recruitment success were maintained
when zooplankton densities were set at uniformly low or
high values (Table 4). Similarly, while relaxation of certain
model assumptions (relating to predation mortality, habitat-
specific temperatures, movement, hatching dates, and the

© 2008 NRC Canada
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Fig. 4. Alewife (Alosa pseudoharengus) length distributions.

(a) Lengths of three classes of individual alewives (open bars, Lake
Michigan; solid bars, tributary residents; gray bars, tributary — Lake
Michigan migrants) alive on day 180 during a 2002 model simula-
tion. The broken line represents the 60 mm length threshold that
individuals must reach to survive winter. (b—c) Comparison be-
tween length distributions of young-of-year (YOY, age-0; panel b)
and yearling (age-1; panel c¢) alewives caught by bottom and mid-
water trawls in nearshore Lake Michigan (open bars) and Muske-
gon Lake (solid bars) during October—November 2002 and April—
June 2003, respectively (data from Ho66k et al. 2007). Note loga-
rithmic scale for y axes.
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size threshold to survive winter) influenced quantitative
model predictions, qualitative conclusions of our model sim-
ulations (i.e., high interannual variation in habitat-specific
recruitment) were robust to these individual assumptions
(see Supplemental Materials?).

Model outputs are consistent with empirical field observa-
tions. Lengths of simulated alewives at the end of the 2002
model run were more variable and on average greater than
lengths of alewives captured in nearshore Lake Michigan
and Muskegon Lake during October and November 2002.
However, model- and field-derived length distributions
largely overlapped (Fig. 4). In comparing model predictions
of alewife year-class strength with recruitment success in-
dexed by US Geological Survey — Great Lakes Science Cen-
ter’s fall bottom trawl surveys, we were only able to
compare nine pairs of data (no data for 1995 and 1997).
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Table 2. Survival rates of alewives (Alosa pseudoharengus)
to the end of the simulation and over winter. Mean survival
rates are presented for individuals emerging in eight habitat
compartments during three representative simulation years.

Simulation year

Natal habitat Simulation
compartment timeframe* 1995 1996 1998

Nearshore Lake Michigan habitats

2 End 0.005 0.000 0.025
Over winter  0.000 0.000 0.016
3 End 0.013 0.000 0.029
Over winter  0.001 0.000 0.027
4 End 0.016 0.000 0.032
Over winter  0.002 0.000 0.029
5 End 0.018 0.000 0.029
Over winter  0.006 0.000 0.028
Tributary habitats
6 End 0.014 0.000 0.018
Over winter  0.008 0.000 0.017
7 End 0.018 0.003 0.015
Over winter  0.015 0.000 0.015
8 End 0.019 0.002 0.017
Over winter  0.017 0.000 0.017
9 End 0.018 0.004 0.007
Over winter  0.017 0.001 0.007

*End, the proportion of individuals alive on simulation day 180,
27 October; Over winter, the proportion of individuals alive
and >60 mm on simulation day 180, 27 October.

Nonetheless, for these 9 years, model predictions of recruit-
ment success were significantly and positively correlated
with empirical measures of year-class strength (r = 0.58).
Finally, our model estimates of habitat-specific contributions
to the 2002 year class were similar to estimates based on
isotopic analysis of otolith cores from age-1 alewives cap-
tured during 2003. Chemical analyses of otoliths by Dufour
et al. (2005) suggested that out of 41 yearling alewives, only
one showed an isotopic signature somewhat consistent with
early life in a drowned river mouth lake. Thus, otolith anal-
yses suggested that 0%-2.4% of alewife survivors spent
early life in a drowned river mouth lake (Dufour et al.
2005). This range is consistent with our model estimate that
1.3% of alewife survivors during 2002 emerged in drowned
river mouth lakes.

Discussion

With a rather straightforward model and a single annual
input variable (i.e., temperature), model simulations pre-
dicted high interannual variation in estimates of relative
habitat-specific recruitment success of alewife in Lake
Michigan. Similar phenomena occur in nature and are poten-
tially common (e.g., Hilborn et al. 2003; Berkeley et al.
2004). We suggest that high interannual variation in relative
habitat-specific recruitment success may particularly be
common for stocks at the latitudinal extremes of a species’
geographical range and for fish populations inhabiting large,
heterogeneous systems (e.g., alewives in Lake Michigan).
Myers (1998) proposed that year-class strength of Northern
Hemisphere fish stocks near the northern edge of their geo-
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Fig. 5. Day of emergence (x axis) plotted versus (a) total length (mm) at the end of simulations (day 180), (b) proportional survival to the
end of simulations, and (c¢) over-winter survival for super-individual alewives (Alosa pseudoharengus) emerging in Lake Michigan (com-
partments 2-5; black points) and tributary (compartments 6-9; gray points) habitats during three representative simulation years (1995,

1996, and 1998).
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Table 3. Early-life growth rates (mm-day'; mean =
standard deviation) of simulated super-individuals emer-
ging in eight habitat compartments during three repre-
sentative simulation years.

Simulation years

Habitat

compartment 1995 1996 1998
Nearshore Lake Michigan habitats

2 0.45+0.15 0.19+0.01 0.92+0.07
3 0.74+0.12 0.18+0.01 0.97+0.03
4 0.76+0.10 0.18+0.01 0.97+0.03
5 0.83+0.10 0.18+0.01 0.96+0.03
Tributary habitats

6 0.90+0.12 0.28+0.09 0.93+0.04
7 0.96+0.05 0.54+0.17 0.84+0.09
8 0.96+0.05 0.48+0.14 0.88+0.07
9 0.95+0.03 0.65+0.17 0.69+0.19

graphic range should be positively related to annual meas-
ures of temperature. Shuter and Post (1990) demonstrated
that growing season temperatures can influence autumn
sizes of YOY fish; thus, summer temperatures largely
control the extent of over-winter mortality. Whether or not
these processes also translate to annual variation in habitat-
specific recruitment success within a system likely depends
on the diversity of thermal habitats available. For instance,
individuals composing a fish population in a small, isolated
lake should experience fairly similar thermal environments
during their first year of life; thus, habitat-specific contribu-

tions within such a small, homogeneous system will likely
vary little. On the other hand, habitat-specific contributions
across larger heterogeneous systems, such as a large lake
with embayments and tributaries or a river system within a
diverse geological landscape, can potentially vary dramati-
cally from year to year (e.g., Hilborn et al. 2003; Berkeley
et al. 2004).

While fisheries managers often use quantitative models for
short-term (within 1-2 years) predictive purposes, individual-
(agent-) based models lend themselves to more exploratory
analyses (Bankes 1993, 2002; Jones et al. 2006). Thereby, we
view our analysis as a heuristic exercise, and we focus upon
qualitative outcomes. Nonetheless, we followed Grimm et
al.’s (2005) approach and found that various hierarchical
patterns within our individual-based simulations matched em-
pirical observations. Thus, simulation results are likely infor-
mative for understanding the ecology of Lake Michigan
alewife.

Model simulations indicate that the contributions of spe-
cific habitats to overall alewife recruitment vary annually.
During cold years of low recruitment, tributary habitats ap-
pear to contribute relatively high numbers of young ale-
wives. These predicted annual differences in habitat
importance resulted from different temperature inputs (i.e.,
temperatures are the only annual inputs, and general simula-
tion conclusions were maintained with fixed, uniform zoo-
plankton densities) and size-dependent over-winter
mortality. Several authors suggest that YOY alewife must
reach some minimum size to survive winter (O’Gorman and
Schneider 1986; Bergstedt and O’Gorman 1989; Hook et al.
2007). Ultimately, over-winter survival is likely a function
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Fig. 6. Day of emergence (x axis) plotted versus early-life (a) instantaneous daily growth (G), (b) instantaneous daily mortality (Z), and
(¢) G/Z for super-individual alewives (Alosa pseudoharengus) emerging in Lake Michigan (compartments 2-5; black points) and tributary
(compartments 6-9; gray points) habitats during three representative simulation years (1995, 1996, and 1998).

1995 1996 1998
0.4 1 0.4 0.4 1
QLT
<03 A 0.3 1 0.3 A
g v
0.2 A 0.2 4 b 0.2 - "
E
¢ o041 0.1 4 ; ! 0.1 -
0.0 . : . 0.0 : . » 0.0 r : .
0 40 80 120 0 40 80 120 0 40 80 120
0.4 1 04 - 0.4 -
03 (b) 0.3 0.3
-y 0.2 02
o . 0.2
=
N 0.1 0.1 1 0.1 4
0.0 T T 2+ 0.0 r r 0.0 .
0 40 80 120 o 40 80 120 0 120
40 40 4 40 -
3.0 1 3.0 1
N 20 2.0 1
) I
1.0 4 10 4
0.0 r . ) . v 4 ' . .
0 40 80 120 0 40 80 120 0 40 80 120

Hatch date

Table 4. Number of survivors (i.e., 260 mm) and mean lengths (mm) of three classes of young-of-year (YOY) alewives
(Alosa pseudoharengus) alive on simulation day 180 (27 October) during a cold (1996), average (1995), and warm (1998)

year, with different assumed zooplankton densities.

No. of survivors

Mean length (mm)

Tributary — Tributary —

Lake Michigan = Lake Michigan  Tributary = Lake Michigan Lake Michigan  Tributary

Year Prey density residents migrants residents  residents migrants residents
1995 Variable 1.09x108 8.00x10° 7.48x10% 441 75.3 84.6
Uniform, low 1.24x108 2.16x10° 1.36x10°  44.6 68.6 62.2
Uniform, high ~ 1.93x108 7.32x100 6.52x106 458 74.0 80.0
1996 Variable 0 6.23x10* 1.49x105  16.5 324 43.9
Uniform, low 0 2.03x10* 4.51x10*  16.5 31.4 42.7
Uniform, high 0 4.74x10* 1.18x10°  16.6 322 433
1998 Variable 1.24x10° 9.38x10° 3.75x10°  82.9 97.6 87.3
Uniform, low 1.46x10° 2.64x10° 5.23x10°  84.1 94.9 60.5
Uniform, high  1.95x10° 8.82x10° 3.23x10°  85.7 97.8 81.5

of both an individual’s size (which influences mass-specific
metabolic rate and thus over-winter energy utilization) and
energy density (which determines the amount of stored en-
ergy that can be utilized over winter). However, bioener-
getics models are generally not well suited to depict energy
utilization during a period of resource scarcity; thus, using a
bioenergetics approach to model over-winter energy utiliza-
tion as a function of size and energy density is problematic.
Therefore, it was appropriate for us to model over-winter
mortality as a function of size, because (i) past studies have
suggested a relationship between YOY alewife size and
over-winter survival, (ii) biases likely arise when using a bi-
oenergetics approach to simulate over-winter energy utiliza-
tion, and (iif) simulated alewives maintained a fairly tight

relationship between length and energy density (i.e., for pre-
dictive purposes, length and energy density were essentially
interchangeable). While several studies suggest that the crit-
ical size threshold that alewives must reach to survive win-
ter is approximately 60 mm, it is possible that during some
years smaller individuals also survive. For instance, Maden-
jian (unpublished data) found that during May 1994-1995,
lake trout (Salvelinus namaycush) in Lake Michigan con-
sumed a very small number of alewives between 45 and
60 mm (described in Madenjian et al. 1998). If such small
individuals subsequently survive the spring and recruit to
the adult population, then a size threshold less than 60 mm
would be appropriate. Obviously, a shorter size threshold
would alter model predictions of annual habitat-specific re-
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cruitment. However, the general qualitative conclusions of
our model simulations (i.e., high interannual variation in
habitat-specific recruitment) are robust to the assumption of
a much shorter size threshold (e.g., 45 mm).

Some authors suggest that winter severity also may be an
important determinant of alewife year-class strength (Brown
1972; Flath and Diana 1985; O’Gorman et al. 2004). How-
ever, based on statistical analysis of long-term data sets,
Madenjian et al. (2005) demonstrate that although high win-
ter severity had an insignificant negative effect on year-class
strength, the influence of this environmental feature on re-
cruitment success of Lake Michigan alewives is far less
than growing season temperatures and salmonine predation.
Nonetheless, it is possible that annual variation in winter se-
verity could adjust model predictions of relative habitat con-
tributions. Specifically, it is likely that cooler winters would
favor over-winter survival of even larger alewives (>60 mm)
and thereby inflate interannual variation in relative habitat-
specific recruitment success.

Relative recruitment success of alewife varied among
years depending on hatch date. Simulated individuals bene-
fited by emerging as late as possible and growing quickly to
obtain the ultimate size threshold to survive winter. In other
words, late-emerging individuals risk mortality over a
shorter time period than early-emerging individuals. During
cold years, late-emerging individuals did not recruit, and
even though early-emerging alewives may have been sus-
ceptible to potential mortality over an extended period, these
initial cohorts were able to grow to 60 mm. Such interannual
variation in hatch dates of successful recruits is consistent
with the notion that interannual variation in population-level
recruitment can be minimized by maintaining a population
that spawns over an extended time period (e.g., Garvey et
al. 2002). Further, as timing of spawning is partially a genet-
ically determined trait, it follows that maintenance of intra-
specific genetic diversity should promote sustainability and
resilience of fish populations (Ryman et al. 1995; Policansky
and Magnusson 1998; Berkeley et al. 2004).

We modeled zooplankton densities deterministically and
ran two types of simulations: (i) spatially and temporally var-
iable zooplankton densities and (ii) uniform zooplankton
densities. In simulations with variable zooplankton densities,
we relied on density estimates from 2001 and 2002 to depict
temporal variation in habitat-specific zooplankton densities.
Thus, we did not explicitly model prey depletion and poten-
tial density-dependent effects on alewife food availability.
Instead, zooplankton density values implicitly incorporated
top-down, density-dependent controls, in that density values
were derived from natural systems in which fish predation in-
fluences temporal patterns of zooplankton densities. This ap-
proach for modeling prey densities was appropriate because
we only represented young alewife foragers. Other types of
fish that compete with young alewives also influence zoo-
plankton community composition and densities. Explicitly
accounting for density-dependent prey depletion without
tracking the multitude of competitive foragers could lead to
inaccurate depictions of zooplankton dynamics. Nonetheless,
it is evident from simulations with uniform zooplankton den-
sities that zooplankton densities can influence individual re-
cruitment success. To evaluate the potential impact of model
alewife consumption on zooplankton densities, we calculated
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the total daily consumption of zooplankton prey types in each
habitat compartment during 1998 (the warmest year of high-
est recruitment and presumably the greatest consumption of
zooplankton by young alewives). We then compared total
consumption with total biomass of available zooplankton. In
so doing, we found that model YOY alewives tended to con-
sume a very small proportion of available zooplankton. The
greatest percent consumption of zooplankton (~0.13% of
available biomass) occurred for large-bodied zooplankton on
simulation day 110 in habitat compartment 7. In addition,
simulations with spatially and temporally uniform zooplank-
ton densities suggest that temperature (and not zooplankton
densities) is the primary determinant of recruitment success.

In conclusion, interannual variation in recruitment success
among habitats should be considered when formulating
habitat management plans. At the population level, annual
recruitment can vary tremendously, confound stock manage-
ment, and affect long-term population viability. Our analy-
ses suggest that management that increases diversity of
habitats may lessen interannual variation in system-wide re-
cruitment success. It would be useful to extend this type of
model to follow cohorts for numerous years and thereby bet-
ter understand the long-term implications of habitat diversity
for population sustainability. Further, the use of higher
resolution spatial data could facilitate model application at
hierarchical habitat scales and thereby improve model pre-
dictions. Ultimately, a diversity of habitats may not be crit-
ical for maintaining the Lake Michigan alewife population.
Our simulations suggest that if growing season temperatures
were low for several successive years, then this population
would consist almost exclusively of individuals who
emerged in drowned river mouth lakes. However, alewives
in Lake Michigan are iteroparous, typically mature at age-2,
and older individuals (up to age-8) are fairly common in
lake-wide collections (Brown 1972; Madenjian et al. 2003).
In fact, bottom trawl surveys suggested that the 1998 year
class (a very abundant cohort) was still a major contributor
to spawning stock in 2004. Thus, more than six consecutive
cold years may be necessary for Lake Michigan’s alewife
population to be dominated by tributary fish, and such a se-
quence of cold conditions is unlikely in the future. On the
other hand, if semelparous or short-lived fish species experi-
ence high interannual variation in relative habitat-specific
contributions of young fish, then a plethora of habitat types
may be necessary to sustain such fish stocks. Thus, for a va-
riety of fish stocks, interannual variation in system-wide re-
cruitment success can likely be minimized by maintaining
(or perhaps enhancing) habitat diversity.
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