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Abstract

There have been few direct measurements of phytoplankton production made in Lake Michigan
since invasive dreissenid mussels became established in the lake. Here we report the results of 64
measurements of phytoplankton primary production made in Lake Michigan during 2016 and
2017. We conducted two lake-wide surveys, one in the spring 2016 isothermal period and one
after summer stratification in 2017 and examined seasonal production with bi-weekly sampling
between May and November 2017 at an offshore station in the southwestern part of the lake. We
assessed nearshore-offshore gradients by sampling at three transect locations on three occasions
in 2017. Spring 2016 production and production:biomass (P:B) ratios (reflective of growth rates)
were similar across the lake and were higher than those reported before dreissenid mussels
became established, suggesting that despite decreases in phytoplankton biomass, growth rates
remain high. Summer 2017 production and growth rates increased from south to north. Areal
production in 2017 peaked in late summer. Mean 2017 summer production (499 + 129 mg C m™
day™") was lower than values reported prior to the mussel invasion, and the fraction of total
production occurring in the deep chlorophyll layer was about half that measured pre-mussels. At
the offshore site picoplankton accounted for almost 50% of the chlorophyll. As spring P:B ratios
have increased and summer P:B and seston carbon:phosphorus ratios have not changed, we
conclude that the decrease in phytoplankton production in Lake Michigan is due primarily to
grazing by mussels rather than to stronger nutrient limitation.
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Introduction

In recent years there appear to have been significant declines in Lake Michigan
chlorophyll a concentrations, phytoplankton biomass, and phytoplankton production (Fahnenstiel
et al., 2010, 2016; Pothoven and Fahnenstiel, 2013; Warner and Lesht, 2015; Yousef et al.,
2014). Water clarity and euphotic zone depth have increased (Barbiero et al., 2012; Binding et
al., 2015; Yousef et al., 2017; Bunnell et al., 2021) and offshore total phosphorus (TP)
concentration has declined significantly since the 1980s (Mida et al., 2010; Dove and Chapra,
2015). This trend toward oligotrophication of Lake Michigan may have negative consequences
for higher trophic levels, including declines in zooplankton and fish biomass (Barbiero et al.,
2019; Bunnell et al., 2018; Madenjian et al., 2015; Vanderploeg et al., 2012).

The physical, chemical, and biological changes in Lake Michigan generally have been
attributed to the effects of invasive dreissenid mussels, particularly the quagga mussel
(Dreissena rostriformis bugensis) (Hecky et al., 2004; Mosley and Bootsma, 2015; Rowe et al.,
2015) though reductions in external phosphorus loading (Chapra and Dolan, 2012) and changes
in climate (Warner and Lesht, 2015) may also have had an effect. Observed declines in
chlorophyll concentrations and production have been greatest during spring isothermal mixing
when mussels have access to phytoplankton in the entire water column (Fahnenstiel et al., 2010),
and the historical spring diatom bloom has nearly disappeared (Vanderploeg et al., 2010).
Declines in productivity have been less pronounced during summer stratification (Fahnenstiel et
al., 2010) when thermal stratification may limit profundal mussels’ access to phytoplankton in
the euphotic zone.

Although several studies have documented recent changes in phytoplankton production

and community composition (Carrick et al., 2015; Reavie et al., 2014; Fahnenstiel et al., 2010),



we have a limited understanding of the spatial and seasonal variation of phytoplankton
production in Lake Michigan. Recent measurements of the spatial variability of phytoplankton
production in Lake Michigan come from remote sensing studies (Fahnenstiel et al., 2016;
Shuchman et al., 2013) rather than from in situ studies. In the absence of ice and cloud cover,
remote sensing can provide daily lake-wide estimates of phytoplankton abundance. Remote
sensing production models, however, have several limitations, including the inability to account
for vertical heterogeneity (Fahnenstiel et al., 2016), difficulty resolving nearshore values (Lee et
al., 2015), and uncertainty regarding the conversion of remotely measured signals to
phytoplankton biomass, and phytoplankton biomass to primary production rates.

Most published seasonal in situ measurements of phytoplankton production in Lake
Michigan come from studies conducted prior to the offshore proliferation of dreissenid mussels
(Cuhel and Aguilar, 2003; Fahnenstiel et al., 1989; Fahnenstiel and Carrick, 1988; Fahnenstiel
and Scavia, 1987a, b; Scavia et al., 1988; Scavia and Fahnenstiel, 1987). These studies provided
valuable insights into phytoplankton dynamics in relation to nutrient loading, zooplankton
dynamics, and the top-down influence of planktivorous fishes (Scavia et al., 1988). Recent lower
food web changes in Lake Michigan, however, suggest the seasonal dynamics of phytoplankton
production have changed since the mussel invasion, but there has only been one published
experimental study (Fahnenstiel et al., 2010) and two remote sensing studies (Fahnenstiel et al.,
2016; Warner and Lesht, 2015) of post-dreissenid seasonal variability of phytoplankton
production in Lake Michigan.

Considering the relative dearth of spatial measurements of phytoplankton production in
Lake Michigan, the objective of this study was to investigate the current spatial and seasonal

variability of phytoplankton production in the lake. Specifically, we (1) investigated south-north



patterns of phytoplankton production during spring isothermal mixing and summer stratification,
(2) measured seasonal production from May to November at an offshore site in southwestern
Lake Michigan, (3) assessed nearshore-offshore patterns in production in southwestern Lake
Michigan, and (4) compared several current photosynthetic and nutrient variables with values

measured before dreissenids became established.

Methods
Field operations

The locations of our field stations are shown in Figure 1 and listed in Table 1. Working
from the R/V Lake Guardian in spring 2016 (March 26-29, 2016) and summer 2017 (August 2-7,
2017), we collected samples from an augmented subset of the stations visited biannually by the
USEPA’s annual Water Quality Survey (WQS). Two of these WQS stations (MI23 and MI34),
along the N-S axis of the lake, were sampled in both the spring and summer; two other WQS
stations (MI17 in the southern basin and MI47 in northern basin) also were sampled in the spring
with an additional, non-WQS station (MI-N) added to sample spring conditions in the northern
basin. During the summer, three WQS stations (MI11, MI41, and MI52) were added to the
common set along with stations located at the mouth of Green Bay (GB1) and along the eastern
shore of the Door Peninsula (DC75) to examine possible influences of outflow from Green Bay
on the main lake.

To assess the seasonal variability of phytoplankton production, a 75 m deep site (AW75),
16 km northeast of Milwaukee, Wisconsin was sampled from the R/V Neeskay approximately

biweekly from May to November 2017. In July, September, and October 2017 we also collected



samples at two additional stations along a nearshore-offshore transect running from north of
Milwaukee to Station AW75, where bottom depths were 15 m (AW15) and 45 m (AW45).
Profiles of temperature, chlorophyll a fluorescence, beam transmittance, and photosynthetically
active radiation (PAR) were measured using a Sea-Bird CTD at each site during the whole-lake
surveys. In addition to the PAR sensor on the CTD, data from a PAR sensor mounted on the
ship’s deck house were recorded at 1-minute intervals while the ship was underway. We used a
flow-through fluorometer (Seabird WETStar), supplied with lake water continuously pumped
from a port in the ship’s hull ~ 2 m below the surface, to monitor surface chlorophyll a
concentration both while underway and when on station. These measurements were sampled at
1Hz and recorded as 1-minute averages. When sampling was conducted from the R/V Neeskay,
a similarly equipped CTD was used to measure profiles of temperature, chlorophyll a, beam
transmittance, and PAR.

Discrete water samples for photosynthesis experiments and nutrient analyses were
collected on the R/V Lake Guardian following EPA Standard Operating Procedure (SOP) LG200
(U.S. EPA, 2017). During spring 2016, when the water column was isothermal, samples were
collected from 2 m below the surface and from mid-water column depth. In summer 2017,
samples were collected from 5-8 m (considered the mid-epilimnion) and the deep chlorophyll
layer (DCL) as determined by examination of the CTD fluorescence profile (sub-epilimnion
fluorescence maximum). At AW75, water samples were collected from 5 m and at either 25 or
35 m when the water column was unstratified. During stratification, in addition to the 5 m
sample, we collected a sample at the depth of the sub-thermocline fluorescence maximum which
was determined by monitoring the real-time CTD display. In October the second depth sampled

was either at the base of the epilimnion as determined by the real-time CTD temperature profile,



or the depth of the metalimnetic dissolved oxygen percent saturation maximum, whichever was
deeper. Photosynthesis incubation experiments and filtration for nutrient analyses began within 3

hours of sample collection.

Nutrient and chlorophyll analyses

Water from each depth sampled was filtered through pre-combusted Whatman GF/F
filters (0.7 um nominal pore size) for measurements of particulate carbon (PC) and carbon stable
isotope ratio (8'3C, as baseline for photosynthesis experiments), particulate phosphorus (PP), and
chlorophyll a. PP measurements were made following the method of Stainton et al., (1977). PC
and 0'3C were measured on an elemental analyzer (Costech Instruments ECS 4010 CHNSO
Analyzer) coupled with an isotope ratio mass spectrometer (IRMS; Thermo Scientific DELTA V
IRMS) using acetanilide as a standard.

In 2016, chlorophyll @ measurements for whole-lake cruises were made following EPA
SOP LG 404 (U.S.EPA, 2013). For collection depths not sampled by the EPA, chlorophyll a
concentration was estimated from the CTD fluorescence profiles, based on the relationship
between CTD fluorescence and extracted chlorophyll a. In addition to the EPA sampling in
2017, chlorophyll a was measured using a modified protocol. After filtration, chlorophyll a
filters were stored in the dark at -10°C until analysis 2 to 7 days later. Filters were ground in a
glass tissue grinder with 5 mL of extraction solution (68% methanol, 27% acetone, 5% DI
water), after which the ground filter and solution were transferred to a test tube and another 5 mL
of extraction solution was added, followed by extraction in the dark at -10°C for 24 hours.
Following extraction, tubes were centrifuged, and fluorescence of the supernatant was measured

with a Turner Designs 10-000 R fluorometer that had been calibrated following the procedure



described by Stainton et al., (1977). During the summer 2017 whole-lake survey, chlorophyll a
concentrations measured with this method were higher than concentrations of matching samples
measured with the standard EPA method. To facilitate comparison of all dates and locations, all
chlorophyll a measurements made with the EPA method were adjusted using the equation

Chlorophyll a = 1.28 (EPA chlorophyll a) + 0.03, r> = 0.9855).

Derivation of chlorophyll concentrations from fluorescence measurements

CTD chlorophyll a fluorescence profiles were converted to chlorophyll a concentration
profiles by first correcting in situ fluorescence for quenching (decrease in fluorescence yield at
high light intensities due to photo-protective processes). Several different approaches for
correcting quenching have been used in the Great Lakes (Scofield et al., 2017; Bennion et al,
2019; Scofield et al., 2020). These corrections generally were derived by comparing extracted
chlorophyll concentrations with fluorescence measurements made at different levels of PAR.
We based our quenching correction on the relationship between the continuously monitored
surface fluorescence and surface PAR values obtained during each survey. We found that the
relationship between the fluorescence and PAR was well described (r? > 0.65) by a second-order
polynomial or, in a simplified exponential form, as
Fe=Fy * expVPAR (1
in which F, is the measured fluorescence, F. is the quenching-corrected fluorescence, yis a
survey-specific correction factor, and PAR has units pmol photons m™ s™!. We determined the
values of the correction factors by linear regression after log-transforming Eq. 1. The correction
factor values (Yy) obtained were 0.000905 for spring 2016 (log(Fn) = 1.01) and 0.000679 for

summer 2017 (log(Fn) = -0.036). Although this approach does not account for spatial differences



in near-surface fluorescence that are due to factors other than quenching, because the data span
several day-night transitions we assume that any noise introduced into the relationship by spatial
differences will have a negligible effect on the parameterization of the fitted equation.

After correcting for quenching, chlorophyll a fluorescence was converted to chlorophyll
a concentration using the relationship between extracted chlorophyll @ and CTD-measured
fluorescence from nighttime CTD profiles or daytime CTD profile data from depths greater than
20 m, where quenching was negligible. Separate equations were developed for the spring 2016
whole-lake survey (Chl. a = 1.19 * F.—0.1; r> = 0 .77), summer 2017 whole-lake survey (Chl. a
=2.16 * F. —0.1; 1> = 0.93), and the 2017 seasonal sampling near Milwaukee (Chl. a = 0.70 * F.

~0.3:12=0.93).

Photosynthesis experiments

The relationship between phytoplankton photosynthesis and irradiance was measured by
using a benchtop incubator employing '*C as a tracer (Hama et al., 1983). Controlled incubation
provides highly reproducible results (Babin et al., 1994) and has been widely used since the
method first was applied in Lake Michigan (Fee, 1973a). '*C serves the same purpose as does
14C in incubation experiments (Slawyk et al., 1977; Lee and Whitlege, 2005; Grosse et al., 2015),
namely measuring the photosynthetic incorporation of inorganic carbon into the particulate
organic fraction, but has the advantage of avoiding hazards associated with use of a radioisotope
(Regaudie-de-Gioux, et al., 2014). Like the '*C tracer method, measurements of production
based on '3C are thought to reflect something between net primary production (NPP) and gross
primary production (GPP) (Marra, 2009; Milligan, et al., 2015), depending in part on the length

of incubation time. Insofar as prior primary production measurements in Lake Michigan



(Fahnenstiel et al., 1989; Fahnenstiel and Carrick, 1988; Fahnenstiel and Scavia, 1987a;
Fahnenstiel et al., 2010) have been made with the functionally equivalent '*C incubation method,
our '3C measurements should be directly comparable (Hama et al., 1983; Regaudie-de-Gioux,
2014; Lopez-Sandoval et al., 2018).

For each depth sampled, 5 L of unfiltered lake water was spiked with 80-90 mg of '*C-
labeled sodium bicarbonate (NaH'>*CO3, measured to 0.1 mg) to produce 9-10% inorganic carbon
enrichment with '*C. Spiked water was separated into 7 transparent 600 mL polycarbonate
bottles and one dark bottle covered in aluminum foil. The incubator was illuminated by a 128-
element LED light panel (Solla, Model SMD, 6500K) positioned at one end of the box. Bottles
were incubated for 4 hours under a light gradient (0 to 1000 umol photons m~ s™!) produced by a
succession of neutral density filters placed between test chambers in the incubator. Light at each
bottle position was measured using a spherical quantum scalar radiometer (Biospherical
Instruments QSL-2101). Incubations were kept within 2 degrees of in situ temperature by adding
ice to the incubator as needed and bottles were gently inverted every 30-60 minutes to minimize
phytoplankton settling. After incubation, bottle contents were filtered through pre-combusted 25
mm diameter glass fiber (GF/F) filters, which were then rinsed several times with distilled,
deionized water (DI) to remove any '3C-labelled dissolved inorganic carbon (DIC).

DIC for each depth was calculated from measured pH assuming a constant carbonate
alkalinity of 2148 peq L'! (Cai and Reavie, 2018). For sites near Milwaukee, pH was measured
with the CTD. For whole-lake survey sites, pH was measured by the EPA according to EPA SOP
LG 500 (U.S. EPA, 2019). The range of the 64 calculated DIC values was 2038-2199 ueq L!
(median = 2137 yeq L''; mean = 2133 peq L!). Mean offshore epilimnetic DIC based on direct

gas chromatography measurements made in 2016 and 2017 was 2138.3 £+ 39.6 umol L. At the
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levels of *C enrichment used in our experiments, the range of calculated DIC values results in a
potential error in photosynthetic rates due to uncertainty in DIC of +4.1%.

The '3C:'2C ratio of particulate organic carbon for each incubated sample and ambient
background sample was measured on an IRMS, as described above. Photosynthetic rate was

calculated as

p = is=ns) o 4 r5 )

" t(aje—ans)
where P = photosynthetic rate (mg m™ hr!'), C = POC concentration of the incubated sample (mg
m), ans and a;s are the '*C atom % of POC at the beginning and end of the incubation,
respectively, aic is the >C atom % of DIC after the '*C spike, # is time (hr), and 1.025 corrects for
isotopic discrimination (Hama et al., 1983). Dark bottle results were subtracted from each light

bottle to account for anaplerotic CO; fixation (Williams and Lefevre, 2008).

Size fractionation

To determine the degree to which different size classes of phytoplankton contribute to
carbon fixation, particulate nutrient and photosynthesis samples collected at station AW75 from
the chlorophyll a fluorescence maximum depth were separated into picoplankton (0.7-2 um),
nanoplankton (2-20 um), and microplankton (20-200 pm) size classes on three occasions in
2017. Samples were passed through a 200 pm mesh to remove larger zooplankton, after which
the filtrate was passed through a 20 pm mesh. Phytoplankton captured on the 20 pm mesh were
backflushed with DI water and filtered onto a 0.7 um GF/F filter to collect microplankton. The
filtrate from the 20 um mesh was filtered onto a 2 pm polycarbonate membrane filter,
backflushed, and filtered onto a 0.7 um GF/F to collect nanoplankton. Filtrate from the 2 um

membrane was filtered onto a 0.7 um GF/F to collect the picoplankton.
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Photosynthesis-irradiance (P-1) relationship

Photosynthetic rates normalized to chlorophyll a were fit to the three parameter
photosynthesis-irradiance (P-I) model of Platt et al., (1980) using the ‘fitPGH’ function from the
‘phytotools’ package (Silsbe and Malkin, 2015) in R version 3.4.4 (R Core Team, 2018). This
model is written
P8 =pB - (1 _ e—ocI/Pf) . g~ BI1/PE 3)
where P? is the photosynthesis rate normalized to biomass (mg C mg chl' hr'!), P5 is the
maximum photosynthesis rate (same units as P?), PPis a scaling parameter (same units as P?), a®
is the initial slope of the P-I curve (mg C mg chl'! mol photons™ m2), [ is irradiance (mol
photons m? hr!), and f? is the negative slope of the P-I curve when there is photoinhibition at
high irradiance (same units as o).

When the photoinhibition parameter (% ) was insignificant (95% confidence interval for

B8 model fitting included zero; Fahnenstiel et al., 1989), the data were fit to the two-parameter

model of Webb et al., (1974) using the ‘fitWebb’ function:
PP = Pf - (1—e~!/%) )

On four occasions, the photoinhibition parameter was statistically insignificant but
photoinhibition was evident in the P-I curve, and the three parameter P-I model was used. PORT
model optimization routines (Gay, 1990) were used for model fitting because they consistently
provided the best fit to the data (lowest root mean square error). In one case for which the model

fitting error was high (Spring 2016, MI17 2-m sample), P2 and a® were determined manually.
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P-I parameters from size fractionated incubations were normalized to chlorophyll a in each size

class.

Areal production calculations

Areal production was calculated using the approach of Fee (1973a). For each day of
sampling, kpar was calculated as the negative slope of natural log-transformed PAR versus
depth, excluding irradiance from the upper 2 meters. The euphotic depth (0.5% of surface
irradiance; Fee, 1990) was calculated as 5.3/kpar. When the slope of the log (PAR)-depth
relationship was not constant, indicating that kpag varied throughout the water column, two kpar
values were applied. This typically occurred when the DCL was above the euphotic depth and
the deeper kpar value was greater than the shallower value. For the few stations sampled at night
(total of 6) or without an underwater PAR sensor (total of 4), kpar was estimated from its
relationship with Secchi depth or CTD beam attenuation (Bukata et al., 1988) using functions
determined from the daytime data from all cruises and beam attenuation measurements made

between depths of 10 and 20 m. The resulting relationships were:

kpar = 0.21 [beam attenuation] + 0.08, r? = 0.36, (p-value = 0.0064) 5)
and
kpar = 0.55 [Secchi depth'] + 0.07, r?> = 0.42, (p-value = 0.0049) (6)

Because our primary interest when examining the whole-lake survey data was in the
spatial and temporal variations in photosynthetic capacity, rather than calculate the in situ
photosynthetic rate at the time of sampling, we used long-term average values of cloud cover and
atmospheric turbidity to scale calculated clear-sky irradiance estimates at each location. We also

used this method for the study of the nearshore-offshore transects and when simulating annual
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production at the time-series site. Clear-sky surface PAR (accounting for reflectance) was
simulated at 30-minute intervals by using the ‘incident’ function from the ‘phytotools’ package
(Silsbe and Malkin, 2015). Cloud-free atmospheric turbidity factors, which quantify the
attenuation of solar radiation due to gaseous water vapor and aerosols in the atmosphere, were
entered for each month and site to account for the seasonal and spatial variability of atmospheric
turbidity (http://www.soda-is.com). On average between May and October 2017, cloud cover
reduced daily surface irradiance measured on a buoy near Milwaukee by 26.5%. Therefore, all
simulated PAR was multiplied by a constant 0.735.

For our experiment intended to evaluate the mechanisms controlling seasonal variation of
production, we used the measured surface irradiance to calculate daily depth-integrated
photosynthesis. From May to October 2017, shortwave radiation (W m2) was measured at 30-
minute intervals on a 20 m buoy near Milwaukee. For November 2017, shortwave radiation data
were obtained from the National Weather Service station in Horicon, Wisconsin (43.571 °N, -
88.609 °W; https://mesowest.utah.edu/). Shortwave radiation was converted to PAR energy flux
(W m?2) assuming PAR energy is 46% of total shortwave radiation energy (Malkin et al., 2008).
PAR energy flux was converted to photon flux (umol photons m™ s™') using a conversion factor
of 4.6 umol photons s W-! (Wetzel 2001). Irradiance at depth (I;) was calculated as:

L=(1—r) el e krPar+z (7)
Where r is surface reflectance (a function of solar zenith angle), /; is surface PAR measured in
air, and z is depth.

All of our daily areal production calculations were performed using a modified version of
the ‘phytoprod’ function in the R ‘phytotools’ package to allow for two depth-specific kpar

values and two sets of P-I parameters (Fee, 1973b; Silsbe and Malkin, 2015). Photosynthesis was
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calculated for every 0.1 m vertical interval and 30 min time interval, and then integrated over
depth and time for each day. Daily production estimates for days not sampled were obtained by
linearly interpolating the measured P-/ parameters, kpar, and chlorophyll a concentration
between dates (Fee, 1990).

We used the time-series observations made at station AW75 to assess the relative
importance of the four variable categories (chlorophyll a concentration, surface irradiance, water
clarity (kpar), and P-I parameters) that contribute to the modeled phytoplankton production by
recalculating the daily production estimates holding three of the components constant and using
the observed values for the fourth. We then quantified the relative contribution of each of the
components to temporal variability as the percent departure from the mean daily production
using only those days on which all four components were measured.

Finally, an index of phytoplankton growth rate (day™') was defined as the production (C
fixation) to biomass (phytoplankton C) ratio (P:B). Phytoplankton carbon was calculated as 40%
of total seston carbon. While the percentage of seston C that is living phytoplankton varies
widely across lakes, it rarely exceeds 40% (Hessen et al., 2003). Therefore, our use of a value of

40% likely results in conservative estimates of the P:B ratio.

Possible Sources of Uncertainty

In addition to the uncertainty associated with our calculation of DIC noted above, other
potential sources of error in our measurements are: 1) uncertainty in the values of the fitted P-I
parameters including errors in the model fitting for individual incubations, 2) errors resulting
from the assumption that we can apply the P-1 parameters determined for a sample collected

from a specific depth to a range of depths, and 3) errors due to the assumption of linear changes
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in chlorophyll, water clarity, and P-I parameters between dates for the seasonal calculations.
Following the example set by Fahnenstiel et al., (1989) we report the model fitting error (r?) for
each of our incubations in Tables 2-6. While the incubator simulated the depth gradient of total
PAR within the lake, we did not attempt to simulate depth-related changes in the spectral quality
of light within the lake, which may have resulted in underestimates of o for deeper parts of the
euphotic zone (Larsson et al., 2021) and therefore modest underestimates of areal production.
Linear interpolation between sampling dates is commonly used. Its accuracy depends on the
frequency of sampling, and bi-weekly sampling appears to be adequate to capture major

temporal trends (Fahnenstiel et al., 2010).

Results
Whole-lake surveys. We observed very little north-south variation in the primary variables
(temperature, chlorophyll-a, and irradiance) during the spring (Fig. 2, Table 2). Values of spring
surface water temperature (Fig. 2a) were similar (range 3.2 — 3.5 °C) across all sites except at
MI-N, where it was 2.2 °C. Spring chlorophyll a concentration (Fig. 2b) also was similar across
sites, with a range of 0.44 — 0.79 mg m™. Mean percent surface irradiance (Fig. 2¢), determined
as the mixed layer average PAR to surface PAR ratio (Fahnenstiel et al, 2000), was highest at the
northern-most station due to its bottom depth being shallower than the euphotic zone depth
(Table 1).

There was more north-south variability in these variables during the summer.
Temperatures were warmer in the south, but chlorophyll was higher in the northern areas, which
resulted in a south to north decrease in mean percent surface irradiance in the mixed layer. The

mixed layer depths were similar across stations (13 — 19 m), but the water clarity was lower in
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the northern basin. Mean kpar was 0.112 m™! in the southern basin and 0.148 m™! in the northern
basin.

Areal production (Fig. 2d) in spring was highest at M123 (337 mg C m™ day™') and
lowest at MI17 (201 mg C m™ day™') and within in a narrow range (243 — 253 mg C m? day™') at
the other stations. Compared to the spring survey, areal production was higher in the summer
throughout the lake and generally increased from south to north where chlorophyll concentration
also was higher. Areal production ranged from 316 mg C m? day! at the southern-most station
MII11 to 549 mg C m2 day! at the northern-most station MI52.

Spring P:B ratios, interpreted as a proxy for phytoplankton growth rate, were similar
across sites (Fig. 2e) except for the southernmost site (MI17) where it was approximately 75% of
the mean value for the other sites (seston carbon was not measured at station MI47). Summer
P:B ratios in the southern area of the lake (Stations MI11 and MI23) were similar to the spring
values but increased toward the north where production was highest.

The seston carbon to phosphorus (C:P) ratio (Figure 2f) tended to be higher during the
summer than during the spring and showed a slightly decreasing south to north trend. Using the
criterion established by Healy and Hendzel (1980), the C:P ratios suggest moderate phosphorus
deficiency (128 < C:P < 258) at all stations except MI23 (south) and MI34 (central lake) where
the deficiency was severe (C:P ratios of 274 and 275 respectively).

Estimates of surface chlorophyll concentration obtained from satellite imagery (Lesht et
al., 2013; 2016) and measurements from the continuous flow fluorometer operated while
underway (Fig. 3) show that during the spring much of the lake was horizontally homogeneous,
consistent with the grab sample data. During the summer the northern stations with higher

chlorophyll values were closer to shore where the satellite imagery also shows higher values.
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Overall, the model (Egs. 3 and 4) fits to the photosynthesis data were very good. For the
64 experiments conducted in 2016 and 2017 (Table 1) the median 1> value was 0.9640, the mean
was 0.9130, and the first and third quartiles were 0.8885 and 0.9838. During the spring, only
two of the photosynthesis experiments (Table 2) exhibited photoinhibition. These two were the
mid-depth samples at the southern basin stations (MI17 and MI23). Values of PZ in the surface
water increased from south to north in the spring (Figure 4a), ranging from 0.88 (mg C mg Chl!
hr'!) at MI17 to 1.41 at MI-N. Except for MI17, the values of a® (Figure 4c) in the surface
samples were fairly consistent (range 8.03 to 11.8 mg C mg Chl! mol photons™! m?, mean = 9.6
* 1.6); the estimated of value at MI17 was lower (3.07 mg C mg Chl"! mol photons™' m?). We
found no relationship between either the spring P} or o values and temperature or chlorophyll a
concentration.

In contrast to the spring, all except one (MI23, Sm sample) of the summer 2017
photosynthesis experiments showed photoinhibition (Table 3). Though the sub-thermocline Pg
values north of Green Bay were higher than at the other stations (Figure 4b), there was no
significant difference (Kruskal-Wallis test) between the means of spring and summer values of
surface PZ at the main lake stations (excluding DC75 and GB1). The mean PE value of the
summer sub-thermocline fluorescence maximum samples was 42% lower than that of the
epilimnion samples, but they were only significantly different at the 0.075 level (H=3.17,p =
0.075).

Overall, the modeled values of a? (Figure 4d) were significantly (H=6.86, p=0.009)
higher in the combined mid-depth and sub-thermocline samples than in the epilimnion samples

(respective mean values of 7.84 and 5.72) and significantly (H=7.01, p=0.008) higher in the
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spring (mean = 8.98) than in the summer (mean = 4.59). There was no discernable north-south
pattern to the aP values in either the spring or summer surveys at either depth level.

As noted above, all but one of the summer survey samples showed evidence of
photoinhibition, as indicated by non-zero values of £%. We found no significant difference in the
values of # when we compared the epilimnion samples (mean = 0.17 £ 0.09) with the sub-

thermocline samples (mean = 0.27 + (0.13).

Seasonal production. At AWT5, daily areal production generally increased from May to August
and decreased from August to November (Figure 5a). Over the period of measurements (May —
November), mean monthly production (+ 1 standard deviation) was highest in August (585 £+ 107
mg C m? day ') and lowest in May (287 + 61 mg C m day!; Figure 5b). Mean summer
production (when surface temperature was >15°C) was 499 + 129 mg C m day™!. To estimate
annual production at AW75, mean production for the months of December - April was assumed
to be 200 mg C m™ day™! (Figure 2c in Fahnenstiel et al., 2010), which results in a total annual
production of 120 g C m™ year™.

Based on our sensitivity analysis, variation in the P-I parameters had the greatest
influence on temporal variance of total areal production, followed by chlorophyll a, surface
irradiance, and water clarity (Figures Sc-d). The proportions of temporal variance in areal
production attributable to water clarity (kpar), surface irradiance, chlorophyll a, and P-I
parameters during the study period were 16.0%, 18.8%, 24.7%, and 39.7%, respectively. During
the spring when areal production was low (Figure 5a), surface irradiance and water clarity were
favorable for production (Figure 5d), but their effect was offset by low chlorophyll a

concentrations and photosynthetic efficiency (i.e., low values of Py and aP; Figure 5c). As
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temperatures warmed from May to August, epilimnetic chlorophyll a concentration, P:B, P5,
and C:P increased (Figure 6). By the time of peak areal production in late August, declining
water clarity and surface irradiance had a slight negative effect on areal production (Figure 5d),
but these effects were small relative to the positive influence of high photosynthetic efficiency
(i.e., high P§) and chlorophyll a concentration (Figures 5c, 6e).

Epilimnetic and mid-depth phytoplankton displayed different photosynthetic
characteristics (Table 4, Figure 6e and f). P was higher in the epilimnion during the stratified
period and increased from May to August following the increase in temperature. The highest
epilimnetic P§ values were measured on August 29 and October 9, corresponding to some of the
lowest C:P ratios and the highest growth rates during the stratified period. Mid-depth PJ
decreased from May to late June as the DCL formed, then increased as the DCL broke down.
Low PJ in the DCL corresponded to high C:P ratios, low phytoplankton C:Chl, and low P:B
ratios. The highest mid-depth Pfj occurred in October at the base of the epilimnion and in the
metalimnetic oxygen maxima. Mean epilimnetic and mid-depth P§ from May to October were
1.73 and 1.12 mg C mg chl'! hr'!, respectively.

Photosynthetic efficiency at suboptimal PAR values, as reflected in o (Figure 6f), was
generally lower in epilimnetic phytoplankton. Mean # 10 of epilimnetic and mid-depth o from
May to October were 6.75 + 3.26 and 9.65 £ 5.23 mg C mg chl"! mol photons™! m?, respectively.
Epilimnetic o decreased, as did the seston C:P ratio in July and August. Mid-depth of was
variable throughout the season but showed a generally increasing trend from spring to fall.
Within the DCL, o increased as the DCL grew and moved deeper into the water column. The
epilimnetic light saturation parameter (x), defined as P5/ o (Fahnenstiel et al., 1989), generally

increased from May to August (Table 4) following the increase in temperature and C:P, then
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decreased in late August and September when nutrient limitation decreased. Ix was lower in mid-
depth phytoplankton than in epilimnetic phytoplankton and decreased within the DCL over time,
suggesting greater low-light acclimation in the deeper communities.

Following the onset of stratification in June (Figure 7a), a DCL developed in the
hypolimnion (Figure 7b). 71-74% of total water column production occurred below the relatively
shallow epilimnion during the early DCL period in June, and 18-23% of total water column
production occurred within the DCL (Figure 7c). As the DCL deepened in the water column in
July, DCL C:P and photo-acclimation (as reflected in C:Chl and oP) increased, DCL P:B ratios
declined, and DCL production decreased to only 6% of total water column production (Figure 8).
DCL production averaged 15% of total water column production when a DCL was present, and
epilimnetic production during the stratified period averaged 62% of total water column
production.

From August to November 2017, temperature, irradiance, areal production, and
epilimnetic P:B declined. In October, P§ and a® were high, but production declined due to
decreased irradiance and chlorophyll a concentration (Figure 5). Peaks in volumetric production
were observed at the base of the epilimnion (10 m) and metalimnetic oxygen maxima (16 m)
when these depths were sampled in October (Figure 7c). In November, epilimnetic chlorophyll
concentration increased following the breakdown of stratification (Figures 6a, 7b), but

production declined further due to low irradiance and P and o values (Figures 6e-f).

Nearshore-offshore transects. During July, the water column was more strongly stratified
offshore than nearshore (Figure 9a); strength of stratification was assessed by the temperature

difference across the thermocline. The thermocline depth increased by 8 m from station AW45 to
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station AW75 and the surface water temperature increased from 10.5 °C at station AW15 to 15.7
°C at AW45 to 18.4 °C at AW75, suggestive of moderate nearshore upwelling. At this time
epilimnetic chlorophyll a concentration was highest nearshore at AW15 (4.01 mg m™) and
decreased with distance offshore to 0.91 mg m™ at AW75 (Figure 9b, Table 5). A DCL was
present at a depth of ~25 m at the AW45 station and ~35 m at the AW75 station (Figure 8a).
Both P§ and aP decreased from nearshore to offshore which, along with the higher nearshore
chlorophyll a concentrations, resulted in higher epilimnetic production closer to shore (Fig 9c).
Although photoinhibition was not observed in the July epilimnion samples, the sub-thermocline
photosynthesis measurements were best fit with the three-parameter model and the values of

PE, a®, and [ were not significantly different between AW45 and AW75.

At the height of stratification in September the thermocline had deepened and the surface
water temperature had increased to over 18° C at all three stations (Figure 10a). Epilimnetic
chlorophyll a concentrations (Figure 10b) were lower at AW15 and AW45 than in July but
higher offshore at AW75 (1.60 mg m~ compared to 0.91 mg m). Surface P-1 parameters were
highest at AW15. Sub-thermocline a® values at AW45 and AW75 were significantly higher than
in the epilimnion, and phytoplankton collected from these depths exhibited photoinhibition when
exposed to high irradiance. Areal production was still highest nearshore, though offshore
production in September was approximately double what it was in July. Epilimnion seston C:P
was lowest nearshore (C:P = 116 at AW15) and increased offshore to approximately 193 at both
AW45 and AWT5.

In October, after the lake began to cool, the temperature (Figure 11a) at the surface was
higher offshore (14.8 °C at AW75) than nearshore (7.1 °C at AW15). Compared to September,

chlorophyll concentrations in the epilimnion decreased at stations AW15 and AW75 but was
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unchanged at AW45. Sub-epilimnion chlorophyll values were higher at all stations than in the
epilimnion. No photoinhibition was found in the epilimnion samples. Most of the production in
October had shifted offshore where both the chlorophyll a concentration and P:B ratios were
highest (Figures 11b-c). Seston C:P was lowest nearshore (C:P = 95 at AW15) and increased

with distance offshore (C:P = 150 at AW45, and 215 at AW75).

Size fractionation. There was a slight loss of chlorophyll a through the size fractionation
procedure in June and July (sum of size classes 22% lower than bulk seston chlorophyll a
concentration). In September, it appeared that nanoplankton chlorophyll @ was undermeasured
(7% of total chlorophyll @), as the proportion of measured nanoplankton particulate carbon was
22%, similar to the nanoplankton fraction of chlorophyll a observed by Carrick et al., (2015).
Therefore, nanoplankton chlorophyll a was instead calculated as the difference between bulk
chlorophyll a and the sum of microplankton (46% of total) and picoplankton chlorophyll a (36%
of total), resulting in 18% nanoplankton chlorophyll a.

In mid-depth size-fractionated experiments, picoplankton (< 2 um) was consistently the
dominant fraction of total chlorophyll a (> 46%) and the contributions of nanoplankton (2-20
um; 18-29%) and microplankton (20-200 um; 18-36%) were roughly equal (Table 6). When the
DCL was present in June and July, picoplankton displayed the highest P&, along with high a?
and low I values, suggestive of low light acclimation. In September when a DCL was not
present, P-I parameters were variable and there was no consistent pattern among size classes

(Table 6).

Discussion
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Spatial patterns. Spatial patterns of phytoplankton production in Lake Michigan varied
depending on the season. During the spring isothermal mixing period temperature, areal
production, chlorophyll a concentrations, and growth rates (as indicated by P:B), were similar
across offshore sites, with no evident south-north spatial pattern (Fig 2). The lack of spatial
pattern in offshore spring production, chlorophyll a, and P:B may have been due to
homogeneous physical and chemical conditions during spring isothermal mixing when
temperatures are low, and nutrients are mixed throughout the water column. Satellite imagery
(Fig 3a) also shows that spring chlorophyll concentration across the lake was nearly uniform
except in limited coastal areas we did not sample.

Spring isothermal mixing in Lake Michigan has been characterized by suboptimal
nutrient, light, and temperature conditions for phytoplankton growth, with previously reported
growth rates being < 0.19 day™! (Fahnenstiel et al., 2000). However, our offshore spring
isothermal P:B ratios averaged 0.34 day™!. This is similar to Fahnenstiel et al.’s (2000)
measurements of what spring growth rate could be if light- and nutrient-limitation are alleviated
(0.3 day™). The higher spring growth rates measured in this study may be due to increased water
clarity (Binding et al., 2015; Yousef et al., 2017), increased nutrient supply due to recycling by
dreissenid mussels (Shen et al., 2018), the increased dominance of picoplankton (Kagami and
Urabe, 2001), or some combination of these three factors. Seston C:P ratios (Fig. 2f), an
indicator of phytoplankton nutrient status, suggest phosphorus deficiency was absent or moderate
at all offshore sites except for MI17 in the spring. Furthermore, mean irradiance in the 2016
spring mixed layer was 12% of surface irradiance, compared to 4% observed by Fahnenstiel et
al. (2000) in 1993-1995. If spring phytoplankton growth rates have indeed increased since the

mussel invasion, this suggests that the post-dreissenid reductions in spring phytoplankton
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biomass and areal production are the result of an increase in some phytoplankton loss pathway,
with dreissenid mussel grazing seeming the most likely. We note, however, that the method used
by Fahnenstiel et al. (2000) to determine phytoplankton growth rate (*4C labeling into
chlorophyll) is different from our approach, and a more conclusive comparison of growth rates
over time will require additional measurements using similar methods.

Satellite imagery showed that a sediment resuspension (“plume”) event occurred in the
region of the MI17 site prior to the day of sampling in spring 2016 (NASA/GSFC, 2018: MODIS
image A2016086184500), which may explain both the high C:P ratio and the low P:B ratio at
this station. Although sediment resuspension events may be a source of limiting nutrients and
can increase phytoplankton growth (Millie et al., 2003), they can also increase turbidity and
decrease light availability, which can decrease depth-integrated phytoplankton production and in
situ growth rates (Eadie et al., 1984; Eadie et al., 2002; Lohrenz et al., 2004). Water clarity at
MI17, however, was not lower than at the offshore sites, suggesting the low P:B and high C:P
may have been due to high non-algal carbon concentrations from resuspended sediment rather
than reduced production or growth. The effects of sediment resuspension on phytoplankton
productivity may depend on the time of sampling within the sediment resuspension event
(Lohrenz et al., 2004).

During summer stratification, the northern basin of Lake Michigan exhibited lower
phosphorus limitation (inferred from seston C:P), and higher production, P:B ratios (Fig. 2e), and
chlorophyll a concentrations (Fig. 2b) than the southern basin. Remote sensing estimates of
chlorophyll concentration (Fig. 3b) also suggest areas of high production in the northern basin,
specifically off the coast of Door County and near the mouth of Green Bay (U.S. EPA. 2021),

implying localized nutrient input. Higher northern basin productivity may be due to higher TP
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concentrations in the north (Cai and Reavie, 2018), perhaps due to nutrient input from eutrophic
Green Bay. Although the main northern basin of Lake Michigan directly receives only ~15% of
the total phosphorus load to Lake Michigan, Green Bay receives 30% of the lake’s total P load
(Dolan and Chapra, 2012). A significant portion of the load to Green Bay is lost to sediment
burial within the bay (Klump et al., 1997), but the relatively small cross-sectional area
connecting Green Bay to the lake proper likely results in a significant localized effect on nutrient
concentration and phytoplankton production in the open lake, depending on the path and mixing
rate of water after it leaves Green Bay.

While Fahnenstiel et al., (2016) also observed higher chlorophyll a concentrations in the
northern basin, they found no significant difference in daily areal production between the
northern and southern basins of the lake when averaged across all depth zones. The differences
between their findings and ours may be due to methodological differences (remote sensing of
nearshore to offshore vs. one whole-lake summer survey at mostly offshore sites) or
meteorological or nutrient loading differences among years. If phytoplankton productivity is
indeed higher in the northern basin, this may result in greater productivity at higher trophic levels
in the north. Satellite-derived surface chlorophyll a concentrations have been shown to correlate
to fish yield in other aquatic systems (Ware and Thomson, 2005), and the relatively phosphorus-
rich phytoplankton (suggested by low seston C:P) may result in more efficient trophic transfer
(Sterner et al., 1997; Sterner and Hessen, 1994).

Seasonal patterns. Prior to the mussel invasion, phytoplankton production typically peaked
during late spring due to the upward mixing of nutrients and reduction in light limitation,
stimulating a spring diatom bloom (Fahnenstiel et al., 2010). Mussel grazing has significantly

reduced the size of the spring diatom bloom and has reduced spring and early summer
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production by 78% and 22%, respectively (Fahnenstiel et al., 2010). In 2017, phytoplankton
production at AW75 peaked in August and September during the period of warmest
temperatures, similar to trends observed in 2007 and 2008 (Fahnenstiel et al., 2010). However,
production during this peak period (499 mg C m™ day!) was less than that measured in the
1980s, before dreissenid mussels were established in the lake (867 mg C m™ day™!; Table 4 in
Fahnenstiel et al., 2010).

Overall, the factors controlling areal production varied among seasons. During the spring,
high surface irradiance and water clarity should provide favorable conditions for production, but
spring production was low due to low chlorophyll a concentrations which were likely the result
of heavy mussel grazing (Rowe et al., 2015; Fahnenstiel et al., 2010) and low spring
temperatures (Geider and Osborne, 1992, Fahnenstiel et al., 2000). P-I parameters also were low
in the spring. Chlorophyll a -normalized P-I parameters are responsive to environmental
conditions and can be indicators of phytoplankton physiological status. a® characterizes the
photochemical reactions of photosynthesis and is dependent on light history and availability,
nutrient availability, and taxonomic composition (Edwards et al., 2015; Platt and Jassby, 1976;
Talling, 1957; Welschmeyer and Lorenzen, 1981). P,f,?, is a function of the enzymatic reactions of
photosynthesis and is dependent on temperature, nutrient availability, light history, and
taxonomic composition (Fahnenstiel et al., 1989; Geider and Osborne, 1992; Harding et al.,
1987; Senft, 1978; Talling, 1957). As stratification developed, epilimnetic chlorophyll a
concentrations and P:B ratios increased, likely due to warming temperatures and restricted access
of benthic mussels to the euphotic zone (Rowe et al., 2015). This accelerated growth likely
depleted dissolved P concentrations in the eplimnion, leading to greater nutrient limitation as

inferred from the increase in the seston C:P ratio.
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As stratification strengthened in summer, a DCL developed below the thermocline (Fig.
7). The Lake Michigan DCL is highly dynamic and the mechanisms controlling the DCL varied
throughout the season. When the DCL was shallowest in the water column during June, DCL
P:B ratios (Fig. 6b) and DCL phytoplankton production were greatest, suggesting in situ growth
is important for initial DCL formation (Fahnenstiel and Scavia, 1987b; Scofield et al., 2020). As
the DCL moved deeper into the water column, phosphorus limitation (inferred from seston C:P)
and low-light acclimation (inferred from oP) increased, and P:B ratios and volumetric production
decreased. Therefore, as the DCL deepens, it appears that maintenance of the DCL is due more
to photo-acclimation (increased chlorophyll a per unit biomass; Geider 1987) than to in situ
phytoplankton growth.

In phytoplankton communities that exhibit photoinhibition, low-light adaption is
associated with lower levels of irradiance (/,p;) above which growth is inhibited (Edwards et al.,
2015). We calculated I,p: by finding the value of irradiance that corresponded to the maximum
value of P calculated from the P-I model (Egs. 3,4). Figure 12 shows the relationship between
Lop: and Ii, the light saturation parameter, also an indicator of photoacclimation, for samples
collected at different depths. The relationship between the two is strongly linear, and lower
values of both I,,; and I are found in the deeper, presumably more low light-adapted
communities. This indicates that the photosynthesis-light response of Lake Michigan
phytoplankton differs between depths due to light acclimation, especially after stratification,
which further implies that algal photo-acclimation time scales are shorter than vertical mixing
time scales.

No DCL was observed at the offshore site in southwestern Lake Michigan in August and

September. Other studies have also reported a diminishing of the DCL in late summer, although
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rarely a complete disappearance as was observed in this study (Fahnenstiel and Scavia, 1987b;
Fahnenstiel et al., 2010; Pothoven and Fahnenstiel, 2013). We did not investigate zooplankton
dynamics, Fahnenstiel and Scavia (1987b) found that high zooplankton abundance in the DCL in
August increased the loss of phytoplankton to grazing and resulted in a relatively rapid decrease
in phytoplankton abundance at depths of 20 to 40 m. In general, the apparent mechanisms
controlling the DCL in this study appear to be consistent with past studies: in situ growth is most
important early in the stratified season and photo-acclimation increases as the DCL moves
deeper into the water column (Schofield et al., 2020). The zooplankton grazing observed by
Fahnenstiel and Scavia (1987b) also may reduce the size of the DCL in late summer, but our
work does not speak directly to that process.

In prior studies, DCL production during the June-July period averaged 36 £18% of total
water column production in Lake Michigan (range = 13-74%, n = 10; Fahnenstiel and Scavia
1987b). By comparison, our three June-July measurements of DCL production in 2017
accounted for an average of only 15+9% (range 6-23%, n = 3) of total water column production.
Based on the Welch One-Way ANOVA test, this difference between the two is significant
(p=0.029). Fahnenstiel and Scavia (1987a) also observed the presence of a deep DCL in August,
whereas in 2017 the DCL had disappeared by late July (Fig. 7b). Recent increases in water
clarity (Binding et al., 2015) might be expected to increase DCL production, but because the
DCL is almost always below the thermocline, vertical mixing within the hypolimnion may give
profundal mussels access to this resource (Shen et al., 2018), and mussel grazing may counter the
effect of greater water clarity.

As production has declined in Lake Michigan, phytoplankton community composition

has also shifted. Diatoms and other microplankton (> 20 um) have decreased, while the relative
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abundance of cyanobacteria and picoplankton has increased (Carrick et al., 2015; Reavie et al.,
2014; Fahnenstiel et al., 2010). The greater decrease in diatoms and other microplankton is
hypothesized to be the result of selective mussel filtering (Vanderploeg et al., 2001), as
dreissenid mussels prefer to consume larger, nutritious diatoms and microzooplankton over less
nutritious, smaller phytoplankton, such as cyanobacteria (Nalepa and Schloesser, 2013).

Our results are consistent with past studies illustrating a shift towards picoplankton
dominance of the Lake Michigan phytoplankton community (Fahnenstiel et al., 2010; Engevold
et al., 2015; Carrick et al., 2015). Picoplankton was the dominant fraction of total chlorophyll a
in 2017 and displayed the highest P5 and a® in the DCL community (Table 6). Higher P-1
parameters in picoplankton may be due to smaller cells having greater mass-specific phosphorus
uptake capacity than larger cells and greater light harvesting abilities due to less self-shading
(Grover, 1989). Picoplankton dominance may have implications for energy transfer to higher
trophic levels, as picoplankton may increase the number of trophic transfers between primary
producers and fish (Carrick et al., 1991), and may be less nutritious than larger phytoplankton
(Lampert, 1987).

Areal production peaked in late August, corresponding to the warmest temperatures,
lowest nutrient limitation (C:P), highest P-I parameters, and greatest growth rates (P:B),
suggesting both temperature and a temporary reduction in nutrient limitation supported high
production. In Lake Superior, recent algae blooms have been linked to periods of exceptionally
warm temperatures, and warming lake surface water temperatures with climate change may be
affecting phytoplankton production in the Great Lakes in general (Reavie et al., 2017). A
reduction in nutrient limitation during the period of warmest temperatures may be due to

increased nutrient recycling at warmer temperatures (Scavia, 1979; Rigler, 1973). Although
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many factors control epilimnetic nutrient recycling in the Great Lakes (Scavia, 1979),
zooplankton-driven nutrient recycling has the greatest influence on offshore epilimnetic
phosphorus dynamics during the summer (Scavia and Fahnenstiel, 1987; Scavia, 1979; Scavia et
al., 1988). In 2017, nutrient limitation (as inferred from seston C:P) was lowest during the period
when zooplankton abundance is usually greatest (Vanderploeg et al., 2012; Driscoll and
Bootsma, 2015). However, while phytoplankton production was higher during late summer, if
this is due to greater epilimnetic nutrient recycling then it may not indicate an increase in net
ecosystem production, as phytoplankton production would reflect energy and nutrients being
recycled within the epilimnion by producers and consumers rather than newly fixed carbon.

During the fall, production declined due to cooling temperatures and declining surface
irradiance. P-I parameters peaked in October and chlorophyll a concentration increased with the
breakdown of stratification and reduced epilimnetic nutrient limitation (seston C:P), but the
effect of these increases on production was minimized by the inhibiting effects of declining
surface irradiance and temperature, and in fact the increase in P-I parameters, along with low
C:Chl ratios, likely reflect relief from strong nutrient limitation as the system shifts toward
stronger light limitation.

In general, it appears that temperature and light availability have the strongest influence
on seasonal patterns of production in Lake Michigan. Similar observations have been made for
Lake Superior, where seasonal variation in production can be modeled well with only
temperature and light data (Sterner, 2010). Likewise, Fahnenstiel et al., (2016) found
temperature to be a good predictor of PZ in the upper Great Lakes, and P£ in turn has a strong
influence on areal production. Although temporary reductions in nutrient limitation inferred from

seston C:P ratios corresponded to high P:B ratios and P-I parameters in this study, the seasonal
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trends in production and epilimnetic P:B were strongly related to the seasonal temperature
trends. In the offshore zone of Lake Michigan, Lake Superior, and perhaps other oligotrophic
Great Lakes, phytoplankton are consistently nutrient limited, and seasonal trends in production
appear to be more strongly controlled by variation in temperature and light.

Nearshore-offshore patterns. Nearshore-offshore phytoplankton production gradients appear to
be strongly influenced by upwelling. Remote sensing (www.greatlakesremotesensing.org)
revealed strong upwelling along the western shore of Lake Michigan for several days prior to the
day of July transect sampling, and re-stratification on the day of sampling. Production, P:B
ratios, and chlorophyll a concentrations were highest nearshore (AW15), where temperatures
were coolest, but the seston C:P ratio was lowest at the mid-depth site (AW45). In October,
remote sensing also showed upwelling nearshore several days prior to and on the day of
sampling, but in contrast to conditions in July, chlorophyll a, production, and P:B ratios
generally increased from nearshore to offshore following the trend in temperature. Nutrient
limitation, however, as inferred from seston C:P, was lowest nearshore and increased with
distance offshore. Based on these sampling events, there appears to be no simple relationship
between upwelling and productivity. Nearshore upwelling is highly variable in extent,
magnitude, and duration (Plattner et al., 2006), and its effects on phytoplankton communities are
varied (Haffner et al., 1984; Pilcher et al., 2015). Upwelling can bring growth-promoting
nutrients to the nearshore euphotic zone, and if upwelling is from mid-depth regions it can
transport phytoplankton-rich water from the DCL to the nearshore zone. However, strong
upwelling can also inhibit nearshore production by lowering temperatures and replacing
phytoplankton-rich water with phytoplankton-poor hypolimnetic water (Haffner et al., 1984). As

a result, the effect of upwelling on phytoplankton productivity may be expected to vary with
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each upwelling event depending on the depth of origin of upwelled water and the duration of
upwelling.

In September, remote sensing revealed no evidence of upwelling or downwelling prior to
the day of transect sampling. The lake was strongly stratified from nearshore to offshore, and
production, chlorophyll a concentrations, and P:B ratios were highest nearshore where seston
C:P ratios were lowest. Lower nearshore nutrient limitation and higher productivity may be due
to multiple factors. Nearshore regions typically have elevated nutrient and chlorophyll a
concentrations compared to offshore regions due to retention of river-borne nutrients in
nearshore zone (Rao and Schwab, 2007; Stadig et al., 2020; Warren et al., 2017; Yurista et al.,
2015). In addition, mussel excretion can represent a significant input of dissolved nutrients to the
nearshore zone (Ozersky et al., 2009; Bootsma and Liao, 2014; Bravo et al., 2019). Although
phytoplankton biomass can be lost to mussel grazing in the nearshore zone (Rowe et al., 2015;
Yousef et al., 2014) the positive effects of mussel nutrient excretion on phytoplankton
production may outweigh the negative effects of grazing in a relatively shallow water column
where depth-averaged irradiance is high (Zhang et al., 2011). The influence of mussel nutrient
excretion on phytoplankton growth rates has not been accounted for in many modeling studies,
but it may be especially important to consider in the nearshore zone where mussels,
phytoplankton and nutrients are more tightly coupled year-round (Waples et al. 2016).

Based on remote sensing data from 2010 to 2013, Fahnenstiel et al., (2016) found no
differences in mean chlorophyll a concentration among shallow (0-30 m), mid-depth (30-90 m),
and deep (> 90 m) depth zones in Lake Michigan. However, they did conclude that production in
the shallow region was lower than in the mid-depth and deep regions. Phytoplankton production

may be expected to differ along nearshore-offshore gradients, as nearshore variability is greater
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due to the influence of external nutrient loading, upwelling, sediment resuspension, and complex
nearshore currents (Eadie et al., 2002; Plattner et al., 2006; Yurista et al., 2015). Mussel densities
also differ among depth zones and substratum (Nalepa et al., 2014). Lower production in the
shallow region estimated by Fahnenstiel et al., (2016) may be attributable to limitations of
remote sensing in shallow nearshore waters, occurrences of upwelling, filtering by mussels
reducing the productive biomass, or a smaller volume of water per square meter over which
production can occur. In Lake Superior where mussel densities are low, Fahnenstiel et al., (2016)
found significantly higher chlorophyll a concentration, but lower production nearshore compared
to offshore, suggesting that the lower nearshore production they observed in Lake Michigan may
have been due to factors other than dreissenid grazing. As nearshore upwelling occurs
somewhere in Lake Michigan during 59% of the stratified season (Plattner et al., 2006), and the
effects of upwelling on phytoplankton are variable (Haffner et al., 1984; Pilcher et al., 2015), it is
possible that upwelling may play a greater role than mussel grazing in controlling nearshore-
offshore patterns in production. From a food web perspective, it is important to recognize that
much of the primary production in the nearshore zone is in the form of benthic algae, which was
not measured in this study, and this production may be an important source of energy for higher
trophic levels (Turschak et al., 2014; Turschak and Bootsma 2015).

Comparison with previous studies. The results of this study support previous findings of
decreased areal phytoplankton production and changes to the phytoplankton community since
the quagga mussel invasion in Lake Michigan. Mean areal summer phytoplankton production in
2017 (499 mg C m day!) was 42% lower than production reported by Fahnenstiel et al., (2010)
prior to the mussel invasion (1983-87: 867 mg C m™ day™!) and 26% lower than the production

they measured in 2007 and 2008 after the mussel invasion (677 mg C m™ day™!). Although the
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differences between production measured in this study and the post-dreissenid measurements
reported by Fahnenstiel et al., (2010) may be due in part to the increase in profundal quagga
mussel densities over the past decade (Nalepa et al., 2014), the apparent declines since 2008 also
may be due to differences between study locations (west vs east) and inter-annual variability
related to factors such as meteorological conditions and planktivore abundance. We note that
despite these differences in location the temporal patterns of production are very similar in both
studies.

Our calendar summer (June — August) production estimate of 460 mg C m? day™! at
AW75 is similar to the mean 2010 to 2013 summer lake-wide production estimate of 499 mg C
m day! that Fahnenstiel et al., (2016) estimated based on satellite imagery. If water column
production was indeed similar in both study periods, the error of remotely derived estimates of
phytoplankton production due to vertical variability within the water column appears to be
modest despite our finding that deeper phytoplankton are more photosynthetically efficient at
low light than shallower ones. This study indicates that most production during stratification now
occurs within the epilimnion and only 6-23% occurs within the DCL, suggesting remote sensing
production estimates obtained using surface values may not severely underestimate production.
Increased photosynthetic efficiency in the DCL appears to be offset by reduced DCL biomass
compared to pre-mussel conditions.

Although phytoplankton production has significantly declined in Lake Michigan since the
mussel invasion, spring P:B ratios, a proxy of phytoplankton growth rates, appear to have
increased, which may be due to increases in water clarity (Binding et al., 2015), nutrient
excretion by mussels (Shen et al., 2018) and an increase in the proportion of picoplankton

(Kagami and Urabe, 2001). Summer P:B ratios, however, do not appear to have changed since
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prior to the mussel invasion. Comparing our epilimnion data to those presented in Fahnenstiel
and Scavia (1987b) using similar sampling dates (May-July), we find the mean 1982-1984 P:B
of 0.312 + 0.179 to be not significantly different from our mean P:B of 0.379 £+ 0.095 (p = 0.53).

P-I parameters in 2017, however, differed from the pre-mussel period (Table 4). Mean
epilimnetic o in 2017 was slightly higher than mean epilimnetic a® from 1983 to 1987, and
mean epilimnetic P5 in 2017 was nearly half of mean epilimnetic PZ during the 1980s. These P-
I parameter comparisons, however, depend greatly on how the P-I parameters are summarized
from each study, as averaging P-I parameters across different seasons and different years can
produce dramatically different results (Fahnenstiel et al., 1989). These comparisons across
decades are also complicated by interannual and spatial variability of P-I parameters and
methodological differences among studies. As a result, historical comparisons of P-I parameters
may not be the best indicator of changes to the phytoplankton community, and we suggest
phytoplankton growth rates may be a better integrator of ecological conditions.

The lack of obvious changes in summer phytoplankton growth rates and the apparent
increase in spring growth rates since the mussel invasion was somewhat unexpected. Declining
offshore total phosphorus concentrations (Barbiero et al., 2018; Mida et al., 2010) might be
expected to result in increased phosphorus limitation and decreased phytoplankton growth rates.
However, phytoplankton do not direly rely on total phosphorus. They rely on dissolved
phosphate, and the post-dreissenid decrease in total P may be more of a reflection of the decrease
in phytoplankton (which make up a significant fraction of total P) due to dreissenid grazing than
any decrease in dissolved phosphate, for which there are much fewer published measurements
than there are for total P. Pothoven and Fahnenstiel (2013) presented data showing that the

seston C:P ratio increased following the establishment of dreissenids in Lake Michigan, inferring
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increased phosphorus limitation. By comparison, the seston C:P ratios measured in this study are
more similar to the pre-dreissenid values reported by Pothoven and Fahnenstiel (2013). This
observation, along with that of relatively high P:B ratios reported here, suggests that phosphorus
limitation of phytoplankton is not as extreme now as it was shortly following the expansion of
quagga mussels in the lake. The reasons for this apparent transition are unclear. Although
spring TP and particulate phosphorus have been steadily declining in Lake Michigan for decades,
spring total dissolved phosphorus (TDP) concentrations have been relatively stable since 2000
(Barbiero et al., 2018), indicating that the decrease in TP is due mostly to a loss of particulate P.
The loss of particulate P over time is likely due to the filtration activities by mussels, but high
mussel nutrient excretion rates may be maintaining dissolved nutrients and phytoplankton
growth rates. Phytoplankton appear to be growing at the same rate as in the past, or even greater
during the spring. But these growth rates are now countered by high loss rates due to dreissenid
grazing, resulting in low biomass. While light and temperature appear to play a strong role in
driving seasonal patterns of primary production, production is the product of growth rate and
biomass. By reducing the biomass, dreissenid grazing has resulted in primary production rates
that are likely lower than they would be in the current light / nutrient environment in the absence
of dreissenid grazing. The difference in post-dreissenid seston C:P ratios observed in this study
and those reported by Pothoven and Fahnenstiel (2013) suggest that the relative influence of
dreissenid grazing and nutrient recycling on phytoplankton abundance and nutrient status may
have changed over the past decade, and Lake Michigan continues to be an ecosystem in
transition.

Conclusions. This study highlights the spatial and seasonal variability of phytoplankton

production in Lake Michigan. Productivity and P:B ratios are highly variable from nearshore to
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offshore and south to north, suggesting caution when extrapolating measurements from a limited
region to the entire lake. Due to the loss of spring and early summer production resulting from
mussel grazing during isothermal mixing, production now peaks in August and September, when
surface temperatures are warmest. Most production is now concentrated within the epilimnion,
and DCL production has decreased. Spring growth rates, as inferred from P:B ratios, appear to
have increased following the mussel invasion, perhaps due to increased water clarity and
dissolved nutrients excreted by mussels. Summer nutrient limitation, as inferred from seston C:P,
and summer growth rates, as inferred from P:B, are similar to what they were before the mussel
invasion, suggesting decreased phytoplankton production in Lake Michigan is due mainly to
decreases in biomass resulting from dreissenid grazing, rather than increases in nutrient
limitation. The decrease in production, along with a shift to increased dominance by

picoplankton, likely has implications for energy flow to upper trophic levels.
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Tables

Table 1. Summary of stations and sampling. Sample depth abbreviations indicate the deep chlorophyll layer (DCL) identified as
the depth of chlorophyll fluorescence maximum, mid-depth (MID), base of epilimnion (LEP), and depth of maximum dissolved
oxygen concentration (DO). Samples is the number of incubation experiments done at each station.

Station Latitude Longitude Station Survey/Dates Depths Sampled Samples
Depth (m)

AWI15 43,0958 -87.8611 15 Transect 2017, see Table 5 5 or 6 m (October) 3
for dates

AW45  43.0980 -87.7840 45 Transect 2017, see Table 5 5 m, DCL, see Table 5 for depths 6
for dates

AW75 43.0979 -87.7187 75 Transect and Time Series 5 m, 35 m (unstratified); Sm, DCL, 26
2017, see Tables 4 and 5 for  LEP, or DO (stratified), see Tables 4
dates and 5 for depths

DC75 44.8941 -87.0515 75 Summer 2017, 8/6/2017 8 m, DCL (19 m) 2

GB1 45.3999 -86.7115 40 Summer 2017, 8/7/2017 S5m 1

MIl1 42.3833  -87.0000 128 Summer 2017, 8/2/2017 5 m, DCL (37 m) 2

MI17 42.7333  -87.4167 100 Spring 2016, 3/27/2016 2 m, MID (50 m) 2

MI23 43.1333  -87.0000 88 Spring 2016, 3/27/2016, 2 m, MID (51 m, spring); 5 m, DCL 2
Summer 2017, 8/3/2017 (39 m, summer) 2

MI34 44,0900 -86.7667 160 Spring 2016, 3/26/2016, 2 m, MID (78 m, spring); 5 m, DCL 2
Summer 2017, 8/5/2017 (46 m, summer) 2

Mi41 447367 -86.7217 250 Summer 2017, 8/6/2017 5 m, DCL (34 m) 2

MI47 45.1783  -86.3750 186 Spring 2016, 3/28/2016 2 m, MID (35 m) 2

MI52 45.8083 -86.0456 54 Summer 2017, 8/7/2017 5 m, DCL (15 m) 2

MI-N 45.8723  -85.6970 38 Spring 2016, 3/28/2016 2 m, MID (19 m) 2
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Table 2. Spring 2016 R/V Lake Guardian survey photosynthetic parameters (+ SE), water temperature (°C), chlorophyll a

concentration (mg m), and integrated production (mg C m day™) calculated using simulated PAR (27.5% cloud cover) for each

site and date. Although listed with the shallow samples, the integrated production calculation was based on the P-I parameters
determined at both sample depths. Italics indicate manual parameter calculation because model fitting error was significant.

Units of P2 and P are mg C mg chl! hr!, aB and B® are mg C mg chl"! mol photons "' m?, and Ik and I are mol photons m2 hr!.
Values are grouped by sample depth.

Site  Depth P8 pE ob BB Ik Iv r? Temp Chl  Prod
MI17 2 0.88 - 3.07 - 0.28 - 0.769 325 052 201.1
MI23 2 0.96 - 11.8+0.84 - 0.08 £0.01 - 0920 342 0.79 3375
MI34 2 1.05 - 8.03+1.89 - 0.13+0.03 - 0.824 350 0.62 2537
Ml47 2 1.24 - 9.84 £0.97 - 0.13+0.01 - 0979 347 059 2437
MI-N 2 1.41 - 8.90+1.11 - 0.16 +0.02 - 0.862 2.19 044 2433
MI17 50 093 1.00+£0.04 6.23+£0.77 0.08+0.02 0.15 124 0909 321 048
MI23 51 139 154+£0.05 14.6+1.85 0.29+0.04 0.10 488 0987 342 057
MI34 78 1.51 - 9.84 +0.79 - 0.15+0.01 - 0972 349 0.56
Mi47 35 1.49 - 5.36 £2.45 - 0.28 +0.14 - 0.630 342 0.5
MI-N 19 2.06 - 12.1£0.92 - 0.17+£0.01 - 0973 221 040

Table 3. As Table 2 for Summer 2017 R/V Lake Guardian survey. Bold type indicates statistically insignificant § parameter.

Site Depth  p% pE oP BB I I >  Temp Chl Prod
MIl1 5 099 146+0.39 238+0.35 0.29+0.20 0.42 337 0963 234 1.10 3169
MI23 5 1.89 - 3.09+£0.37 - 0.61 £0.10 - 0978 219 1.05 447.1
MI34 5 1.07 125+£0.09 3.09+0.30 0.11+0.05 0.35 9.51 0989 192 137 386.5
MI41 5 1.06 127+0.15 332+035 0.15+£0.08 0.32 723 0979 19.0 194 500.1
DC75 8 146 1.79+0.12 433+031 0.22+0.06 0.34 6.74 0993 18.8 1.67 5458
GB1 5 1.07 134+0.10 3.81+041 0.22+0.06 0.28 478 0986 19.1 2.17 502.2
MI52 5 126 144+0.10 3.70+040 0.11+0.05 0.34 11.6 0991 18.8 2.06 549.0
MIl1 15 1.37 152+£0.07 4.10+£0.20 0.09 £0.03 0.33 155 0997 18.8 201
MI23 37 0.53 0.63+£0.03 625+042 0.28+0.03 0.08 1.89 0991 536 1.53
MI34 39 0.73 098+0.15 535+£0.73 045%0.15 0.14 1.60 0954 501 140
MIl41 46 0.53 0.63+0.06 7.64+1.04 031+0.07 0.07 1.74 0968 476 2.28
DC75 34 0.50 0.58+0.10 697+2.00 0.22=+0.10 0.07 232 0862 536 3.66
GB1 19 094 1.13+£0.18 650+1.13 030+£0.13 0.14 3.15 0937 106 1.58
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Table 4. As Table 2 for 2017 AW75 seasonal survey. Bold type indicates insignificant § parameter, but significant visible
photoinhibition. Asterisks indicate a size-fractionated sample for which the parameter values are based on biomass weighted
averages of the parameters determined for the three size fractions (see Table 6).

Date Depth  p8 Pt of BB Ik In 2 Temp Chl Prod

11 May 5 0.45 - 1.89 £0.57 - 0.24 - 0.871 471 077 2675
35 0.87 - 529+124 - 0.16 - 0.960 4.11 0.77

26 May 5 0.85 - 5.64 £0.63 - 0.15 £0.02 - 0951 643 082 3521
35 0.88 090+0.02 5.69+0.16 0.02+0.01 0.16 502 0998 622 0.84

08 June 5 1.25 5.86 £0.59 0.21+0.02 0.965 9.79 0.72 380.1

26 0.66 0.72+0.05 7.73+£1.54 0.15+£0.04 0.09 436 0.884 670 1.83

23 June 5 1.96 - 6.74 £0.80 - 0.29 £0.04 - 0972 16.0 1.05 498.0
27% 033 0.41 393 0.23 0.08 1.40 6.03 274

11 July 5 1.19 - 535+0.76 - 0.22 £0.03 - 0944 184 091 3335
30 040 044+002 6.70£1.05 0.12+0.02 0.06 332 0958 560 274

25 July 5 1.57 - 4.45+0.32 - 0.35+0.03 - 0995 199 1.15 4073
40*  0.67 0.85 10.2 0.64 0.05 0.75 547  3.20

16 Aug 5 1.47 - 323+0.32 - 0.46 £0.05 - 0989 213 2.06 5684
25 0.88 1.07+0.10 525+0.61 0.24+0.07 0.17 366 0950 7.70 1.83

29 Aug 5 3.13 - 8.85+0.50 - 0.35+0.02 - 0996 20.1 1.07 6855
22 191 255+£021 123+157 1.00+0.21 0.16 192 0978 862 1.17

12 Sep 5 1.75 - 10.7 - 0.16 - 0.004 189 1.60 6373
38 1.39 1.63+0.16 16.1+328 0.62+0.18 0.09 223 0924 591 094

25 Sep 5 2.63 - 7.14 £0.90 - 0.37 £0.05 - 0976 21.6 1.14 390.1
28%  0.74 0.95 7.84 0.53 0.09 1.37 582 0.77

09 Oct 5 3.84 - 14.6 £3.38 - 0.26 +0.07 - 0.822 148 0.89 4059
10 2.82 13.1+1.79 0.22 £0.03 0946 143 1.00

23 Oct 5 1.62 199+027 721+144 0.36+0.19 0.23 449 0934 120 148 5104
16 270 327024 225+3.03 1.08+0.24 0.12 250 0968 106 0.87

13 Nov 5 0.75 0.81+0.06 6.11+1.47 0.09+0.04 0.12 8.19 0962 6.09 194 3238
25 095 1.03+004 893+098 0.16+0.03 0.11 6.06 0987 533 0.55

Table 5. As Table 2 for 2017 transect surveys. Bold type indicates insignificant  parameter, but significant visible
photoinhibition. Italics indicate manual parameter calculation because model fitting error was significant.

Site Depth  p8 P2 of BB Ik In r»  Temp Chl  Prod

11 Jul
AWI15 5 2.73 - 8.79 £0.51 - 0.31+£0.02 - 0.982 105 4.01 1190.2
AW45 5 1.47 - 441 £0.65 - 0.33 £0.06 0.875 157 137 407.1

22 043 048+0.08 4.12+1.75 0.09 £0.06 0.11 462 0574 619 286
AWT5 5 1.19 - 535+0.76 - 0.22 +0.03 - 0944 184 091 3335
30 040 044+0.02 6.70+1.05 0.12+0.02 0.06 332 0958 560 2.74

12 Sep
AW15 5 6.57 - 12.1 £0.63 - 0.55 +£0.04 0998 183 228 11514

AW45 5 211 250+£020 4.67+0.34 0.18+0.08 0.45 115 0995 186 228 876.6
36 1.84 216+033 19.1+6.28 0.71+0.34 0.10 628 0804 647 0.62

AWT5 5 1.75 - 10.7 - 0.16 - 0.004 189 1.60 6373
38 139 1.63+0.16 16.1+3.28 0.62+0.18 0.09 223 0924 591 094

09 Oct

AW15 6 2.96 - 19.04 +4.76 - 0.16 £ 0.04 - 0.575 7.08 038 1727

AW45 5 212 - 5.13+1.23 - 0.41+0.11 - 0.847 993 092 2773
17 195 210+0.11 13.0+x1.83 0.18+0.07 0.15 10.7 0971 7.01 0.68

AWT5 5 3.84 - 14.6 +£3.38 - 0.26 +0.07 - 0.822 148 0.89 4059
10 2.82 - 13.1+1.79 - 0.22 +0.03 - 0946 143 1.00




Table 6. Size-fractionated photosynthetic parameters (+ SE) and chlorophyll concentrations from the depth of maximum
fluorescence at Station AW75. Units for variables as in Tables 2-5. Bold type indicates insignificant B parameter, but visible
photoinhibition in the P-I curve. Underlined dates indicate a DCL sample.

Date Size Class PE aB BB Ik r Chl (%)
23 Jun <2 pum 0.36 5.75+1.88 0.14 £ 0.05 0.06 0.890 1.47 (53.8)
(27 m) 2-20 pm 0.29 2.00+0.34 0.21+0.08 0.15 0.954 0.79 (28.8)
20-200 um 0.22 1.52 £0.13 0.51£0.15 0.14 0.994 0.48 (17.5)
25 Jul <2um 0.57 15.7+£2.57 0.35+0.05 0.04 0.983 1.71 (53.5)
(40 m) 2-20 pm 0.40 1.48 £0.23 1.60 = 4.16 0.27 0.965 0.83(25.9)
20-200 um 0.33 7.06 +3.88 0.17 = 0.09 0.05 0.770 0.66 (20.6)
25 Sep <2pum 0.67 7.21£0.92 0.56 £0.15 0.09 0.979 0.35 (46.2)
(28 m) 2-20 pm 0.86 6.55+0.41 1.12+0.20 0.13 0.994 0.14 (18.0)
20-200 um 0.72 927+3.24 0.19 +£0.11 0.08 0.761 0.28 (35.8)
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Figure Captions:

Figure 1. Locations of Lake Michigan sampling sites. Contour lines are 50 m intervals. Dashed

line indicates the boundary between the northern and southern basins.

Figure 2. Measurements made during the whole lake surveys versus the latitude of the sampling
stations. The spring survey data are indicated by circles connected by a solid line and the
summer survey data are shown as diamonds connected by a dashed line. The panels are (a)
surface temperature; (b) chlorophyll a; (c) mean percent surface irradiance (Io) in the mixed
layer; (d) areal production; (e) P:B ratio; and (f) seston C:P ratio. Dotted lines in panel (f)
indicate moderate (>129) and severe (> 258) phosphorus deficiency based on the criteria from
Healy and Hendzel (1980). Seston carbon was not measured at station MI47 during the spring

survey.

Figure 3. Sampled values of chlorophyll a at survey stations (diamonds) and from fluorometer
(lines) during the spring (panel a) and summer (panel b) on satellite-retrieved estimates of
surface chlorophyll a concentration. Satellite estimates are based on temporal composites of

imagery collected *+ 7 days of the sampling dates.

Figure 4. Photosynthesis parameters P5 (mg C mg Chl hr') and @® (mg C mg Chl"' mol

photons™ m?) in spring (left column) and summer (right column).

Figure 5. Seasonal variation in (a) daily areal production calculated using measured surface PAR
from May to November (LOESS smoothing line + 95% CI represented by shaded area), (b)
monthly mean daily areal production (+ 1 SD), and variation in daily areal production estimates
due to variation in (c) chlorophyll (Chl) and epilimnetic P-I parameters (PI), (d) surface

irradiance (Io) and water clarity (k).

Figure 6. Seasonal variation in epilimnetic and mid-depth chlorophyll, P:B, seston C:P,

phytoplankton C:Chl, P (mg C mg Chl! hr''), and o (mg C mg Chl! mol photons ' m?). Large
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gray diamond points indicate mid-depth samples collected in the DCL. Horizontal dotted lines

mark nutrient deficiency criteria as defined by Healy and Hendzel (1980).

Figure 7. Seasonal vertical structure of temperature, chlorophyll (as inferred from fluorescence),
and phytoplankton production. Vertical lines indicate sampling dates. Linear interpolation was
used between sampling dates for temperature and chlorophyll. Production was calculated for
each day using P-I parameters, kpar, and biomass linearly interpolated between dates and

simulated PAR (reflectance and constant 26.5% cloud cover).

Figure 8. Proportion of the total water column production at station AW75 found within the
epilimnion, below the epilimnion, and within the deep chlorophyll layer (DCL, that section of

the water column in which chlorophyll > 2 mg m) during the stratified period.

Figure 9. Vertical structure of temperature, corrected CTD chlorophyll, and phytoplankton
production calculated using simulated PAR (reflectance and constant 26.5% cloud cover) on July
11, 2017, at Stations AW15 (0.25 km offshore), AW45 (6.5 km offshore), and AW75 (11.5 km

offshore). White points represent discrete sampling points for photosynthesis measurements.
Figure 10. As Figure 9 on Sep 12, 2017.
Figure 11. As Figure 9 on Oct 9, 2017.

Figure 12. Optimum PAR level (I, PAR value at which photoinhibition begins) versus the light
saturation parameter (Ix) for whole-lake and seasonal experiments with observed photoinhibition.

Survey is indicated by the symbol shape and sample depth by the size of the symbols.
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