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Abstract
We present the first evidence of biological change in all of the pelagic Laurentian Great Lakes associated
with recent climatic warming. We hypothesized that measured changes in lake temperature, and the resulting physical changes to water columns, were affecting diatom communities in the Great Lakes. A paleolimnological analysis of 10 sediment cores collected from deep locations throughout the Great Lakes basin
indicates a recent (30–50 yr) reorganization of the diatom community to one characterized by elevated abundances of several species from the group Cyclotella sensu lato, coinciding with rising atmospheric and water
temperatures. These Cyclotella increases are a probable mechanistic result of new physical regimes such as
changing stratification depths and longer ice-free periods, and possibly water quality shifts. Efforts to understand the mechanisms of these changes are ongoing, but this compositional reorganization in primary producers could have important implications to Great Lakes food webs.

adjust to climate change by moving outside their historical
geographic boundaries. For phytoplankton, a climate-driven
shift tends to mean a change in the dominant flora and reduction or extirpation of previously dominant taxa. It has been
recognized in paleorecords from freshwater aquatic systems
that phytoplankton, particularly diatoms, exhibit the greatest
modification due to recent climate change, followed by inver€ hland et al.
tebrates such as cladocerans and chironomids (Ru
2014). For instance, diatoms in a dated sediment core from
Lake of the Woods, northwestern Ontario, were compared to
€ hland et al. 2008) and Cyclotella sensu
instrumental records (Ru
lato taxa increased concurrently with a lengthening ice-free
period (by almost 30 d in the past 40 yr) and increasing water
temperature, providing evidence that warming played a role
in diatom community re-organization. Also, a decline in wind
speeds over the past 50 yr was significantly correlated with the
increasing relative abundance of Cyclotella. Atmospheric warming and associated changes in lake thermal properties were the
most plausible explanation for the increase in cyclotelloid taxa.
Similarly, Sorvari et al. (2002) noted that deep, thermally stratifying lakes experienced a pronounced increase in small cyclotel€ hland et al. 2015),
loid species. Many similar examples exist (Ru
providing a weight of evidence that warming is playing an
important role in these changes.

As atmospheric warming continues, seasonal exposure of
lake water columns to sunlight lengthens and ice periods
become shorter and less intense. The frequency and duration
of stratification events may be expected to increase, as has
been observed in Lake Superior (Austin and Colman 2008).
Changes to the biota of the Laurentian Great Lakes due to
warming are likely occurring. The Great Lakes comprise
almost 90% of the surface water resources of North America,
so it is imperative to understand the effect of climate shifts
on general biology and food webs.
Studies of species shifts driven by climate have largely
focused on larger flora and fauna (Smol 2012) and usually
track how a species alters its phenology or shifts its range. For
instance, as a region becomes warmer and wetter, some plants
and animals will thrive while other species populations will
fragment, shrink and be driven to extinction. Some species
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and likely mechanisms of this recent shift and discuss the
potential implications of this change on food webs, including areas of research that would support future management
of this changing aquatic system.

There are two prevailing, possibly simultaneous, mechanistic hypotheses for the changes in phytoplankton composition:
1. Physical changes. Longer periods of surface water warming
each year, combined with changes to average wind speeds,
affects stratification regimes. A longer ice-free period would
allow summer populations to persist longer, potentially
contributing to greater numbers of smaller, summer taxa
that are better adapted to decreased mixing intensity
(Winder et al. 2009). Beall et al. (2016) observed increased
growth of smaller-sized cells during ice-free conditions in
Lake Erie.
2. Chemical changes. Changes in diatom assemblages are
well-known to be driven by nutrients. Nitrate levels in all
of the Great Lakes have increased over the last century
due to atmospheric inputs created by agricultural fertilizer
and industrial emissions (Sterner et al. 2007; Dobiesz et al.
2010; Dove and Chapra 2015), leading us to evaluate
whether recent increases in varieties of the diatom
Cyclotella comensis may be related to this chemical shift
(Shaw Chra€ıbi et al. 2014). Studies have been undertaken
to decipher nitrogen-Cyclotella relationships in the presence
of multiple driving variables including thermal structure
(Saros et al. 2012), but a weight-of-evidence synthesis suggests nitrogen deposition is far less correlated to paleolimnological changes in Cyclotella than atmospheric warming
€ hland et al. 2015). Mechanistically, chemical and physi(Ru
cal changes are not easily separated, such as enhanced
stratification leading to greater sequestration of nutrients
in the hypolimnion.

Materials and methods
Water quality and physical data
Environmental data were compiled to evaluate relationships with diatom occurrence in modern and fossil records
(Reavie et al. 2014b). Water quality data were collected and
analyzed as part of the United States Environmental Protection Agency’s (USEPA) Great Lakes pelagic, synoptic spring
and summer surveillance monitoring from standard stations
throughout the Great Lakes, and here we used those data
from 2007 to 2011 to relate to corresponding phytoplankton
collections. Water quality of samples was analyzed in situ
(e.g., temperature) or in the laboratory (nutrients). Summer
water column temperature measurements were used to
calculate epilimnion thicknesses using scripts developed in
R. The depth of maximum water density change (calculated
from temperature) in a given profile was used as the estimate
of thermocline depth. Sampling and analytical procedures of
water quality are described in the USEPA’s procedures
(USEPA 2010). Daily surface water temperature data for each
Great Lake were obtained from the public archives of
National Oceanic and Atmospheric Administration’s (NOAA)
Coastwatch Great Lakes Surface Environmental Analysis
which is generated daily based on satellite sensors on polar
orbiting satellites (NOAA 2015). Measurements represent
average lake surface temperatures of visible surface water.

The recent, apparently climate-driven reorganization of
Lake Superior’s phytoplankton (Shaw Chra€ıbi et al. 2014)
indicated that warming can reengineer the biology of large
lakes. It was unknown whether similar changes are occurring
throughout the Great Lakes basin. We hypothesize that
recent climate change is having a widespread effect on Great
Lakes biology beyond that observed for Lake Superior.
Researchers have observed increasing water temperatures and
decreasing ice extent (Mason et al. 2016) and duration (Assel
et al. 2003) in all of the lakes. A concordant biological
response has not been confirmed.
Further, no consideration has been given to the implications of a climate-driven change in planktonic primary
producers in the Great Lakes. In this paper, we summarize
new findings that indicate that the apparent diatom-climate
signal, i.e., an increase in Cyclotella sensu lato that has been
recognized in several worldwide lakes, is occurring in Great
Lakes sediment cores. While it was expected that the multistressor Great Lakes environment would make it difficult to
confirm specific drivers of diatom abundance, we hypothesized that climate-based drivers would be more strongly
related to the recent changes in Cyclotella than environmental variables that are also changing (water levels, nutrient
deposition, and water chemistry). We synthesize the possible

Sediment core sampling
Sediment cores were collected at 10 locations throughout
the Great Lakes (Fig. 1): three cores representing Lake Superior,
two cores from Lakes Huron, Erie, and Ontario, and one core
from Lake Michigan. Some cores were collected from the USEPA’s research vessel Lake Guardian using an Ocean Instruments
model 750 box corer (30 cm 3 30 cm 3 90 cm), from which
two 6.5-cm internal diameter cylindrical cores were subsampled. Other cores were collected from the research vessels
Lake Guardian or Blue Heron with an Ocean Instruments model
MC-400 multi-corer (9.4 cm diameter). For each location one
core was extruded at fine intervals (as fine as 0.25 cm in upper
intervals to 1 cm intervals at the bottom of the core) depending on estimated accumulation rates and need for temporal
resolution. This core was used for 210Pb dating and diatom
analysis. Isotopic dating to develop temporal records for each
core follows methods described by Shaw Chra€ıbi et al. (2014).
All cores had exponential 210Pb profiles indicating typical isotopic decay with time, and errors associated with dates ranged
from 6 1–2 yr in the most recent three decades to 6 10–20 yr
around ca. 1850. The western Lake Erie core dating included
supplementary 137Cs analysis to pinpoint the 1963 peak resulting from weapons testing (Appleby 2001).
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Fig. 1. Map of sediment core locations throughout the Laurentian Great Lakes (SU 5 Superior, MI 5 Michigan, HU 5 Huron, ER 5 Erie, ON 5 Ontario).
Locations within each lake are characterized as north (N), south (S), east (E) or west (W), and a core was also collected near Isle Royale in Lake Superior.

paleolimnological treatment (e.g., Shaw Chra€ıbi et al. 2014).
These selected taxa were summarized based on their historical
changes (increasing or decreasing over time), their seasonal
occurrence and responses along temperature and nutrient gradients. Upon plotting the data vs. time, the obvious, recent
increases in the relative abundance of Cyclotella across all cores
prompted a changepoint analysis (implemented in R; Killick
and Eckley 2014) to determine the time of greatest change in
mean relative abundance. For seasonal water temperature and
chemical responses we used public data provided by Reavie
et al. (2014b), who examined whether species abundances
significantly increased or decreased along water quality
gradients.
We used a basic synchrony analysis (Magnuson et al. 1990a)
to determine whether Cyclotella sensu lato was changing similarly across the Great Lakes. Synchrony in Cyclotella relative abundance among the 10 cores was measured by calculating the
Pearson correlation coefficients among stratigraphic time series
from all possible core pairs. All stratigraphic series were first
Z-transformed to standardize variances. The sample dates varied
in each stratigraphic time series, so for correlation analysis
Cyclotella values were harmonized by linear extrapolation. For
instance, if a 1980 sample in core A had no matching 1980 sample in core B, a linear extrapolation of core B’s 1978 and 1985
sample data was used to estimate a corresponding Cyclotella relative abundance value.

Diatom processing
Diatom frustules were cleaned of organic material by
digestion in acidic solution to allow identification of diatom
species. Diatom samples were rinsed eight times and slides
were prepared using the Battarbee et al. (2001) method.
Diatoms were identified and enumerated at 1000–1250
X magnification with oil immersion. At least 500 diatom
valves were counted per slide. The valve sizes (length, width,
diameter, and/or depth) of the first 10 encountered valves of
each taxon were measured to determine average valve
dimensions in each sediment interval (Reavie et al. 2010) for
subsequent biovolume calculations. Diatom taxonomy and
enumeration techniques were based on USEPA photographic
records and plates, and several diatom iconographs (see
Shaw Chra€ıbi et al. 2014 for details).
To evaluate historical changes in whole diatom assemblages, non-metric multidimensional scaling (NMDS; implemented in R using the vegan package; R Development Core
Team 2015; Oksanen et al. 2016) analyses were performed
on the sedimentary diatom data from each lake. Relative
abundance data were analyzed and sample assemblages were
assessed using ordination to trace historical changes relative
to the dominant diatom species. Only taxa that comprised
at least 5% relative cell abundance in one or more samples
were included in NMDS analyses.
Based on existing literature, we compiled a subset of phytoplanktonic diatom taxa known to be changing in response to
recent warming in stratifying lakes, namely species in the
group Cyclotella sensu lato. Our intent was to examine climaterelated changes, but eventually each lake will have a detailed

Historical data collection
Several long-term datasets were acquired so that we could relate
fossil records of Cyclotella with past environmental conditions.
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linear function. Environmental data were compiled and related to Cyclotella data using Spearman correlation coefficients.
Although most of the environmental variables had normal distributions, the Cyclotella data were highly skewed, so a Spearman analysis was deemed appropriate. The records for surface
water temperature and epilimnion thickness were too recent
(1995–2014) to adequately perform historical correlations
with the diatom fossil data.

Nutrients
We acquired historical measurements of offshore Great Lakes
total phosphorus (TP) and nitrates 1 nitrites (NO3 1 NO2) as
collected by Environment and Climate Change Canada and
compiled by Dove and Chapra (2015).
Air temperature
Historical monthly minimum, maximum and mean air
temperature data from 1900 to present were summarized for
each of the Great Lakes by averaging the monthly minimum,
maximum and mean data of meteorological stations assigned
to each lake. Meteorological stations were selected per Hunter
et al. (2015) as being within the Great Lakes basin boundary,
including a 50 km outer buffer. Daily temperature data were
downloaded from NOAA’s National Climatic Data Center
(NCDC 2016), and from Environment and Climate Change
Canada (2016). Mean temperature at each station was computed as the monthly average of daily data. The monthly minimum and maximum temperatures were the lowest and
highest daily temperatures in each month.

Results
Compiled surface temperature data since 1995 illustrate
the increase in Great Lakes water temperatures that has
occurred in the last two decades (Fig. 2). Changes were significant in all lakes for regressions performed on annual winter minima, but not for summer maxima. Positive, annual
mean slopes were significant for Superior, Huron, and Ontario. During the same period, Lakes Superior, Erie, and Ontario
experienced a thickening epilimnion while Lake Michigan’s
thermocline shallowed. No significant change in Lake
Huron’s thermocline depth was observed.
It is beyond the scope of this report to fully describe the
complexities of diatom shifts in each of the Great Lakes, but
some of the key assemblage compositional changes are illustrated by NMDS (Fig. 3). With the exception of Lake Huron
(which showed a top-to-bottom migration), species assemblages migrated from right to left along the primary NMDS
axis. This long-term shift in assemblages generally reflected a
change from a pre- or early-impact state (which varied by
lake) to a modern assemblage better represented by Cyclotella
sensu lato taxa. In many cases, the middle of the long-term
transition included temporary shifts to assemblages dominated by Aulacoseira (e.g., Aulacoseira islandica [AULISLA] in
Ontario and Michigan) or eutrophic Stephanodiscus (e.g.,
Stephanodiscus minutulus [STEMINUT] and Fragilaria capucina
[FRACAPU] in Lake Erie’s central basin). Within-lake variations in assemblage reorganization were also observed, such
as the greater shift to Cyclotella dominance in the Lake Huron’s northern core compared to the southern core. In addition to the increase in Cyclotella, some lakes have concurrent
modern increases in species, such as Fragilaria crotonensis
(FRACROT) in Lake Ontario and Lake Michigan, and
A. islandica in central Lake Erie. Overall, the distance of
modern sample scores from the cluster of Cyclotella taxa
scores reflects the relative importance of Cyclotella in modern
assemblages; e.g., very important in Lake Superior and Lake
Ontario, much less so in western Lake Erie and southern
Lake Huron.
Sedimentary analysis from all Great Lakes sediment cores
indicated an increasing relative abundance in Cyclotella sensu
lato in recent decades (Fig. 4), indicating consistency in reorganization of the diatom assemblages at all locations. The
changepoints marking the greatest difference in pre- and
post-increase in Cyclotella relative abundance indicate that

Chemical deposition
Atmospheric deposition monitoring stations within 100 km
distance of each Great Lakes shoreline were selected to calculate
loading. Annual wet deposition loadings of ammonium,
nitrate, inorganic nitrogen, and chloride were downloaded
from National Atmospheric Deposition Program (NADP 2015)
and USEPA Clean Air Status and Trends Network (CASTNET
2015) stations from 1979 to 2014. For a given year, the number
of stations for a lake ranged from 1 to 16. The chemical loadings
for each lake were calculated by using distance weighted
averages.
Ice cover
Monthly (December to May) % ice cover maps from 1973 to
2013 were obtained from GLAHF (2016). The GIS maps showing
ice cover were analyzed in ArcMap using the zonation tool,
then divided by the total lake area to obtain percent cover for
each month. We present the maximum monthly % cover value
for each year, noting that these data are highly correlated with
ice duration data (not presented; 89–95% variance explained in
the lakes).
Water level
Annual average water levels from 1860 to 2014 were
downloaded from USEPA (2015).
For each core the stratigraphic relative abundance of Cyclotella was related to these historical environmental data by linking 210Pb dates for diatom samples (stratigraphic dates) to
sample dates for monitoring data. Stratigraphic dates did not
have precise matching dates in the monitoring data, so simulated environmental data were calculated by assuming a linear
interpolation of the environmental data between each pair of
temporally adjacent collection dates (i.e., before and after the
stratigraphic date). The value for each environmental variable
was estimated when the stratigraphic date intersected the
771
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Fig. 2. Measured and linear model fits for Great Lakes surface water temperatures (upper plots) and summer thermocline depths (lower plots). For
surface temperatures, linear regressions are provided for annual mean data (red lines) as well as winter minima and summer maxima (black lines),
including slopes indicating change in 8C yr21. Asterisks indicate a significant t-test of the slope (p < 0.05). For thermocline depths the slope (m yr21)
is provided for the linear regression (red), and a locally weighted scatterplot smooth line with a span of 2 yr (green) is included to better indicate
year-to-year changes.

and Huron. Increases in accumulation rates also occurred in
other cores (Michigan, Ontario, Superior east), but primarily
within the most recent 10 yr. Increases in relative biovolume
were especially prominent in Lakes Superior and Huron,
lakes that have diatom assemblages composed of the highest
contemporary relative abundances of Cyclotella (Reavie et al.
2014a).
Species in the Cyclotella comensis complex, which tend to
occur more commonly in August phytoplankton samples, consistently increased in recent decades in the lakes (Table 1). The
small spring taxon Cyclotella atomus “fine form” (C. atomus var.
1; Reavie and Kireta 2015) also increased. Other taxa had

the most substantial changes occurred around 1970–1980
across all lakes, although a much earlier shift  1938 was
observed in the Isle Royale core from Lake Superior. In Lake
Huron and central Lake Erie the shift to Cyclotella was
abrupt, but in the cases of Lake Michigan (changepoint at
1998), Lake Ontario (west and east core changepoints at
2001 and 2003) and Lake Superior (west and east core
changepoints at 1975 and 1971) it is clear that the shift
started several years prior to the changepoints. The polymictic western basin of Lake Erie had a much more subtle recent
increase since  2000. Increases in cell and biovolume
accumulation rates occurred in western Superior, central Erie
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Fig. 3. Two-dimensional non-metric multidimensional scaling (NMDS) analysis of diatom relative abundance data in each lake. Codes for species that
occurred at 5% or more in at least one sample are plotted. Historical trajectories are illustrated using a line for each core, with the oldest and most
recent 210Pb dates also plotted. Species codes for Cyclotella sensu lato match those in Table 1, and all codes are defined by Reavie et al. (2014a).

positively correlated with thermocline depth, whereas Cyclotella
ocellata responded negatively. Although we do not present all of
the historical data for these taxa, all of them appeared to occur
in at least trace numbers in pre-20th century sediments; i.e.,
they do not appear to be new to the lakes.
Long-term environmental data (mostly post-1970 for
nutrients and post-1900 for ice, temperature and water level

variable responses across lakes, while some showed no change.
Because of its summer dominance it is not surprising that the
C. comensis complex had a significant, positive response along
the water temperature gradient. Six of the 12 Cyclotella taxa had
significant, negative responses to phosphorus while only two
taxa responded negatively along the nitrogen gradient. Taxa
from the C. comensis and C. atomus groups were significantly,
773

Fig. 4. Sedimentary profiles of Cyclotella sensu lato in Great Lakes sediment cores. Data are represented as relative density, cell accumulation rates, relative
biovolume and biovolume accumulation rates. For relative abundance data (left-hand plots) dashed lines indicate the changepoint date marking the greatest difference in means between upper (recent) and lower (older) Cyclotella data. Diatom taxa included in these summary plots are listed in Table 1.
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Table 1. Common Cyclotella sensu lato taxa in the Great Lakes sediment cores. Arrows indicate increasing or decreasing trends in
relative abundance in the upper 100 yr of cores from each lake. “O” indicates presence but no discernable trend over time. Symbols
are shown for taxa that occurred at a minimum of 1% in at least one sample, and bold symbols indicate taxa that occurred at a minimum of 10% in any sample (i.e., dominant taxa). The season indicates when (spring, summer or both evenly) that the species
occurs most abundantly in modern diatom-phytoplankton collections from 2007 to 2011 (Reavie et al. 2014b). Significant linear relationships (Spearman correlation, p < 0.05) with measured epilimnetic (summer) or isothermal water column (spring) temperature
(Temp), nitrates 1 nitrites (N), phosphorus (P 5 total or dissolved phosphorus) and thermocline depth (Therm) are indicated by positive or negative symbols. Environmental data for correlations were acquired from the USEPA’s Great Lakes National Program Office.
Correlations with water
column parameters

Lake-specific trends
Code

Season

Superior

Michigan

Huron

Erie

Ontario

Therm

Temp

"

"

"

"

1

-

1
1

-

Cyclotella atomus “fine form”

CYCATOMF

Spring

o

Cyclotella atomus Hust.
Cyclotella cf. delicatula Hust.

CYCATOM
CYCCOMRC

Both
Both

o
"

"

"

"

N

P

-

-

(comensis “rough center
with process”)
Cyclotella comensis Grun.

CYCCOMES

Summer

"

"

"

"

"

1

1

-

Cyclotella comensis var. 1

CYCCOME1

Summer

"

"

"

"

"

1

1

-

Handmannia bodanica (Eulen.)
Koc. and Khurs. (complex)

CYCCOMT

Summer

o

o

o

Cyclotella distinguenda

CYCDIST

Summer

Cyclotella michiganiana Skv.
Cyclotella ocellata Pant.

CYCMICH
CYCOCEL

Summer
Summer

o
#

o
o

o
#

Cyclotella tripartita Pant.

CYCTRIP

Summer

o

o

o

Cyclotella operculata (Ag.)
€ tz. 1 operculata var.
Ku

CYCOPER,
CYCOPERU

Summer

"

o

DISSTEL,
DISPSEU

Summer

O

#

o

O
"

o
#

1

-

-

-

#

1

"

"

-

-

o

#

1

-

unipunctata Hust.
Discostella stelligera
(Cl. and Grun.)

#

V.H. 1 Discostella
pseudostelligera Hust.

chemicals (N and Cl) tended to be negatively correlated with
Cyclotella relative abundance, but mainly in the southeastern
region of the Great Lakes basin. NO2 1 NO3 water concentrations were strongly, positively correlated with Cyclotella in Lake
Superior, Lake Ontario and one core from Lake Huron, which is
not surprising given the distinct rise in NO2 1 NO3 along with
Cyclotella in those lakes (Fig. 5). However, this correlation did
not exist in the remaining cores. While a recent rise in both
water N and Cyclotella is apparent across the basin, the relationship was sometimes decoupled, particularly in Lake Ontario
where the water NO2 1 NO3 rise began about 20 yr before the
initiation of the Cyclotella rise (Fig. 5). Strong negative relationships between TP and Cyclotella occurred in the Superior cores,
Lake Michigan, northern Lake Huron and Lake Ontario.
Synchrony analysis (Table 3) indicated strong similarities
in Cyclotella relative abundance trends across most core pairs,
and a significant average synchrony (r 5 0.63, p < 0.001).
Exceptions were the non-significant relationships between
the Lake Huron south core and Lake Ontario and western
Lake Erie cores.

data) reveal some consistencies across the Great Lakes basin
(Fig. 5). Water nitrate 1 nitrite concentrations are increasing
while TP is decreasing (Fig. 5b), with the exception of Lake Erie
which has had a more erratic condition since  1970. Nitrate,
total inorganic N and chloride deposition are declining while
ammonium has subtly increased (Fig. 5c). Air temperatures are
increasing, particularly since  1980 and especially annual minimum temperature (Fig. 5d). Water levels have been variable
but generally show a decline since  1980 (Fig. 5e). The proportion of lake ice coverage has shown a clear decline in all lakes
since the last measured peak in 1980 (Fig. 5e).
Simultaneous examination of Fig. 5 and Table 2 permits an
assessment of Cyclotella sensu lato relative abundance with longterm environmental data. The most consistent variable explaining Cyclotella relative abundance was minimum annual temperature, which was positively related across all lakes. Annual
mean temperature was correlated in some lakes but not at all in
Lake Michigan and Lake Erie. Maximum atmospheric temperature was positively related to Cyclotella relative abundance in all
lakes except western Lake Ontario. Atmospheric loading of
775

Fig. 5. Stacked plots of Cyclotella sensu lato relative abundance from sediment cores (a) and measured historical data from each lake. Nitrates 1 nitrites and total phosphorus (b), nitrogen and
chloride deposition (c), air temperatures (d) and ice cover data (e, purple line and circles) were fitted with lowess curves with 5-yr spans to smooth trends. Air temperature data are presented as
annual minimum (blue), maximum (red), and mean (black), noting the unique y-axis scales for each air temperature variable to better illustrate long-term changes. For water levels (e, black line),
the blue, shaded band shows the range of monthly average water levels and the black line is the annual average. Water level anomalies are based on the 1981–2010 average as a baseline.

NO3
Annual maximum %

NH4

Chloride
Inorganic N

Variables

777

Water quality

mean)

(anomaly
from historic

Water level

temperature

(09)

(09)
(09)

MI N

HU S

ER W

(09)

(14)

(18)

(09)
(14) 20.58 (18)
(09) 0.57 (14) 20.62 (18)

HU N

(14)

(14)
(14)

0.67 (18)

(14)
(14)

(16)

(15)
(16)

0.72 (21)

(15)
(16)

(18)

(20) 0.39 (29)

(20)
(20)

(20)

(07)

(02)

(08)
0.99 (04)

0.74 (11)

(11)

0.69 (12)
(11)

(25)

(25)
(25)
(25)

(15)

(15)

(15)

(15)
(15)

(19)

(19)

(19)

(19)
(18)

ON E

ON W

(07)

(11)

(31)

(32)

(19)

0.93 (09)
0.88 (09)

0.78 (09)

(08)
0.74 (08)

(19)
(19)

0.82 (24)

0.55 (13)
0.88 (13)

0.74 (13)

(12)
(12)

(24)
(24)

(24)

0.63 (24)
0.81 (24)

(18) 20.92 (09) 20.88 (12)

(18) 20.92 (09) 20.72 (13)

(18)
(18)

(18)

(17)
(18)

(32)
(32)

(18)
0.63 (18)

(18)

(16) 20.86 (07) 20.80 (11)
(17) 20.71 (08) 20.77 (12)

(16)

(16) 20.89 (07) 20.87 (11)
(16)
(07) 20.75 (11)

ER C

(25)
(31)
0.50 (25) 0.53 (31)

(14)
(18)
(15) 20.67 (19)

(29)
(29)

(29)

(20)
(29)
0.60 (20) 0.63 (29)

(07) 20.71 (11)
(02)
(11)

(19)
(19)

(19)

(18)
0.67 (18)

20.70 (13) 20.55 (14) 20.58 (16) 20.93 (07) 20.67 (11)

(13)

0.64 (11)
(13)

SRP, ug/L

0.86 (26)

(11)
(13)

SD, m
SiO2, mg/L

TP, ug/L

(23)
0.75 (23)

0.69 (23)

(20) 20.61 (24)

(19)
0.59 (19)

(19)

20.43 (31)
(20) 20.61 (24)
20.46 (31) 20.53 (20) 20.64 (24)

20.43 (31)

(29)
0.69 (29)

0.42 (29)

(14)

(14)
(14)

SU E

(13)
(14) 20.85 (09)
(09) 0.70 (14) 20.86 (18)
(14) 20.75 (15) 20.88 (10) 20.87 (11)
(15)
(18)

(13)

0.83 (11)
(11)
(12)

(13)
(13)

SU IR

20.68 (11)
(11)

SU W

NO2 1 NO3, ug/L

Chl a, ug/L
NH3, ug/L

Annual minimum
Annual maximum

Annual mean

Annual maximum
Annual minimum

Local atmospheric Annual mean

Ice cover

Atmospheric
loading

Group

nificant correlations are shown (t-test; p < 0.05; with Bonferroni correction for multiple comparisons). Numbers in parentheses indicate the number of points in
the correlation analysis. Core acronyms match those in Fig. 1.

Table 2. Spearman correlation coefficients for fossil Cyclotella sensu lato relative abundance vs. historical records of physical and chemical variables. Only sig-
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Table 3. Synchrony analysis using Pearson correlation coefficients for fossil Cyclotella sensu lato relative abundance across all possible core pairs. Significance (t-test) is indicated by asterisks (**, p < 0.001; *, p < 0.05; Bonferroni correction for multiple comparisons
applied). Core acronyms match those in Fig. 1.
SU W

SU IR

SU E

HU N

HU S

SU IR
SU E

0.67**
0.88**

0.53**

HU N

0.88**

0.51*

0.85**

HU S
MI N

0.56**
0.90**

0.70**
0.54**

0.46**
0.79**

0.51**
0.87**

0.35*

ER W

0.57**

0.47*

0.37*

0.41*

20.06

0.63**

ER C
LO E

0.88**
0.73**

0.62**
0.28**

0.80**
0.64**

0.82**
0.74**

0.57**
0.15

LO W

0.78**

0.51**

0.66**

0.75**

0.23

Discussion

MI N

ER W

ER C

0.80**
0.87**

0.55**
0.77**

0.71**

0.84**

0.68**

0.72**

LO E

0.89**

Strong correlations exist between increasing abundance of
Cyclotella in sediment cores and increasing atmospheric temperatures and ice-free periods (e.g., this work and Hawryshyn
et al. 2012; North et al. 2013). Other variables show strong
correlations, such as the relationship between Cyclotella and
nitrogen compounds, the latter having a well-documented
rise over many decades in Lake Superior (Sterner et al. 2007),
but those variables show less coherence across our 10 paleolimnological profiles. It is probable that changes in physical
properties such as stratification, resource availability, and
water clarity are key factors leading to these shifts. Despite
significant efforts to determine reasons for variations among
long-term Cyclotella increases (in terms of species composition, timing, and magnitude of the rise), the mechanisms
remain uncertain and are obviously variable among taxa and
lakes. Saros and Anderson (2015) theorized that interactions
among multiple variables, i.e., higher nitrates, deeper mixing
depths and greater water clarity, may result in a greater relative abundance of Cyclotella. It has been noted that changes
in wind energy are variably affecting lakes by changing thermal stability and thermocline depths, which in turn can
affect light and nutrient availability in the epilimnion (Fee
et al. 1996). This is a complex set of integrated variables, as
the Cyclotella rise has been observed in large lakes with only
subtle change in mechanical energy from wind (e.g., Lake of
the Woods; Herb et al. 2005).
Among the temperature variables we evaluated, minimum
annual temperature showed the most consistent, positive
relationship with Cyclotella relative abundance. Globally in
the last century, minimum annual and seasonal atmospheric
temperatures have increased faster than maximum temperatures (Easterling et al. 1997), and minimum temperature
may be the most biologically important in lakes. Minimum
atmospheric temperature (i.e., the coldest winter extreme)
may be a particularly strong determinant of annual ice formation and the length of the ice-free season, thereby having
the greatest influence on phytoplankton communities.

The major community changes in Great Lakes diatom phytoplankton presented here are correlated with changes in
water column properties that are indirectly related to warmer
air temperatures, including a longer open-water season and
associated effects on light, thermal structure and mixing
€ hland et al.
depth, as noted by others in smaller lakes (e.g., Ru
2008). Climate-driven changes in diatom communities can be
difficult to decipher owing to simultaneous anthropogenic disturbances, which may be contributing to some of the recent
species changes. In the Great Lakes, these anthropogenic
impacts include eutrophication and the recent effects of invasive mussels which are contributing to oligotrophication. All
of these impacts are unevenly distributed across the Great
Lakes. However, the concordance between air and water temperatures, ice cover, and ice-free period reinforces the contribution of recent climate warming to primary producer
changes.
Increases in planktonic diatoms in these deep lakes are
consistent with findings from top-bottom analyses of 147
lake sediment cores from the central Canadian subarctic,
€ hland et al. 2008), as well as
Ontario and Nova Scotia (Ru
from 40 lakes in northwestern Ontario (Enache et al. 2011),
where deeper (>  6–10 m) lakes generally recorded the largest increases in small Cyclotella taxa in the modern sediments. It is likely that a longer open-water period favors a
longer period of radiative heating, changes in light habitat,
and associated physical changes that favored the onset of
diatom plankton development. Planktonic taxa like Cyclotella are known to thrive in longer ice-free periods and in
stratified waters and so can outcompete heavier taxa such as
Aulacoseira, which require more frequent mixing to maintain
a position in the photic zone (Fahnenstiel and Glime 1983;
Pannard et al. 2008). Further, Winder et al. (2009) observed
that these small-celled taxa thrive in deep Lake Tahoe due to
their high surface area to volume ratios, enabling them to
more efficiently harvest light and nutrients.
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had no response along nutrient gradients. There is correlation between declining nutrient loads and increasing Cyclotella abundance, but it is remarkable that more recent
sedimentary assemblages have not returned to pre-impact
conditions, indicating a new ecological state irrespective of
nutrient remediation. While climate-driven effects on pelagic
nutrients may contribute to shifts in phytoplankton, our
observations suggest that nutrients alone are not the major
determinants of higher Cyclotella abundance in the Great
Lakes. Novel climate-related stressors are probably contributing to limnological (and resulting biological) conditions that
have no historical analogs.
The biological effects of recent warming on the Great Lakes
are confounded by multiple environmental stressors that may
obscure a response to climatic change. Indeed, recent decades
have seen substantial, well-evidenced changes to the pelagic
ecosystems due to the dreissenid invasion (since the early
1990s; Hecky et al. 2004) and re-eutrophication (especially in
western and central Lake Erie in the last decade; Michalak
et al. 2013), which are undoubtedly simultaneous determinants of some of the diatom taxa we observed in recent sediments. However, the shift to a greater sedimentary dominance
by cyclotelloid diatoms began prior to these changes in some
lakes, especially Superior, Huron, and Michigan. Changes
in Ontario and Erie (the more southerly lakes) began in the
1980s, making it difficult to separate from the remedial effects
of lower nutrient flux following implementation of the
Clean Water Act. However, there was no reversion to a preimpact diatom assemblage that was present when nutrient
levels were naturally lower in the lake. Further, combined
with substantial corresponding evidence of cyclotelloid
increases in nearby temperate and otherwise unimpacted
boreal and arctic lakes, there is support for a climate
response in Great Lakes diatoms.
As for the Laurentian Great Lakes, Cyclotella has increased
in relative abundance elsewhere, and individual taxa have
shown distinct responses. For instance, Discostella (formerly
Cyclotella) stelligera increased in Lake of the Woods while it
decreased in Siskiwit Lake (on Isle Royale, Lake Superior;
Saros et al. 2012). Similarly, unlike the dominant C. comensis
complex, the Discostella complex decreased upcore in the
Great Lakes. Recent investigations of vertical distributions of
phytoplankton during summer stratification reveal partitioning of Cyclotella by depth according to cell size (Bramburger
and Reavie 2016). Smaller-celled taxa, including C. comensis
var. 1 (Reavie and Kireta 2015) are more abundant in the
epilimnion of the Great Lakes, while larger-celled taxa (e.g.,
Handmannia) are typically more abundant in the deep chlorophyll layer. Taxa with broader cell size ranges are distributed more evenly between the two layers, and often exhibit
within-species size partitioning (Bramburger unpubl.), indicating that intensifying stratification regimes associated with
warming may be an important sorting mechanism. However,
environmental context is critical to understanding

Although deeper summer mixing depths (Fig. 2) are
apparent in lakes Superior, Erie, and Ontario, the same is not
true of Lakes Michigan and Huron, which exhibit a similar
increase in sedimentary Cyclotella abundance (Fig. 4). Deepening thermoclines are expected with increasing wind speeds
as observed on Lake Superior (Austin and Colman 2008) but
the same wind dynamics may not be present over the other
lakes. The lack of a deepening thermocline in Lakes
Michigan and Huron may be related to pelagic food web
disturbances in the last  15 yr possibly resulting from the
filter-feeding effect of invasive mussels (dreissenids). It may
be that, prior to the widespread establishment of dreissenids
in the early 2000s (Warner and Lesht 2015), Michigan and
Huron had a similarly deepening thermocline (note the
uptick in the late 1990s, Fig. 2). Stabilization or reversal of
the Cyclotella rise in these lakes (Fig. 4; especially Huron) corresponds with the spread of mussels, particularly in southern
Lake Huron where the algal decline was most prominent
(Reavie et al. 2014a), although further work is needed to
determine the mechanisms for this change. This very recent
Cyclotella decline in Huron caused the poor synchrony with
Lake Ontario and western Lake Erie core data, where there
occurred a recent Cyclotella increase. A shallowing thermocline as observed in Lake Michigan would typically arise
from increasing water column turbidity or productivity, contradicting the increased water clarity that has been observed
(i.e., in Lake Michigan and Lake Huron; Binding et al. 2015;
Dove and Chapra 2015); reasons for this physical change
therefore require study. Further to this complexity, increasing the mixing depth does not necessarily mean thickening
of the photic zone, so diatoms being mixed convectively
could spend time in darkness. Simultaneously increasing the
thermocline and photic zone depth may favor smaller cyclotelloid diatoms, whereas increasing the mixing depth without increasing the photic zone depth could be detrimental
for small Cyclotella.
In recent decades there have been clear responses to
reduced nutrient flux to the Great Lakes resulting from management of phosphorus (e.g., Makarewicz and Bertram
1991), and standing nutrient and algal loads have also
dropped as a result of the shunting effect of invasive dreissenids (Warner and Lesht 2015). Pelagic total phosphorus has
declined in all of the Great Lakes since the 1970s (Dove and
Chapra 2015). In Lake Superior, for example, there has been
a complete return to pre-impact nutrient standing loads
(Shaw Chra€ıbi et al. 2014), but interactions with climate
change may be preventing re-establishment of the biotic
composition that existed prior to fertilization. Contrasting
phosphorus, nitrate levels have increased over the last  40
yr, with a slowing rate of increase and even declines shown
for some Great Lakes over the most recent decade (Dove and
Chapra 2015). In our analysis of species responses across
environmental gradients (Table 1), Cyclotella abundance was
proportionally higher at lower nutrient concentrations, or
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€ hland et al. 2015), and clearly the
assemblage shifts (Ru
many species of Cyclotella sensu lato will vary in their
response to climate-induced changes based on multiple autecological optima. A diatom species would not respond to a
€ hland et al.
single environmental variable in isolation (Ru
2015), hence several studies have attempted to figure out the
effects of multiple simultaneous variables on Cyclotella
growth (e.g., Saros et al. 2012). It is probable each Great
Lake has a unique context for each rise, as evidenced by the
fact that the selection of dominant Cyclotella species varies
by lake. For instance, the Cyclotella rise includes C. ocellata
in Lake Erie but not in the other lakes.
Most Great Lakes Cyclotella species tend to occur more
commonly in summer (Table 1; Reavie et al. 2014) so their
increase in abundance may be a result of a longer late€ hland et al.
summer-fall growing season, as suggested by Ru
(2013) for Arctic lakes. Smaller Cyclotella species are capable
of prolific reproduction (Fahnenstiel and Glime 1983; Winder and Hunter 2008) so it is further plausible that a longer
growing season would contribute more frustules of Cyclotella
to sedimentary records. Such an explanation for our
observed paleolimnological trends assumes late-year diatoms
are repeatedly lost to the sedimentary record while their
organic components are recycled to form new diatoms. This
is conceivable given the abundant dissolved late-summer silica recorded in the upper lakes that could support an extended period of diatom growth. Negative correlations between
Cyclotella relative abundance and percent ice cover in some
lakes (Table 2) suggest this may be happening, but more
detailed year-round phytoplankton collections are needed to
test such a hypothesis. Also, with physical changes to the
water column the importance of light effects and loss terms
need to be better understood. Species-specific resistance to
ultraviolet light may favor certain, light-tolerant phytoplankton species under increasing light penetration in the water
column. Thermal stratification and vertical mixing determine
the sinking velocities of diatoms, and decreased turbulence,
as would occur under increased thermal stabilization, should
favor small-celled species (Daufresne et al. 2009; Reavie and
Barbiero 2013).
Saros and Anderson (2015) summarized the difficulty of
using Cyclotella species in paleolimnological reconstructions
due to their extremely variable responses to contemporary
changes in environmental parameters. We, too, acknowledge
the difficulty confirming mechanisms for the observed
changes. While there is considerable evidence that changes in
lake phytoplankton in northern latitudes are due to changing
climate and related variables, and even some mechanistic
understanding is being developed, little effort has focused on
whether these changes are meaningful to lake management.
Undoubtedly this reorganization of primary producers is having some bottom-up impact on food webs, and assuming the
current trajectory of warming, phytoplankton populations
will continue to change. Despite predictions (e.g., for fish;

Magnuson et al. 1990b), to date in the Great Lakes there are no
recorded changes in higher trophic levels that are known to be
driven by climate-induced changes in primary producers.
Shifts in phytoplankton have had measureable bottom-up
effects on species composition and abundance of zooplankton
and fish in marine systems (Ware and Thomson 2005) and
Everglades wetlands (Rader and Richardson 1994), but the
importance of phytoplankton species composition in such
relationships is not known. Further experimentation is needed
to predict whether changes are likely given the assumption
that the shift in primary producers will continue. This would
include studies on food preferences of the dominant grazing
zooplankton (e.g., Limnocalanus) to determine whether they
can adequately shift to a diet of Cyclotella and other taxa that
are favored under the new climate regime. Contemporary
research techniques probably have the precision to detect
these bottom-up effects, but studies need to be better focused,
allocated and funded to determine mechanisms.

Conclusions
There is strong evidence that recent atmospheric warming is
having an effect on the structure of Great Lakes phytoplankton
assemblages. Diatom taxa in the group Cyclotella sensu lato are
increasing in relative and (in some lakes) absolute abundance
in concord with recent, rapid warming. Such a widespread
change in the pelagic Great Lakes due to climate change has
not been previously observed. The eventual environmental
consequences of this basin-wide change are unknown, but it
may serve as a warning of future impacts. We recommend that
the following research questions should be initiated (or continue to be intensively studied) to understand and support future
management of the Great Lakes pelagic system under the likelihood of continued climate-driven changes.
What is the cause of the Cyclotella sensu lato rise in the
Great Lakes? Species-specific investigations and ongoing
assessments of contemporary assemblages are needed to fully understand the interactions of driving variables on pelagic primary producers. The many changes in water column
properties that are associated with warming include
changes in the duration and extent of open water and ice
cover, changes in light and nutrients and changes in stratification and mixing strength. Assessments would include
bench-scale experiments of select taxa from the lakes, and
more detailed, year-round sampling of algae and water
quality parameters.
Assuming this shift in primary producers will continue,
what are the potential future impacts on pelagic food webs?
Again, detailed year-round sampling of phytoplankton and
grazers is needed to better characterize interactions among
trophic levels. Food preferences of the dominant Great Lakes
zooplankton need to be known, and whether they are able
to tolerate shifting diets. When a better understanding is
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