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Abstract Coastal embayments have been and will
continue to be constructed along the northwest shore-
line of Lake Ontario to restore and create warmwater
fish habitat. However, very little is known about the
biological connections among embayments. Using
otolith microchemistry on pumpkinseed, largemouth
bass and yellow perch collected from three con-
structed embayments in 2006–2009, we confirm that
these three species of fish each exist in a metapopula-
tion. We find that juvenile pumpkinseed, largemouth
bass and yellow perch occupy embayments different
from their natal habitat after their first winter, and for
at least pumpkinseed, continue to move among
embayments after their second winter. We hypothesize
that these fishes move among embayments after

haphazardly dispersing from their overwintering habitat
to the littoral zone each spring. Habitat restoration and
remediation efforts in coastal Great Lakes habitats
should take a system-based management approach that
considers the spatial proximity of embayments, and
attempts to create or preserve connected networks.

Keywords Pumpkinseed . Largemouth bass . Yellow
perch . Coastal embayments . Great Lakes . Nursery
habitat

Introduction

The Laurentian Great Lakes primarily support a cold
and coolwater fishery but maintain a warmwater fishery
in wetlands and coastal embayments along sheltered
areas of the shoreline. Wetlands and coastal embay-
ments are productive areas; over 75% of the fish species
in the Great Lakes use them for at least one stage
of their life cycle (Stephenson 1990; Jude and Pappas
1992; Trebitz et al. 2005; Meixler et al. 2005; Mills et
al. 2005), and they have higher total phosphorous,
chlorophyll-a concentrations and zooplankton densities
than unsheltered nearshore habitats (Hall et al. 2003).
Unfortunately, destruction of coastal fish habitats in
North America has occurred at an unprecedented rate
throughout the last century (Whillans 1982; Quigley and
Harper 2006a, b); approximately one seventh (20 million
hectares) of wetlands in Canada have been lost (Rubec
1994) and almost 100% of the original coastal wetlands
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and embayments near urban centers are now gone
(Whillans 1982).

Along the northwest shoreline of Lake Ontario
(hereafter the Lake) small coastal embayments have
been (and likely will continue to be) constructed to
meet a Canadian legal requirement to replace warm-
water fish habitats lost from urbanization. Especially
for warmwater fish, these coastal embayments may
allow the formation of fish metapopulations because
thermal differences between the embayment and the
adjacent lake may preclude migration between embay-
ments within the summer (when large thermal gra-
dients exist) but not during the fall through spring
months when smaller thermal gradients exist (Murphy
et al. 2011). The amount of exchange and the degree
of subpopulation integrity would depend on the degree
of phylopatry for the species: centrarchids especially
are known to be highly phylopatric (Ridgway et al.
1991; McCairns and Fox 2004; Bartlett et al. 2010), so
the possibility of extinctions of subpopulations could
exist. In the remainder of the paper we refer to this
population structure as a metapopulation, through
some may feel that the population is merely a single
population with substructure.

The biological linkages among coastal embayments
are uncertain, perhaps because of the difficulty asso-
ciated with tracking fishes in a large lake. However, a
few recent studies suggest that fish move among
embayments: Brazner et al. (2004) use otolith micro-
chemistry (explained below) to suggest that adult yellow
perch captured from a number of different wetlands in
Lake Superior were hatched from a common source or
that they represent a metapopulation originating from
several sources; Murphy et al. (submitted) provide
indirect evidence of a pumpkinseed metapopulation by
showing that embayments that are predicted to be too
cold to produce age-0 pumpkinseed are occupied by
age ≥1 pumpkinseed. Both of these studies suggest that
coastal embayment habitats are biologically linked but
direct evidence is required to confirm embayment con-
nectivity and, if possible, to identify source embayments
that are especially valuable. If metapopulations exist
among embayments an area-based habitat management
plan that considers habitat linkages among embayments
should be employed because metapopulations allow the
regional fish population to persistent in the face of
independent local extinctions of its subpopulations
(Pulliam 1988; Hanski 1991; Dias 1996; Gonzalez et
al. 1998).

The relatively recent development of methods to
measure otolith microchemistry have made it possible
to infer lifetime fish movements without extensive
tagging or tracking studies. Otoliths create an excel-
lent natural tag because they grow continuously, are
never reabsorbed and incorporate ambient elemental
conditions in the water, although not necessarily in
direct proportion to environmental concentrations
(Campana and Neilson 1985; Campana 1999; Hamer
and Jenkins 2007). The trace elements that become
incorporated into otoliths are collectively known as
the “elemental fingerprint” of a fish. If elemental fin-
gerprints are sufficiently distinct in different locations,
then movement patterns among these locations can be
inferred from changes in the composition of the layers
of the otolith. For example, the elemental fingerprint
can be used to indicate the age when anadromous
fishes move into water of different salinity (Secor et al.
1995; Crook et al. 2006), or used to “match” an age ≥1
fish to its nursery habitat using the elemental fingerprint
in the age-0 region of the otolith (Brazner et al 2004;
Barbee and Swearer 2007; Schaffler and Winkelman
2008; Standish et al. 2008; Zeigler and Whitledge
2010, 2011).

In this work, we use microelemental analysis to
investigate the connectivity among embayment popu-
lations of two warmwater fish species, pumpkinseed
(Lepomis gibbosus) and largemouth bass (Micropterus
salmoides), and a coolwater fish, yellow perch (Perca
flavescens) in the Toronto region of Lake Ontario. We
seek direct evidence of movements among embay-
ments by these three species, and we attempt to deter-
mine the ages at which these movements occur.

Methods

Study sites

Along the northwest shoreline of Lake Ontario, in the
city of Toronto, there are at least 25 river mouths and
embayments that could be part of one or more meta-
populations. The majority of embayments along the
shoreline are located in the Toronto Harbour in Tommy
Thompson Park and the Toronto Islands (Fig. 1). Tommy
Thompson Park is a 5-km peninsula created by lake-
infilling with uncontaminated construction refuse and
riprap. Lake-infilling began in the 1950s and is ongoing.
The Toronto Islands are a 230 ha natural land feature that
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has been beneficially modified by connecting isolated
ponds to warmwater canals and improving aquatic veg-
etation. For this study, we selected two embayments
within Tommy Thompson Park, Embayment C and
Cell 2, and one within the Toronto Island, Trout Pond
(Fig. 1). These three embayments were selected for
this study because they were the only locations along
the Toronto shoreline where electrofishing and seining
had produced fish samples large enough to allow the
necessary statistical comparisons.

Species selection and collections

Samples of three species of fish from two thermal guilds
were sufficiently large for this study: the warmwater
fishes pumpkinseed and largemouth bass, and the cool-
water fish yellow perch. All three species are commonly
found in the coastal embayments of the Great Lakes and
are popular recreational fishing species.

We captured pumpkinseed, largemouth bass and
yellow perch from Trout Pond, Embayment C and

Fig. 1 Map of Lake Ontario
(43°42′59.72″N 79°20′
26.47″W, inset), and the
Toronto Harbour. The study
embayments (Trout Pond,
Cell 2 and Embayment C)
are located in the Toronto
Islands and Tommy
Thompson Park

Fig. 2 Number and capture
dates from 2006–2009 of
pumpkinseed, largemouth
bass and yellow perch. Fish
captured in Embayment C
are marked as circles, Trout
Pond as squares, and Cell 2
as diamonds. Solid black
shapes are YOY, open
shapes and those with
crosshairs are age-1 and
age-2 fish, respectively
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Cell 2 from 2006 to 2009 (Fig. 2). Fish were captured
using a combination of seining and boat electrofishing.
Seining was performed from the shore with a 22 m×1m
bag seine (5×5 mm mesh). The embayments were
seined approximately weekly between early-May and
early-October in 2006 and early-May and late November
in 2007 and in 2008. We used boat electrofishing in July
2009. Boat electrofishing transects ran parallel to the
shore, in less than 3 m of water and lasted 1000 s. All
captured fish were immediately bagged and preserved on
ice until transported to a −20°C freezer. Thawed fish
were weighed to the nearest 0.01 g and their total length
measured to the nearest millimeter in the laboratory.

Otolith preparation

We prepared one sagittal otolith from each fish for
microelemental analysis. Debris and connective tis-
sues were removed from the otoliths, and they were
then mounted on an acetate sheet with cyanoacrylate
glue. The mounted otolith was ground with 30 μm
lapping film (3M Company®), until the core was
visible under a compound light microscope, and then
polished with 3 μm lapping film. Once polishing was
complete the excess acetate was removed, and the
otolith on its acetate base was glued to a glass slide.

LA-ICP-MS analysis

The prepared otoliths were analyzed using an inductively
coupled plasma mass-spectrometer (Thermo Elemental
X7; Thermo Fisher Scientific Inc., Waltham, Mass.)
coupled with a Continuum® Surelite® solid-state Nd:
Yttrium Aluminum Garnet laser (wavelength0266 nm,
maximum power040 mJ, pulse rate020 Hz, primary
beamwidth06mm; Continuum Inc., Santa Clara, Calif.).
Given the small size of the otoliths, the diameter of the
laser ablation spot was set at 34 μm, the power set at
0.02 mJ/pulse, and the rate of travel at 5 μm/s. Element
concentrations were read along a single linear transect,
from the core of the otolith to the edge. We removed
surface contamination from the otolith by first passing the
laser at 20x the analytical speed (100 μm/s) over the
intended element sampling path. In order to isolate the
age-0 region from the age-1 or older regions of the
otolith, the core and any annuli were visually identified
before the transect began, and the time was recorded

when the laser passed over these areas so that the com-
position of the different age bands of the otolith could be
distinguished. To ensure that the site of collection of
YOY fish corresponded to the region of the otolith we
examined, we only used the outer 60 μm (12 s of ablation
times the speed of the laser travel, 5 μm/s) of the otoliths
to describe elemental fingerprints. To ensure fair com-
parisons with YOY fish, for fish age ≥1 only the 60 μm
inside each annulus and inside the otolith edge are used
to establish the elemental fingerprints.

Wemeasured the concentrations of 16 trace elements -
lithium (7Li), magnesium (25Mg), manganese (55Mn),
iron (57Fe), nickel (60Ni), copper (65Cu), zinc (66Zn),
rubidium (85Rb), strontium (86Sr), yttrium (89Y), cadmi-
um (114Cd), tin (120Sn), barium (138Ba), cerium (140Ce),
lead (208Pb) and bismuth (209Bi) - from our sample of
sagittal otoliths. A glass reference standard (NIST 610)
was analyzed twice before and twice after each sample
of ≤20 otoliths, which allowed for quantification and
correction of instrument drift and ablation yield. The
argon carrier gas (i.e., background) was analyzed for
60 s before the elemental concentrations from each
otolith were measured, allowing the limits of detection
to be calculated for individual otoliths (Table 1).When a
location on the otolith had element concentrations below
the detection limits we replaced the missing values by
multiplying the detection limits of the element by a
random number uniformly distributed between 0.00
and 1.00 (Hand et al. 2008). If the concentration of an
element was below detection limits for more than 1/3 of
the 60 μm transect in more than 50% of the YOY
otoliths, we removed that element from further analysis.
Given that CaCO3 comprises nearly 100% of the otolith,
we corrected for ablation-yield differences by normaliz-
ing element concentrations using calcium (measured as
43Ca) as an internal standard.

Data analysis

We used multivariate analysis of variance (MANOVA)
to compare the elemental fingerprints of YOY fish
captured in the same location but different years. We
selected YOYpumpkinseed captured from Embayment
C and from Trout Pond in 2007 and 2008 for this
comparison because they were the only species avail-
able in sufficient quantities from the same location in
different years to draw robust statistical conclusions.We
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also used MANOVA to assess differences between the
elemental fingerprint of the YOY fish and the natal
region of the otolith in the age-1 fish captured from that
site in the subsequent year. We used Levene’s test to
assess the equality of variances, and we graphically
assessed multivariate normality with the squared maha-
lanobis distance in a quantile-quantile plot. Element
concentrations were log10(x) transformed to normalize
error distributions, when necessary (Table 1).

To visualize differences in the elemental finger-
prints of fish, we used the elements that MANOVA
indicated were significantly different (Table 2) in a
linear discriminant analysis to reduce the number of
dimensions. For each species of fish, the age groups
and embayments were all identified as separate factors
in the linear discriminant analysis. Since the number of
factors in our discriminant function analysis never
exceeded two (i.e. nursery sites, or age categories within
one site) the elemental fingerprint can only be described
as a single linear discriminant score along an axis that
maximizes the difference between the two centroids in
multivariate space. We plotted the mean discriminant
scores and the 95% confidence intervals for the elemental

fingerprint of YOY fish and the natal region of age ≥1
fish or the age-1 region of age-2 fish. All statistical
analysis was done in R (R Development Core Team
2009)

Detecting significant differences in scores indicates
that the multivariate centre of gravity of the sample of
fish from one or more locations or times differs sig-
nificantly in spatial position from the centers of grav-
ity of scores from one or more other locations.
Significant differences do not mean the two samples
of fish all come from different locations, only that
enough of the fish in one sample are from a different
location to significantly displace the multivariate cen-
tre of gravity of the sample.

We used Monte Carlo analysis to determine if the
standard deviation of the discriminant scores, in addi-
tion to the mean, can also be used to characterize
movements of fish. Yellow Perch were selected for
the Monte Carlo analysis because they were sufficient
in number for statistical comparisons and the mean
discriminant scores of the age-1 fish were similar to
the YOY fish from one location but their variances
appeared to differ substantially. For each site, the age-

Table 1 The average limits of
detection (ppm ± SD) for all the
elements analyzed using LA-
ICP-MS. The average limits of
detection are separated into the
comparisons A–E of Table 2.
Elements that were below de-
tection limits for more than 1/3
of the 60μm transect in more
than 50% of the YOY otoliths
were removed from further
analysis

Pumpkinseed Largemouth bass Yellow perch

Comparison A B C D E

Elements consistently above average limits of detection
57Fe 20.1±5.4 35.6±17.4 20.5±4.7 25.8±10.0 21.6±6.8
25Mg 2.1±0.5 2.8±1.6 2.3±0.4 2.7±0.7 2.4±0.5
86Sr 0.4±0.1 0.7±0.3 0.4±0.1 0.5±0.2 0.5±0.3
55Mn 0.07±0.01 1.0±4.0 0.07±0.01 0.1±0.1 0.08±0.02
120Sn 0.04±0.02 0.08±0.03 0.05±0.01 0.07±0.02 0.07±0.04
138Ba 0.02±0.01 0.03±0.01 0.017±0.004 0.02±0.01 0.02±0.01

Elements consistently below average limits of detection
7Li 1.0±0.4 2.0±1.5 0.8±0.3 1.5±0.5 1.4±0.5
60Ni 0.5±0.2 1.6±0.9 0.5±0.1 1.0±0.6 0.6±0.2
65Cu 0.3±0.1 1.0±0.5 0.3±0.1 0.5±0.2 0.5±0.1
85Rb 0.1±0.1 0.1±0.1 0.16±0.04 0.1±0.1 0.2±0.1
114Cd 0.2±0.1 0.2±0.1 0.15±0.04 0.2±0.1 0.15±0.04
66Zn 0.06±0.02 0.3±0.2 0.06±0.01 0.2±0.2 0.1±0.1
208Pb 0.003±0.003 0.01±0.01 0.004±0.004 0.01±0.01 0.005±0.005
89Y 0.004±0.002 0.02±0.01 0.004±0.002 0.01±0.01 0.006±0.003
140Ce 0.002±0.002 0.003±0.002 0.003±0.002 0.003±0.002 0.004±0.003
209Bi 0.006±0.003 0.007±0.004 0.008±0.003 0.006±0.003 0.008±0.003
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1 fish were randomly selected with replacement until
we had a sample equal in size to the number of fish
comprising the real sample from an embayment. Then
we calculated the standard deviation of the randomly
selected sample. This process of selection was
repeated 1000 times. To determine the probability
that the observed standard deviation of age-1 fish
could have generated a standard deviation value as
extreme as the observed sample of YOY fish, we
counted the number of times the standard deviation from
the real group of YOY fish was less than the standard
deviation of the randomly selected groups of age-1 fish,
divided that number by the number of iterations (1000)
and then multiplied by two.

Comparisons of otolith regions

The otoliths we compare come from fish from differ-
ent locations, years of capture and ages. When the fish

were greater than one year old, we compared more
than one age band of the otolith within the fish. To
ensure our comparisions (Fig. 3) are communicated
clearly, we introduce the following notation:

Year of captureAge of fish at captureotolith age band; site of collection

ð1Þ
To assess the connectivity of fish subpopulations, we

first had to confirm that embayments had elemental
conditions that were sufficiently distinct so that fish
subpopulations could be resolved. If YOY fish in dif-
ferent embayments from the same year cannot be dis-
criminated (Fig. 3a), then the habitats older fish
occupied in earlier years cannot be inferred. If the mean
elemental fingerprints of the YOY fish were different,
we proceeded to compare the mean natal elemental
fingerprints of age ≥1 fish with those of the YOY fish.

We determined whether age ≥1 fish returned to their
natal habitat after their first winter by comparing their

Table 2 Mean elemental
concentrations (ppm) used in
MANOVA contrasts1 between
Embayment C (EC) Trout Pond
(TP) or Cell 2 (C2). Mean
elemental concentrations in
bold indicate significant
differences (p≤0.05) between
comparisons A to E and those
marked with an asterisk are
log10(x) transformed. Elements
that are significantly different
were used in a linear discrimi-
nant function analysis.
Elements below detection
limits are not indicated

1Contrast notation follows the
notation introduced in Fig. 3

Pumpkinseed 200700,TP
200700,EC

200800,TP
200800,EC

Comparison A A B B
25Mg 34.6 42.4 1.4* 1.7*
55Mn 1.0 1.2 1.1 3.3
57Fe 627.1 467.5 218.6 226.7
86Sr 525.3 639.7 567 694.7
120Sn 0.3* 0.7* 13.1 28.7
138Ba 0.5* 0.7* 4.8 5.0

Largemouth Bass 200600,C2
200710,C2

200700,TP
200700,EC

Comparison C C D D
25Mg 1.6* 1.3* 1.6* 1.7*
55Mn 1.4* 1.0* 0.5* 0.8*
57Fe 476.6 466.4 414.7 362.0
86Sr 2.8* 2.8* 618.1 576.2
120Sn 0.6* −0.4* 0.4* 0.3*
138Ba 0.6* 0.5* 5.4 3.8

Yellow Perch 200700,TP
200700,EC

Comparison E E
25Mg 1.8* 1.6*
55Mn 0.6* 0.7*
57Fe 591.5 466.0
86Sr 422.1 428.2
120Sn 1.3* 0.2*
138Ba 0.9* 0.9*
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mean elemental fingerprints from the age-0 region of the
age ≥1 otolith with the mean elemental fingerprints of
YOY fish captured from the same site, and in the same
year as the older fish were hatched. If most fish return to
their natal habitat after the winter, then the older fish will
have similar mean elemental fingerprints as the YOY
fish (Fig. 3b). If older fish mix as a metapopulation, then
the mean elemental fingerprints of older fish in different
sites will be similar mixtures of fingerprints from many
embayments (Fig. 3c).

If the mean natal elemental fingerprints from older
fishes were not represented in the YOY fingerprints,
we assumed that the YOY from the unrepresented
location (Site A) either did not survive their first
winter or moved to another habitat (Fig. 3d). If older
fish were produced in a site for which we lack YOY
elemental fingerprints, then the mean natal elemental
fingerprint of older fish will be distinct from the mean
YOY elemental fingerprint for all locations (Fig. 3e).

We also determined if the post-juvenile age-2 pump-
kinseed captured in 2009 occupied a different embay-
ment in 2008, when they were age 1. To do this, we

compared the mean elemental fingerprint in the age-1
region of the otolith (200921,A and 200921,B) with the
mean elemental fingerprint from YOY pumpkinseed
that grew up in 2008 (200800,A and 200800,B). We made
similar assumptions and contrasts as described above
about the movement of fish after their first winter.

Results

Pumpkinseed

Across years 2007 and 2008, MANOVA indicates the
elemental fingerprint of YOY pumpkinseed differed
within Embayment C (p<0.001) and within Trout
Pond (p<0.001).

In 2007, the 23 YOYpumpkinseed from Embayment
C and 16 YOY pumpkinseed from Trout Pond have
significantly different mean elemental fingerprints
(Fig. 4). The elements that are important for distinguish-
ing the YOY subpopulations are Mg, Fe, Sr, log10(Sn)
and log10(Ba) (Table 2). Since the mean elemental fin-
gerprints of the YOY pumpkinseed hatched in Embay-
ment C and Trout Pond are significantly different, we
continued with our analysis to determine if older pump-
kinseed moved among embayments.

Most of the 33 age ≥1 pumpkinseed that we captured
in Trout Pond appear to have hatched in Trout Pond, or
another location with similar elemental conditions
(Fig. 4). Most of the 36 age ≥1 pumpkinseed from
Embayment C appear to have hatched from a location
for which we lack an elemental fingerprint (Fig. 4) or the
pumpkinseed hatched in Embayment C formed a hetero-
geneous group with the pumpkinseed from Trout Pond or
from a location with similar elemental fingerprint as Trout
Pond. The hypothetical comparisons that best describe the
age ≥1 pumpkinseed from 2007/2008 after their first win-
ter in Trout Pond is that illustrated in Fig. 3b; for Embay-
ment C the most likely scenario is that of Fig. 3c or e.

In 2008, the 29 YOYpumpkinseed from Embayment
C and 29 YOY pumpkinseed from Trout Pond have
significantly different mean elemental fingerprints
(Fig. 5). The elements that are important for distinguish-
ing the YOY subpopulations are log10(Mg), Mn and Sr
(Table 2). Since YOY embayment subpopulations can
be distinguished, we continued with our analysis to
determine if the age-2 pumpkinseed we captured in
2009 from Embayment C and Trout Pond moved from
the locations they occupied in the previous year.

Fig. 3 Hypothetical results for the locations of the mean discrim-
inant scores of the elemental fingerprints of YOY (solid lines) and
the natal region of age-1 fish (dashed lines) from two sites, and
lines represent the 95% confidence interval of the multivariate
centre of gravity from a sample of fish from one location or time.
We communicate our comparisons with the following notation:
Year of capture Age of fish at capture otolith age band, site of collection. The
comparisons within each panel assume equal numbers of fish, so
that the width of any confidence interval would not be affected by
differences in sample size. Because scores on only one axis are
being analyzed the confidence interval of the centre of gravity
reduces to a horizontal line. a YOY fish in the two sites cannot be
discriminated; b Juvenile fish return to their natal habitat; c YOY
fish can be discriminated but mixing among juveniles is high and
has broadened the fingerprints, homogenizing the populations
across the embayments; d YOY from Site A are not represented
among the juvenile cohort in the following year; e Juveniles move
among embayments and are produced in a location for which we
lack YOYelemental fingerprints
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Age-2 pumpkinseed were captured in locations dif-
ferent from the ones they occupied as age-1 fish. Some
of the six age-2 pumpkinseed from Trout Pond appear
to have moved from a location other than Trout Pond
after their second winter. Their age-1 mean elemental
fingerprint was significantly different from the mean
elemental fingerprint of the YOY from Trout Pond.
Some of the six age-2 pumpkinseed that were captured
in Embayment C also appear to have occupied a
location other than Embayment C as age-1 fish. Their
mean age-1 elemental fingerprint was not significantly
different from the mean elemental fingerprint of YOY
in Trout Pond or Embayment C. The similar mean
age-1 elemental fingerprints of age-2 pumpkinseed
in Trout Pond and Embayment C suggest that age-
1 pumpkinseed continue to move among embay-
ments after their second winter. The hypothetical
comparison that best describes the movement of
age-2 pumpkinseed after their second winter in
2008\2009 is Fig. 3c.

Largemouth bass

In Cell 2, the mean elemental fingerprint of the 31
YOY largemouth bass captured in 2006 and the
mean natal elemental fingerprint of the 8 age-1 large-
mouth bass captured in 2007 are significantly different
(Fig. 6). The elements that distinguished the two
groups of fish were log10(Mg), log10(Mn) and
log10(Sn) (Table 2). YOY largemouth bass appear to
move from their natal habitats after their first winter. The
hypothetical comparision that best describes the con-
trasts between the YOY and age-1 largemouth bass in
Cell 2 is Fig. 3e.

In 2008, the mean elemental fingerprint of the 28
YOY largemouth bass in Trout Pond and the 29 YOY
largemouth bass from Embayment C are significantly
different (Fig. 7). The elements that distinguished these
subpopulations are log10(Mg), log10(Mn), and Ba
(Table 2). Since the YOY populations could be distin-
guished, we continued with our analysis and determined

Fig. 4 Canonical variate plot based on linear discriminant anal-
ysis using the concentrations of Mg, Fe, Sr, log10(Sn) and
log10(Ba) to distinguish YOY pumpkinseed in 2007 (black
shapes) from the natal region of age-1 fish (uncoloured shapes)
captured in 2008, and the natal region of age-2 fish captured in
2009 (uncoloured shapes with crosshairs). The vertical spread of
the points is only to aid the visualization of the discriminant
scores along the x-axis. Fish captured from Trout Pond are
squares and those captured from Embayment C are circles.
Overlap of the 95% confidence intervals of the mean discrimi-
nant scores in the grey band indicates nonsignificant differences

between the mean canonical variate scores. Age-1 and age-2 fish
are distinguished in the plot but are grouped together in calcu-
lating the confidence limits. Age-1 and 2 pumpkinseed captured
in Embayment C appear to have been hatched in a location for
which we lack an elemental fingerprint (Fig. 3e), or they have
formed a hetergeneous population with pumpkinseed from
Trout Pond, or from a location with a similar elemental finger-
print as Trout Pond (Fig. 3c). Any of these interpretations
involves movement of individuals from their natal embayments
as they age. The majority of juvenile pumpkinseed in Trout
Pond appear to have hatched in Trout Pond (see Fig. 3b)
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Fig. 6 Canonical variate plot based on linear discriminant anal-
ysis using the concentrations of log10(Mg), log10(Mn) and
log10(Sn) to distinguish YOY largemouth captured in Cell 2 in
2006 (black diamonds) from the age-0 region of age-1 bass
captured in Cell 2 during 2007 (open diamonds). The vertical
spread of the points is to improve the visualization of the

discriminant scores along the x-axis. Overlap of the 95% confi-
dence intervals in the grey box indicates nonsignificant differ-
ences between the mean elemental fingerprints.. Almost none of
the age-1 largemouth bass in Cell 2 appear to been hatched in
Cell 2 (Fig. 3e)

Fig. 5 Canonical variate plot based on linear discriminant anal-
ysis using the concentrations of log10(Mg), log10(Mn) and
log10(Sn) to distinguish YOY pumpkinseed in 2008 (black
shapes) from the age-1 region of age-2 fish captured in 2009
(uncoloured shapes with crosshairs). The vertical spread of the
points is to improve the visualization of the discriminant scores

along the x-axis. Overlap of the 95% confidence intervals in the
grey box indicates nonsignificant differences between the mean
elemental fingerprints. Fish captured from Trout Pond are
squares and those captured from Embayment C are circles.
Age-1 pumpkinseed continue to move among embayments after
their second winter (Fig. 3c)
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if the age-1 largemouth bass hatched in 2008 moved to
other locations after their first winter.

Juvenile largemouth bass exist in a metapopulation.
The mean natal elemental fingerprint of the 9 age-1
largemouth bass captured in Trout Pond is not signifi-
cantly different from the mean elemental fingerprint of
the YOY largemouth bass captured in either Trout Pond
or Embayment C, which is similar to the hypothetical
comparison Fig. 3c. Juvenile largemouth bass appear to
move between embayments after their first winter.

Yellow perch

In 2008, the mean elemental fingerprint of the 29 YOY
yellow perch from Embayment C and the 39 YOY from
Trout Pond are significantly different (Fig. 8). The ele-
ments that distinguish the two subpopulations are
log10(Mg), Mn, and log10(Sn) (Table 2). Since the
YOY subpopulations could be distinguished, we con-
tinued with our analysis to determine if the age-1 yellow
perch move to other locations after their first winter.

Age-1 yellow perch move from their natal habitats
after their first summer. The mean natal elemental
fingerprint of the 33 age-1 yellow perch captured in

Trout Pond was significantly different from the mean
elemental fingerprint of the YOY yellow perch in Trout
Pond but not significantly different from the YOY in
Embayment C (Fig. 8). The mean natal elemental fin-
gerprints of the 13 age-1 yellow perch from Cell 2 and
33 from Trout Pond are not significantly different from
each other but the variance among age-1 individuals in
both locations is lower than the variance among YOY
individuals from Embayment C (Table 3). The similar
mean elemental fingerprints but lower variance suggests
either the age-1 yellow perch were hatched in a location
with similar elemental conditions as Embayment C but
with less variability or the age-1 fish represent a subset
of surviving YOY fish that experienced very similar
elemental conditions and had higher overwinter survival
rates. The hypothetical situation that best describes yel-
low perch movements after their first winter is Fig. 3e.

Discussion

Our findings suggest that age ≥1 yellow perch, large-
mouth bass and pumpkinseed exist in metapopulations.
Given the movement of fishes among embayments, it

Fig. 7 Canonical variate plot based on linear discriminant anal-
ysis from the concentrations of log10(Mg), log10(Mn), and Ba to
distinguish YOY largemouth bass in 2008 (black shapes) from
the natal region of age-1 fish (uncoloured shapes) captured in 2009.
Fish captured from Trout Pond are squares and those captured from
Embayment C are circles. The vertical spread of the points is to

improve the visualization of the discriminant scores along the x-
axis. Overlap of the 95% confidence intervals in the grey box
indicate nonsignificant differences between the mean elemental
fingerprint. Mixing among juvenile largemouth bass is high, the
age-1 population appears to be a mixture of individuals from
several locations (Fig. 3c)
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was surprising that the elemental fingerprints among age-
1 yellow perch in two embayments was less variable than
for YOY yellow perch from a single embayment. Al-
though the age-1 fish may have hatched in a less variable
environment, higher rates of overwinter survival for some
YOY fish may have made the age-1 population more
homogenous. The surviving YOY fish may have a
similar physiological condition or some microhabitat
association that correlates with elemental composition,
which may have increased overwinter survival by
increasing growth rate, lipid reserves or modifying
behavior.

A metapopulation has conservation implications
among coastal embayments that would allow the regional
fish population to persist despite extinctions of local
subpopulations. For example, in some years cooler
embayments are ecological traps that waste the reproduc-
tive effort of warmwater fish like pumpkinseed that
spawn there. However, in warmer years cooler embay-
ments produce YOY that can recruit to the adult popula-
tion (Murphy et al. submitted). Without warm ‘source’
habitats the spawning pumpkinseed subpopulation in
cool ‘sink’ embayments would be reduced, potentially
to extinction, and would never be able to contribute YOY
towards the regional adult population in warmer years.
We assume there are similar advantages of a metapopu-
lation for species other than pumpkinseed.

The metapopulation structure among embayments is
likely created by the haphazard dispersal of winter fish
aggregations in the spring. Yellow perch appear to re-
main active and continue to feed in the winter (Moffett
and Hunt 1945), but tend to aggregate in deeper waters
(Hasler 1945; Wang and Eckmann 1994), and cen-
trarchid fishes in general seem to overwinter in deep,
slow-moving water (Suski and Ridgeway 2009). Field

Fig. 8 Canonical variate plot based on linear discriminant anal-
ysis from the concentrations of log10(Mg), Fe, and log10(Sn) of
YOY yellow perch in 2008 (black shapes) and the natal region
of age-1 yellow perch (uncoloured shapes) captured in 2009.
Yellow perch captured from Trout Pond are squares, from Em-
bayment C circles, and those from Cell 2 are diamonds. The
vertical spread of the points is to improve the visualization of the

discriminant scores along the x-axis. Overlap of the 95% confi-
dence intervals in the grey box indicates nonsignificant differ-
ences between the mean elemental fingerprints. The age-1
yellow perch in Cell 2 and Trout Pond appear to be produced
in Embayment C or in a location with similar elemental finger-
print to Embayment C (see Fig. 3d)

Table 3 Results from the Monte Carlo simulations comparing
the standard deviation of the elemental fingerprints of YOY
yellow perch from Embayment C (EC) with the natal region of
age-1 yellow perch from Trout Pond (TP) and Cell 2 (C2)

Yellow Perch Standard
deviation

Number of
iterations

P-value

200800,EC 1.07
200910,TP 0.24 1000 <0.002
200910,C2 0.33 1000 <0.002
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observations of bluegill, a congener to pumpkinseed
(Osenberg et al. 1988; Garvey et al. 2002), found they
overwinter in loose aggregations and disperse in spring.
Similarly, largemouth bass converge and overwinter in
aggregations (Carlson 1992; Karchesky and Bennett
2004). All the embayments along the Toronto shoreline
are within 40 km of one-another, and most within a
10 km strip. If there are a limited number of these over-
wintering locations, for instance near heated outflows
(Cooke et al. 2004), fish subpopulations from different
embayments might tend to congregate and mix at them.
The breakup of these aggregations in the spring and the
haphazard dispersal back to the littoral zonewould result
in the mixing of the regional fish subpopulation. Al-
though we conclude that fish move among embayments
after overwintering, we are unable to show from our data
the distance fish travel between embayments. Obtaining
an elemental fingerprint from more nursery locations so
that the natal location of age ≥1 fishes can be classified or
using acoustic telemetry to track fish movement might
provide insight on the spatial scale of the metapopulation.

Although we show that fish disperse among embay-
ments after winter, movements among embayments
could also occur within the summer. Adult fishes may
move among embayments if their home range size is
greater than the distance that separates them. Minns
(1995) estimated the home range of adult largemouth
bass, yellow perch and pumpkinseed to be 34 403 m2,
9173 m2 and 9048 m2, respectively. Although it is
possible that an individual fish may have a home range
that includes more than one interconnected embayment
(i.e. Embayment C and Cell 2), the distance between the
contrasting embayments in this study (Embayment C and
Trout Pond or Cell 2 and Trout Pond) is approximately
6.5 km, much greater than the size of their home range.
YOY pumpkinseeds may move among embayments
in their first summer if they swim offshore shortly after
swim-up and return to the littoral zone several weeks
later, as they do in smaller inland lakes (Rettig 1998;
Garvey et al. 2002). Although it is believed that YOY
largemouth bass are hatched and stay within the littoral
zone for their first year of life (DeVries et al. 2009),
their home range is sufficiently large to include other
interconnected embayments (Hoffman and Bettoli
2005). Movement of yellow perch among embayments
can take place at several stages. Newly hatched yellow
perch are transported through advection to the open
water (Wang and Eckmann 1994) and may select an
alternative embayment when they return inshore in early

summer. Yellow perch may also move among embay-
ments during their first summer or after they travel to the
limnetic zone and return to the littoral zone in late-
summer (Whiteside et al. 1985; Stephenson 1990).

Fish habitat management for these metapopulations
require a systems-based approach that considers the link-
ages among coastal embayments. Connections among
embayments should be maintained because the linkages
help to sustain the regional population abundance and
lower the probability of local extinction of fish subpo-
pulations. Concentrating fish habitat rehabilitation and
construction in areas with multiple embayments, and
preventing the destruction of nearby habitats are ways
of maintaining and improving habitat connectedness.
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