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Abstract
Alewife is an invasive fish species in the Great Lakes that serves as prey for top
piscivores but also causes reproductive failure of some native species. Environmental conditions
generating variability in annual abundance of young alewife are poorly known, but are
hypothesized to occur during the sensitive larval stage through advection of larvae into, or away
from areas that support rapid larval growth. We modeled transport of alewife larvae from
capture to hatch locations, and tested the hypothesis that daily growth of larval alewife can be
predicted from environmental conditions. We analyzed growth rates of larval alewife that were
sampled from multiple sites in Lake Michigan in July 2015, and estimated their ages and daily
growth rates by counting and measuring daily increment widths of their otoliths. We used a
Lagrangian particle dispersion model to conduct a backwards trajectory analysis of known-aged
larvae from their capture locations to their hatch locations. The trajectory results indicated that
larvae collected from sites in western and eastern Lake Michigan hatched at locations along the
eastern shoreline. We paired trajectory paths with environmental conditions predicted from a
biophysical model. We used a mixed model and found a significant positive relationship
between larval daily growth rate and temperature, detritus, and zooplankton concentrations.
These results suggest areas and environmental conditions that are favorable to young alewife
growth in Lake Michigan.
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Introduction
The connection between transport of larval fish and recruitment variability has long
been recognized (Hjort 1914), and this link underlies the importance of understanding the
different environments larval fish encounter during their planktonic stage. Physical processes
can control recruitment by altering the biological and physiochemical environments larval fish
experience (Ludsin et al. 2014). Growth and mortality rates of larval fish are important to
recruitment success (Houde 1987), but the mechanisms underlying these processes (e.g.,
temperature, prey availability, predation, water circulation) are not always clear (Pritt et al.
2014). Multiple hypotheses attempt to explain mechanisms behind recruitment variability in
fishes. In the critical period hypothesis, variation in year class strength is determined in the first
year of life as currents push larvae into or away from favorable nursery habitats (Hjort 1914).
Cushing’s match-mismatch hypothesis suggests that variability in fish year class strength is
linked to variability in timing of plankton production with larval occurrence (Cushing 1990).
These hypotheses and several other influential recruitment hypotheses (e.g., stable-ocean
(Lasker 1978); optimal window (Cury and Roy 1989)) were developed from studying the marine
environment, but do not always hold true in freshwater habitats (Pritt et al. 2014).
There are clear differences between physical processes in marine systems and those in
large freshwater systems that may affect fish larvae growth, survival and potential recruitment.
The Great Lakes are enclosed systems compared to most marine habitats, and their smaller size
causes higher spatial and temporal variability in physical processes than most marine systems
(Pritt et al. 2014). Large-scale circulation patterns in the Great Lakes are primarily wind driven.
Long-term currents are weak compared to the stronger and more unpredictable wind-induced
short-term currents (Beletsky et al. 1999). Circulation in the nearshore zone, an area from the
shoreline to 20-m bathymetric depth, is influenced by topographic boundaries of the shorelines
with coastal flow largely parallel to the shorelines (Rao and Schwab 2007). Due to the nature of
the Coriolis force in the northern hemisphere, Ekman transport moves surface currents to the
right of the wind stress. This results in coastal upwelling and downwelling in which the
thermocline is either raised or lowered in the water column within the coastal boundary layer, a
region between the open lake and the wave breaking zone that is 5 to 10-km wide (Rao and
Murthy 2001). When the lakes are stratified, currents often exhibit inertial oscillations which are
the result of the Coriolis force that deflects the path of a moving object to the right, creating a
circular trajectory. In Lake Michigan, the inertial period is between 17 and 18 hours (Mortimer
2006) and is altered by wind stress. Inertial oscillations occur in the offshore region, and as they
move into the coastal boundary layer they are modified by their diminishing velocities (Rao and
Schwab 2007). The physical processes within the coastal boundary layer include these modified
inertial oscillations, coastal transport, and upwelling/downwelling events. Many organisms
spawn and hatch in the nearshore zone and are influenced by the physical processes of both the
nearshore zone and coastal boundary layer.
Fish recruitment, as it relates to physical and biological coupling, has largely been
studied in the marine environment. In the past two decades, efforts to understand recruitment
have increased in freshwater ecosystems such as the Great Lakes (Ludsin et al. 2014). This
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comes at an important time when the ecosystems of the Great Lakes are changing with the
introduction of dreissenid mussels and the resultant decline in pelagic primary production
(Rowe et al. 2015b) and prey fish populations (Bunnell et al. 2014).
Alewife (Alosa psuedoharengus) is an economically important prey fish of Lake
Michigan. Initially an unwelcome invasive species to the Great Lakes, alewife became the
primary food source for stocked Pacific salmonids that has resulted in a multi-billion dollar
fishery. Due to the tightly-coupled predator-prey interactions between salmonids and alewife
within the Great Lakes, maintaining stable populations of alewife success is a keen management
interest. In recent years, alewife biomass has declined in Lake Michigan (Madenjian et al. 2017),
and there is growing concern that the population will collapse as it did in Lake Huron in 2003
(Riley et al. 2008; Dunlop and Riley 2013). In Lake Huron, predation pressure from salmonids
and lack of food availability from competition with the invasive Dreissenid mussels led to the
collapse of alewife (Kao et al. 2016). Shortly after, salmonid populations collapsed (Johnson et
al. 2010) with no signs of recovery (Clark et al. 2017). To protect Lake Michigan against a similar
outcome, there is interest in maintaining the alewife population at a level that can support
predator demands and still be supported by lower trophic levels (Eggold et al. 2018).
Environmental conditions vary both spatially and temporally throughout Lake Michigan
(Beletsky et al. 2007; Rowe et al. 2017). Due to the large latitudinal range of the lake, there is a
strong north-south thermal gradient. The southern basin is shallower than the northern basin,
warms earlier, and has large changes in wind-induced circulation when compared with the
northern basin (Beletsky et al. 2006). Winds are predominately from the west or southwest and
are associated with upwelling on the western side and downwelling on the eastern side of the
lake. Upwelling brings cooler, dense, nutrient rich waters to the surface while downwelling
depresses the thermocline and is associated with warm surface waters. There are also seasonal
differences with stratification increasing throughout the summer months and wind-induced
mixing causing isothermal conditions during winter months. The currents in Lake Michigan vary
between the nearshore and offshore environment and control the transport of planktonic larvae
(Rao and Schwab 2007; Beletsky et al. 2017).
The large-scale environmental differences in Lake Michigan make models valuable tools
for estimating physical transport and environmental conditions. Several studies have used
models to assess the impact of water currents on the distribution of planktonic yellow perch
(Perca flavescens) and found potential for the currents to move the larvae over large distances
(Beletsky et al. 2004; Dettmers et al. 2005; Brodnik et al. 2015). Beletsky et al. (2007) used a
hydrodynamic model and an individual-based bioenergetics model to track yellow perch
hatching in the southern basin of Lake Michigan and found that larval fish could move as far as
the northern basin (approximately 320 km) with a drifting stage lasting between 63 and 77 days.
They were also able to predict water temperatures but assumed uniform zooplankton
abundance due to limited spatial data. This type of analysis provides insight into fish recruitment
dynamics, but is limited by the accuracy of the models and available data. Improving on the
work of Beletsky et al. (2007), Rowe et al. (2017) coupled a hydrodynamic model specific to Lake
Michigan with a phosphorous-limited lower food web model to predict spatially and temporally
varying phytoplankton and zooplankton abundance. Since then, further improvements have
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been made for the hydrodynamic models of the Great Lakes and the Lake Michigan-Huron
Operational Forecasting System (LMHOFS) has been developed. This model is based on the
Finite Volume Community Ocean Model (FVCOM), and compared with previous hydrodynamic
models of Lake Michigan, has a higher spatial resolution in nearshore areas (~0.5 km) and a
more accurate representation of the coastal morphology as a result of the unstructured grid of
the FVCOM (Anderson and Schwab 2013).
A backward-trajectory analysis can be applied to predict drift trajectories of larval fish or
other constituents that are carried by currents based on their ending location (Brodnik et al.
2015). For larval fish, age data can be obtained from the otoliths (ear bones) and can be applied
to a Lagrangian particle dispersion model to estimate the trajectory of a larvae for the duration
of its life from the location of capture back to the hatch location (Brodnik et al. 2015). Several
studies have assessed the impact of currents on connectivity of fish populations using a
backward trajectory analysis (Brodnik et al. 2015; Caló et al. 2018).
A Previous study of larval alewife in Lake Michigan addressed the role of environment
on growth rate of larval alewife (Eppeheimer et al. 2019). The study analyzed environmental
characteristic from capture sites to assess growth rate, but did not assess the role of transport
on larval growth rate and survival. My objective was to address the role of physical transport
and environmental conditions on larval alewife growth rate. I assessed the accuracy of modeled
backwards trajectories using observed trajectories from satellite-tracked drifting buoys. I
estimated the age and daily growth rate of larval alewife using otolith increment analysis. By
combining age with the Lagrangian particle dispersion model and estimates of temperature and
food availability from the biophysical model, I approximated the environmental conditions
experienced by larval alewife on each day of their life from hatch to the time of capture. I also
estimated the hatch location of larvae collected from around Lake Michigan. Finally, I used a
statistical model to evaluate the impact of environmental conditions on daily growth rate. I
hypothesized that the daily growth rate of larval alewife can be predicted from their exposure to
environmental conditions (temperature, zooplankton concentrations, phytoplankton
concentrations, detritus concentrations) from hatch to capture. My goal is to enhance
understanding of factors generating variability in fish year-class strength and recruitment
success.
Methods
Larval Alewife Collections
Larval alewife samples were collected between July 8-27, 2015 in Lake Michigan by the
United States Geological Survey (USGS) Great Lakes Science Center (GLSC) as part of the multiagency Cooperative Science and Monitoring Initiative (CSMI). Collections were made along six
transects offshore of Ludington, MI; Saugatuck, MI; St. Joseph, MI; Waukegan, IL; Racine, WI;
and Manitowoc, WI (Figure 1). Three bathymetric depth sites (18-m, 46-m, and 91 or 110-m)
were sampled along each transect. Both a surface ichthyoplankton (IP) tow and an oblique IP
tow were performed at each site and all sampling was completed at night when alewife larvae
move higher into the water column (Madenjian and Jude 1985). Further details of the collection
methods are outlined by Eppehimer et al. (2019). A temperature profile of each sampling site
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was collected using a bathythermograph (SBE19plus; Sea-Bird Scientific, Bellevue, WA). Larval
alewife were present and collected at all sites with the exception of Manitowoc, WI (only
collected at 110-m) and Ludington, MI (only collected at 46-m and 110-m) (Figure 1).
Alewife Otolith Analysis
I used sagittal otoliths to estimate age and measure growth increments of larval alewife
as these are considered to be the most precise structure for this type of analysis (LaBay and
Lauer 2006). Daily otolith growth increments have been previously used as a proxy for alewife
age (Höök et al. 2007; Eppehimer et al. 2019). The first ring is likely laid on the second day of life
(Essig and Cole 1986); thus, I added two to the number of increments counted to determine the
age of the larval fish. I took images of the otoliths using an imaging system (QICAM 12-bit;
Teledyne QImaging, Surrey, BC, Canada), and I measured the otolith diameter and increment
widths using image analysis software (Image-Pro Premier Version 9.0; Media Cybernetics, Inc.,
Rockville, Maryland). I quantified daily incremental rings and measured distances between rings
measured along the longest and clearest transect from the center of the nucleus to the outer
edge of the otolith. I observed otoliths under 1000x magnification (oil-immersed 100x objective
lens; with 10x eyepiece lenses).
I used a rigorous method when estimating ages of larval alewife to ensure minimal
disparity between age estimates by different analysts. Previous age estimates of the samples
were performed by Eppehimer et al. (2019) where two analysts individually read each otolith. If
the difference between the readings was less than 10% the average was taken. If the difference
was greater than 10%, the two analysts conducted a second reading. If there was still
disagreement, a third analyst performed an independent reading and the median of the final
three readings was used. I conducted my own age estimates and compared them to those of
Eppehimer et al. (2019). If my age estimate differed by more than one day from the previously
estimated age by Eppehimer et al. (2019), a second analyst counted the rings, and if the
estimate from the second analyst differed by more than a day from the reading by Eppehimer et
al. (2019), the sample was omitted from the study. If the second analyst was within a day from
the estimate by Eppehimer et al. (2019), the first and second analyst tried to come to an
agreement about the age, and if no agreement could be made, the sample was omitted from
the study. In total, I aged 290 alewife larvae that were included in analyses. To ensure that
sampled larvae were passive drifters, I excluded fish larger than 22 mm total length (TL) because
the alewife larval stage lasts between 30-40 days and alewife ≤ 22 mm are most likely larvae
(Klumb et al. 2003; Norden 1967).
Satellite Tracked Drifting Buoys
Satellite drifters were deployed and tracked offshore of Muskegon, MI on three
separate occasions in 2018. The University of Maryland deployed satellite tracked drifting buoys
offshore of Muskegon, MI in 2015 (Figures 2, 3). In 2018, three drifters were released at M15,
M45, and M110 on the first deployment starting June 5, 2018 and retrieved June 12, 2018. Site
names represent bathymetric contours at 15-m, 45-m, and 110-m, respectively. In the second
deployment, another three drifters were released on June 27, 2018, with one released at M15

5
and two released 12 hours apart at M45. All drifters washed up on the beach by July 4, 2018. For
the third deployment, three more drifters were released on July 18, 2018 at M15, M45, and,
M110, and were retrieved on shore August 5, 2018. All release dates were during periods when
alewife were present and passively drifting in the water column (Heufelder et al. 1982). In 2015,
The University of Maryland/NOAA deployed drifters off Muskegon, MI starting June 30, 2015.
Three of the six deployed drifters drifted for approximately one month, and I used results of
those three drifters in this study (Figure 3) (https://www.nefsc.noaa.gov/drifter/drift_
umaryland_2015_1.csv). All drifters extend approximately 1-m below the water’s surface and
track surface currents. They are designed after the “Eddie” drifter described by NOAA’s
Northeast Fishery Science Center (https://www.nefsc.noaa.gov/epd/ocean/MainPage/lob
/driftdesign.html), with a cruciform drogue with floats attached to the center column. An
attached Global Positioning System (GPS) transmitter (SmartoneBLP; Globalstar, Chantilly,
Virginia) at the top of the platform estimated drifter position hourly in 2018 and every two
hours in 2015. I calculated current speeds in Lake Michigan in 2015 and 2018 using data from
drifter deployments. Distance between positional output was calculated and estimated as a
water velocity (m s-1).
Hydrodynamic and biophysical models
The Lake Michigan-Huron Operational Forecast System (LMHOFS) model is a
hydrodynamic model implemented by NOAA for real-time nowcast and forecast predictions of
water levels, currents, and temperatures (Anderson and Schwab, 2013; 2017), and became a
NOAA operational model in July, 2019 (https://tidesandcurrents.noaa.gov/ofs/dev/lmhofs/l
mhofs.html). The LMHOFS model is an application of the Finite Volume Community Ocean
Model (FVCOM); a three-dimensional oceanographic model that implements a numerical
solution of the momentum, continuity, temperature, salinity, and density equations (Chen et al.
2006; http://fvcom.smast.umassd.edu/). FVCOM has been applied to the Great Lakes with
successful simulations of current velocity and direction, seasonal stratification, and temperature
profiles (Anderson and Schwab 2013; Bai et al. 2013). I used hydrodynamic output from the
LMHOFS model for 2015 and 2018 using meteorological forcing from the high-resolution rapid
refresh (HRRR) model (Benjamin et al. 2016) to model drifter runs and larval fish trajectories
backwards through time. The vertical dimension is defined using terrain following (sigma)
coordinates with 20 sigma layers.
The Lagrangian particle tracking model (Huret et al. 2007; Churchill et al. 2011; Rowe et
al. 2016) is distributed as part of the FVCOM code package (http://fvcom.smast.umassd.edu/). I
used the Lagrangian particle tracking model forced with currents and diffusivity from the
LMHOFS model to simulate the movement of larval fish and drifters. A fixed time step of 600 s
was used with a fourth-order Runge-Kutta scheme (Rowe et al. 2016). To limit the effects of
random noise in the simulation, I initiated simulations with 1000 particles (Rowe et al. 2016)
placed in the surface layer. A vertical velocity component used to represent floating/sinking/
swimming was implemented. I ran simulations with both horizontal and vertical random walk to
capture the combined effects of sub-grid-scale fluid motions in the nature of turbulent flow
within the system. I applied a backwards-trajectory to the model, initiating the particles at the
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capture location and running the model for a length of time representing the age of the fish. The
end location is the estimated hatch location of the larvae.
I defined the nearshore environment, where alewife spawn, as the region between the
shoreline out to the 20-m bathymetric contour (Withers et al. 2015). I divided Lake Michigan
into a 90 x 90 grid (~1.6 km X 1.6 km) and calculated probability of predicted hatch location by
summing particle end locations in each grid space and dividing by the total number of particles.
A probability was calculated only for trajectories that indicated potential hatch locations for
larval fish in the nearshore environment. I used a nearest neighbor interpolation to smooth the
probability raster over a 3 x 3 grid cell area to better represent low probability areas. I calculated
the centroid of the particle patch and measured the distance from the centroid to the drifter
start location to quantitatively assess model predictions.
I paired backwards trajectories of modeled drifter tracks with drifter observations to
calibrate values of horizontal diffusivity (KH) and vertical velocity for the larval fish simulation. I
used all 12 drifter trajectories from both the 2015 and 2018 releases and varied model
parameters while taking note of predicted versus observed drifter release locations for
transport scenarios representing offshore vs. nearshore drifter releases and alongshore vs.
inertial oscillation trajectories. Horizontal diffusion has been studied in the Great Lakes and
oceans and is influential in the dispersal of drifting objects. Horizontal diffusivity values in the
ocean vary on a length scale of 100-m to 1-km, representative of the FVCOM model grid
horizontal resolution, and can range from 1-10 m2 s-1 (Okubo 1971). Compared with oceans,
lakes have less wave energy and lack tides, making them potentially less dispersive than oceans.
In a diffusion study of the nearshore environment of southern Lake Michigan, Thupaki et al.
(2013) estimated the mean horizontal diffusivity value to be 5.6 m2 s-1. Larval fish are weak
swimmers, but very low swimming velocities are required to maintain a vertical position in the
water column. I assumed larval alewife occurred throughout the epilimnion during the day as
there is no evidence that larval alewife exhibit diel vertical migration (Martin et al. 2011). I gave
the particles an upward swimming velocity to maintain their position in the epilimnion. I know
of no studies in which a vertical swimming velocity has been estimated for alewife larvae, but a
study on cod larvae in the Arctic estimated the vertical swimming velocity to be 0.001 m s-1
(Vikebo et al. 2007). Using the value of Vikebo et al. (2007) as a benchmark, I calibrated the
vertical velocity of alewife to maintain the particles dispersed within the upper 20-m of the
water column.
I assessed several transport scenarios using a backwards-trajectory analysis to observe
how well the model simulates weak wind forcing (inertial oscillations) and strong wind forcing
(coastal boundary currents). I used wind data collected by NOAA/National Buoy Data Center
(NBDC) buoy 45161 located off Muskegon, MI for analysis of transport scenarios, using a period
from 24 hours prior to drifter release to the end of the drifter track. I used segments of longer
drifter runs that exhibited transport scenarios of interest including inertial oscillations, inertial
oscillations with a directional shift, and coastal transport.
The biophysical model is a nutrient-phytoplankton-zooplankton-detritus (NPZD) model
that simulates dynamics of a phosphorous-limited lower food web. The model includes
dissolved phosphorous, phytoplankton, zooplankton, and detritus (nonliving organic matter),
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with a fixed carbon-phosphorous stoichiometry. The biophysical model uses the FVCOM general
ecosystem model (GEM) to estimate NPZD and temperature by solving advection diffusion
equations on the FVCOM unstructured grid (Rowe et al. 2017). FVCOM-GEM was modified to
use phytoplankton photosynthesis-irradiance functions measured by Fahnenstiel et al. (1989)
and to simulate biomass filtration of phytoplankton by invasive dreissenid mussels (Rowe et al.
2017). Food web parameters were calibrated to reproduce zooplankton biomass observed at a
long-term ecological monitoring site offshore of Muskegon (Vanderploeg et al. 2012) in 2000,
and assessed against subsequent observations in 2005 and 2010 spanning the period of
colonization by invasive quagga mussels (Rowe et al. 2017). The biophysical model was run for
2015 to estimate NPZD concentrations and temperatures throughout Lake Michigan.
Meteorology was interpolated from observations. Daily tributary phosphorous loads at 38
locations were estimated using discharge from USGS stream flow gages and the most recent
available estimates of annual total and dissolved phosphorous loads (mean of 2006-2008; Dolan
and Chapra 2012), as described by Rowe et al. (2017). Dreissenid mussels biomass was initialized
from a 2015 lake-wide survey, interpolated using the geostatistical model of Rowe et al.
(2015b). Lateral boundaries were closed including the Straits of Mackinac and outflow through
the Chicago River (Rowe et al. 2017). I extracted data from output of the biophysical model
along trajectories from the Lagrangian particle dispersion model to estimate the NPZD
concentrations and temperatures along the modeled trajectories.
Statistical Analysis
I first used a regression tree to explore the relationship between otolith increment
width and predictor variables. A regression tree splits the data into smaller subsets by using a
process known as binary recursive partitioning. This was done using R.3.6.0 (R core team, 2019),
with the r package rpart.plot (v3.0.7; Milborrow 2019). I compared two different regression
trees, one with all predictor variables (age, temperature, zooplankton, phytoplankton, and
detritus) and one without age to visualize the effects variables have on increment width. The
regression tree without age allows visualization of other predictor variables on otolith increment
width. I calculated the correlation coefficient among the variables and the highest coefficient
was among phytoplankton and zooplankton (0.80) and the next highest was between
zooplankton and detritus (0.63). The rest of the correlations were below 0.60. I removed
phytoplankton from the subsequent mixed model analysis. I performed a linear mixed model
analysis to determine the relationship between the estimated environmental conditions
(zooplankton, detritus, temperature) and daily increment growth rate of larval fish. Mixed
model analysis was completed using the lmerTest (v3.1-0; Kuznetsova et al. 2017) and the
interactions (v1.1-1; Long 2019) packages. A linear mixed model is a regression model that
allows for both fixed and random effects. The addition of random effects is necessary when
observations are not independent, as with daily otolith increment width of a fish. Individuals
and age were included in the mixed model as a random effect. The random effect adds a
random intercept and random slope into the model with respect to age, which incorporates the
concept that fish grow at different rates as they age into the model. Age was included as an
interaction term in the mixed model. I mean centered the variables to predict the effect a single
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variable has on the otolith increment while holding all other variables at their mean. Age was
not mean centered. Mean centering entails subtracting the mean of the variable from every
value of the same variable to redefine the zero point for the predictor variable. Hourly NPZD
output was extracted from the biophysical model along backward trajectories predicted by the
Lagrangian particle model. Due to computational limitations I had to select a subset of the 1000
particles representing each fish by selecting every 10th particle for a total representation of 100
particles per fish. Otolith increment width was calculated by day, so I averaged NPZD
concentrations that each particle experienced over the course of a calendar day before running
the mixed model. I checked for the assumption of linearity among the predictor and response
variables and normality of the residuals and found that the assumptions held true.
Results
Otolith analysis revealed two important patterns. First, I found an allometric
relationship between the total length of alewife larvae and otolith diameter (Figure 4). Second, I
found that daily otolith increment width increases with the age of a fish (Figure 5).
I compared observed water velocity from drifters to estimated larval swimming speeds
to test the assumption that larval alewife are passive drifters. Swimming at approximately 1-2
body lengths per second, a 22 mm alewife would swim approximately 0.033 m s-1 (Klumb et al.
2003). In 2018, between 64.6 and 100% of the time, water velocity calculated from the drifters
released on the eastern side of Lake Michigan was faster than the fastest estimated larval swim
speeds (Figure S1). In 2015, the water velocity calculated from the drifter deployments on the
eastern side of Lake Michigan was faster than estimated larval swim speeds 82% of the time
(Figure S2). These results suggest that larval alewife are highly susceptible to current transport
in Lake Michigan.
Based upon 2015 and 2018 drifter deployments, I found that drifter transport could be
characterized by wind events. Drifters deployed between June 5-12, 2018 exhibited nearshore
to offshore transport characterized by inertial oscillations (Figure 2). All three sites (M15, M45,
M110) exhibited offshore horizontal transport, but the drifter at M110 moved the furthest
horizontally. During that period, the strongest winds were blowing from the north and
northwest. A strong north wind causes a wind induced Ekman transport away from the coast
along the eastern shore, causing coastal upwelling and offshore transport, as observed in the
drifter trajectories. The second drifter deployment on June 27 and 28 was characterized by
strong coastal transport. All three drifters moved north along the coast before beaching in the
Ludington area on July 4th (Figure 2). The winds were predominately from the south and
southeast direction and Ekman transport would be towards the coast, consistent with the
observed shoreward and alongshore transport of drifters (Figure 2). South winds are consistent
with downwelling events on the eastern shore of Lake Michigan. The third drifter deployment
was characterized by initial southward transport exhibiting inertial oscillations followed by
northward transport and movement towards shore becoming coastal transport before beaching
near Muskegon (Figure 2). The winds were broken down into two separate periods for analysis
of that deployment; southward transport and northward transport. Winds during the southward
transport were strongest from the north and northwest and were consistent with the southeast
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transport of the drifter and upwelling. Winds during the northward transport were more
variable, but mostly from the southwest, pushing the drifter towards the shore. In 2015, the
drifter trajectories were broken into southward transport and northward transport for wind
comparisons. During the southward transport, drifters exhibited transport characteristic of
inertial oscillations and winds blew strongly from the north and northwest, consistent with
upwelling. When the drifters were moving north, the transport was characteristic of alongshore
transport and the winds were from the south (Figure 3). The period during the drifter northward
transport is associated with a downwelling event.
Comparisons of Lagrangian particle model backwards trajectories to drifter observations
showed that varying horizontal diffusivity (KH) values influenced the spread of particle dispersal,
but did not greatly alter the overall trajectories of particles (Figure 6). The drifter start location
was within the spread of the particle patch in all three cases, but the centroid of the particle
patch moved closer to the drifter staring location with increasing KH. Model simulations with
varying vertical velocity values showed model particle dispersion is sensitive to vertical velocity.
A lower vertical velocity (Figure 7) resulted in more dispersion and greater probability that the
initial location is within the particle patch, but the particle depth increased over time. A vertical
velocity of 0 m s-1 applied to the larval fish resulted in particle depths reaching beyond 100-m,
too deep to simulate larval alewife found in the epilimnion. An upwards velocity greater than 0
m s-1 was required to keep the particles in the upper 20-m of the water column (Figure 7). A
vertical velocity of 0.001 m s-1 limited the dispersion of particles both horizontally and vertically
(Figure 7). For subsequent simulations, I selected a horizontal diffusivity of 5.6 m2 s-1 and an
upward velocity of 0.0003 m s-1 to maintain particle vertical position within the upper 20-m of
the water column and have a horizontal spread with a greater probability of the backward
trajectory particle patch encompassing the initial drifter position.
Modeling all observed drifter tracks from 2015 and 2018 and using the calibrated
model, I found that the initial drifter position was within the modeled particle patch 42% of the
time (Figure 8). In the segmented 2015 transport scenarios, I found that the initial drifter
position was within the modeled particle patch when inertial oscillations were the dominating
pattern (Figure 9). Modeled individual particle trajectories demonstrated inertial oscillations
similar to observations when winds were predominately from the north and northeast (Figure 9)
When there was a wind shift and inertial oscillations were present, the initial drifter position
was within the modeled particle patch, but the largest portion of the patch was north of the
initial position and individual particle tracks show that the model did not predict the directional
shift to the extent observed (Figure 9). When there was strong coastal transport, the initial
drifter position was not within the modeled particle patch (Figure 9).
Modeled results of larval fish trajectories revealed that larvae collected in the offshore
sites in the southern basin and those collected on the western side of Lake Michigan most likely
hatched in the south eastern basin of Lake Michigan (Figure 10, 11). The exception to that
pattern was at Manitowoc where larvae collected offshore most likely hatched on the eastern
side of Lake Michigan north of Ludington (Figure 11). Larvae collected on the eastern side of
Lake Michigan were modeled to hatch on the eastern side of Lake Michigan with predicted
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trajectories both north and south of the collection location (Figure 12). No larval fish were
predicted to hatch on the western side of Lake Michigan.
I found several environmental variables that were positively associated with increment
width. As a fish ages, the increment width increases (Figure 13), indicating greater daily growth
with increment age. Increasing zooplankton and detritus concentrations and warmer water
temperatures were associated with larger increment widths (Figure 13). Based on the mixed
model results, temperature, zooplankton concentration, detritus concentration, and age all had
significant effects on otolith increment width (Table 1). There is a negative relationship between
temperature and increment width when fish are age 3 (Table 1). The estimates from the mixed
model show that when there is an interaction between age and detritus, zooplankton, and
temperature, there is an increase in otolith increment width as the fish gets older. There is also
an increase in growth rate when levels of zooplankton, detritus, temperatures increase (Figure
14).
Discussion
Favorable nursery habitat
The predicted hatch locations of larval alewife on the eastern side of Lake Michigan may
indicate that the eastern side provided a more favorable nursery habitat than the western side
for larval alewife in 2015. The dominant southwest wind across Lake Michigan causes persistent
upwelling on the west and more frequent downwelling on the east. Upwelling is associated with
colder water temperatures, which have a negative effect on alewife growth rate. Downwelling
depresses the thermocline and is associated with warm surface temperatures. Metabolic rates
of larval alewife increase with warming temperatures and larvae grow faster (Brown et al.
2004). Empirical studies of alewife in southwestern Lake Michigan indicated water temperatures
were linked to hatch date and growth of alewife and warmer temperatures supported a
favorable feeding environment with increased prey availability (Weber et al. 2015). Warmer
spring-summer water temperatures also correspond to larger alewife year classes (O’Gorman et
al. 2004; Madenjian et al. 2005), since larger fish have higher energy reserves and can survive
the overwinter period (O’Gorman et al. 2004).
The sandy substrate on eastern side of Lake Michigan may promote primary and
secondary production by limiting dreissenid mussel biomass, and better support prey for larval
alewife. By 2000, dreissenid mussels invaded Lake Michigan and quickly became abundant in the
nearshore area (Nalepa et al. 2009). Dreissenid mussels require a hard substrate for attachment
in order to live in shallow, energetic locations. On the east side of Lake Michigan, the nearshore
area is sandy, and does not support attachment of dreissenid mussels. In contrast, on the west
side, the rocky nearshore area supports high biomass of attached dreissenid mussels (Karatayev
et al. 2015). Dreissenid mussel filtration reduces phytoplankton biomass and primary production
(Rowe et al., 2015; Kao et al., 2016).
Major tributary inputs on the eastern shore may support primary and secondary
production and increase alewife growth rate. Several major tributaries including St. Joseph,
Muskegon, Kalamazoo, and Grand Rivers flow to the eastern shore of Lake Michigan. Tributaries
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carry nutrients, including phosphorous, and are influential in enrichment of the nearshore area
(Bocaniov et al. 2013). Increased phosphorous loading increases phytoplankton biomass
(Schelske et al. 2006). In 2015, the St. Joseph River had unusually high river discharge in July
(USGS gauge data from https://waterdata.usgs.gov/usa/nwis/uv?site_no =04101500), increasing
nutrient input into southeast Lake Michigan. The detritus variable in the biophysical model was
produced by tributary inputs and zooplankton grazing, and was positively associated with larval
growth rate. High detritus concentrations in the biophysical model may be indicative of more
productive regions Lake Michigan, thus increasing prey availability for larval alewife.
It is unlikely that larval alewife only hatch on the eastern side of Lake Michigan. In the
central western coast of Lake Michigan (Two Rivers, WI), Brandt et al. (1991) noted a large
number of spawning alewife, and historically, alewife are known to spawn on both the eastern
and western coasts of Lake Michigan (Goodyear et al. 1982). The samples of larvae I used for my
analysis were surviving larvae at the time of collection, and it may be possible that larvae
hatched on the western side may have experienced greater size-selective mortality; as
previously noted, the eastern side may be more favorable for growth and survival. The predicted
hatch locations also may be influenced by sampling bias in location or timing. Four of the six
sampled transects were in the southern half of Lake Michigan and a large portion of the hatch
regions are predicted to occur in the southern basin. Given that the southern basin exhibits its
own gyre circulation, I expect dispersal of larvae to remain largely within the southern portion of
the lake. This dispersal pattern has been shown in other studies. Beletsky et al. (2006) released
drifters in the southern basin and the drifters remained mostly in the basin. There was one
drifter that moved around the basin before moving north along the eastern shoreline, but the
duration of the release was over 50 days long. Our oldest larva was 30 days and the majority
were between 10 and 20 days old, so their horizontal movement is expected to be less. In
another study, Beletsky et al. (2007) modeled yellow perch hatching in the southern basin and
found that in June and July the particles remained in the basin and in August, they dispersed
throughout the southern basin and into the eastern coastal region.
Study comparison
Results from this study both support and contrast results with previous work.
Eppeheimer et al. (2019) performed an analysis to determine environmental influences on
alewife growth rate using the same samples that were used in this study. Even though both
studies explored the same question, my methods were largely different. Eppeheimer et al.
(2019) collected temperature data at the sampling site and assumed that the surface
temperature was representative of the temperatures experienced by larvae over their lifetime,
but did not take into account transport history. Zooplankton data were collected at each
sampling site during the tows and provided a limited view of the spatial variation inherent in
zooplankton densities (Pothoven and Fahnenstiel 2015). My environmental data came from a
biophysical model that produced hourly output, allowing us to track the environment over the
course of the individual’s life. Eppeheimer et al. (2019) also estimated average instantaneous
larval growth rate (mm/day) by measuring the length of the fish (after correcting for shrinkage
from preservation and subtracting the estimated hatch length) and dividing by the age. This
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technique provided an average growth rate per day while our method measured the observed
growth rate of larvae each day. Both studies found that age was a predictor of growth rate, but I
found a monotonic increasing relationship, while Eppeheimer et al. (2019) found a non-linear
relationship between age and growth rate. Other studies suggest a positive relationship
between larval age and growth rate (Robert et al. 2007). I found a positive relationship between
zooplankton concentration and alewife growth rate, a finding similar to Eppeheimer et al.
(2019). Larval alewife consume zooplankton in Lake Michigan and higher densities of
zooplankton were associated with increased growth rates. Höök et al. 2007 found alewife larvae
had higher larval growth rates in drowned river mouth environments with small bodied
zooplankton. The biophysical model does not represent zooplankton size, but can still be an
indicator of potential prey density in an area. I found a significant positive effect of temperature
on growth rate, but Eppeheimer et al. (2019) did not detect a temperature effect on larval
growth rate. Insight into the transport of larval fish may have provided an improved indication
of the role of temperature on growth rate over the life of a larval alewife.
Several studies have demonstrated a delay, or lag, in otolith response to environmental
cues (Fey 2005; Pepin et al. 2001; Molony and Choat 1990). The delay in response time varies
and may be species specific or related to other individual factors. Observed lag times between
otolith growth and environmental cues include 6 days for the bridled monocle bream (Hall et al.
2019); 3 days in radiated shanny (Pepin et al. 2001), or even a range of 10-15 days for glass fish
(Molony and Choat 1990), thus making the connection between otolith increments and
environmental conditions somewhat ambiguous. Not all species exhibit such a lag and some
species such as coregonids show an immediate otolith growth response to the environment
(Eckmann and Ray 1986). I am not aware of any studies demonstrating the effect of the
environment on alewife otolith increments, but if there is a lag, that would alter the results of
the mixed model.
Model assessment with drifters
To use a single horizontal diffusion value for different spatial and temporal resolutions
of Lake Michigan is to simplify the physical processes of the lake. I chose to use a value of 5.6 m2
s-1 since this was realistic for southern Lake Michigan diffusivity (Thupaki et al. 2013). Yet,
diffusion values have been shown to vary even when forcing and background conditions are
similar (Choi et al. 2019). Lake circulation is driven by variable wind and as such, there is no set
diffusion rate that can be applied to Lake Michigan. There are also differences in dispersal
between dissolved substances such as alewife larvae and floating objects (drifters). Vertical
shear affects dissolved substances but not floating objects (Choi et al. 2019), so I would expect
the drifters to have lower dispersion compared with alewife larvae under observation. It may
have improved accuracy to use a higher horizontal diffusivity value in the model to account for
the differences in dispersal of surface drifters versus dissolved substances due to vertical shear.
These results could indicate that the predicted hatch locations of larvae represent a low
diffusivity scenario, representative of weaker wind forcing.
The currents between the points north and south of Ludington appear to be complex
and challenging for the hydrodynamic model to simulate. The model predictions for drifters that
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started slightly north of Ludington placed end locations of particles offshore (Figure 8) when the
drifter trajectories exhibited alongshore coastal transport. Of the five scenarios modeled to
track drifter movement between the two points north and south of Ludington, four inaccurately
predicted the particles to move offshore instead of following the alongshore coastal transport
exhibited by the drifters. The predictions of hatch location from alewife collected offshore of
Ludington show higher dispersal and coastal transport compared with modeled drifter
trajectories. The model trajectories were consistent with a northward coastal transport of larvae
supported by previous studies (Carter and Haras 1985).
Conclusions
This study provides information on the physical transport of larval alewife and new
insights on the influence of environmental conditions experienced in the early life stage of fish
spawning in nearshore Lake Michigan. I was able to match daily larval growth with a date and
predict the environmental exposure on that day, which supported my hypothesis that the daily
growth rate of larval alewife can be predicted from their exposure to environmental conditions
from hatch to capture. All of our sampled larvae were predicted to hatch along the eastern
shore and may indicate that the eastern shore of Lake Michigan is a more favorable nursery
habitat compared to the western shore. Environmental characteristics along the eastern shore
include warmer water temperatures as a result of persistent southwest winds and downwelling,
and increased nutrient input from high river discharge supporting primary and secondary
production. Growth rate of fish during early life may contribute to year class success (Cowan and
Shaw, 2002), and an early projection of alewife year class success could benefit management of
salmonine species in Lake Michigan by informing salmonine stocking decisions. Future research
that compared lake environments in weak and strong alewife recruitment years would be
informative for understanding the contrasting environments that produce such year classes.
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(Intercept)
Age (days)
Temperature(°C)
Detritus (µg L-1)
Zooplankton (µg L-1)
Age:Temperature
Age:Zooplankton
Age:Detritus

Estimate

Std. Error

Pr(>|t|)

1.365e+00
5.238e-02
-8.321e-02
-1.862e-04
-1.504e-02
1.160e-02
1.165e-03
3.898e-05

6.392e-02
7.054e-03
2.035e-03
3.307e-05
1.108e-03
1.645e-04
7.594e-05
3.399e-06

<2e-16 ***
1.36e-12 ***
<2e-16 ***

1.81e-08 ***
<2e-16 ***
< 2e-16 ***
< 2e-16 ***
< 2e-16 ***

Table 1. Mixed effects model summary. One thousand particles were initiated for each of the
290 fish and subsamples of data were used from every 10th particle for each of the simulated
fish. Hourly outputs for variables from the biophysical model were averaged over each day for
each particle. Otolith increments were measured (µm). *** represents a level of significance
with a p-value <0.001. An interaction of age with the environmental variables was included in
the output. All variables were mean centered and estimate represents the slope of otolith
increment width assuming all other variables are held at their mean value. Estimate represents
change in otolith increment width (µm).
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Fig. 1. Collection sites of larval alewife in Lake Michigan during the 2015 Cooperative Science
and Monitoring Initiative (CSMI). Lake Michigan is located on the western side of Michigan and
adjacent to Indiana, Illinois, and Wisconsin. It is one of the five Great Lakes. Black dots represent
sampling sites along a transect and based off bathymetric contours (18-m, 46-m, and 91 or 110m). Star is location of NOAA/National Data Buoy Center buoy 45161 off Muskegon, MI.
Bathymetric contours depicted at 15-m, 45-m, and 110-m depicted.
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Fig. 2. Observed drifter tracks released on three separate occasions off the coast of Muskegon,
MI. Stars represent the release site of drifters at M15, M45, and M110 (nearshore to offshore
respectively).Site names represent bathymetric contours. a) First deployment drifters released
June 5, 2018 and collected June 12, 2018. b) Second deployment drifters released June 27, 2018
at M15 and M45 with a third drifter released June 28, 2018 at M45 and all retrieved July 4, 2018
on shore c) Third deployment drifters released July 18, 2018 and collected August 5, 2018 on
shore, drifters traveled south from July 18, 2018 to July 27, 2018, followed by a shift in direction
July 27, 2018 to August 5, 2018. Wind rose plots depict wind speed and direction during the
period of corresponding drifter deployments with wind data from NOAA/NDBC buoy 45161
located off Muskegon, MI. Wind rose plots for deployment 3 depict period July 17, 2018- July 26,
2018, when drifters traveled south and July 28, 2018-August 05, 2018, when drifters traveled
north.
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Fig. 3. Observed drifter tracks from three separate drifters deployed in Lake Michigan in 2015.
The star symbol represents the release location. Drifters released simultaneously on June 30,
2015 and drifted for approximately one month with two traveling north and one moving south
of the release location. Data source: Meng Xia, NOAA/University of Maryland. The wind rose
plot depicts wind speed and direction during the period corresponding to longest deployed
drifter with wind data from NOAA/NDBC buoy 45161 located off Muskegon, MI. Wind plots
depict period of June 29, 2015 - July 12, 2015, when drifters traveled south and period of July
16, 2015 -July 26, 2015, when drifters traveled north.
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Fig. 4. Allometric relationship between otolith diameter (µm) and total length (mm) of larval
alewife. R2=0.9309; intercept=4.16; slope= 0.1017; n=290. Data source: Unpublished data from
David Bunnell, USGS-GSLC.

Fig. 5. Daily otolith increment width (µm/day) increases with the age of larvae (days). n=290.
Diamonds are the mean daily increment width calculated for each age.
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Fig. 6. Comparison of different horizontal diffusivity (KH) (m2 s-1) values in model runs simulating
a 2015 drifter release. Black triangle represents starting location of drifter and red star is ending
location of drifter. The black line is the observed drifter trajectory. The yellow x represents the
centroid of the predicted model results and measurements taken are distance (D) from centroid
to drifter starting location. Probability represents the end location of 1000 simulated particles.
a) KH=1, D= 20.2 km; b) KH=5, D=17.3 km; c) KH=10, D=16.5 km. The upward velocity is 0.0003 m
s-1 in all three comparisons. Simulations start July 7, 2015 and run backwards to June 30, 2015.
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Fig. 7. Comparison of different vertical velocity values in model runs simulating 2015 drifter
release. Black triangle represents starting location of drifter and red star is ending location of
drifter. The black line is the observed drifter trajectory. The yellow x represents the centroid of
the predicted model results and measurements taken are distance (D) from centroid to drifter
starting location. Probability represents the end location of 1000 simulated particles. Boxplots
represent depth (m) of 1000 particles from the surface over the duration of the simulation
period; the black diamond represents the mean depth each hour. Model simulations start on
July 7 and run backwards to June 30. The horizontal diffusivity is set to 5 m2 s-1 in scenarios. a)
Vertical velocity=0 m s-1, D=13.6 km; b) vertical velocity =0.0003 m s-1, D=17.3 km; c) vertical
velocity= 0.001 m s-1, D=22.0 km.
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Fig. 8. Model estimates from 2018 and 2015 drifter observations. Simulations were run with an
upwards velocity of 0.0003 m s-1 and KH of 5.6 m2 s-1. The black triangle represents the starting
location of drifter and the red star is the end location of the drifter. The black line is the
observed drifter trajectory. One thousand particles were initiated at the end location of the
drifter observations and a backwards-trajectory was applied. The yellow x represents the
centroid of the predicted model results and measurements taken are distance (D) from centroid
to drifter starting location. a-c) Deployment 1 in 2018 at M110 D= 21.5 km, M45 D= 14.1 km,
and M15 D= 15.7 km respectively; d-f) Deployment 2 in 2018 at M45 D= 26.0 km, M45 D= 48.9
km and M15 D= 37.6 km respectively; g-i) Deployment 3 in 2018 at M15 D= 19.5 km, M45 D=
45.9 km, and M110 D= 25.4 km respectively; j-l) Deployment in 2015 with 3 separate drifters
released off Muskegon, MI on June 30, 2015 D=138.4 km, D=127.4 km, and D= 79.3 km
respectively.
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Fig. 9. Observed vs. model predictions
for various transport scenarios in
2015. Drift patterns were
characterized by a) near inertial
oscillations; b) large directional
change in current with near inertial
oscillations; c) alongshore current. Red
lines represent a randomly selected
subset of the 1000 particles simulated
in the model. The yellow star is the
starting location for modeled
backwards trajectory run and end
location of observed drifter tracks.
Probability represents the end
location of 1000 simulated particles.
The black dot is the starting location of
the drifter. Horizontal diffusivity is 5.6
m2 s-1 and upwards velocity is 0.0003
m s-1. Dates of drifter release were a)
June 30, 2015 -July 04, 2015; b) July
04, 2015 - July 09, 2015; c) July 17,
2015 - July 26, 2015. Corresponding
wind rose plots include 24 hours prior
to the period of drifter release with
data derived from daily buoy
observations (NDBC 45161) off
Muskegon, MI.
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Fig. 10. Estimated probability of hatch locations at offshore collection sites in the southern half
of Lake Michigan. The grey area represents predicted hatch location in bathymetric depths >20m. Probability represents predicted hatch location in bathymetric depths < 20-m of all samples
collected at a) Saugatuck 110-m on July 16, 2015; b) St. Joseph 110-m on July 19, 2015; c)
Waukegan 91-m on July 21, 2015; d) Racine 91-m on July 23. 2015. Red lines represent the
trajectories of five particles from the model simulations.
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Fig. 11. Comparison of hatch locations for western Lake Michigan larval collection sites. The grey
area represents predicted hatch locations in bathymetric depth >20-m. Probability represents
predicted hatch locations in bathymetric depths < 20-m of all samples collected at a) Manitowoc
110-m on July 24, 2015; b) Racine 18-m on July 22, 2015; c) Racine 46-m on July 22, 2015; d)
Racine 91-m on July 23, 2015; e) Waukegan 46-m on July 20, 2015; f) Waukegan 91-m on July
21, 2015. Red lines represent the trajectory of five randomly selected particles from the model
simulations.
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Fig. 12. Comparison of estimated hatch
locations at eastern Lake Michigan
collection sites. The grey area
represents predicted hatch locations in
bathymetric depths >20-m. Probability
represents predicted hatch locations in
bathymetric depths < 20-m of all
samples collected at a) Ludington 46-m
on July 11, 2015; b) Ludington 110-m
on July 12, 2015; c) Saugatuck 18-m on
July 12, 2015; d) Saugatuck 46-m on
July 13, 2015; e) St. Joseph 18-m on
July 18, 2015; f) St. Joseph 46-m on July
16, 2015. Red lines represent the
trajectory of five randomly selected
particles from the model simulations.
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a)

b)

Fig. 13. Regression trees of environmental predictors and their influence on otolith increment
width. Intensity of node color is proportional to the otolith increment width value predicted at
the node based upon environmental variables. Sample size for each argument = n. a) regression
tree using age, zooplankton, phytoplankton, temperature, and detritus as predictor variables; b)
regression tree using zooplankton, phytoplankon, temperature, and detritus as predictor
variables.
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Fig. 14. Linear mixed effects model results from biophysical model data. One thousand particles
were initiated for each of the 290 larvae and subsamples of data were taken at every 10th
particle for each larvae. Hourly output of variables were averaged over each day for each
particle. An interaction of age was included with each variable. All variables are mean centered
with zero representing the mean value of each variable. Mean temperature=16.864 °C, mean
detritus=147.645 µg L-1, mean zooplankton=17.309 µg L-1.
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Supplemental Figures

Fig. S1. Calculated water velocity for the 2018 drifter deployments. a-c) deployment 1 at M15,
M45, M110 respectively; d-f) deployment 2 M15, M45, M45 respectively. g-i) deployment 3 at
M15, M45, M110 respectively. Site names represent bathymetric controus at 15-m, 45-m, and
110-m. Horizontal line at 0.033 m s-1 represents estimated larval alewife (22 mm TL) swim
speed.

Fig. S2. Calculated water velocity for the 2015 drifter deployments. Horizontal line at 0.033 m s-1
represents estimated larval alewife (22 mm TL) swim speed. a,c) drifters traveled north; b)
drifter traveled south of starting location.
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