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Abstract

Bacterioplankton community composition (BCC) was
monitored in a shallow humic lake in northern Wis-
consin, USA, over 3 years using automated ribosomal
intergenic spacer analysis (ARISA). Comparison of AR-
ISA profiles of bacterial communities over time indicated
that BCC was highly variable on a seasonal and annual
scale. Nonmetric multidimensional scaling (MDS) anal-
ysis indicated little similarity in BCC from year to year.
Nevertheless, annual patterns in bacterioplankton com-
munity diversity were observed. Trends in bacterio-
plankton community diversity were correlated to annual
patterns in community succession observed for phyto-
plankton and zooplankton populations, consistent with
the notion that food web interactions affect bacterio-
plankton community structure in this humic lake. Bac-
terioplankton communities experience a dramatic drop
in richness and abundance each year in early summer,
concurrent with an increase in the abundance of both
mixotrophic and heterotrophic flagellates. A second drop
in richness, but not abundance, is observed each year in
late summer, coinciding with an intense bloom of the
nonphagotrophic dinoflagellate Peridinium limbatum. A
relationship between bacterial community composition,
size, and abundance and the population dynamics of
Daphnia was also observed. The noted synchrony be-
tween these major population and species shifts suggests
that linkages across trophic levels play a role in deter-
mining the annual time course of events for the microbial
and metazoan components of the plankton.
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Introduction

Microbes are important for ecosystem function [14, 37,
65], but microbial activity levels and population
dynamics are embedded in a web of changing ecological
and biological relationships. Whereas the seasonal
dynamics of phytoplankton and zooplankton popula-
tions in pelagic ecosystems have been well characterized
[62], the diversity and population dynamics of bacte-
rioplankton are poorly understood, as are the factors that
contribute to changes in bacterial community composi-
tion (BCC). Mesocosm studies have shown that indi-
vidual bacterial populations are highly dynamic and can
differ strongly in their response to resource availability
(in particular, organic carbon and inorganic nutrients
such as nitrogen and phosphorus) and to food web
structure [20, 40, 41, 56]. Previous work by Crump et al.
[15] demonstrated that shifts in BCC were related to
seasonal cycles in the source and lability of dissolved
organic matter. Similarly, succession in marine bacte-
rioplankton assemblages occurred in response to seasonal
shifts in water column stability and water temperature,
suggesting that BCC may demonstrate an annual pattern
of variability [48]. Other studies have demonstrated
relationships between BCC and seasonal dynamics of
other members of the aquatic food web [2, 18, 27, 30].
None of these studies examined BCC dynamics over
multiple years, however, making it unclear whether the
observed patterns of BCC change were repeated on an
annual basis.

Repeating patterns in BCC could be due to a variety
of factors. Aquatic systems undergo fairly predictable
variations in physical parameters and resource avail-
ability on an annual scale [63], and changes in BCC
could be due to the evolving resource base (i.e., “bot-
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tom up” influences [4, 7, 8, 20, 25, 42]). In addition,
the seasonal dynamics of phytoplankton and zoo-
plankton communities have been well characterized in
temperate lake ecosystems [61], and bacterioplankton
communities could be influenced by interactions with
these planktonic communities. These interactions could
include predation by protozoan, metazoan, and flagel-
late grazers [1, 3, 9, 10, 27, 35] and mutualisms with
phytoplankton [2, 67]. Algal and bacterial competition,
physical factors, and life cycle adaptations have also
been shown to induce changes in bacterial communities
[25, 27, 50, 59, 60, 68]. Humic lakes represent good
systems in which to study these mechanisms, as the
general absence of planktivorous and piscivorous fish in
these lakes results in trophic interactions that are less
complex than in eutrophic or oligotrophic lakes. Several
studies have reported on the abundance and produc-
tivity of bacterial communities in humic lakes [3, 19, 55,
57], but few studies have examined BCC or explored the
relationship between changes in BCC and changes in
other biological and ecological parts of the lake system
[43, 44, 70].

A recent study conducted in three temperate lakes,
including a humic lake, suggested that lake bacterial
communities undergo seasonal patterns of change that
repeat on a yearly basis [70]. BCC in the humic lake
changed dramatically over the course of the summer, and
the summer communities displayed remarkable and
periodic drops in bacterial richness. However, the factors
related to this pattern of summer change were not ex-
plored. Here the chemical and biological factors associ-
ated with BCC in a humic lake over the course of three
consecutive summers are explored. Particular focus is on
the two annual summer bacterial richness minima. Spe-
cifically, lines of evidence related to four potential
explanations for the observed changes are examined.
These include the following: (1) patterns of change are
due to species interactions within the bacterial commu-
nity (i.e., classical succession); (2) patterns of change are
due to temporal shifts in the availability of organic and
inorganic resources; (3) patterns of change are due to the
top-down influence of grazing organisms; and (4) pat-
terns of change are due to succession in the phyto-
plankton community [24]. Consideration of these
potential explanations should help shed light on the
important biological and ecological interactions that
shape bacterial communities in lakes.

Materials and Methods

Study Sites and Sample Collection. ~ Crystal Bog Lake
is a shallow humic lake located in the Northern High-
lands State Forest in Vilas County, Wisconsin (89° 36" W
long, 46° N lat). This lake is surrounded by an extensive
Sphagnum mat, from which it receives large inputs of
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DOC. Crystal Bog Lake is part of the North Temperate
Lakes Long-Term Ecological Research (NTL-LTER)
program [45] (http://lter.limnology.wisc.edu). Detailed
chemical and physical limnological data for this lake were
made available by the NTL-LTER. Data used for this
study include monthly measures of total nitrogen, nitrate,
nitrite, ammonia, and total phosphorus, and biweekly
measures of chlorophyll. Complete methodology and
data may be accessed at http://Iterquery.limnology.wisc.
edu.

Sample collection for 2000 and 2001 was done as
described by Yannarell et al. [70]. Briefly, integrated
epilimnetic samples were collected biweekly during the
ice-free season from a station at maximum depth using
an integrated water column sampler. Bacteria present in
these samples were concentrated in aliquots of 250-500
mL onto 0.2-pum filters (Supor-200; Gelman). Filters were
frozen immediately in liquid nitrogen and stored at
—80°C, awaiting DNA extraction using the FastPrep DNA
purification kit (BIO101). In addition, 250 mL of unfil-
tered water was preserved in 2% glutaraldehyde for the
determination of phytoplankton identity and abundance,
and also for enumeration of bacterioplankton and het-
erotrophic nanoflagellates.

Sampling effort increased in 2002. Samples were
collected approximately every other day throughout the
summer (20 May—-15 Aug). During periods of rapid
changes in planktonic communities (early June), samples
were collected daily.

Planktonic Community Composition

Bacterioplankton.  Bacterial community composition and
diversity was assessed using automated ribosomal inter-
genic spacer analysis (ARISA) [21]. PCR reactions con-
tained PCR buffer consisting of 50 mM Tris (pH 8.0),
250 pg of bovine serum albumin per mL, and 3.0 mM
MgCl1, (Idaho Tech); 250 uM of each dANTP, 10 pmol of
each primer, 1.25 U of Taq polymerase (Promega), and 1
UL of lake-extracted DNA in a final volume of 25 puL. The
primers used for ARISA were 1406f, 5° TGYACA-
CACCGCCCGT 3’ (universal, 16S rRNA gene), and 23Sr,
5" GGGTTBCCCCATTCRG 3’ (bacteria-specific, 23S
rRNA gene). The 1460f primer was labeled at the 5" end
with the phosphoramidite dye 6-FAM. PCR was carried
out in an Eppendorf MasterCycler Gradient (Eppendorf)
with an initial denaturation at 94°C for 2 min, followed
by 30 cycles of 94°C for 35 s, 55°C for 45 s, and 72°C for
2 min, with a final extension carried out at 72°C for 2
min.

Denaturing capillary electrophoresis was carried out
for each PCR reaction using an ABI 310 Genetic Analyzer
(PE Biosystems). Electrophoresis conditions were 60°C
and 15 kV with a run time of 50 min using the POP-4
polymer. A custom 100- to 2000-bp Rhodamine X-la-
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beled size standard (Bioventures) was used as the internal
size standard for each sample. ARISA profiles were ana-
lyzed using GeneScan 3.1.2 (Applied Biosystems) and
aligned using Genotyper 2.5 (Applied Biosystems). To
include the maximum number of peaks while excluding
background fluorescence, a fluorescence cutoff of 500
fluorescence units was used.

To determine bacterial abundance, cells were stained
with 4’, 6’-diamidino-2-phenylindole (DAPI) and
counted on black 0.2-um PCTE filters using a Nikon
Diaphot epifluorescence microscope [52]. A subset of
the Whipple grid that contains ~30 cells was selected for
counting. Ten random Whipple grids were counted per
slide on two perpendicular transects. Detailed informa-
tion on bacterial enumeration is contained in the on-
line methods manual for the Microbial Observatory for
the North Temperate Lakes Long Term Ecological
Research (NTL-LTER) site (http://microbes.limnol-
ogy.wisc.edu/methods.htm). In 2001 and 2002, more
detailed data on bacterial abundance were collected. In
addition to total abundance, filamentous bacteria (de-
fined as elongated single cells >5 pm in length; colonies
of cells arranged end-to-end were not observed in the
counts and thus were not enumerated as filamentous
bacteria) were counted. Bacteria classified as filamentous
are presumed to be less accessible to flagellate grazing
[16, 40].

Phytoplankton. Volumes ranging from 10 to 25 mL
of preserved sample were settled in chambers for at least
24 h prior to counting. Counting was performed on an
Olympus IX-50 inverted microscope at 200X and 400x.
Actual volume counted varied from 5 to 25 mL
depending on the density of algae and protozoa. Identi-
fications of dominant phytoplankton species were
determined by established methods [53, 57, 65]. Identi-
fications were made to species where possible. For sam-
ples collected in 2000, ~10 individuals were measured for
size with a calibrated ocular micrometer. Volumes were
calculated based on standard geometric formulas [28]. A
mean cell, colony, or filament volume was calculated for
each species. Biovolume values calculated for each species
in 2000 were applied to samples collected in subsequent
years. Abundance of each species was expressed as cells
per liter and biovolume per liter.

Zooplankton and Heterotrophic Nanoflagellates. Zoo-
plankton samples were collected biweekly with a mod-
ified Schindler-Patalas trap (53-pum mesh) at a station of
maximum depth, preserved in 80% ethanol, identified,
and enumerated (complete methodology and data
available at http://Iterquery.limnology.wisc.edu). Het-
erotrophic nanoflagellates were visualized with DAPI
and enumerated on black 0.8-um PCTE filters as de-
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scribed in the on-line methods manual for the Microbial
Observatory of the NTL-LTER (http://microbes.limnol-
ogy.wisc.edu/methods.htm).

Data Analysis. ~ ARISA profiles were transformed to a
binary array, indicating the presence or absence of each
fragment in individual samples. ARISA profiles were
compared using the Sorenson index of similarity (C)
[20, 46]. A similarity matrix was generated in which the
Sorenson’s index was determined for all possible pairs of
sample dates for all ARISA profiles generated in 2000,
2001, and 2002. This matrix was used to generate non-
metric multidimensional scaling (MDS) plots for the 3-
year dataset and for individual years. The MDS method
attempts to place the samples in a plot so that the rank
order of the distances between the samples in the plot
exactly agrees with the rank order of the samples from the
similarity matrix. A stress coefficient is calculated for
each plot to reflect any lack of agreement between the
plot and the actual rank order of each sample [70]. This
ordination results in a visual representation of the simi-
larity of species composition over the three-year sampling
period.

Analysis of similarity (ANOSIM), as described by
Clarke and Green [11, 12], was used previously to dis-
tinguish lake samples [70] and to determine the annual
differences in lake bacterial communities. Sample ARISA
profiles were grouped according to the year in which they
were collected, and ANOSIM was used to test the
hypothesis that communities from samples collected in
the same year were more similar to each other than to
communities in different years. ANOSIM generates a test
statistic, R, with a value between -1 and 1. The magnitude
of R is indicative of the degree of separation between
groups, with a score of 1 indicating complete separation
and 0 indicating no separation; negative numbers (which
would indicate that samples from different groups were
more similar than those in the same groups) are rare [11,
12]. Monte-Carlo randomization of group labels was
used to generate null distributions in order to test the
hypothesis that within-year similarities were higher than
would be expected if sample ARISA profiles were
grouped at random.

Time series plots were constructed showing trajec-
tories of change for ARISA fragment richness (a proxy
here for bacterial species richness), bacterial abundance,
Daphnia abundance, nanoflagellate abundance, abun-
dances of various important algal species, and the con-
centrations of chlorophyll a and various organic and
inorganic nutrients. These plots were compared to
determine if nutrient concentration, algal abundance, or
grazer abundance changed in tandem with bacterial
richness and/or abundance, and to determine if the
relationships or the patterns of change were consistent in
all 3 years.
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Results
Bacterioplankton Community Dynamics

Bacterioplankton Community Composition. The ARISA
profiles generated from Crystal Bog Lake bacterioplank-
ton communities exhibited a great deal of variability
within each year (Fig. 1). The MDS plot of 2002
(Fig. 1c), showed a clear picture of bacterioplankton
community succession over the summer months. In
2002, the bacterioplankton communities were sampled
on a finer temporal scale than in earlier years. In each
year, however, BCC was quite variable during the sum-
mer, while the communities observed in spring and fall
showed less dramatic changes (indicated as clusters of
sample dates).

Bacterial community composition showed a great
deal of variability over the three-year period of observa-
tion. Of the 127 ARISA fragments detected in this lake
over 3 years, 42% were detected in all 3 years. In addition,
most of the peaks present in all years did not show the
same seasonal distribution from year to year. Thus, al-
though a subset of fragments persisted from year to year,
there was no annual pattern that was apparent in the
succession of bacterial species assemblages (Fig. 2).
ANOSIM showed a higher similarity for samples within
any given year (R = 0.583, p < 0.001) than for samples
among different years. Pairwise comparisons were all
significant (p < 0.001), and R statistics for communities
in 2000 vs 2001, 2000 vs 2002, and 2001 vs 2002 were
0.268, 0.521, and 0.727, respectively.

Bacterioplankton Species Richness. Bacterioplankton
species richness showed annual patterns of variation.
Within each year, ARISA fragment richness was generally
high in spring, but exhibited a great deal of variability
throughout the summer months. The summer period
was marked by dramatic drops in fragment richness in
mid- to late June and again in late summer (generally
August, although the richness minimum occurred in
early September in 2001) (Fig. 3). The most dramatic of
these declines in richness was observed on 28 June 2000,
where ARISA detected no dominant populations of
bacterioplankton (Fig. 3A). This result was confirmed by
generation of multiple ARISA profiles from replicate fil-
ters collected on this sample date. This spring decline in
richness was observed again in 2001 (14 June) and in
2002 (10 June). The annual late summer drop in ARISA
fragment richness was first observed on 8 August 2000, 5
September 2001, and 8 August 2002.

Bacterioplankton Abundance. An annual minimum
in bacterioplankton abundance was observed each year in
June (Fig. 3B). This decline in abundance coincided with
the early summer decline in ARISA fragment richness. In
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Figure 1. MDS plots for ARISA profiles collected from Crystal Bog
each year. Because plots were generated from separate ordinations,
absolute distances on different plots cannot be considered equal.

Sample dates are indicated next to each point. (A) Profiles for the
year 2000. Stress = 0.09. The point representing the June 28 sample
was excluded from this plot because it was dramatically different

from other time points (Sorenson’s index is 0 for all comparisons).
MDS would have plotted this point at an infinite distance from the
other points in a random direction. Omission of this point allows
better visualization of variability among the other ARISA profiles.
(B) Profiles for the year 2001. Stress = 0.1. (C) Profiles for the year
2002. Stress = 0.1.
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Figure 2. MDS plots for ARISA profiles collected from Crystal Bog
over 3 years. Samples collected in 2000 are represented by gray
triangles, 2001 samples are black triangles, and 2002 samples are
white squares. Stress = 0.15. In order to better visualize the vari-
ability among ARISA profiles, the profile generated from the 28
June 2000 sample was omitted from this ordination.

2001 and 2002, data were also gathered on the abundance
of filamentous bacteria (cells > 5 um). In both of these
years, a peak in the percentage of filamentous bacteria
was observed in early summer: 31 May in 2001, and 27
May in 2002 (with another peak on 7 June). Abundance
of filamentous bacteria (both absolute numbers and as a
percentage of total bacteria) was much lower for sample
dates later in the summer and fall (Fig. 3B).

Phytoplankton Community Dynamics.  Although an-
nual patterns in bacterial community composition were
not apparent from the ARISA profiles, examination of
the phytoplankton community did reveal annual trends.
In general, the spring and early summer phytoplankton
communities were dominated by the nonphagotrophic
dinoflagellate species Peridiniopsis quadridens. A brief
bloom of the mixotrophic chrysophyte, Dinobryon, was
also a repeated feature of the phytoplankton community
each summer, peaking on 28 June in 2000, 30 May in
2001, and on 27 May and 6 June in 2002 (Fig. 3D). Di-
nobryon seratularia was the dominant Dinobryon species
each year, but Dinobryon bavaricum and Dinobryon div-
ergens were also present.

The phytoplankton communities observed at mid-
summer were more variable when comparing composi-
tion among years, but often a bloom of Cryptomonas was
observed. Dinoflagellates Gymnodinium fuscum and Pe-
ridinium limbatum dominated late summer and fall
phytoplankton communities each vyear. Peridinium
limbatum alone accounted for nearly 90% of the total
phytoplankton biovolume each August in this humic lake
(Fig. 3E).

The spring bloom of Dinobryon coincides with the
spring drop in bacterial species richness and total abun-
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dance observed in each year (Fig. 3). The abundance of
filamentous bacteria is also positively correlated (Pearson
r = 0.69) with the abundance of this mixotrophic fla-
gellate (Fig. 3B,D). The late summer drop in bacterial
community richness observed each year occurs during
the annual Peridinium bloom (Fig. 3A,E).

Chlorophyll.  Chlorophyll measures are included as
an approximation of total phytoplankton abundance and
also as an indicator of energy inputs into the system
through primary productivity. Chlorophyll levels in all
three years peak early each summer in late May or June,
and again in August (Fig. 3F). These peaks represent the
early summer bloom of dinoflagellates and chrysophytes,
and the intense late summer bloom of Peridinium limb-
atum. A midsummer chlorophyll peak was also observed
in 2002.

Zooplankton Community Dynamics. As in other tem-
perate lakes, an annual pattern of Daphnia abundance is
observed in Crystal Bog Lake. Daphnia populations
experience an annual peak in abundance early summer:
14 June in 2000, 11 July in 2001, and 18 June in 2002
(Fig. 3C).

Daphnia maxima are associated with increased bac-
terial abundance (Fig. 3), as well as a decrease in fila-
mentous bacteria (Figs. 3B and 3C) in 2001 and 2002.
The relationship with bacterial abundance is less clear in
2000 where the Daphnia peak preceded the Dinobryon
peak. In 2001 and 2002, the peak in Daphnia abundance
also coincided with a drop in Dinobryon abundance
(Figs. 3C,D).

Nutrient Dynamics

Nitrogen. Nitrate, ammonia, and total filtered nitrogen
all declined through April and May 2000, reaching a
minimum in early June (Fig. 4A,B). The early summer
minimum in bacterial community richness occurred
during a peak in nitrate and ammonia measures in late
June (Figs. 3A and 4A). After this point, the nitrogen
measures returned to stable, low values for the remainder
of the summer. In 2001, nitrate and ammonia both de-
clined throughout the spring, along with the bacterial
community richness (Figs. 3A and 4A). Ammonia levels
remained low throughout the summer, but nitrate levels
were variable. Nitrate (along with bacterial community
richness) increased in midsummer and experienced a late
summer minimum. Total nitrate was high during both
the early and later summer declines in bacterial com-
munity richness (Figs. 3A and 4B). In 2002, all nitrogen
measures were low during the early summer decline in
bacterial diversity. Ammonia remained low throughout
the summer, but nitrate and total filtered nitrogen
were high during the late summer diversity minimum
(Figs. 3A and 4A,B).
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Figure 4. Time series of nutrients in Crystal Bog. Ammonia (solid line) and combined nitrate and nitrite (dashed line) (A), total nitrogen

(B), total phosphorus (C), and dissolved organic carbon (D).

Phosphorus.  Phosphorus (P) levels in 2000 were
generally low and did not fluctuate greatly, but decreased
somewhat in August and September (Fig. 4C). There are
no patterns that correspond to the dynamics of planktonic
communities in Crystal Bog Lake for this year (Fig. 3).
Total phosphorus is high during the declines in bacterial
community richness in 2001. Phosphorus levels are
strongly correlated with total nitrogen (r = 0.93), and both
of these measures are correlated with chlorophyll measures
in 2001 (r = 0.85 for total nitrogen, and r = 0.72 for total
phosphorus) (Figs. 3F and 4A,C). No strong correlations
between phosphorus and total nitrogen dynamics are ob-
served in 2002 (r = 0.38), though all measures are low
during the early summer clear water phase (18 June 2002)
and higher in midsummer. A midsummer peak in these
measures corresponds to the midsummer chlorophyll
peak. In 2002, the phosphorus levels are declining as bac-
terial community diversity reaches a minimum in both
early and late summer (Figs. 3A and 4C).

Dissolved Organic Carbon. Crystal Bog Lake receives
large inputs of dissolved organic carbon (DOC) from the
extensive Sphagnum mat that surrounds the lake. The
terrestrial inputs of DOC are supplemented by autoch-
thonous production of organic matter in the ice-free
season. As a result, this humic lake has high levels of
dissolved organic carbon (DOC). DOC concentrations
are stable for each of the 3 years (Fig. 4D), and DOC
concentration does not appear to correspond to
dynamics of planktonic populations (Fig. 3).

Discussion

Annual Patterns in BCC.  There were repeated annual
patterns in the seasonal dynamics of bacterial commu-
nities observed in this humic lake, despite the interannual
differences observed in the composition of bacterial
communities. Each year bacterial community composi-
tion was relatively stable in the early spring and fall, while
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summer bacterial communities experienced rapid chan-
ges in species richness and abundance. Bacterial com-
munities experienced two minima in species richness
each year. The timing of these periods of low diversity
was consistent from year to year, occurring in early
summer (typically June), and again in late summer
(August or early September). Minima in bacterial abun-
dance and shifts in the proportion of filamentous bacteria
each summer also showed an annual pattern. The
observation that the bacterial communities in this lake
are experiencing similar patterns of change each year
even though the community composition differs greatly
suggests that interactions among bacterial species are not
the primary factor in determining seasonal changes in
bacterial community structure. Drivers external to the
bacterial community may be acting to structure the
bacterial community.

Biological and Ecological Factors That Influence BCC
on an Annual Basis. ~ The aquatic food web has many
linkages to the bacterioplankton community. Grazing by
protozoan, metazoan, and flagellate populations provides
“top-down” control of bacterioplankton community
abundance [3, 9, 10, 27, 35]. Through selective grazing on
particular size fractions or actively growing populations
of bacteria, these grazer populations are also able to
influence bacterioplankton community composition [26,
27, 40]. At the same time, the quantity and quality of
available resources affects bacterioplankton abundance
and growth rates (“bottom-up” control) [15, 23, 49, 50].
Previous studies have suggested that DOC composition
(which changes as a result of phytoplankton community
succession) may influence BCC [2, 15, 67]. Much of this
evidence has been generated in mesocosm studies [42,
67], or in marine [2] or eutrophic freshwater [30, 32, 49]
systems. Fewer studies have examined BCC in relation to
factors that influence bacterial community dynamics in
humic lake ecosystems, and multiyear studies of BCC in
any aquatic system are rare. Our 3 year study of microbial
communities in a humic lake explores the relationship
between the patterns of change in BCC and the dynamics
of other planktonic communities and environmental
factors.

Resource Availability. Changes in resource avail-
ability influence aggregate measures for assessing bacte-
rioplankton communities, such as abundance and
activity [41, 50]. Since individual bacterial populations
differ in their response to nutrient fluctuations [20], re-
source availability affects BCC as well. Nitrogen (N) and
phosphorus (P) levels in Crystal Bog Lake can vary
substantially within each year (Fig. 4), and while levels of
these nutrients may exert an influence on BCC and
bacterioplankton dynamics, there are no consistent an-
nual patterns in N and P concentrations that can be
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correlated with the observed annual patterns in bacterial
community dynamics. DOC levels in this lake are stable
and are not correlated to changes in bacterial community
richness. However, the stability in DOC concentration
over time may mask seasonal changes in DOC lability
due to succession in the phytoplankton community [2,
15, 67]. There may be seasonal or annual patterns in
DOC quality that correspond to bacterioplankton
dynamics. In addition, the observed DOC values may
merely reflect levels of recalcitrant DOC that are stable
over time and may not be a good measure of the
dynamics of more labile forms that are readily utilized by
bacterial populations. Changing quantity and composi-
tion of this labile dissolved organic matter over time may
play an important role in determining the structure of
bacterioplankton communities [13, 15, 19, 69].

Grazing. The annual drop in bacterial abundance in
early summer, concurrent with the shifts in ARISA
fragment richness and diversity in Crystal Bog Lake, is
consistent with the idea that grazing may strongly
influence bacterioplankton community dynamics in this
humic lake. Changes in the proportion of filamentous
bacteria, presumed to be less vulnerable to flagellate
grazing [16, 40], coincide with rapid changes in BCC.
This observation offers further evidence that grazing may
be a mechanism that influences BCC dynamics and
community structure in this environment. An annual
bloom of the mixotrophic flagellate Dinobryon coincides
with or closely precedes the drop in bacterial community
richness and abundance each year (Fig. 3B,D), along with
a peak in the abundance of heterotrophic nanoflagellates
(Fig. 3G). The abundance of potential bacterivores
coinciding with the drop in bacterial abundance suggests
a causal relationship [5, 6, 17, 29, 31, 33, 35, 40, 53, 66].
The increase in the proportion of filamentous bacteria
may also indicate predation by flagellates. The abundance
of Dinobryon and heterotrophic nanoflagellates is posi-
tively correlated with the proportion of filamentous
bacteria for 2001 and 2002 (r = 0.77 for Dinobryon, and
r = 0.82 for heterotrophic nanoflagellates). The data
collected in 2002 suggest that changes in grazing pressure
can rapidly induce compensatory changes in bacterial
morphology that result in the formation of a size refuge
from grazing (Fig. 3B,D). Shifts in cell morphology have
been suggested as a mechanism to buffer bacterioplank-
ton populations against large fluctuations in abundance
[34]. The dramatic reduction in bacterial abundance in
early summer each year may indicate that the flagellate
grazer dynamics in this humic lake are able to outpace
the ability of the bacterioplankton to shift to a grazing-
resistant morphology.

This rapid change in bacterioplankton community
abundance has consequences for bacterial community
diversity. The number of ARISA fragments detected
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during these drops in bacterioplankton abundance is also
reduced (Fig. 3A), and the bacterial community com-
position observed during these periods is distinct from
that observed on other dates (Fig. 1). BCC profiles ob-
served during the early summer minima in richness and
abundance each year do not show a great deal of simi-
larity to each other [Sorenson’s index (C,)= 0 for com-
parisons of communities observed in 2000 with either
2001 or 2002; C, = 0.15 for 2001 compared to 2002],
even though the bacterial community richness shows a
consistent annual pattern with respect to flagellate grazer
population dynamics.

Predation is a major force in structuring the orga-
nization of aquatic food webs and determining the spe-
cies composition of the different trophic levels. The
absence of planktivorous fish in this humic lake allows
large zooplankton to play a dominant role in the food
web. The cladoceran genus Daphnia in particular can
have a major impact on the microbial food web [9, 35,
40]. Both mixotrophic and heterotrophic flagellate
abundance declines as Daphnia populations increase in
2001 and 2002, likely due to Daphnia predation on the
flagellate populations [1, 8, 9, 35, 40]. This suggests that
bacterial communities may be released from flagellate
grazing by the increase in cladoceran abundance [40, 58].
In these years, increased bacterioplankton abundance was
also correlated with an increase in the Daphnia popula-
tion. In addition, the proportion of filamentous bacteria
declined as the Daphnia population increased. Results
from previous studies suggest that such a shift in bacterial
cell size correlated to Daphnia population dynamics may
be an indirect effect due to the suppression of popula-
tions of flagellate grazers or a direct effect of cladocerans
grazing more efficiently on bacterial aggregates [35, 36],
or both. Similarly, the increase in bacterial abundance
that coincides with increased Daphnia abundance may
represent a combination of direct and indirect effects,
including release from flagellate grazing [22, 27, 34-36]
and regeneration of nutrients after consumption of
phytoplankton [39, 47]. Bacterial community richness
also recovers as the Daphnia population peaks, though
the community composition observed during this period
is distinct from the BCC observed preceding the flagellate
grazing (Fig. 1). In addition, the bacterioplankton com-
munities present as the Daphnia population peaks are not
similar from year to year (C; = 0.43 for communities
observed during the peak in Daphnia abundance in 2000
compared with 2001, C; = 0.17 for 2000 compared to
2002, and C; = 0.42 for 2001 compared to 2002).

Phytoplankton Succession. The humic lake that is the
focus of this study experiences an intense dinoflagellate
bloom in late summer each year. A dramatic drop in
bacterioplankton community richness coincides with this
bloom each summer. This is in contrast to BCC
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dynamics reported in freshwater eutrophic or marine
systems [2, 30], where bacterioplankton communities
were more diverse during phytoplankton blooms. The
phytoplankton community diversity in Crystal Bog Lake
is very low at this time as the biomass of these late
summer blooms overwhelmingly consists of a single
dinoflagellate species [24]. Previous studies indicate that
a more diverse phytoplankton community may support a
more diverse bacterioplankton community [2, 30, 67].
The low richness observed in the bacterioplankton
community each summer may reflect the subset of the
bacterioplankton population that is best adapted to take
advantage of the specific substrate offered by Peridinium
limbatum. It is interesting to note, however, that the
bacterioplankton communities present during this late
summer dinoflagellate bloom are different each year
(Cs = 0 for BCC observed during the peak of the Pe-
ridinium bloom in 2000 compared with 2001, C; = 0.31
for 2000 compared to 2002, and C; = 0.49 for 2001
compared to 2002).

Mixotrophy has also been reported for some dino-
flagellate species, including some Peridinium species [64].
Although mixotrophy may contribute to the decline in
bacterioplankton community richness observed in early
summer in this lake, those shifts are accompanied by
shifts in bacterioplankton abundance and morphology.
Such changes are not observed during the fall drop in
ARISA fragment richness, discounting the likelihood of
mixotrophy by this particular Peridinium species.

Conclusions

The current study explored a number of factors that may
potentially influence bacterioplankton community
structure and population dynamics across years. No re-
peated patterns in bacterial community succession were
observed, suggesting that species interactions within the
bacterioplankton were not an important driver of bac-
terioplankton dynamics. While availability of resources
affects the growth rate and abundance of individual
bacterial populations [50, 60], there were no consistent
annual patterns in concentrations of N and P that would
suggest an important role for resource availability in the
determination of bacterioplankton dynamics on an an-
nual basis. The strongest correspondence was observed
between bacterioplankton dynamics and biological fac-
tors such as the abundance of flagellate grazers and an-
nual recurrence of intense dinoflagellate blooms.
Correlations between the dramatic changes observed for
the bacterioplankton community and the dynamics of
other planktonic populations were consistent over 3
years. These data are consistent with the interpretation
that trophic interactions are the dominant force influ-
encing bacterioplankton dynamics in this humic lake.
Degradation of organic matter and remineralization of
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nutrients are related to bacterioplankton community
composition [49, 51, 54]. Thus, dramatic shifts in bac-
terial community richness and abundance may result in
the loss of taxa responsible for specific processes. Con-
sequently, the ecosystem may experience shifts in re-
source utilization patterns that can affect communities at
higher trophic levels [38].
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