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Abstract

This study identified formation time, movement and disappearance of spring thermal
bars in southeast Lake Michigan off Muskegon from 2010 to 2019, and analyzed 2019
and 2015 zooplankton distribution and composition in response to thermal bar
dynamics and environmental characteristics. Thermal bar location was identified
using available Sea Surface Temperature satellite data. Analysis of zooplankton
biomass and composition distribution with environmental characteristics used data
from NOAA and Great Lakes Environmental Laboratories research programs. Analysis
used generalized linear models. Results showed that thermal bars formed mainly in
April, persisted one to four weeks, and formation and movements influenced by air
temperature occurred later with cooler air. Location relative to shore was positive and
significantly influenced by runoff and air temperature 7 days prior to the thermal bar
identification, but not significantly influenced by air temperature on the day bars were
identified. Movement rate towards offshore, ranging 0 to 3.53 cm/s, increased
significantly with air temperature 10 days prior to the end of thermal bar movements
and with distance to shore but was not significantly related to river runoff discharge.
Zooplankton biomass significantly varied among zones relative to thermal bars along
the Muskegon transect and was higher in zones inshore from thermal bars.
Chlorophyll a (CHL) biomass was highest nearshore from thermal bars with highest
colored dissolved organic matter (CDOM) and water temperature. Zooplankton
biomass distribution was consistent with CHL, water temperature and CDOM
distribution. Zooplankton composition also varied among areas relative to thermal
bars. In 2015, Leptodiaptomus sicilis copepod was most abundant in nearshore areas
in April and near thermal bars with preferred cooler temperatures in May. In 2019, L.
sicilis and L. ashlandi were most abundant near thermal bars in April, but decreased
in May as cyclopoid copepod Diacyclops thomasi became more abundant.
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1 Introduction

1.1 Thermal bar definition

Thermal bars are temperature fronts that form annually in lakes in spring and autumn
(Holland and Kay, 2003) due to preferential warming (in spring) or cooling (in fall) of
shallow nearshore waters (Ullman et al, 1998). This study only focused on the spring
thermal bar and all thermal bars mentioned below are spring thermal bars. When
water reaches its maximum density at 4 °C, the water sinks to form a vertical front
that separates the lake into warmer inshore (>4°C) and colder offshore water (
<4°C) (Stoermer, 1968; Bukreev and Gavrilov, 2010). Thermal bars act as boundaries
between water bodies that control the mixing of nearshore and offshore waters and
limit the exchange of heat and mass (Huang, 1972; Blanton, 1986; Lathrop et al, 1990).
Thermal bars play an important role in the ecosystem because high primary
productivity often occurs within thermal bars, which impact the distribution,
composition and production of zooplankton and fish through the food web
(Mortimer, 1988; Moll et al, 1993). Information about timing and location of the
thermal bar can be valuable for predicting biological processes in lakes.

1.2 Impact of thermal bars on nutrient cycles

Thermal bars are important in regulating physical, chemical and biological processes.
They impact the distribution of sediments, nutrients and organisms, through
hydrodynamics. For example, in Lake Superior, average nearshore total suspended
sediment (TSS) levels can be raised more than four times background levels due to
nutrients and sediments delivered during spring runoff events that are trapped by the
thermal bar (Auer and Gatzke, 2004). Further, the date of the thermal bar formation
relative to runoff events determines the proportion of total suspended sediment from
spring runoff events trapped in the nearshore waters.

1.3 Impact of thermal bars on plankton distribution

During spring, there are two abundant plankton areas in lakes with distinct regimes:
the nearshore area with high production and the area near the thermal bar due to
convergent zones (Holland and Kay, 2003).

1.3.1 Nearshore area

Studies in Lake Baikal and Lake Michigan have documented that spring growth of
phytoplankton and zooplankton is faster inshore of the thermal bar due to more
suitable temperatures and higher nutrient levels compared to areas outside of the
thermal bar (Saiz et al, 1992; Tsydenov, 2019; Wang, 2013; Vanderploeg et al, 2007;
Moll et al, 1993). Additionally, more stable flow inside of the thermal bar benefits the
growth of phytoplankton and zooplankton.

Primary productivity in lakes increases during spring blooms because of enhanced
1



insolation and relatively high nutrient levels that provide optimal conditions for
phytoplankton growth (Holland and Kay, 2003; Ullman et al, 1998). Injection of algae
from river runoff into the nearshore regions may serve as a "seed" population for
phytoplankton blooms immediately inshore of the thermal bar (Bowers et al, 1986).
In Lake Baikal, temperature is the dominant reason for higher zooplankton abundance
in nearshore areas (Tsydenov, 2019). In early stages of thermal bar development,
growth of phytoplankton and zooplankton biomass is observed in the nearshore area
of the lake. Nevertheless, when the thermal bar moves offshore, highest zooplankton
concentrations remain in the nearshore area due to warmer water conditions while
highest phytoplankton concentrations may occur offshore but near the thermal bar
in Lake Bailkai (Tsydenov, 2019). Additionally, thermal bars can have an effect on
environmental stability for plankton growth in open water, which has been
emphasized in ecological studies in Kootenay Lake and Lake Michigan (Jasper et al,
1983; Scavia and Fahnenstiel, 1987). Continued growth of plankton is allowed when
biomass is kept within the euphotic zone due to restriction of vertical mixing.

1.3.2 Convergence zone

Aggregation of plankton and planktonic organisms at the thermal bar has been
explained by passive accumulation at convergence zones and by in situ production
(Owen, 1981). In Lake Ontario, phytoplankton blooms confined nearshore by the
thermal bar at first migrate offshore when the thermal bar moves due to the effects
of convergence (Scavia and Bennett, 1980). In addition, convergent flow may move
phytoplankton and zooplankton towards the thermal bar and below the surface. The
convergence and downwelling can rapidly move phytoplankton and zooplankton from
the surface to the bottom where they may serve as an important source of food for
the benthos (Moll et al, 1993).

1.4 Impact of thermal bars on fish survival, growth and
distribution in Lake Michigan

Regions inshore of thermal bars may provide suitable habitat for growth and survival
of larval fish because of enhanced densities of prey and favorable temperatures. In
Lake Michigan, higher density of larval deepwater sculpin was found inshore of the
thermal bar compared to offshore (Wang, 2013). Additionally, larvae inshore of the
thermal bar were found to have higher growth rates and to consume significantly (p<
0.04) more copepod prey than larvae offshore. Higher consumption and growth rates
could result in larger body sizes of larvae, and a better ability to catch prey and avoid
predators (Miller et al, 1988, 1992). While fish eggs and larvae passively accumulate
at thermal bars, adult fish that are capable of overcoming physical advection also are
often observed aggregated at the thermal bar owing to increased food availability and
better thermal conditions in Lake Michigan (Brandt et al,1980; Brandt and Wadley,
1981).

1.5 Bottom-up effects in Lake Michigan

Phytoplankton blooms have declined in nearshore and offshore areas of Lake



Michigan since 1970 (Madenjian et al, 2002, Fahnenstiel et al, 2016). This has led to
changes in phytoplankton and zooplankton density and composition, which ultimately
affect fish populations through bottom-up effects. Annual primary production in the
offshore waters of Lake Michigan has been estimated to have decreased by 35%
between 1983-1987 and 2007-2008, attributed to the filtering activities of quagga
mussels during spring mixing (Fahnenstiel et al, 2010; Vanderploeg et al, 2010). This
change also occurred in nearshore areas, and reduction in primary production may
have partly contributed to the decrease in Diporeia abundance in the nearshore
region during the early 1990s (Nalepa et al, 2000). These bottom-up effects have
already influenced populations of some fish species. For example, the decrease in lake
whitefish populations between 1995 and 1998 may have been partially due to
bottom-up effects (Madenjian et al, 2002).

1.6 Studies are needed on thermal bar dynamics in Lake
Michigan

Several studies have reported that timing of thermal bar formation in the Great Lakes
is primarily determined by latitude, water depth, climatic conditions and river runoff
(Auer and Gatzke, 2004; Malm and Jonsson, 1993; Spain et al, 1976; Blokhina, 2015;
Tsydenov, 2019). Ullman et al (1998) estimated the temporal probability of thermal
bars occurring in different Great Lakes regions through the application of an edge-
detecting algorithm (Cayula and Cornillon, 1992) to sea surface temperature (SST)
images. This study estimated that the spring thermal bar appears earliest in shallow
Lake Erie and latest in Lake Superior, the deepest and northernmost of the lakes.
Further, in Lakes Michigan and Huron, the thermal bar is estimated to appear later in
northern than in southern waters because these lakes span large latitudinal ranges.
During 1985-1995, in Lake Michigan, the thermal bar reached its peak during May and
weakened in June (Ullman et al, 1998). In July, it disappeared in the south but still was
identified in the northeast. Auer and Gatzke (2004) documented the date of formation
of the thermal bar in Lake Superior during a 33-year period (1966—1998) to range from
6 April (1969) to 28 May (1972), with an average date of 2 May (+ 13 days). To some
degree, this variability is due to meteorological conditions.

The speed of the spring thermal bar movement in the Great Lakes and other lakes is
thought to depend on the heating rate, bottom slope, late winter lake temperature
and wind (Malm and Jonsson, 1993; Spain et al, 1976; Blokhina, 2015; Tsydenov,
2019). According to Scavia and Bennett (1980), the spring thermal bar progresses
from shore to the center of Lake Ontario at a rate of 0.5-1.0 cm/s. According to Elliott
(1970), model predicted thermal bar speeds for Lake Ontario were 0.3 cm/s and 0.95
cm/s at the south and north shore respectively. Warming from solar insolation and
river runoff are considered to be basic thermal regimes that set the speed of the
thermal bar movement (Bennett, 1971; Rodgers, 1987). Furthermore, wind plays an
important role in the lake hydrodynamics during the thermal bar period (Blokhina,
2015). Winds opposite to the direction of the thermal bar can slow its horizontal
movement (Tsydenov, 2019). In addition, thermal bar movement speed is predicted
to vary inversely with the lake bottom slope such that in steep areas, a higher
proportion of water at the lake bottom seems to flow offshore. The entry of offshore



water into inshore areas contributes to the thermal bar movement so the thermal bar
speed is slower in steep areas (Malm and Jonsson, 1993; Spain et al, 1976).

Although available studies have described the basic regime of thermal bar formation,
movement, timing, and speed, dominant impacts still need to be explored. In this
study, | aim to describe the processes of thermal bar formation, movement, and
disappearance in southeast Lake Michigan between 2010 and 2019, and identify the
influence of air temperature, runoff temperature, runoff discharge and distance to
shore on the thermal bar dynamics.

1.7 Studies are lacking of the interaction of thermal bar
dynamics with zooplankton biomass and composition in Lake
Michigan

Few studies have explored differences in zooplankton biomass and species
composition relative to thermal bar location in Lake Michigan (Wang, 2013; Pothoven
and Fahnenstiel, 2015; Agy, 2001). Although these studies have demonstrated that
zooplankton biomass is higher inshore due to in situ production or physical
accumulation, not all zooplankton species aggregate there. For example, in a study of
the thermal bar off Lake Michigan’s western shore, the density of Limnocalanus
copepods did not significantly differ between inshore and offshore of the thermal bar
(Wang, 2013).

Some studies in Lake Michigan have compared zooplankton composition and biomass
among nearshore, mid-depth and offshore areas. Pothoven and Fahnenstiel (2015)
found that during 2007-2012, differences in zooplankton species composition in
southeastern Lake Michigan intensified from spring into summer, but weakened in
the fall. Pothoven and Fahnenstiel (2015) and Agy (2001) found that copepods in
offshore areas were larger than in nearshore areas, especially in summer. Small-
bodied diaptomids (Limnocalanus minutus) constituted a higher percentage of the
total copepod biomass at nearshore sites while large bodied diaptomids (L. sicilis)
constituted a higher percentage of total biomass at mid-depth and offshore sites.
While zooplankton bathymetric and seasonal composition in Lake Michigan has been
studied, variation in zooplankton size and species composition relative to thermal bars
has not been explored. Biomass and size of zooplankton between nearshore and
offshore areas are known to change depending on season. In the nearshore, peak
biomass of zooplankton is observed during early summer and is related to rapid and
early warming of water temperature, whereas at mid-depth and offshore areas, the
peak zooplankton biomass is found in late summer (Dettmers et al, 2003). In spring,
water inside of the thermal bar has higher concentrations of phytoplankton and is
expected to foster zooplankton growth (Brandt, 2013). However, in summer, size
selective fish predation has been found to be larger in nearshore areas, causing the
sizes of zooplankton to be smaller in nearshore habitats compared to offshore (Evans,
1990; Agy, 2001).

| hypothesized that: i) runoff discharge, air temperature and distance to shore have a
significant effect on thermal bar speed, ii) zooplankton biomass is higher in areas



inshore of the thermal bar compared to areas offshore due to the trapping effects of
chlorophyll a (CHL) by thermal bars and iii) that CHL biomass is higher inshore than
offshore due to the trapping effects of CDOM, nutrients and chlorophyll by thermal
bars.

2 Objectives

The objectives of this study are to: (1) describe the timing of formation, movement
and disappearance of the thermal bar in southeast Lake Michigan in the last decade;
(2) investigate the effects of air temperature, runoff temperature, runoff discharge
and distance to shore on the thermal bar dynamics including thermal bar distance to
shore and speed; (3) explore variation in zooplankton biomass, species and size
composition in relation to variation in environmental characteristics around the
thermal bar.

3 Study Area

The study area is in southeast Lake Michigan off Muskegon (Figure 1). The slope of
the nearshore area (0-30 m depth) is gentle, but in parts of the mid-depth region (30-
60 m) increases sharply from 45 to 100 m before leveling off from 100 to 110 m (Figure
2). The distance from shore to a depth of 45 m is 10.5 km, while the distance from 45
to 100 m depth offshore increases by only 5.2 km. In spring, the study area is
characterized by a gradient of decreasing temperature and nutrients from nearshore
to offshore due to warm, nutrient rich tributary runoff from the Muskegon River and
Grand River (Auer and Gatzke, 2004; Moll et al, 1993).

Spring phytoplankton blooms in the nearshore area off Muskegon have total
chlorophyll concentrations reaching up to 7.0 pg L™, several times greater than
concentrations offshore (1.7 pg L) (Carrick et al, 2015). Further, during spring
offshore areas are dominated by picoplankton (< 2 um) and nearshore areas by nano-
(2-20 um) and micro-plankton (> 20 um). During July, after water is vertically
stratified, both the total chlorophyll concentration and phytoplankton size
distribution are more similar in nearshore and offshore areas (Carrick et al, 2015).

The study area in southeast Lake Michigan was selected because of the availability of
several sources of data, in particular data collected along a transect off Muskegon
between latitude 43.188N-43.206N and longitude 86.33W-86.64W (Figure 1) from an
ongoing long-term ecological research study by NOAAs Great Lakes Environmental
Research Laboratory (GLERL).

4 Material and Methods

Data for this study were obtained from databases generated by projects conducted



by the NOAA Great Lakes Environmental Research Laboratory (NOAA GLERL) and the
United States Geological Survey (USGS). These projects include: i) NOAA CoastWatch;
ii) USGS National Water Information System; iii) NOAA GLERLs Real-Time
Meteorological Observation Network (RECON); iv) NOAA GLERLs Plankton Survey
System (PSS); and v) NOAA GLERLs long-term research program on lower trophic
levels of Lake Michigan (Table 1).

4.1 Data sources

4.1.1 NOAA CoastWatch water temperature data

To describe the timing of formation, disappearance and speed of the spring thermal
bar, | analyzed High-resolution Sea Surface Temperatures (SST) estimated from
Advanced Very High Resolution Radiometer (AVHRR) infrared satellite data for Lake
Michigan obtained from the ERDDAP (Environmental Research Division's Data Access
Program) Server (https://coastwatch.noaa.gov/erddap/index.html). Separate
datasets with 3-days, 7-days and monthly resolution are available. To identify the
thermal bar location, | used the 3-days resolution dataset and when data were limited,
| used the 7-days resolution dataset. Measurements are made from NOAA Polar
Operational Environmental Satellites (POES) and the European MetOp Satellites
conducted by CoastWatch. SST is measured using AVHRR's infrared (IR) channels. The
radiance measured is converted to brightness temperature and a multichannel
technique is used to calculate SST.

SST data are available in the form of satellite images and tables with corresponding
Universal Coordinated Time of collection, location and surface temperature in
degrees centigrade (°C) associated with each image pixel. Images are composed of
pixels covering part of or the entire Muskegon transect (Figure 3). The approximate
resolution of the pixels is 1.02 km for latitude and 0.76 km for longitude. The area of
the Muskegon transect is covered by two rows of pixels along latitudes 43.194N and
43.204N and 34 pixels between 86.33W and 86.64W, about 25 km. On some dates,
data covering a portion of the transect were not available to search for the thermal
bar location because the coverage range of AVHRR was limited by clouds. Mean bias
errors for AVHRR data (AVHRR - buoy) were estimated to range from +0.44°C to
+0.51°C for three NOAA POES satellites (Ullman et al 1998).

4.1.2 USGS National Water Information System and NOAA GLERL Real-Time
Meteorological Observation Network meteorological data

To investigate effects of meteorological factors on the thermal bar speed, | used data
on water temperature and discharge of the Muskegon River runoff near Croton dam
(https://nwis.waterdata.usgs.gov/nwis). Data were obtained by the Grayling Field
office and measured by on-site automated recording equipment at 15 min intervals.
To verify accuracy, streamflow and gage height were manually measured as a
supplement. Air temperatures at Muskegon, monitored by the NOAA Real-Time
Meteorological Observation Network, and average daily air temperatures were
obtained at https://www.glerl.noaa.gov/metdata/mkg/archive/.



4.1.3 NOAA GLERL Plankton Survey System (PSS) data

To investigate effects of the thermal bar on zooplankton biomass, chlorophyll a (CHL)
biomass, light (PAR, or photosynthetic active radiation), temperature, nutrient level
(CDOM, or colored dissolved organic matter), | analyzed data collected by the PSS.
The PSS survey is described by Vanderploeg et al (2007), when it was deployed along
five transects in southern Lake Michigan including the one off Muskegon shown in
Figure 1. | used the PSS data sampled monthly along the Muskegon transect in April
and May of 2015 and 2019, and used the temperature data to identify the thermal
bar. Cruises were conducted along the Muskegon transect between 86.33W -43.188N
and 86.64W - 43.207N, about 25 km. The system consists of a laser optical plankton
counter (OPC) (Model 2T, Focal Technologies, Dartmouth, NS), a General Oceanics
flowmeter, an Aquatracka Ill fluorometer (which has 4 decade logarithmic amplifiers,
Chelsea Technology Group, Surrey, UK), a Biospherical Instruments PAR sensor (San
Diego, CA), and an 0S200 CTD (San Diego, Ocean Sciences, CA) mounted on a V-fin
(Ruberg et al, 2001). The PSS is towed in a vertically undulating mode and
continuously raised or lowered at 0.25 m/s between 1- 2 m from bottom to surface
to create a sinusoidal path along transects as the ship moved at 2.5 m/s offshore
(Figure 2).

The PSS data are geo-referenced to include time and depth. Data are recorded at 0.5s
intervals (Ruberg et al, 2001). The PSS maps out continuous measures of chlorophyll,
temperature PAR and CDOM (Figure 4), and zooplankton biomass (Figure 4 and Figure
5). Zooplankton are counted and biomass measured using an optical plankton counter
(OPC) within five size categories (binl = 91-255 um; bin2=256-495 um; bin3=496-750
um; bin4= 751-1500 um; and bin5= 1501-4005 pum).

4.1.4 NOAA GLERLs long term research (LTR) program zooplankton data

To investigate effects of the thermal bar on zooplankton, data also were obtained
from the NOAA GLERL long term research program and Plankton Survey System
described by Vanderploeg et al (2007). Net tow samples of zooplankton were
collected at stations along the Muskegon transect at 15m, 45m and 110m depth by
LTR (Figure 1) and at 10m, 15m, 30m, 35m, 45m and 110m depth by PSS (Table 2).
Two replicate tows were taken at each station using a 0.5 m diameter zooplankton
net with a 64 or 153 um mesh and vertically hauled from 1 to 2 m above the bottom
to the surface. Additionally, secchi depth (measure of water clarity) and CHL biomass
were measured at stations along the Muskegon transect at 15m, 45m and 110m depth
by LTR.

| used data from net tow samples collected with 64-um and 153-um mesh nets from
March to June along the Muskegon transect in 2015 and 2019 by the LTR and PSS
programs (Table 2). Methodology for analysis of the samples is described by Agy
(2001) and Vanderploeg et al (2012). Zooplankton samples were narcotized with Alka-
Seltzer and preserved in 2—-4% sugar formalin solution (Haney and Hall, 1973).
Subsamples of zooplankton were taken using a Hensen-Stempel pipette from a well-
mixed total sample of 500 ml. Subsamples of zooplankton were counted in a circular
counting dish using a dissecting microscope at a magnification of 20 to 57 x until a



minimum of 600 zooplankton organisms were identified for each sample. Using the
keys of Wilson and Yeatman (1959), Brooks (1959) and Balcer et al (1984), all adult
copepods and cladocerans were classified to species, immature copepodites to genus,
and nauplii combined into one group. Densities of zooplankton from subsamples were
calculated on a volumetric basis. To estimate zooplankton biomass, length
measurements were made on a subsample (10 adult copepods and 25 copepods or
cladocerans) which were over 10% of the total density, using Image Pro Plus image
analysis software (Media Cybernetics, Silver Spring, MD). Dry biomass was
determined using published length-weight regressions (Culver et al, 1985; Malley et
al, 1989). A default weight from the literature was used to estimate biomass for
unmeasured zooplankton taxa that were less than 10% of the total density (Hawkins
and Evans, 1979).

4.2 Data analysis

4.2.1 Thermal bar Identification

To address the study objectives 1 and 2 related to the thermal bar dynamics, | used
2010 to 2019 SST data to identify the location of the thermal bar along the Muskegon
transect in southeast Lake Michigan (Figure 1). To identify the location, | followed the
criteria that areas inshore of the thermal bar have SST > 4 °C and areas offshore of
the thermal bar have SST < 4°C. Because thermal bars are a boundary between cold
<4 °C and warm water > 4 °C, | looked along the 43.194N longitude of the Muskegon
transect for two adjacent pixels where SST > 4 °C and < 4 °C. If the pixel SST =4 +
0.5°C, | used coordinates of the pixel with SST closest to 4 °C as the thermal bar
location. If no pixels were found with SST =4 + 0.5 °C, | looked for two adjacent pixels
with SST =4 + 1 °C and considered the location to be in the middle of the two pixels.
If | found no thermal bar from pixel data along the Muskegon transect at 43.194N, |
searched along pixels at longitude 43.204N.

| considered the date of thermal bar formation to be the first time | could identify it
based on the above criteria. The date of disappearance was the last time it was
identified before the lake reached full vertical thermal stratification. The change in
location of the thermal bar between two adjacent dates was identified as a
movement. If the identification of the thermal bar along the transect was uncertain
due to lack of data during the six days before its first identification or six days after its
last identification, | could not confirm the exact date of its formation or
disappearance.

Additionally, | estimated the distance to shore of thermal bars along the Muskegon
transect at water surface and lake bottom using PSS water temperature data. |
identified these as the distance to shore of the surface 4 °C isotherm and lake bottom
4 °C isotherm. | looked at the trajectory of measurement points along the transect: if
there were temperatures = 4 °C+ 0.5 within 5 m below the water surface or above the
lake bottom, | used the location of the measurement point closest to 4°C as the
thermal bar location at water surface or lake bottom. Otherwise, | looked for the
measurement points on either side of the 4 °C isotherm with water temperature
closest to 4°C within 5 m below the water surface or above the lake bottom and



calculated the distance to the shore of the thermal bar by averaging these two
measurement point distances. | also calculated the distance to shore differences
between surface and lake bottom 4 °C isotherm.

4.2.2 Thermal bar dynamics analysis

| used Generalized Linear Models (GLMs) (McCullagh and Nelder, 1989) to evaluate
the effect of: i) air temperature, ii) runoff temperature, and iii) average air
temperature during the previous 7 days on the thermal bar location relative to shore
the first time it was identified. Because air temperature during the previous 7 days
was highly correlated with air and runoff temperature, | ran separate GLMs. | assumed
a normal probability function to represent the distribution of the thermal bar distance
to shore. Tests were performed at the 90% confidence level. The GLM analyses were
implemented using the glm () function in R (R Core Team, 2013).

To evaluate the influence on the thermal bar speed of i) air temperature, ii) runoff
discharge and iii) distance to shore, | used GLMs (McCullagh and Nelder, 1989) and
considered lag effects of temperature and discharge on the thermal bar given its
location. | calculated speed based on the distance and time between thermal bar
locations. For each movement, | calculated air temperature as the average
temperature during the 10 days prior to the end of the movement. The difference in
time lag was to account for water temperature in the Muskegon River being highly
correlated with the average air temperature in the previous 10 days. The lag time
effect for the runoff discharge was different for movements nearshore and offshore,
where the midpoint of the movement < 10.53 km or the 45 m depth contour >
determined if it was considered to be nearshore or offshore. | calculated the average
daily discharge at the Muskegon River 3 days prior to the movement for nearshore
areas and 7 days for offshore areas. The lag time for nearshore locations is to account
for about two days for runoff to move from the discharge monitoring station in the
Muskegon River to nearshore areas and 7 days to reach offshore areas. Distance to
shore was calculated as the distance to shore of the movement midpoint, where the
shoreline is 86.32W. Distance was calculated as the difference between longitude of
the thermal bar midpoint and the shoreline where 1 degree of longitude = 81km.

Average daily air temperature 7 days prior movement was highly positively correlated
with distance to shore of the thermal bar. | ran two separate GLMs: one with thermal
bar movement speed as a function of air temperature and runoff discharge, and
another with thermal bar speed as function of distance to shore. | assumed the
variation in thermal bar speed was normally distributed. Tests were performed at the
90% confidence level. The GLM analyses were implemented using the glm () function
in R (R Core Team, 2013).

4.2.3 Zooplankton total biomass analysis

To analyze the effects of the thermal bar on zooplankton biomass distribution along
the Muskegon transect, | used data collected in 2015 and 2019 by the GLERL PSS.
Zooplankton organisms in the surveys are enumerated in five size diameter categories
(bin 1 = 91-255 um; bin 2 = 256-495 um; bin 3 = 496-750 um; bin 4 = 751-1500 um;
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and bin 5 = 1501-4005 pm). | compared the total biomass along the transect within
four zones: Zone 1 is inshore and > 405m from the thermal bar; Zone 2 is inshore and
within 405m of the thermal bar; Zone 3 is offshore and within 405m of the thermal
bar; and Zone 4 is offshore and > 405 m from the thermal bar. | modelled differences
in zooplankton biomass along the transect zones using GLMs (McCullagh and Nelder,
1989). | ran separate models for April and May in 2015 and 2019. | used a gamma
distribution to represent the skewed biomass distribution, and a logarithmic link to
implement the analysis.

4.2.4 Species composition of zooplankton biomass

To analyze the effects of the thermal bar on species composition of zooplankton
biomass, | used net tow data collected in 64-um or 153-um mesh nets along the
Muskegon transect in 2015 and 2019 by the NOAA GLERL LTR and PSS programs (Table
1). | focused on the spatial distribution of the nine most abundant zooplankton taxa
in relation to the thermal bar: copepod nauplii, Diaptomid copepodites (C1-C5 stages),
Diacyclops thomasi, Leptodiaptomus ashlandi, L. minutus, L. sicilis, Limnocalanus
macrurus, Bosmina longirostris and invasive Dreissena mussel veligers. | calculated
the biomass proportion of zooplankton taxa for each sample available, and compared
proportions across transect zones and sample dates. These samples were collected
during research cruises when the thermal bar was present in 2015 on April 28 and
May 20, and in 2019 from April 29-May 2 and May 14-16. Additionally, | investigated
the zooplankton biomass composition by size categories in the four transect zones
using the binl-bin5 sized zooplankton biomass estimated by the PSS laser optical
plankton counter. To explore whether the zooplankton biomass composition
distribution was consistent with the zooplankton size distribution, | combined the size
categories of zooplankton taxa based on optical plankton counter (OPC) equivalent
spherical diameters (ESD) using length and length/width ratios (Liebig and
Vanderploeg, 2008) (Table 3).

Finally, to explore the effect of thermal bars on environmental factors that may
influence zooplankton biomass, | calculated the average CHLbiomass, PAR, water
temperature and colored dissolved organic matter (CDOM) recorded by the PSS in the
four thermal bar zones along the Muskegon transect during April and May of 2015
and 2019.

5 Results

5.1 Thermal bar temporal dynamics

The thermal bar formation occurred earlier in years with higher average air and runoff
temperatures in spring (Table 4) (Figure 6), but was not influenced by the average
runoff discharge during this period (Figure 7). The thermal bar formation ranged from
March 14 (2012) to April 28 (2015) and its disappearance ranged from April 1 (2012)
to May 29 (2014). Thermal bars formed in April in most years. The exact formation in
2014 could not be determined because the first time that the bar was identified was
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after three SST sampling dates during which the entire transect area or a large portion
was covered by clouds (May 8, 11 and 14).

5.2 Thermal bar location relative to shore

Thermal bars for the study period were identified within 86.356W and 86.6W
longitude along the Muskegon transect. Thermal bars were first observed at a
distance to shore ranging from 2.9 km (2016) to 7.5 km (2011). Thermal bars were last
observed at 9.8 km (2015) to 22.7 km (2013) (Figure 8). The thermal bar typically
moved offshore, but was also found to regress (May 17 to 20 during 2015 and May 5
to 8 during 2019).

Model results indicated that the thermal bar distance to shore along the Muskegon
transect was positively and significantly related to runoff temperature and average
air temperature 7 days prior to the thermal bar identification (Table 5). There was no
significant effect of air temperature on the day thermal bar was identified on the
thermal bar location.

5.3 Thermal bar speed

The annual average thermal bar speed ranged from 0.5 cm/s (2015) to 1.6 cm/s (2017)
with an average speed of 0.93 cm/s. Among the 31 movements identified over the 10-
year period, the thermal bar speed ranged from 0 to 3.5 cm/s. Results from a GLM of
thermal bar speed with covariates air temperature and runoff discharge as predictors
show that speed increased significantly with air temperature but not with river
discharge (Table 6) (Figure 9). Results from a GLM of the thermal bar speed as a
function of distance to shore indicated that speed increased significantly with
distance to shore.

5.4 Zooplankton biomass distribution around the thermal bar

Results of GLMs for 2015 and 2019 indicated that zooplankton biomass varied
significantly among thermal bar zones (Figures 10 and Figure 11) and generally
supported the hypothesis that zooplankton biomass was higher in zones inshore of
the thermal bar than zones offshore of the thermal bar. In April and May 2015, and in
May 2019, zooplankton biomass was higher in areas inshore of the thermal bar (Zones
1 and 2) than in areas offshore of the thermal bar (Zones 3 and 4). Zooplankton
biomass was highest in Zone 1 in April and May in 2015 and in Zone 2 in May 2019
(Table 7). In April 2019, zooplankton biomass was higher in Zone 3 than in Zone 1 and
Zone 2, but the average zooplankton biomass in areas inshore of the thermal bar was
still higher than areas offshore of the thermal bar. In both 2015 and 2019, the lowest
zooplankton biomass in April was in Zone 4, offshore of the thermal bar.

5.5 Zooplankton species composition around the thermal bar

The species composition of zooplankton biomass varied temporally and spatially
around the spring thermal bar. In 2015, Leptodiaptomus sicilis, L. ashlandi, L. minutus,
copepod nauplii and Diaptomid copepodite stages C1-C5 were the dominant species
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which accounted for more than 10% of zooplankton biomass in samples when thermal
bars were present in April and May. In late April 2015, zooplankton biomass in Zone 2
was mainly composed of L. sicilis (58.8%), L. ashlandi (15.7%) and L. minutus (15.9%)
(Figure 12). Zooplankton taxa in Zone 4 were dominated by L. sicilis (36.1%) and L.
ashlandi (26.1%). In May 2015, biomass in Zone 1 was mainly composed of copepod
nauplii (32.5%), Diaptomid copepodite stages (C1-C5) (23.7%) and L. minutus (12.8%)
(Figure 12). In Zone 4, zooplankton biomass was dominated by L. sicilis (39.0%), L.
ashlandi (20.1%) and Diaptomid copepodite stages (C1-C5) (15.1%) (Figure 12).

In 2019, as in 2015 zooplankton biomass dominant taxa included Leptodiaptomid
copepods and cyclopoid copepod Diacyclops thomasi. In late April, biomass in Zone 1
was mainly comprised of Leptodiaptomus ashlandi (29.7%), L. sicilis (15.5%),
Diacyclops thomasi (10.1%) and copepod nauplii (9.8%) (Figure 12). Zone 2 biomass
was dominated by many of the same groups with L. ashlandi remaining around 30%
and L. sicilis increasing to 41.4%, but also L. minutus (13.1%). In Zone 3, zooplankton
was mainly comprised of L. sicilis (38.8%), L. ashlandi (25.8%) and L. minutus (12.3%).
In May 2019, zooplankton biomass in Zone 1 was composed of D. thomasi (22.9%), L.
ashlandi (18.4%), copepod nauplii (9.0%) and L. sicilis (8.6%)(Figure 12). Zooplankton
in Zone 2 was composed of L. ashlandi (28.6%), L. sicilis (17.1%), and L. minutus
(11.2%). Offshore in Zone 4, biomass was comprised mainly of L. ashlandi (23.7%), L.
sicilis (23.3%), D. thomasi (14.4%) and L. minutus (12.8%).

5.6 Zooplankton size composition relative to the thermal bar

The relative size composition of zooplankton biomass varied among zones along the
Muskegon transect in April and May of 2015 and 2019 (Figure 13). In April 2015, size
bins 1-2 biomass represented the largest proportion nearshore (Zone 1) declining in
Zone 2 as proportion of bins 3-4 increased. Toward offshore (Zone 3), there were
equal proportions of size bins 1-4, and further (Zone 4) bins 3-4 were dominant. In
May 2015, size bins 1-3 zooplankton comprised the largest biomass proportion
nearshore in Zone 1 but bins 3-4 became dominant in Zone 2 as relative biomass of
the smaller zooplankton declined. Offshore (Zones 3 and 4), bins 3-4 represented the
highest biomass.

In April 2019, relative biomass proportion of size bins 1-2 zooplankton decreased from
nearshore (Zone 1) to offshore (Zone 3) as the proportion of bin sizes 3-4 increased.
Farther offshore in Zone 4, bin sizes 3-4 were dominant. In May 2019, the proportion
of bin sizes 1-2 was lower in nearshore zones than bins 3-4. Offshore in Zone 3, the
proportions of most size bins decreased (except bin 3) relative to Zone 2. In Zone 4,
the proportions of all bins decreased relative to Zone 3 except bin size 1.

5.7 Chlorophyll biomass, temperature, PAR and CDOM around
the thermal bar

Environmental characteristics of zones relative to the thermal bar along the
Muskegon transect varied among months and years. CHL biomass decreased with
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distance to shore from Zones 1 to 4 (Figure 14). Zones 1 and 2 had higher chlorophyll
biomass in 2015 than in 2019 in both April and May. In April 2015 and 2019,
chlorophyll biomass was higher in areas inshore of the thermal bar than in areas
offshore of the thermal bar. In May 2015, chlorophyll biomass in Zone 1 was higher
than other zones, but in May 2019, chlorophyll biomass was highest in Zone 4.

Water temperature decreased steadily from Zone 1 to Zone 4 each year (Figure 15).
In April, temperature nearshore was similar in 2015 and 2019 while in May, Zone 1
temperature reached 6.5°C in 2015 but was lower in 2015. The average temperature
in Zone 4 was higher in May than in April in both years.

There was no pattern of PAR among four zones. PAR varied among months. May 2019
had the highest PAR in Zone 1 and Zone 2 and April 2015 had the highest PAR in Zone
3 and Zone 4 (Figure 16).

CDOM decreased from Zone 1 to Zone 4 in both months and years, and was much
higher in 2015 than in 2019 (Figure 17). In 2015, CDOM in April was much higher than
May while in 2019 it was similar in April and May.

6 Discussion

6.1 Thermal bar temporal dynamics

The range in dates of thermal bar formation (March 14 - April 28) and disappearance
(April 1 - May 29) found in this study is consistent with dates reported in a previous
study for southern Lake Michigan by Fichot et al (2019), and support the hypothesis
that years with warmer springs have an earlier thermal bar formation date than in
colder springs. Thermal bar formation dates in my study also are consistent with those
reported by Ullman et al (1998), but disappearance dates | found are earlier. While
Fichot et al.’s (2019) study was conducted from 1995-2012, Ullman et al (1998)
reported a later disappearance date (July) for earlier observations of the thermal bar
made from 1985 to 1995. An earlier disappearance of thermal bars in this study can
be explained by warmer weather as the monthly April to June air temperatures at
Muskegon were on average 2°C warmer than in  1985-1995
(https://www.wunderground.com/). It also is possible that the thermal bar along the
Muskegon transect in this study was not observed by Ullman et al (1998), who
reported that thermal bars occurred only in several sites along the southern Lake
Michigan shoreline and covered less than 5% of the shoreline in June.

6.2 Thermal bar speed

Thermal bar speeds estimated in this study to range from 0 to 3.53 cm/s are within
the range of other estimates for Lake Michigan but exceed reports for Lake Ontario.
The lowest speed | estimated was slower than that reported by Fichot et al (2019) for
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southern Lake Michigan, but it is possible that the coarse spatial resolution of AVHRR
SST data used in this study, where a pixel represents 0.76 km, could not accurately
capture such short thermal bar movements. Other estimates of thermal bar speed of
0.21 cm/s during 1988 near the Muskegon transect (Moll et al. 1993) and of 0.44 to
1.74 cm/s in southwestern Lake Michigan during 2007-2009 (Wang, 2013) are within
the range in my study.

My estimates of thermal bar speed along the Muskegon transect exceeded the range
of 0.3-0.95 cm/s in a study by Elliott (1970) using a model for Lake Ontario. A lower
thermal bar speed can be expected for Lake Ontario because the bottom slope is
much steeper than along the Muskegon transect in Lake Michigan. Furthermore, the
model simulated the thermal bar under more stable water column conditions than in
this study.

Results of GLMs on the influence of lake conditions on the thermal bar speed were
partially consistent with previous studies and support the hypothesis that air
temperature has a significant effect on speed. This finding is in agreement with
studies by Bennett (1971), Rodgers (1987) and Moll et al (1993), and supports the idea
that warming from solar insolation is a basic driver of thermal bar movement. My
finding that thermal bar speed increased with distance to shore, where bottom slope
increases, are consistent with those of Fichot et al (2019) and Wang (2013), but do
not agree with earlier reports that speed is slower in offshore areas with steeper
bottom slopes than in nearshore areas (Malm and Jonsson,1993; Spain et al 1976).

GLM results did not support the hypothesis that runoff discharge has a significant
effect on thermal bar speed. The lack of a significant effect of runoff discharge on
thermal bar speed contrasts with previous findings by Moll et al (1993) that runoff
discharge drives thermal bar speed in early spring. Spain et al (1976) claimed that a
steep bottom slope would slow thermal bar speed by slowing the rate of entry of
offshore water from the lake bottom. This was not the case for surface movement of
the thermal bar in this study because movement was most impacted by air
temperature. The faster speed offshore in this study may be caused by the tilting of
the thermal bar and high variation in surface water temperatures. As the thermal bar
moves farther offshore, a larger proportion of the heating sources comes from solar
radiation, and as water temperature decreases with depth, the thermal bar at the
surface moves faster than the thermal bar at the bottom. The vertical heating
exchange was limited near the thermal bar due to tilting of thermal bar. As surface
water temperatures are very sensitive to air temperature changes, high air
temperature can lead to rapid increases in surface water temperature and increase
speed of the thermal bar at surface when thermal bar is tilted offshore.

6.3 Zooplankton biomass distribution

GLMs results generally supported the hypothesis that zooplankton biomass is higher
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inshore of the thermal bar compared to offshore of the thermal bar, and are
consistent with seasonal distribution patterns reported by Agy (2001). Higher
zooplankton biomass inshore from the thermal bar may result from retainment of
CDOM, nutrients and chlorophyll at the thermal bar by convergent flows from inshore
and offshore. The lone exception to this pattern of higher zooplankton biomass
inshore of the thermal bar occurred in April 2019, after a large river runoff event in
late March and early April had discharged CDOM and plankton into the nearshore
zone. The zooplankton remained offshore of, but close to the thermal bar after it
formed later in April 2019.

Temporal-spatial distributions of zooplankton biomass around the thermal bar in this
study were similar to those reported in Lake Baikal by Tsydenov (2019). At the initial
stage of thermal bar formation, zooplankton biomass was highest nearshore in both
studies. When the thermal bar moved offshore in Lake Baikal, the highest zooplankton
biomass remained nearshore similar to in this study in May 2015. At the initial stage
of the thermal bar, in both studies zooplankton biomass was highest nearshore
because of higher chlorophyll biomass and warmer water conditions nearshore than
offshore. However, in May 2019, zooplankton biomass was highest in inshore areas
close to the thermal bar mainly due to increased biomass of calanoid copepods close
to the thermal bar. This could possibly be a consequence of an early spring runoff
event, phytoplankton particle sizes, cooler water temperatures and convergent flows.

6.4 Zooplankton species and size composition around the
thermal bar

Temporal changes in the relative biomass composition of large copepod species in
nearshore areas may reflect differences in the species’ reproductive cycles, and
temperature and feeding preferences. For example, biomass of the relatively large
copepod Leptodiaptomus sicilis in nearshore areas decreased significantly as
temperature warmed from April to May, and was replaced by smaller copepods
(copepod nauplii, Diaptomid copepodite stages (C1-C5), L. minutus) in 2015 and by
Diacyclops thomasi in 2019, respectively. This result is consistent with findings by
Pothoven and Fahnenstiel (2015) and Agy (2001) that copepods in offshore colder
areas were larger than in nearshore areas, especially in summer. L. sicilis is usually
found in cooler and deeper waters than other copepods (Balcer et al, 1984). As
temperatures increased in May, L. sicilis decreased nearshore while a higher
proportion of other copepods remained. L. sicilis breeds between January and May,
and immature persist in large numbers throughout the winter (Balcer et al, 1984;
Selgeby, 1975). L. ashlandi begins breeding in April (Torke 2001) and Diacyclops
thomasi begins breeding in March (Troke, 1975). Therefore, the relative proportion of
L. ashlandi, L. minutus, D. thomasi and immature copepods increased in May due to
development and growth. L. sicilis prefers feeding on particles > 53um that are
abundant in phytoplankton blooms, L. ashlandi and L. minutus prefer smaller particles
<10 um, and <20 um respectively (Bowers, 1980) while D. thomasi prefers particles
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between 15-100 um (LeBlanc et al, 1997). As the phytoplankton blooms in May, the
proportion of microplankton (>20 um) decreases significantly in southeast Lake
Michigan (Carrick et al, 2015). These factors may have led to a decline in the relative
proportion of L. sicilis in the zooplankton biomass nearshore and an increase near the
thermal bar and at offshore areas in May.

The spatio-temporal distribution of zooplankton biomass composition based on net
tow sampling data is consistent with the laser optical plankton counter (LOPC) analysis
of zooplankton size bins. The higher proportion of copepod nauplii in Zone 1 than in
other zones in 2015 and 2019 in April and May is consistent with the higher
proportions of zooplankton size bin 1 and bin 2 in that zone in both years and months.
Further, higher proportions of bin 3 and bin 4 sized zooplankton in Zone 2 compared
to Zone 1 also is consistent with higher proportions of larger zooplankton (L. sicilis, L.
ashlandi, L. minutus). In April 2019, there was a higher proportion of bin 1 and bin 2
sized zooplankton inshore of the thermal bar compared to 2015, which is consistent
with the net tow data that showed higher proportions of copepod nauplii and
Diaptomid copepodite stages C1-C5 in Zone 2. In May 2019, there was a lower
proportion of bin 1 and bin 2 sized zooplankton inshore of the thermal bar compared
to 2015, and lower relative proportions of copepod nauplii and Diaptomid copepodite
stages C1-C5 observed in net tows.

6.5 Chlorophyll a biomass distribution

Chlorophyll a (CHL) biomass differences found between inshore and offshore of the
thermal bar in April 2015, April 2019 and May 2015 support the hypothesis that CHL
biomass was higher in zones inshore than offshore of the thermal bar. The higher
biomass inshore was likely influenced by higher CDOM concentrations and water
temperatures found there. However, in May 2019, biomass was higher in offshore
areas compared to areas inshore of the thermal bar, and did not match the
distribution of high CDOM and water temperatures. This apparent discrepancy in
distribution of chlorophyll may have been caused by the period when data were
collected. Analysis was conducted of all PSS data collected during daylight in order to
report PAR conditions for zooplankton. However, in May 2019, CHL biomass collected
by PSS during the previous night indicated biomass was highest inshore relative to
offshore, but the next day had declined to a lower level than biomass offshore.

CHL biomass differences found between inshore and offshore from the thermal bar
generally are consistent with dynamics reported by Moll et al (1993). In both studies,
at the initial stage of the thermal bar, zones inshore from the thermal bar had twice
the CHL biomass of offshore zones. In the study by Moll et al (1993), when the thermal
bar was located at mid-depth areas on April 29 1988, CHL biomass in zones inshore of
the thermal bar was less than 20% higher than the zones offshore from the thermal
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bar. In this study when the thermal bar was located at offshore and mid-depth areas
respectively in May 2015 and 2019, CHL biomass in zones inshore from the thermal
bar was less than 50% higher than offshore zones.

Distribution of CHL biomass around the thermal bar appears to differ from an earlier
study in southeast Lake Michigan conducted in April 1988 (Moll et al, 1993) and in
Lake Baikal in June 2017 (Tsydenov, 2019). During the initial stage of thermal bar
formation, the highest biomass of chlorophyll was observed in the nearshore areas of
Lake Michigan and Lake Baikal in those studies. However, when the thermal bar was
located at mid-depth or offshore areas, Tsydenov (2019) reported that chlorophyll
biomass was highest in offshore areas close to the thermal bar, and Moll et al. (1993)
reported that chlorophyll biomass at the thermal bar was 6.8% and 24.2% higher in
mid-depth areas compared to nearshore and offshore areas. Tsydenov et al (2019)
suggested that wind-driven currents were responsible for Lake Baikal chlorophyll
biomass to be highest in offshore areas and near the thermal bar. Moll et al (1993)
concluded that higher chlorophyll biomass at the thermal bar in mid-depth area
compared to nearshore was explained by the similar water temperature and
convergence flow towards thermal bar. In my study, the highest CHL biomass
nearshore in April 2015, April 2019 and May 2015 can be explained by warmer water
and highest CDOM nearshore compared to the mid-depth area and offshore. In May
2019, the higher CHL biomass offshore compared to nearshore may be explained by
grazing effects of higher zooplankton biomass nearshore than offshore. Alternatively,
this result could be an artifact of daylight quenching measures of chlorophyll in the
fluorometer, as chlorophyll measures made the previous night on that survey
indicated chlorophyll was higher nearshore than offshore.

6.6 Significance of thermal bars for biological processes

This study contributes to a deeper understanding of the thermal bar dynamics and its
impact on zooplankton biomass, species composition and distribution. Use of the
fluorometer and laser optical plankton counter for PSS data in this study helped to
more accurately define thermal bar characteristics and biomass distributions of
zooplankton relative to temperature, chlorophyll a, light and CDOM. The results show
thermal bars can influence the zooplankton biomass distribution between inshore
and offshore areas through retention of warmer water, chlorophyll and nutrients.
Movement of the thermal bar from inshore to offshore led to the spread of plankton,
warm water and organic material offshore. The CHL biomass difference between
nearshore and offshore areas decreases as the thermal bar moves offshore, and also
decreases the zooplankton biomass differences between nearshore and offshore.
Analysis of zooplankton biomass composition suggested variation in species
preference for aquatic environments nearshore and offshore of thermal bars. Further
work with more targeted net-tow sampling within and among thermal bar zones will
improve knowledge of how the lower food web, and particular zooplankton life stages
(adults, nauplii, copepodites) will respond to variable warming conditions and inputs
of organic matter.
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Table 1. Data types analyzed and their relevance to this study of the spring thermal
bar. Data were obtained from websites available from NOAA GLERL and USGS and

from long-term research programs conducted by NOAA GLERL staff.

Project Data type Purpose
NOAA CoastWatch AVHRR Sea Surface Temperature Identify thermal
data bar location
USGS: Runoff discharge Explain thermal

National Water
Information System

NOAA GLERL:
Real-Time
Meteorological
Observation Network

NOAA GLERL :
Plankton Survey System
(PSS)

NOAA GLERL:
Long term research
program (LTR)

Runoff temperature

Air temperature

i) Net tow zooplankton data
ii) 5 bin sized zooplankton biomass
iii) Water Temperature;
Chlorophyll a; Photosynthetically
active radiation (PAR); Colored
dissolved organic matter (CDOM)

Net tow zooplankton data
Nutrients
Chlorophyll a (CHL)

bar distance to
shore and speed

Explain thermal
bar distance to
shore and speed

Identify
zooplankton
biomass
distribution and
composition

Identify
zooplankton
composition
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Table 2. Data sources, sites and dates sampled by net tows in 2015 and 2019 for the
analysis of zooplankton species distribution around the spring thermal bar along the
Muskegon transect.

Year Date Station Mesh net size Sources
2015 March 24 M15; M45; M110 153 pm LTR
2015 April 6 M15; M45; M110 153 pm LTR
2015 April 14 M15; M45; M110 153 um LTR
2015 May 11 M15; M45; M110 153 pm LTR
2015 June 1 M15; M45; M110 153 pm LTR
2015 June 15 M15; M45; M110 153 um LTR
2015 April 28 M15; M110 153 pm PSS
2015 May 20 M15; M110 153 pm PSS
2019 April 29-May 2 M10; M15; M30 64 um PSS

2019 May 14-16 M15; M35; M110 64 pm PSS
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Table 3. Size range of equivalent spherical diameters (ESD) of optical plankton counter
(OPC) bins and zooplankton taxa likely to fall in these bins (from Liebig and

Vanderploeg 2008).
OPC ESD Range Zooplankton taxa
bins
Bin1 0.091-0.255 mm nauplii, Bosmina longirostris, Diaptomid copepodite

Bin 2

Bin 3

Bin 4

Bin 5

0.256-0.495 mm

0.496-0.750 mm

0.751-1.5 mm

1.501-4.005 mm

stages C1-C5, Veligers

nauplii, Bosmina longirostris, Diaptomid copepodite

stages C1-C5, small Leptodiaptomus ashlandi, small L.

minutus, small L. sicilis, dreissena veligers, Diacyclops
thomasi

Diaptomid copepodite C1-C5, L. ashlandi, L. minutus.
L. sicilis, D. thomasi

L. sicilis, L. ashlandi, L. minutus, D. thomasi,
Limnocalanus macrurus

Limnocalanus macrurus
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Table 4. Dates on which spring thermal bars were first and last observed, and thermal
bar duration along the Muskegon transect in southeastern Lake Michigan from 2010
to 2019.

Year Thermal bar first Thermal bar last Duration (days)
observed observed
2010 April 12 April 26 15
2011 April 25 May 8 14
2012 March 14 April 1 19
2013 April 20 May 11 22
2014 May 17 May 29 13
2015 April 29 May 20 32
2016 April 22 April 28 7
2017 April 8 April 14 7
2018 April 26 May 5 10

2019 April 20 May 14 25
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Table 5. Results of three General Linear Models (GLMs) to analyze variation in thermal
bar distance to shore as a function of runoff temperature, air temperature, and
average air temperature 7 days prior to thermal bar identification. Sample size = 41.
The * indicates slopes were significant at the 90% level.

Model Slope t value P of t Value
Runoff temperature 1.040 4.119 0.0002*
Average air temperature 7 days 1.244 5.099 9.17e-06 *

prior to thermal bar
identification

Air temperature 0.159 0.688 0.495
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Table 6. Outputs of a GLM of the thermal bar speed as a function of average air
temperature and average Muskegon River discharge, and a GLM of the thermal bar

speed as a function of distance to shore. The * indicates slopes were significant at the
90% level.

Model Variable Slope t value P of t Value

Model 1  Average air temperature 0.2767 2.146 0.055 *
10 days prior to the end
of the movement

Runoff discharge 0.0004 1.610 0.136

Model 2 Distance to shore 0.1137 2.092 0.057 *
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Table 7. Mean zooplankton biomass in wet weight (ug/l) in April and May of 2015 and
2019. Zone 1 was inshore and > 405 m from the thermal bar; Zone 2 was inshore and
within 405 m of the thermal bar; Zone 3 was offshore and within 405 m of the thermal
bar; Zone 4 was offshore and > 405 m from the thermal bar.

Year Month Zone 1 Zone 2 Zone 3 Zone 4

2015 April 1741 +57 172074 748+31 399%3

May 1624 +14 500+12 210+5 309+3

2019 April 560 £ 13 562+11 590+16 373+2

May 379t4 492+12 344+10 301+3
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Table 8. Zones relative to the thermal bar and corresponding sampling stations along
the Muskegon transect for zooplankton data used in this study. Zone 1 = inshore and
> 405 m from the thermal bar; Zone 2 =inshore and within 405 m of the thermal bar;
Zone 3 = offshore and within 405 m of the thermal bar; Zone 4 = offshore and > 405
m from the thermal bar. ‘n.d.” indicates no data collected at that zone.

Year Date Zone 1 Zone 2 Zone 3 Zone 4
2015 April 28 n.d. M15 n.d. M110
2015 May 20 M15 n.d. n.d. M110
2019 April 29-May 2 M10 M15 M30 n.d.

2019 May 14-16 M15 M35 n.d. M110
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Figure 1. Bathymetric map of southern Lake Michigan indicating the location of
stations of the long-term ecological research conducted by the NOAA Great Lakes
Environmental Research Laboratory along the Muskegon transect at 15m, 45m and
110m in depth. Credit: Nicole Rice.



27

M110 (Offshore area) M45 (Mid-depth area) M15(Nearshore area)

&

53

2

3 *
- g
§ £
Thermal bar 10 2

3

=

8
-
o in

Figure 2. Sinusoidal path of the Plankton Survey System (PSS) towed during a cruise
along a transect off Muskegon, Ml on April 28, 2015. The white dotted line
represents the path of the PSS shown on the water temperature-depth profile panel.
Source: https://www.glerl.noaa.gov/res/PSS/2015/2015.04.2/
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Sea Surface Temperature, Multi-Satellite AVHRR, U.S. East
Coast 1km, Level 3, 2008-present, 3-Da
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Data courtesy of NOAA NESDIS CoastWatch East Coast Node

Figure 3. Example of a map of sea surface temperature from data collected at
southeast Lake Michigan on May 8, 2019. Source:
https://coastwatch.noaa.gov/erddap/griddap/noaacwecnAVHRRmultisatsstEastCoas

t3Day.graph
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Figure 4. Example of photosynthetically active radiation (PAR), zooplankton biomass,
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(CDOM) data collected by the Plankton Survey System along a transect off
Muskegon, MI. Source: https://www.glerl.noaa.gov/res/PSS/2015/2015.04.2/
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collected off Muskegon, MI. Source:

https://www.glerl.noaa.gov/res/PSS/2015/2015.04.2/
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Figure 6. Thermal bar formation date in spring with average runoff and air
temperature in nearshore southeast Lake Michigan, from 2010 to 2019.
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Figure 7. Thermal bar formation date in spring with average runoff discharge in the
Muskegon River, Ml from 2010 to 2019.
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Figure 8. Location, start and end date of the spring thermal bars along the transect
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Figure 9. Outputs of (top) GLM for thermal bar speed as a function of air
temperature and Muskegon River discharge; and (bottom) GLM for thermal bar
speed as a function of distance to shore. The hash marks on the x-axis represent the
number of observations. The y-axis represents the partial effect of each variable.
The dotted lines indicate 95% confidence intervals.
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Figure 10. Results of GLMs for zooplankton biomass as a function of zones relative to
the thermal bar location along the transect off Muskegon by month (April and May)
in 2015. Zone 1 is inshore and > 405 m from the thermal bar; Zone 2 is inshore and
within 405 m of the thermal bar; Zone 3 is offshore and within 405 m of the thermal
bar; and Zone 4 is offshore and > 405 m from the thermal bar. Brackets represent
two standard error bars. Zones with more data points have wider solid bars. The y-
axis represents the partial effect of each zone.
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Figure 11. Results of GLMs for zooplankton biomass as a function of zones relative to
the thermal bar location along the transect off Muskegon by month (April and May)
in 2019. Zone 1 is inshore and > 405 m from the thermal bar; Zone 2 is inshore and
within 405 m of the thermal bar; Zone 3 is offshore and within 405 m of the thermal
bar; and Zone 4 is offshore and > 405 m from the thermal bar. Brackets represent
two standard error bars. Zones with more data points have wider solid bars. The y-
axis represents the partial effect of each zone.
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Figure 12. Species composition of zooplankton biomass (dry, pg/l) at zones relative to
the thermal bar location along the transect off Muskegon in April and May in 2015
(top) and 2019 (bottom).
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Figure 13. Zooplankton biomass (wet, ug/l) by spherical diameter size bins in four
zones relative to the spring thermal bar along the Muskegon transect on April 28
and May 20 in 2015 (top), April 30 and May 14 2019 (bottom).



39

April 2015 May 2015 April 2019 May 2015

25

CHL pgy|
-
Ln o=}

=

.

L

=

Bionel WMZonel WZones3 Zoned

Figure 14. Chlorophyll a (CHL) biomass (ug/l) in four zones relative to the spring
thermal bar along the Muskegon transect on April 28 2015, May 20 2015, April 30
2019 and May 14 2019.
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Figure 15. Water temperature (°C) in four zones around the spring thermal bar along
the Muskegon transect on April 28 2015, May 20 2015, April 30 2019 and May 14
2019.
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Figure 16. Photosynthetically active radiation (PAR) in four zones around the spring
thermal bar along the Muskegon transect on April 28 2015, May 20 2015, April 30
2019 and May 14 2019.
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