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ABSTRACT: Lake Erie is the most productive of the North American Great Lakes and experiences
annual periods of hypolimnetic hypoxia with unknown consequences for the microbial food web. We
established the abundances and mortality rates of microbes in Lake Erie during thermal stratification
and determined how they varied with changes in bottom-water dissolved oxygen concentrations. The
microbial plankton community (heterotrophic bacteria, Cyanobacteria, eukaryotic phytoplankton,
nanozooplankton, microzooplankton) was quantified in surface and bottom waters along with measurements of herbivory and bacterivory rates on eukaryotic and prokaryotic picoplankton and rates
of viral lysis of bacteria. High rates of grazing mortality of prokaryotic picoplankton (1.4 ± 0.6 d–1) and
eukaryotic algae (0.66 ± 0.27 d–1) and significant correlations between microzooplankton abundances
and all picoplankton populations quantified demonstrated the strong impacts of grazing on Lake Erie
picoplanktonic communities. Microbial herbivory accounted for half of total phytoplankton mortality
per day. Bacterivory and viral lysis turned over 85% of the heterotrophic bacterial community each
day. During the onset of hypolimnetic hypoxia, abundances of ciliates and rotifers decreased significantly and herbivory was undetectable. Concurrently, bacterivory persisted at rates equal to those
found in shallower oxygenated waters, and abundances of heterotrophic nanoflagellates did not
change significantly. These results suggest that, during hypoxia events in Lake Erie, herbivory by
microzooplankton is disrupted, but bacterivory by heterotrophic nanoflagellates persists. Finally,
rates of viral lysis of heterotrophic bacteria were higher in the hypolimnion than in surface waters,
suggesting that increased viral lysis may enhance regeneration of organic matter in bottom waters
during hypoxic events.
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The North American Laurentian Great Lakes contain ca. 20% of Earth’s fresh water, making them a
vital global resource. Lake Erie is the shallowest, most
productive, most anthropogenically influenced, and
socioeconomically important among them. Because of
its physical morphology and biological activity, the
hypolimnion of the central basin experiences a period

of hypoxia (< 3 mg O2 l–1) each year during late
summer-early fall (Charlton 1980, Wilhelm et al. 2006).
The implications of these hypoxic events are numerous
and include potential impacts on fisheries yields and
recruitment, and the development of niche space for
novel members of the planktonic food web (Wilhelm et
al. 2006). Previous studies in Lake Erie have elucidated
individual parts of the pelagic food web, bacterial
abundance and production (Hwang & Heath 1997b,
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1999, DeBruyn et al. 2004), autotrophic plankton
growth rates (Twiss et al. 1996) and mesozooplankton
abundance and production (Johanssen et al. 2000).
However, the impacts of hypoxia on the microbial food
web in Lake Erie are currently unknown.
Estimates of the overall importance of the microbial
food web (i.e. how much energy is channelled through
its component pathways) vary greatly and are dependent on the system in question. Phototrophic (Fahnenstiel et al. 1998) and heterotrophic (Scavia & Laird
1987) picoplankton (i.e. 0.2 to 2.0 µm) constitute the
majority of primary and secondary producers in the
Great Lakes. The high ratio of bacterial production to
primary production often observed in these lakes can
be explained by allochthonous inputs of organic carbon (Scavia et al. 1988). Nanoplankton- (2 to 20 µm)
and microplankton-sized (20 to 200 µm) grazers
(mostly protists) hold key positions in most aquatic
food webs as their grazing can regulate biomass levels
of primary and secondary producers, and this activity
in turn provides upper trophic levels with substantial
amounts of energy (Calbet & Landry 2004). Since the
majority of plankton biomass in Lake Erie is derived
from picoplankton (Fahnenstiel et al. 1998) and since
mesozooplankton (> 200 µm) cannot effectively consume such small cells (Hwang & Heath 1999), microzooplankton and heterotrophic nanoflagellates are
likely the primary consumers of pelagic microbial biomass in this system. Previous studies in offshore waters
of Lake Erie have shown that ciliates and other heterotrophic protists are abundant components of the
pelagic food web (Hwang & Heath 1997a, Fahnenstiel
et al. 1998); they control bacterial production (Hwang
& Heath 1997b, 1999) and graze heavily on picophytoplankton (Twiss et al. 1996). However, simultaneous
measurements of microbial bacterivory and herbivory
rates in Lake Erie have been limited to nearshore environments (Lavrentyev et al. 2004), and the effects of
hypolimnetic hypoxia on these key processes remain
unknown.
Viruses also influence microbial dynamics in Lake
Erie. Up to 20% of the bacterial mortality in Lake Erie
can be due to viral activity (Wilhelm & Smith 2000). In
some lake hypoxic zones, viruses are the most
important mechanism of microbial mortality as
they are typically insensitive to water column
oxygen levels (Weinbauer & Höfle 1998, Colombet et al. 2006). Hence, virus-induced mortality
may become even more important in Lake Erie
during the onset of hypoxia. Although viruses are
the most abundant and most rapidly reproducing
biological entities in Lake Erie (DeBruyn et al.
2004), their precise role in food web dynamics
during the onset of seasonal hypoxia is currently
unknown.

We sought to establish how Great Lakes microbial
communities and their mortality rates varied with
changes in bottom dissolved oxygen during thermal
stratification. The abundances of the microbial plankton including heterotrophic bacteria, picocyanobacteria, eukaryotic phytoplankton, heterotrophic nanoflagellates (HNF), and microzooplankton (ciliates and
rotifers) in surface and bottom waters of Lake Erie
were quantified concurrently with measurements of
rates of grazing mortality for eukaryotic and prokaryotic picoplankton and viral lysis of bacteria. Measurements of dissolved oxygen in the hypolimnion (range
1.7 to 10 mg l–1) allowed us to assess variation in plankton abundances and mortality rates in relation to oxygen levels. To our knowledge, this is the first Great
Lakes study to combine measurements of microbial
grazing mortality and viral lysis rates and consider
them in relation to hypolimnetic oxygen depletion.

MATERIALS AND METHODS
Eight stations in the central basin of Lake Erie
were visited by the RV ‘Lake Guardian’ in early
August 2005 — Stns m8 (41° 42’ 47’’ N, 82° 21’ 87’’ W),
E73 (41° 58’ 65’’ N, 81° 45’ 42’’ W), E78 (42° 07’ 00’’ N,
81° 14’ 99’’ W), m13 (42° 19’ 07’’ N, 80° 50’ 24’’ W); Fig. 1
— and on the Canadian Coast Guard Vessel ‘Limnos’
during late August 2005 — Stns 961 (41° 54’ 34’’ N,
82° 11’ 04’’ W), 84 (41° 56’ 13’’ N, 81° 39’ 06’’ W), 888
(42° 06’ 39’’ N, 81° 34’ 24’’ W), 953 (42° 12’ 33’’ N,
81° 26’ 30’’ W); Fig. 1. Station names correspond to
those previously established by US EPA (United States
Environmental Protection Agency) and Environment
Canada. CTD arrays were used to record temperature
and oxygen profiles and to assess the water column
structure. These dissolved oxygen measurements were
subsequently confirmed by measurement (using a
hand-held YSI BOD probe Model 58) of concentrations
in Niskin bottles closed at various depths. Water from
each station was collected from within (1 to 10 m) and
below (12 to 25 m) the epilimnion using a rosette cast.
Size-fractionated chlorophyll a (chl a) was determined

Fig. 1. Stations sampled in Lake Erie during August 2005
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from parallel triplicate filtrations of samples collected
on 0.2, 2, and 20 µm nominal pore-size polycarbonate
filters (47 mm diameter; Millipore) after extraction (ca.
24 h, –20°C) in 90% acetone. Chl a retained on the different filters was quantified with a Turner Designs TD700 fluorometer using a non-acidification protocol
(Welschmeyer 1994).
Phytoplankton communities and heterotrophic bacteria were analyzed by flow cytometry in samples preserved in 1% formalin and flash-frozen in liquid nitrogen. Abundances of heterotrophic bacteria (stained
with SYBR Green I, Jochem 2001), phycoerythrincontaining picocyanobacteria and photosynthetic picoeukaryotes were determined with a FACSort (BD®)
flow cytometer using fluorescence patterns and particle size from side angle light scatter (Olson el al. 1991).
Heterotrophic nanoflagellates (here 1 to 10 µm, HNF
and plastidic forms) were preserved with glutaraldehyde (2% v/v, final) concentrated onto 0.2 µm black
polycarbonate membrane filters, stained with DAPI,
mounted on microscope slides and stored frozen. In the
laboratory, they were counted under an epifluorescent
microscope (1000× magnification) using a dual-band
UV/green excitation filter set (Sherr et al. 1993). At
least 200 cells filter–1 were enumerated. Only aplastidic HNF are reported here. Samples were also examined under an epifluorescence microscope to confirm
the identification of picoplankton made via flow
cytometry. Within water column samples, two classes
of Cyanobacteria were quantified. One group consisted of small, unicellular Cyanobacteria that contained phycoerythrin and resembled Synechococcus
sp., while the second population consisted of coccoid,
phycoerythrin-containing Cyanobacteria; cells of the
second type were slightly larger (ca. 1 µm.) than Synechococcus-like Cyanobacteria and occurred in aggregates of 2 or more cells. This second group of picocyanobacteria was quantified in the water column but
not in experimental samples.
Duplicate microplankton samples were analyzed
according to Hasle (1978) to identify and quantify the
major taxonomic categories of microzooplankton (ciliates and rotifers). Samples (200 ml) obtained from the
upper mixed layer (1 to 5 m) and from the hypolimnion
(15 to 20 m) were preserved with acid Lugol’s solution
(5% final concentration) and counted using an
inverted microscope. A minimum of 200 organisms or
100 grids were counted per 50 ml sample, which often
constituted the entire settled well.
Dilution experiments were performed to determine
the impact of grazing on microbial mortality. Experiments involved four treatments (100, 70, 40, and 15%
whole lake water) each performed in triplicate 1.2 l
bottles. An additional experimental bottle was filled
with 0.2 µm filtered lake water to verify that the 0.2 µm
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filters removed all particles. Whole water collected for
grazing experiments was gravity-filtered through inline, acid-cleaned 200 µm screening (Nytex™), whereas filtered water was gravity filtered through acidcleaned, 0.2 µm filter capsules (Pall) with vents that
eliminated bubbling of water as it entered the capsules. Measurements of nutrients in the filtrate were
not significantly different from those made in water
gently filtered through combusted glass fiber filters
(p > 0.05, t-test), indicating that the capsule filtering
process did not add or remove nutrients (ammonium,
orthophosphate, dissolved organic nitrogen and phosphorus). Levels of oxygen in bottles filled for experiments (measured with a YSI BOD probe model 58)
were never significantly different from levels measured with the oxygen sensor on the shipboard rosette
at the depth of water collection (p > 0.05, t-test). All
bottles were amended with nitrate (20 µM), silicate
(20 µM), and orthophosphate (1.25 µM) to assure nutrient-replete growth of phytoplankton (Landry et al.
1995). An additional triplicate set of experimental bottles containing 100% whole lake water without nutrient amendment was used to examine the effect of
nutrient additions (Landry et al. 1995). During the
period of incubation, bottles were placed in incubators
maintained at temperatures matching levels found at
the point of collection. Bottles were also shielded with
neutral density screening to reduce light to ambient
levels at collection depth. Samples for chl a analysis
and flow cytometric analysis were obtained from each
of the experimental bottles after 24 h incubation.
Net growth rates of heterotrophic bacteria, picocyanobacteria (i.e. Synechococcus spp.), photosynthetic picoeukaryotes, and the total phytoplankton
community (TPC, based on chl a) were determined
using initial and final cell abundance or chl a concentrations. Growth rates were calculated as:
k = [ln (Bt /B0)]/t

(1)

where k is the net growth rate, Bt is the biomass or cell
abundance at t = 1 d, B0 is the biomass or cell abundance at t = 0 d, and t is the duration (d) of the experiment. Mortality rates in the dilution experiments were
determined from linear regressions of net (apparent)
growth rate versus the proportion of whole lake water
(0.15, 0.40, 0.70, 1.0). The negative slope of this regression yielded mortality rate, which was assumed to
result from grazing, and the y-intercept (corrected for
the impact of nutrient addition on growth rates in
whole water) was equivalent to the cellular growth
rate in the absence of predators (Landry et al. 1995).
The standing stock percentage (biomass or cell densities) of each microbial population consumed per day
was calculated according to Reckermann & Veldhuis
(1997).
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Transmission electron microscopy (TEM) was
employed to examine the percentage of visibly
infected cells (%VIC) in the native bacterial community and to estimate the abundance of viruses released
per bacterium lysed (average burst size). Duplicate
whole water samples (40 ml) preserved with glutaraldehyde (2% v/v, final) and stored in the dark at 4°C
in sterile polypropylene tubes were collected by centrifugation (1.25 h at 16 600 × g) onto carbon-coated collodion films over 400-mesh electron microscope grids.
Grids were subsequently rinsed, stained with 0.75%
uranyl formate, and rinsed again. The %VIC and burst
size were determined by TEM as previously described
(Weinbauer & Suttle 1996). Samples were viewed at
the University of Tennessee Microscopic Analysis
Facility with a Hitachi H-800 TEM at an accelerating
voltage of 100 keV. For each sample, 2 grids were prepared, and 1000 bacterial cells were examined. Burst
size was defined as the average number of viral particles in all visibly infected cells. This represents the
minimum burst size, as cells may have developed further particles prior to lysis (Weinbauer et al. 2002).
Viruses inside bacterial cells become visible during
the last ~10% of the lytic cycle (Proctor et al. 1993). To
account for this, conversion factors (3.7 to 7.17) were
multiplied by the %VIC to estimate the percentage of
infected cells (%IC). This provides a range (as a percentage of cells) of the entire population that is
infected. The fraction of bacterial cell mortality attributable to viral lysis (FMVL) has been determined previously using the factor-of-2 rule (Proctor et al. 1993).
However, since a proportion of the infected population
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is also removed by grazers, %IC and percentage mortality due to viral lysis (%MVL) were determined
according to Binder (1999), whereby bacterial infection
(also as percentages of the total bacterial population) is
derived from the following:
%IC = 7.1 × %VIC – 22.5 × %VIC2

(2)

FMVL = (%IC + 0.6 × %IC )/(1 – 1.2 × %IC)

(3)

2

Finally, the diel percentage of bacterial cell mortality
attributable to viral lysis was determined by multiplying bacterial growth rates per day (derived from dilution experiment, see above) by FMVL.
Comparisons among variables (e.g. microbial
groups) were made with 1-way ANOVAs followed by
Tukey’s multiple comparison tests or appropriate nonparametric tests (e.g. Mann-Whitney rank sum test).
Comparison of variables between the epilimnion and
hypolimnion were made with t-tests. The degree to
which individual variables were correlated was evaluated with a Spearman’s Rank Order Correlation
Matrix. In all cases, a p level of 0.05 was applied to
identify statistically significant differences or correlations.

RESULTS
Microbial dynamics

On all sampling occasions, the water column of Lake
Erie had strong thermal stratification, with surface
temperatures (5 m: 23 to 26° C, Table 1) typically at
least 10°C warmer than bottom waters
(20 m: 7.1 to 11°C, Table 1). Stn 84 is
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Fig. 2) were substantially higher than in
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Fig. 1).
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Eukaryotic and prokaryotic (heteroChl a
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Fig. 2. Vertical depth profiles of temperature (T, °C), dissolved oxygen (mg l–1),
similar trends by depth, with abunchl a (µg l–1), eukaryotic phytoplankton, unicellular Cyanobacteria containing
dances generally higher in surface
phycoerythrin and resembling Synechococcus sp., coccoid phycoerythrinwaters and decreasing toward the botcontainig Cyanobacteria, and heterotrophic bacteria at Stn 84 in Lake Erie,
tom. Stn 84 is shown in Fig. 2 as an
August 2005. Error bars are omitted for clarity. Relative SD of measurements
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2.3 (0.07)

3.0 (0.14)
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Total

1.6 (0.05)
1.8 (0.03)
1.0 (0.05)
0.41 (0.03)

2.7 (0.02)
2.2 (0.01)
0.74 (0.04)
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1.6 (0.02)
1.5 (0.01)
1.0 (0.03)
0.68 (0.01)

2.1 (0.02)
2.1 (0.03)
0.93 (0.05)
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0.63 (0.01)
0.65 (0.22)
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1.0 (0.57)
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> 20 µm

5.1 (0.11)
2.8 (0.68)
0.96 (0.07)
0.22 (0.06)

7.6 (0.52)
6.0 (0.12)
0.83 (0.10)

6.4 (0.02)
7.0 (0.10)
1.3 (0.07)
0.55 (0.01)

8.0 (0.57)
7.1 (0.32)
7.3 (0.42)
1.5 (0.09)

3.3 (0.10)
3.6 (0.11)
2.9 (0.30)
2.3 (0.14)

4.0 (0.28)
4.8 (0.00)
3.0 (0.09)
2.2 (0.08)

5.0 (0.70)
3.7 (0.41)
4.0 (0.07)
0.88 (0.05)

7.3 (0.01)
5.7 (0.24)
1.7 (0.04)
1.5 (0.03)

EUK

1.3 (0.15)
1.6 (0.14)
1.4 (0.04)
1.9 (0.10)

12 (0.01)
12 (0.02)
8.1 (0.13)

11 (0.05)
12 (0.05)
5.3 (0.07)
4.8 (0.06)

3.4 (0.15)
3.2 (0.07)
3.3 (0.28)
2.3 (0.07)

7.1 (0.00)
6.4 (0.01)
13 (0.02)
19 (0.04)

8.7 (0.17)
7.0 (0.01)
2.6 (0.01)
0.91 (0.01)

11 (0.01)
12 (0.06)
11 (0.02)
3.0 (0.16)

9.9 (0.06)
8.9 (0.01)
5.9 (0.01)
5.4 (0.02)

SYN

5.8 (0.54)
6.8 (0.56)
5.6 (0.02)
6.5 (1.12)

8.9 (0.26)
8.7 (0.09)
2.7 (0.78)

6.2 (0.54)
7.1 (0.19)
2.9 (0.36)
1.5 (0.18)

17 (0.30)
16 (0.14)
15 (0.07)
4.0 (0.75)

–
–
–
–

15 (0.56)
8.1 (0.06)
8.7 (0.02)
5.1 (0.01)

2.3 (0.29)
2.3 (0.15)
2.1 (0.04)
1.1 (0.10)

5.5 (0.42)
5.7 (0.44)
3.2 (0.09)
3.5 (0.02)

CYA

6.2 (1.5)
8.8 (0.05)
5.5 (0.11)
5.0 (0.18)

7.7 (0.84)
8.5 (0.42)
5.0 (0.70)

7.18 (0.95)
8.6 (0.67)
5.6 (0.01)
3.8 (0.31)

8.8 (0.62)
8.6 (0.03)
8.9 (0.12)
5.9 (0.39)

6.4 (0.02)
6.3 (0.54)
7.3 (0.04)
6.0 (0.55)

7.3 (0.10)
6.4 (0.42)
4.6 (0.16)
2.9 (0.62)

8.4 (0.12)
8.2 (0.04)
8.8 (0.09)
7.2 (0.10)

8.5 (0.53)
9.9 (0.08)
7.4 (0.16)
7.5 (0.24)

Bacteria

Table 1. Changes in temperature (T, °C), dissolved oxygen (DO, mg l–1), chl a (µg l–1; total, 0.2–2 µm, 2–20 µm, and > 20 µm size fractions), eukaryotic phytoplankton (EUK,
cells ml–1 × 103), unicellular Cyanobacteria containing phycoerythrin and resembling Synechococcus sp. (SYN, cells ml–1 × 104), coccoid, phycoerythrin-containing
Cyanobacteria (CYA, cells ml–1 × 104) and heterotrophic bacteria (bacterial cells ml–1 × 105) by depth at 8 stations in Lake Erie during early (Stns m8, e73, e78, m13) and late
(Stns 961, 84, 888, 953) August 2005. Data are means (SD), n = 3. Data from hypoxic waters (< 3 mg l–1) in italics. See Fig. 1 for station locations
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1

teria, Synechococcus-like Cyanobacteria, coccoid
Cyanobacteria and eukaryotic algae ranged, respectively, from 6.2 to 8.5 × 105 ml–1, 0.7 to 12 × 104 ml–1,
0.0 to 1.2 × 105 ml–1, and 3.3 to 8.0 × 103 ml–1 in surface
waters and 0.9 to 8.1 × 105 ml–1, 0.9 to 5.4 × 104 ml–1,
0.0 to 5.1 × 104 ml–1, and 0.2 to 2.3 × 103 ml–1 in the
hypolimnion (Table 1).
While ciliate and rotifer abundances were similar in
the epi- and hypolimnion in early August (12 ± 3 and
0.5 ± 0.2 ind. ml–1, respectively; Fig. 3), abundances of
both populations were significantly higher in the epilimnion (27 ± 4.4 ciliates ml–1, 0.7 rotifers ml–1) compared to the hypolimnion (7.2 ± 1.4 ciliates ml–1, 0.1
rotifers ml–1) during late August at Stns 961, 84, and
888 (Fig. 3; p < 0.05, t-test). At the fourth late August
station (953), surface and bottom abundances were
similar. Oligotrichs and choreotrichs were numerically
dominant among the ciliates. In contrast to ciliates and
rotifers, heterotrophic nanoflagellate abundances
were less variable (grand mean = 910 ± 180 ind. ml–1,
Fig. 3) and did not differ significantly between surface
and bottom waters (p > 0.05, Fig. 3).

0
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4

Ciliates
Rotifers
Heterotrophic nanoflagellates

3

953-bottom

953-surface

888-bottom

888-surface

84-surface
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961-surface
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e78-bottom

M13-surface

e78-surface

e73-bottom

e73-surface

M8-bottom

M8-surface

2

Fig. 3. Densities of ciliates, rotifers and heterotrophic nanoflagellates (HNAN) in surface and bottom waters of Lake Erie
during August 2005. Data are means ± SD, n = 3. Samples m8,
E73, E78 and m13 were collected in early August; samples
961, 84, 888 and 953 were collected in late August.
Hypoxic samples are bold and italicized

Microzooplankton grazing
mortality rate d–1

Rotifers, ciliates x 10 ml–1, HNAN x 1000 ml–1

were slightly higher during late August (3.8 to 7.2 µg
l–1) than in early August (1.7 to 3.4 µg l–1), and were
always lower in the hypolimnion (1.0 to 3.0 µg l–1,
Table 1). Bacteria were numerically dominant among
the picoplankton, followed by picocyanobacteria and
eukaryotic algae (Table 1, Fig. 2). Abundances and
vertical distributions of these groups were similar
among stations, with generally higher levels in surface
waters and lower densities in the hypolimnion
(Table 1, Fig. 2). Abundances of heterotrophic bac-

1.5

1

0.5

0

Total
Eukaryotic
phytoplankton
phytocommunity
plankton

Picocyanobacteria

Heterotrophic
bacteria

Fig. 4. Grazing mortality rates of the total phytoplankton
community (based on chl a), eukaryotic phytoplankton, unicellular Cyanobacteria (contain phycoerythrin and resembling Synechococcus sp., viz. picocyanobacteria), and heterotrophic bacteria in surface and bottom waters (combined) of
Lake Erie during August 2005. Means ± SD are shown (n = 16
for cyanobacteria, n = 15 heterotrophic bacteria, n = 13 for
total phytoplankton community, n = 11 for eukaryotes)

Substantial rates of grazing mortality were detected
for all microbial groups examined. Microbial growth
rates and grazing mortality rates were generally
higher for prokaryotic plankton than eukaryotic picophytoplankton. For example, across the entire study,
growth rates of Synechococcus-like picocyanobacteria
and heterotrophic bacteria were significantly higher
(1.7 ± 0.3 and 1.2 ± 0.1 d–1, respectively) than those of
the total phytoplankton community (based on chl a)
and eukaryotic phytoplankton (0.43 ± 0.08 and 0.79 ±
0.14 d–1, respectively (Tukey’s test, p < 0.01 for all)
(Table 2). Similarly, grazing mortality rates for Synechococcus-like picocyanobacteria and heterotrophic
bacteria were significantly higher (1.3 ± 0.2 and 1.5 ±
0.1 d–1, respectively) than those of the total phytoplankton community and eukaryotic phytoplankton
(0.51 ± 0.07 and 0.66 ± 0.08 d–1, respectively; Tukey’s
test; p < 0.001 for all) (Fig. 4). Across experiments,
grazers consumed 40 ± 5.2 and 48 ± 5.1% of the total
phytoplankton community and eukaryotic phytoplankton d–1, respectively, and 71 ± 10 and 78 ± 3.8% of the
picocyanobacteria and heterotrophic bacteria d–1,
respectively.
Grazing rates on individual microbial groups did not
differ significantly between early and late August or
between surface and bottom waters in experiments
where grazing was successfully measured (p > 0.05, ttest). However, there were several incidences when
grazing rates were undetectable using the dilution

Organism

TPC
SYN
EUK
BAC
TPC
SYN
EUK
BAC

TPC
SYN
EUK
BAC
TPC
SYN
EUK
BAC

TPC
SYN
EUK
BAC
TPC
SYN
EUK
BAC

TPC
SYN
EUK
BAC
TPC
SYN
EUK
BAC

Depth (m)

Stn m8
5
5
5
5
20
20
20
20

Stn e73
5
5
5
5
20
20
20
20

Stn e78
5
5
5
5
20
20
20
20

Stn m13
5
5
5
5
20
20
20
20
0.14 (0.12)
1.1 (0.09)
0.97 (0.07)
1.2 (0.35)
0.07 (0.05)
0.97 (0.06)
0.69 (0.10)
1.0 (0.28)

0.78 (0.06)
0.97 (0.18)
–
1.6 (0.12)
0.09 (0.07)
3.4 (0.3)
0.51 (0.09)
1.4 (0.2)

0.72 (0.12)
0.99 (0.14)
0.75 (0.23)
0.97 (0.12)
0.56 (0.10)
2.8 (0.15)
0.89 (0.22)
0.79 (0.10)

1.0 (0.16)
2.6 (0.23)
1.5 (0.11)
2.3 (0.17)
0.72 (0.09)
2.3 (0.42)
–
0.8 (0.22)

Growth rate

0.46 (0.21)
0.37 (0.14)
0.62 (0.12)
1.8 (0.57)
0.44 (0.15)
0.79 (0.10)
0.40 (0.17)
1.7 (0.44)

0.33 (0.10)
0.62 (0.28)
–
1.9 (0.21)
0.30 (0.11)
2.0 (0.49)
0.56 (0.15)
1.5 (0.32)

0.74 (0.20)
0.59 (0.23)
1.2 (0.39)
1.4 (0.20)
0.71 (0.18)
1.0 (0.25)
1.0 (0.35)
1.3 (0.16)

1.3 (0.26)
2.3 (0.37)
1.0 (0.18)
2.1 (0.27)
0.55 (0.14)
1.7 (0.66)
–
1.3 (0.34)

Mortality rate

0.34
0.40
0.75
0.51
0.47
0.85
0.37
0.62

0.51
0.35
ns
0.90
0.43
0.61
0.62
0.67

0.59
0.42
0.47
0.82
0.64
0.66
0.71
0.88

0.70
0.79
0.76
0.85
0.61
0.43
ns
0.60

r2

Stn 953
1
1
1
1
21
21
21
21

Stn 888
1
1
1
1
20
20
20
20

Stn 84
1
1
1
1
22
22
22
22

Stn 961
1
1
1
1
15
15
15
15

Depth (m)

TPC
SYN
EUK
BAC
TPC
SYN
EUK
BAC

TPC
SYN
EUK
BAC
TPC
SYN
EUK
BAC

TPC
SYN
EUK
BAC
TPC
SYN
EUK
BAC

TPC
SYN
EUK
BAC
TPC
SYN
EUK
BAC

Organism

0.41 (0.07)
3.5 (0.14)
0.62 (0.13)
1.7 (0.14)
0.14 (0.07)
1.4 (0.07)
1.6 (0.09)
1.2 (0.17)

0.33 (0.10)
0.09 (0.11)
0.44 (0.06)
–
–
0.01 (0.19)
–
1.0 (0.17)

0.22 (0.08)
0.52 (0.11)
0.01 (0.08)
0.94 (0.26)
–
2.1 (0.18)
–
1.1 (0.16)

0.41 (0.09)
2.1 (0.13)
0.8 (0.08)
1.2 (0.11)
–
1.7 (0.33)
–
1 (0.11)

Growth rate

0.33 (0.11)
1.9 (0.25)
0.63 (0.21)
1.7 (0.22)
0.37 (0.11)
0.71 (0.11)
0.45 (0.14)
1.7 (0.29)

0.41 (0.17)
0.44 (0.19)
0.47 (0.09)
–
–
2.1 (0.87)
–
1.7 (0.31)

0.37 (0.12)
0.49 (0.19)
0.47 (0.12)
1.1 (0.43)
–
1.4 (0.33)
–
1.1 (0.26)

0.39 (0.15)
2.3 (0.21)
0.41 (0.13)
1.3 (0.19)
–
1.4 (0.55)
–
1.3 (0.17)

Mortality rate

0.46
0.86
0.48
0.86
0.53
0.82
0.52
0.81

0.38
0.36
0.72
ns
ns
0.44
ns
0.77

0.48
0.42
0.59
0.38
ns
0.81
ns
0.64

0.41
0.92
0.49
0.83
ns
0.39
ns
0.85

r2

Table. 2. Microzooplankton grazing mortality (d–1) and growth rates (d–1) for the total phytoplankton community (TPC, based on chl a), eukaryotic phytoplankton (EUK),
unicellular Cyanobacteria containing phycoerythrin (resembling Synechococcus sp., SYN), and heterotrophic bacteria (BAC) in surface and bottom waters (depth in meters)
of Lake Erie during August 2005. Coefficient of determination (r2) refers to regression of dilution against net growth rate in dilution experiments (Landry et al. 1995). Mean
rates (SD), n = 12, are shown. Rates from experiments in which grazing rates were not significantly (ns) different from zero are not reported. Data from hypoxic waters
(< 3 mg O2 l–1) in italics. See Fig. 1 for station locations
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method. Grazing rates on picocyanobacteria and heterotrophic bacteria were measured in nearly all experiments (100 and 94%, respectively, n = 16; Table 2);
measurements were also made for the total phytoplankton community and eukaryotic algae in the epilimnion (100 and 87%, respectively, n = 8; Table 2) and
in the hypolimnion during early August (100 and 75%,
respectively, n = 4; Table 2) in most experiments. However, grazing impacts on the total phytoplankton community and on eukaryotic picoplankton were detected
in the hypolimnion in only 1 of 4 experiments during
late August, viz. at Stn 953, which had the highest
bottom oxygen level at this time (Table 2).

Percentage of heterotrophic bacteria experiencing viral lysis
0

10

5

M8
e73
e78
M13
961
84
888
953
M8
e73
e78
M13
961
84
888
953

15
Epilimnion

Hypolimnion

Fig. 5. Percentage of bacterial mortality attributable to viral
lysis in surface and bottom waters of Lake Erie during August
2005. Mean relative SD of counts for all samples = 25%. See
Fig. 1 for sampling locations

Bacterial mortality attributable to viruses

The viral burst size of bacteria did not vary significantly with vertical space or time and averaged 14 VLP
0.0001) further confirms the notion that small phytocell–1 across sites and depths (Table 3). Although the
plankers comprise the majority of phytoplankton biopercentage of virus infected bacteria decreased signifmass in Lake Erie. With the majority of autotrophic
icantly from 5.3 ± 2.8% in early August to 0.84 ± 0.37%
and heterotrophic biomass made up of small plankin late August (Mann-Whitney Rank Sum test, p <
ton, mortality processes such as viral lysis and protis0.001), this percentage did not change significantly
tan grazing are bound to have a large impact on these
with depth (Table 3). Percentage bacterial mortality
communities and the Lake Erie food web in general.
attributable to viral lysis was significantly lower in
During this study, Lake Erie bottom waters conepilimnion (4.4 ± 1.7%) than in hypolimnion waters
tained significantly lower eukaryotic phytoplankton
(9.3 ± 3.9%; Mann-Whitney Rank Sum test, p < 0.001)
(Table 3, Fig. 5). Across all sites, dates,
and depths, viral lysis accounted for
Table 3. Viral burst size, percentage of heterotrophic bacteria infected with
7.7 ± 4.0% d–1 of bacterioplankton
virus-like particles, percentage of total mortality of heterotrophic bacteria
mortality (Table 3).
attributable to viral lysis, and the rate of heterotrophic bacterial mortality (%
standard stock d–1) attributable to viral lysis in surface and bottom waters of
Lake Erie during August 2005. Means (SD), n = 3, are shown

DISCUSSION
Stn

Depth (m)

Burst size

% infected

% mortality

% mortality d–1

M8

5
20
5
20
5
20
5
20
1
15
1
22
1
20
1
20

12 (3.5)
17 (8.0)
13 (4.2)
14 (5.1)
8.8. (2.5)
17 (11)
23 (3.3)
16 (8.4)
15 (5.1)
15 (0.45)
12 (1.7)
19 (4.6)
15 (4.6)
20 (2.4)
10 (0.81)
15 (0.7)

4.3 (0.61)
10 (5.4)
3.3 (0.2)
8.9 (0.49)
1.4 (0.49)
4.4. (2.2)
4.3 (2.3)
4.9 (0.55)
0.42 (0.34)
1.1 (0.27)
0.94 (0.76)
1.1 (0.15)
0.77 (0.40)
0.65 (0.40)
0.48 (0.28)
1.7 (1.0)

4.7 (0.7)
13 (7.9)
3.5 (0.23)
10 (0.67)
1.8 (0.53)
4.8 (2.7)
4.7 (2.6)
5.3 (0.67)
3.2 (2.6)
8.3 (2.3)
7.5 (6.4)
12 (1.4)
5.9 (3.2)
5.0 (3.1)
3.6 (2.2)
15 (9.9)

11 (0.92)
10 (0.38)
4.5 (0.77)
4.2 (1.3)
5.6 (2.7)
15 (7.3)
2.2 (0.69)
4.8 (1.7)
9.0 (3.2)
12 (0.46)
5.6 (1.8)
5.5 (0.39)
4.3 (0.69)
15 (1.0)
5.4 (2.0)
9.9 (3.8)

15
3.8
0.95

3.2
3.1
0.76

6.7
4.1
1.0

7.76
3.99
1.00

Dynamics of microbial populations
Phototrophic (Fahnenstiel et al.
1998) and heterotrophic (Scavia &
Laird 1987) picoplankton constitute
the majority of primary and secondary
producers in the Great Lakes of North
America. Consistent with these findings, the < 2 µm plankton size fraction
constituted ~50% of total chl a (Table
1) and abundances of heterotrophic
and autotrophic picoplankton populations persisted at ~106 and 105 cells
ml–1, respectively, in Lake Erie during
this study (Table 1). The strong correlation between total chl a and abundances of eukaryotic phytoplankton
measured via flow cytometry (which
quantified cells < 8 µm) (r = 0.82, p <

e73
e78
M13
961
84
888
953
Mean
SD
SE
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abundances and biomasses than surface waters.
Growth rates of eukaryotic phytoplankton and the total
phytoplankton community were significantly correlated with eukaryotic phytoplankton abundance and
total phytoplankton biomass, respectively (r = 0.72, p <
0.001; r = 0.57, p < 0.05). Eukaryotic phytoplankton
abundance and biomass were also strongly and significantly correlated with dissolved oxygen concentrations (r = 0.84, p < 0.0001; r = 0.75, p < 0.005).
Hypolimnion hypoxia is an annual late summer occurrence in Lake Erie (Charlton 1980, Wilhelm et al.
2006). Our results suggest that decreased autotrophic
growth rates and low photosynthetic oxygen production in bottom waters, likely due in part to low light
levels, do not allow eukaryotic autotrophs to alleviate
hypoxia during summer stratification.
Autotrophic and heterotophic plankton communities
are closely associated in aquatic ecosystems; phytoplankton provide bacteria with organic carbon and
bacteria regenerate inorganic nutrients that may promote primary production (Baines & Pace 1991). Across
all sites and depths, bacterial abundances were significantly correlated with levels of both eukaryotic algae
and total chl a (p < 0.004, r = 0.68; p < 0.003, r = 0.67)
and with the growth rates of the total phytoplankton
community (as determined by dilution experiments, r =
0.81, p < 0.0001). During periods of strong thermal
stratification, this tight coupling may be explained by
bacterial nutrient regeneration since summer growth
rates of Lake Erie phytoplankton can be limited by
phosphorus, iron, and nitrogen (North et al. 2007). Our
observation of significantly enhanced phytoplankton
growth rates upon the addition of nutrients during the
majority of our dilution experiments (data not shown)
further confirms the important role nutrient regeneration must play in this system.

Grazing mortality of microbial populations
This study provides evidence of the central role protistan grazing plays in the regulation and turnover of
microbial populations in Lake Erie during summer.
On average, grazing accounted for about half (40 to
50%) of the daily mortality experienced by phytoplankton. These losses to herbivory are similar to
those reported previously from other offshore (52 ±
10%, Twiss et al. 1996) and coastal locations (76%,
Lavrentyev et al. 2004) in Lake Erie, as well as coastal
and oceanic ecosystems (41 to 47%; Gobler et al.
2004, Calbet & Landry 2004). In contrast to total
phytoplankton, a much larger portion of the prokaryotic picoplankton populations (picocyanobacteria and
bacteria) was consumed daily by microbial grazers (71
to 78%). One Lake Erie study that attributed a portion
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of bacterivorous mortality to zooplankton (micro- and
mesozooplankton grazing, Hwang & Heath 1999)
reported losses substantially lower (11 to 27%) than
ours, likely because that study (op. cit.) excluded from
consideration nanoplankton grazers that typically
dominate zooplankton grazing in aquatic ecosystems
(Sherr & Sherr 2002). However, in coastal Lake Erie,
the impact of bacterivory has been shown to be similar to that measured in our study (70 to 90%, Lavrentyev et al. 2004). In sum, our results suggest that protistan grazing was the primary source of mortality for
eukaryotic and prokaryotic plankton in Lake Erie
during periods of thermal stratification.
The abundance of ciliates, the dominant microzooplankton during this study, was consistent with earlier Lake Erie studies (Hwang and Heath 1997a, Fahnenstiel et al. 1998) and was significantly correlated
with each of the potential prey items (total phytoplankton community [ch a]: r = 0.64, p < 0.007;
eukaryotic algae: r = 0.73, p < 0.002; picocyanobacteria: r = 0.68 p < 0.004; heterotrophic bacteria: r = 0.63,
p < 0.009), indicating a tight coupling of microbial
predators and their prey in Lake Erie. Consistent with
this observation, there was also a significant correlation between bacterial growth rates and bacterivory
rates (r = 0.66, p < 0.007). In the Great Lakes (Carrick
et al. 1992, Lavrentyev et al. 1995, 2004) and elsewhere (Sherr & Sherr 2002, Calbet & Landry 2004),
microzooplankton and HNF reproduction rates are
equal to or even exceed those of their prey. This
reproductive ability allows HNF to respond rapidly to
changes in prey abundance (Miller et al. 1995), and
partly accounts for such tight predator-prey couplings. Since planktonic production in the central
basin of Lake Erie is strongly nutrient-limited during
summer months (DeBruyn et al. 2004, North et al.
2007), tight predator–prey coupling is likely also
influenced by protistan nutrient regeneration, which
has been documented in the Great Lakes (Twiss et al.
1996, Gardner et al. 2004, Lavrentyev et al. 2004)
and elsewhere (Nagata & Kirchman 1992, Miller et
al. 1995).
Although hypolimnion hypoxia is an annual late
summer occurrence in Lake Erie (Charlton 1980),
impacts of these events on microbial food web dynamics in this system are poorly understood. Hypoxic conditions cause significant reductions in the survival and
growth of mesozooplankton (Roman et al. 1993, Richmond et al. 2006). However, some microzooplankton,
including several ciliate species, can persist under
hypoxic conditions in both marine (e.g. Setala 1991,
Detmer et al. 1993) and freshwater systems (e.g. Bark
& Goodfellow 1985). During this study, both ciliate and
rotifer abundances in waters with low dissolved oxygen concentrations (< 3 mg l–1) were significantly lower
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(6.2 ± 1.0 ind. ml–1) than in waters with higher oxygen
content (12 ± 1.8 ind. ml–1 in water, DO > 3 mg l–1; p <
0.05, t-test). In addition, surface water overlying
hypoxic bottom water had ciliate abundances (35 ±
5.2 ind. ml–1) significantly higher than other surface
waters (12 ± 1.5 ind. ml–1; p < 0.05, t-test). For the entire
study, ciliate abundance correlated significantly with
dissolved oxygen concentrations (r = 0.58, p < 0.05).
While these differing patterns in ciliate and rotifer
abundances might have been influenced directly by
oxygen concentrations, there may also have been indirect influences since the abundance and biomass of
algal prey items were also correlated with dissolved O2
concentration (r = 0.84, p < 0.0001, r = 0.75, p < 0.005,
respectively).
Vertical changes in ciliate and rotifer abundances
were paralleled by changes in detected herbivory,
but not bacterivory. Significant rates of bacterivory
were measured in every experiment, but grazing on
eukaryotic phytoplankton and the total phytoplankton community (chl a) was undetectable during 3
experiments in which ambient dissolved oxygen was
< 3 mg l–1 (Table 2). In contrast, significant rates of
grazing on picoeukaryotic algae and total phytoplankton (chl a) were measured in all other experiments (Table 1), suggesting that the significant
reduction in ciliate and rotifer grazer abundance in
hypoxic bottom waters of Lake Erie (Fig. 3) was associated with a disruption in microzooplankton herbivory. Alternatively, it is possible that the absence of
herbivory in deep hypoxic waters may be related in
part to lower abundances of eukaryotic algal prey
(<103 cells ml–1, Table 1), although densities in these
waters were not significantly different from deep,
oxic waters. In contrast to herbivory, the persistence
of bacterivory in hypoxic waters indicates a shift in
microbial food web structure whereby herbivores
moved out of hypoxic waters (and potentially entered
surface waters, Fig. 3), while bacterivorous species
were unaffected by hypoxia and continued to graze
on prokaryotes at a significant rate. This observation
is supported by a significant correlation between
grazing rates on picocyanobacteria and the abundance of HNF (r = 0.53, p < 0.05), but not other
grazers. Moreover, abundances of HNF in hypoxic
waters were not significantly different from those in
oxygenated water masses across the entire data set,
despite some distinct vertical variability in late
August (Fig. 3). Due to the disruption in herbivory,
which occurred in concurrence with a significant
reduction in ciliate and rotifer abundances, we
hypothesize that these microzooplankters are the
dominant herbivores in the hypolimnion of Lake Erie
and that HNF, whose abundances were not correlated with oxygen concentrations (Fig. 3) but were

significantly correlated with grazing rates on picocyanobacteria, are the primary bacterivores in a
hypoxic hypolimnion.

Viral lysis of heterotrophic bacteria and potential
interaction with grazers
During this study, 7.7 ± 1.0% of bacterial stocks, on
average, were lysed per day by viruses, reaching as
high as 15% in some instances (Table 3). These percentages are slightly lower than those reported previously for Lake Erie (17 to 23%, Wilhelm & Smith 2000)
but are within the range of bacterial mortality attributed to viral lysis in other aquatic ecosystems (Wilhelm
& Suttle 1999). During thermal stratification in Lake
Erie, there was a significant inverse correlation
between bacterial growth rates and percentage of bacterial mortality due to viruses (r = –0.51, p < 0.05), and
a significant inverse correlation between bacterial
abundance and viral burst size in bacteria (r = –0.53,
p < 0.05). Hence, while the percentage of total mortality due to viral lysis was small, this process seems to
have a discernible impact on bacterial growth and
abundance in Lake Erie.
The combination of our assessments of viral lysis and
bacterivory in Lake Erie during thermal stratification
indicates that nearly the entire bacterial population
(85%) is turned over daily at this time. To our knowledge, this is the first study to simultaneously assess the
effects of both viral lysis and bacterivory as sources of
bacterial mortality in the Great Lakes. In a coastal
marine ecosystem, Fuhrman & Noble (1995) suggested
that viruses and microzooplankton grazing contributed
equally toward the nearly 100% daily turnover of
bacteria, while other aquatic studies have reported
close to 100% turnover of bacteria with a higher
percentage of mortality attributed to zooplankton than
viruses (Bettarel et al. 2003, Choi et al. 2003, Jacquet et
al. 2005). Regardless of any detailed differences from
other works, our results demonstrate the critical roles
viruses and bacterivorous protists play in regulating
populations of heterotrophic bacteria in Lake Erie.
Viral mortality of bacteria in the epilimion was significantly lower than in the hypolimnion (Fig. 5), and
there was a significant inverse correlation between
viral mortality and levels of dissolved oxygen (r =
–0.54, p < 0.05). These results are consistent with those
of Weinbauer & Höfle (1998), who detected higher
rates of viral mortality in the hypolimnion than in surface water. Viruses can be deactivated by UV radiation
in surface waters of aquatic ecosystems (Wilhelm et al.
1998), which may account for reduced viral abundances in shallow layers (Wilhelm et al. 2003) and perhaps for the lower levels of viral mortality in bacteria in
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surface waters than in the hypolimnion. Higher rates of
viral lysis in the hypolimnion may also enhance dissolved organic matter production (Gobler et al. 1997),
which in turn may stimulate the growth of uninfected
heterotrophic bacterioplankton (Noble et al. 1999) and
potentially increase oxygen consumption rates. However, assuming a bacterial C content of 20 fg cell–1 (Lee
& Furhman 1987) and a mean bacterial standing stock
of 6.2 × 108 l–1 (Table 1), the daily viral lysis of 10% of
the bacterial community per day in the hypolimnion
(Table 3) over the 3 mo period of stratification (Wilhelm
et al. 2006) would release only enough C to cause an
oxygen demand of ~0.1 mg l–1.
Finally, it is plausible that the prevailing hypoxic
conditions in Lake Erie’s hypolimnion during late summer and early fall may facilitate interactions and feedback among viruses, grazers and bacterial populations.
In some freshwater systems, rates of viral infection of
bacteria can increase in the presence of enhanced flagellate bacterivory (2imek et al. 2001, Weinbauer et al.
2007). As such, the shift in hypolimnion grazing during
hypoxia towards a dominance of bacterivory may, in
turn, promote viral infection and lysis of bacterial populations (2imek et al. 2001, Weinbauer et al. 2007). If
this does occur, it may also create a positive feedback
loop with summer hypoxia enhancing bacterivory,
which enhances viral lysis, both of which could promote bacterial oxygen consumption and further promote hypoxia.
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