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Abstract

The lower food webs of Lake Huron and Lake Michigan have experienced similar reductions in 

the spring phytoplankton bloom and summer populations of Diporeia and cladocerans since the 

early 2000s. At the same time phosphorus concentrations have decreased and water clarity and 

silica concentrations have increased. Key periods of change, identified by using a method based on 

sequential t-tests, were 2003–2005 (Huron) and 2004–2006 (Michigan). Estimated filtration 

capacity suggests that dreissenid grazing would have been insufficient to directly impact 

phytoplankton in the deeper waters of either lake by this time (mid 2000s). Despite some evidence 

of decreased chlorophyll:TP ratios, consistent with grazing limitation of phytoplankton, the main 

impact of dreissenids on the offshore waters was probably remote, e.g., through interception of 

nutrients by nearshore populations. A mass balance model indicates that decreased phosphorus 

loading could not account for observed in-lake phosphorus declines. However, model-inferred 

internal phosphorus dynamics were strongly correlated between the lakes, with periods of 

increased internal loading in the 1990s, and increased phosphorus loss starting in 2000 in Lake 

Michigan and 2003 in Lake Huron, prior to dreissenid expansion into deep water of both lakes. 

This suggests a limited role for deep populations of dreissenids in the initial phosphorus declines 

in the lakes, and also suggests a role for meteorological influence on phosphorus dynamics. The 

high synchrony in lower trophic level changes between Lake Michigan and Lake Huron suggests 
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that both lakes should be considered when investigating underlying causal factors of these 

changes.
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Introduction

Lake Huron and Lake Michigan are arguably the two most similar of the five Laurentian 

Great Lakes. Connected by the 8 km wide Straits of Mackinac, through which water flows in 

either direction, albeit primarily east (Saylor and Sloss, 1976), and with the same surface 

elevation, hydrologically the two water bodies can be considered a single lake (Beeton and 

Saylor, 1995). Differences do exist between the two lakes; most notably, the human 

population of the Lake Michigan basin is several times that of Lake Huron, making the 

former more susceptible to anthropogenic influences, while the dilutive influence of inputs 

from Lake Superior to Lake Huron has contributed to lower concentrations of many 

dissolved constituents in the latter lake (Beeton, 1965; Hough, 1958). Consequently, Lake 

Michigan has historically been the more productive of the two lakes, with higher chlorophyll 

a and primary productivity, and lower water clarity (Schelske and Roth, 1973). Several 

notable physical differences also exist between the two lakes, most importantly the greater 

residence time of Lake Michigan (62 years compared to 22 years; Quinn, 1992) and its 

greater average depth (85 m compared to 59 m).

The two lakes share largely congruent histories of biological invasions. Invasions and 

introductions of non-native fish have occurred in parallel in the two lakes, with the parasitic 

sea lamprey (Petromyzon marinus) becoming widespread in both lakes by the 1940s, and the 

non-native planktivore alewife (Alosa pseudoharengus) reaching substantial numbers 

slightly later (Berst and Spengler, 1972; Wells and McLain, 1972). Both species have had 

dramatic impacts on the food webs of the two lakes (Berst and Spangler, 1972; Wells and 

McLain, 1972). Similarly, invasions of non-native invertebrates have largely coincided in the 

two lakes. The predatory cladoceran Bythotrephes longimanus (hereafter Bythotrephes) 

established populations in both lakes in the mid 1980s (Bur et al., 1986; Evans, 1988), 

resulting in marked shifts in the crustacean zooplankton communities (Barbiero and 

Tuchman, 2004; Lehman and Cáceres, 1993). By 1990, zebra mussels (Dreissena 
polymorpha) had been found in both lakes (Griffiths et al., 1991), and the congeneric 

Dreissena rostriformis bugensis, or quagga mussel, was first found in the Straits of Mackinac 

region in 1997 and in the main bodies of both lakes by 2000 (Nalepa et al., 2007, 2001).

Since the 2000s the food webs of both Lake Huron and Lake Michigan have experienced 

substantial changes at multiple trophic levels. Both lakes have undergone declines in spring 

total phosphorus (TP) concentrations (Barbiero et al., 2012, 2011a), dramatic reductions in 

the size of the spring phytoplankton bloom (Barbiero et al., 2011a, Fahnenstiel et al., 

2010b), increases in water clarity (Barbiero et al., 2011a, 2009b; Vanderploeg et al., 2012), 

declines in the abundance of benthic amphipod Diporeia (Barbiero et al. 2011b; Nalepa et 

Barbiero et al. Page 2

J Great Lakes Res. Author manuscript; available in PMC 2019 May 29.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



al., 2009, 2007) and a biomass reduction and relative shift in summer crustacean 

communities away from cladocerans and cyclopoid copepods towards calanoid copepods 

(Barbiero et al., 2012, 2009a, 2009b; Vanderploeg et al. 2012).

In Lake Michigan, the changes in water quality, primary production and phytoplankton 

community structure, at least in the southern basin, have been largely ascribed to direct 

filtration impacts by dreissenid mussels (Fahnenstiel et al., 2010a; Kerfoot et al., 2010; 

Vanderploeg et al., 2010; Yousef et al., 2014; see, though, Warner and Lesht, 2015), due at 

least in part to the rapid expansion of D. r. bugensis into the profundal zone of that lake in 

the 2000s (Nalepa et al., 2010), a period during which the production declines were 

observed. While some of the changes seen in Lake Huron have been more pronounced than 

those in Lake Michigan, e.g., the near complete collapse of cladocerans in 2003 (Barbiero et 

al., 2009a), dreissenid expansion in Lake Huron has lagged substantially behind that in Lake 

Michigan (Nalepa et al., 2009, 2007), raising questions about the adequacy of dreissenid 

filtration as the main causal mechanism behind these changes (Barbiero et al., 2012; Bunnell 

et al. 2014).

Given the similarities in changes in so many lower trophic level variables in lakes Michigan 

and Huron within the past twenty years, we believe that a comparative examination of the 

magnitude and timing of these changes in the two lakes, particularly in the context of 

differences in dreissenid population development, can give additional insights into potential 

causal mechanisms. Up to now there have been few comparative assessments of recent 

ecosystem changes in the two lakes (see, though, Bunnell et al., 2014; Dove and Chapra, 

2015; Warner and Lesht, 2015), primarily because research activities conducted by most 

institutions are generally limited to one lake, or indeed to geographically restricted portions 

of one lake. The US EPA’s Great Lakes Water Quality Survey, on the other hand, generates 

comparable data from Lake Huron and Lake Michigan on a range of lower food web 

variables, thus permitting comparative studies.

In this study we make use of GLNPO’s unique dataset to compare the magnitude and timing 

of changes in a suite of key lower trophic level variables from the open water of the two 

lakes. These include a suite of spring water quality variables as well as summer crustacean 

zooplankton composition and Diporeia abundances. We were specifically interested first in 

quantifying the degree of synchrony of lower trophic level changes between the two lakes, 

and in objectively determining the timing of those changes. We assess the possibility of 

bottom-up impacts on invertebrate populations through correlations with chlorophyll a and 

both crustacean zooplankton and Diporeia, and assess the possibility of more direct 

dreissenid impacts on Diporeia by comparing temporal and spatial distributions of the two 

species. To evaluate the potential impact of direct filtration by Dreissena on offshore 

phytoplankton, we compare Dreissena filtration rates and chlorophyll/TP ratios between the 

two lakes. Reductions in chlorophyll/TP ratios are indicative of control of phytoplankton by 

grazing, rather than nutrient limitation (Mazumder, 1994a, 1994b), and such reductions have 

been seen in nearshore areas of the Great Lakes in association with the establishment of 

dreissenids (Nicholls et al., 1999). We distinguish here between direct filtration, i.e. direct 

removal of phytoplankton by dreissenid grazing, from other potential dreissenid impacts, 

such as remote interception and sequestration of nutrients. Finally, we utilize a mass balance 
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model to assess the extent to which changes in phosphorus loading might have contributed 

to reductions in offshore phosphorus concentrations in the two lakes, and by extension, to 

what extent changes in internal processes, including phosphorus sequestration by 

dreissenids, might have impacted in-lake phosphorus concentrations.

Methods

Field Sampling

Most of the data used for this study were drawn from the U.S. EPA’s Great Lakes National 

Program Office (GLNPO) biannual off-shore monitoring program, which began sampling 

lakes Huron and Michigan in 1983. A total of 35 stations were initially visited in the main 

basins of the lakes for water column sampling, although from 1996 onward this was reduced 

to 25. Benthos sampling was initiated in 1997 and has been conducted at 19 stations, some 

of which coincide with plankton sampling sites. Further details on locations and 

characteristics of stations are available in Barbiero et al. (this issue) and Lesht et al. (this 

issue).

Sampling surveys were conducted during the spring isothermal period and summer stratified 

period. Spring surveys were conducted as early as possible after ice out (typically April) to 

provide estimates of initial growing season concentrations of nutrients, while summer 

surveys were conducted during the period of stable thermal stratification (generally August). 

From 1983 to 1991 multiple sampling runs were often undertaken for one or both of the 

seasonal surveys. While sometimes separated by several weeks, no consistent differences 

were found in the data generated by multiple runs (Rockwell et al., 1989), so data from all 

runs were included in annual survey averages.

At each water column station, samples for nutrients were taken at discrete depths throughout 

the water column with Niskin bottles mounted on a SeaBird Carousel Water Sampler. For 

the present study, station averages were calculated from all water column samples except the 

deepest sample to avoid contamination from sediments or the benthic nepheloid layer. 

Spring phytoplankton samples were composited from discrete samples taken from surface, 5 

m, 10 m and 20 m. Crustacean zooplankton were collected by vertical tows taken from 

depths of 100 m or 2 m from the bottom, whichever was shallower, using a 0.5-m diameter, 

153-μm mesh conical net (D:L = 1:3) equipped with a calibrated Tsurumi-Seiki Co. (TSK) 

flow meter. Prior to 1997, zooplankton tows were taken to a depth of 20 m, which would 

miss a substantial portion of the zooplankton community. Only data from deeper tows 

collected during August surveys were used in this study, therefore our zooplankton time 

series begins in 1997. Triplicate samples for benthos density estimates were collected using 

a Ponar grab during August surveys from 1997–2015 except in 2004 when four replicates 

were taken. Secchi depth readings were taken at all stations visited between one hour after 

sunrise and one hour before sunset.

Analytical methods

Samples for soluble silica (Si) were filtered in the field through 0.45 μm Sartorius filters and 

stored at 4 °C. Samples for total dissolved phosphorus (TDP) were filtered in the field 

Barbiero et al. Page 4

J Great Lakes Res. Author manuscript; available in PMC 2019 May 29.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



through a 0.45 μm membrane filter and along with samples for TP were preserved with 

H2SO4 for later analysis in the lab. TDP and TP were measured on a Lachat QuikChem AE 

autoanalyzer by the ascorbic acid method after acid persulfate digestion (APHA 1985). 

Soluble Si was determined as SiO2 by the molybdate method on a Lachat QuikChem AE 

autoanalyzer (APHA, 1985). Samples for particulate nutrients were collected from three 

representative ‘master’ stations (see Barbiero et al., this issue) in each of the two lakes. 

Samples for particulate organic carbon (POC) were filtered in the field onto 0.7-μm ashed 

glass fiber filters (GF/F) and rinsed with 0.2N HCl to remove carbonates. Samples for 

particulate phosphorus (PP) were filtered in the field onto 0.45-μm Sartorius filters. All 

particulate nutrient samples were frozen for later analysis. POC was measured by 

combustion in a Carlo Erba Elemental Analyzer 1108. PP was measured on a Lachat 

QuikChemAE autoanalyzer by the ascorbic acid method after acid persulfate digestion.

For phytoplankton, samples were split and analyzed separately for the whole phytoplankton 

assemblage (i.e., “soft” algae) and diatoms. All counting included measurements of cell 

dimensions so that algal biovolumes could be calculated. Further details of sample 

preparation and taxonomic analysis are provided by Reavie et al. (2014).

After collection, zooplankton samples were narcotized with soda water and preserved with 

5% formalin solution. Samples were split in the laboratory using a Folsom plankton splitter, 

and for crustaceans, four stratified aliquots were examined per sample using a stereoscopic 

microscope such that rare species were enumerated from the less dilute aliquots. Abundance 

calculations incorporated a correction for net efficiency derived from flowmeter counts. On 

average, about 600 individuals were identified per sample. Length measurements were made 

on the first 20 individuals of each species encountered per sample, and biomass (as dry 

weight) was calculated for each of these measurements using length-weight relationships 

derived from the literature and then averaged to arrive at a taxon biomass for each sample 

(U.S. EPA, 2017). Data are reported as lake-wide average biomass for the major crustacean 

groups cladocerans, cyclopoid copepods and calanoids copepods.

Samples for benthic invertebrates were washed through a 500 μm mesh sieve and preserved 

with formaldehyde with Rose Bengal stain to a final concentration of 5–10%. Organisms 

were picked out of samples under low magnification using a dissecting microscope. Only 

abundances of the benthic amphipod Diporeia spp. and Dreissena spp. are reported here; the 

latter taxon was not enumerated in our samples until 2003. Details on benthos methods are 

in Burlakova et al. (this volume).

Remote Sensing Chlorophyll Estimation

Chlorophyll concentrations were estimated from SeaWiFS (1998–2007) and MODIS (2008–

2016) imagery, obtained from the Ocean Color Data archive (http://

oceancolor.gsfc.nasa.gov), using the Great Lakes Fit (GLF) band ratio algorithm (Lesht et 

al., 2016, 2013). The use of remote sensing estimates of chlorophyll allowed us to use a 

wider temporal range of values than would have been possible with GLNPO’s extracted 

chlorophyll time series, and also obviated previously documented problems with bias (see 

Barbiero et al., 2011a) in the GLNPO chlorophyll data series that might have compromised 

interpretation at the low concentrations seen in this study. Chlorophyll values were extracted 
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from 5 pixel by 5 pixel (roughly 5 km x 5 km) boxes centered on each of the GLNPO 

stations and the average of the individual pixel values were used to represent the 

concentration at the GLNPO station. Only values obtained from boxes with a majority (> 

12) of cloud-free pixels were used. Analyses which focused on the open water used data 

from GLNPO’s open water stations; for correlations between chlorophyll a and Diporeia, 
data corresponding to the appropriate GLNPO benthos stations were used. Average May 

concentrations were used to assess changes in spring chlorophyll a, while average April-July 

chlorophyll a was used to provide an index of production up to the point of our August 

surveys to enable comparisons with our crustacean and Diporeia data. Values were first 

averaged by month, then averaged across months. To assess chlorophyll:TP ratios for spring 

and summer cruises, average April and August values were used, respectively.

P loading analyses—To assess interannual changes in internal phosphorus dynamics a 

modified version of the 21-segment total phosphorus mass balance model presented by 

Chapra and Dolan (2012) was used. The model was modified by merging the segments 

representing the northern and southern basins of lakes Huron and Michigan into single 

segments for each lake. Thus, the resulting model was based on 19 segments.

Our main goal was to determine how much the observed changes in total phosphorus 

concentration in lakes Huron and Michigan could be explained by changes in phosphorus 

loading, and by extension, the extent to which internal processes (e.g., internal loading, P 

sequestration by dreissenids) would have to be invoked to explain phosphorus concentrations 

during this period. To accomplish this, the average settling velocity for each lake that 

minimized the overall difference, expressed as the mean absolute error (MAE), between the 

predicted (Cpred ) and observed (Cobs ) phosphorus concentrations in the two model 

segments representing the two main lake basins for each observation in the study period was 

determined. Observed values were lake-wide average spring TP concentrations from 

GLNPO cruises.

Observed 1983 spring TP values in lakes Huron and Michigan were used as initial 

conditions for these segments; initial conditions in the other segments, as well as the annual 

loadings and outflows for all segments, were obtained from Chapra and Dolan (2011). The 

exchange coefficients and settling velocities in the segments not being studied (i.e. all but 

northern and southern Huron and Michigan) were taken from Chapra and Dolan (2012). The 

optimal values of settling velocities in lakes Michigan and Huron were obtained by using a 

downhill simplex algorithm (Press et al., 2007) and the observed spring phosphorus 

concentrations for the period 1984–2009. To estimate pre-1983 TP values in the lake, initial 

(1972) values were chosen and the model run forward, using the specified loads, inter-

segment flows, and estimated settling velocities determined above, until the MAE between 

the predicted and observed values was minimized. Since our interest was in changes 

occurring in the main basins of the lakes, we present loading based on both phosphorus 

directly input to the main basins of the lakes as well as phosphorus that enters from the 

adjacent segments.

Data analysis—We analyzed the data for trends over time using the non-parametric 

Spearman rank correlations with year as a variable. Since this test is run on ranks, it detects 
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successive increasing or decreasing trends, but is not sensitive to the magnitude of 

interannual change. Temporal coherence between the lakes was quantified with Pearson 

product-moment correlations between lake-wide annual averages of individual variables. 

Variables tested included spring TP, TDP, PP, POC, Si, and Secchi depth, May chlorophyll, 

summer biomass of cladocerans, cyclopoids, and calanoids, and Diporeia abundances for 

30–90 m and > 90 m. In all cases, significance was assessed at α = 0.05. To assess the 

possibility of bottom-up impacts on invertebrate populations, correlations were run between 

average April-July chlorophyll a and biomass of the main crustacean groups and abundances 

of Diporeia, a key benthic macroinvertebrate food web component

To provide an objective assessment of the timing of changes in lower trophic level variables, 

we used an exploratory procedure for detecting and determining the significance of shifts in 

time-series data based on sequential application of Student’s t-test (Rodionov, 2004; 

Rodionov and Overland, 2005). This technique produces a statistic, the regime shift index 

(RSI), which represents the cumulative sum of normalized anomalies relative to a critical 

level corresponding to the mean of the previous regime. Because time-series are normalized, 

it can be applied to multiple variables, in which case, the final RSI is the average of the RSI 

for each variable in the set. Since this analysis does not allow missing data, missing values 

were assigned the means of immediately adjacent years; no time series had more than three 

missing values. Significance was assessed at α = 0.05 for a cutoff length of 10 and a Huber 

parameter of 1. The RSI was calculated using an Excel add-in (v 2.1) available at 

www.beringclimate.noaa.gov/regimes. A number of variables which captured the changes in 

the lower trophic levels were incorporated into the analysis. These included the spring 

nutrient variables TP, TDP, POC, PP, Si, as well as spring Secchi depth. Biological variables 

included were May chlorophyll a, August profundal Diporeia abundances, and, as a simple 

measure of change in the crustacean zooplankton community, the ratio of cladoceran and 

cyclopoid copepod to calanoid copepod biomass.

Dreissena filtration—The ability of dreissenid filtration to impact phytoplankton in the 

overlying water in the two lakes was estimated using dreissenid data from GLNPO benthos 

sites. Data were available for 2003–2015; as noted, enumeration of dreissenids began in 

2003, with the two species (D. polymorpha, D. r. bugensis) first distinguished in our samples 

in 2007, by which time D. polymorpha had virtually disappeared from our sites in the two 

lakes. From 2003 to 2011, only densities were reported; beginning in 2012, total wet weight 

(TWW) was also determined. To calculate filtration capacity of mussels, TWW was 

converted to ash free dry weight (AFDW) using the equation TWW = 50.09*AFDW (Nalepa 

et al., 2017), and an average AFDW individual−1 was calculated for the depth categories 30–

50 m, 50–90 m and > 90 m for each of the two lakes, using pooled data from 2012–2015. 

These average values were then multiplied by areal abundances in their respective depth 

categories on a per-lake basis for all years (i.e., 2003–2015) to arrive at AFDW m−2. 

Filtration rate (mL AFDW−1 hr−1) was calculated based on clearance rates of Lake Michigan 

seston assuming a temperature of 3° C using coefficients from Vanderploeg et al. (2010). 

The fraction of the water column cleared (FC) per day was then calculated as filtration 

rate*AFDW m−2 *24 based on a mean water column depth derived for each depth interval 
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from hypsographic curves of the two lakes for the depth intervals 30–50 m, 50–90 m and > 

90 m.

Since our sampling for dreissenids is limited, we supplemented our filtration estimates with 

those estimated using dreissenid data from more extensive surveys conducted both by 

NOAA and also by multiple agencies and universities as part of the Cooperative Science and 

Monitoring Initiative (hereafter NOAA/CSMI). Estimates of dreissenid AFDW m−2 in Lake 

Michigan for 2000, 2005 and 2010 were taken from Nalepa et al. (2014); AFDW m−2 for 

2015 were taken from Nalepa et al. (2017). Abundances for Lake Huron for 2000 and 2003 

were taken from Nalepa et al., (2007); abundances for 2007 were taken from Barbiero et al. 

(2013), AFDW m−2 for 2012 were provided by T. Nalepa (University of Michigan, 7 

August, 2017), and estimates of AFDW individual−1 for each depth stratum from this latter 

year were applied to previous years to arrive at AFDW m−2. Subsequent calculations were 

carried out as for the GLNPO station data. It should be noted that substantial variation was 

seen in AFDW individual−1 estimates between lakes, years, depth strata and data sources 

(Table 1).

As an indication of the potential of dreissenid filtration to impact the phytoplankton 

community, FC was compared to an average phytoplankton growth rate of 0.06 day−1, the 

value used by Vanderploeg et al. (2010) for similar analyses and derived from a study of 

growth rates during isothermal conditions in lakes Michigan, Huron, Erie and Ontario 

(Fahnenstiel et al., 2000). Note that while dreissenid densities were taken from August 

surveys, the phytoplankton growth rate, as well as the assumption of a fully mixed water 

column, would correspond to spring conditions.

Results

Water Quality Variables

Spring TP decreased significantly in both lakes over the course of our study (Table 2). 

Concentrations in Lake Michigan were higher than in Lake Huron, although patterns were 

similar in the two lakes (r = 0.81), with elevated concentrations in the mid 1990s followed 

by over a decade of declines (Fig. 1). Declines apparently moderated in the mid to late 

2000s, with concentrations increasing since 2010 in Lake Huron and thus converging with P 

levels in Lake Michigan in the last few years of our data set. TDP did not show the same rate 

of decline as TP; in fact there was no significant trend in Lake Huron (Table 2). This 

suggests that the decline in TP was disproportionately due to particulate, rather than soluble, 

forms of phosphorus. This was confirmed by examination of spring PP, which declined 

precipitously between 2000 and 2005. Spring concentrations of POC also showed declines 

in both lakes during the same period (Fig. 1). Since 2013, PP exhibited marked increases at 

all six stations examined in both lakes with the exception of the station in southern Lake 

Michigan. In spite of these recent increases, there were statistically significant overall 

declines in PP in both lakes, as was also the case for POC (Table 2). Particulate phosphorus 

concentrations in the two lakes were remarkably correlated (Fig 1).

Average May chlorophyll a concentrations for the period 1998–2016, as estimated by remote 

sensing, showed marked declines in both lakes which started soon after the initiation of the 
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data series (Table 2, Fig. 1). In both lakes declines were most pronounced between 2002 and 

2005, with subsequent concentrations remaining relatively constant. Between the first five 

years and the last five years of the data series, chlorophyll a concentrations were reduced by 

more than half in both lakes, declining from 1.40 μg/L to 0.64 μg/L in Lake Michigan, and 

from 1.28 μg/L to 0.53 μg/L in Lake Huron. Trends in chlorophyll were highly correlated 

between the lakes, and as was the case with TP, deviated from a 1:1 relationship, indicating 

an overall higher rate of change in Lake Michigan compared to Lake Huron, although this 

difference appeared slight (Fig. 1).

Spring soluble silica in the two lakes showed an inverse relationship to chlorophyll a. This 

would be expected given the high proportion of diatoms in the spring phytoplankton 

community and thus the implied decreasing demand for silica with decreasing chlorophyll 

(note, though, that silica was measured in April, while chlorophyll a for May is presented). 

Highly significant increases were seen in both lakes over the course of the time series (Table 

2). The increase in Lake Michigan was relatively linear throughout this time, while a step-

change occurred in Lake Huron, coinciding with the initial steep decline in chlorophyll a in 

2003. In both lakes, highly significant increases were seen since 2003 (r = 0.92, 0.85, for 

Michigan and Huron, respectively; P < 0.001, n = 14); only in Lake Michigan, however, 

were increases seen prior to 2003 (r = 0.74, P < 0.001, n = 20). While silica was highly 

correlated between the two lakes (Fig. 1), the correlation deviated substantially from a 1:1 

relationship due to the declines seen in Lake Michigan during the early part of our time 

series when concentrations were stable in Lake Huron. This was most likely a consequence 

of the earlier and more dramatic decreases in P loading in Lake Michigan promoting silica 

recharge in the lake through long-term reductions in diatom production/silica sedimentation 

(Barbiero et al., 2002). As with TP and chlorophyll, Si concentrations converged with later 

values in the time series.

Spring transparency, as measured by Secchi depth, exhibited remarkably similar trends in 

both lakes, with relatively low transparencies from the late 1980s through the early 2000s 

followed by increases in the mid-2000s (Fig. 1). Overall increases in transparency were 

highly significant in both lakes (Table 2), with average transparencies in both lakes 

exceeding 20 m in our most recent year of data (2017). When comparing average values 

from 1998–2002 with those from 2012–2016, the percent increase in transparency in both 

lakes was identical (90%). The two data sets were highly correlated (r = 0.92), and exhibited 

close to a 1:1 relationship.

Spring phytoplankton

At the beginning of this sample series, both lakes were dominated by diatoms in spring, but 

by different assemblages. A gradual decline in spring phytoplankton from 2001 to 2006 in 

Lake Michigan was largely due to a loss of centric diatoms including Aulacoseira and 

Stephanodiscus (Fig. 2). A more abrupt decline occurred in Lake Huron from 2002 to 2003, 

largely due to the loss of pennate diatoms such as Tabellaria and some centrics including 

Aulacoseira. Since approximately 2006, phytoplankton biovolumes have remained relatively 

consistent. Lake Michigan has shifted to an assemblage with more flagellated cryptophytes, 
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while Huron has shifted to an assemblage with higher relative abundances of the small, 

centric diatom Cyclotella and flagellated chrysophytes.

Summer crustacean zooplankton

Total summer crustacean biomass exhibited significant declines in both lakes over the course 

of our time series (Table 2; Fig. 3). In Lake Michigan, these declines appeared to be due 

mostly to reduced cladoceran biomass, while in Lake Huron significant declines were seen 

in all three major groups of crustaceans. The decline in cladocerans was sudden in Lake 

Huron, occurring in 2003, and populations have remained low since then, while in Lake 

Michigan the decline has been more gradual and less marked. Interestingly, two recent years, 

2010 and 2012, have seen somewhat elevated cladoceran biomass in both lakes. Both 

cladoceran biomass and total crustacean biomass were significantly correlated between the 

two lakes (Fig. 3). Cyclopoid biomass exhibited overall declines in both lakes, although the 

correlation between them was not significant (P = 0.056). Calanoid biomass showed no 

correlation between the two lakes, which was probably due in part to the increase in 

calanoid, and specifically Limnocalanus macrurus, biomass in the northern basin of Lake 

Michigan (Barbiero, unpublished data).

To shed light on the extent to which crustacean biomass might be impacted by resource 

availability, correlations were run between seasonal (April through July) chlorophyll a, 

estimated by remote sensing, and biomass of the main crustacean groups. Strong positive 

correlations were found between chlorophyll a concentration and cladoceran biomass, as 

well as total crustacean biomass, in both lakes (Fig. 4). In both cases, the chlorophyll/

biomass relationship was steeper in Lake Huron, indicating that greater levels of crustacean 

biomass were associated with lower chlorophyll concentrations. In addition, a high degree of 

variability in both cladoceran and total crustacean biomass was associated with relatively 

little variation in chlorophyll in Lake Huron during the earlier years of the data series, 

suggesting the importance of factors other than chlorophyll in determining crustacean 

biomass. Neither cyclopoid nor calanoid biomass were correlated with chlorophyll in Lake 

Michigan, while relationships were found between these variables in Lake Huron.

Diporeia

Diporeia populations in both lakes were apparently in decline by the initiation of our benthic 

sampling program in 1997 (Fig. 5). While Diporeia declines had been reported in Lake 

Michigan in the early 1990s (Nalepa et al., 1998), similar information is not available for 

Lake Huron. After a brief stabilization in the early 2000s, another steep decline occurred in 

both lakes between 2002 and 2004. Populations had virtually disappeared from shallower 

(30–90 m) sites by 2005 in both lakes, while populations at our deeper (> 90 m) sites in both 

lakes appear to have stabilized since 2004. Population densities in the two lakes showed a 

remarkable degree of synchronicity in both depth regions; average densities in the two depth 

zones were highly correlated between the lakes, with correlation coefficients similar for the 

two depth zones (r = 0.96, 0.95 for 30–90 m and > 90 m, respectively) (Fig. 5). Population 

densities at deep sites were highly correlated with corresponding chlorophyll a 
concentrations in both lakes (Fig. 4). Due to their disappearance from shallow sites after 

2004, correlations were not run with Diporeia densities from these sites.
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Dreissena was not counted in our samples until 2003, by which time dreissenids had already 

appeared at a number of stations, primarily from shallow (< 90 m) depths in Lake Michigan. 

At some shallow sites in Lake Michigan there appeared to be several years of overlap 

between the two species before Diporeia disappeared, while in others the disappearance of 

Diporeia preceded the appearance of Dreissena by several years (Fig. 6). In Lake Huron, 

where Dreissena population development occurred much later, the disappearance of 

Diporeia from shallow sites almost always preceded appearance of Dreissena, in some cases 

by a decade. Populations of Diporeia at deeper sites in both lakes had less apparent 

correspondence with Dreissena abundance, with declines taking place prior to, or without, 

the appearance of Dreissena. However, in only two cases, HU 54 and MI 27, was there 

extensive coexistence between the two species. It should be recognized that dreissenid 

distribution is extremely patchy, and may not be sampled effectively by Ponar grab (see 

Karatayev et al., this issue). Therefore, our data might underestimate the degree of overlap 

between the two taxa to a certain degree.

Timing of changes

Sequential t-tests revealed a number of potential change points in spring water quality 

variables, August profundal (> 90 m) Diporeia abundances and the August zooplankton 

community, with the strongest signals clustered around 2003–2006 in both lakes (Fig. 7). In 

Lake Michigan, change points were detected between 2004 and 2006 for most variables 

examined, the exceptions being TP and TDP, where change points were detected in 2001 and 

2000, respectively. Strong signals from single variables led to high RSI values in 1995 (Si) 

and 2013 (Secchi depth). The timing of potential shifts in Lake Huron was similar to, though 

slightly earlier than, those of Lake Michigan. Most variables exhibited signs of shifts 

between 2003 and 2005. TP and TDP were exceptions, with changes seen in 1999 and thus 

preceding those of most other variables, as was the case in Lake Michigan. Also as in Lake 

Michigan, Secchi depth exhibited a further indication of increase in 2013.

Dreissena filtration

Estimated fraction of the water column cleared (FC) by dreissenids for the shallowest region 

examined in Lake Michigan (30–50 m) exceeded the nominal phytoplankton growth rate of 

0.06 day−1 from the first year of our data series (2003) and appeared to peak between 2006 

and 2010 (Fig. 8). Values from the more extensive NOAA/CSMI surveys were generally in 

keeping with those from GLNPO, with FC exceeding 0.06 day−1 sometime between 2000 

and 2005. FC values calculated from GLNPO data for Lake Huron in this depth range were 

substantially lower than those in Lake Michigan, and showed a general increasing trend. 

Only in 2013 did they approach the nominal phytoplankton growth rate. Estimates of FC 

made with non-GLNPO data were higher than GLNPO values, and approximately equaled 

0.06 day−1 by 2007, although showed little subsequent increase. FC values estimated from 

GLNPO data for the 50–90 m stratum of Lake Michigan were higher in most years than 

those in the shallower stratum, and increased to a peak in 2010. Values exceeded 0.06 day−1 

by 2005. Values based on broader surveys, in contrast, increased steadily from 2000 through 

2015, exceeding 0.06 day−1 sometime after 2005. Both sets of FC values for Lake Huron in 

this depth stratum were substantially below those for Lake Michigan, and neither had 

approached 0.06 day−1 by the end of their respective time series. Values for the deepest 
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stratum (> 90 m), which comprised most of the open water in Lake Michigan and the 

northern portion of Lake Huron, never exceeded 0.03 day−1 in either lake.

Chlorophyll:phosphorus ratios

Since direct filtration of phytoplankton by grazers such as dreissenids might be expected to 

disproportionately reduce chlorophyll concentrations relative to phosphorus concentrations, 

the ratio of chlorophyll a to total phosphorus (Chl:TP) was calculated for both spring and 

summer samples (Fig. 9). Spring Chl:TP declined significantly in both lakes (Table 2), with 

greater declines seen in Lake Huron. In both lakes the period of decline was from 2006 to 

2011. Comparing the first five (1998–2002) with the last five (2012–2016) years of our time 

series, ratios dropped from 0.48 to 0.23 in Lake Huron, a decline of over 50%. A smaller 

decline (0.32 to 0.24; 27%) was seen in Lake Michigan. In spite of the difference in the 

magnitude of change, Chl:TP ratios were highly correlated between the two lakes (Fig. 9). 

Coincident significant decreases in the ratio of spring TP to TDP were also seen (Table 2), as 

would be expected if phytoplankton growth were being limited by grazing, rather than 

nutrients. Little evidence of change in Chl:TP ratios was seen in summer (Fig. 9). The ratio 

of summer TP to TDP showed little apparent trend in Lake Michigan, while in Lake Huron a 

significant decreasing trend, roughly corresponding to the decline in Chl:TP, was seen (Table 

2).

Phosphorus loading and P dynamics

Both the timing and magnitude of changes in phosphorus loading differed markedly between 

the two lakes. Phosphorus loading (calculated from our modified Chapra-Dolan model) into 

the main basin of Lake Michigan declined rapidly in the late 1970s and early 1980s, with 

little change since the mid 1980s (Fig. 10). Loading in Lake Huron, in contrast, showed a 

more continual decline throughout the course of the time series. In both cases, declines since 

1972 were statistically significant (Michigan: r = −0.73, P < 0.001; Huron: r = −0.80, P < 

0.001) although only in Lake Huron did external loading show a significant decline since 

1990 (Michigan: r = −0.15, P = 0.541; Huron: r = −0.50, P = 0.02).

When fit to our entire dataset (1983–2009), the apparent settling velocities required to 

minimize the total prediction error for in-lake TP, based on loading estimates, were 17.1 

m/yr for Lake Michigan and 14.7 m/yr for Lake Huron. Predicted in-lake TP concentrations, 

based on loads to the main basins of the lakes and these constant settling velocities, suggest 

gradually moderating declines in both lakes, with relatively little change from the 1990s on 

(Fig. 10). Estimated reductions in in-lake TP between 2000 and 2009, based solely on 

loading data, amounted to 0.24 μg/L for Lake Michigan and 0.42 μg/L for Lake Huron. This 

compares to observed decreases over this time period of 1.55 μg/L for Lake Michigan and 

1.44 μg/L for Lake Huron.

The model under-predicted in-lake TP from 1995–2000 and over predicted observed TP 

after 2001, suggesting relatively greater internal loading during the former period and 

relatively greater P loss during the latter period (Fig. 11). Patterns of these residuals were 

similar in the two lakes, as confirmed by a correlation of these residuals, which was highly 

significant (r = 0.67, P < 0.001, n = 25; Fig. 11). While loading data only allow prediction of 
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in-lake TP up to 2009, barring any dramatic changes in external loading, it seems likely that 

TP concentrations in Lake Michigan would continue to be below predicted values through 

the end of our data series, while those in Lake Huron would converge on predicted values 

after 2010.

Discussion

The lower trophic levels of both Lake Huron and Lake Michigan underwent a period of 

rapid change in the mid-2000s. These changes included reductions in spring particulate P, 

particulate C, spring chlorophyll a, increases in spring silica and Secchi depth, shifts in the 

composition of the August crustacean zooplankton community and accelerated declines in 

Diporeia populations. A remarkably high degree of temporal coherence was seen between 

the two lakes in most variables; the majority of correlations we have presented would be 

characterized as ‘high’ or ‘very high’ according to Magnuson et al. (2006). Interestingly, 

correlations between biological variables (May chlorophyll a, Diporeia abundances) were 

among the highest seen in our study, which is counter to expectations since temporal 

coherence is typically highest for physical variables, intermediate for chemical variables, 

and lowest for biological variables, given their successively decreasing responsiveness to 

common external drivers (Kratz et al., 1998). However, a number of studies have 

demonstrated the influence of extrinsic factors, e.g., climate, on planktonic community 

structure, in some cases over a broad regional scale (Rusak et al., 2008, 1999; Straile, 2002; 

Straile and Adrian, 2000; Winder and Schindler, 2004). The high synchrony that we saw in 

so many lower trophic level variables suggests the influence of either common external 

drivers or equally synchronous internal drivers. Possible common external drivers might 

include climatic factors such as precipitation, air temperature and extent and duration of ice 

cover. All of these have been associated with changes in nutrients, chlorophyll and primary 

productivity in lakes Huron and Michigan (Nicholls, 1998; Rockwell et al., 1980; Warner 

and Lesht, 2015), as will be discussed further below.

A number of potential causative factors have been posited to explain the recent changes seen 

in Lake Huron beginning in 2003, including invasive species, vertebrate and invertebrate 

predation, and anomalous weather conditions (Barbiero et al., 2009a; Bunnell et al., 2011; 

Dunlop and Riley, 2013; He et al., 2015). Speculation regarding causative factors for the 

declines in spring primary production and changes in the offshore phytoplankton and 

zooplankton communities in Lake Michigan, in contrast, has centered largely around direct 

filtration by dreissenid mussels (Fahnenstiel et al. 2010a, 2010b; Kerfoot et al., 2010; 

Vanderploeg et al., 2010; Yousef et al., 2014; although see also Vanderploeg et al., 2012). 

Part of the rationale for this was the presumed temporal coherence between documented 

changes and the establishment of large populations of dreissenid mussels (Fahnenstiel et al., 

2010b). Using a method based on a sequential t-test, we identified 2003–2005 and 2004–

2006 as pivotal periods of change for Lake Huron and Lake Michigan, respectively, although 

declines in TP were apparent approximately ten years earlier in both lakes. Dreissenid 

densities in Lake Michigan in the 51–90 m depth stratum were 16,265/m2 in 2005 (Nalepa et 

al., 2014), but populations were substantially lower (13/m2 at > 90 m) in the deeper regions 

of the lake of which our water quality data are most representative. While mussel 

populations increased considerably between 2005 and 2010 in southern Lake Michigan 
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(Nalepa et al., 2010), even by 2010 lake-wide biomass was largely centered around the 50 m 

depth isopleth in the lake (Waples et al., 2017). Dreissenid densities in the offshore of Lake 

Huron were substantially lower during the period of greatest change in that lake: 88/m2 at 

51–90 m and 1/m2 at > 90 m in 2003, and 305/m2 and 135/m2 in 2007 (Barbiero et al., 2013; 

Nalepa et al., 2007). Thus, the period of greatest change in both lakes largely preceded the 

main expansion of quagga mussels into the offshore. In fact, changes in most variables 

moderated, or even reversed, while dreissenids were still increasing in profundal regions. In 

Lake Huron, for instance, phytoplankton biovolume, May chlorophyll a, Diporeia abundance 

and crustacean community make-up changed little after 2005, while spring TP has increased 

since 2010.

Several studies have provided estimates of the fraction of the water column cleared (FC) by 

dreissenids in Lake Michigan to assess the potential importance of dreissenid grazing on 

offshore phytoplankton populations (Fahnenstiel et al., 2010b; Rowe et al., 2015; 

Vanderploeg et al., 2010). To our knowledge, FC has not previously been estimated for Lake 

Huron. Our estimates of dreissenid FC, based on both annual data from GLNPO benthos 

stations and less frequent data from more extensive surveys, suggest that dreissenid filtration 

could have overcome the nominal phytoplankton growth rate in waters in the 51–90 m depth 

zone only after 2005 in Lake Michigan, while dreissenid populations had not reached 

sufficient numbers as of 2015 for grazing to have impacted waters > 90 m, a stratum 

accounting for 70% of the volume of the lake, a conclusion also reached by Vanderploeg et 

al. (2010) and Rowe et al. (2015). In Lake Huron, sufficient populations had not developed 

sufficiently as of 2015 for grazing to have impacted phytoplankton in waters greater than 50 

m, a depth zone containing 80% of the volume of the lake.

It should be recognized that there is substantial uncertainty in estimates of FC, and therefore 

caution should be applied in their interpretation. Filtration rates are affected by a number of 

factors, including mussel size, food quality and quantity, and water temperature (Berg et al., 

1996; Madon et al., 1998; Sprung and Rose, 1988), about which assumptions need to be 

made when extrapolating lab results to the field. Mussel size in particular can have a large 

impact on estimates of filtration rates. We saw substantial differences in AFDW individual−1 

between the two lakes, between depth regions and years within the lakes, and between the 

two data sets that we used for FC estimation. While some of these differences no doubt 

reflect actual differences in size distributions or mussel condition (Nalepa et al., 2017), 

discrepancies between values from different data sources for the same lake, depth stratum 

and year raise questions about representativeness of size data and indicate that some caution 

is warranted in interpreting FC results.

When extending estimates of filtration rate to water column clearance rates it is assumed that 

the overlying water behaves as a continuously stirred tank reactor in which mussels have 

continuous contact with the entire water column, and that there is no refiltration of water. 

Both of these assumptions are unrealistic (Boegman et al., 2008; MacIsaac et al., 1999), 

particularly in deeper, offshore environments, and result in an overestimation of the effects 

of benthic grazing (Ackerman et al., 2001). A phytoplankton growth rate of 0.06 day−1 has 

been used in most studies, including the present one, as a benchmark to assess the point at 

which dreissenid filtration capacity can negatively impact phytoplankton standing crop. This 
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value corresponds to approximately half the maximum growth rate (μmax) under isothermal 

conditions in lakes Michigan, Erie, Huron, and Ontario determined by Fahnenstiel et al. 

(2000). Since the majority of simulated in situ growth rates in that study were near μmax, a 

value of 0.06 day−1 may be unrealistically low.

The reduction of phytoplankton standing crop and/or production through direct grazing by 

mussels, as opposed to nutrient interception/sequestration by mussels, is essentially a top-

down mechanism, by which grazing pressure, rather than nutrient availability, limits 

phytoplankton growth. This should be apparent as a decoupling of the relationship between 

the limiting nutrient, i.e., P, and measures of phytoplankton biomass (Mazumder 1994a, 

1994b). Declines in Chl:TP have been seen in a number of lakes in association with 

dreissenid invasions (Higgins et al., 2011; Mellina et al., 1995; Nicholls et al., 1999, 1997). 

Since a portion of the phosphorus removed from the water column as phytoplankton 

biomass is returned as dissolved P (Bootsma and Liao, 2014; Heath et al., 1995; James et al., 

2000, 1997), an expected ancillary consequence of dreissenid-effected reductions in Chl:TP 

is an increase in the relative proportion of dissolved to total P, even if no overall decrease in 

TP is seen. Increases in dissolved phosphorus in association with Dreissena have been 

reported from Saginaw Bay (Johengen et al., 1995), western and eastern Lake Erie (Holland 

et al., 1995; Nicholls et al., 1999) and Oneida Lake (Idrisi et al., 2001), often with little 

change in TP. We have shown significant declines in Chl:TP in Lake Huron which coincided 

with an increase in TDP:TP. Similar, though less marked, results were seen in Lake 

Michigan. In both lakes, these changes were largely restricted to spring, when dreissenids 

would theoretically have access to the entire water column. Although the changes in ratios 

discussed above are consistent with a lake-wide grazing effect in both lakes, estimated FC at 

depth > 30 m appears insufficient to have accounted for the declines in chlorophyll a that we 

documented here, particularly during the periods of most rapid change in the two lakes.

Given the low estimated FC values for the profundal regions of the two lakes during key 

periods of change, and also considering the large discrepancy in dreissenid densities and 

estimated FC between the two lakes in the 50–90 m depth stratum in view of similar 

magnitudes of change in most variables, it seems unlikely that direct grazing by dreissenids 

in > 50 m regions of the lakes was the primary driver of changes in offshore variables. In 

lieu of, or in addition to, direct filtration, dreissenids might impact the offshore ecosystem 

remotely through several mechanisms. Increased interception, retention and recycling of 

nutrients by the littoral benthic community, driven by dreissenids in the nearshore, are 

thought to be capable of reducing nutrient transport to the offshore (Hecky et al., 2004). This 

hypothesis, termed the nearshore shunt, was formulated in large part to explain dreissenid-

associated reductions in nutrients in offshore regions thought too deep to be directly 

impacted by filtration. Indeed, until recently impacts of dreissenids on water column 

parameters have been thought to be restricted to shallow systems with high population 

densities (Hecky et al., 2004; MacIsaac et al., 1999); quagga mussel populations in 

hypolimnetic regions of the Great Lakes were assumed to be incapable of exerting 

substantial grazing pressure on the algal community because of the depth of the lakes 

(Vanderploeg et al., 2002). Vanderploeg et al. (2010) extended the nearshore shunt 

hypothesis to the mid-depth (30–50 m), positing a role for dreissenid populations at these 

depths in intercepting phosphorus and carbon that would normally move from inshore to 
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offshore and thus providing a mechanism for remote dreissenid impacts on deeper regions 

where mussel densities were insufficient to directly reduce phytoplankton populations 

through filtration. Mosely and Bootsma (2015) have, in fact, shown substantial dreissenid 

impacts on P cycling at a 55 m site in southwestern Lake Michigan in 2013, though the 

extent to which this might impact whole-lake concentrations or fractions of P was not 

explicitly addressed in their study.

Phosphorus intercepted by mussels can become incorporated into mussel shells/biomass, be 

excreted, or be egested as feces or pseudofeces. The P incorporated into mussel shells/

biomass, the portion of excreted P retained by benthic biota such as Cladophora, and the 

percentage of feces/pseudofeces permanently lost to the sediments, represent a potential net 

loss to the offshore pelagic. Rowe et al. (2017) estimated the P contained in mussel biomass 

in 2010 in Lake Michigan to be equivalent to 1 μg/L, on a lake wide basis, which they 

compared to an observed decline in offshore TP of 1.6 μg/L between 2000 and 2010. 

Applying the same constants given in Rowe et al. (2017) to data from Nalepa et al. (2007) 

and Barbiero et al. (2013), we calculated an accumulation of P in mussel biomass in Lake 

Huron equivalent to 0.43 μg/L, on a whole lake basis, between 2000 and 2007, during which 

time TP declined in the offshore by 1.1 μg/L. According to our P mass balance model, the 

reduction in P attributable solely to reductions in loading between 2000 and 2007 was 

slightly greater than 0.3 μg/L for both lakes. This suggests that P accumulated in mussel 

biomass could have contributed more to the decline in phosphorus in both of these lakes than 

decreased loading during this period. To this would be added P contained in biodeposits that 

are not returned to the water column, as well as any excreted P subsequently taken up and 

retained by benthic biota such as Cladophora. The magnitude of dreissenid P sequestration 

due to incorporation into biomass should be most pronounced during periods of rapid 

population expansion, and should moderate as populations reach steady state (Bootsma and 

Liao, 2014). Such a dynamic was seen in alkalinity, used as a surrogate for calcium, in Lake 

Erie, where an initial rapid decline during a period of rapid dreissenid increase was followed 

by stabilization and then recovery (Barbiero et al., 2006). If lake-wide dreissenid 

populations are in fact approaching steady state, this could help explain the moderation in 

rates of change that we observed in a number of trophic level variables after an initial period 

of more dramatic change, and in particular the tendency towards increased TP in Lake 

Huron in the last years of our dataset.

An increased loss of phosphorus from the water column by any of the mechanisms outlined 

above should be apparent as a divergence between observed in-lake TP and that predicted on 

the basis of loading, with lower than predicted in-lake TP indicative of increased 

sedimentation/sequestration. We found such divergences starting in approximately 2000 in 

Lake Michigan and 2003 in Lake Huron. While this predates the major expansion of mussels 

into the profundal zones of the lakes, dreissenids had in fact been in both lakes for at least a 

decade by that time. Detailed information on nearshore dreissenid population development 

during the 1990s in the two lakes does not seem to be available, so it is difficult to 

quantitatively assess potential nearshore P sequestration. Nonetheless, the timing of changes 

in internal P dynamics lends support to a role for nearshore dreissenid populations in 

enhancing P loss in the two lakes, as outlined above. In a calibration of a P model for the 

entire Great Lakes, Chapra and Dolan (2012) found a similar divergence between predicted 
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and observed phosphorus, which they accommodated by increasing settling velocity for all 

lakes except Lake Superior after 1990. The choice of 1990, though, appeared to be dictated 

largely by discrepancies between predicted and observed values in Lake Ontario. In fact, we 

saw an underestimation of P in the 1990s, which indicates increased internal loading of P, 

rather than increased loss.

Changes in internal loading, while consistent with dreissenid-related P sequestration, can 

also result from a number of other mechanisms, including interannual differences in 

sediment resuspension (Cotner et al., 2000; Eadie et al., 2002;) and ice cover (Rockwell et 

al., 1980; Rodgers and Salisbury, 1981). Warner and Lesht (2015) found both ice cover and 

spring precipitation to be predictors of spring TP concentrations in lakes Huron and 

Michigan; invasive mussel densities, in contrast, were not. Nicholls (1998) found a strong 

relationship between P in the outflow of Lake Huron and both percent ice cover and lake 

level; no relationship was found between P and increased loading/inflows. He suggested that 

during relatively ice-free winters, e.g., due to El Niño years, P is kept in suspension by wind 

and can thus result in substantially higher in-lake concentrations. These meteorological 

impacts can be geographically extensive; during the particularly strong El Niño year of 

1983, unusually high P concentrations were seen from Lake Superior to Lake Ontario 

(Nicholls, 1998). The temporal coherence in implied periods of high and low internal P 

loading that we observed between Lake Huron and Lake Michigan suggests that internal P 

dynamics might be due at least in part to such broad-scale climactic factors. A controlling 

influence of meteorology on P dynamics in the two lakes seems most likely during the 

period of increased apparent internal loading in the mid-1990s, in which dreissenids would 

presumably have played no role. Support for this is provided by recent work identifying 

periods of high and low wave action in Lake Michigan which correspond to the periods 

identified in our analyses as indicative of high and low internal loading, respectively (Cary 

Troy, Purdue University, Nov., 20 2017, pers. comm.). The potential importance of 

meteorology in influencing primary productivity was also demonstrated by a recent model 

simulation of Lake Michigan by Rowe et al. (2017). There is ample suggestive evidence of 

the influence of meteorology on interannual P dynamics to warrant further exploration of 

this relationship.

Higher trophic levels

The timing of shifts in both crustacean zooplankton community size and composition and 

Diporeia densities were similar between the two lakes and tied to varying degrees to the 

changes seen in chlorophyll a. This close association between changes in these two groups 

of invertebrates suggests responses, direct or indirect, to common factors, perhaps involving 

resource levels, although the exact mechanisms are difficult to resolve.

This synchrony between lakes was particularly striking in the case of Diporeia, as had been 

noted in a previous analysis of a shorter time series (Barbiero et al., 2011b), and contrasts 

with the dyssynchrony in Dreissena abundances. Nalepa et al. (2007) had previously pointed 

out the similarity in rates of Diporeia decrease in the two lakes in spite of far lower densities 

of Dreissena in Lake Huron. The Diporeia declines seen across the Great Lakes have been 

assumed to be due to interactions with Dreissena (Nalepa et al., 2007; Watkins et al., 2007), 
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although the lack of spatial overlap between these taxa in regions of Diporeia decline 

(Nalepa et al., 2010; Watkins et al., 2013) have posed challenges to formulating a 

compelling causal mechanism. Food limitation, as mediated by competition with D. 
polymorpha, was originally hypothesized to be responsible for the declines (Dermott and 

Munawar, 1993; Nalepa et al., 1998), although declining populations have not exhibited 

physiological indications of starvation (Nalepa et al., 2006). Even so, the strong correlation 

between chlorophyll a and profundal Diporeia populations reported here for both lakes do 

support a contributory role for food limitation in the declines of Diporeia. The period of 

greatest Diporeia decline in Lake Huron in this time series corresponded with marked 

decreases in spring populations of large diatoms, which would settle quickly to the bottom 

and represent an important food source for Diporeia (Gardner et al., 1990). A similar, but 

more gradual, shift in phytoplankton was seen in Lake Michigan.

Direct negative interactions between Diporeia and Dreissena is less likely. As has been seen 

in past studies (Dermott, 2001; Nalepa et al., 2003; Watkins et al., 2013), Diporeia declines 

often preceded the appearance of Dreissena at our sites. Dreissena was largely absent from 

deeper sites in Lake Michigan between 1997 and 2005 when Diporeia populations had 

declined dramatically at those sites, while in Lake Huron, Diporeia had disappeared from 

shallow sites before the arrival of Dreissena. In some cases its disappearance preceded the 

arrival of Dreissena by ten years. Declines at deeper sites in Lake Huron had stabilized long 

before Dreissena was apparent at those sites. Our data cannot resolve the causes for the 

Diporeia declines, but the extremely high degree of synchrony in population dynamics 

between the two lakes, in light of similar patterns in chlorophyll a but dissimilar patterns of 

Dreissena distribution, would lend more weight to the importance of food limitation, perhaps 

mediated on a broad geographic scale and in a lake-specific way by Dreissena, and less to 

direct interactions with Dreissena.

Total August crustacean zooplankton biomass declined in both lakes, driven in large part by 

declines in cladocerans (predominantly Daphnia mendotae), resulting in a zooplankton 

community dominated by calanoid copepods. The striking coincidence between the decline 

of the spring bloom in Lake Huron and the collapse of the cladoceran population there led to 

speculation of a bottom-up effect (Barbiero et al., 2011a), although the limited seasonal 

overlap between the spring bloom and cladoceran populations made simple acceptance of 

that relationship problematic. However, the size of the spring bloom has been shown to be 

highly correlated with that of the deep chlorophyll layer (DCL) (Pothoven and Fahnenstiel, 

2013), and it may be the DCL which is having a greater impact on cladoceran population 

size. Pothoven and Fahnenstiel (2013) reported declines in the DCL in southeastern Lake 

Michigan, which they attributed to a reduction in the spring bloom, and thus a reduction in 

the initial inoculum for the DCL, and to a disruption of horizontal transport of nutrients to 

the offshore, both caused by dreissenids. This could be particularly important considering 

the deeper vertical distribution of the main cladoceran, D. mendotae, seen in both lakes in 

recent years (Bourdeau et al., 2015; Nowicki et al., 2017).

Vanderploeg et al. (2012) also saw decreases in cladocerans at their site in southeast Lake 

Michigan, which they attributed to decreased vertebrate planktivory allowing increases in 

the invertebrate predator Bythotrephes. The main vertebrate planktivore in the lakes, alewife, 
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has declined over the course of the study in both lakes, albeit much more dramatically in 

Lake Huron (He et al. 2015; Riley et al., 2008) than in Lake Michigan (Madenjian et al., 

2015). While the lower populations of alewife in Lake Huron, compared to Lake Michigan, 

and the greater loss of cladocerans in Lake Huron might seem to support Vanderploeg et 

al.’s hypothesis, we have seen no increase in Bythotrephes in either lake in the GLNPO 

long-term data set (Barbiero, unpublished data). A more detailed look at zooplankton 

communities in these two lakes will be deferred for a separate treatment. Regardless of the 

cause, though, the decline of the highly efficient cladoceran grazers in both lakes could have 

consequences for nutrient dynamics given their important role in P cycling in the lakes 

(Korstad, 1983; Scavia and Fahnenstiel, 1987).

Conclusions

We have shown remarkable synchrony between a number of lower food web variables in 

Lake Huron and Lake Michigan, this in marked contrast to the substantial differences 

between the two lakes in the time course of dreissenid colonization of the offshore. While 

we have presented data suggestive of grazing control of spring phytoplankton in the 

offshore, including decreases in Chl:TP and increases in TDP:TP, these occurred when 

calculated filtration impacts of dreissenid populations in the offshore were low in both lakes, 

and particularly in Lake Huron. Similarly, a suite of offshore lower trophic level variables 

exhibited major shifts which preceded the main period of dreissenid expansion into the 

profundal zone in both lakes, and in some cases stabilized while profundal dreissenid 

populations were expanding. Finally, the changes in lower trophic level variables in Lake 

Huron were more pronounced, and often earlier, than those in Lake Michigan, in spite of 

vastly lower profundal dreissenid populations in the former lake, arguing against direct 

grazing impacts by offshore dreissenids as a primary mechanism. Our data, viewed in toto, 

point to a greater likelihood that any dreissenid impacts on the offshore waters were remote, 

through nearshore sequestration of nutrients, as proposed by Hecky et al. (2004) and 

Vanderploeg et al. (2010), before the main expansion of D. bugensis into the profundal zone. 

Our analyses also suggest that reductions in P loading have probably contributed little to the 

declines in TP seen in the lakes. The striking degree of synchrony among many of the 

variables we examined suggest that broad climatic factors, such as interannual differences in 

wave action, could also be playing a substantial role in governing nutrient and lower food 

web dynamics. It is important to note that none of these factors are mutually exclusive, and 

it is possible, if not likely, that multiple factors are additively and/or cumulatively 

contributing in varying degrees to the changes seen. Finally, given the high degree of 

concordance in lower trophic level variables in the two lakes, we believe that more robust 

conclusions can be reached by employing a comparative approach when formulating 

hypotheses of potential causal factors to explain the changes that both lakes are 

experiencing.
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Figure 1. 
Lake-wide average spring total phosphorus, total dissolved phosphorus, particulate 

phosphorus, particulate organic carbon, May chlorophyll a, spring soluble silica and spring 

Secchi depth for Lake Michigan and Lake Huron, 1983–2016. Bars indicate one standard 

error. Right hand plots show correlations of respective variables between Lake Michigan (x 

axis) and Lake Huron (y axis). Dotted line indicates 1:1 relationship; solid line indicates 

least-squares regression line, provided for reference. Gradation of symbol fills correspond to 

year, with lighter fills indicating more recent years. Correlation results are provided when 
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significant (α = 0.05). Note that particulate phosphorus times series begins in 1996, 

chlorophyll a time series begins in 1998, Secchi depth time series extends to 2017.
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Figure 2. 
Absolute and relative biovolume of spring (April) phytoplankton in Lake Michigan and Lake 

Huron, by dominant taxa and major taxonomic group, 2001–2015.
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Figure 3. 
Summer (August) biomass of cladocerans, cyclopoids, calanoids, and total crustacean 

zooplankton for Lake Michigan and Lake Huron, 1997–2016. Right hand plots show 

correlations of respective variables between Lake Michigan (x axis) and Lake Huron (y 

axis). Dotted line indicates 1:1 relationship; solid line indicates least-squares regression line, 

provided for reference. Gradation of symbol fills correspond to year, with lighter fills 

indicating more recent years. Correlation results are provided when significant (α = 0.05).
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Figure 4. 
Correlations between April-July chlorophyll a, estimated by remote sensing, and August 

zooplankton biomass, by major taxonomic group, and Diporeia from stations > 90 m, for 

Lake Michigan (top panels) and Lake Huron (bottom panels), 1997–2016. Statistical results 

are shown where correlations were significant (α = 0.05); solid line indicates least-squares 

regression line, provided for reference. Gradation of symbol fills correspond to year, with 

lighter fills indicating more recent years. Correlation results are provided when significant 

(α = 0.05).
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Figure 5. 
Abundances of Diporeia in Lake Michigan and Lake Huron, 1997–2015, for 30–90 m and > 

90 m. Right hand plots show correlations of respective variables between Lake Michigan (x 

axis) and Lake Huron (y axis). Dotted line indicates 1:1 relationship; solid line indicates 

least-squares regression line, provided for reference. Gradation of symbol fills correspond to 

year, with lighter fills indicating more recent years. Correlation results are provided when 

significant (α = 0.05).
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Figure 6. 
Station-specific abundances (number/m2) of Diporeia (upper rows) and Dreissena (lower 

rows) in Lake Michigan and Lake Huron, 1997–2015. Hashes indicate no data. Station 

names are to the left of each plot, station depths to the right. Note that Dreissena was not 

enumerated in our samples until 2003.
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Figure 7. 
Regime shift analysis of spring total phosphorus, total dissolved phosphorus, particulate 

phosphorus, particulate organic carbon, May chlorophyll a, spring soluble silica, spring 

Secchi depth, August profundal (> 90 m) Diporeia abundance, and ratio of August 

cladoceran and cyclopoid biomass to calanoid biomass for Lake Michigan and Lake Huron, 

1983–2017. Dashed vertical lines indicate occurrences of shifts, straight lines indicate Sen-

Thiel regressions, stepped lines indicate averages for each period. Bottom panel indicates 

regime shift values averaged across all variables.
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Figure 8. 
Estimated fraction of water column cleared (FC) by Dreissena filtration in different depth 

zones of Lake Michigan and Lake Huron. Bars represent FC calculated from GLNPO data; 

lines represent FC estimated from more extensive NOAA/CSMI surveys. Dotted line 

corresponds to nominal average growth phytoplankton rate of 0.06 day−1 (Fahnenstiel et al., 

2000). See text for details of calculations.
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Figure 9. 
Spring (April) and summer (August) chlorophyll a:total phosphorus ratios and total 

phosphorus:total dissolved phosphorus ratios for Lake Michigan and Lake Huron, 1998–

2016. Right hand plots show correlations of respective variables between Lake Michigan (x 

axis) and Lake Huron (y axis). Dotted line indicates 1:1 relationship; solid line indicates 

least-squares regression line, provided for reference. Gradation of symbol fills correspond to 

year, with lighter fills indicating more recent years. Correlation results are provided when 

significant (α = 0.05).
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Figure 10. 
Upper panels: phosphorus loading into the main basins of Lake Michigan (left) and Lake 

Huron (right). Lines = 3 yr running average. Bottom panels: predicted in-lake TP based on 

loading (heavy lines), measured spring whole-lake averaged total phosphorus (symbols 

annual values, dashed line 3 yr running avg). See text for details of in-lake TP estimates.
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Figure 11. 
Residuals of estimated and predicted total phosphorus in Lake Michigan and Lake Huron 

(left graphs) and correlation between residuals in Lake Michigan (x-axis) and Lake Huron 

(y-axis), 1983–2009 (right graph). Dotted line indicates 1:1 relationship; solid line indicates 

least-squares regression line, provided for reference. Gradation of symbol fills correspond to 

year, with lighter fills indicating more recent years.
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Table 1.

Values for mg AFDW individual−1 used for filtration capacity (FC) calculations.

Lake Year
Depth Stratum (m)

Source
31–50 51–90 > 90

Michigan 2000 0.72 7.50 ND Nalepa et al., 2014

2005 1.60 1.73 3.08 Nalepa et al., 2014

2010 1.91 1.72 0.84 Nalepa et al., 2014

2015 3.70 3.20 1.20 Nalepa et al., 2017

2012–2015 4.42 4.24 3.70 GLNPO data

Huron 2012 6.45 5.06 5.78 Nalepa unpubl. data

2012–2015 5.51 0.96 2.15 GLNPO data
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Table 2.

Results of trend analyses, using Spearman rank sum correlations with year, for spring water quality variables 

and summer crustacean zooplankton biomass from Lake Michigan and Lake Huron. Significant results, 

assessed at α = 0.05, are in bold.

Variable Time Series
Michigan Huron

r p n r p n

TP 1983–2016 −0.86 <0.001 33 −0.69 <0.001 31

TDP 1983–2016 −0.59 <0.001 33 −0.15 0.421 31

PP 1997–2016 −0.94 <0.001 16 −0.96 <0.001 16

POC 1997–2016 −0.69 0.003 16 −0.92 <0.001 16

May Chlorophyll a 1998–2016 −0.94 <0.001 19 −0.91 <0.001 19

Silica 1983–2016 0.96 <0.001 33 0.73 <0.001 31

Secchi Depth 1983–2017 0.64 <0.001 35 0.82 <0.001 33

Cladocerans 1997–2016 −0.76 <0.001 20 −0.79 <0.001 20

Cyclopoids 1997–2016 −0.25 0.284 20 −0.71 <0.001 20

Calanoids 1997–2016 −0.24 0.317 20 −0.64 0.002 20

Total Crustaceans 1997–2016 −0.70 <0.001 20 −0.77 <0.001 20

Chl:TP Spring 1998–2016 −0.51 0.025 19 −0.78 <0.001 19

Chl:TP Summer 1998–2015 0.06 0.805 18 −0.19 0.446 18

TDP:TP Spring 1998–2016 0.53 0.019 19 0.58 0.010 19

TDP:TP Summer 1998–2015 0.12 0.621 18 0.56 0.015 18
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