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Larval dispersal underlies demographically important
intersystem connectivity in a Great Lakes yellow perch
(Perca flavescens) population

Reed M. Brodnik, Michael E. Fraker, Eric J. Anderson, Lucia Carreon-Martinez, Kristen M. DeVanna,
Daniel D. Heath, Julie M. Reichert, Edward F. Roseman, and Stuart A. Ludsin

Abstract: Ability to quantify connectivity among spawning subpopulations and their relative contribution of recruits to the
broader population is a critical fisheries management need. By combining microsatellite and age information from larval yellow
perch (Perca flavescens) collected in the Lake St. Clair — Detroit River system (SC-DRS) and western Lake Erie with a hydrodynamic
backtracking approach, we quantified subpopulation structure, connectivity, and contributions of recruits to the juvenile stage
in western Lake Erie during 2006-2007. After finding weak (yet stable) genetic structure between the SC-DRS and two western
Lake Erie subpopulations, microsatellites also revealed measurable recruitment of SC-DRS larvae to the juvenile stage in western
Lake Erie (17%-21% during 2006-2007). Consideration of precollection larval dispersal trajectories, using hydrodynamic back-
tracking, increased estimated contributions to 65% in 2006 and 57% in 2007. Our findings highlight the value of complementing
subpopulation discrimination methods with hydrodynamic predictions of larval dispersal by revealing the SC-DRS as a source of
recruits to western Lake Erie and also showing that connectivity through larval dispersal can affect the structure and dynamics
of large lake fish populations.

Résumé : La capacité de quantifier la connectivité entre sous-populations reproductrices et leur contribution relative de recrues a
I’ensemble de la population constitue un besoin fondamental en gestion des péches. En combinant de I'information de microsatellites
et sur I'age pour des perchaudes (Perca flavescens) larvaires prélevées dans le réseau du lac St. Clair et de la riviere Detroit (SC-DRS) et
T'ouest du lac Frié a une approche de reconstitution hydrodynamique des déplacements, nous avons quantifié la structure des
sous-populations, ainsi que leur connectivité et leurs contributions de recrues juvéniles dans I'ouest du lac Erié en 2006-2007. Aprés
avoir fait ressortir une structure génétique faible (mais stable) entre le SC-DRS et deux sous-populations de I'ouest du lac Erié, les
microsatellites ont également révélé un recrutement mesurable de larves du SC-DRS chez les juvéniles de 'ouest du lac Erié (de 17 %
a 21 % en 2006-2007). L’intégration, en utilisant la reconstitution hydrodynamique, de trajectoires de dispersion des larves avant le
prélevement s’est traduite par une augmentation des contributions estimées, jusqu’a 65 % en 2006 et 57 % en 2007. En faisant ressortir
le fait que le SC-DRS est une source de recrues pour I'ouest du lac Erié et en démontrant qu'une connectivité par 'entremise de la
dispersion des larves peut influencer la structure et la dynamique de populations de poissons de grands lacs, nos résultats soulignent
lintérét d'utiliser des prédictions hydrodynamiques de la dispersion des larves pour complémenter des méthodes de discrimination
de sous-populations. [Traduit par la Rédaction]

the Laurentian Great Lakes (e.g., walleye (Sander vitreus), yellow
perch (Perca flavescens), alewife (Alosa pseudoharengus)) because
(i) their life-history traits (e.g., long pelagic larval stage with weak
swimming capabilities) are similar to those found in most marine
fishes (Miller et al. 1998; North et al. 2008; Pritt et al. 2014), and
(i) the Great Lakes share many of the same physical features (e.g.,
gyres, longshore currents, upwelling zones) as marine ecosystems
(reviewed by Ludsin et al. 2014). Even so, our understanding of
metapopulation dynamics and population connectivity remains
scant in these (and most other) large lake ecosystems (Ludsin et al.

Introduction

Many aquatic species exhibit a metapopulation or subpopula-
tion structure in which semi-independent, spatially distinct pop-
ulations are linked by varying degrees through dispersal (Hjort
1926; Levin 2006). These subpopulations often represent breeding
or spawning groups, from which individuals disperse to form a
“mixed” population. In many marine invertebrate and fish popu-
lations, larval dispersal through hydrodynamic advection has been
identified as a key driver of such subpopulation connectivity
(Caley et al. 1996; Cowen and Sponaugle 2009). Similarly, Ludsin

et al. (2014) hypothesized that long-distance dispersal of larvae via
hydrodynamic advection would be an important driver of popu-
lation connectivity and recruitment dynamics in many fishes of

2014).
Quantification of subpopulation connectivity, including the rel-
ative contribution of each subpopulation to the broader mixed
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Fig. 1. Map of the collection sites of yellow perch larvae during 2006
and 2007 in the western basin of Lake Erie, with an inset of Lake

Erie (LE) and Lake St. Clair (LSC). The horizontal line at 41.83 °N
separates the north shore (NS) and south shore (SS), while the
horizontal line at 42.05 °N separates the north shore from the Detroit
River (DR).
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population, can improve our ability to understand the structure
and dynamics of the broader population (Turchin 1998; Werner
et al. 2007; Kool et al. 2013) and the fisheries that it supports (Begg
and Waldman 1999; Hilborn et al. 2003; Cowen and Sponaugle
2009). For example, Schindler et al. (2010), in what they described
as a “portfolio effect”, demonstrated how the sockeye salmon
(Oncorhynchus nerka) population in Bristol Bay, Alaska (USA), is sta-
bilized by the existence of multiple breeding subpopulations un-
dergoing different but complementary dynamics.

Unfortunately, delineating the demographic consequences of
population connectivity has remained elusive for most fish popu-
lations. For example, limited information exists about dispersal
rates and trajectories for most populations, as well as how new
immigrants into a population (i.e., dispersers from another pop-
ulation) affect the overall recruitment rate of the broader (recipi-
ent) population (Lowe and Allendorf 2010). Likewise, inefficient
and ineffective techniques for discriminating among individuals
from different subpopulations and for tracking survival of their
progeny have historically limited the ability to identify subpopu-
lation structure (Begg and Waldman 1999).

Fortunately, several advancements have improved our ability to
understand dispersal dynamics and the relative contributions of
recruits to the broader population. Improved hydrodynamic mod-
els, for example, offer better tracking of larval dispersal trajecto-
ries (North et al. 2009). In particular, hydrodynamic models can
now be run backward in time to estimate the most likely dispersal
paths and origins of passively dispersed larvae (Christensen et al.
2007; Hinrichsen et al. 2011). Likewise, recent technological ad-
vances have provided methods for using genetic data (Kochzius
2009; Seeb et al. 2011) and otolith microchemical and growth rate
information (Campana 1999; Swearer et al. 1999) as “natural” tags
to identify subpopulation structure and the relative contribution
of recruits to the broader population (Begg and Waldman 1999;
Gillanders 2009), with the greatest success coming when multiple
discrimination approaches are used simultaneously (Swearer
et al. 1999; Miller et al. 2005). Further, Fraker et al. (2015a) showed
that combining hydrodynamic backtracking approaches with
individual-based or subpopulation-specific natural tags can lead
to a more complete description of population connectivity.

Herein, we utilize the approach introduced by Fraker et al.
(2015a) to determine whether western Lake Erie’s yellow perch
population is connected to the Lake St. Clair — Detroit River sys-
tem (SC-DRS; Fig. 1) through larval exchange, as well as whether
this connectivity might be important to understanding recruit-
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ment dynamics in Lake Erie. While multiple breeding subpopula-
tions are thought to support western Lake Erie’s yellow perch
population (e.g., Reichert et al. 2010; Sepulveda-Villet and Stepien
2011; Kocovsky et al. 2013; Sullivan and Stepien 2014; Carreon-Martinez
et al. 2015), which is not unlike other exploited fish populations
within and outside of the Great Lakes basin, the relative contribu-
tions of recruits to Lake Erie’s fishable population from potential
external sources such as the SC-DRS remains unknown. Under-
standing the degree to which these systems are connected holds
great potential to alter how yellow perch are managed in Lake
Erie, given that current catch quotas are based on geographically
defined management units without regard to population struc-
ture or recruits from external sources such as the SC-DRS (YPTG
2013).

While never documented in the field or quantified, much cir-
cumstantial evidence exists to suggest that demographically im-
portant connectivity through larval exchange exists between the
SC-DRS and western Lake Erie. For example, during 2006-2009,
larval yellow perch were consistently captured in open waters of
western Lake Erie near the Detroit River outflow (along the north
shore) at densities 5- to 10-fold greater than those captured near
the Maumee River outflow (along the south shore) (Reichert et al.
2010; Ludsin et al. 2011). Whether these north-shore larvae origi-
nated in Lake Erie or were exported from the SC-DRS remains
unknown; however, the likelihood of flow-assisted transport is
strong, since (i) high densities of larval yellow perch were found in
Detroit River during 2006-2010 (EFR, unpublished data), (ii) De-
troit River flow rates as measured by the USGS consistently exceed
the swimming speed of yellow perch larvae (Houde 1969), and
(i) hydrodynamic backtracking modeling that traced dispersal
trajectories of yellow perch larvae captured in western Lake Erie
during 2006-2007 showed that a substantial portion of these larvae
likely originated from the SC-DRS (Fraker et al. 2015a). Moreover,
recent otolith microchemical and genetic research has demon-
strated that 50% to 90% of the yellow perch that survive to the
age-0 juvenile stage — which is a strong indicator of future re-
cruitment to the fishery at age-2 (YPTG 2013; Farmer et al. 2015) —
spend their larval stages in northern waters located near the
Detroit River outflow (Reichert et al. 2010; Ludsin et al. 2011;
Carreon-Martinez et al. 2015).

To determine if and how the SC-DRS and western Lake Erie are
connected, with the ultimate intention of improving the ability of
agencies to understand and manage western Lake Erie’s yellow
perch population, we sought to test two hypotheses: (1) the SC-
DRS and western Lake Erie are connected through larval dispersal;
and (2) this connectivity has demographic consequences for west-
ern Lake Erie’s fishable (adult) population by contributing larvae
that recruit to the age-0 juvenile stage. Towards this end, we de-
scribed population structure by complementing microsatellite in-
formation from larvae captured in both the SC-DRS and northern
and southern shores of western Lake Erie during 2006 and 2007
with larval age information (from otoliths) and a hydrodynamic
backtracking approach that estimates precollection larval disper-
sal (Fraker et al. 2015a). Afterwards, we used this structure to
estimate the relative contributions of recruits from the SC-DRS
and two western Lake Erie subpopulations to western Lake Erie’s
age-0 juvenile population, which is when adult recruitment is set
in this population (YPTG 2013; Farmer et al. 2015).

Materials and methods

Study system and species

Lake Erie is a part of the Laurentian Great Lakes system and is
highly productive across all trophic levels. It contains several eco-
logically and economically important fishes, including yellow
perch, which supports Lake Erie’s largest commercial fishery and
also a strong recreational fishery (YPTG 2013). Recruitment to
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these fisheries has fluctuated widely through time for reasons
that remain largely unknown (YPTG 2013).

Lake Erie consists of three geomorphologically distinct basins
(western, central, and eastern) that vary in depth and productiv-
ity, with a trend of mean depth increasing from west to east and
productivity decreasing along the same west-to-east trajectory
(Ludsin et al. 2001). The western basin, which is the focus of this
study (Fig. 1), is the shallowest (mean depth = 7.4 m) and most
highly productive of the three basins and is a major producer of
yellow perch (Reichert et al. 2010; YPTG 2013). The western basin is
a hydrodynamically active system, characterized by inflows from
the Detroit and Maumee rivers (Baker 2011), large-scale circulation
that is primarily driven by Detroit River inflows from the north
and basin-wide winds (Beletsky et al. 2013), and the formation of a
turbid river plume driven by Maumee River inflows from the
south (Reichert et al. 2010).

While yellow perch spawning locations are poorly described,
they are likely numerous (Goodyear et al. 1982; Ludsin et al. 2010),
with larval production areas documented in the southern and
northern shores of the lake (Ludsin 2000; Ludsin et al. 2006;
Reichert et al. 2010). In addition, yellow perch larvae have been
recently captured in the Detroit River (EFR, unpublished data; see
below), although whether they are produced there or drift from
Lake St. Clair is unknown. Lake Erie yellow perch larvae hatch at
~5 mm in total length (TL), have weak swimming abilities until
~9.5 mm TL, and spend about 30-35 days in the water column
feeding on zooplankton before becoming demersal as juveniles
(Houde 1969; Gopalan et al. 1998; Ludsin 2000).

Field collections

Larvae

Larval yellow perch were used to define unique, group-level,
genetic patterns and estimate hatch dates from three disparate
areas that could be contributing recruits to western Lake Erie’s
fishery. Although exact spawning locations are unknown, larvae
used in this study were collected during April-May 2006 and 2007
at three locations: (i) in the Detroit River proper (the “DR_.” sub-
population; north of 42.05°N); (ii) along the north shore of western
Lake Erie in and around the outflow of the Detroit River (the “NS”
subpopulation; between 42.05°N and 41.8°N); and (iii) along the
south shore of western Lake Erie in and around the outflow of the
Maumee River (the “SS” subpopulation; south of 41.8°N; Fig. 1;
Table S1'). Weekly collections of larval yellow perch were con-
ducted at up to 12 sites in both the north- and south-shore regions
(Reichert et al. 2010) and at up to 11 sites within the southern
portion of the Detroit River proper (Fig. 1). All larvae were col-
lected with paired (1 m diameter) bongo nets towed ~1m from the
bottom of the lake to the surface (500 pm mesh). These larvae
were preserved in 100% ethanol until identification and were
transferred to 95% ethanol for storage. In total, larvae of varying
size and age (Table S1') were collected during 2006 (N =90 from SS,
N =154 from NS, N=53 from DR ) and 2007 (N = 81 from SS, N = 282
from NS, N = 64 from DR_).

Juveniles

Age-0 juveniles were collected during late August in both 2006
and 2007 (N = ~70 sites per year) via annual fisheries-independent
bottom-trawl (10 m head rope; 3 km-h-! tow speed) surveys con-
ducted across western Lake Erie by the Ohio Department of Nat-
ural Resources - Division of Wildlife and the Ontario Ministry of
Natural Resources (Reichert et al. 2010). We conducted molecular
analyses on 119 (2006) and 167 (2007) juveniles that were randomly
chosen from trawl collection sites based on proportional catches
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Fig. 2. Subpopulation classification of yellow perch juveniles
collected in western Lake Erie during 2006 (A) and 2007 (B). Juvenile
genetic classification reflects assignment using backtracking-revised
larval groupings. Note that symbols of juveniles collected at the
same site and classified to the same subpopulation overlap. Symbols
are slightly offset if juveniles from a site were assigned to different
subpopulations so that the range of subpopulation classifications at
a site is visible.
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(Reichert et al. 2010; Fig. 2). All individuals were stored frozen
(=20 °C) until processing.

Larval age estimation

Daily increment counts from sagittal otoliths were used to esti-
mate the hatch date and age at capture (Campana 1999) of larvae
collected in each capture area. Methods for otolith extraction and
age analysis followed those of Ludsin et al. (2006) and Reichert
et al. (2010). Data for NS and SS larvae were taken from archived
collections that had been previously analyzed for a different pur-
pose (Reichert et al. 2010). Sagittal otoliths from larvae collected in
the DR, during 2006 and 2007 (N = 30 random individuals per year)
were extracted and newly analyzed. Utilizing NIS-Elements imag-
ing software (Media Cybernetics, Inc., Rockville, Maryland, USA)

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2015-0161.
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and a Nikon E200 compound microscope (100x and 50x magnifi-
cation, oil immersion, Nikon Inc., Melville, New York, USA), post-
hatch daily increments were counted, and the total otolith radius
(core to otolith edge), hatch radius (hatch check to otolith edge),
and daily growth increments of each otolith were measured. For
all subpopulations, larval age was determined from a single count
for larvae estimated to be <25 days old, as previous research con-
ducted with Lake Erie yellow perch less than this age has shown
that single increment counts are reliable (Ludsin et al. 2001;
Table S1Y). For larvae estimated to be >25 days of age, at least one
additional blind count was conducted, with additional counts be-
ing performed as needed (see Reichert et al. 2010 for details). Daily
increment count information was used to estimate each larva’s
hatch date. This information was used in our backtracking proce-
dure to correct hatch locations based on precollection dispersal
(see below). Because subpopulation- and growth-dependent sur-
vival of larvae has been documented in western Lake Erie yellow
perch (Reichert et al. 2010; Ludsin et al. 2011; Carreon-Martinez
et al. 2015), ageing each larva also allowed us to determine whether
individuals collected in each region were of the same relative age,
thus helping ensure that no bias was introduced in identifying
larval recruitment patterns to the juvenile stage because of age-
at-collection differences among subpopulations.

Hydrodynamic backtracking of larval dispersal

Model simulations were carried out with hydrodynamic condi-
tions (e.g., currents, temperature) provided by the NOAA Great
Lakes Coastal Forecasting System (GLCFS; Schwab and Bedford
1994). The GLCES is based on the Princeton Ocean Model (Blumberg
and Mellor 1987), which solves the hydrostatic, three-dimensional
(3D) primitive equations in a second-order finite difference frame-
work. The GLCEFS is operated in a real-time nowcast—forecast frame-
work, with hourly output made available on a 2 km structured grid
for Lake Erie (21 vertical sigma layers). Horizontal diffusion in the
GLCEFS is prescribed by the Smagorinsky parameterization, and ver-
tical diffusion is governed by the Mellor-Yamada level 2.5 turbu-
lence closure scheme. Forcing conditions for the hydrodynamic
model are prescribed using a natural-neighbor interpolation from
land- and buoy-based observations, which have yielded successful
prediction of water levels, temperatures, and currents in the lake
(Schwab and Bedford 1994; Chu et al. 2011). Although recent work
has shown that the interpolated meteorology can cause errors in
the summer circulation in the central basin of Lake Erie (Beletsky
et al. 2013), our study focuses on spring transport (April-May) in
the western basin, in which wind-field-induced errors are pre-
sumed to be reduced owing to the influence of hydraulically
driven flow and the density of meteorological stations surround-
ing the western basin.

Hydrodynamic output from the GLCFS was used to drive a La-
grangian particle transport model to simulate the trajectories of
larval perch in western Lake Erie. The particle model used a
second-order Lagrangian scheme (Bennett and Clites 1987) to sim-
ulate passive, neutrally buoyant particle movement in 3D. The
Smagorinksy parameterization was used for horizontal diffusion
(coefficient of 0.005), based on previous calibrations (Michalak
et al. 2013), and a random-walk approach was used for vertical
diffusion (0.0005 m?-s71).

The dispersal pathway of each larvae was tracked from the time
of hatch until collection by using otolith age information (per
above) in combination with a hydrodynamic particle-backtracking pro-
cedure (Fraker et al. 2015a). Briefly, we simulated the dispersal of
an individual larva by spreading 5000 particles over a 5 m radius at
the location (and time) that larva was collected by our nets. We
ran hydrodynamic simulations backward in time, starting from
the time of capture until the estimated hatch date (from otoliths).
We used the backtracked daily locations of the 5000 particles to
determine the most likely posthatch dispersal path of that indi-
vidual from time of collection to its (earlier) time of hatch. To do
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so, we calculated a grid-based probability of daily larva location
using the percentage of the 5000 particles present within each
region (NS, SS, or DR) on each posthatch day. The region that had
the highest percentage of the 5000 particles on the day of hatch-
ing was predicted to be the most likely hatch site for that individ-
ual (see Fraker et al. 2015a for further discussion of method).
Throughout this process, water-current uncertainties and vari-
ability were accounted for by the calibrated diffusion coefficients
and schemes, as described above.

DNA extraction procedure

Nine microsatellite loci were genotyped per individual using
the following procedure. DNA from tissue samples was extracted
using a plate-based extraction protocol (Elphinstone et al. 2003).
DNA was dissolved in 50 p.L of Tris-EDTA buffer (10 mmol-L Tris,
1.0 mmol-L* EDTA, pH 8.0) for larval samples, whereas 100 pL of
the buffer was used for juvenile samples. PCR amplification con-
sisted of 25 pL reactions with 1.5 pL of template DNA (20 ng-pL-1),
2.5 pL 10x PCR buffer, 2.5 pL of MgCl, (25 mmol-L?), 0.3 pL of
dNTPs (50 pmol-L each), 0.2 pL (0.5 pwmol-L!) of dye-labeled
primer, 0.2 pL (0.5 pmol-L) of the reverse primer, and 0.10 U Taq
polymerase. PCR conditions included initial denaturation at 94 °C
for 2 min, followed by 35 to 40 cycles of denaturing at 94 °C for
15 s, various annealing temperatures for 30 s (following Li et al.
2007), extension at 72 °C for 30 s, and a final extension at 72 °C for
10 min. DNA fragment sizes were determined using the LI-COR
4300 DNA analyzer (LI-COR, Inc., Lincoln, Nebraska, USA) and
scored using Genelmage IR 4.05 (LI-COR, Inc.).

Molecular genetics analyses

Subpopulation groupings

We determined yellow perch subpopulation structure in two
ways, with each annual cohort (year) analyzed separately. The first
way assigned each larva to one of three initial groups (i.e., the SS,
NS, or DR, subpopulation) based on its original capture location.
The second way considered hydrodynamic backtracking results,
using the most probable hatch location to assign each larvae to
one of four possible initial groups of origination (i.e., SS, NS, or
DR. and DR, subpopulation). The SS and NS are the same western
Lake Erie subpopulations as described above. The DR, subpopula-
tion consisted of larvae that were predicted to have hatched in the
SC-DRS and that also were captured in the Detroit River. Because
no larvae collected in the Detroit River were predicted to have
originated (hatched) in Lake Erie (see Results below), the group of
DR. larvae used in this second set of analyses is identical to the
group of larvae used in the first set of analyses (based on collection
location only). The DR, subpopulation consisted of larvae that
were predicted to have hatched in the SC-DRS, but that were
captured in western Lake Erie proper (i.e., they were predicted to
have dispersed from their original SC-DRS hatch location into
western Lake Erie prior to capture). All analyses were conducted
using only larvae <8 mm TL, which appear highly vulnerable to
passive dispersal given their weak swimming abilities in relation
to the high flow rates associated with the Detroit River (Houde 1969;
http:/fwaterdata.usgs.gov/minwisfuv/?site_no=04165710&PARAmeter _
¢d=00065,00060). Sample sizes for these analyses are reported in
Table S2! (subpopulations based on collection location) and Ta-
ble S3! (subpopulations based on backtracked hatch location).

Subpopulation genetic structure

Multiple approaches were used to explore structure among the
SS, NS, DR, and DR, subpopulations, using microsatellite infor-
mation. Fisher’s exact tests for Hardy-Weinberg Equilibrium (HWE)
were conducted using Arlequin (version 3.5.1.2; Excoffier et al.
2005), and tests for linkage disequilibrium were run for all pairs of
loci in all larval and juvenile groups using Genepop (version 4.0.7;
Rousset 2008). Second, pairwise Fg; estimates were calculated
using Genepop (version 4.0.7; Rousset 2008; following Weir and
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Table 1. Pairwise Fq values for yellow perch larvae collected in the Lake St. Clair — Detroit River system (SC-DRS) and western

Lake Erie during 2006 and 2007.

Capture Hatch
2006 2007 2006 2007
Subpopulation DR, NS DR, NS DR, NS SS DR, NS SS
NS 0.013* — 0.017* — 0.004 — — 0.005 — —
SS 0.017* 0.002* 0.025* 0.002 0.005 0.011* — 0.006 0.009* —
DR — — — — 0.017* 0.014* 0.016* 0.024* 0.017* 0.025*

C

Note: The initial assignment locations of larvae (NS, north shore of western Lake Erie; SS, south shore of western Lake Erie; DR, Detroit
River) were based on larval collection locations (Capture), whereas the revised (most probable) hatch locations (Hatch) were based on the
backtracking results. For analyses based on backtracking-modified hatch locations, larvae captured in western Lake Erie proper but that were
predicted to have hatched in the SC-DRS were designated as DR,,, whereas those captured in the Detroit River and predicted to have hatched
in the SC-DRS were designated as DR.. The same individuals were used for the DR in both sets of analyses within a year. Only larvae <8 mm
total length were included in these analyses. Asterisks denote significant differences in allele frequency distributions, using Fisher exact tests
with a Bonferroni-corrected « level = 0.0167 (Capture) or 0.0083 (Hatch).

Cockerham 1984). Third, an analysis of molecular variance (AMOVA;
following Weir and Cockerham 1984; Excoffier et al. 2005) was
conducted. Year, subpopulation nested within year, and within-
subpopulation effects were considered in our AMOVA model.
P values < 0.05 were considered statistically significant, unless
otherwise noted because of a Bonferroni correction.

Importantly, in describing genetic structure, we were not con-
cerned with identifying population substructure per se. Instead,
we sought to determine if enough (i.e., significant) structure ex-
isted among larval production areas such that we could develop
reliable functions to determine the natal source area of juvenile
recruits (e.g., Hogan et al. 2012). Indeed, previous studies have
demonstrated that the assignment tests used herein are robust to
low differentiation among subpopulations (e.g., low Fgp) and vio-
lations of assumptions of HWE (Hauser et al. 2006; Bradbury et al.
2008).

Larval genetic self-assignment

A rank-based self-assignment analysis (GENECLASS 2.0; Paetkau
et al. 1995; Piry et al. 2004; Carreon-Martinez et al. 2015), using
larvae from all subpopulations, was conducted for two purposes.
First, it was used to assess the consistency of subpopulation-
specific genetic signatures for the subsequent classification of
juveniles of unknown origin (see below). This analysis used a boot-
strapping approach wherein each individual larva was removed
from the dataset (one at a time) and subsequently treated as an
“unknown” larva that is then assigned to one of the subpopula-
tions, based on the genotypes of all other individuals (Paetkau
et al. 1995). By determining the percentage of larvae successfully
assigned back to their collection site, as well as exploring poste-
rior probabilities of assignment for each individual, reliability in
assignments for each subpopulation could be assessed. Second,
this analysis was used to characterize genetic similarity among
subpopulations. Genetic similarity was assessed by considering to
which subpopulation each misclassified individual was assigned.
Our expectation was that the DR and DR;, subpopulations would
be misclassified as the NS subpopulation (or vice versa) more often
than either DR subpopulation would be misclassified as the SS
subpopulation, owing to the close geographical proximity of the
Detroit River mouth to the north shore of western Lake Erie (see
Fig. 1).

Juvenile genetic classification

A two-step process was used to classify juvenile recruits of un-
known origin to a larval source population (Beneteau et al. 2009).
First, a Bayesian assignment was conducted (Rannala and Mountain
1997) with Monte Carlo resampling, using a simulation algorithm
(10 000 simulated individuals at an assignment threshold P = 0.05;
GENECLASS 2.0; Paetkau et al. 2004). Following Bayesian assign-
ment, juveniles that were unlikely to have originated from any of
the larval subpopulations being explored herein (i.e., NS, SS, DR,

and Dr,)) were removed from the analysis. Such a possibility exists,
given that enhanced swimming capabilities can allow individuals
to actively move between lake basins (e.g., from the central to
western basin of Lake Erie) during late larval and juvenile stages
(Houde 1969; Beletsky et al. 2007). For this analysis, if a juvenile
did not have a probability of assignment to any one of our sub-
populations that exceeded 0.3 (i.e., it had a >70% chance of origi-
nating from a different subpopulation outside of the basin),
it was excluded from analysis (Rannala and Mountain 1997;
Carreon-Martinez et al. 2015). In alternate analyses that included
these individuals, all were classified as failed assignments (MEF,
unpublished data). Second, each remaining juvenile was assigned
to a larval source population with an individual-based posterior
probability of assignment. Only individuals with a posterior prob-
ability of assignment >0.7 were considered reliable (Rannala and
Mountain 1997; Carreon-Martinez et al. 2015).

Results

Subpopulation genetic structure

Analysis of microsatellites revealed violation of assumptions of
HWE for some loci (Tables S2 and S3?). For example, when larvae
were grouped based on capture location, two, three, and four of
the nine microsatellite loci deviated from HWE for larvae col-
lected from the SS, NS, and DR, respectively, with similar num-
bers of loci violating assumptions in 2007 (five, four, and one loci
for SS, NS, and DR, respectively). Similar numbers of violations
(i.e., one to five loci) were evident when using backtracked hatch
location to group larvae, although no violations were evident for
some subpopulations in some years (e.g., DR..in 2006; SS in 2007).
No single locus deviated from HWE consistently among subpopu-
lations between years for either method of grouping larvae
(Tables S2 and S3%), indicating that these violations of assump-
tions did not stem from null alleles or scoring errors. Additionally,
no evidence existed for linkage disequilibrium between any loci
after Bonferroni correction (MEF, unpublished data).

Based on capture location, pairwise Fg; values indicated some
genetic differentiation among subpopulations during both years
(Table 1). Fgp values were greatest between the geographically
most distant subpopulations (SS and DR_), followed by the NS and
DR, subpopulations, with the two Lake Erie subpopulations (NS
and SS) possibly being slightly differentiated. Near identical re-
sults were evident during 2007, with the exception that genetic
differentiation between the DR, and both Lake Erie subpopula-
tions was greater than during 2006 (Table 1). Using predicted
hatch locations (from backtracking) increased Fq values between
the NS and SS subpopulations during both years by 4.5- to 5.5-fold
(Table 1). The DR, subpopulation (larvae hatched in the SC-DRS
and captured in the Detroit River) had greater Fg; values than the
DR,, subpopulation (larvae hatched in the SC-DRS but captured in
western Lake Erie proper) when compared with the SS and NS
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Table 2. Genetic self-assignment results (assigned as %) for larval yel-
low perch collected in the Lake St. Clair — Detroit River system (SC-
DRS) or western Lake Erie during 2006 and 2007.

Capture Hatch

Subpopulation DR, NS SS SC-DRS NS SS
2006

DR, — — — 83 1 6
DR. 68 19 13 60 22 18
NS 12 52 36 17 53 30
SS 8 20 72 7 10 83
2007

DR,, — — — 87 8 6
DR, 80 1 9 70 18 12
NS 21 49 30 15 52 33
SS 1n 21 68 1 14 75

Note: The assignment location of larvae was based on their initial collection
location (Capture) or their most probable hatch location (Hatch) based on hy-
drodynamic backtracking. Larvae were collected in the north shore (NS) and
south shore (SS) of western Lake Erie, as well as the Detroit River. For analyses
based on backtracking-modified hatch locations, larvae captured in western
Lake Erie that were predicted to have hatched in the SC-DRS were designated as
DR;,, whereas those captured in the Detroit River and predicted to have hatched
in the SC-DRS were designated as DR..

subpopulations (Table 1). The Fy; between the DR. and DR, sub-
populations generally exceeded those between the DR and the NS
and SS subpopulations during both years (Table 1).

Fisher exact tests revealed generally consistent differences in
allele frequency distributions among subpopulations. Using
groups assigned based on capture location, allele frequency dis-
tributions differed between the DR. and NS subpopulations, as
well as between the DR. and SS subpopulations, during both 2006
and 2007 (all P < 0.001, df = 18; Table 1). Allele frequencies also
differed (marginally) between the NS and SS subpopulations dur-
ing 2006 (P = 0.001, df =18), although no significant difference was
detected between these western Lake Erie subpopulations during
2007 (P = 0.04, df = 18; Table 1). Results based on hatch location
were similar, with significant differences found between all sub-
populations in both years, with the exception of the comparisons
between DR, and NS and SS in 2006 and 2007 (Table 1).

Interannual differences in genetic structure among subpopula-
tions was not evident, based on AMOVA results. When capture
location is used to define subpopulations, differences in genetic
structure between years explained none (0.00%) of the overall
variation. Differences among subpopulations within years ex-
plained a small fraction (0.44%) of the variation (P = 0.5). AMOVA
results based on hatch location were similar, with 0.46% of the
overall variation being explained by differences among subpopu-
lation within years (P = 0.5) and 0.00% due to year differences.

Larval genetic self-assignment

Rank-based self-assignment tests demonstrated high variation
in the potential to accurately assign larvae to a source subpopula-
tion (SS, NS, or SC-DRS) during both years when initial assignment
was based upon capture location (Table 2). During 2006, assign-
ment accuracies of 68% and 72% were found for the DR, and SS
subpopulations, respectively. Larvae collected in the Detroit River
were misassigned to the geographically closer NS subpopulation
more often than to the SS subpopulation during 2006 (Table 2).
Likewise, misassigned larvae from the SS subpopulation were as-
signed to the geographically closer NS subpopulation than to the
DR. subpopulation. Assignment accuracy for the NS subpopula-
tion was the lowest at 52%, with larvae being misassigned to the SS
and DR, subpopulations about evenly (Table 2). During 2007,
nearly identical results were produced, with the highest self-
assignment accuracies being found in the DR (80%) and SS (68%)
subpopulations (Table 2). Similar to 2006, larvae collected in the
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Fig. 3. Subpopulation assignments of yellow perch larvae collected
in western Lake Erie during 2006 (A) and 2007 (B). Larval assignment
(SS, NS, or DR,)) reflects revision after a hydrodynamic backtracking
correction was applied (i.e., location shows collection location, while
symbol shows subpopulation assignment). Larvae collected in the
Detroit River and predicted to have hatched in the Lake St. Clair — Detroit
River system (i.e., those collected in the Detroit River north of
42.05°N, DR_) are not shown. Note that symbols of larvae collected
at the same site and assigned to the same subpopulation overlap.
Subpopulation symbols are slightly offset if larvae from a site were
assigned to different subpopulations so that the range of
subpopulation assignments at a site is visible.
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Detroit River were misassigned more often to the NS subpopula-
tion than to the SS subpopulation, and larvae collected in the SS
were more often misassigned to the NS subpopulation than to the
DR. subpopulation. Larvae collected in the NS had a low (49%)
self-assignment accuracy, with these larvae being misclassified to
the SS subpopulation more often than to DR (Table 2).

Using hatch location (i.e., after backtracking revision; Figs. 3A
and 3B) produced a similar pattern as using capture location, but
with improved self-assignment accuracies for at least two of the
subpopulations. While little improvement in self-assignment ac-
curacy (<3%) was found for the NS subpopulation during both
years, self-assighment accuracies for the SS subpopulation in-
creased from 72% to 83% during 2006 and from 68% to 75% during
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Table 3. Genetic classification results for age-0 juvenile yellow perch
recruits captured in western Lake Erie during 2006 and 2007.

Total
Year SS NS DR. DR, Failed Excluded juveniles
Capture
2006 6 9 3 — 98 3 119
2007 7 26 9 — 98 27 167
Hatch
2006 3 10 3 21 79 3 119
2007 1 18 8 17 96 27 167

Note: Juveniles that had a <30% likelihood of originating from any of the
three larval collection areas (NS, north shore; SS, south shore; DR, Detroit River),
following Bayesian correction, were “Excluded” from analyses. Those with prob-
abilities of assignment to a larval production area that ranged 30% to 70% were
considered “Failed”. Those juveniles with a >70% probability were assigned to
their respective larval population(s) (i.e., SS, NS, DR, or DRy,). The initial assign-
ment of juveniles was based on larval collection locations (Capture). The revised
assignment was based on the most probable hatch location (Hatch) based on the
backtracking results. For analyses based on backtracking-modified hatch loca-
tions, larvae captured in western Lake Erie proper but that were predicted to
have hatched in the SC-DRS were designated as DR;,, whereas those captured in
the Detroit River and predicted to have hatched in the SC-DRS were designated
as DR... The numbers of juveniles assigned to an SC-DRS origin are highlighted
with bold font.

2007 (Table 2). Correction for precapture dispersal also improved
the self-assignment accuracy of larvae predicted to have origi-
nated in the SC-DRS (Table 2). For example, the self-assignment
accuracies for larvae captured in western Lake Erie proper but
that were predicted to have hatched in the SC-DRS (DR;, subpop-
ulation) were higher (83%-87% for 2006-2007, respectively) when
compared with larvae whose capture location was assumed to be
their hatch location (i.e., non-backtrack-corrected DRc larvae;
68%—-80% for 2006-2007, respectively).

Juvenile genetic classification

Classification juveniles of unknown origin to a source subpop-
ulation indicated that the SC-DRS contributed recruits to western
Lake Erie’s population during both years. Based on analyses using
larval yellow perch capture location, during 2006 and 2007, three
and 27 individuals were excluded from analysis (Table 3), respec-
tively, owing to a Bayesian probability value of <0.3 (i.e., these
individuals had less than a 30% chance of originating from one of
the three western basin subpopulations; Rannala and Mountain
1997; Carreon-Martinez et al. 2015). Of the remaining juveniles
that were classified to a source subpopulation (SS, NS, or DR_), 98
were considered failed assignments in each year, owing to a pos-
terior probability of assignment of <0.70 (Table 3). Of the remain-
ing 18 juveniles classified during 2006, six, nine, and three (33%,
50%, and 17%) were typed back to the SS, NS, and DR, respectively
(Table 3). During 2007, of the 42 juveniles classified to a source
population with high confidence (posterior probability >0.70), seven,
26, and nine (17%, 62%, and 21%) were assigned to the SS, NS, and
DR, respectively (Table 3).

When juvenile assignments were based on hatch location in-
stead of capture location (i.e., after backtracking revision), the
number of failed assignments decreased slightly (N = 79) during
2006, but remained similar during 2007 (Table 3). Backtracking
greatly increased the number of juveniles assigned to one of the
SC-DRS subpopulations (DR, or DR;) during both years, with 65%
(24 of 37) and 57% (25 of 44) of the juvenile recruits predicted to
have originated in the SC-DRS during 2006 and 2007, respectively
(Figs. 2A and 2B; Table 3).

Discussion

Our study revealed that connectivity with the SC-DRS appears
to be influencing the yellow perch population in western Lake
Erie through the export of larvae that recruit to the age-0 juvenile
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stage. Our study also showed how complementing natural tagging
approaches (e.g., microsatellites) with physical (e.g., hydrodynamics)
models that consider spatiotemporal processes operating during
dispersive early life stages can improve our ability to identify
population connectivity and the relative contribution of subpopu-
lations to the broader population. More specifically, revision of
hatch locations using hydrodynamic backtracking improved our
ability to identify genetic structure in our weakly differentiated
subpopulations and increased the estimated contribution of juve-
nile recruits from the SC-DRS system to western Lake Erie’s open-
lake population by three- to fourfold. Below, we discuss our
findings more fully, including how they can be used to guide
research and management within the Lake Erie basin. Finally, we
discuss the general implications of our research for addressing
questions related to population connectivity and recruitment dy-
namics in large lake and marine ecosystems.

Lake Erie yellow perch

Population connectivity and demographics

Our study indicated that larval yellow perch are being advected
from the SC-DRS into western Lake Erie and that some are recruit-
ing to the juvenile population. In support of this notion, our hy-
drodynamic modeling showed that a substantial percentage of
larvae collected in western Lake Erie proper actually hatched in
the SC-DRS (25% in 2006, 64% in 2007), assuming passive transport
(Houde 1969). In addition, a conspicuous percentage (17% in 2006,
10% in 2007) of age-0 juveniles — the life stage at which recruit-
ment to the fishery at age-2 is set (YPTG 2013; Farmer et al. 2015) —
captured in Lake Erie during 2006 and 2007 assigned back with
high confidence to the SC-DRS after using backtracking to revise
(and seemingly improve) initial larval hatch locations. These find-
ings support our hypothesis that potentially demographically im-
portant population connectivity exists between these systems,
with the mechanism of connectivity being larval dispersal from
the SC-DRS to western Lake Erie.

While finding evidence for connectivity between the SC-DRS
and western Lake Erie, we also documented weak genetic struc-
ture between systems. Given the apparent gene flow, the weak
structure is not surprising. Fisher’s exact tests showed that larvae
collected in the lower Detroit River (DR.) proper had significant
genetic differentiation from larvae originating in western Lake
Erie’s north shore (NS) or south shore (SS) during both 2006 and
2007. Likewise, genetic differentiation was evident between NS
and SS larvae during 2006 (and in 2007, but only based on hatch
location), although this difference was not as great as found be-
tween the DR, and either the NS or SS subpopulations. The Fgp.
values calculated for DR. and Lake Erie (NS, SS) yellow perch pop-
ulation pairs in our study (0.013-0.025) are lower than those mea-
sured for some freshwater fish populations (e.g., landlocked
Atlantic salmon (Salmo salar) in Lac-Saint Jean, Canada; Fg = 0.109;
Fraser et al. 2007), but they are within the range of values for other
species that exhibit homing with some degree of straying (e.g.,
brown trout (Salmo trutta); Fgp = 0.018 to 0.063; Carlsson et al. 1999;
Fraser et al. 2007) and similar to the total Fg; measured for
15 microsatellite loci in 15 spawning groups of yellow perch from
lakes St. Clair, Erie, and Ontario (Fgp = 0.034; Sepulveda-Villet and
Stepien 2011). Further, these values are relatively high when com-
pared with the mean global Fg; values found among populations
of adult fish within coral reef systems known to exhibit high
dispersal rates (e.g., 0.003: Christie et al. 2010; 0.001: Saenz-Agudelo
et al. 2011; 0.005: Hogan et al. 2012). Our Fg; values for NS-SS
population pairs (~0.002), however, were close to these values.

The relatively large Fg; values between the DR. and DR, (2006:
0.017; 2007: 0.024) were surprising to us, given that both groups
were predicted to have originated from the SC-DRS. However,
while both the DR, and DR;, larvae emanate from the SC-DRS, it is
important to recognize that this system is large and includes dif-
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ferent types of spawning habitats, including both lotic and lentic.
As such, larvae from one of these SC-DRS subpopulations could
have potentially spawned in Lake St. Clair proper (or even above
it) and the other below it (in the Detroit River proper, perhaps
even just above the entrance to Lake Erie). In this way, both sub-
populations could remain genetically separated even though
their larvae share an identical dispersal pathway into Lake Erie. In
support of this general idea, Sullivan and Stepien (2014) docu-
mented some genetically disparate yellow perch spawning groups
across Lake Erie and the SC-DRS, including a genetically distinct
subpopulation that spawns at restored habitat at Belle Isle within
the Detroit River. Another possibility is that our hydrodynamic
backtracking is inaccurately assigning larvae from the western
basin to the DR,, subpopulation, which leads to the large F¢ val-
ues between the DR, and DR;, subpopulations. Given the consis-
tent strong outflow of the Detroit River, we have relatively high
confidence in the DR, larval assignments. However, the possibil-
ity exists that these or other assignment errors may account for
the unexpected Fg; values. Regardless of the potential explana-
tion, further data are needed to satisfactorily resolve this issue.

We propose three possible mechanisms that can explain how
weak genetic structure can be maintained between the SC-DRS
and western Lake Erie subpopulations in the face of connected
populations via larval dispersal, as well as contributions of SC-DRS
individuals to the recruited juvenile population in western Lake
Erie. First, homing behavior to natal spawning sites may exist for
SC-DRS yellow perch, which can lead to reproductive isolation
despite mixing during early life stages. Such homing behavior has
been demonstrated in yellow perch in other systems (Kipling and
Le Cren 1984; Hodgson et al. 1998; Leung et al. 2011) and other
fishes, both freshwater (Neville et al. 2006; Stepien et al. 2009) and
marine (Ruzzante et al. 2006; Walther and Thorrold 2008). Second,
although remote, the possibility exists that SC-DRS fish trans-
ported into Lake Erie remain there in small numbers (perhaps in
a different lake basin) and do not subsequently interbreed with
grown NS or SS larvae. Such reproductive isolation among sympa-
tric subpopulations may arise via kin recognition, as has been
found in Lake Constance, Germany, for European perch (Perca
fluviatilis), a congener of yellow perch (Gerlach et al. 2001). This
mechanism also has been suggested as a possible explanation of
similar kin groups found in Lake Erie yellow perch (Kocovsky et al.
2013), but has not yet been studied. Growth-dependent survival
may offer a third mechanism. Ludsin et al. (2011) and Carreon-Martinez
etal. (2014) provide a wealth of evidence to demonstrate that both
predation risk and predation mortality were higher in Lake Erie’s
north shore than south shore during our study years (2006—-2007).
This disparity was due to formation of turbid, open-lake plumes
by Maumee River (see Fig. 1) inflows in the south shore during the
larval yellow perch production period, which provided a refuge
from predation for larvae (Ludsin et al. 2011; Carreon-Martinez
et al. 2014). In turn, larvae that resided in this south-shore plume
recruited disproportionately better to the juvenile stage than
those living outside of it during both of our study years (Reichert
et al. 2010; Ludsin et al. 2011; Carreon-Martinez et al. 2015). While
the Maumee River plume may indeed be crucial to the recruit-
ment success of larval yellow perch in western Lake Erie, we hy-
pothesize that the initial source of the larvae may be the SC-DRS
(via larval dispersal) in addition to the Maumee River (south-shore)
region.

Because our juvenile classifications require larval subpopula-
tions to be genetically distinct from one another, the connectivity
between the SC-DRS and western Lake Erie and within western
Lake Erie may reduce our ability to discriminate among larval
subpopulations and successfully classify juveniles back to a breed-
ing subpopulation. Reduced discrimination among subpopula-
tions in our study also may emanate from imperfect sampling,
owing to river-flow or wind-driven circulation that transports lar-
vae from their natal location into the natal location of another
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subpopulation prior to collection for development of a subpopulation-
specific genetic signature (Fraker et al. 2015a). In this way, the
suite of larvae collected to characterize the north shore, for exam-
ple, might actually have consisted of a mix of larvae produced
locally and individuals that were physically transported there
from another location (e.g., the Detroit River or south shore).
Indeed, geographically close subpopulations in this study were
less genetically distinct than those farther apart. Specifically, the
DR. and SS subpopulations were more differentiated than were
the DR, and NS or NS and SS during both of our study years. Our
hydrodynamic simulations of larval yellow perch advection sug-
gest that transport of larvae from the SC-DRS into western Lake
Erie is fairly common, although revising initial assignments based
on the backtracking results tended to have small effects on Fg
values in this study. Similar long-distance transport of larvae via
river-flow and wind-driven circulation has been documented both
in the Great Lakes (Mion et al. 1998; Hook et al. 2006; Beletsky et al.
2007) and marine ecosystems (Cowen et al. 2003; Hogan et al.
2012).

Future Lake Erie research and management

We encourage continued research that is focused on quantify-
ing contributions of the SC-DRS to the western basin yellow perch
population, as this source may have been important historically.
While the degree to which the SC-DRS contributes juvenile re-
cruits to western Lake Erie is only known for 2006 and 2007, which
were years of below average and average recruitment (YPTG 2013),
the possibility exists that contributions from this subpopulation
might be higher under different ecosystem conditions. Such con-
ditions might arise owing to high Detroit River inflows that trans-
port more larvae into western Lake Erie or possibly higher
Maumee River inflows that cause a greater proportion of the west-
ern basin to be encompassed by the “protective” turbid Maumee
River plume during the springtime larval production period (Ludsin
et al. 2010, 2011; Reichert et al. 2010; Carreon-Martinez et al. 2014).
Hydrodynamic modeling (both forward and backward in time) in
conjunction with genetic analyses or other natural tagging ap-
proaches (e.g., otolith microchemistry) that are being used to dis-
criminate yellow perch spawning subpopulations in Lake Erie
(Ludsin et al. 2006; Fraker et al. 2015a) also could assist in evalu-
ating annual contributions of larvae from a donor population
(e.g., SC-DRS) to its recipient population (Lake Erie). We also see a
strong need to better understand yellow perch subpopulation
structure within the SC-DRS, including identifying where spawn-
ing occurs in this system.

Our findings also have implications for the management of
western Lake Erie’s yellow perch population. We presented strong
evidence for the contribution of age-0 juvenile recruits to the
western Lake Erie yellow perch population from at least one ex-
ternal subpopulation (a subpopulation located within the SC-DRS).
Thus, modification of Lake Erie’s current yellow perch manage-
ment plan (YPTG 2013) to consider contributions of recruits from
the SC-DRS to western Lake Erie seems warranted (but see Sullivan
and Stepien 2014 for a landscape genetic analysis that found evi-
dence for historical genetic isolation among these groups, although
not always related to distance). The need to better understand
how contributions from the SC-DRS to western Lake Erie’s popu-
lation vary temporally seems especially important given that
maintaining a diverse “portfolio” of spawning stocks (sensu
Schindler et al. 2010) has been shown to stabilize fisheries produc-
tion in other ecosystems during large-scale ecosystem change
(Griffiths et al. 2014). Because human-induced ecosystem change
has been prominent in the Laurentian Great Lakes basin during
the past century (Bunnell et al. 2014), including Lake Erie (Ludsin
et al. 2001; Jones et al. 2006; Scavia et al. 2014), the need to under-
stand subpopulation (stock) structure and maintain stock diver-
sity seems as important as ever in the Great Lakes basin.
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Implications for quantifying connectivity and recruitment

While the importance of larval dispersal to fish recruitment
dynamics has long been recognized in marine ecosystems (Caley
et al. 1996; Cowen and Sponaugle 2009), larval dispersal has his-
torically been neglected in large freshwater systems. For example,
only within recent decades have researchers begun to consider
the role of larval dispersal in the fish recruitment process in fresh-
water ecosystems, including the world’s Great Lakes (reviewed by
Ludsin et al. 2014). Further, we only know of one other study
(Hatcher et al. 1991) that has considered the role of larval dispersal
as a mechanism for intersystem population connectivity in the
Great Lakes basin. Given that many of the Laurentian Great Lakes’
ecologically and economically important fishes (e.g., walleye, yel-
low perch, alewife) have a prolonged pelagic egg or larval stage
that is similar to that of their marine counterparts (Ludsin et al.
2014; Pritt et al. 2014), these species also are highly suited to hy-
drodynamic transport during early life stages (Ludsin et al. 2014).
In turn, demographically important intra- and intersystem
connectivity — via dispersal during early life stages — may be as
widespread a mechanism of population connectivity in the
world’s large lakes as it is in marine ecosystems.

Finally, our work points to the need to continue to break down
the barriers that exist between freshwater and marine research-
ers (also see Pritt et al. 2014; Ludsin et al. 2014). Our findings clearly
show that population connectivity via larval dispersal, which has
historically been considered a marine phenomenon (see review by
Cowen and Sponaugle 2009), may play a critical role in structuring
fish populations in large lake ecosystems such as Lake Erie. For
this reason, we support Ludsin et al.’s (2014) call for the expanded
use of coupled biological-physical models in large freshwater eco-
systems that are focused on larval fish dispersal and recruitment
(e.g., Beletsky et al. 2007; Fraker et al. 2015b). Such models are
quite common in marine ecosystems (Christensen et al. 2007;
Miller 2007; North et al. 2009; Hinrichsen et al. 2011) and most
certainly could help address the current gap in knowledge regard-
ing the demographic consequences of connectivity in fish and
other aquatic animal populations in large lake ecosystems (Lowe
and Allendorf 2010). The continued joint application of marine
approaches (e.g., coupling physical-biological models) and con-
cepts (e.g., population connectivity through larval dispersal) to
the world’s large lake ecosystems would help maximize our abil-
ity to identify general processes that explain why metapopula-
tions fluctuate and how they are structured.
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