








































































































































































































































































































Figure 3.1. Location map and bathymetric maps of study sites. Depth contour lines
are in meters. Macrophyte beds are shown as hatched, grey areas. Diamonds indicate
where embayments are connected to Lake Ontario and their watersheds. South Sandy
does not have a direct, surface-water connection with Lake Ontario. South Colwell
lacks a single connection to its watershed because it drains a wetland complex.
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Table 3.1. Embayment morphometric and biological characteristics. YP = yellow
perch; Pred: YP is the ratio of predator CPUE to YP CPUE.

Embayment Little Sodus South Sandy Sterling South Colwell
Surface area (km®) 4.06 1.88 0.92 0.57
Volume (m’-10°) 193 38.7 7.79 7.15
Maximum depth (m) 11 6.4 3.0 3.0
% littoral area 0.29 0.65 1.00 1.00
YP CPUE (#/min) 0.96 0.45 1.6 1.2
YP BPUE (g/min) 23.0 5.47 353 16.9
YP trophic position 3.17 3.53 3.14 3.12
Proportion of
pelagic energy to YP 70 85 60 3
Proportion of littoral 20 10 35 60
energy to YP
Ratio of predator to
YP CPUE

<90 mm TL 13.4 1.24 3.64 2.56
90-119 mm TL 0.208 1.41 0.264 0.113
> 120 mm TL 0.094 0.960 0.212 0.289
Frequency of prey
fishes and YP
<90 mm TL 0.043, 0.048 0.304, 0.252 0.255, 0.084 0.333,0.129
90-119 mm TL 0.041, 0.222 0.129, 0.077 0.224,0.136 0.095, 0.257
> 120 mm TL 0.231,0.414 0.124,0.113 0.136, 0.163 0.093, 0.093
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small, shallow, and dominated by dense macrophyte beds (Table 3.1). All
embayments are open to exchange with Lake Ontario either directly or indirectly.
(Figure 3.1). Both Little Sodus and Sterling have man-made channels connecting
them to Lake Ontario, while South Colwell has a natural channel that can be open
or closed. South Sandy is indirectly connected to Lake Ontario through an

adjacent embayment.

Our previous work indicates that yellow perch relative abundance, biomass, and
size structure differ among the four embayments. Relative abundance and biomass
is highest in Sterling and lowest in South Sandy (Table 3.1). The South Sandy
population is dominated by small, YOY yellow perch, whereas fish are more
normally distributed across size classes in Little Sodus, Sterling, and South
Colwell (Figure 3.2). Little Sodus supports the greatest proportion of large-bodied
yellow perch (Figure 3.2). Prey availability also differs among embayments, with
Little Sodus supporting over twice as much benthic invertebrate biomass as the
other embayments (K. Arend, unpublished data). Mean zooplankton biomass
estimates for May through October 2002 suggest standing biomass of zooplankton
in Sterling is much lower than in the other three embayments (R. Doyle-Morin,
Cornell University, unpublished data). Stable isotope analysis showed yellow
perch derived the majority of their energy from pelagic sources in Little Sodus and
South Sandy, but from a combination of sources in Sterling and South Colwell
(Table 3.1; Chapter 2). Additionally, yellow perch mean trophic position is higher

in South Sandy than the other embayments (Table 3.1).
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Figure 3.2. Length frequency distributions of yellow perch across 30 mm TL length
classes. Yellow perch were collected using a stratified random design during July
2001-2003 as part of a related study (see Chapter 1).
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Prey ration and composition

Field estimates of yellow perch mean prey ration (g wet-g wet'-d™") across
embayments and prey composition within each embayment were used to estimate
biomass consumed (g wet-g wet'-d™) by yellow perch as a function of yellow perch
weight. We collected 20-40 individuals in each embayment during the summers of
2003 and 2004 using boat-mounted electrofishing equipment (methods described in
Chapter 1). Yellow perch are diurnal foragers, typically with peak stomach fullness
occurring around dusk (Nakashima and Leggett 1978, Persson 1983, Grant and Kott
1999). To maximize the likelihood of capturing fish with fairly full stomachs, the
majority of fish were collected between 16:00 and 22:00 hours. Prey items present in
the stomach only were identified to the lowest practical taxon, counted, and measured
(body length, head length, head width, or telson width) to the nearest 0.01 mm using
an ocular micrometer. Benthic invertebrate prey size was converted to biomass (mg
dry weight) using equations from Benke et al. (1999) (Appendix 3.1). Zooplankton
biomass estimates (ug wet weight) were based on equations in Bottrell (1976)
(Appendix 3.2). Leptodora kindtii and mite biomasses were assumed to be 0.027 mg
wet weight (R. Doyle-Morin, Cornell University, personal communication) and 0.20
mg dry weight (S. Miehls, Great Lakes Fishery Commission, personal
communication), respectively. For benthic invertebrates and mites, dry weight was
converted to g wet weight using % water (dry:wet mass) values (Cummins and

Wuycheck 1971, Hanson et al. 1997) (Appendix 3.3).

Daily ration (Ca4; g wet-g wet:d!) was estimated as follows (Eggers 1977):

C, =24-R-S

mean

91



where R is the evacuation rate per hour of prey from the stomach and S,,..,, (g wet-g
wet'-d™") is the mean biomass of stomach contents throughout the day. R was

estimated according to Persson (1979) as:

R=a-e

where a=0.02, b=0.14 (for P. fluviatilis), and T=embayment temperature (°C) on the

capture date.

Based on yellow perch foraging behavior, we assumed: (1) perch stomachs were full
at the time of capture; (2) perch consuming invertebrate prey have full stomachs for 10
hours each day and half-full stomachs the remaining 14 hours (i.e., period of prey
digestion), which simplifies to full stomachs for 17 hours per day; (3) perch
consuming fish prey feed only once per day, digesting the prey over 24 hours.

Therefore, for non-fish prey we estimated S,cq, as:

S — 17 ’ Wotprey
24-W o,
where W oipres is the total weight of prey in the stomach; W, has units g‘d'l; and

Wi 1s the weight (g) of the fish. For fish prey, Simean = Wioprey ! 24+ Wyigh.

The water temperature (7)) on the date each fish was collected was calculated using

embayment-specific temperature curves. Temperature curves for each embayment

were determined by fitting a curve to embayment surface water temperatures collected
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weekly from May through October 2001 and 2002 and biweekly from May through
October 2004 (Bain 2007) (Appendix 3.4).

We calculated daily ration (C4) for each fish and estimated the relationship between
fish biomass and daily ration for all embayments combined. We used nonlinear least
squares (NLS) regression to fit the following power function to the data and estimate

coefficient means and and upper and lower 95% confidence intervals.
Ration = aWﬂsh,

where Ration is the NLS estimate of Cy4 at a given yellow perch biomass. Ration was
converted to its energetic equivalent in yellow perch biomass (B,s; g wet g wet -d™),
accounting for embayment-specific prey composition in yellow perch diets, as
follows.

E

B, =—, 2
T 4186 @

where 4186 is the energy density of yellow perch J-g wet'; Hanson et al. 1997), and
E ons 1s the mean energy consumed (J-g wet-d™) by a yellow perch in each
embayment. We estimated E,,,; from captured yellow perch stomach content data.
We divided prey items into 7 categories and calculated the mean proportion of each
prey category eaten in each embayment. We calculated embayment E,,; as:

;
E,,, = Ration-) (PP, -ED,),

cons
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where PP; is the mean proportion of prey i consumed by yellow perch in a particular

embayment and ED; is the energy density (J-g wet™!) of prey i (Table 3.2).

Age and growth

Yellow perch were collected from all four embayments during April and September
2005. Fish selected to span a range of length classes were measured and weighed in
the field, stored on ice in individually marked bags, and returned to the lab where they
were frozen until further processing. In the lab, a subset of fish was dissected to
remove the fish’s sagittal otoliths and identified as male, female, or juvenile. One
otolith from each fish was embedded in epoxy and cross sectioned using a double-
blade Isomet saw. We then glued each cross section to a slide and polished it in
preparation for age and growth estimates. The number of annuli on each otolith was
counted by two experienced readers to determine fish ages. A third reader was used
when ages from the first two readers disagreed (5% of all otoliths). We estimated fish
size at age and annual growth rates by using the Q Capture Pro image analysis system
(version 5.0.1.26; QImaging) to measure the distances from the focus to each annuli
along two axes of the otolith: (1) from the focus to the dorsal tip, along the distal edge;
and (2) from the focus to the proximal edge, along the dorsal ridge of the sulcus. Size
at age (L,; mm total length [TL]) was back-calculated according to Campana (1990) as

follows:

Li=Lc+ (04— 0)*(L. — L)*(0. — 0, ",

where L, is the back-calculated length at age a; O, is the length of the otolith (focus to

annulus) at age a; L. and O, are the length of the fish and otolith (focus to edge),
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Table 3.2. Proportion and energy density (J-g"") of prey categories consumed by
yellow perch in each embayment. All values for energy density are from Hanson et al.
(1997), except for mollusks and mites, which are from Cummins and Wuycheck
(1971). The value for mites is a mean value of two terrestrial arachnids.

South Energy

Prey category Little Sodus  South Sandy Sterling Colwell density
Amphipod/Isopod 0.30 0.15 0.56 0.36 4429
Zooplankton 0.16 0.33 0.07 0.11 2500
Diptera 0.24 0.17 0.06 0.19 1700
Other Insect 0.15 0.08 0.06 0.22 4600
Fish 0.06 0.25 0.20 0.02 2512
Mollusk 0.03 0.00 0.00 0.07 2010
Mite 0.05 0.03 0.05 0.04 5025

95



respectively, at capture; and L, and O, are the length of the fish and otolith at the
biological intercept. The biological intercept for each embayment was determined as

the smallest age 0+ yellow perch captured.

Lengths were converted to weights (g) using embayment-specific length-weight
relationships (Appendix 1.1). Annual growth rates (g-d™') were calculated from the
size at age data for each embayment. We assumed larval fish begin feeding on 15
May based on spawning dates and time to hatch and yolk-sac absorption in Rose et al.
(1999) and Post and McQueen (1988). For age 0+ fish captured during the fall of their
first year, age in days was estimated by subtracting the Julian date of first feeding
from the Julian date of capture. For age 0+ fish collected during the spring of their
second year, age in days was estimated by subtracting the Julian date of first feeding
from the sum of 365 and Julian capture date of year. This method also was used to
estimate the fish age in days at age 1 for all fish age 1 and older. Growth rate to age
0+ or 1 was then calculated by subtracting size at hatch from size at age O+ or 1 and
then dividing by the fish’s age in days. Growth rates to all other ages were calculated
by subtracting the size at age n-1 from the size at n and dividing by 365. Finally, we
generated age distributions for yellow perch captured during July in 2001 through
2003 for a related study (Chapter 1). An age-length key was generated from otolith
length at age estimates. The fish data were grouped into length classes (mm TL) and
assigned probabilities for being in each length class accordingly. Probabilities for

each age class were summed for all fish and divided by the number of fish.

Model

We developed an energy budget model (Appendix 3.5) to generate growth curves for
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adult yellow perch feeding on prey compositions unique to each embayment (Figure
3.3). We modified the basic yellow perch bioenergetics model (Kitchell et al. 1977,
Hanson et al. 1997) to include increasing active metabolic costs with greater daily
food consumption, metabolic losses to winter metabolism, and energetic losses to
gonadal production. We also added dynamically varying allocations of production to
somatic growth, energy storage (lipids), and reproduction (gonads) based on the
empirically observed allocation patterns. The model equations and parameter values
are based on yellow perch bioenergetics models (Kitchell et al. 1977, Boisclair and
Leggett 1989, Hanson et al. 1997) and empirical estimates of energy allocation to lipid
mass (Hayes and Taylor 1994) and gonadal growth (Hayes and Taylor 1994,
Henderson et al. 2000). Yellow perch ration, yellow perch prey composition, and
embayment temperature profiles are from data collected from the study embayments.
Separate models were built for male and female yellow perch, to account for

differences in metabolic costs and energy allocation to gonadal growth.

The basic form of the bioenergetics model developed by Kitchell et al. (1977) is:

C=G+W+M

where C is the energetic equivalent of prey biomass consumed, G is energy used for
somatic and gonadal growth, W includes energetic losses to egestion and excretion,
and M includes metabolic costs for maintenance and food ingestion. These terms are
all expressed as specific rates (g wet-g wet'-d™). In the model presented here, G is
allocated to three compartments as opposed to two; somatic growth, lipid storage, and

gonadal growth. We include 5 state variables in the model: fish biomass, lipid weight,
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Figure 3.3. Conceptual diagram of the energy budget model used to predict yellow
perch growth in each embayment. Numbers correspond with equations described in
the text and in Appendix 3.5.
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and gonad weight, and the proportions of assimilated energy shunted to lipid and
gonad growth. The model is a system of ordinary differential equations that was
solved in R (R Core Development Team 2006) using the 1soda function in the
odesolve package (Setzer 2006). The proportions of energy allocated to lipid storage
and gonadal growth are determined by requiring that lipid weight equal 15% of
somatic weight (Hayes and Taylor 1994) and gonad weight equal 20% of somatic
weight for females (Hayes and Taylor 1994, Henderson et al. 2000) and 13% of
somatic weight for males (Hayes and Taylor 1994). The proportion of energy
allocated to somatic growth is the proportion of G remaining after allocation to lipids

and gonads.

Simulations for individual fish were run for 7 years, starting with age 0+ fish. We
chose 7 years because otolith data indicate yellow perch reach a maximum age of 7
years in these embayments. Initial perch biomass was based on age 0+ yellow perch
weights for each embayment. Mean age 0+ length (mm TL) was calculated for all age
0+ fish based on otolith analysis. Lengths were converted to weights (g) using
embayment-specific length-weight regressions (Appendix 1.1). We assumed lipid
mass was equal to 4% of body weight at the beginning of the simulation and that
gonad development had not yet begun. Within each year, the model was solved from
1 May through 30 September, when the majority of food consumption occurs (Persson
1983). We varied ration each year by assigning a value of coefficient a in the power
function using a random number generator with mean equal to the point estimate of
coefficient a (described above) and standard deviation equal to 0.01. We randomly
varied ration values to reflect that fish daily ration varies under natural conditions

(Nakashima and Leggett 1978, Persson 1983), which leads to variability in growth
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rates among individual fish. Immediately prior to spawning, a certain proportion of
lipids were lost to metabolic demands for overwinter survival and another proportion
was shunted to gonad biomass. Spawning is the final time step of each year, at which
time fish gonad biomass drops to 2% of body biomass and lipid biomass to 4% of
body biomass (Hayes and Taylor 1994). To account for slower observed growth rates
of males compared with females, males were assumed to have higher activity rates
than females. We ran 100 simulations for each embayment, to produce a “population”

of fish. Population simulations were run separately for 100 female and 100 male fish.

Predation pressure

We used the ratio of predators to yellow perch in three yellow perch length classes as
an index of predation pressure. Predators included adult yellow perch, bowfin (Amia
calva), grass pickerel (Esox americanus vermiculatus), largemouth bass (Micropterus
salmoides), northern pike (Esox lucius), smallmouth bass (Micropterus dolomieu), and
walleye (Sander vitreum). Catch per unit effort (CPUE, #/min) and total length data
from surveys conducted in July 2001-2003 (Chapter 1) were used to calculate the
CPUE of predators in each embayment capable of consuming yellow perch between
20-89 mm TL (i.e., YOY), 90-120 mm TL, and at least 120 mm TL. Yellow perch
vulnerability to predation was calculated as the maximum yellow perch length a
predator could consume (Table 3.3). Maximum lengths of yellow perch vulnerable to
predation by adult yellow perch, walleye, largemouth bass, and northern pike were
based on the literature (Table 3.3). We assumed smallmouth bass were able to
consume prey of similar size proportion as largemouth bass, and bowfin and grass
pickerel were able to consume prey of similar size proportion as walleye greater than

200 mm TL. We calculated the ratio of predators to prey by summing the CPUE of
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Table 3.3. Yellow perch maximum size of vulnerability to predation by several
piscivore species. Abbreviations are as follows: TL, mm total length; yellow perch,
YP; walleye, WE; largemouth bass, LMB; smallmouth bass, SMB; northern pike, NP;
bowfin, BF; and grass pickerel, GP.

Predator Vulnerable YP
length class maximum length (mm
Predator (mm TL) TL) Source
Adult YP > 90 0.24Lguryp Rose et al. 1999.12201. Mon. 69:127-
WE <200 0.6*Lwg Rose et al. 1999
WE > 200 0.4*Lwg Rose et al. 1999
LMB <100 0.3*LimB Olson. 1996. Ecology 1:179-190
LMB > 100 0.5%Lyas Katano et al. 200329.6Ich. Res. 49:392-
SMB <100 0.3*Lgup n/a
Fritz and Pearsons. 2006. TAFS
*
SMB > 100 0.4*Lgyp 135:853-860
Nilsson and Bronmark. 2000. Oikos
ES
NP n/a 0-5"Love 3:539-546
BF n/a 0.4*Lgp n/a
GP n/a 0.4*Lgp n/a
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predators capable of eating each length class of yellow perch with the CPUE of
predators capable of eating any smaller length classes and dividing by the total CPUE
of yellow perch in each vulnerable length class. To assess the relative availability of
non-yellow perch prey fishes (hence prey fishes) versus yellow perch to predators, we
calculated the frequencies of prey fishes and yellow perch in each of the three length
classes using catch data from surveys conducted in July 2001-2003 (Chapter 1). Prey

fishes included all non-piscivorous fishes.

Results

Prey ration and composition

Ration ranged from O to 0.48 g g'l-d'l, with a mean equal to 0.016 (+ 0.003 standard
error) and median equal to 0.008. Ration was negatively correlated with fish size
(Figure 3.4). Power coefficient a had an estimated value of 0.04, with lower and
upper 95% confidence intervals equal to 0.03 and 0.06, respectively. The estimated
value of coefficient b was -0.39, and lower and upper 95% confidence intervals were
equal to -0.57 and -0.20, respectively. Mean prey composition across fish sizes varied
among embayments, with zooplankton, amphipods, Dipterans, and fish prey occurring
most frequently (Table 3.2). The proportion of amphipods in pelagic-dominated South
Sandy yellow perch stomachs was lower than in the other embayments. Fish prey
were prevalent in South Sandy and littoral-dominated Sterling yellow perch. In
littoral-dominated South Colwell, yellow perch relied most heavily on benthic

invertebrates (amphipods and aquatic insects).

Growth

We obtained otoliths from 67, 72, 73, and 69 fish in Little Sodus, South Sandy,
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Figure 3.4. Daily ration (g g'l-d'l) estimates of yellow perch collected in all
embayments during June and July 2003-2004 (circles). A power function was fit to
the data to estimate mean ration across lengths (solid line) and the upper and lower
95% confidence intervals (dashed lines).
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Sterling, and South Colwell, respectively. Otolith-based estimates of size (g) at age
(hence referred to simply as weight or size at age) differed among embayments. Male
yellow perch were smaller than female yellow perch in pelagic-dominated Little Sodus
and Sterling (Figure 3.5). Female yellow perch were largest across ages in Sterling,
followed by Little Sodus; females were smallest in South Colwell (Figure 3.5). Male
weights were largest in Little Sodus, followed by South Sandy, Sterling, and South
Colwell (Figure 3.5). These growth profiles corresponded with maximum mean
lengths (mm TL) of 205, 150, 220, and 165 for females and 170, 135, 145, and 120 for
males in Little Sodus, South Sandy, Sterling, and South Colwell, respectively. The
energy budget model predicted that yellow perch in Sterling and South Colwell, the
littoral embayments, would be larger at a given age than fish in Little Sodus and South
Sandy, the pelagic embayments (Figure 3.5). Model predictions were driven by
differences in embayment prey composition and energy consumed. Amphipods and
non-Dipteran insects have two of the highest prey energy densities (Table 3.2) and
accounted for about 60% of diet contents in Sterling and South Colwell. In contrast,
South Sandy yellow perch primarily consumed zooplankton, Dipterans, and fish, all of
which have low energy densities (Table 3.2). In Little Sodus, prey composition was
more evenly distributed across taxonomic groups, which explains intermediate
estimates of size at age. Difference in predicted weights between males and females

were most noticeable starting at age 2, and increased with age (Figure 3.5).

Female yellow perch growth rates calculated from otoliths were at least two times
faster for age 2 fish (i.e., growth during their second year of life) than for age 1 fish
(i.e., growth during their first year of life; Figure 3.6). Females age 2 and older grew

at similar rates in Little Sodus (0.034 — 0.050 g-d'l), South Sandy (0.031 — 0.043 g-d
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Figure 3.5. Female (diamonds) and male (squares) yellow perch mean weight (g +
standard error [SE]) at age. Black symbols connected by solid lines represent
observed weight at age estimated from otolith microstructure. Grey symbols
connected by dashed lines represent weight at age predicted by the model.
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growth rates estimated from otolith microstructure. Grey symbols connected by
dashed lines represent predicted growth rates using the energy budget model.

106



1, and Sterling (0.034 — 0.053 g-d'l), but grew much more slowly in South Colwell
(0.016 — 0.027 g-d™"). Male yellow perch growth rates were similar for age 1 and age 2
fish in the littoral embayments, Sterling and South Colwell, and were 1.5 and 2 times
slower for age 1 than age 2 fish in Little Sodus and South Sandy, respectively (Figure
3.6). Males age 2 and older grew fastest in South Sandy (0.030 — 0.035 g-d'l),
followed by moderate growth in Little Sodus (0.023 — 0.031 g-d™") and Sterling (0.021
—0.026 g-d™"). As for females, growth was slowest in South Colwell (0.016 — 0.019
g-d'l). Both male and female yellow perch grew fastest between their first and second
years or their second and third years, except in Little Sodus, where females grew
fastest during their seventh year of life and in Sterling where females grew fastest

during their sixth year of life.

Whereas observed growth rates were variable across sizes and generally higher in
younger fish, modeled female and male yellow perch growth rates increased with age
by about 1.5 to 3 times across embayments. Predicted maximum rates for both
females and males were highest in the two littoral embayments, Sterling (0.063 and
0.045 g-d'l, respectively) and South Colwell (0.033 and 0.026 g-d"), followed by the
pelagic embayments, Little Sodus (0.022 and 0.014 g-d™") and South Sandy (0.010 and
0.006 g-d'l; Figure 3.6). Compared with otolith estimates, model predictions
underestimated female and male growth to age 2 in all embayments and
underestimated female and male growth across ages in pelagic-dominated Little Sodus

and South Sandy (Figure 3.6).

We compared yellow perch size at age in the study embayments with mean, minimum,

and maximum size at age reported in the literature for populations from lakes and bays
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of different sizes throughout the northeastern United States and the Great Lakes region
of the United States and Canada (Jobes 1952, Keast 1977, Diana and Salz 1990, Hayes
and Taylor 1994, Rose et al. 1999, Schaeffer et al. 2000). Yellow perch growth in all
of our study embayments fell between the mean and minimum of size at age data

reported in the literature (Figure 3.7).

Age Distribution

The maximum age of female and male yellow perch captured for otolith analysis
differed among embayments. Females and males up to seven years old were captured
in Little Sodus. The maximum ages of female and male yellow perch were 4 and 3
years old, respectively, in South Sandy, 6 and 5 years old in Sterling, and 6 and 3
years old in South Colwell (Figure 3.5). Age distributions of yellow perch collected
during July in 2001 through 2003 suggest age 1 fish were most numerous in all
embayments except South Sandy, where age 0+ fish were captured most frequently
(Figure 3.8). Yellow perch age distribution in South Sandy also differed from the
other embayments by showing a more gradual decline in frequency with increased age
(Figure 3.8). Little Sodus had more age 6 fish than would be expected and Sterling

had more age 3 fish than would be expected, given declines in occurrence with age.

Predation pressure

Predator pressure on all three yellow perch size classes varied at least 12-fold among
embayments (Table 3.1). Predation pressure on YOY (< 90 mm TL) yellow perch
was highest in pelagic-dominated Little Sodus (13.4 predator:yellow perch CPUE) and
lowest in littoral-dominated South Colwell (1.24 predator:yellow perch CPUE).

Predator pressures on yellow perch between 90 - 120 mm TL and greater than 120 mm
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Figure 3.7. Comparison of embayment observed mean length at age (mm TL + SE;
black lines) with mean (solid grey line), minimum (dashed grey line), and maximum
(dashed grey line) length at age reported in the literature.
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Figure 3.8. Age frequency distributions (mean + SE) of yellow perch in each
embayment. Data are based on lengths and catch per unit effort of yellow perch
collected during July 2001-2003.
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TL were highest in pelagic-dominated South Sandy, with predator:yellow perch CPUE
equal to 1.41 and 0.96, respectively (Table 3.1). Relative frequencies of prey fishes
versus yellow perch varied among embayments and size classes (Table 3.1). Yellow
perch frequencies were greater than prey fish frequencies across size classes in Little
Sodus. In contrast, yellow perch frequencies were less than those of prey fishes for
the 0-89 mm TL size class in South Sandy, Sterling, and South Colwell (Table 3.1).
Similarly, yellow perch 90-119 mm TL occurred less frequently than prey fishes in
South Sandy and Sterling; however yellow perch frequencies were greater in South

Colwell (Table 3.1).

Discussion

Yellow perch size at age, growth rates, and age distributions differed among
embayment populations. In the two littoral embayments, Sterling and South Colwell,
the energy budget model predicted actual size at age and growth rates fairly well. In
contrast, observed size at age and growth rates were greater than model predictions in
the two pelagic embayments, Little Sodus and South Sandy. Discrepancies between
observations and model predictions may be due to differences in the relative
influences of prey consumption and composition (bottom-up effects) and predation
pressure (top-down effects) on yellow perch population size structure in pelagic-
versus littoral-dominated embayments. If bottom-up effects alone determine yellow
perch growth, we would expect yellow perch growth to reflect prey availability and
the energetic quality of prey consumed. If top-down effects are important in shaping
yellow perch populations, then we would expect model predictions to underestimate
yellow perch growth, based on the level of predation pressure and assuming predators

selectively consume smaller, slower growing perch (Post and Prankevicius 1987).
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Yellow perch growth in all four embayments may be limited by prey availability.
Yellow perch size-at-age and growth rates across all four study embayments fall
within the lower range of those reported in the literature. Ration estimates from
yellow perch stomach contents are similarly low, as ration levels up to 0.65 g g'l-d'1
have been reported for YOY (Post 1990) and 0.08 g g'l-d'1 for adult yellow perch
(Hayward et al. 1991). Prey availability also could contribute to differences between
observed and predicted growth rates in the embayments. We hypothesized more rapid
growth in the littoral-dominated systems, Sterling and South Colwell, due to bottom-
up effects of greater habitat and prey availability to multiple life history stages. In
contrast, actual size-at-age and growth rates were highest in Sterling (littoral) and
Little Sodus (pelagic) for females and Little Sodus and South Sandy (pelagic) for
males. High growth rates in Little Sodus could be due to high benthic prey densities
compared to the other three embayments. Unlike in South Sandy, yellow perch in
Little Sodus consumed high proportions of amphipods and aquatic insects. Thus,
dominance of pelagic habitat in Little Sodus did not appear to reduce yellow perch

consumption of littoral prey.

In Sterling and South Colwell, low prey availability and high densities of yellow perch
and other invertivorous fishes (e.g., pumpkinseed and bluegill; Chapter 1) could result
in reduced growth due to insufficient prey or competition for prey or habitat (Hayes
and Taylor 1994, Schaeffer et al. 2000). Despite having access to littoral and pelagic
prey in close proximity and consuming a greater proportion of energy-rich prey,
yellow perch may have expended greater energy (i.e., had higher activity rates)

searching for food and thus suffered reduced growth rates. In contrast, low densities
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of yellow perch and other small-bodied fishes could have allowed yellow perch in the
pelagic embayments to expend less energy foraging (due to reduced activity rates).
Activity rates of yellow perch in pelagic embayments also would be lower if the
yellow perch spend less time foraging to avoid predators. Boisclair and Leggett
(1989) found that energy allocated to activity was highly variable and could account
for between 0 - 40% of the energy budget among yellow perch populations. They
posited that such large differences could underlie variation in growth among
populations. Unfortunately, activity rates for fishes are poorly known and difficult to

quantify in the field (Boisclair and Leggett 1989).

Size-selective predation mortality also offers a feasible explanation for why size at age
and growth rates were higher than model predictions for age 1 through 2 yellow perch
across embayments, but particularly in South Sandy. High predation mortality of
YOY and age 1 fishes also could explain a general pattern of age distributions in
which frequency decreased most sharply after age 1. We hypothesized that the yellow
perch population in South Sandy would be most likely to be affected by predation,
because of the presence of walleye. Dominance of YOY yellow perch in South Sandy
followed by a fairly uniform decrease in frequency with age and coupled with high
predation pressure on age 1 and older yellow perch, supports this hypothesis. Uniform
decrease in frequency with age in South Sandy compared to the other embayments
also could be due to South Sandy being more isolated from Lake Ontario. Greater
isolation could reduce immigration or emigration of individuals into or from the
population. Discrepancies between observed and model growth rates were largest in
the two pelagic embayments, with predation pressure on YOY and age 1 perch highest

in Little Sodus and South Sandy, respectively, across embayments.
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Size-selective mortality would remove slower growing (i.e., smaller) fish from the
population to a greater extent than faster growing fish. Therefore, yellow perch
growth would appear to be faster because surviving fish would be those who outgrew
vulnerability to predation more quickly (Post and Prankevicius 1987). Although
predation pressure on age 1 and older yellow perch in Sterling also is high, dense
macrophyte beds, which are absent in pelagic-dominated Little Sodus and South
Sandy, could provide some protection from predation. Additionally, the relative
frequencies of prey fishes versus YOY yellow perch were greater in the two littoral
embayments, Sterling and South Colwell, than in the two pelagic embayments.
Greater availability of alternate prey could have reduced predation pressure on YOY
yellow perch in the littoral embayments, where predation pressure was highest on
fishes less than 90 mm TL. However, a model of walleye and yellow perch dynamics
in Oneida Lake developed by Rose et al (1999) predicted greater predation pressure on
YOY yellow perch when alternate prey fish availability was increased. Finally,
greater predation pressure in the pelagic embayments could have reduced yellow perch

activity levels compared to levels in littoral embayments.

Another explanation for faster than predicted yellow perch growth between ages 1 and
3 is the loss of slow growing individuals to emigration. The degree to which
individuals within these populations migrate between the embayments and Lake
Ontario is unknown. Stable carbon isotope data from Sterling suggest that most
individuals collected during summer reside in the embayment, but that individuals
may migrate into the embayments from Lake Ontario during fall (Chapter 2).

Although not shown, a small number of individuals in Little Sodus and Sterling were
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much larger at a given age than the majority of individuals, suggesting immigration of
fish from Lake Ontario (or nearby embayments) that had experienced more rapid
growth. Conceivably, slow-growing yellow perch may leave the embayments in
search of greater prey availability; however, we did not sample and thus do not have

data on prey availability or yellow perch growth in Lake Ontario nearshore habitat.

Model assumptions also might contribute to model underestimates of female and male
growth between ages 1 and 3. Differences in observations and model predictions of
growth rates to age 1 could be due to error from uncertainty in hatch date and starting
the model with mean age 0+ lengths based on fish collected during September and
April. Our model does not include YOY growth dynamics, which might have
captured the benefits of greater zooplankton consumption in Little Sodus and South
Sandy. However, mean lengths of YOY captured in each embayment were larger in
Little Sodus and Sterling, the latter being dominated by littoral habitat and containing
YOY yellow perch with a high proportion of amphipods in their stomachs.
Uncertainty in daily ration estimates also could influence model predictions. Daily
ration estimates were based on diets of fish collected once a day on several sampling
dates, as opposed to collecting multiple samples over a single, 24 hour period on
multiple dates. Furthermore, high variability in ration estimates may have masked any

differences in daily ration among embayments.

Additionally, mean prey compositions across sizes were included in the model,
ignoring differences in prey composition among size classes within an embayment.
For example, the proportion of amphipods, a high energy prey item, consumed was

quite variable among length classes, except in Sterling. Discrepancies between
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observed and predicted growth rates do not appear to reflect finer scale patterns in the
proportions of prey consumed of different energetic value. For example, 90-120 mm
TL fish in Sterling and South Sandy ate a relatively high-energy diet compared to the
diet of similar-sized fish in Little Sodus and South Colwell. Despite these differences
in prey energetics, growth rates for age 2 female and male perch in Little Sodus and
Sterling were similarly higher than growth rates in South Colwell and South Sandy.
To confirm this observation, we ran a version of the model in which prey composition
was specified for fish less than 120 mm TL and for fish greater than 120 mm TL.

Runs from both this and the original model produced similar results.

Despite differences among embayment yellow perch populations in relative
incorporation of pelagic versus littoral energy, yellow perch had access to and
consumed littoral and pelagic prey in all systems. Therefore habitat coupling may
operate at the level of the food web as opposed to individual populations in these and
possibly other systems. Such food web level effects possibly result in yellow perch
populations being structured by varying degrees of both bottom-up and top-down
processes. Low prey availability appeared to have limited yellow perch growth in all
four embayments, resulting in slow growth rates and small size at age relative to other
studies. Similarly slow growth in studies of yellow perch populations in other systems
has been attributed to inadequate prey availability (Diana and Salz 1990, Heath and
Roff 1996, Schaeffer et al. 2000). Therefore, yellow perch populations may be
controlled primarily by bottom-up effects of prey availability. Our results suggest that
within a given level of prey availability, however, populations in some systems may

be influenced by top-down effects to a greater extent than in other systems.
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The clearest pattern that emerged distinguishing the characteristics of yellow perch
populations in pelagic-dominated embayments from those of populations in littoral-
dominated systems was more rapid growth in pelagic-dominated systems. More rapid
growth in pelagic-dominated systems could be due to size-selective mortality from
predation. Large, deep lakes can better support large-bodied fishes (Holmgren and
Appelberg 2000), Chapter 1), such as walleye and northern pike, which exert
predation pressure on smaller-bodied fishes such as yellow perch. Walleye predation,
in particular, has been shown to influence yellow perch populations in Oneida Lake,
NY (Nielsen 1980, Rose et al. 1999), which is slightly deeper than the pelagic-
dominated embayments in this study. As a result, top-down effects might be more
likely to influence yellow perch growth to a greater degree in relatively large, deep
systems. Shallow, vegetated systems can support more small-bodied fishes, by
providing habitat for a diverse prey assemblage and protection from predation
(Randall et al. 1996; Chapter 1). In these littoral-dominated systems, bottom-up
effects and inter- and intraspecific competition for invertebrate prey might have a
greater effect than predation on yellow perch growth and size structure. For example,
yellow perch growth in a relatively shallow lake in northern Michigan improved with

removal of white sucker, a competitive species (Hayes et al. 1992).

In conclusion, embayment yellow perch populations appeared to be sensitive to
bottom-up and top-down processes to varying degrees, partly as a function of system
morphometry and biological interactions with other species, such as walleye. We did
not observe direct effects of differences in pelagic versus littoral energy flow on
yellow perch populations. Instead, habitat coupling might operate at the level of the

food web, by altering predator-prey and competitive interactions. Although we
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focused on a single species for this study, we view this as a starting point for
identifying mechanisms that underlie physicochemical and biological effects on fish

community structure and function.
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CHAPTER 4: Conclusions
In the research described herein, I explored how fish community structure and
function in Lake Ontario embayments responded to external and internal
environmental factors. Important external factors included nutrient and energy inputs
from adjacent ecosystems. Important internal factors included embayment area, depth
profile, and vegetation. With my research, [ aimed to address the following questions:
(1) which internal and external factors influence how much and where biomass is
distributed in the fish community (i.e., structure); (2) which factors influence energy
sources utilized by the fish communities (i.e., function); (3) are structural and
functional responses related to each other? In brief, I found that different fish
community characteristics were influenced by different external and internal
environmental factors. Additionally, the relative importance of external and internal
factors differed depending on the fish community characteristic considered. Internal
factors generally were of greater importance than external factors for a larger number
of responses considered. Finally, structural and functional responses appear to be
related through trophic interactions. In this section, I consider my findings in the
context of trophic interactions and, specifically, implications for bottom-up and top-

down control in embayment ecosystems as they relate to the fish community.

Fish community structure differed among embayments for all three metrics
considered, relative biomass, relative abundance, and size structure. Biomass
increased with phosphorus loading and area. The relative importance of phosphorus
loading and area differed among embayment hydrogeomorphic types. High levels of
phosphorus loading in the two drowned-river mouth embayments seemed to outweigh

the small size of those embayments. The effect of area and possibly other internal
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factors such as habitat heterogeneity on biomass appeared stronger in protected
embayments. Protected embayments received lower nutrient inputs than drowned-
river mouth embayments, which could explain the greater importance of internal
factors in these systems. If so, internal factors might operate within the constraints of
external factors with respect to fish biomass. In contrast, an internal factor, percent
vegetation, was the only factor that explained both fish abundance and size structure.
A greater abundance of small-bodied fishes occurred in more vegetated systems.
Therefore, in contrast to fish biomass, fish abundance and size structure were
controlled almost entirely by internal factors. Considering these findings together, the
amount of fish a system supports appears to be controlled externally by nutrient inputs
(Figure 4.1a); i.e., via bottom-up processes. In contrast, the distribution of that
biomass is controlled internally by vegetation (Figure 4.1b), via a combination of
bottom-up and top-down processes. Vegetation likely influences fish abundance and
size structure by providing complex habitat that favors small-bodied invertivorous
fishes. Vegetated habitat both supports a diverse invertebrate prey assemblage and

provides small-bodied fish protection from predation.

Both external and internal factors also influenced fish community function. As
expected, availability and uptake of external energy sources by planktonic primary
producers was determined by the strength of the embayments’ connections to Lake
Ontario and their watersheds. However, neither differences in nutrient concentrations
nor water residence time influenced uptake of Lake Ontario versus watershed inputs.
Internal factors, such as area and vegetation, also played a role by influencing the
extent to which external subsidies extended into the embayments. Fish community

reliance on pelagic versus littoral energy sources depended almost entirely on
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Figure 4.1. Relative importance of external and internal physicochemical factors on
(a) fish community biomass, (b) fish community abundance and size structure, and (c)
food web dynamics.
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embayment depth profile, an internal factor. Again, nutrient loading and water
residence time did not appear to influence internal habitat coupling. However, effects
may not be evident when comparing only four embayments. Maximum trophic
position also appeared to be determined by area as opposed to nutrient loading.
Therefore, similar to fish abundance and size structure, fish community function
appears to be more strongly influenced by internal factors than by external factors

(Figure 4.1c).

Most likely, both bottom-up and top-down controls operate on fish community
function. Fish diets were similar across embayments, suggesting that littoral prey
were subsidized by pelagic primary producers in relatively large, deep embayments, a
bottom-up effect. The availability of both pelagic and littoral invertebrate prey may
subsidize invertivorous fishes, which could have important top-down effects. For
example, the abundance of small-bodied fishes was high in Sterling. These fishes
obtained about 60% of their energy from pelagic sources, yet zooplankton abundance
in Sterling was low compared to other embayments (R. Doyle-Morin, Cornell
University, unpublished data). The availability and consumption of both zooplankton
and benthic invertebrates could have supported large enough populations of

invertivorous fishes to enable them to graze down zooplankton populations.

Results from the yellow perch growth and size structure study confirm structural and
functional observations from Chapters 1 and 2. They also provide insight into how
structural and functional fish community characteristics are linked via trophic
interactions. I had hypothesized that growth and size structure would be controlled via

bottom-up effects of prey availability. I found this to be true in the two littoral
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embayments, but not in the pelagic embayments. Instead, top-down control via
predation appeared to influence yellow perch size structure and observed growth in the
pelagic embayments. These results are consistent with our findings regarding fish
community structure. The large, deep systems can support larger-bodied, piscivorous
fishes and have less vegetation to provide small-bodied fishes with protection from
those predators. In littoral embayments, where vegetation is quite dense, the type and
availability of prey appears to underlie yellow perch growth and size structure.
Therefore, trophic interactions were directly modified by internal factors, specifically
embayment morphometry and vegetation. The role of external factors, such as
nutrient loading and energy sources, and internal energy pathways may indirectly
influence yellow perch population dynamics through effects on prey availability and

composition.

In conclusion, embayment fish communities respond to physicochemical factors
operating at multiple spatial scales (external and internal). Additionally, different
community characteristics were sensitive to different factors. Effects of these factors
on the fish community occur via trophic interactions and include both bottom-up and
top-down control. External factors may operate primarily via bottom-up control by
providing basal resources to food webs. Internal factors appear to influence fish
communities by affecting trophic interactions, which can exert bottom-up or top-down
effects on fish populations and their prey. These findings improve our understanding
of how fish communities might respond to natural and anthropogenic changes in
environmental conditions. Additionally, they identify what aspects of the community
are influenced by factors that humans can control (e.g., nutrient loading and

vegetation) versus what aspects are sensitive to factors we cannot control (e.g., area).
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APPENDICES

Appendix 1.1. Length-weight regressions. Exponential (Exp) equations are of the
form: weight = a*length®. Logarithmic (Log) equations are of the form: log;oweight =
a*logjolength —b. BS = Blind Sodus, FL = Floodwood, JU = Juniper, LS = Little
Sodus, NS = North Sandy, SC = South Colwell, SS = South Sandy, ST = Sterling.

Species Embayment Equation a b Length
American eel all Exp 0.0026 2.9800 cm TL
Brown bullhead BS, FL, LS, SS, ST Log 2.7142 4.1418 mm TL
NS Log 2.7894 4.3494 mm TL
SC Log 2.8756 4.5623 mm TL
Black crappie all Log 3.0084 4.8188 mm TL
Bluegill BS Log 3.8472 6.5039 mm TL
FL Log 2.3545 3.4013 mm TL
LS Log 3.0755 4.8679 mm TL
NS Log 3.2985 5.3488 mm TL
SC Log 3.2729 5.2573 mm TL
ST Log 3.1822 5.0415 mm TL
Bowfin FL, LS, SC Log 2.8695 4.6499 mm TL
BS Log 2.7392 4.2869 mm TL
NS Log 2.8813 4.6619 mm TL
ST Log 2.7985 4.4649 mm TL
Banded killifish ST Log 3.0410 5.0900 mm TL
Bluntnose minnow NS Exp 0.0011 3.1930 cm TL
Common carp BS, FL, LS Exp 0.0116 3.0250 cm TL
Central mudminnow JU Log 2.884 4.491 mm SL
Common shiner BS, NS, SC, ST Log 2.884 4.491 mm SL
Freshwater drum BS Log 3.320 5.740 mm FL
Grass pickerel SC Exp 0.0201 2.7520 cm TL
Golden shiner FL, NS Log 3.1462 5.3084 mm TL
BS Log 3.3488 5.7197 mm TL
JU Log 3.2665 5.5366 mm TL
LS Log 2.4878 3.9253 mm TL
SC Log 3.4962 5.9851 mm TL
ST Log 3.0960 5.2433 mm TL
Largemouth bass BS Log 3.0727 4.9909 mm TL
FL Log 2.9519 4.7123 mm TL
LS Log 3.1427 5.1771 mm TL
NS Log 3.1083 5.1054 mm TL
SC Log 3.0746 5.0535 mm TL
SS Log 2.5066 3.9708 mm TL
ST Log 29116 4.6848 mm TL
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Longnose sucker
Logperch
Northern pike

Pumpkinseed

Rock bass
Redbreast sunfish
Smallmouth bass
Spottail shiner
Sand shiner
Walleye

White perch
Yellow perch

SS
NS

BS, FL, NS, ST
SS

JU
BS
FL
LS
NS
SC
SS
ST

LS
LS
BS, FL, SS, ST
BS, NS, SC, SS
ST
SS
SS

FL, JU
BS
LS
NS
SC
SS
ST

Exp

Log

Exp

Log
Log
Log
Log
Log
Log
Log

0.0352
2.8200

1.8986
1.3421

3.1685
3.2891
2.8428
3.2729
3.3534
3.0648
3.0876
3.1430

2.9900
0.0204
0.0120
2.6391
2.6391
2.8881
0.0082

3.0319
3.0867
2.9736
3.4652
2.3369
3.0676
2.4058

2.8420
4.6600

2.2267
0.6234

5.0254
5.2627
4.3624
5.2390
5.4220
4.8479
4.8562
4.9676

4.6200
3.0100
3.0160
4.3412
4.3412
4.7715
3.1610

5.007
5.1224
4.8886
5.9459
3.6027
5.0542
3.6670

cm TL
mm TL

mm TL
mm TL

mm TL
mm TL
mm TL
mm TL
mm TL
mm TL
mm TL
mm TL

cm FL
cm TL
cm TL
mm TL
mm TL
mm TL
cm TL

mm TL
mm TL
mm TL
mm TL
mm TL
mm TL
mm TL
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Appendix 1.1 (Continued).

Species

Embayment

Source

American eel

Brown bullhead

Black crappie
Bluegill

Bowfin

Banded killifish

Bluntnose minnow

Common carp

Central mudminnow

Common shiner

Freshwater drum

Grass pickerel

Golden shiner

Largemouth bass

all

BS, FL, LS, SS, ST

NS
SC

all

BS
FL
LS
NS
SC
ST

FL, LS, SC
BS
NS
ST

ST

NS
BS, FL, LS

JU

BS, NS, SC, ST

BS

SC

FL, NS
BS
JU
LS
SC
ST

BS
FL
LS
NS
SC

Hurley, D.A. 1972. Journal of the Fisheries Research
Board of Canada 29:535-543

All embayments
NS
SC

All embayments

BS
FL
All embayments
NS
SC
ST

All embayments
BS
NS
ST

Fritz, E.S., and E.L. Garside. 1975. Canadian Journal
of Zoology 53:361-369

Small, J.W., Jr. 1975. Ecology 56:827-840

Runnstrom, S. 1952. Proceedings of the International
Association of Theoretical and Applied Limnology
12:176-182

Randall, R.G., and C.K. Minns. 2000. Canadian
Journal of Fisheries and Aquatic Sciences 57:1657-
1667

Randall, R.G., and C.K. Minns. 2000. Canadian
Journal of Fisheries and Aquatic Sciences 57:1657-
1667

Randall, R.G., and C.K. Minns. 2000. Canadian
Journal of Fisheries and Aquatic Sciences 57:1657-
1667

Kleinert, S.J., and D. Mraz. 1966. Wisconsin
Conservation Department Technical Bulletin 37:1-39.

All embayments
BS
JU
LS
SC
ST

BS
FL
LS
NS
SC
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Longnose sucker

Logperch

Northern pike

Pumpkinseed

Rock bass

Redbreast sunfish

Smallmouth bass

Spottail shiner
Sand shiner
Walleye
White perch

Yellow perch

SS
ST

SS
NS

BS, FL, NS, ST
SS

JU
BS
FL
LS
NS
SC
SS
ST

LS

LS

BS, FL, SS, ST

BS, NS, SC, SS
ST
SS
SS

FL,JU
BS
LS
NS
SC
SS
ST

SS
ST

Magnin, E. 1964. Naturaliste Canadien 91:273-308

Randall, R.G., and C.K. Minns. 2000. Canadian
Journal of Fisheries and Aquatic Sciences 57:1657-
1667

All embayments
SS

All embayments
BS
FL
LS
NS
SC
SS
ST

Randall, R.G., and C.K. Minns. 2000. Canadian
Journal of Fisheries and Aquatic Sciences 57:1657-
1667

Swingle, W.E. 1965. Auburn University Agricultural
Experiment Station. Zoology-Entomology Series
3:87p

Funk, J.L., and G.C. Fleener. 1974. Transactions of
the American Fisheries Society 103:757-771

All embayments
All embayments: Spottail shiner
SS

St. Pierre, R., and J. Davis. 1972. Chesapeake Science
13:272-281

All embayments
BS
LS
NS
SC
SS
ST

127



Appendix 1.2. Species captured in each embayment.

Family Species Common name BS LS
Amiidae Amia calva Bowfin + +
Anguillidae Anguilla rostrata American eel
Atherinopsidae Labidesthes sicculus Brook silverside +
Catostomidae Catostomus commersonii White sucker +
Catastomus catostomus catostomus Longnose sucker
Centrarchidae Ambolplites rubestris Rock bass +
Lepomis auritus Redbreast sunfish +
Lepomis gibbosus Pumpkinseed + +
Lepomis macrochirus Bluegill + +
Micropterus dolomieu Smallmouth bass + +
Micropterus salmoides Largemouth bass + +
Pomoxis nigromaculatus Black crappie + +
Clupeidae Alosa pseudoharengus Alewife +
Dorosoma cepedianum Gizzard shad + +
Cyprinidae Cyprinus carpio carpio Common carp + +
Luxilus cornutus Common shiner +
Notemigonus crysoleucus Golden shiner + +
Notropis atherinoides Emerald shiner
Notropis heterodon Blackchin shiner
Notropis heterolepis Blacknose shiner
Notropis hudsonius Spottail shiner + +
Notropis stramineus Sand shiner
Pimephales notatus Bluntnose minnow
Esocidae Esox americanus vermiculatus Grass pickerel
Esox lucius Northern pike + +
Fundulidae Fundulus diaphanus diaphanus Banded killifish +
Ictaluridae Ameiurus nebulosus Brown bullhead + +
Lepisosteidae Lepisosteus osseus Longnose gar
Moronidae Morone Americana White perch
Percidae Etheostoma olmstedi Tessellated darter
Percina caprodes Logperch
Sander vitreus Walleye
Petromyzontidae Petromyzon marinus Sea lamprey
Sciaenidae Aplodinotus grunniens Freshwater drum +
Umbridae Umbra limi Central mudminnow
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Appendix 1.2 (Continued). Species captured in each embayment.

Family Species ST SS NS SC FL
Amiidae Amia calva + + + + +
Anguillidae Anguilla rostrata +
Atherinopsidae Labidesthes sicculus + +
Catostomidae Catostomus commersonii
Catastomus catostomus catostomus +
Centrarchidae Ambolplites rubestris +
Lepomis auritus
Lepomis gibbosus + + + + +
Lepomis macrochirus + + + + +
Micropterus dolomieu + + + +
Micropterus salmoides + + + + +
Pomoxis nigromaculatus + + + + +
Clupeidae Alosa pseudoharengus + + +
Dorosoma cepedianum + +
Cyprinidae Cyprinus carpio carpio + +
Luxilus cornutus + + +
Notemigonus crysoleucus + + + + +
Notropis atherinoides +
Notropis heterodon + +
Notropis heterolepis
Notropis hudsonius + + + +
Notropis stramineus +
Pimephales notatus +
Esocidae Esox americanus vermiculatus +
Esox lucius + + + + +
Fundulidae Fundulus diaphanus diaphanus + + + +
Ictaluridae Ameiurus nebulosus + + + + +
Lepisosteidae Lepisosteus osseus + +
Moronidae Morone Americana + +
Percidae Etheostoma olmstedi +
Percina caprodes +
Sander vitreus +
Petromyzontidae Petromyzon marinus +
Sciaenidae Aplodinotus grunniens
Umbridae Umbra limi
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Appendix 2.1. IsoSource estimates of percent contribution of energy sources to each
fish species. Sources for all embayments include lake site seston, lake site epilithon,
stream site seston, and stream site epilithon. An additional source, stream site snail,
was included in South Sandy. Lk = lake; St = stream; Med = median; IQR =
interquartile range; GS = golden shiner; BB = brown bullhead; PS = pumpkinseed; YP
= yellow perch; LMB = largemouth bass; NP = northern pike; BF = bowfin.

Lk Seston Lk Epilithon St Seston St Epilithon St snail

Species Med IQR Med IQR Med IQR Med IQR Med IQR
Little Sodus

GS 0.96 0.02 0.01 0.02 0.02 0.04 0.01 0.02

BB < 300 mm 0.81 0.07 0.01 0.02 0.12 0.13 0.05 0.05

PS 0.53 0.14 0.11 0.14 0.22 0.27 0.10 0.13

YP 0.62 0.12 0.09 0.12 0.18 0.23 0.08 0.11

LMB <100 mm 0.66 0.10 0.08 0.11 0.16 0.21 0.07 0.09
BB > 300 mm 0.57 0.13 0.10 0.14 0.20 0.26 0.09 0.12

NP 0.81 0.06 0.04 0.06 0.09 0.12 0.04 0.06

LMB >100mm 0.73 0.08 0.06 0.08 0.13 0.16 0.06 0.08

BF 0.94 0.03 0.02 0.03 0.03 0.05 0.01 0.02

South Sandy

GS 0.13 0.19 0.05 0.07 0.13 0.18 0.06 0.09 0.54 0.12
BB < 300 mm data out of range

PS 0.17 0.24 0.06 0.09 0.16 0.22 0.08 0.12 042 0.16
YP 0.09 0.12 0.03 0.05 0.08 0.12 0.04 0.06 0.70 0.08

LMB <100 mm  0.03 0.04 0.01 0.02 0.02 0.04 0.01 0.02 0.91 0.02
BB > 300 mm 0.22 0.30 0.10 0.13 0.21 0.29 0.12 0.15 0.22 0.20

NP 0.39 0.30 0.16 0.12 0.38 0.29 0.20 0.15 0.34 0.20
WE 0.16 0.21 0.06 0.09 0.15 0.20 0.07 0.11 047 0.14
LMB >100mm 021 0.28 0.08 0.11 0.19 0.27 0.10 0.14 030 0.19
BF 0.14 0.19 0.05 0.08 0.13 0.19 0.07 0.09 0.53 0.12
Sterling

GS 0.22 0.28 0.18 024  0.25 0.07 0.25 0.32

BB < 300 mm 0.20 0.25 0.16 0.21 0.33  0.06 0.22 0.29

PS 0.21 0.27 0.17 0.22 0.29 0.06 0.24 0.30

YP 0.17 0.23 0.42 0.06 0.14 0.19 0.19 0.25

LMB >100mm 0.06 0.09 0.05 0.06 0.80 0.02 0.07 0.09

BB > 300 mm data out of range

NP 0.19 0.24 0.61 0.16 0.03 0.04 0.12 0.16

LMB >100mm 029 0.35 0.24 0.27 0.09 0.08 0.29 0.36

BF 0.25 0.33 0.21 0.27 0.14 0.07 0.29 0.36
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South Colwell
GS

BB < 300 mm
PS

YP

LMB < 100 mm
BB > 300 mm
NP

LMB > 100 mm
BF

0.18
0.10
0.13
0.13
0.05
0.21
0.29
0.12
0.06

0.22
0.14
0.17
0.17
0.07
0.27
0.35
0.16
0.08

0.11
0.06
0.09
0.09
0.89
0.54
0.21
0.08
0.04

0.15
0.08
0.11
0.11
0.04
0.14
0.20
0.11
0.06

0.27
0.16
0.21
0.21
0.03
0.13
0.27
0.19
0.09

0.34
0.20
0.26
0.26
0.04
0.16
0.32
0.25
0.12

0.37
0.64
0.52
0.52
0.01
0.07
0.16
0.56
0.79

0.15
0.09
0.12
0.12
0.03
0.09
0.16
0.11
0.0
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Appendix 3.1. Parameter values used to convert benthic invertebrate size (mm) to
biomass (mg dry weight). All equations are of the form M=a-L”, where M=dry mass
(mg) and a and b are regression coefficients. Equation and parameter values are from
Benke et al. (1999). Measurements included body length (BL), head length (HL),
head width (HW), telson width (TW), shell length (SL), and shell width (SW).

Taxon Measurement a b
Decapoda BL 0.0147 3.626
Amphipoda BL 0.0058 3.015
HL* 1.47 3.62
Gammaridae HL 1.102 4.13
Hyallelidae HL 1.3 2.9
Isopoda BL 0.0054 2.948
Asellidae HW#* 0.6525 3.001
™W 0.1661 2.8
Coleoptera BL 0.0077 291
HW 0.0077 3.14
Diptera BL 0.0025 2.692
HW 0.0025 2.791
Ceratopogonidae BL 0.0025 2.469
HW 2.7842 2.835
Chironomidae BL 0.0015 2.617
HW 1.172 2.371
Ephemeroptera BL 0.0071 2.832
HW 0.0071 3.319
Hemiptera BL 0.0108 2.734
Lepidoptera Pyralidae BL 0.0033 2.918
Odonata BL 0.0078 2.792
HW 0.0078 2.871
Coenagrionidae BL 0.0051 2.785
Plecoptera BL 0.0094 2.754
HW 0.0094 3.094
Trichoptera BL 0.0056 2.839
HW 0.0056 3.252
Hydropsychidae BL 0.0046 2.926
Leptoceridae BL 0.0034 3.212
Insects (general) BL 0.0064 2.788
HW#* 0.0064 3.043
Bivalvia (Unionidae) SL 0.019308 2.822286
Gastropoda SL 0.007667 3.001167
SW 0.031775 2.933125

* mean of all families presented in Benke et al. (1999)

132



Appendix 3.2. Parameter values used to convert zooplankton size (mm) to biomass
(ug wet weight). All equations are of the form M=a-L’, where M=wet mass (ug) and a
and b are regression coefficients. Equation and parameter values are from Bottrell et
al. (1976). If coefficients were not available for a particular taxonomic group, we
assigned it the same coefficients as a similar group, based on size and shape; these are

indicated by parentheses.

Taxon a b
Bosmina, Eubosmina 21.968 3.0395
Ceriodaphnia 12.966 3.338
Chydoridae (Ostracoda, Podocopa) 19.8 241
Cylcopoida (all Copepoda) 11.6 0.7825
Daphnia (unknown Cladocera) 14.01 2.54
Sida (Holopedium) 5.0743 3.0468

Appendix 3.3. Dry:wet weight ratios of prey. All values are from Cummins and
Wuychuck (1971), with the exception of Gastropoda, which is from Hanson et al.
(1997), and Other insect, which was chosen by the authors to reflect the mean value
for insects; Bivalvia was assumed by the authors to be similar to Gastropoda.

Prey Taxon Dry:wet
Amphipoda 75
Isopoda 75
Gastropoda 71
Bivalvia 71
Diptera 80
Ephemeroptera 80
Odonata 80
Trichoptera 81
Other insect 80

Appendix 3.4. Embayment-specific temperature coefficients. All equations are of the

form

t t
Temp =a—b-cos(2- pi-——)—c-sin(2- pi-——), where t = day of year.
p (2-pi 365) (2 pi 365) yofy

Embayment a b c

Little Sodus 10.5 11.8 7.38
South Sandy 9.77 13.5 7.18
Sterling 9.90 13.5 5.43
South Colwell 8.71 15.0 6.63
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Appendix 3.5. Model specifications.

Energy budget equation

Our model is a modification of the bioenergetics model developed by Kitchell et al.
(1977):

C=G+W+M,

where C is the energetic equivalent of prey biomass consumed, G is energy used for
somatic and gonadal growth, W includes energetic losses to egestion and excretion,
and M includes metabolic costs for maintenance and food ingestion. These terms are
all expressed as specific rates (g wet'g wet'-d™). In the model presented here, G is
allocated to three compartments as opposed to two; somatic growth (B), lipid storage
(L), and gonadal growth (G). We include 5 state variables in the model: fish biomass,
lipid weight, and gonad weight, and the proportions of assimilated energy shunted to
lipid and gonad growth.

Consumption

To account for temperature effects on consumption (C; g wet-g wet-d™), we
calculated C by multiplying B.,.s by a temperature function, f, r (Hanson et al. 1997),
equation 2). Parameter values for this and all subsequent model equations are
provided in Appendix 3.6.

C = fp,T ' Bcons 4 (3)
where

and
z, =log(c,)-(c,, —¢,)

Y, = log(cq) ’ (Ctm —C, T 2)

sz _(1+(1+ﬂ)0.5)2
x, = Yr
i 400
¢, —T
Yr = Cpy = Cho

Water temperature, 7, is determined as described above.

Waste
Waste includes egestion (F) and excretion (U) defined by Hanson et al. (1997) as:
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F=f Th.e".C 4)
U=u, - T" -e“"-(C-F) )

The proportion of maximum consumption (p) is:

p=—C
Cmax 'fp,T ’

where C,,,, is the maximum consumption rate (g wet'g wet'l'd'l), such that.

Cmax = Ca ’ Wfiﬁh 4

and Wy, 1s the weight (g) of the yellow perch.

Metabolism

Metabolic costs were calculated using a modified version of Hanson et al. (1997), in
which

M =SMR - ACT + SDA - (C-F), (6)

where SMR is the standard metabolic rate, ACT is the ratio of active to standard
metabolism, and SDA (Appendix 3.6) is the energetic cost of food digestion.

SMR = Rmax . fr,T,

where R,,,, 1S maximum respiration and f, 7 is a respiration temperature function.

where

z, =log(r)-(r,, = 1,)

y, =log(r,)-(r,, =1, +2)
a?a+a+ﬂbmf

r

X =

' 400
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ACT = (A + SMR) / SMR.

Kitchell et al. (1977) and Hanson et al. (1997) set ACT = 1, which assumes swimming
activity in perch is negligible. However, several authors (Kerr 1982, Boisclair and
Leggett 1989, Boisclair 1992, Boisclair and Sirois 1993) argue that assuming
negligible active metabolism in actively foraging fish is incorrect and leads to
erroneous bioenergetics estimates. Kerr (1982) proposed that active metabolism is
positively and linearly related to ration (i.e. greater energy is exerted with greater
foraging). Tests of this hypothesis have supported the positive nature of the
relationship, suggesting it may be linear or logarithmic (Boisclair and Leggett 1989,
Boisclair 1992). Therefore, in place of using the ACT parameter employed by Hanson
et al. (1997), we included functions for active metabolism and ACT as described in
Boisclair and Leggett (1989). Active metabolism is defined as:

. MR
(Ratlon “Sor— 5 j-Rmax
' T

c _SMR

max
T

A=

where 7 is the proportion of energy consumed that is assimilated for growth and
metabolic processes minus SDA (Boisclair and Leggett 1989).

T:ﬂ — SDA,

and SDA =0.172 (Hanson et al. 1997). ACT is then calculated as:
ACT = (A + SMR) / SMR.

Production
Energy available for growth (prod; g-d™) was calculated as

Prod = Wy, - (C—F - U - M), (N

This energy is then allocated to three compartments — state variables, lipids (L) ,
gonads (G), and somatic tissue (B) — based on empirical data in the literature. We
assumed that total lipids each year reach a pre-spawning mass equal to 14% of perch
body weight (Hayes and Taylor 1994) and ovaries reach a pre-spawning mass equal to
20% of female perch body mass (Karas and Thoresson 1992, Hayes and Taylor 1994,
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Henderson et al. 2000). Similarly, testes reach a pre-spawning mass that is 10% of
male perch body mass (Hayes and Taylor 1994). Additionally, we assumed that fish
can decide where to allocate energy (somatic biomass, lipid, biomass, or gonad
biomass growth) instantaneously based on their current lipid:somatic biomass and
gonad:somatic biomass ratios. To maintain these ratios, we created state variables for
the fraction of production energy going to lipids (state variable Ls,.) and gonads (state
variable Gy,) at each time as follows.

d
—L,.=a-L,. B, . |L,——1|
dt frac frac frac ( tar B)

d G
— G = G -B . G ——,
d 1 frac frac frac ( tar B j
and
frac = 1 - L frac - Gfrac ’

where a defines how rapidly (in days) allocation adjusts to positive or negative
deviations from target lipid and gonad end-of-year ratios, L, is the target pre-
spawning lipid:somatic biomass ratio, and Gy, is the target pre-spawning
gonad:somatic biomass ratio before lipids are metabolized and shunted to gonadal
growth (see below; Table 3.3). Somatic (B), lipid (L), and gonadal (G) growth in
biomass (g-d™") at each time step are:

d
— B = B4 - prod, 8
0 frac * P 3

d
— L = Ly - prod, 9
" frac * P )

and

d
— G = Gy - prod. 10
It frac * P (10)

We assumed that the majority of feeding, and subsequently, growth only occurs from

1 May through 30 September (Persson 1983). During winter, stored energy (i.e.,
lipids) is metabolized for maintenance and gonadal growth (Hayes and Taylor 1994,
Henderson et al. 2000). To estimate the proportion of lipids required for winter
maintenance (Lip.Metab; Appendix 3.7), the amount of mass-specific energy needed
(g-g-d™") for winter metabolism was divided by lipid biomass at the end of the
growing season. The amount of mass-specific energy needed for winter metabolism
was estimated by calculating waste and metabolic costs at 4 °C across a range of fish
biomass at the end of the growing season and dividing by fish biomass. Proportions of
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lipids required for winter maintenance differed among age classes, but were consistent
across the embayments, regardless of size at age. Lipids also are metabolized for
gonadal growth. To calculate this, we assumed that lipids drop to 4% body mass after
spawning (Hayes and Taylor 1994) and calculated the amount of lipid mass
metabolized for gonadal growth (Lip.gonad) as

Lip.gonad = L —Lip.Metab- L —-0.04- B, (11)

where L is lipid mass at the end of the growing season, Lip.Metab is the proportion of
pre- lipid mass metabolized for winter maintenance, and B is perch biomass at the end
of the growing season. Lip.gonad is added to gonad biomass at the end of the growing
season to calculate total pre-spawning gonad biomass. Similar to lipid mass, gonad
mass is assumed to drop to 2% of body mass after spawning (Hayes and Taylor 1994).
We estimated female fecundity from empirical relationships between egg production
and fish biomass (HendBiom; Henderson et al. 2000) and egg production and gonad
biomass (HendGon; Henderson et al. 2000).

HendBiom = 209.19 - B — 3604.5, (12a)
HendGon =574.2 - G + 5495.9, (12b)

Male model alterations.

We altered the model to create a male version by decreasing Gy, to 0.004, for a
gonad:body weight ratio of about 13% (Hayes and Taylor 1994). We assumed activity
rates were higher for males, to account for slower growth compared to females,
despite lower allocation of energy to gonads. We multiplied active metabolism, A, by
3.0 to reflect reasonable differences in size at age based on reports in the literature
(Tanasichuk and Mackay 1989, Henderson et al. 2000) and otolith data.
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Appendix 3.6. Description and values for parameters used in the model. All
parameter values are from Hanson et al. (1997).

Term Description Value
C, Intercept of C,,,, (effect of mass on consumption) 0.25
Cp Slope of C,,.. (effect of mass on consumption) -0.27
Cq Slope for temperature effect on consumption 2.3
Cim Maximum observed temperature preference 28
Cro Optimum temperature for consumption and growth 23
fu Intercept for the proportion of consumption egested 0.158
f Coefficient for temperature effect on egestion -0.222
fe Coefficient for effect of feeding level (p) on egestion 0.631
u, Intercept for the proportion of consumption excreted 0.0253
u, Coefficient for temperature effect on excretion 0.58
Ug Coefficient for effect of feeding level (p) on excretion -0.299
r, Intercept of R, (effect of mass on respiration) 0.0108
7 Slope of R, (effect of mass on respiration) -0.2
Tq Slope for temperature effect on respiration 2.1
Tim Maximum (lethal) temperature for respiration 33
To Optimum temperature for respiration 28
SDA  Specific dynamic action; energy required for food digestion and absorption 0.172
o Adjustment rate of production energy allocation to lipids and gonads 0.02
L. Target lipid:somatic biomass ratio 0.14
Gur Target gonad:somatic biomass ratio before lipid contribution
Female 0.11
Male 0.0042

Appendix 3.7. Proportion of lipids required for winter maintenance (Lip.Metab),
based on the amount of mass-specific energy needed for winter metabolism and lipid
biomass at the end of the growing season.

Year 1 2 3 4 5 6 7

Proportion 0.071 0.054 0.047 0.042 0.040 0.038 0.036
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Appendix 3.8. Otolith weight (g) at age (y) estimates for YOY, female, and male
yellow perch in each study embayment. Emb = embayment. YOY were not identified
as female or male.

Mean weight

Emb Age Female Male
LS 0 3.38 3.38
LS 1 5.69 6.30
LS 2 20.3 17.9
LS 3 31.2 25.8
LS 4 43.6 36.5
LS 5 48.8 47.6
LS 6 64.6 54.4
LS 7 96.9 58.3
SS 0 3.38 3.38
SS 1 3.59 3.46
SS 2 15.1 17.0
SS 3 30.1 26.1
SS 4 41.9

SS 5

SS 6

SS 7

ST 0 5.32 5.32
ST 1 7.78 7.36
ST 2 22.0 16.3
ST 3 35.6 25.3
ST 4 48.2 26.7
ST 5 64.4 353
ST 6 96.9

ST 7

SC 0 4.53 4.53
SC 1 3.74 3.78
SC 2 13.6 11.0
SC 3 18.1 16.8
SC 4 25.8

SC 5 31.7

SC 6 38.7

SC 7
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Appendix 3.9. Literature estimates of yellow perch length at age. Age is in years,

length is in mm TL.

Age Length Source Location
0 Jobes (1952) Lake Erie (all waters)
1 93.98 Jobes (1952) Lake Erie (all waters)
2 170.18 Jobes (1952) Lake Erie (all waters)
3 2159 Jobes (1952) Lake Erie (all waters)
4 241.3 Jobes (1952) Lake Erie (all waters)
5 264.16 Jobes (1952) Lake Erie (all waters)
6 Jobes (1952) Lake Erie (all waters)
7 Jobes (1952) Lake Erie (all waters)
0 Jobes (1952) Saginaw Bay, MI
1 76.2 Jobes (1952) Saginaw Bay, MI
2 134.62 Jobes (1952) Saginaw Bay, MI
3 203.2 Jobes (1952) Saginaw Bay, MI
4 241.3 Jobes (1952) Saginaw Bay, MI
5 271.78 Jobes (1952) Saginaw Bay, MI
6 304.8 Jobes (1952) Saginaw Bay, MI
7 325.12 Jobes (1952) Saginaw Bay, MI
0 Jobes (1952) Green Bay, WI
1 71.12 Jobes (1952) Green Bay, WI
2 116.84 Jobes (1952) Green Bay, WI
3 160.02 Jobes (1952) Green Bay, WI
4 200.66 Jobes (1952) Green Bay, WI
5 228.6 Jobes (1952) Green Bay, WI
6 259.08 Jobes (1952) Green Bay, WI
7 284.48 Jobes (1952) Green Bay, WI
0 Jobes (1952) NW Lake Michigan, WI
1 71.12 Jobes (1952) NW Lake Michigan, WI
2 114.3 Jobes (1952) NW Lake Michigan, WI
3 1524 Jobes (1952) NW Lake Michigan, WI
4 180.34 Jobes (1952) NW Lake Michigan, WI
5 2159 Jobes (1952) NW Lake Michigan, WI
6 246.38 Jobes (1952) NW Lake Michigan, WI
7 Jobes (1952) NW Lake Michigan, WI
0 Jobes (1952) Lake of the Woods, MN
1 99.06 Jobes (1952) Lake of the Woods, MN
2 137.16 Jobes (1952) Lake of the Woods, MN
3 175.26 Jobes (1952) Lake of the Woods, MN
4 205.74 Jobes (1952) Lake of the Woods, MN
5 233.68 Jobes (1952) Lake of the Woods, MN
6 266.7 Jobes (1952) Lake of the Woods, MN
7 299.72 Jobes (1952) Lake of the Woods, MN
0 Keast (1977) Saginaw Bay, MI
1 115 Keast (1977) Green Bay, WI
2 144.5 Keast (1977) Green Bay, WI
3 181 Keast (1977) Green Bay, WI
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Keast (1977) Green Bay, WI

N —= O NPk WO ONONWUMPEWNERL,ONODWUMPE WD ONONWUMPE W NN ONONWMPRER WN=ONNO WUV

Keast (1977) Green Bay, WI
Keast (1977) Green Bay, WI
Keast (1977) Green Bay, WI
Keast (1977) Lake Erie
151 Keast (1977) Lake Erie
187 Keast (1977) Lake Erie
216 Keast (1977) Lake Erie
234 Keast (1977) Lake Erie
236.5 Keast (1977) Lake Erie
Keast (1977) Lake Erie
Keast (1977) Lake Erie
Keast (1977) Bay of Quinte, L. Ontario
Keast (1977) Bay of Quinte, L. Ontario
Keast (1977) Bay of Quinte, L. Ontario
172 Keast (1977) Bay of Quinte, L. Ontario
182 Keast (1977) Bay of Quinte, L. Ontario
202 Keast (1977) Bay of Quinte, L. Ontario
216 Keast (1977) Bay of Quinte, L. Ontario
239 Keast (1977) Bay of Quinte, L. Ontario
Keast (1977) various
119 Keast (1977) various
159 Keast (1977) various
182 Keast (1977) various
204 Keast (1977) various
220 Keast (1977) various
240 Keast (1977) various
Keast (1977) various
Keast (1977) Massachusetts ponds
108 Keast (1977) Massachusetts ponds
124 Keast (1977) Massachusetts ponds
128 Keast (1977) Massachusetts ponds
135 Keast (1977) Massachusetts ponds
146 Keast (1977) Massachusetts ponds
162 Keast (1977) Massachusetts ponds
Keast (1977) Massachusetts ponds
Keast (1977) Connecticut
135 Keast (1977) Connecticut
176 Keast (1977) Connecticut
203 Keast (1977) Connecticut
223 Keast (1977) Connecticut
239 Keast (1977) Connecticut
252 Keast (1977) Connecticut
Keast (1977) Connecticut
Keast (1977) Clayton Lake, VA
124 Keast (1977) Clayton Lake, VA
191 Keast (1977) Clayton Lake, VA
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223

110
162.5
195
227.5
257.5
270
275

71

86
124
142
170
213
231

96
119
136
151
167
186
208

70
140
155
205
240
255
275
280

110
120
130
140
170

Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Keast (1977)
Rose et al. (1999)
Rose et al. (1999)
Rose et al. (1999)
Rose et al. (1999)
Rose et al. (1999)
Rose et al. (1999)
Rose et al. (1999)
Rose et al. (1999)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)

Clayton Lake, VA
Clayton Lake, VA
Clayton Lake, VA
Clayton Lake, VA
Clayton Lake, VA

. Memphremagog, Que.
. Memphremagog, Que.
Memphremagog, Que.
Memphremagog, Que.
Memphremagog, Que.
. Memphremagog, Que.
. Memphremagog, Que.
. Memphremagog, Que.
Heming Lake, Manit.
Heming Lake, Manit.
Heming Lake, Manit.
Heming Lake, Manit.
Heming Lake, Manit.
Heming Lake, Manit.
Heming Lake, Manit.
Heming Lake, Manit.
Lake Opinicon

Lake Opinicon

Lake Opinicon

Lake Opinicon

Lake Opinicon

Lake Opinicon

Lake Opinicon

Lake Opinicon

Oneida Lake, 1958-1990
Oneida Lake, 1958-1990
Oneida Lake, 1958-1990
Oneida Lake, 1958-1990
Oneida Lake, 1958-1990
Oneida Lake, 1958-1990
Oneida Lake, 1958-1990
Oneida Lake, 1958-1990
Little Bear Lake, MI
Little Bear Lake, MI
Little Bear Lake, MI
Little Bear Lake, MI
Little Bear Lake, MI
Little Bear Lake, MI
Little Bear Lake, MI
Little Bear Lake, MI
Douglas Lake, MI
Douglas Lake, MI

alalelelololalie
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115
125
130
135
160

75
130
210
245
275
290
310

70
110
145
190
225
265
280

85
155
190
230
250

115
130
160
175
190
210
225

Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Hayes and Taylor (1994)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)
Schaeffer et al. (2000)

Douglas Lake, MI
Douglas Lake, MI
Douglas Lake, MI
Douglas Lake, MI
Douglas Lake, MI
Douglas Lake, MI
Sag Bay 1929-30
Sag Bay 1929-30
Sag Bay 1929-30
Sag Bay 1929-30
Sag Bay 1929-30
Sag Bay 1929-30
Sag Bay 1929-30
Sag Bay 1929-30
Sag Bay 1943-55
Sag Bay 1943-55
Sag Bay 1943-55
Sag Bay 1943-55
Sag Bay 1943-55
Sag Bay 1943-55
Sag Bay 1943-55
Sag Bay 1943-55
Sag Bay 1968-71
Sag Bay 1968-71
Sag Bay 1968-71
Sag Bay 1968-71
Sag Bay 1968-71
Sag Bay 1968-71
Sag Bay 1968-71
Sag Bay 1968-71
Sag Bay 1986-88
Sag Bay 1986-88
Sag Bay 1986-88
Sag Bay 1986-88
Sag Bay 1986-88
Sag Bay 1986-88
Sag Bay 1986-88
Sag Bay 1986-88
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