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This is a
Abstract – Survival rate of the larval stage is an
 important driver of fish recruitment. To understand
mechanisms regulating larval survival it is important to understand the relative importance of abiotic and
biotic factors that shape larval spatial distributions. We studied larval Coregonus distributions in surface
waters (surface to 1m) by repeatedly sampling study sites in two lakes that varied greatly in trophic state and
regional climate. We evaluated the importance of bathymetric depth, Julian Day, edible zooplankton
densities (EZ, ind. L�1) and wind vectors on larval spatial distributions using generalized additive modeling.
In both systems, larval counts declined in a negative exponential fashion with bathymetric depth, indicating
shallow depths are critical nursery habitat. The north-south wind vectors and Julian Day (which was
positively correlated with surface temperature) influenced larval distributions in Lake Geneva with larval
counts related to both variables linearly, whereas the east-west wind vector and EZ were unimportant.
Highest larval counts were during an offshore south wind and declined slightly with Julian Day. In Lake
Superior, bathymetric depth and the east-west wind vector influenced larval distributions and were unrelated
to EZ, Julian Day, and the north-south wind vector. Larval counts were highest when onshore southwest
winds preceded sampling. Differences in how wind affected larval distribution (offshore vs. onshore) might
be related to larval size with Lake Superior larvae considerably smaller (average length 12.9mm vs.
15.9mm); thus, more apt to be subjected to advection. Within coastal waters, Julian Day and wind vectors
influence distributions, but their importance seemingly varies lake-to-lake.

Keywords: Coregonus larvae / nursery habitat / abiotic / biotic / advection / zooplankton
1 Introduction

Freshwater whitefish (Family Salmonidae; Subfamily
Coregoninae) support economically and culturally important
fisheries in northern North America and Eurasia (Bernatchez
and Dodson, 1994; Anneville et al., 2015). This cold-water
subfamily is particularly sensitive to overfishing, environmen-
tal degradation, climate change, and food web alterations
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stemming from invasive species, with perturbations resulting
in a growing list of extinct, extirpated and threatened species
(Vonlanthen et al., 2012; Anneville et al., 2015; Eshenroder
et al., 2016). Like many species, survival of early coregonine
life stages is paramount in setting cohort strength (Cushing,
1990; Eckmann, 2013). In some instances, management
actions have mitigated anthropogenic stressors causing high
mortality of early life stages. For example, eutrophication of
some European lakes in the 20th century led to low dissolved
oxygen concentrations on spawning grounds causing low
survival of eggs and reductions in important egg incubation
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habitat (Müller, 1992; Eckmann, 2013) and ultimately loss
of biodiversity (Vonlanthen et al., 2012). Modernization of
sewage treatment in the latter half of the century led to
re-oligotrophication of several lakes (Jenny et al., 2020) to the
benefit of some coregonine populations (Anneville et al., 2009),
but not all (Rellstab et al., 2004; Bourinet et al., 2023). Hatchery
propagation programs were established to maintain fisheries
in some European lakes with mixed success. Unfortunately, this
intervention led to further loss of diversity in some lakes
(Anneville et al., 2015). To stem the tide of global population
decline, we need to better understand habitat requirements of
early life stages of naturally reproducing populations (Eckmann,
2013) so that guidance for future conservationactions can reduce
or eliminate unintended consequences.

The influence of abiotic and biotic factors on larval
coregonine ecology has been studied for decades through amix
of field studies, mesocosm and aquarium experiments
(Eckmann, 2013). Newly hatched larvae exhibit positive
phototaxis and thermotaxis, with larvae of most species
occupying surface waters during spring (Clady, 1976;
Lahnsteiner and Wanzenböck, 2004; Myers et al., 2014).
Moreover, larvae are visual predators (Mahjoub et al., 2008)
with most feeding occurring during daytime and crepuscular
periods (Johnson et al., 2009).

Lake trophic state can impact growth and survival of larvae
as it influences production levels of early stages of
zooplankton, especially copepod nauplii and copepodites that
gape-limited hatching larvae use when exogenous feeding
begins (Anneville et al., 2007, 2011; Davis and Todd, 1998;
Lucke et al., 2020). In general, availability of prey is not
thought to be a limiting factor to larval coregonines in most
lakes but may be in systems which are ultra-oligotrophic
(Eckmann, 2013) or significantly impacted by invasive filter-
feeders (Cunningham and Dunlop, 2023).

Bathymetric depths used by larval coregonines can vary
greatly across species and populations. In Lake Ontario
(44.14900, �77.21260), cisco (Coregonus artedi) and lake
whitefish (C. clupeaformis) larval densities were highest
within 100m of shore where bathymetric depths were <10m
(Brown et al., 2022). Similarly, European whitefish
(C. lavaretus) larvae generally occur in the highest densities
in lake littoral zones (Lahnsteiner and Wanzenböck, 2004).
Conversely, cisco in Lake Superior (47.72310, �86.94070,
Oyadomari and Auer, 2008; Myers et al., 2009; Lucke et al.,
2020), alpine whitefish (C. zugensis) in Lake Lucerne
(47.01360, 8.43720; Rellstab et al., 2004), and bloater
(C. hoyi) in Lake Michigan (43.45010, �87.222; Eppehimer
et al., 2019) occupy greater distances from shore, and thus a
comparatively wider range of bathymetric depths. Because
larvae tend to be close to the surface (Myers et al., 2014),
currents can transport larvae from spawning grounds
(Hoagman, 1973), sometimes over great distances in large
lakes (Oyadomari and Auer, 2008). Vendace (C. albula) in
Lake Konnevesi, Finland, disperse eggs across the entire lake
and the larvae continue to disperse after hatching with no
correlation present between fall egg density and spring newly
hatched larvae density among sites (Karjalainen et al., 2019,
2021). Another reoccurring theme is that larval densities can
be highly variable, even at small spatial scales. This has
befuddled researchers because the catch variation has not
comported with obvious differences in habitat characteristics
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(Clady, 1976; Hoagman, 1973; Ryan and Crawford, 2014;
Lucke et al., 2020). Water temperature has been associated
with larval coregonid catches in some cases (Brown et al.,
2022) but not others (Ventling-Schwank and Meng, 1995;
Ryan and Crawford, 2014; Brown et al., 2022), despite the
importance of temperature for growth, food availability, and
mortality (Winder and Schindler, 2004; Eckmann, 2013; Ryan
and Crawford, 2014; Jenny et al., 2020). Temperature was
associated with larval lake whitefish catches but not with larval
cisco in Lake Ontario (Brown et al., 2022), whereas no
association was found between larval lake whitefish density
and temperature in Lake Huron (Ryan and Crawford, 2014).
Water temperatures can affect larval growth directly by
regulating metabolic rates or indirectly by influencing
behavioral performances (Eckmann, 2013). Lake temperatures
influence the accrual rate of degree days of eggs which
regulates hatch date and the size at hatching (Eckmann, 2013;
Stewart et al., 2021). Water temperatures also influence food
availability indirectly because during warm springs the
phenology of plankton is accelerated (Winder and Schindler,
2004; Jenny et al., 2020). For example, earlier plankton
blooms, stemming from an increasing trend in spring water
temperatures, was tied to a substantial increase in European
whitefish abundance in mesotrophic Lake Geneva (46.44140,
6.52950) during the 1990s (Anneville et al., 2009). Interannual
variation in water temperatures had a strong influence on the
sizes of European whitefish larvae at the end of spring in
oligotrophic Lake Annecy (45.81650, 6.16730), with rapid
cooling during spring stalling larval growth until warming
resumed (Perrier et al., 2012). Rapid early spring warming can
also lead to near complete mortality of lake whitefish larvae
(Ryan and Crawford, 2014), whearas a cold winter can result in
high overwinter survival of lake whitefish eggs, leading to
intra-specific competition of larvae for food and decreased
survival of this life stage (Freeberg et al., 1990).

Some version of the “bigger is better” paradigm is
commonly invoked in the coregonine literature whereby
conditions promoting larger hatching sizes and faster growth
of larvae leads to earlier access to a broader range of prey sizes,
increased swimming performance and burst speeds for prey
capture and predator avoidance, and reduced predation risk as
larvae more rapidly outgrow their predators’ gape limits (Rice
et al., 1987; Eckmann, 2013). Consequently, one might expect
the distribution of larvae should be strongly correlated with the
density of edible-size zooplankton (EZ) prey. However, this
has not always borne out in the literature. In support, the
number of zooplankton in the stomachs of larval lake whitefish
at a Lake Michigan site (43.22350, 86.33650) was correlated
(R2 = 0.51) with in situ measured cyclopoid densities
(Pothoven, 2019). Conversely, larval cisco in Oneida Lake
(43.20460, 75.92310) moved en masse from nearshore to
offshore waters in spring despite the higher abundances of
zooplankton prey in the vacated inshore waters (Clady, 1976).
Moreover, zooplankton availability did not explain spatial
variation in early summer catches of bloater larvae in Lake
Michigan (Eppehimer et al., 2019).

Attempts have been made to relate larval growth, survival,
and recruitment to the availability of zooplankton. For
example, small changes in the number of copepods per larval
lake whitefish in LakeMichigan resulted in large differences in
instantaneous daily growth with negative growth occurring at
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Fig. 1. Locations of zooplankton (black circles) and larval tow stations (black lines) sampled during our Lakes Geneva (2016) and Superior
(2018) campaigns. The Lake Geneva temperature logger at the laboratory port break wall is labeled INRAE (the National Research Institute for
Agriculture, Food and the Environment laboratory), and the surface mini-logger station on Lake Superior is labeled Mini-logger.
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<20 copepods per larvae and maximum asymptotic growth at
>100 copepods per larvae (Freeberg et al., 1990). Growth of
larval lake whitefish in the Bay of Quinte of Lake Ontario
(44.14900, 77.21260) during the invasion of filter-feeding
dreissenid mussels (Dreissena polymorpha and D. bugensis)
was correlated with the number of EZ per larva (r= 0.813) and
recruitment declined precipitously as edible cyclopoid cope-
pod densities declined from a mean of 3.9 to 0.4 ind.L�1 as
invasive mussels expanded (Hoyle et al., 2011). Mortality of
alpine whitefish larvae held in tanks for 34 days was
low (<10%) when zooplankton densities were 150.ind.L�1

but increased markedly to>35% when larvae were exposed to
densities <20 ind.L�1 (Rellstab et al., 2004). Re-oligotrophi-
cation of Lake Lucerne, Switzerland (47.0140, 8.4370) led to a
decline in spring EZ concentrations from >20 ind.L�1 in the
1970s to<10 ind.L�1 after 1984, which coincided with a large
drop in alpine whitefish year-class strength (Rellstab et al.,
2004).

A multitude of factors likely influence larval distributions
in complex ways, leading to many questions. Why can
larvae be dispersed great distances through advection in some
lakes (Oyadomari and Auer, 2004, 2008) whereas their
distributions seem far from randomwith respect to bathymetric
depth in others (Lahnsteiner and Wanzenböck, 2004;
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Brown et al., 2022, 2023)? Water temperatures have obvious
bearing on larval food availability and foraging proficiency,
but do larvae try and actively maintain association with
favorable temperatures, or are they merely passive participants
at the mercy of wind and currents? Availability of suitable-
sized prey is important, especially in ultra-oligotrophic
systems (Eckmann, 2013), but are larval densities correlated
with available zooplankton densities at small spatial scales? To
address these questions, we chose to study two lake systems
that vary markedly in wind conditions, thermal regimes, and
trophic state. We used repeated sampling at the time of
hatching to determine whether and how larval distributions
were related to habitat conditions. By studying two disparate
systems in this way, we sought to (1) learn if abiotic and biotic
variables shape larval distributions similarly and (2) use our
results to attempt to answer these vexing questions.

2 Materials and methods

2.1 Study areas

Lake Geneva is the largest (580.1 km2) natural lake in
western Europe (Fig. 1), with a mean depth of 153m and an
elevation of 374m above sea level. Anthropogenic phosphorus
f 21



Table 1. Sampling event, date (month/day/year) and begin and end times conducted at Lakes Geneva and Superior study sites.

Lake Event Date Begin and end time of sampling

Geneva 1 4/4/2016 08h51–12h15

2 4/7/2016 10h05 � 12h38
3 4/12/2016 08h57 � 11h49
4 4/14/2016 09h20 � 12h24
5 4/18/2016 09h47 � 12h16
6 4/21/2016 09h13 � 12h13

Superior 1 5/3/2018 07h53 � 13h16
2 5/9/2018 07h29 � 12h32
3 5/18/2018 06h47 � 11h11
4 5/24/2018 06h32 � 12h32
5 5/31/2018 06h49 � 12h31
6 6/7/2018 06h53 � 12h08
7 6/14/2018 06h25 � 12h15
8 6/20/2018 06h40 � 11h36
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inputs have been reduced since the 1970s, with in-lake total
phosphorus concentrations declining from peak values of
80mg L�1 in the 1980s to 19mg L�1 by 2016 (Barbier et al.,
2017) when we sampled.

Lake Superior is the world’s largest freshwater lake by
surface area (82,100 km2), with an average depth of 147m and
an elevation of 180m above sea level. Spring total
phosphorous concentrations averaged 2.3mgL�1 between
1993 and 2010, making it ultra-oligotrophic (Barbiero et al.,
2012).

For study sites, we chose a European whitefish spawning
area near Thonon-les-Bains, France (Goulon et al., 2020) and a
Lake Superior lake whitefish and cisco spawning area near
Grand Portage, Minnesota, U.S.A. (Goodyear et al., 1982).
Both study sites are characterized by limited littoral zones with
a mix of boulder and cobble substrates and bathymetric depths
>100m within 2 km of shore.

2.2 Sample collections

At the Lake Geneva site, zooplankton and larval tows were
conducted during six sampling events, spanning 4/4/2016
(month/day/year) to 4/21/2016; the Lake Superior site was
sampled during eight weekly events from 5/3/2018 to 6/20/
2018 once ice was out (Tab. 1). All sampling was conducted
during the day, starting in the morning, and typically ending in
the early afternoon (Tab. 1). We initially established two
transects at Lake Geneva (one over 20–55m bathymetric
depths and a second over 60–100m) and three transects at Lake
Superior [15–50m, 60–100m, and 25–30m (justification
below)] to conduct larval fish tows (Fig. 1). Sampling initially
included 8 and 10 larval tow stations at the Lake Geneva and
Lake Superior sites, respectively (Fig. 1). The Lake Superior
transects were placed outside Grand Portage Bay where a
commercial fishery operates from June to November. Cisco
egg densities in a nearby bay (Thunder Bay, Ontario; 48.4950,
89.060) were highest over 20–30m bathymetric depths having
silt bottoms (Paufve et al., 2022) so we included the narrow
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25–30m transect range in the design. Zooplankton were
collected at the midpoint of each larval tow (details follow).

In Lake Geneva, low larval catches led us to add a shallow-
water zooplankton and larval tow station (Station 0, Fig. 1) on
the 4th sampling event (4/14/2016) that we subsequently
sampled. In Lake Superior, we used this same rationale to add
three shallow larval tow stations (B1, B2, B3; Fig. 1) and a
shallow zooplankton station (B1) on the 4th (5/24/2018) and
subsequent sampling events. Sampled depths, after adding
shallow sites, ranged from 6.8m to 92.7m on Lake Geneva,
and from 3.9 to 93.6m on Lake Superior (Tab. 2).

2.3 Surface temperatures

We collected either 4 or 8 water temperature profiles per
sampling event on Lake Geneva, using either a multichannel
logger (RBR Ltd., Ottawa, Ontario, Canada) or a Sonde EXO 1
probe (YSI Inc., Yellow Springs, Ohio, USA). Temperature
profiles were collected either at all eight zooplankton stations
(events 1 or 3) or two per transect (events 2, 4, 5 and 6) when
time was limited. We supplemented these data with a profile at
station 0 during event 6. We also obtained surface temperature
data on an hourly timestep from a PT100 thermistor (Cimel
Electronique, Paris, France) positioned on the National
Research Institute for Agriculture, Food and the Environment
(INRAE) laboratory port break wall (Fig. 1). For each probe
deployment, we averaged all water temperature recordings in
the uppermost 1m of the water column where larvae were also
collected.

The vessel used at our Lake Superior site lacked tackle to
do overboard temperature profiles, so we deployed a HOBO®

8K pendant temperature data logger (Onset®, Bourne,
Massachusetts, USA) at the surface at 47.942°, 89.658°
(Fig. 1). This temperature logger recorded data every hour
during the duration of our 2018 campaign. At the Lake
Superior site, we calculated the mean surface temperature
during each event based on the 24-hourly readings on the day
of larval sampling.
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Table 2. Bathymetric depths of Lakes Geneva and Superior stations and the sampling events when zooplankton and larval tows were not
collected. Standard zooplankton tows were 25m to the surface, or from 1.5 to 2.5m above the lakebed to the surface at shallow sites (0, B1, M3).
A 64-mm closeable zooplankton net with a 0.5-m diameter mouth was used during sampling event 1 of Lake Geneva. During event 2, we
collected samples with both the closeable net and the standard Lake Geneva double Bongo net with 64-mm and 200-mm mesh nets and 0.35-m
diameter mouths. The Bongo net was used on all subsequent sampling events of Lake Geneva (3–6) and all eight Lake Superior sampling events.
Dates and times of sampling events are provided in Table 1, and stations are shown in Figure 1. Unless otherwise noted all samples were
collected at all sampling events.

Lake Station Bathymetric depth (m) Events with missing zooplankton samples Events with missing larval tows

Geneva 0 6.8 1–3 1–3

1 24.8 2
2 34.1
3 47.4 2
4 51.3
5 92.7
6 80.4 2
7 74.8 2
8 68.1

Number of samples 64mm = 55 Larval tows = 51
Superior B1 6.3 1–4 1–3

B2 3.9 1–8 1–3
B3 4.4 1–8 1–3
S1 27.8
S2 28.1
M3 16.7
M4 28.4
M5 35.7
M6 43.4
D7 63.9 3
D8 74.8 3
D9 84.6 3
D10 93.6

Number of samples 64mm = 95 Larval tows = 95
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2.4 Wind vectors

Wind direction and speed recordings were obtained from
the nearest available weather station to each location. For Lake
Geneva we used data obtained from Sciez weather station
(46.3310, 6.37980), roughly 10 km southwest of our study site
(http://meteo-sciez.fr/site/index.php). For the Lake Superior
site, we used the Rock of Ages (ROAM4) Coastal-Marine
Automated Network (C-MAN) station, maintained by the
National Data Buoy Center of the National Oceanic and
Atmospheric Administration (NOAA). This weather station is
located on the southwest end (47.8670, 89.3130) of Isle Royale,
Michigan, USA, 29.5 km from Grand Portage, MN. Measure-
ments of wind direction and wind speed were visualized by
developing rose plots produced using the package ‘ggplot2’
(Wickham, 2009) in R (R Core Team, 2020). Data from two
days prior to each sampling date and the first eight hours of the
sampling day were used to build rose plots.

Cardinal wind directions in degrees offers some analytical
challenges because the value defining a similar north wind
direction can vary appreciably say from 100 to 3500. We opted
to use wind vectors (u for the east-west vector, and v for the
north-south vector; Grange, 2014) that combine both wind
direction and wind speed, using available measurements two
days prior to each sampling date and the first eight hours of
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each sampling day. The choice of calculating wind vectors for
2.33 days prior to larval sampling events was admittedly
arbitrary, so alternatives of averaging 1.33 and 0.33 days were
also considered (see methods under Sensitivity of GAM
modeling to explanatory data handling).

We calculated u and v vectors of each recording by first
converting recorded wind direction from degrees to radians and
then using the formulas: u=−Wind Speed (km.h�1) * sin (Wind
Direction), v=−Wind Speed (km.h�1) * cos (Wind Direction).
An average u and v were then calculated for each sampling
event and these values were overlaid on the rose plots to aid
interpretation. Zero wind speeds were excluded in the
calculations of average u and v due to the zero wind speeds
being assigned a default zero-degree direction in the datasets
which would not be logical to include in the vector calculations.
This equated to dropping 49% of wind observations for Lake
Geneva only one wind observation for Lake Superior.

2.5 Larval sampling and processing

On Lake Geneva, we collected larvae with two ichthyo-
plankton nets, each having 1.5� 1.0m rectangular mouths,
5.0m lengths, and 1-mm mesh (Colon et al., 2006; Anneville
et al., 2007). To ensure the spacing and stability of the nets, two
deflectors, at an angle of 30° with the front face of the frame,
f 21
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were positioned on the lower length and side of the frame.
A collector was equipped at the end of the net and the mesh size
was constant along the length of the net, ensuring the youngest
larval stage of European Whitefish (size 10–12mm total
length, and >1mm depth at hatching) were captured (Colon
et al., 2006; Luczynski et al., 1988; Anneville et al., 2007).
Nets were deployed with 4-m-long booms, so they fished the
topmost 1m of the water column on both sides of the vessel
(midship) but outside the vessel’s wake.

We navigated between predetermined waypoints, targeting
∼15-minute tow durations and∼400m of tow distances. Effort
was increased to 30-minutes of towing at station 0 during the
5th and 6th sampling event (∼800-m of effort) to increase
catches to better characterize larval sizes. Vessel speed at Lake
Geneva averaged 1.8 km.h�1 (SD= 0.2 km.h�1).

On Lake Superior, we collected larvae at Grand Portage
with two conical nets, each having 0.5m mouths, 1.5-m
lengths, and 500-mm mesh (Myers et al., 2008; Brown et al.,
2022). Nets were deployed with 1.0-m long booms so they
fished the topmost 1m of the water column. Deployment lines
were 30-m long. Tows outside Grand Portage Bay (Fig. 1) were
5-minutes in duration and ∼350 meter of tow distance. The
three tows added inside Grand Portage Bay were ∼10min in
duration and traversed ∼700m of tow distance. Vessel speed at
Grand Portage averaged 4.3 km.h�1 (SD= 0.3 km.h�1). Larvae
from both lakes were placed in plastic bottles with lake water,
labeled by station and vessel side, stored in coolers on ice, and
transported to the lab for further processing, including transfer
to 95% ethanol, within 24 h. Larvae were measured (when
fresh) to the nearest mm and weighed to the nearest 0.001 g for
Lake Geneva and 0.0001 g for Lake Superior. The Lake
Geneva larvae were assigned to a larval developmental stage
(LDS) using the algorithm developed for European whitefish:
LDS=0.3647� length (mm)� 2.9342 (Luczynski et al., 1988).

Because different nets were used at the two lakes, we
standardized larval densities by dividing larvae catches by the
estimated volume of water sampled (ind.103 m�3). Volume of
water sampled was calculated by estimating distance traveled
using GPS coordinates and assuming 100% net efficiency.
Before pooling larval catches from both nets, we compared
confidence intervals in mean catches between the port and
starboard sides to determine if catch rates differed. Due to
skewness of the data, confidence intervals were calculated
using bootstrap resampling with 1000 replicates following the
bias-corrected and accelerated (BCa) bootstrap method (Efron,
1987). The numbers of larvae caught in starboard- and port-
side nets at the Lake Geneva site (starboard mean = 1.47, 95%
CI = 0.94–2.35; port mean = 1.49, 95% CI = 0.94–2.69) and the
Lake Superior site (starboard mean = 0.57, 95% CI = 0.13–
2.56; port mean = 0.43; 95% CI = 0.16–1.31) did not differ, so
samples were pooled for subsequent analyses. The high
occurrence of zero catches, especially at the Lake Superior site,
led us to add a constant, equal to one-half the smallest non-zero
observed density at each lake (Leith et al., 2010). The smallest
non-zero larval densities for Lake Geneva and Lake Superior
were 0.6 ind.103 m�3 and 3.2� ind.103 m�3, respectively, so
we added 0.3 to zero larval catches on Lake Geneva and 1.6 to
Lake Superior prior to data visualization.

We calculated mean and median larval densities with 95%
confidence intervals and lower (25%) and upper quartile (75%)
ranges across all samples and for three bathymetric depth
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ranges [<10m (both lakes), 20–55m (Lake Geneva) and
16–55m (Lake Superior), and 60–100m (both lakes)] by
sampling event and for all sampling events pooled. This
bathymetric range binning allowed us to explore how larval
densities varied by bathymetric depth. Due to the skewness of
the data, we calculated confidence intervals of the mean by
using the BCa method (Efron, 1987) with 1000 replicates for
all except the shallow bin due to small sample size.

2.6 Species identification of Lake Superior larvae

Mouth gape at the larval stage varies across predominant
coregonine species found in Lake Superior (Davis and Todd,
1998) so identifying larvae to species was important. Larvae
collected inside Grand Portage Bay during the 7th sampling
event (6/14/2018, n= 37) were assigned to species using a
Genotyping-in-Thousands by sequencing (GTseq; Campbell
et al., 2015) panel at the U.S. Geological Survey’s Great Lakes
Science Center, Molecular Ecology Laboratory (Ann Arbor,
Michigan, USA) following the protocols outlined in Weidel
et al. (2022).
2.7 Zooplankton sampling and processing

Zooplankton samples at Lake Geneva during event 1 (4/4/
2016) were collected with a 64-mm closeable zooplankton net
having a 0.5-m diameter mouth and a length of 2.5m. The net
was unmanageable given its length, so during event 2, we
collected zooplankton with the closeable net and the standard
alpine-lake Bongo net used in long-term surveys (Rimet et al.,
2020) to develop a correction factor. The Bongo double net had
mesh sizes of 64mm and 200mm, 0.35m mouths and a length
of 1.0m. During all subsequent events of Lake Geneva and all
eight sampling events of Lake Superior, we employed the
alpine-lake Bongo net. Standard tows from 25m to surface, or
from 1.5 to 2.5m above the lakebed to the surface at shallower
sites, were conducted at each zooplankton station during each
sampling event with the following exceptions. The net
comparison during event 2 at Lake Geneva limited collections
to stations 2, 4, 5 and 8, and high wind prevented sampling of
sites D7, D8 and D9 during the 3th Lake Superior sampling
event. At both lakes, zooplankton nets were washed into the
net cod ends and samples were preserved in 95% ethanol,
labeled, and stored in plastic bottles.

To understand the proportion of zooplankton residing in
the uppermost water column where larvae were collected, we
collected some shallow tows from 4m to the surface (N= 2)
and 6m to the surface (N = 1) on Lake Geneva. A total of 14
shallow tows from 5m to the surface were collected on Lake
Superior. Shallow tows were collected right after the standard
25m to surface tows.

Zooplankton samples were counted and measured at the
Rubenstein Ecosystem Science Laboratory (University of
Vermont, Burlington, Vermont, USA). Water was added to
each sample to a known volume, from which 5–18ml aliquots
were drawn randomly for identification, counts and length
measurements. Counts from the aliquots were used to estimate
numbers in the sample, and then scaled to density (ind.L�1)
based on net sample volume assuming a filtering efficiency of
1. Zooplankton were measured under an Olympus SZX12
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dissecting scope (Shinjuku City, Tokyo, Japan) equipped with
a drawing attachment and digitizing tablet. Adult copepods and
cladocerans were classified to genus, immature copepods were
classified as calanoid or cyclopoid copepodites, and nauplii
were assigned as their own group. Nauplii were not measured
in the Lake Superior samples.

During quality assurance procedures, we identified that one
sample processor hadmeasured lengths to the end of the caudal
setae (copepods) and tail spines (cladocerans) for a subset of
samples from both lakes. To correct this error, we developed
correction factors (see Appendix A for full details) to convert
total lengths (to end of setae or tail spine) to standard lengths
(to end of caudal rami or base of the tail spine).

2.8 Definition of edible zooplankton (EZ)

Because larvae are gape-limited, we needed to define for
each lake the zooplankton species and sizes of prey that were
edible. We considered the larval species, expected larvae
consume prey slightly smaller prey than their mouth gapes
(Schael et al., 1991), conducted a literature review of taxa of
zooplankton consumed by larvae in comparable alpine systems
to Lake Geneva (Anneville et al., 2007, 2011), and used results
from a recent Lake Superior larvae diet study (Lucke et al.,
2020). The methods to define EZ are provided in Appendix B.
We opted to use results of the 64-mm-mesh net tows when
estimating EZ densities because of the smaller size of
zooplankton this mesh captures compared to 200-mm
mesh. In Lake Geneva, EZ were defined as cyclopoid
copepods �0.7mm, cladocerans �0.6mm, and nauplii.
Calanoid copepodites and adults, regardless of size, were
excluded (see Appendix B for details). In Lake Superior, EZ
were defined as copepod nauplii, calanoid copepodites and
adults< 0.75mm. Cladocerans and cyclopoid copepodites and
adults, regardless of size, were excluded (Appendix B).

Once defined, EZ densities were calculated for each
sample. We also calculated mean andmedian EZ densities with
confidence intervals and lower (25%) and upper quartile (75%)
ranges for three bathymetric depth ranges [<10m (both lakes),
20–55m (Lake Geneva) and 16–55m (Lake Superior), and
60–100m (both lakes)] by sampling event and for all sampling
events pooled. This bathymetric range binning allowed us to
explore how EZ varied by bathymetric depth using larger
sample sizes. Due to the skewness of the data, we calculated
confidence intervals of the mean by using the BCa method
(Efron, 1987) with 1000 replicates for all except the shallow
bins due to small sample size.
2.9 Analysis of abiotic and biotic factors influencing
larval spatial distributions

Generalized additive models (GAMs) were used to explore
abiotic and biotic factors shaping larval coregonine distribu-
tions in both lakes. GAMs allow for linear and nonlinear
relationships between individual explanatory variables and a
response variable using smoothing functions. Due to the non-
linearity within our data, we chose to use GAMs over
generalized linear models (GLM). We used the R package
‘mgcv’ to develop and assess various GAMs for both lakes
(Wood, 2015). The R package ‘fitdistrplus’ was used to
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examine the distribution of the response variable, larval
coregonine count, against fitted distribution functions (e.g.
Poisson, negative binomial, etc.) to determine the most
appropriate family distribution (Delignette-Muller and
Dutang, 2015). Volume was used as an offset in each model
which enabled us to directly model count data but adjust for
variation in total volume sampled per sampling event. Gam.
check was used to produce diagnostic plots that identified
potential issues with model fitting when testing multiple family
distributions and link functions for each lake. Gam.check was
also used to optimize smoothness selection (k) for each
predictor (Wood, 2006). Correlation plots revealed that the u
and v wind vectors exhibited collinearity (data not shown),
necessitating they be loaded in separate models. Models were
developed to encompass all possible combinations of predictor
variables and then model.sel of the R package ‘MuMin’ was
used to compare all models (Anderson and Burnham, 2002;
Burnham and Anderson, 2004). Model.sel identified the most
parsimonious model(s) by ranking all models based on Akaike
information criterion corrected for small sample size (AICc).
This method for identifying the best models followed that of a
similar study by Eppehimer et al. (2019). We used the closest
available EZ estimate when a given larval catch lacked paired
measurements. For example, estimates of EZ measured at B1
at Grand Portage were applied to the B2 and B3 larval catches
where no zooplankton had been collected (Tab. 2). Our full
models for predicting larval counts in both lakes included EZ
densities, bathymetric depth, Julian Day, u and v. A smoothing
term function with a smooth class of thin plate regression
splines was applied for all predictor variables. Surface
temperature was also considered as a possible predictor but
due to the high correlation between temperature and Julian day,
we could not include surface temperatures in the models.
However, we investigated the effect of temperature on larval
density separately for Lake Geneva by using the closest
available information (water column probe or INRAE
thermistor) to each larval tow on each date to assess the role
of temperature on larval densities in Lake Geneva.

For Lake Geneva the full models were:

Larval Coregonid Count ∼ s(EZ Density, k=10)þs
(Bathymetric Depth, k=9)þs(Julian Day, k=6)þs(v, k=6),
family=negative binomial (link=“log”), offset=log(Volume);

Larval Coregonid Count ∼ s(EZ Density, k=10)þs
(Bathymetric Depth, k=9)þs(Julian Day, k=6)þs(u, k=6),
family= negative binomial (link=“log”), offset=log(Volume).

For Lake Superior the full models were:

Larval Coregonid Count ∼ s(EZ Density, k=10)þs
(Bathymetric Depth, k=10)þs(Julian Day, k=8)þs(v, k=8),
family= negative binomial (link=“log”), offset=log(Volume);

Larval Coregonid Count ∼ s(EZ Density, k=10)þs
(Bathymetric Depth, k=10)þs(Julian Day, k=6)þs(u, k=8),
family= negative binomial (link=“log”), offset=log(Volume).

We report the approximate significance of smooth terms,
indexed by P-values derived from Wald tests. Only models
with DAICc< 4 are provided for Lake Superior and DAICc <
1 for Lake Geneva. We visualized the top-performing model in
each lake with biplots of larval density against predictor
variables included in said model.
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Fig. 2. Surface temperatures (Celsius, °C) versus calendar date (MM/DD) at Lake Geneva sites sampled during 2016 and Lake Superior sites
during 2018. The Lake Geneva temperatures are the averages from 0–1m depths from water column profiles and the thermistor positioned at 1m
depth at the National Research Institute for Agriculture, Food and the Environment laboratory (INRAE) laboratory break wall (Fig. 1). The Lake
Superior temperatures are the average of 24-hourly recordings measured by a data logger deployed at the surface at a single site (Mini-logger;
Fig. 1).
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2.10 Sensitivity of GAMs to explanatory data handling

When performing the GAM modeling to explain variation
in larval distributions, we made several decisions about the
handling of explanatory variables that could influence
outcomes. First, we occasionally borrowed EZ densities from
nearest neighbors when data were unavailable for Lake
Superior, so we repeated the GAMs using only samples with
no borrowing. Second, we explored how sensitive results were
to our choice of averaging wind vectors for 2.33 days prior to
larval sampling by building GAMs with wind vectors averaged
for 1.33 days prior to sampling on both lakes, and for 0.33 days
on Lake Superior only. Because station wind measurements in
the 8 hours preceding the 1st Lake Geneva sampling event
were all zero, the wind vectors could not be calculated.
Additionally, we wanted to investigate how dropping the zero
wind values might impact our results for Lake Geneva given
the high percent of zero values (49%). This was not needed for
Lake Superior given only one zero observation was present in
the dataset. To investigate this, we created models with mean
wind speeds (including zero values) per sampling event and
investigated the importance of wind speed when all values are
included. We also recognized that, the 64-mm mesh
zooplankton net could be less efficient than the 200-mm mesh
so we built GAMs using the 200mm EZ density estimates
while keeping our definitions of EZ the same. A lack of
200-mm net sampling during the 1st sampling event on Lake
Geneva necessitated dropping this event from this alternative.
Finally, we acknowledge that the transects for the three depths
zones at each lake were close together. Therefore, we decided
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to run the models with values averaged for each depth zone
since the transects proximity to each other might violate true
independence.

3 Results

3.1 Surface temperatures

Lake Geneva had considerably warmer spring surface
water temperatures because it is at a lower latitude, does not
freeze over during winter, and has a smaller surface area than
Lake Superior (Fig. 2). Surface water temperatures at Lake
Geneva during April 2016 ranged from 8.9 to 12.8 °C. Surface
temperatures at the Lake Superior site increased gradually
from an average of 1.7 °C on 5/3/2018 to 3.6 °C on 6/20/2018
(Fig. 2). Surface temperature and date were correlated for
Lake Geneva (r(30) = 0.82, p < 0.001) and Lake Superior
(r(6) = 0.99, p < 0.001).

3.2 Wind vectors

Wind speeds for LakeGeneva ranged from 0 to 20.9 km.h�1

with variable wind directions (Supplemental Fig. 1A). Minimal
wind occurred in the 2.33 days leading up to the first three
sampling events of Lake Geneva. Wind direction was dominant
from the south prior to the 4/14/2016 and 4/18/2016 sampling
events and was dominant from the north prior to the 4/21/16
sampling event. The highest winds were measured prior to the
4/18/2016 sampling event and blew from the coast towards
the lake.
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Table 3. Mean and median edible zooplankton (EZ) density (ind .L�1) and larval density (ind.103m�3) by bathymetric depth range at the Lake
Geneva and Lake Superior sites. Nz is the number of zooplankton samples processed and Nf is the number of larval samples collected by depth
range (m). The bias-corrected and accelerated (BCa) 95% confidence intervals are provided parenthetically with the mean values for all except
the shallow sites (<10m) due to low sample size. The lower (25%) and upper (75%) quartile values are provided parenthetically with the median
values. Definitions of EZ for the two lakes are provided in Appendix B.

Lake Bathymetric

depth (m)

Mean EZ (ind .L�1) Median EZ (ind .L�1) Nz Mean Larval density

(ind.103m�3)

Median Larval density

(ind.103m�3)

Nf

Geneva <10 7.12 6.67 (4.73–9.29) 3 6.90 7.81 (5.25–9.46) 4

20–55 3.87 (3.41–4.43) 3.61 (3.09–4.46) 25 2.59 (1.86–3.63) 1.85 (1.42–3.53) 23

60–100 4.66 (3.96–5.36) 4.43 (3.77–5.27) 24 0.54 (0.35–0.78) 0.67 (0.00–0.84) 24

All Depths 4.42 (3.99–5.01) 4.11 (3.16–5.22) 52 1.96 (1.38–2.80) 0.87 (0.32–2.35) 51

Superior <10 1.7� 10�2 0.8� 10�2 (0.6� 10�2 �1.9� 10�2) 4 20.29 3.53 (0.00–10.61) 15

16–55 1.4� 10�2 (1.2� 10�2– 2.0� 10�2) 1.2� 10�2 (0.6� 10�2 �1.7� 10�2) 46 1.14 (0.348–2.628) 0.00 (0.00–0.00) 48

60–100 1.1�10�2 (0.8� 10�2– 1.5� 10�2) 0.7� 10�2 (0.4� 10�2 �1.5� 10�2) 29 0.48 (0–1.43) 0.00 (0.00–0.00) 32

All Depths 1.4� 10�2 (1.1�10�2– 1.7� 10�2) 1.0� 10�2 (0.5� 10�2 �1.6� 10�2) 79 3.94 (1.45–13.27) 0.00 (0.00–0.00) 95
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Wind speeds forLakeSuperior ranged from0 to71.3 km.h�1

with variable wind directions (Supplemental Fig. 1B). Wind
direction was dominant from the northeast prior to the
5/9/2018, 5/18/2018 and 5/31/2018 sampling events, southwest
prior to the 5/24/2018 and 6/14/2018 sampling events, and
variable and light prior to the 5/3/2018, 6/7/2018 and
6/20/2018 sampling events.

3.3 Larval catches and sizes

Lake Superior had a much higher percentage of zero-catch
tows (82.1%) than Lake Geneva (25.5%). A total of 148 larvae
were collected at the Lake Geneva site in 51 tows (after
pooling the two sides). Average density was 1.96 ind.103 m�3

(95% CI = 1.38–2.80 ind.103 m�3) over all sampling events
with a median value of 0.87 ind.103 m�3 (Tab. 3). Average
larval densities generally trended upward from the 4/4/2016 to
4/18/2016 sampling events but declined sharply on 4/21/2016
(Fig. 3). Total length was measured for 143 of the larvae that
were sufficiently intact. The sizes of larvae caught at the
shallowest site sampled (site 0) after 4/14/2016 were
comparable to sizes caught at the deeper sites during this
timeframe (Fig. 3). Most of the measured larvae (94%) were
10-20mm during all events (Fig. 3) with lengths ranging from
11.5 to 25.0mm, averaging 15.9mm over all sampling events.
81% of larval fish had predicted LDS scores of 1–3. The
threshold for LDS values less than or equal to 3 is demarcated
by the start of the development of the fin rays (Luczynski et al.,
1988).

A total of 95 larvae were collected at the Lake Superior site
in 95 tows; 86 larvae (91%) were caught inside Grand Portage
Bay (sites B1, B2 and B3, Figs. 1 and 3) where bathymetric
depths were < 10m. Average larval density across all samples
was 3.94 ind.103 m�3 (95%CI = 1.45–13.27 ind.103 m�3) with
a median value of 0.00 ind.103 m�3 due to the high numbers of
zeroes (Tab. 3). Average larval density over all sampling
events in the bay was 20.29 ind.103 m�3 (median = 3.53
ind.103 m�3), whearas densities for outside the bay (stations
S1-S2, M3-M6, D7-D10, Fig. 1) averaged 0.68 ind.103 m�3

(median = 0.00 ind.103 m�3). Most larvae caught at the Lake
Superior site were �14mm (88%), with all larvae captured
ranging from 9.0 to 22.0mm (Fig. 3) and averaging 12.9mm.
Page 9 o
3.4 Lake Superior larvae species assignments

Of the 37 larvae caught on 6/14/2018 in Grand Portage
Bay, 36 were assigned as cisco (97.3%) and one as kiyi (C. kiyi,
2.7%) via GT-seq with all assignment probabilities ≥0.965.
The mean length of the cisco larvae was 13.2mm with a range
of 11–15mm and the one kiyi larva had a length of 12mm.
This finding is consistent with knowledge that Grand Portage
area is a cisco spawning area (Goodyear et al., 1982).

3.5 Edible zooplankton densities

A total of 52 and 79 64-mm mesh zooplankton samples
were processed from Lakes Geneva and Superior, respectively
(Tab. 2). Linear models developed to predict standard lengths
of zooplankton from total lengths all had R2 >0.77
(Appendix A, Tab. A1), and these models were applied to
the samples with incorrectly measured total length. The
conversion factor used to correct densities collected with the
large closeable net on 4/4/2016 on Lake Geneva was density
(ind .L�1) = 0.01988þ 0.46886 (Closeable Net Density, ind.
L�1), R2 = 0.92, F(1,14) = 164.1, p < 0.0001).

The average EZ density over all Lake Geneva sites and
events was 4.42 ind.L�1. The EZ was dominated by nauplii,
with generally lower densities of cyclopoid copepods and
cladocerans (Fig. 4). Average density of EZ for Lake Geneva
larvae was highest at <10m bathymetric depths (mean = 7.12
ind.L�1, Tab. 3) and ranged from 2.78 to 11.90 ind.L�1 during
the last three sampling events (4/14/2016–4/21/2016) when
densities were measured at shallow depths. During the entire
April campaign, EZ densities for larvae were similar at the
20–55m (mean = 3.87 ind.L�1, range = 1.80 to 6.94 ind.L�1

(Tab. 3)) and 60-100m bathymetric strata (mean = 4.66 ind.
L�1, range = 1.17 to 8.21 ind.L�1 (Tab. 3)).

The EZ densities for cisco larvae were considerably lower
at the Lake Superior study area (Fig. 5) compared to Lake
Geneva and averaged 1.4� 10�2 ind.L�1 over the 2018
campaign (Tab. 3). The relative densities of copepod
nauplii and small calanoid copepods varied during the Lake
Superior campaign with no systematic pattern (Fig. 5). The
EZ densities did not vary appreciably across the three
bathymetric ranges.
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Fig. 3. Larval coregonid natural log-transformed densities (ind.103m�3) and total lengths (mm) for each larval fish by sampling date in Lake
Geneva and Lake Superior. Shallow site (<10m bathymetric depths) larval densities (Lake Geneva site 0 and Lake Superior sites B1, B2 and B3,
Fig. 1) and lengths are shown with open diamonds. Before transforming the data, half of the smallest non-zero value were added for each lake
(0.3 for Lake Geneva and 1.6 for Lake Superior) due to the presence of zeros (Leith et al., 2010) which places zero values at �1.20 for Lake
Geneva and 0.47 for Lake Superior after transformation. The black line within the box marks the median, the boundary of the box closest to zero
indicates the 25th percentile, and the boundary of the box farthest from zero indicates the 75th percentile. Whiskers represent 1.5 * IQR from the
bottom and top of the boxes, where IQR is the inter-quartile range or distance between the first and third quartiles. Data beyond the whiskers are
outliers.
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Analysis of 14 paired Lake Superior tows from 25m and
5m to the surface, respectively, showed EZ densities were
similar across these two depths (data not shown). A paired
t-test showed the average density of EZ in our standard 25-m
vertical tows (1.2� 10�2 ind.L�1) and 5-m vertical tows
(1.3� 10�2 ind.L�1) did not vary significantly (t= –0.322,
df = 13, P = 0.75), indicating densities of EZ did not vary
between these two depth layers. We deemed the sample size of
surface tows in Lake Geneva (N= 3) too small to warrant
statistical comparison.
3.6 Analysis of abiotic and biotic factors influencing
larval spatial distributions

For both Lake Superior and Lake Geneva, a negative
binomial family was the best fit for the larval coregonid count
data (Supplemental Fig. 2). For Lake Geneva, the negative
binomial family with a log link led to the best diagnostic plots
with the quantile-quantile (QQ) plot and histogram showing
general normality of residuals, no pattern between the residuals
and the linear predictor, and close to a 1:1 pattern between the
response and fitted values. For Lake Superior, a negative
binomial family with a log link led to a normal distribution of
residuals based on the QQ plot and histogram, but the residuals
vs. linear predictor plot indicated a pattern and a 1:1
relationship for all values in the response vs. fitted values
plot was not evident.
Page 10
Five Lake Geneva GAMs had DAICc within 1 of the top-
performing models (Tab. 4). Of the six top-performing Lake
Geneva models, all included bathymetric depth, whereas
Julian Day, u (east-west wind vector) and v (north-south wind
vector) were present in three of the models, and EZ density was
present in two models. The weight of the top-performing
model (0.164) was close to the weight of the 2nd model
(0.144). Approximate P-values of the smooth terms of the top-
performing Lake Geneva models were significant for
bathymetric depth (<0.001) and v (<0.01) but not for Julian
Day (0.09), which provides strong evidence for inclusion of
bathymetric depth and u but less support for the inclusion of
Julian Day. Based on the top-performing model, larval counts
in Lake Geneva declined with bathymetric depth in a negative
exponential fashion, and with a slight linear decline as Julian
Day increased (Fig. 6). There was also an increase in larval
count as v becomes positive which is related to southerly winds
(Fig. 6). EZ density and u were not in our top model for Lake
Geneva (Fig. 7).

The four top-performing Lake Superior models included
bathymetric depth and u four times, and Julian Day and EZ
twice (Tab. 4). The weight of the top-performingmodel (0.511)
was higher than the 2nd model (0.200). Based on the top-
performing model, larval counts dropped sharply with
bathymetric depth with predicted counts near zero beyond
∼10m depth (Fig. 6). To ensure that the highest larval count
was not solely driving the GAMs results, we ran the model
with the highest larval count (59) removed. After dropping this
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Fig. 4. Edible zooplankton densities (ind .L�1) for larvae based on 64-mm mesh tows at the Lake Geneva stations as a function of bathymetric
depth range and sampling date. Stations were sampled between 4/4/2016 and 4/21/2016. Stations were binned as follows: <10m bathymetric
depths = site 0; 20–55m bathymetric depths = sites 1–4; 60–100m bathymetric depths = sites 5–8 (see Fig. 1). Stations <10m were added on
4/14/2016. The 4/4/16 samples were collected using a closeable net instead of a double Bongo net, so density estimates were adjusted based on a
conversion factor we developed (see Results section). Edible zooplankton on Lake Geneva was defined as cyclopoid copepods �0.7mm,
cladocerans �0.6mm, and nauplii (see Appendix B for details).

Fig. 5. Edible zooplankton densities (ind L�1) for larvae based on 64-mm mesh tows at the Lake Superior stations by bathymetric depth range
and sampling date. Stations were sampled between 5/3/2018 and 6/20/2018. Stations were binned as follows: < 10m bathymetric depths =B1;
20-55m bathymetric depths = sites S1-S2 and M3-M6; 60-100m bathymetric depths = sites D7-D10 (see Fig. 1). The < 10m zooplankton
station was added on 5/31/2018. Edible zooplankton on Lake Superior was defined as copepod nauplii, calanoid copepodites and adults
<0.75mm; cladocerans and cyclopoid copepods, regardless of size, were excluded (see Appendix B for details).
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value, the top model stayed the same and depth and u were still
significant in the top performing models. Some of the highest
catches of larvae at the Lake Superior site occurred when uwas
>10 (Fig. 6), coinciding with a light southwest wind prior to
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the 6/14/2018 sampling event (Supplemental Fig. 1B) with the
wind blowing towards the coast. Larval counts were also
elevated at sites outside Grand Portage Bay (Fig. 3) when u
was<9 (Fig. 6) during the 5/9/2016, 5/18/2016 and 5/31/2016
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Fig. 6. Generalized additive model predicting surface larval counts in Lake Geneva (left panel) and larval counts with volume as an offset in
Lake Superior (right panel) as a function of explanatory variables. Circles are larval density observations and shaded areas are 95% confidence
intervals. Jittering was applied when plotting due to overlapping data points. A break in the y-axis was applied for Lake Superior due to a high
larval density observation and horizontal lines are provided to accentuate the break.

Table 4. Summary of model selection criteria (AICc= Akaike's information criterion corrected for small sample sizes) for generalized additive
models that were examined to explain variation in coregonine larval densities at our Lakes Geneva and Superior study sites with site-specific
bathymetric depths (Depth in m), Julian Day, edible zooplankton density (EZ, ind.L�1), and wind vectors (u= east-west, v= north-south) loaded
as potential explanatory variables. Only models with an DAICc less than 4 are summarized for Lake Superior and less than 1 for Lake Geneva.
Variables that were included in each model have an associated approximate P-value whereas dashes indicate the variable was not included.
Weight is scaled from 0 to 1 and estimates the probability that a given model is the best among all models considered (LogL= log likelihood).

Lake Depth Julian day EZ U V Family Df logL AICc DAICc Weight

Geneva <0.001 0.10 – – <0.001 NegBin(log) 5 –73.659 158.819 0.000 0.159

<0.001 0.14 – <0.001 – NegBin (log) 5 –73.708 158.916 0.097 0.152
<0.001 – – <0.001 – NegBin (log) 4 –74.740 158.975 0.157 0.147
<0.001 – – – <0.001 NegBin (log) 4 –75.060 159.098 0.280 0.138
<0.001 – 0.07 <0.01 – NegBin (log) 7 –69.763 159.271 0.452 0.127
<0.001 0.13 0.12 – <0.01 NegBin (log) 7 –70.066 159.790 0.972 0.098

Superior <0.001 – – 0.01 – NegBin(log) 9 –50.608 123.999 0.000 0.500
<0.01 0.87 – 0.02 – NegBin (log) 10 –50.371 125.754 1.755 0.208
<0.001 – 0.61 0.01 – NegBin (log) 10 –50.486 126.233 2.234 0.164
<0.01 0.64 0.43 0.02 – NegBin (log) 11 –49.980 127.567 3.567 0.084
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Fig. 7. Observations for predictor variables not included in the top models for each lake vs. larval density. Jittering was applied when plotting due
to overlapping data points.
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sampling events when winds were predominantly from the
northwest blowing away from the coast. Larval counts at our
Lake Superior site were unrelated to Julian Day, v or EZ
densities (Fig. 7).

3.6.1 Sensitivity of GAMs to explanatory data handling

In general, the Lake Geneva GAM modeling was
insensitive to the wind averaging decision (Tab. 6). When
Lake Geneva wind vectors were averaged for 1.33 days
preceding larval collections, the same three explanatory
variables (bathymetric depth, Julian Day, and v) were
identified as important in this alternative model (Tab. 5).
For Lake Geneva, when we modeled wind speed instead of
wind vectors to investigate the impact of dropping zero wind
speed values, depth and wind speed were important while
Julian Day was less important with higher wind speeds and
lower depths being related to the highest larval catches (Tab. 5).
When EZ densities were calculated using the 200-mm mesh,
the GAMs showed strong support for including u (east-west
wind vector), whereas Julian Day and v became less important
(Tab. 5). When average values were used for shallow, mid,
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and deep transects, depth and v were identified as the most
important explanatory variables (Tab. 5).

Beyond the GAMs described in our methods, we ran 4
additional alternative Lake Superior models (Tab. 5). When we
did not borrow missing explanatory variables, the GAMs
produced the same results. Using the 200-mm mesh for EZ or
averaging wind vectors for 1.33 days and 0.33 days prior to
larval sampling also had no impact on the top performing
model (Tab. 5). When average values were used for shallow,
mid, and deep transects, depth was identified as the most
important explanatory variable (Tab. 5).

4 Discussion

Our analysis of factors influencing larval coregonine
distributions revealed that bathymetric depth was important in
bothsystems� thehighestdensitieswereobservedwheredepths
were <10m (Fig. 6). Julian Day helped explain larval
distributions to some extent in Lake Geneva, but not in Lake
Superior. The v (north-south) wind vector was an important
driver of larval distribution in LakeGeneva but the u (east-west)
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Table 5. Sensitivity of Lakes Geneva and Superior general additive models to decisions made on the handling of explanatory variable data.
Variables that were included in the top-performing model (bold text) and alternatives explored have an associated approximate P-value whereas
dashes indicate the variable was not included. Potential explanatory variables for explaining larval densities included bathymetric depths (Depth
in m), Julian Day, edible zooplankton density (EZ, ind.L�1), and wind vectors (u= east-west, v = north-south).Wind speed (km/hr) was only used
as an explanatory variable in one model (with wind vectors dropped). An NA is present when an explanatory variable was not used in the
analysis, a hyphen is used when the explanatory variable was included in the analyses but was not selected in the top model.

Lake Model alternative Depth Julian day EZ u v Wind speed

Geneva Top-performing model described in Materials and methods <0.001 0.09 – – <0.01 NA

Wind vectors based on 1.33 days prior to sampling <0.001 0.05 – – <0.001 NA
Average wind speeds (including zeroes) <0.001 – – NA NA <0.01
Available zooplankton based on 200-mm mesh which
necessitated dropping 1st event

<0.001 – – <0.001 – NA

Averaged across depth categories (shallow, middle, deep) <0.001 – – – 0.04 NA
Superior Top-performing model described in Materials and methods <0.001 – – 0.01 – NA

No borrowing of missing explanatory data 0.02 – – 0.05 – NA
Wind vectors based on 1.33 days prior to sampling <0.001 – – 0.01 – NA
Wind vectors based on 0.33 days prior to sampling <0.001 – – 0.02 – NA
Available zooplankton based on 200-mm mesh <0.001 – – 0.01 – NA
Averaged across depth categories (shallow, middle, deep) 0.04 – – – - NA
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vector was important at our Lake Superior site. Densities of EZ
did not seem to be an important driver of larval distributions in
either system. Beyond the importance of bathymetric depth in
both systems, the importance of the other abiotic and biotic
factors we explored were inconsistent.

Our findings are consistent with prior European whitefish
studies (Anneville et al., 2007, 2011; Lahnsteiner and
Wanzenböck, 2004) and Lake Ontario cisco studies that
identified shallow water as critical larval nursery habitat
(McKenna et al., 2020; Brown et al., 2022, 2023). The high
larval cisco densities we observed at our shallowest Grand
Portage site stands in sharp contrast with prior Lake Superior
studies that showed larval cisco were more abundant over
greater bathymetric depths (Oyadomari and Auer, 2008;Myers
et al., 2009, 2014; Lucke et al., 2020), however, only Lucke
et al. (2020) reported sampling at depths <10m and
Oyadomari and Auer (2008) did not report depths. A recent
analysis of genetic structure in Laurentian Great Lakes cisco
using microsatellites concluded that cisco in western Lake
Superior were likely one large metapopulation (Stott et al.,
2022). Of the nine Lake Superior sites that were included,
however, Grand Portage was identified as one of the most
unique due to significant estimates of pair-wise differentiation
or fixation index (FST) with three sites, compared to the
apparent panmixia of the other eight sites evaluated (only one
other Lake Superior site had a single, significant pair-wise FST
estimate). Stott et al. (2022) hypothesized that a general
absence of stock structure in Lake Superior cisco compared to
Lake Huron, where stock structure was evident, could be tied
to differences in the ability of larvae in these two systems to
maintain position near hatching grounds. This is consistent
with a recent study showing unfertilized cisco eggs were
significantly larger in Lakes Huron and Ontario compared to
Lake Superior (Koenigbauer et al., 2022), assuming larger
eggs equate to larger more powerful larvae. A similar
hypothesis has also been formulated for Atlantic herring
(Clupea harengus) where the number of distinct stocks is
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determined by larval retention zones that are possibly
delineated by hydrographic features (Iles and Sinclair,
1982). Whether the significant genetic differences between
Grand Portage and several other Lake Superior sites detected
by Stott et al. (2022) could be related to the unusually shallow
bathymetric distribution of Grand Portage cisco larvae we
collected in 2018 would need to be further assessed over
broader spatial and temporal scales. Clearly, shallow water
represents critical nursery habitat for larval coregonines in
Lake Geneva, and in the case of Grand Portage, this habitat
may be more important than past Lake Superior cisco studies
have indicated.

Julian Day explained some of the variation in larval
distributions at our Lake Geneva site, but not at our
Lake Superior site. Based on the model, larval counts
in Lake Geneva surface waters trended downwards throughout
the campaign (Fig. 6). One explanation of this could be that
larvae are dying throughout the time period of our sampling
causing the decline in density. This was the first study
investigating the distribution of coregonine larvae in Lake
Geneva. Therefore, we do not have knowledge of typical
temporal within-season dynamics of larval density for Lake
Geneva to compare our observation of a decline in larval
density throughout the spring to. In nearby Lake Annecy, there
was no clear pattern in larval abundance throughout spring
(Anneville et al., 2011) however, the two systems are not very
similar in terms of surface, depth, and wind conditions. For
Lake Superior, we do not have much knowledge of species
specific within-season dynamics of larval densities due to the
difficulties in identification larval coregonines to the species
level at the larval stage. Recent advances in genetic
identifications of these species have enabled us to begin to
evaluate species specific information such as hatch time,
habitat occupation, growth, and mortality rates (Lachance
et al., 2021). In the Apostle Islands region of Lake Superior,
larval cisco appeared during the week of May 21 and declined
after the week of June 18 with length-frequency distributions
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indicating that they generally grew as a cohort until early July
(Lachance et al., 2021). Julian day was not identified as an
explanatory variable of larval density for our study, however, we
didn’t sample as late into the summer as Lachance et al. (2021).

Another explanation could be related to temperature.
Given that temperature data was strongly correlated with
Julian Day (r(30) = 0.82, p < 0.001), we considered that
temperature might be an alternative explanation for this trend.
The highest catches occurred when surface temperatures were
between 9° and 12 °C, a pattern consistent with previous
observations from Lake Annecy, France (Perrier et al., 2012).
Metabolic rates increase with temperature and require
increased prey consumption to achieve growth (Karjalainen,
1992; Myers et al., 2014). Consequently, we postulate larvae in
Lake Geneva may have switched to deeper habitat and cooler
temperatures at the end of our 2016 campaign. We were unable
to test if surface temperatures in Grand Portage Bay, where
larval catches were highest, were different than outside the bay.

Because food availability is expected to be more critical to
larval survival in ultra-oligotrophic lakes (Eckmann, 2013), we
expected that larvae at our Lake Superior site may attempt to
reside in areas with the highest EZ densities to avoid
starvation. Such behavior may be less critical in Lake Geneva
given their prey is generally not in short supply (Fig. 4). When
we analyzed data with the GAMs, each combination of date
and site was considered an observation and larval counts were
unrelated to EZ at Grand Portage (Fig. 7). The EZ density was
included in our fifth and sixth Lake Geneva GAMs (Tab. 4)
with it being significant in one of them. The highest larvae
counts occurred where EZ densities ranged from 2.5 to 7.5 ind.
L�1 (Fig. 6). However, in both systems, bin averaging by
bathymetric stratum showed EZ densities were highest in the
shallowest stratum (<10m bathymetric depths) studied, and,
interestingly, these shallow depths also supported the highest
larval densities on average (Tab. 3). Admittedly, the mean EZ
in the <10 stratum at Grand Portage was based on a low
sample size (N = 3) and was driven by an exceptionally high
value obtained on the last event. One possible explanation for
our findings is that larvae do try to maintain position in shallow
bathymetric depths to generally increase their feeding success
but are not able to associate with patches of high EZ available
within this shallow water foraging arena. Given we measured
EZ at fixed sites and collected larvae over long tow distances,
we cannot say definitively that larvae were not associated with
patches of high EZ availability, but we consider this highly
unlikely given our intense zooplankton sampling did not reveal
the existence of such patches.

Wind was an important driver of larval distributions in
Lake Geneva and Lake Superior. Larval densities at our Lake
Geneva site peaked in the shallowest depths during our 4/18/
2016 sampling event. Interestingly, this event was proceeded
by a strong southerly wind which was the highest measured
during our campaign that would have acted to blow surface
waters offshore (Supplementary Fig. 1A). Despite this strong
wind event, larval European whitefish were still found in the
highest densities at shallow bathymetric depths on 4/18/2016.
Conversely, cisco larval densities at our Lake Superior site
were highest at the shallowest depths we sampled inside Grand
Portage Bay during the 6/14/2018 sampling event when
moderate southwest winds blew towards the coast prior to
sampling. Prior to that, some strong winds blowing offshore
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from the northwest during the 5/9/18, 5/18/2018 and 5/31/2018
sampling events (Supplemental Fig. 1B) coincided with
slightly elevated densities at the deepest most offshore sites
we sampled (Figs. 3 and 6).

So why might wind vectors have opposite effect on larval
distributions between both lakes? One obvious difference
between the two systems studied was the size of captured
larvae with the Lake Geneva European whitefish considerably
larger compared to Lake Superior cisco larvae (67.8% larger
by weight (mean weights = 0.13 g vs. 0.022 g) and 23.7% larger
by length (mean lengths = 12.9mm vs. 15.9mm). Also, wind
speeds were much higher in Lake Superior with wind speeds
measured above 47 km.h�1 preceding 7 out of 8 sampling events
andmaxingout at 67.kmhr�1,whereasonlyonemeasurementof
wind speed was above 20.km hr�1 (20.9 km hr�1) at Lake
Geneva. Based on a model predicting larval cisco length by age
developed for the south shore of Lake Superior (Oyadomari and
Auer, 2008), the larvaewecaptured insideGrandPortageBayon
6/14/2018 (13.2mm, Table 3) were at least 40 days old,
coincidingwith a predicted hatch date of earlyMay 2018. Larval
cisco in Lake Superior can be advected great distances in Lake
Superior, with evidence of similar sized larval cisco as the ones
captured during this study being advected from spawning
grounds in western Lake Superior to the Keweenaw Peninsula
(10s of kms away) via currents (Oyadomari and Auer, 2008).
Therefore, the southwest winds could have advected larvae into
themouth ofGrandPortageBay prior to the 6/14/2018 sampling
eventwhere larval densities inside the bay up until that point had
been extremely low. The exact locations of cisco spawning at
GrandPortageareunknown(Goodyearetal., 1982) sowecannot
say with certainty that cisco spawn and their embryos hatch
inside Grand Portage Bay.We can say this seems unlikely given
the size of larvae we captured on 6/14/2018 and that few larvae
had been captured inside the bay prior to this date.

An alternative explanation about the importance of wind
could be that wind impacted our observations of larval
densities by decreasing the catch efficiency of our gear. The
small larvae might not be able to control their vertical position
during high wind speed events in directions that might cause
strong wind forcing induced water rotation. For wind events
that occurred along the fetch of either lakes, it is possible that
larval fish were more vertically dispersed and therefore might
not be as present in the surface layer where we were sampling.
Or, if the larval fish can hold their position but their prey
cannot, they might be following prey to greater depths.
However, associations between the vertical distributions of
larval coregonids and zooplankton have not been found
(Eckmann, 1989; Ventling-Schwank and Meng, 1995; Ylönen
et al., 2005). Wind speeds preceding sampling events in Lake
Geneva were very low (mean = 2.04 km.hr�1) and were much
higher in Lake Superior (mean = 9.17 km.hr�1). Sea conditions
on Lake Geneva were calm (<1m) during our sampling events
due to the low wind speeds and were no greater than 0.6m
while sampling on Lake Superior. Larval catches on Lake
Geneva were highest on windiest days even when wind
direction was along the fetch. Therefore, we feel as if
conditions were present where larval fish would have been in
the upper surface layer during our sampling. In both the Great
Lakes and in European lakes, coregonine larvae are
aggregated near the surface during daytime in littoral and
pelagic areas (Faber, 1970; Reckahn, 1970; Hoagman, 1973;
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Viljanen et al., 1995; Selgeby et al., 1978; Hatch and Underhill
1988; Eckmann, 1989;Oyadomari andAuer 2004).Greater than
70%of vendace larvae in Finnish lakes aggregate near thewater
surface (10–15 cm depth) and 90–96% in the 30 cm layer after
hatching (Ylönen et al., 2005; Urpanen et al., 2009). This
supports theuseofhorizontalnetsused inour study to investigate
larval density (Myers et al., 2008; Karjalainen et al., 2019).

Spring wind patterns might have repercussions on larval
cisco survival based on evidence from other fish populations.
In Atlantic cod (Gadus morhua), models indicate a strong
correlation between wind and age-1 recruitment success with
onshore winds having positive effect by keeping eggs and
larval fish in nursery areas and offshore winds having a
negative effect by advecting eggs and larval fish to less suitable
offshore habitat (Churchill et al., 2011). Recruitment success
of vendace is reduced during years of heavy wind forcing a
month after larvae hatched (Marjomäki, 2004; Marjomäki
et al., 2014). Our results suggest that larger coregonine larvae
may be more able to maintain position during high wind events
and that this generally supports the hypothesized mechanism
that Stott et al. (2022) evoked to explain absence and presence
of stock structure in Great Lakes cisco populations.

Larval bioenergeticlogs work at three Lake Superior sites
(Myers et al., 2014) predicted 10-mm cisco larvae could not
grow because of low densities of EZ prey. The coarse level of
zooplankton collection (3 stations per site sampled every two
weeks) could have missed higher densities of zooplankton as
their distributions are patchy. This conclusion of the Myers
et al. (2014) study drove us to increase zooplankton sampling
at our Lake Superior site to include 10 sites and to increase the
frequency of sampling to weekly. Given Lake Superior is ultra-
oligotrophic we expected selective pressure to promote
maintenance of larval position in food-rich areas, but this
was not strongly supported by our data. Densities of EZ at our
Lake Superior site were quite low (averages from 1.0� 10�2 to
1.7� 10�2ind.L �1; Tab. 4); well below levels that others have
reported finding population-level declines in recruitment. For
example, recruitment of Alpine whitefish declined as EZ
densities dropped below 10 ind.L�1 in Lake Lucerne,
Switzerland (Rellstab et al., 2004). Moreover, recruitment
of lake whitefish in the Bay of Quinte, Lake Ontario, declined
to very low levels when EZ densities dropped to around 0.4
ind.L�1 (Hoyle et al., 2011). Recent dramatic changes in the
stock-recruitment relationship of cisco in western Lake
Superior have been hypothesized to result from declining
phosphorus levels during the latter half of the 20st century,
possibly leading to lower larval survival (Rook et al., 2021).
Our estimates of EZ at our Lake Superior site provides further
evidence that larval cisco face a daunting challenge of finding
food in this ultra-oligotrophic system.

One weakness of our design is we collected larvae in
horizontal surface tows, although EZwas measured in standard
25-m vertical tows. Moreover, we did not collect enough
paired standard vs. shallow zooplankton tows in Lake Geneva
to compare the EZ densities between these habitats. The Lake
Superior results did not differ between shallow (5m to surface)
and deeper standard horizontal tows, indicating our measures
of EZ in this lake reflected densities available to larvae in
surface waters. Depth was a significant driver of larval
coregonine catches with higher catches occurring in shallower
water however, the shallowest sites were not included until
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halfway through the study in both lakes. Future efforts to
investigate larval densities in these two areas should
incorporate more shallow sites, including efforts directly
along the shoreline. Additionally, the sampling design for this
study was based on Myers et al. (2008) which outlined the best
practices for larval sampling in Lake Superior at the time. Due
to the hope to compare the two systems, the sampling
procedures were mirrored between the two lakes. This,
however, meant that sampling protocols used to study larval
distributions in European Lakes (Karjalainen et al., 1998;
Karjalainen et al., 2002; Viljanen et al., 2002; Urpanen et al.,
2009; Leonardsson et al., 2016), were not used which might
have led to too broad of a spatial scale of sampling. Sample
precision can be increased by taking many small samples or by
sampling large volumes of water (Cyr et al., 1992). We
sampled large volumes of water per transect (Lake Geneva
mean transect volume = 1,354 m�3, Lake Superior mean
transect volume =160 m�3) but did not do replicates of the
transects on the same day. Doing a larger number of smaller
replicate samples might have increased or improved our ability
to understand the fine scale distributions of the larval fish.
Follow up research could benefit from more intensive finer
scale sampling, at a lake wide scale if feasible, with the
possible inclusion of 3D hydrodynamic models similar to
Karjalainen et al. (2019). Since this was the first study of larval
coregonines in Lake Geneva, we do not have a clear idea of the
representativeness of the spawning and nursery habitat at a
lakewide scale.ForLakeSuperiorwheremore researchhasbeen
done, we are still learning about the spawning behavior of cisco
(Shrovnal et al., in review) and we know little about nursery
habitat for cisco especially given that our observations do not
align with other studies that saw more larval coregonines in
greater depths (Oyadomari and Auer, 2008; Myers et al., 2009;
2014; Lucke et al., 2020). Therefore, more research at larger
scaleswouldbegreatly beneficial to helpusunderstandvariation
in spawning and nursery habitat across both systems.

We also note that our exploration of factors shaping larval
distributions was far from exhaustive. For example, we did not
examine how vulnerability to predators across habitats might
influence larval distributions (sensu Myers et al., 2014).
Although difficult to study, cannibalism in European alpine
lakes is suspected to be a major source of mortality of larval
coregonines (Eckmann, 2013) as is rainbow smelt (Osmerus
mordax) predation on cisco larvae in Lake Superior in some
locales (Myers et al., 2009). Coregonine larvae occupation of
surface water in the littoral zone may have evolved because
their predators (small fishes) are themselves reclusive to avoid
being prey. Such a pattern would be consistent with the
behavioral trophic cascade hypothesis where the behavior of
carnivores can impact vertical distributions of their prey
(Romare and Hansson, 2003; Bollens et al., 2011).

Our studyof twodisparate systems revealed that bathymetric
depth is a strong predictor of larval coregonine distributions,
suggesting shallow depths were particularly important to the
larval life stage in both systems, albeit with the caveat that our
study results differ from prior Lake Superior studies showing
cisco larvae can occupy great depths. The north-south wind
vector and Julian Day were related to larval European whitefish
distributions in Lake Geneva and the east-west wind vector was
identified as important at our Grand Portage site. The EZ
densities we measured in both systems were below levels that
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others have reported can lead to low larval survival and
recruitment failure in other systems. The contrast in the sizes of
larvae captured across our study sites, coupled with the relative
importance of wind across these two systems, leads us to
conclude that larger larvae may be better able to maintain
position at preferred locations in the presence of high wind.

Appendix A: Development of linear models
to predict standard length of zooplankton
from total lengths

During quality assurance procedures, we identified
incorrect length measurements by one sample processor.
The processor had measured lengths to the end of the caudal
setae (copepods) and tail spines (cladocerans) for a subset of
samples from both lakes. To correct this error, we developed a
correction factor to convert total lengths (to end of setae or tail
spine) to standard lengths (to end of caudal rami or base of the
tail spine). We measured both total and standard lengths from
60–70 individuals from Lake Geneva and 30-40 individuals
from Lake Superior, of common zooplankton taxa, from a
subset of samples that spanned the entire duration of
collections from each lake. We then developed regression
models to predict standard lengths from total length measure-
ments and applied these models to the measured (incorrect)
lengths of the affected samples to estimate standard lengths.
Each model had R2 >0.77 (Tab. A1).
Table A1. Linear models developed to predict standard length of zoop
samples where total length was measured instead of standard length. In so
Lake Superior, to be impractical to locate even 30 individuals to develop
model available, regardless of lake, or made no effort to apply a correctio
length measurements. The Note column shows those decisions. For examp
the correct length was 0.8 that of the incorrect measurement.

Lake Family or genus Intercept Slope

Geneva Acanthocyclops 0.063 0.763

Bosmina
Calanoid copepodite �0.034 0.905
Cyclopoid copepodite �0.008 0.827
Cyclops �0.067 0.894
Daphnia �0.023 0.691
Eudiaptomus 0.029 0.859
Leptodiaptomus
Nauplii 0.15 0.720

Superior Acanthocyclops
Cyclopoid copepodite
Cyclops
Daphnia
Diacyclops 0.011 0.772
Diaptomus �0.053 0.870
Epischura �0.050 0.850
Harpacticoid 0.000 0.80

Leptodiaptomus �0.144 0.921
Limnocalanus 0.042 0.822
Mesocyclops
Senecella 0.073 0.76
Nauplii

Page 17
Appendix B: Steps taken to define edible
zooplankton
B.1 Lake Geneva

Definition of edible zooplankton (EZ) of European
whitefish in Lake Geneva was based on the LDS of larvae
we caught, understanding of their diets in other alpine lakes in
France (Anneville et al., 2007; Anneville et al., 2011) and a
reanalysis of zooplankton measured in the stomachs of
European whitefish from Lake Annecy, France, from late-
February to early-May 2004–2006 (Anneville et al., 2007).
The bulk of Lake Geneva larvae captured during our 2016
campaign had LDS scores �4 (80%) with 94% �19 mm total
length. Larval European whitefish exhibit ontogenetic diet
shifts (Anneville et al., 2007), and reanalysis of their data
showed LDS 1–2 consumed mainly cyclopoid copepod
copepodites and adults <0.7 mm with some use of nauplii.
The LDS 3–4 also consumed cyclopoid copepods and adults
< 0.7 mm, and ingested cladocerans up to 0.6 mm in length.
Thus, EZ of Lake Geneva larvae were defined as cyclopoid
copepods �0.7 mm, cladocerans �0.6 mm, and nauplii.
Calanoid copepods, regardless of size, were excluded (see
Tab. B1 for comparison between EZ vs all zooplankton length
ranges and density estimates).
lankton from total lengths. These models were applied to subset of
me cases, the taxa were present in such low abundance, especially in
such models. For these instances, we either used the best applicable

n because the taxa were present in very low numbers in our data set of
le, we had a single Harpacticoid measured incorrectly, so we assumed

N R2 Note

70 0.98

No effort; only 8 measured during study.
60 0.92
60 0.83
70 0.95
60 0.94
60 0.91

Lake Geneva Eudiaptomus
60 0.77

Lake Geneva Acanthocyclops
Lake Geneva Cyclopoid copepodite
Lake Geneva Cyclops
Lake Geneva Daphnia

40 0.81
40 0.92
30 0.85

Assumed correct length was 0.8 of
incorrect measurement.

40 0.92
40 0.97

Lake Geneva cyclops
40 0.84

Not measured in Superior
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Table B1. Length (mm) and density (ind.L–1) for edible zooplankton and all zooplankton captured in 64-mm mesh zooplankton nets for Lake
Geneva and Lake Superior. NAs exist where taxa were not included in EZ estimates.

Lake Taxa EZ length range (mean) Length range (mean) EZ mean density Mean density

Geneva
Calanoid Copepods NA 0.27–1.39 (0.88) NA 4.33
Cyclopoid Copepods 0.34–0.69 (0.62) 0.34–1.95 (0.89) 0.23 0.98
Cladocerans 0.32–0.59 (0.47) 0.32–3.85 (0.75) 0.064 0.16
Nauplii 0.09–0.42 (0.21) 0.09–0.42 (0.21) 4.12 4.12

Superior
Calanoid Copepods 0.14–0.74 (0.67) 0.14–2.92 (1.33) 0.0036 0.13
Cyclopoid Copepods NA 0.31–1.76 (0.95) NA 0.038
Cladocerans NA 0.14–9.22 (0.69) NA 0.0009
Nauplii NA NA 0.0099 0.0099
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B.1 Lake Superior

We determined the zooplankton length cut-off for edible
prey on Lake Superior larvae based on our genetic assignments
(Table 4), our length measurements, results of a recent Lake
Superior larval diet study (Lucke et al., 2020) and estimates of
gape width of coregonine larvae of varying lengths (Davis and
Todd, 1998). Gape width of larval fish effects the upper limits
of consumed prey sizes, although most prey consumed are
generally ~0.2 mm smaller than the maximum across the range
of larval lengths (see Fig. 4 in Schael et al., 1991).

Larval coregonines collected between 5/14/2018 and 6/13/
2018 in the Apostle Islands of Lake Superior's south shore
consumed invertebrate eggs, copepod nauplii, and calanoid
copepod copepodites and adults, but not cyclopoid copepods
and cladocerans (Lucke et al., 2020). Lachance et al. (2021)
later assigned larvae from the Lucke et al. (2020) study to
species and showed most collected prior to 6/11/2018 were
cisco (see their Fig. 3). Because the larvae we caught at our
Lake Superior site were also primarily cisco (97%) and 88% of
all larvae we captured were �14 mm, we opted to limit EZ to
individuals <0.75 mm. This was based on the work of Davis
and Todd (1998) showing 14-mm cisco larvae have a mean
gape of 0.94 mm (see their Tab. 2). The 0.75 mm maximum
prey size is a recognition that the bulk of zooplankton
consumed by larvae in the study of Schael et al. (2011) were
< ~0.2 mm smaller than the maximum based on gape (see their
Fig. 3). To recap, EZ for Lake Superior larvae were defined as
copepod nauplii, calanoid copepodites and adults <0.75 mm;
cladocerans and cyclopoid copepods, regardless of size, were
excluded. (see Tab. B1 for comparison between EZ vs all
zooplankton length ranges and density estimates).
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Supplementary material

Supplemental Figure 1. Wind rose plots for Lake Geneva (A)
and Lake Superior (B) showing wind speed (km.h-1) and direction
during the two days prior and first 8 hours of the day of sampling.Mean
values of v (north-south wind vector) and u (east-west wind vector) of
each sampling event are shown in white box in upper left of each plot.
Wind speed measurements of 0 km.hr -1 (49.1% and 0.2% of hourly
measurements from Lakes Geneva and Superior, respectively) were
omitted. Wind direction and speed data for Lake Geneva was obtained
from Sciez weather station (46.331o, 6.3798o), located ~10 km
southwest of our study area,maintained and operated by©Météo Sciez
(http://meteo-sciez.fr).Wind direction and speeddata forLakeSuperior
was obtained from the Rock of Ages (ROAM4) Coastal-Marine
Automated Network (C-MAN) station (47.867o, 89.313o), owned and
maintained by the National Data Buoy Center of the National Oceanic
and Atmospheric Administration (NOAA).

SupplementalFigure2. Empirical cumulativedistributionagainst
fitted distribution functions (Poisson and negative binomial) alongwith
the histograms of larval counts against fitted density functions for Lake
Geneva and Lake Superior. These plots were produced using cdfcomp
and denscomp from the package ‘fitdistrplus’ and were used to for the
most appropriate distribution family to use (Delignette-Muller and
Dutang, 2015).

The Supplementary Material is available at https://www.limnology-
journal.org/10.1051/limn/2024013.
of 21

https://www.limnology-journal.org/10.1051/limn/2024013/olm
https://www.limnology-journal.org/10.1051/limn/2024013/olm


J.A. Dobosenski et al.: Int. J. Lim. 2024, 60, 12
References

Anderson DR, Burnham KW. 2002. Avoiding pitfalls when using
information-theoretic methods. J Wildlife Manag 66: 912–918.

Anneville O, Lainé L, Benker S, Ponticelli A, Gerdeaux D. 2007.
Food habits and ontogenetic changes in the diets of whitefish larvae
in Lake Annecy. B Fr Peche Piscic 387: 21–33.

Anneville O, Souissi S, Molinero JC, Gerdeaux D. 2009. Influences of
human activity and climate on the stock-recruitment dynamics of
whitefish Coregonus lavaretus, in Lake Geneva. Fisheries Manag
Ecol 16: 492–500.

Anneville O, Berthon V, Glippa O, Mahjoub M-S., Molinero JC,
Souissi S. 2011. Ontogenetic dietary changes of whitefish larvae:
insights from field and experimental observations. Environ Biol
Fish 91: 27–38.

Anneville O, Lasne E, Guillard J, Eckmann R, Stockwell JD, Gillet C,
Yule DL. 2015. Impact of fishing and stocking on Coregonic
diversity. Food Sci Nutr 6: 1045–1055.

Barbier C, Quetin P, Anneville O. 2017. Evolution physico-chimique
des eaux du Léman et données météorologiques. Rapp. Comm. int.
prot. Eaux Léman contre pollut., Campagne 2016, 17–62 Available
at: https://www.cipel.org/wp-content/uploads/catalogue/02-evolu
tion-physico-chimique-rs-2017.pdf.

Barbiero RP, Lesht BM, Warren GJ. 2012. Convergence of trophic
state and the lower food web in Lakes Huron, Michigan and
Superior. J Great Lakes Res 38: 368–380.

Bernatchez L, Dodson JJ. 1994. Phylogenetic relationships among
Palearetic and Nearctic whitefish (Coregoners sp.) populations as
revealed by mitochondria1 DNA variation. Can J Fish Aquat Sci
51: 240–251.

Bollens SM, Rollwagen-Bollens G, Quenette JA, Bochdansky AB.
2011. Cascading migrations and implications for vertical fluxes in
pelagic ecosystems. J Plankton Res 33: 349–355.

Bourinet F, Anneville O, Drouineau H, Goulon C, Guillard J, Richard
A, 2023. Synchrony in whitefish stock dynamics: disentangling the
effects of local drivers and climate. J Limnol 82: 96–112.

Brown TA, Sethi SA, Rudstam LG, Holden JP, ConnertonMJ, Gorsky
D, Karboski CT, Cgalupnicki MA, Sard NM, Roseman EF, Prindle
SE, Sanderson MJ, Evans TM, Cooper A, Reinhart DJ, Davis C,
Weidel BC. 2022. Contemporary spatial extent and environmental
drivers for larval coregonine distributions across Lake Ontario.
J Great Lakes Res 48: 359–370.

Brown TA, Rudstam LG, Holden JP, Weidel BC, Ackiss AS, Ropp
AJ, Chalupnicki MA, McKenna Jr JE, Sethi SA. 2023. Larval cisco
and lake whitefish exhibit high distributional overlap within
nursery areas. Ecol Freshw Fish 32: 804–823

BurnhamKP,AndersonDR.2004.Multimodel inferenceunderstanding
AIC and BIC in model selection. Sociol Mehod Res 33: 261–304.

Campbell NR, Harmon SA, Narum SR. 2015. Genotyping-in-
Thousands by sequencing (GT-seq): A cost effective SNP
genotyping method based on custom amplicon sequencing. Mol
Ecol Resour 15: 855–867.

Churchill JH, Runge J, Chen C. 2011. Processes controlling retention
of spring-spawned Atlantic cod (Gadus morhua) in the western
Gulf of Maine and their relationship to an index of recruitment
success. Fish Oceanogr 20: 32–46.

Clady MD. 1976. Distribution and abundance of larval ciscoes,
Coregonus artedii, burbot, Lota lota, in Oneida Lake. J Great
Lakes Res 2: 234–247.
Page 19
Colon M, Hustache JC, Chifflet P. 2006. Outils de pêche actifs pour
I’êchantillonnage de larves et de juveniles de poisons dans les
grand lacs alpins. Cahier des Techniques de l’INRA, Institut
National de la Recherche Agronomique. pp. 115–118.

Cunningham KE, Dunlop ES. 2023. Declines in lake whitefish larval
densities after dreissenid mussel establishment in Lake Huron.
J Great Lakes Res 49: 491–505.

Cushing DH. 1990. Plankton production and year-class strength in
fish populations: an update of the match/mismatch hypothesis. Adv
Mar Biol 26: 249–293.

Davis BM, Todd TN. 1998. Competition between larval lake herring
(Coregonus artedi) and lake whitefish (Coregonus clupeaformis)
for zooplankton. Can J Fish Aquat Sci 55: 1140–1148.

Delignette-Muller ML, Dutang C. 2015. Fitdistrplus: an R package
for fitting distributions. J Stat Software 64: 1–34.

Eckmann R. 1989. The distribution of coregonid larvae (Coregonus
lavaretus and C. fera) from Lake Constance in a vertical
temperature gradient. Pol Arch Hydrobiol 36: 485–494.

Eckmann R. 2013. A review of the population dynamics of
coregonids in European alpine lakes. Adv Limnol 64: 3–24.

Efron B. 1987. Better bootstrap confidence intervals. J Am Statist
Assoc 82: 171–200.

Eppehimer DE, Bunnell DB, Armenio PM, Warner DM, Eaton LA,
Wells DJ, Rutherford ES. 2019. Densities, diets and growth rates of
larval Alewife and Bloater in a changing Lake Michigan
ecosystem. Trans Am Fish Soc 148: 755–770.

Eshenroder RL, Vecsei P, Gorman OT, Yule DL, Pratt TC, Mandrak
NE, Bunnell DB, Muir AM. 2016. Ciscoes (Coregonus, Subgenus
Leucichthys) of the Laurentian Great Lakes and Lake Nipigon.
Great Lakes Fishery Commission Miscellaneous Publication
2016–01.

Faber DJ. 1970. Ecological observations on newly hatched lake
whitefish in South Bay, Lake Huron. In: Lindsey, C.C., Woods, C.
D. (Eds.), Biology of Coregonid Fishes. Winnipeg, Manitoba:
University of Manitoba Press, pp. 481–500.

Freeberg MH, Taylor WT, Brown RW. 1990. Effect of egg and larval
survival on year-class strength of lake whitefish in Grand Traverse
Bay, Lake Michigan. Trans Am Fish Soc 119: 92–100.

Goodyear CD, Edsall TA, Ormsby DM,Moss GD, Polanski PE. 1982.
Atlas of the spawning and nursery areas of Great Lakes fishes.
Volume two: Lake Superior. U. S. Fish and Wildlife Service,
Washington D. C. FWS/OBS-82/52.

Goulon C, Anneville O, Guillard J. 2020. Whitefish and perch
spawning in Lake Geneva. In Reports on Studies and Business
Research in the Lémanic Basin, campaign 2019. Edited by:
International Commission for Protection of Lake Geneva water
against pollution [online]. Available from: Microsoft Word �
RapportScientifique_camp_2019_VF.docx (cipel.org) [ accessed 4
May 2021].

Grange SK. 2014. Technical note: Averaging wind speeds and
directions. [Technical report] 371 doi: https://doi.org/10.13140/
RG.2.1.3349.2006

Hatch JT, Underhill JC. 1988. Abundance, distribution, growth, and
mortality of larval lake herring in western Lake Superior. Am Fish S
S 5: 96–103.

Hoagman WJ. 1973. The hatching, distribution, abundance, growth
and food of the larval lake whitefish (Coregonus clupeaformis
Mitchill) of central Green Bay, Lake Michigan. Institute of
Freshwater Research, report number 53.
of 21

https://www.cipel.org/wp-content/uploads/catalogue/02-evolution-physico-chimique-rs-2017.pdf.
https://www.cipel.org/wp-content/uploads/catalogue/02-evolution-physico-chimique-rs-2017.pdf.
http://RapportScientifique_camp_2019_VF.docx
https://doi.org/10.13140/RG.2.1.3349.2006
https://doi.org/10.13140/RG.2.1.3349.2006


J.A. Dobosenski et al.: Int. J. Lim. 2024, 60, 12
Hoyle JA, Johannsson OE, Bowen KL. 2011. Larval Lake Whitefish
abundance, diet and growth and their zooplankton prey abundance
during a period of ecosystem change on the Bay of Quinte, Lake
Ontario. Aquatic Ecosyst Health 14: 66–74.

Iles TD, Sinclair M. 1982. Atlantic herring: stock discreteness and
abundance. Science 215: 627–633.

Jenny J-P, et al. 2020. Scientists’warning to humanity: rapid degradation
of the world’s largest lakes. J. Great Lakes Res 46: 686–702.

Johnson JH, McKenna JE, Chalupnicki MA, Wallbridge T, Chiavelli
R. 2009. Feeding ecology of lake whitefish larvae in eastern Lake
Ontario. J Great Lakes Res 35: 603–607.

Karjalainen J. 1992. Food ingestion, density-dependent feeding and
growth of vendace (Coregonus albula (L.)) larvae. Ann Zool Fenn
29: 93–103.

KarjalainenJ, JuntunenJ,KeskinenT,KoljonenS,NyholmK,Ropponen
J, Sjövik R, Taskinen S, Marjomäki TJ. 2019. Dispersion of vendace
eggs and larvae around potential nursery areas reveals their
reproductive strategy. Freshw Biol 64: 843–855.

Karjalainen J, Tuloisela M, Nyholm K, Marjomäki TJ. 2021. Vendace
disperse their eggs widely during spawning. Ann Zool Fenn 58: 141 ̶
153.

Koenigbauer ST, Yule DL, Dey K, Olds C, Connerton MJ, Höök TO.
2022. Variation of cisco egg size among Great Lakes populations.
J Great Lakes Res 48: 790–797.

Lachance H, Ackiss AS, Larson WA, Vinson MR, Stockwell JD.
2021. Genomics reveals identity, phenology, and population
demography of larval ciscoes (Coregonus artedi, C. hoyi, and C.
kiyi) in the Apostle Islands, Lake Superior. J Great Lakes Res 47:
1849–1857.

Lahnsteiner B, Wanzenböck J. 2004. Variability in the spatio-
temporal distribution of larval European whitefish (Coregonus
lavaretus (L.)) in two Austrian lakes. Ann Zool Fenn 41: 75–83.

Leith KF, Bowerman WW, Wierda MR, Best DA, Grubb TG,
Sikarske JG. 2010. A comparison of techniques for assessing
central tendency in left-censored data using PCB and p,p’DDE
contaminant concentrations from Michigan’s Bald Eagle Bio-
sentinel Program. Chemosphere. 80: 7–12.

Lucke VS, Stewart TR, Vinson MR, Glase JD, Stockwell JD. 2020.
Larval Coregonus spp. Diets and zooplankton community patterns
in the Apostle Islands, Lake Superior. J Great Lakes Res 46: 1391–
1401.

Luczynski M, Falkowski S, Kopecki T. 1988. Larval development
in four coregonid species (Coregonus albulus, C. lavaretus,
C. muksun, and C. peled). Finn Fish Res 9: 61–69.

Marjomäki TJ. 2004. Analysis of the spawning stock-recruitment
relationship of vendace (Coregonus albula (L.)) with evaluation of
alternative models, additional variables, biases and errors. Ecol
Freshw Fish 13: 40–60.

Marjomäki TJ, Urpanen O, Karjalainen J. 2014. Two-year cyclicity in
recruitment of a fish population is driven by an inter-stage effect.
Popul Ecol 56: 513–526.

Mahjoub M-S, Anneville O, Molinero JC, Souissi S, Hwang J-S. 2008.
Feeding mechanisms and capture success of European whitefish
(Coregonus lavaretusL.) larvae.KnowlManagAquatEcol388: 1–14.

McKenna JE Jr., Stott W, Chalupnicki M, Johnson JH. 2020. Spatial
segregation of cisco (Coregonus artedi) and lake whitefish
(C. clupeaformis) larvae in Chaumont Bay, Lake Ontario. J Great
Lakes Res 46: 1485–1490.

Müller R. 1992. Trophic state and its implications for natural
reproduction of salmonid fish. Hydrobiologia 243/244: 26–268.
Page 20
Myers JT, Stockwell JD, Yule DL, Black JA. 2008. Evaluating sampling
strategies for larval cisco (Coregonus artedi). J Great Lakes Res 34:
245–252.

Myers JT, Jones ML, Stockwell JD, Yule DL. 2009. Reassessment of
the predatory effects of rainbow smelt on ciscoes in Lake Superior.
Trans Am Fish Soc 138: 1352–1368.

Myers JT, Yule DL, Jones ML, Quinlan HR, Berglund EK. 2014.
Foraging and predation risk for larval cisco (Coregonus artedi) in
Lake Superior: a modelling synthesis of empirical survey data. Ecol
Model 294: 71–83.

Oyadomari JK, Auer NA. 2004. Inshore-offshore distribution of
larval fishes in Lake Superior off the western coast of the
Keweenaw Peninsula, Michigan. J Great Lakes Res 30: 369–384.

Oyadomari JK, Auer NA. 2008. Transport and growth of larval cisco
(Coregonus artedi) in the Keweenaw Current region of Lake
Superior. Can J Fish Aquat Sci 65: 1447–1458.

Paufve MR, Sethi SA, Lantry BL, Weidel BC, Lantry BL, Yule DL,
Rudstam LG, Jonas JL, Berglund E, Connerton MJ, Gorsky D,
Herbert M, Smith J. 2022. Diversity in spawning habitat use among
Great Lakes cisco populations. Ecol Freshw Fish 31: 379–388.

Perrier C, Molinero JC, Gerdeaux D, Anneville O. 2012. Effects of
temperature and food supply on the growth of whitefish Coregonus
lavaretus larvae in an oligotrophic peri-alpine lake. J Fish Biol 81:
1501–1513.

Pothoven SA. 2019. The influence of ontogeny and prey abundance
on feeding ecology of age-0 Lake Whitefish (Coregonus
clupeaformis) in southeastern Lake Michigan. Ecol Freshw Fish
29: 103–111.

Romare P, Hansson LA. 2003. A behavioral cascade: top-predator
induced behavioral shifts in planktivorous fish and zooplankton.
Limnol Oceanogr 48: 1956–1964.

R Core Team. 2020. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org/.

Reckahn JA. 1970. Ecology of young lake whitefish (Coregonus
clupeaformis) in South Bay, Manitoulin Island, Lake Huron. In:
Lindsey, C.C., Woods, C.D. (Eds.), Biology of Coregonid Fishes.
Winnipeg, Manitoba: University of Manitoba Press 437–460.

Rellstab C, Bürgi HR, Müller R. 2004. Population regulation in
coregonids: the significance of zooplankton concentration on larval
mortality. Ann Zool Fenn 41: 281–290.

Rice JA, Crowder LB, Holey ME. 1987. Exploration of mechanisms
regulating survival in Lake Michigan bloater: a recruitment
analysis based in characteristics of individual larvae. Trans Am
Fish Soc 116: 703–718.

Rimet F, Anneville O, Barbet D, Chardon C, Crépin L, Domaizon I,
Dorioz JM, Espinat L, Frossard V, Guillard J, Goulon C, Hamelet
V, Hustache JC, Jacquet S, Lainé L, Montuelle B, Perney P, Quetin
P, Rasconi S, Schellenberger A, Tran-Khak V, Monet G. 2020. The
Observatory on LAkes (OLA) database: sixty years of environ-
mental data accessible to the public. J Limnol 79: 164–178.

Rook BJ, Hansen MJ, Goldsworthy CA, Ray BA, Gorman OT, Yule
DL, Bronte CR. 2021. Was Historical Cisco Yield Consistent with
Contemporary Recruitment and Abundance in Lake Superior?
Fisheries Manag Ecol 28: 195–210.

Ryan KM, Crawford SS. 2014. Distribution and abundance of larval
lake whitefish (Coregonus clupeaformis) in Stokes Bay, Lake
Huron. J Great Lakes Res 40: 755–762.

Schael DM, Rudstam LG, Post JR. 1991. Gape limitation and prey
selection of larval Yellow Perch (Perca flavescens), Freshwater
of 21

https://www.R-project.org/.


J.A. Dobosenski et al.: Int. J. Lim. 2024, 60, 12
Drum (Aplodinotus grunniens), and Black Crappie (Pomoxis
nigromacylatus). Can J Fish Aquat Sci 48: 1919–1925.

Selgeby JH, MacCallum WR, Swedberg DV. 1978. Predation
by rainbow smelt (Osmerus mordax) on lake herring (Coregonus
artedi) in western Lake Superior. J Fish Res Board Can 35: 1457–
1463.

Shrovnal JS, Ray BA, Carl DD, Shaw SL, Sapper SA, Zunker CA,
Lind RA. in review. Vertical distribution of Lake Superior cisco
(Coregonus artedi) spawning aggregations and implications for
evaluating management benchmarks.

Stewart TR, Vinson MR, Stockwell JD. 2021. Shining a light on
Laurentian Great Lakes cisco (Coregonus artedi): how ice
coverage may impact embryonic development. J Great Lakes
Res 47: 1410–1418.

Stewart TR, Mäkinen M, Goulon C, Guillard J, Marjomäki TJ, Lasne
E, Karjalainen J, Stockwell JD. 2021. Influence of warming
temperatures on coregonine embryogenesis within and among
species. Hydrobiologia 848: 4363–4385.

Stott W, Yule D, Davis C, Donner K, Ebener M, Lenart S, Olds C.
2022. Genetic population structure of cisco, Coregonus artedi,
in the Laurentian Great Lakes. J Great Lakes Res 48: 1696–
1709.

Urpanen O, Marjomäki TJ, Viljanen M, Huuskonen H, Karjalainen J.
2009. Population size estimation of larval coregonids in large lakes:
stratified sampling design with a simple prediction model for
vertical distribution. Fish Res 96: 109–117.
Cite this article as: Dobosenski JA, Yule DL, Guillard J, Anneville O,
SA. 2024. Factors influencing larval coregonine spatial distribution in
a single season near known spawning sites. Int. J. Lim. 60: 12:

Page 21
Ventling-Schwank AR, Meng HJ. 1995. Vertical migration of
Coregonid larvae in the first two months of development. Aquat
Sci 57: 1–13.

Viljanen M, Karjalainen J, Helminen H, Sarvala J, Sydänoja A. 1995.
Night-day catch ratios of coregonid larvae in three large lakes in
Finland. Arch Hydrobiol 46: 195–201.

Vonlanthen P, Bittner D, Hudson AG, Young KA, Müller R,
Lundsgaard-Hansen B, Roy D, Di Piazza S, Largiader CR,
Seehausen O. 2012. Eutrophication causes speciation reversal in
whitefish adaptive radiations. Nature 482: 357–362.

Weidel BC, Ackiss AS, Chalupnicki MA, Connerton MJ, Davis S,
Dettmers JM, Drew T, Fisk AT, Gordon R, Hanson SD, Holden
JP, Holey ME, Johnson JH, Johnson TB, Lake C, Lantry BF,
Loftus KK, Mackey GE, McKenna JE, LaPan SR. 2022. Results
of the collaborative Lake Ontario bloater restoration stocking and
assessment, 2012–2020. J Great Lakes Res 48: 371–380.

Wickham H. 2009. ggplot2: elegant graphics for data analysis. New
York: Springer.

Winder M, Schindler DE. 2004. Climatic effects on the phenology of
lake processes. Glob Change Biol 10: 1844–1856.

Wood SN. 2006. Generalized additive models: an introduction with R.
CRC press.

Wood S. 2015. Package ‘mgcv’.R package version, 1, 29.
Ylönen O, Huuskonen H, Karjalainen J. 2005. Effects of UV radiation
on the vertical distribution of vendace [Coregonus albula (L.)]
larvae in Finnish lakes. Ecol Freshw Fish 14: 161–167.
Isaac EJ, Stockwell JD, Myers JT, Ackiss AS, Chapina RJ, Moore
Lake Geneva (Europe) and Lake Superior (North America) during

of 21


	Factors influencing larval coregonine spatial distribution in Lake Geneva (Europe) and Lake Superior (North America) during a single season near known spawning sites
	1 Introduction
	2 Materials and methods
	2.1 Study areas
	2.2 Sample collections
	2.3 Surface temperatures
	2.4 Wind vectors
	2.5 Larval sampling and processing
	2.6 Species identification of Lake Superior larvae
	2.7 Zooplankton sampling and processing
	2.8 Definition of edible zooplankton (EZ)
	2.9 Analysis of abiotic and biotic factors influencing larval spatial distributions
	2.10 Sensitivity of GAMs to explanatory data handling

	3 Results
	3.1 Surface temperatures
	3.2 Wind vectors
	3.3 Larval catches and sizes
	3.4 Lake Superior larvae species assignments
	3.5 Edible zooplankton densities
	3.6 Analysis of abiotic and biotic factors influencing larval spatial distributions
	3.6.1 Sensitivity of GAMs to explanatory data handling


	4 Discussion
	Appendix A: Development of linear models to predict standard length of zooplankton from total lengths
	Appendix B: Steps taken to define edible zooplankton
	Appendix B: Steps taken to define edible zooplankton
	Appendix B: Steps taken to define edible zooplankton
	 Acknowledgements
	 Supplementary material
	References


