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FABstract

Despite considerable attention in recent years, the composition and dynamics of lake bacterial
communities over annual time scales are poorly understood. This study used automated ribo-
somal intergenic spacer analysis (ARISA) to explore the patterns of change in lake bacterial
communities in three temperate lakes over 2 consecutive years. The study lakes included a humic
lake, an oligotrophic lake, and a eutrophic lake, and the epilimnetic bacterial communities were
sampled every 2 weeks. The patterns of change in bacterial communities indicated that seasonal
forces were important in structuring the behavior of the bacterial communities in each lake. All
three lakes had relatively stable community composition in spring and fall, but summer changes
were dramatic. Summertime variability was often characterized by recurrent drops in bacterial
diversity. Specific ARISA fragments derived from these lakes were not constant among lakes or
from year to year, and those fragments that did recur in lakes in different years did not exhibit
the same seasonal pattern of recurrence. Nonetheless, seasonal patterns observed in 2000 were
fairly successful predictors of the rate of change in bacterial communities and in the degree of
autocorrelation of bacterial communities in 2001. Thus, seasonal forces may be important
structuring elements of these systems as a whole even if they are uncoupled from the dynamics of

the individual system components.
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Lake bacterial communities have long been regarded as
“black boxes” in ecological studies, although the impor-
tance of bacteria in processes such as nutrient cycling is
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well recognized [8, 13, 32]. Bacterial populations can un-
dergo rapid turnover in both time [19, 26, 61] and space
[7, 41, 61, 64], but the composition of bacterial commu-
nities and the dynamics of their changes over longer time
scales are not well understood. This manuscript presents
the results of a 2-year, culture-independent study of bac-
terioplankton community dynamics in three dimictic lakes
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with differing physical, chemical, and biological charac-
teristics. The patterns of change in bacterioplankton
community composition (BCC) in these lakes provide
novel information about the response of aquatic commu-
nities to seasonal changes in lakes. They also provide in-
sights into the repeatability of the cycles of change in BCC.

Culture-independent studies of bacterial communities
allow rapid assessment of changes in community structure
over time and space. Bacterial strains that are readily
culturable with current technology are not necessarily
representative of either the composition or diversity of
natural bacterial communities [5]. In addition, culture-
independent studies provide the only means of obtaining
information about the dynamics of communities in a
natural setting. 16S rDNA-based community fingerprint-
ing techniques such as automated ribosomal intergenic
spacer analysis (ARISA), denaturing gradient gel electro-
phoresis (DGGE), and terminal restriction fragment length
polymorphism (T-RFLP) generate a unique bacterial
community signal from samples of bulk DNA [21, 33, 43,
50]. These community fingerprinting techniques allow
researchers to ask questions about the similarities of dif-
ferent bacterial communities based on the underlying
community composition.

Using a technique similar to ARISA but based on the 58
r-RNA gene, Hé6fle and others [26] demonstrated that the
BCC of a hypereutrophic lake changed rather dramatically
over a period of several months. Several multilake studies
have also shown variation in BCC between different lakes,
even those of similar trophic status [22, 23, 41, 48, 49].
BCC is sensitive to water chemistry parameters that may
remain stable within lakes such as pH, alkalinity, and
major cation concentrations [49]. However, bacterial
communities can respond rapidly to changes that occur on
seasonal scales, such as grazing pressure [24, 28, 31, 40],
viral count [54, 61], algal abundance [30, 55], and nutrient
concentrations [6, 15, 20, 58]. In addition, studies of bulk
community measurements such as bacterial respiration
and secondary production suggest that the activity of the
bacterial community can be strongly dependent on tem-
perature [16, 17, 65], light levels [62, 63], and gross pri-
mary productivity [14, 16]. Thus, patterns of change in
BCC should reflect the effects of stable, lake-specific
characteristics as well as the effects of factors that fluctuate
on seasonal cycles.

Understanding temporal and spatial variability of bac-
terial communities requires frequent sampling from di-
verse locations. The present work examines patterns of
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change in BCC derived from biweekly samples from three
lakes of contrasting trophic status. Specifically, this work
examines whether (1) changes in community composition
in lakes are correlated to seasonal changes in limnological
conditions, such as mixing and thermal dynamics; (2) the
patterns of change are the same in lakes with different
characteristics; (3) the seasonal patterns of change are the
same from one year to the next; (4) the same organisms or
sets of organisms account for these patterns from year to
year or from lake to lake.

Methods

Study Sites and Sample Collection

Three lakes with contrasting chemical, morphometric, and
trophic parameters (Table 1) were selected for study. Lake
Mendota (ME; 89° 24" W long, 43° 06" N lat) is an anthropo-
genically eutrophied lake located in a primarily agricultural wa-
tershed in Southern Wisconsin. Crystal Lake (CR; 89° 37" W long,
46° N lat) and Crystal Bog Lake (CB; 89° 36" W long, 46° N lat)
are situated in Wisconsin’s Northern Highland State Forest in
Vilas County, Wisconsin. CR is an oligotrophic lake with a sandy
bottom, and CB is a shallow humic lake surrounded by an ex-
tensive Sphagnum mat. The oligotrophic and eutrophic lakes are
dimictic lakes, but the humic lake is too shallow to stratify (Table
1). Each of the lakes is a primary study lake of the North Tem-
perate Lakes Long-Term Ecological Research (NTL-LTER) pro-
gram [44].

Water samples for bacterial analyses were collected from each
lake biweekly throughout the ice-free periods of the years 2000
and 2001 and once through the ice in January 2001. Integrated
water samples were collected at the deepest point using a sealable
(via a ball-joint valve) length of Y4-inch PVC pipe. The oligo-
trophic and eutrophic lakes were sampled to a depth equal to the
bottom of the epilimnion or 12 m (whichever was smaller), and
the humic lake was sampled over the full 2-m water column.
Water samples for community analyses were screened through a
10-pum nylon mesh (Spectrum) to exclude the larger eukaryotes;
therefore, all bacterial cells passing through this mesh, including
members of the cyanobacteria, were included in this study. All
samples were cooled on ice for transport back to the laboratory.
In the lab, DNA from 250-500 mL of lake water was concentrated
onto 0.2-pm filters (Supor-200; Gelman). Filters were placed in
cryovials, frozen immediately in liquid nitrogen, and stored at
—80°C until DNA extraction via the FastPrep DNA purification
kit (BIO101).

Single samples were collected on each sampling date in 2000
and January 2001, whereas replicate samples were collected at
each sampling date during the rest of 2001. The replicate samples
from 2001 were 94.74% + 1.47% (mean % SE; n = 45) similar to
each other (as assessed by Sorenson’s similarity; see below), and
thus the authors feel that the lack of replication in the 2000 data
does not preclude its use in this study.
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Selected chemical, morphometric, and biological parameters for the three study lakes for the year 2000*

Lake Mendota) (eutrophic)

Crystal Lake (oligotrophic) Crystal bog lake (humic)

Surface area (ha) 3937.7
Maximum depth (m) 25.3
Mean depth (m) 12.8
Landscape position Low
Total phosphorus (ug L") 39.5-221
Total nitrogen (ug L) 895-3157
DOC (mg L") 5.28-6.67
Chlorophyll a (ug L™") 0.7-23.2
Conductivity (uS) N/M
ANC (peq LY N/M

pH 8.48-8.74

36.7 0.5

20.4 2.5

10.4 1.7

High High
1.5-8.5 11.5-19.67
102-187.5 394-678
1.84-2.23 7.72-9.74
0.27-5.4 3.3-54.1
14 11

16 10
6.48-6.74 5.19-6.17

N/M, not measured

* Ranges are for across the entire year. All values are derived from NTL-LTER database ([35, 57]; http://limnosun.limnology.wisc.edu/lter_lake.html)

Data on the limnological conditions of the lakes, including
water temperature and the depths of various strata, were ob-
tained from the NTL-LTER database [35, 57]. These datasets, as
well as details on the methods used to collect and calculate the
associated parameters, can be found and queried on the World
Wide Web at http://lterquery.limnology.wisc.edu/.

Community Composition of Bacterioplankton

Bacterioplankton diversity and community composition were
assessed by automated ribosomal intergenic spacer analysis
(ARISA), following the method of Fisher and Triplett [21] with
the following modifications. PCR reactions contained 1x PCR
buffer (consisting of 50 mM Tris [pH 8.0], 250 pg of bovine
serum albumin per mL, and 3.0 mM MgCl, [Idaho Tech, Salt
Lake City]), 250 uM (final concentration) of each dNTP, 10 pmol
of each primer, 1.25 U of Taq polymerase (Promega), and 1 pL
of lake-extracted DNA in a final volume of 25 pL. The primers
used were 1406f (universal, 16S rRNA gene; 5-TGYACAC
ACCGCCCGT-3") and 23Sr (bacteria-specific, 23S rRNA gene; 5’-
GGGTTBCCCCATTCRG-3'; [39]). The 1406f primer was labeled
at the 5" end with the phosphoramidite dye 6-FAM. The 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 Biosys-
tems). Electrophoresis conditions were 60°C and 15 kV with a
run time of 50 min using the POP-4 polymer. A custom 200- to
2000-bp Rhodamine X-labeled size standard (Bioventures) was
used as the internal size standard for each sample. ARISA frag-
ment sizes were determined using the local Southern size calling
method in GeneScan 3.1.2 [2]. To include the maximum number
of peaks while excluding background fluorescence, a fluorescence
cutoff of 100 fluorescence units for peak height was used. Because
GeneScan estimates the lengths of fragments to the nearest 0.01
bp, the analyzed community profiles were then aligned using the
help of Genotyper 2.1 [1]. This ensured that ARISA fragments of

the same length were consistently identified with each other
despite minor variations in size calling that occurred from run to
run. Sample community fingerprints were then generated from
the aligned profiles, with each different-sized ARISA fragment
being scored as “present” (1) or “absent” (0) from a sample. The
presence/absence of ARISA fragments, rather than their relative
abundances (i.e., as reflected in the fluorescence), was used be-
cause PCR has been shown to skew the ratio of its products away
from that of the original ratio of templates [51, 59, 60].

Data Analysis

The datasets derived for the present study were multivariate, with
many more variables (ARISA fragments, in this case) than
samples. On any given sample date, there were many more
ARISA fragments scored as absent than as present. These fea-
tures violated several of the assumptions of traditional para-
metric statistics. In particular, the data were not amendable to
transformations to normality. Nonparametric approaches are
more appropriate for datasets with distinctly nonnormal distri-
butions and with a low sample-to-variable ratio [9, 18]. There-
fore, all data analyses utilized in the present study were
nonparametric. Because nonparametric tests have less power
than parametric statistics, reliance upon them may have hindered
the ability to detect significant differences in some cases, and
thus the results presented here may be viewed as conservative.
Mardia and others [46] and McCune and Grace [47] offer a
thorough discussion of this.

Pattern Discovery. The similarity of ARISA profiles from
pairs of sample dates was determined using the Sorenson’s Index
of Similarity [45]. For the 2000 and 2001 datasets, and for each
lake separately, a similarity matrix was prepared in which the
Sorenson’s Index was calculated for all possible pairs of sample
dates. These similarity matrices were used to create nonmetric
multidimensional scaling (MDS) plots for each of the datasets.
MDS is an ordination technique that performs well regardless of
the linearity (or lack thereof) in the relationships between
variables, and it has been shown to faithfully represent the
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relationships inherent in multivariate datasets [47]. MDS at-
tempts to preserve the ranked order of the similarity of any two
sample communities as an inverse function of the distance be-
tween the points representing those communities on the plot
[37]. That is, the two communities with the highest similarity in
the dataset are represented on the plot with the two points that
are plotted closest together, and the two communities with the
lowest similarity are represented on the plot with the two points
located furthest apart. The degree to which the plot matches the
similarity matrix can be judged by examining the stress, defined
here as Kruskal’s stress formula 1 [38], with values less than 0.1
representing good ordinations with little risk of misinterpreta-
tion of pattern [9]. The prepared MDS plots were used to visu-
alize the relationship between the bacterial communities, as
determined by their ARISA profiles, over the range of the sam-
pling period. MDS was performed here using 20 random starting
configurations of sample points, and the final configuration was
assumed to be the optimal one if no other configurations had a
lower stress. In all cases, two-dimensional solutions are pre-
sented here.

Serial Correlation. This test was carried out to determine
whether the observed patterns were the same from lake to lake
and from year to year. Each lake dataset for each year was re-
corded so that sample dates corresponded to the number of
weeks since the observed ice-out date on that lake, and new
similarity indices were generated. The resultant similarity ma-
trices for each lake/year pair were compared using the Spearman
rank correlation coefficient (p). High p-values would suggest that
patterns in different lakes or in the same lake in different years
were very similar. Null distributions for correlation coefficients
were generated by randomly reshuffling the elements of the
similarity matrices. Comparison of the p-values to these null
distributions allowed for the determination of the likelihood that
p-values of the observed magnitude would occur if communities
were randomly distributed in time or space.

Analysis of Similarity (ANOSIM).  Analysis of similarity, as
described by Clarke and Green [9, 11], was used to test hy-
potheses regarding the seasonal differences in lake bacterial
communities. This method is an example of a multi-response
permutation procedure [47]. Sample ARISA profiles were
grouped according to the temperature and stratification state of
the lake on the dates on which they were recovered, and ANOSIM
was used to test the null hypothesis that the within-group simi-
larity was equal to the between-group similarity. ANOSIM gen-
erates a test statistic, R, and the magnitude of R is indicative of
the degree of separation between groups, with a score of 1 in-
dicating complete separation and 0 indicating no separation [9,
11]. Monte-Carlo randomization of the group labels was used to
generate null distributions in order to test the hypothesis that
within-group similarities are higher than would be expected if
sample ARISA profiles were grouped at random.

Because replicate samples in 2001 had a high degree of sim-
ilarity, the inclusion of both replicates in ANOSIM analyses
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would have biased the results, as these would more properly be
considered “pseudoreplicates” [27] for ANOSIM. Therefore,
replicate samples collected on the same date were used to gen-
erate “pooled” ARISA profiles. Only ARISA fragments present in
both replicate samples were considered to be present in the
pooled profile. The pooled ARISA profiles were used for the
generation of all 2001 similarity matrices and for all analyses
conducted on 2001 data.

Identification of Important Pattern-Forming Elements. It
is possible to recreate the pattern inherent in a similarity matrix
with only a subset of the original data [12]; this subset is com-
posed of the most important pattern-forming elements of the
original dataset. The method of Clarke and Warwick [12] was
used to determine which ARISA fragments constituted the most
important pattern-forming elements from each lake/year com-
bination. In brief, this method used an algorithm to assemble
new sample-by ARISA fragment matrices whose calculated sim-
ilarity indices best matched the original similarity matrix, as
determined by Spearman rank correlation coefficient. ARISA
fragments were randomly added and removed from a subset of
fragments until the newly assembled similarity matrix was 95%
correlated with the original similarity matrix, or until the im-
proved fit was less than 0.01%. This process was performed 10
times, beginning with random subsets of 50% of the original
data. The best subset was considered to be the one with the
fewest ARISA fragments that still produced a correlation of >90%
with the original similarity matrix.

To generate lists of the most important pattern-forming
ARISA fragments, this algorithm was applied to each lake/year
dataset. The ARISA fragments identified as the best pattern-
forming elements were then deleted from the dataset, and the
procedure was repeated with the new, modified dataset. This
process continued until the modified dataset failed to produce a
subset of ARISA fragments that was >90% correlated to the
original similarity matrix. The previously deleted ARISA frag-
ments, which had been identified as important pattern-forming
elements, were then assembled into a new dataset. This dataset
was presumed to contain the ARISA fragments whose patterns of
presences and absences contained the most information about
the overall pattern.

All data analyses were performed with the PRIMER 5 for
Windows software suite [10]. The relevant subroutines were
MDS, ANOSIM, RELATE, and BVSTEP.

Results

Comparisons among Lakes and Years

The richness of ARISA fragments differed substantially
across the three lakes (Fig. 1). In general, the profiles from
the humic lake (Crystal Bog) were the poorest in terms of
total number of ARISA fragments. Richness in all three
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Fig. 1. Time series of ARISA fragment richness for the study

lakes. Filled triangles are Crystal Bog Lake (CB; humic), open
squares are Crystal Lake (CR; oligotrophic), and filled circles are
Lake Mendota (ME; eutrophic). (A) Series for the year 2000. (B)
Series for the year 2001.

lakes tended to be higher in the spring and fall months,
with periodic declines to extremely low richness observed
in the summer. These declines were most notable in the
humic lake and the eutrophic lake (Lake Mendota).
Richness in the oligotrophic lake (Crystal Lake) was
comparatively stable in both years (Fig. 1).
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The distribution of ARISA fragments in the lakes is
summarized in Table 2. Roughly 40% of all ARISA frag-
ments identified in this study were unique to one of the
three study lakes. Only 2% of all ARISA fragments were
found in all three lakes and in both years. These frag-
ments, identified here by their estimated size in base pairs,
were 555, 579, 593, 601, 619, 655, 741, 759, 864, 929,
and 950.

The ARISA profiles from the three lakes were readily
distinguished from each other (Fig. 2). In general the var-
iation in ARISA profiles was higher between samples from
different lakes than between samples obtained from the
same lake at different times, and ANOSIM indicated
that samples from each lake were more similar to each
other than to samples from other lakes (Table 3). Samples
from the humic lake showed the greatest variability
in ARISA profiles. There was somewhat greater within-
lake variability seen in profiles from 2001 in all three lakes
(Fig. 2).

The time-
series of change in ARISA profiles from these lakes showed

Seasonal Patterns for Bacterial Communities.

a general pattern of seasonal change (Figs. 3,4,5). Com-
munity composition appeared to be stable in the spring
and the fall, and most of the variability occurred in the
summer, with dramatic changes in composition identified
by large, cross-plot jumps in Figs. 3,4,5. Spring and fall
samples tended to plot close together, but distinct spring
and fall clusters were often identifiable (Figs. 3,4,5).

Table 2. Distribution of ARISA fragments in study lakes
Total fragments Fragments unique to this lake  Fragments in common in these lakes
Year 2000
Crystal 117 49 —
Mendota 137 60 —
Crystal Bog and Crystal — — 35
Crystal Bog and Mendota — — 45
Crystal and Mendota — — 53
All three lakes 237 — 20
Year 2001
Crystal Bog 161 33 —
Crystal 137 20 —
Mendota 195 51 —
Crystal Bog and Crystal — — 77
Crystal Bog and Mendota — — 103
Crystal and Mendota — — 92
All three lakes 273 — 52
Crystal Bog 2000 and 2001 — — 59
Crystal 2000 and 2001 — — 64
Mendota 2000 and 2001 — — 98
All lakes, both years — — 11

Crystal Bog is humic, Crystal is oligotrophic, and Mendota is eutrophic
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Fig. 2. MDS plots for all ARISA profiles collected from the study

lakes. Because plots were generated from separate ordinations,
absolute distances on different plots cannot be considered equal.
Filled triangles are Crystal Bog Lake (CB; humic), open squares
are Crystal Lake (CR; oligotrophic), and filled circles are Lake
Mendota (ME; eutrophic). (A) Profiles for the year 2000.
Stress = 0.13. (B) Profiles for the year 2001. Stress = 0.21.

Comparison of Figs. 3,4,5 with Fig. 2 showed that many of
the dramatic summer shifts in community composition
were associated with dates with lower ARISA fragment
richness. The sole exception to this was the oligotrophic
lake in 2001, for which there was no marked drop in
richness (Fig. 2). Samples from low diversity dates did not
necessarily plot close together (e.g., points f and i in Fig.
3A).

Based on water temperature data and on the patterns
seen in 2000 (Figs. 3A, 4A, and 5A), seasonal phases were
defined for these lakes. For the humic lake (Fig. 3A), it was
determined that the variable “summer” phase included
sampling dates with surface water temperatures greater
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than or equal to 20°C. “Spring” and “fall” phases were
defined to be when the water was cooler than 20°C. For the
oligotrophic lake (Fig. 4A), four phases were defined.
These phases were “spring” (water column mixed), “early
summer” (water column stratified but average epilimnetic
temperature less than 20°C), “late summer” (epilimnetic
temperature greater than or equal to 20°C), and “fall”
(beginning with the deepening of the epilimnion and the
point at which the average epilimnetic temperature
consistently decreased; included fall mixis). For the eu-
trophic lake (Fig. 5A) there were also four phases: “spring”
(mixed water column), “early summer” (stratified water
column but average epilimnetic temperature less than
22°C), “late summer” (lasted until fall mixis), and “fall”
(mixed water column). These criteria were used to place
samples from 2001 into the same categories. In addition,
as some 2001 samples were collected while the lakes were
ice covered, an “ice” phase was added to each lake for
2001.

ANOSIM determined that these criteria successfully
grouped the 2001 samples into separate clusters for
the oligotrophic and eutrophic lakes, but not so for
the humic lake (Table 4). Separation was best for the
oligotrophic lake (global R = 0.525) but was significant for
the eutrophic lake as well. Individual contrasts carried out
for the seasonal phases revealed that many of the phases
were well separated from the phases immediately preced-
ing and following (Table 4), and in most cases there was
good, but not necessarily statistically significant, separa-
tion between temporally distant phases, such as spring and
fall. The low number of replicate samples in some phases,
particularly the ice phases, made statistical inference dif-
ficult because of low power (Table 4).

Serial Correlation. The correlations of the time series for
lakes are shown in Table 5. The 2000 time series from
the oligotrophic lake was significantly, though poorly,

Table 3. ANOSIM (analysis of similarity) statistics for tests involving comparisons of all three lakes

Comparison Sample statistic R Monte-Carlo permutations with scores > R P-value
Year 2000 global test 0.795 0 out of 999 0.001
Crystal Bog vs Crystal 0.718 0 out of 999 0.001
Crystal Bog vs Mendota 0.743 0 out of 999 0.001
Crystal vs Mendota 0.961 0 out of 999 0.001
Year 2001 global test 0.782 0 out of 999 0.001
Crystal Bog vs Crystal 0.604 0 out of 999 0.001
Crystal Bog vs Mendota 0.783 0 out of 999 0.001
Crystal vs Mendota 0.922 0 out of 999 0.001

Crystal Bog is humic, Crystal is oligotrophic, and Mendota is eutrophic
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Fig. 3. MDS plots for ARISA profiles collected from humic Fig. 4. MDS plots for ARISA profiles collected from oligo-

Crystal Bog Lake. Because plots were generated from separate
ordinations, absolute distances on different plots cannot be
considered equal. Consecutive sampling dates have been con-
nected to illustrate the time series. Circles represent samples
collected underneath the ice, upward-pointing triangles represent
spring samples, squares represent summer samples, and dia-
monds represent fall samples. (A) Profiles for the year 2000.
Stress = 0.09. Dates are as follows: a = 17 Apr, b (hidden under
point d) = 1 May, ¢ = 17 May, d = 3 Jun, e = 15 Jun, f = 28 Jun,
g=10Jul, h =28 Jul, i = 8 Aug, j = 22 Aug, k =9 Sep, 1 =18
Sep, m = 2 Oct, n = 18 Oct, 0 = 31 Oct, p = 13 Nov. (B) Profiles
for the year 2001. Stress = 0.10. Dates are as follows: a = 16 Jan,
b =2 May, ¢ = 15 May, d = 30 May, e = 14 Jun, f = 26 Jun,
g=11Jul,h = 24Jul,i = 8 Aug, j = 22 Aug, k = 5 Sep, 1 (hidden
under point n) = 19 Sep, m = 2 Oct, n = 24 Oct, o = 30 Oct.

correlated with the time series from the same lake in
2001, indicating a degree of regularity in the annual pat-
tern of change that occurs in this lake following ice-out. In
2001, the serial patterns observed in the humic lake and in
the oligotrophic were significantly correlated. The mag-
nitude of the correlation coefficient (Table 5) suggested
that a fair degree of synchrony was present in the serial

patterns of change observed in these northern Wisconsin
lakes.

Important Pattern-Forming ARISA Fragments

Certain ARISA fragments were identified as the most im-
portant pattern-forming elements for the three lakes in
2000 and 2001 (Figs. 6,7,8). A total of 221 distinct ARISA
fragments were significant in determining the community

trophic Crystal Lake. Because plots were generated from separate
ordinations, absolute distances on different plots cannot be
considered equal. Consecutive sampling dates have been con-
nected to illustrate the time series. Circles represent samples
collected underneath the ice, upward-pointing triangles represent
spring samples, downward-pointing triangles represent early
summer samples, squares represent late summer samples, and
diamonds represent fall samples. (A) Profiles for the year 2000.
Stress = 0.12. Dates are as follows: a = 16 Apr, b = 3 May, ¢ = 18
May, d = 3 Jun, e = 14 Jun, f =29 Jun, g = 11 Jul, h = 27 Jul,
i=10 Aug, j =21 Aug, k (hidden under point 1) = 10 Sep, 1
(hidden under point m) = 21 Sep, m =5 Oct, n (hidden under
point o) = 19 Oct, o = 15 Nov. (B) Profiles for the year 2001.
Stress = 0.10. Dates are as follows: a = 19 Jan, b = 3 May, c = 10
May, d = 31 May, e = 14 Jun, f = 29 Jun, g = 13 Jul, h = 27 Jul,
i=10 Aug, j = 24 Aug, k (hidden under point m) = 13 Sep,
1 =20 Sep, m =4 Oct, n = 25 Oct.

patterns in these lakes, and this represented less than half
of the total number of ARISA fragments identified in this
study. Thus, roughly half of the ARISA fragments from
this study were involved in structuring the communities in
question. Of these, 55 were found in more than one lake.
In 2000, these fragments, identified here by their estimated
size in base pairs, were 493, 535, 544, 555, 556, 576, 579,
583, 591, 593, 610, 619, 626, 650, 653, 659, 670, 680, 715,
735, 746, 780, 864, 884, and 920. In 2001, these fragments
were 478, 487, 516, 521, 523, 528, 544, 552, 555, 562, 571,
593, 601, 610, 612, 614, 615, 619, 621, 629, 632, 647, 648,
690, 702, 722, 737, 747, 749, 762, 807, 814, 907, 929, and
934. The majority of these fragments did not show the
same seasonal patterns in all of the lakes in which they
occurred. For example, fragment 619, which was found in
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Fig. 5. MDS plots for ARISA profiles collected from eutrophic
Lake Mendota. Because plots were generated from separate or-
dinations, absolute distances on different plots cannot be con-
sidered equal. Consecutive sampling dates have been connected to
illustrate the time series. Circles represent samples collected un-
derneath the ice, upward-pointing triangles represent spring
samples, downward-pointing triangles represent early summer
samples, squares represent late summer samples, and diamonds
represent fall samples. (A) Profiles for the year 2000. Stress = 0.13.
Dates are as follows: a = 15 Mar, b = 30 Mar, ¢ = 14 Apr, d = 27
Apr, e = 11 May, f = 25 May, g =6 Jun, h = 20 Jun, i = 5 Jul,
j=17]Jul,k =1 Aug,1 = 17 Aug, m = 12 Sep, n = 26 Sep, 0 = 10
Oct, p = 24 Oct, q = 28 Nov, (B) Profiles for the year 2001.
Stress = 0.20. Dates are as follows: a = 17 Jan, b = 13 Mar, c = 10
Apr, d = 23 Apr, e = 7 May, f = 21 May, g = 4 Jun, h = 18 Jun,
i=27Jul,j=16]Jul, k =30 Jul,]l = 13 Aug, m = 28 Aug, n = 10
sep, 0 = 26 Sep, p = 9 Oct, q = 22 Oct, r = 6 Nov, s = 26 Nov.

the spring and the fall of 2000 in the humic lake, was found
primarily in the summer in the oligotrophic lake and in
the fall of the eutrophic lake that same year (Figs. 6A, 7A,
8A), and it was found in the summer and fall in the
oligotrophic lake in 2001 (Fig. 7B). Only 17 fragments
appeared to have the same seasonal distributions in all of
the lakes they occurred in.

Within each lake, less than 30% of the ARISA fragments
identified as important pattern-forming elements were
identified as such in both 2000 and 2001 (Figs. 6,7,8).
Thus, the patterns observed in MDS plots were not caused
by the same set of elements from year to year. The sea-
sonal distribution of these important elements was ap-
parent (Figs. 6,7,8); however, a majority of ARISA
fragments seen in both years in these lakes did not show
the same seasonal patterns of distribution from year to
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Table 4. ANOSIM (analysis of similarity) statistics for tests
involving comparisons of seasonal categories in the lakes for the
year 2001 data

Monte-Carlo

Sample permutations

Comparison statistic R with scores 2R  P-value

Crystal Bog

Global test 0.164 158 out of 999  0.159
ice vs spring 1.000 1 out of 4 0.250
ice vs summer 0.109 3 out of 8 0.375
ice vs fall 1.000 1 out of 5 0.200
spring vs summer —0.059 66 out of 120 0.550
spring vs fall* 0.889 1 out of 35 0.029
summer vs fall 0.103 83 out of 330 0.252

Crystal Lake

Global test*** 0.525 0 out of 999 0.001
ice vs early summer 1.000 1 out of 4 0.250
ice vs late summer 0.880 1 outof6 0.167
ice vs fall 1.000 1 outof 6 0.167
early vs late summer 0.303 6 out of 56 0.107
early summer vs fall* 0.554 1 out of 56 0.018
late summer vs fall* 0.432 2 out of 126 0.016

Lake Mendota

Global test* 0.343 12 out of 999 0.013
ice vs spring 0.333 2 out of 10 0.200
ice vs early summer 0.625 2 out of 10 0.200
ice vs late summer* 0.494 1 out of 45 0.022
ice vs fall 1.000 1 out of 10 0.100
spring vs early summer 0.630 1 out of 10 0.100
spring vs late summer** 0.421 1 out of 165 0.006
spring vs fall 0.704 1 out of 10 0.100
early vs late summer* 0.375 1 out of 165 0.012
early summer vs fall 0.704 1 out of 10 0.100
late summer vs fall —0.050 86 out of 165 0.521

Crystal Bog is humic, Crystal Lake is oligotrophic, and Lake Mendota is
eutrophic

* Indicates significance at the o = 0.050 level

** Indicates significance at the o = 0.010 level

% Indicates significance at the o = 0.001 level

year. Notable exceptions to this included fragments 544,
555, 593, 601, 680, and 864, which had year-round distri-
butions (Figs. 6,7,8), and others that seemed restricted to
the spring (747 in Fig. 7), summer (650 in Fig. 7 and 648 in
Fig. 8), fall (735 in Fig. 8), or cold water phases (762 in Fig.
6; 890 in Fig. 7; 402 and 759 in Fig. 8).

Discussion

Despite the temporal variation in ARISA profiles observed
in this study, it is clear that among-lake differences ac-
counted for the greatest share of variation in bacterial
communities (Fig. 2). This is in contrast to the observa-
tions of Lindstrom [41]. However, the lakes studied by
Lindstrom [41] were all relatively eutrophic compared to
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Table 5. Correlations of the serial patterns of ARISA profile changes, with sample dates coded as “weeks past ice-off,” for the study
lakes in 2000 and 2001

Comparison Spearman rank correlation p Monte-Carlo permutations with scores =p P-value
CB 2000 and CR 2000 0.225 128 out of 999 0.129
CD 2000 and ME 2000 —0.042 532 out of 999 0.533
CR 2000 and ME 2000 0.140 214 out of 999 0.215
CB 2001 and CR 2001*** 0.625 0 out of 999 0.001
CB 2001 and ME 2001 0.083 283 out of 999 0.284
CR 2001 and ME 2001 0.234 59 out of 999 0.060
CB 2000 and CB 2001 —-0.010 500 out of 999 0.501
CR 2000 and CR 2001* 0.325 31 out of 999 0.032
ME 2000 and ME 2001 0.219 61 out of 999 0.062

CB is Crystal Bog (humic), CR is Crystal Lake (oligotrophic), and ME is Lake Mendota (eutrophic)

* Indicates significance at the o = 0.050 level
0+ Indicates significance at the o = 0.001 level

the humic and oligotrophic lakes in this study (c.f. Table 1
of [41] and Table 1 of this work).

Despite the among-lake differences observed in this
study, variation in the bacterial communities as assessed
by ARISA showed some general patterns. In all three lakes
in both years, the cold-water communities in the spring
and the fall appeared to be much more stable than the
stratified summer periods, where the vast majority of the
yearly variation in ARISA fragments was seen (Figs. 3,4,5).
In addition, the ARISA profiles in the summer showed

A B

[15-Jun
ps-Jun
f10-Jul
p8-Jul
B-Aug
p2-Aug
9-Sep
[18-Sep
p-Oct
8-Oct
B1-Oct
3-Nov
[2-May
15-May
130-May
14-Jun
[26-Jun
11-Jul
[24-Jul

much larger changes over shorter spans of time, suggest-
ing that the pacing of community change can be quite
different, depending on the season under consideration.
Each of these lakes, except for the oligotrophic lake in
2001, experienced a mid- or late-summer drop in ARISA
fragment richness (Fig. 1), which suggested periods of ex-
tremely low bacterial diversity. In the humic lake, DAPI-
stained counts of bacteria were also extremely low on these
dates (data not shown), suggesting that this decline in
bacterial diversity was also reflected in the population sizes
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pairs, and columns represent sample dates.
“1” indicates the presence of the ARISA
fragment in question on the given date.
Fragments labeled with an asterisk (*) were
identified as important pattern-forming
elements in both 2000 and 2001. (A) Data
for the year 2000. (B) Data for the year
2001.
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of bacteria present. In a study of the eutrophic reservoir
Lake Plufsee, Hofle and others [26] also noted dramatic
decreases in bacterial diversity occurring during the spring
clear-water phase, midsummer, and late summer. The
spring and late-summer diversity drops in Lake Pluflsee
had clear correlates with macroplankton dynamics [26, 56],
with the former being caused by zooplankton grazing and
the latter associated with the dominance of a single dino-
flagellate species in the phytoplankton communities. In the
present study, the eutrophic lake followed this same pattern
closely. There were three notable declines in diversity

occurring on 25 May, 17 Jul, and 26 Sep of 2000 and on
4 Jun, 30 Jul, and 10 Sep of 2001 (Fig. 1). The earliest de-
clines occurred during the clear water phase of this lake in
both years (e.g., chlorophyll a on 25 May 2000 is at 0.7 pg/L,
down from a value of 10.3 pg/L the previous month; please
see http://lterquery.limnology.wisc.edu/). This suggests
that grazing by zooplankton was a likely cause. This was
also a probable cause of the 29 Jun drop witnessed in the
oligotrophic lake, as this event also occurred in a period of
depressed chlorophyll a levels (http://lterquery.limnology.
wisc.edu/). The July and September drops in the eutrophic
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lake correspond to periods of time when the algal com-
munity of this lake has historically been dominated by
single populations of bloom-forming algae, such as
Aphanizomenon flos-aquae and Ceratium hirundinella, a
dinoflagellate [25]. Similarly, the extremely low-diversity
dates seen in the humic lake on 28 Jun 2000 and 14 Jun 2001
appear to be grazer induced, due to the large populations of
flagellate grazers and cladocerans seen at these times (data
not shown), and the 8 Aug diversity decrease in 2000 was

associated with the nearly complete dominance of the
phytoplankton community by the dinoflagellate Peridi-
nium limbatum (J. Graham, personal communication).
These recurrent decreases in bacterial diversity appear to
be regular features of the annual pattern in temperate lakes.
There is evidence that these events are related to food web
dynamics involving both phyto- and zooplankton, but
hypothesis-driven tests of these linkages are beyond the
scope of the present study.
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The use of basic water temperature and stratification
state criteria to predict the occurrence of closely related
assemblages of bacteria was moderately successful in this
study. The most notable failure of this model was seen in
the humic lake (Table 4), which was also the most variable
lake in terms of its ARISA profiles (Fig. 2). The lack of fit
to the predicted groups of samples was primarily due to
the extreme variability witnessed in the summer, as the
spring and fall samples were readily distinguished from
one another (Fig. 3B; Table 4). Thus, water temperature
alone does not appear to be sufficient to predict the pat-
tern of change in bacterial community composition as
described by ARISA, and this is particularly true when
water temperatures are relatively high. The summer period
in lakes should be characterized by intense biological in-
teractions that change along with fluctuating populations,
leading to rapid changes in bacterial community compo-
sition [29]. In addition, the humic lake in this study was a
small, shallow, darkly stained bog lake, and these features
may make it susceptible to short-term weather-induced
changes that the larger lakes may be buffered against.

The seasonal model was more successful in the other
two lakes, suggesting that these larger lakes undergo more
predictable seasonal changes from year to year. This was
particularly true of the oligotrophic lake, where criteria
established using 2000 data generated seasonal groupings
that again showed a high degree of separation in 2001 (Fig.
4; Table 4). The pattern of change in this lake was the most
stable from year to year, and the serial progressions of
change in both years were significantly correlated with
each other (Table 5). It is likely that the interaction of
water temperature, lake stratification, and the nutrient-
poor condition is a powerful force structuring the behav-
ior of bacterial communities in this lake. Although the
serial correlation in the eutrophic lake in 2000 was not
related to the serial correlation in 2001 (Table 5), the
criteria for the year 2000 were still useful at predicting
the times when ARISA profiles from this lake would be the
most similar (Fig. 5; Table 4). The fit of this seasonal
model would have been greatly improved with slight
modifications to the cutoff criteria used to define the
groups. For example, from Fig. 5B, the fit would have
improved significantly by moving the point for 21 May
(point f) into the spring group instead of the early summer
group, and inclusion of the point for 9 Oct (point p) in the
fall group would also have improved the fit. Such slight
modifications would also have improved the model for the
oligotrophic lake. It is not surprising that changes in the
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composition of biological communities would lag behind
changes in the environment [3], and incorporating these
time lags would improve these seasonal models consid-
erably. Thus, the seasonal changes associated with
changing water temperature and stratification dynamics
provide a good first-order predictor of the degree of
autocorrelation and community relatedness inherent in a
temporal series of samples.

Of all ARISA fragments found in each lake in a given
year, 30-50% were unique to that particular lake, and this
suggests the existence of assemblages of organisms that
are indigenous to particular lakes or to lakes of similar
trophic status. Several multilake studies have shown a
great deal of overlap in the composition of bacterial
communities among different lakes [34, 41]. However,
these studies used DGGE to characterize bacterial com-
munities. Since this technique focuses on the 16S-rDNA,
which is more conserved than the intergenic transcribed
spacer [7, 21], it may have lacked the taxonomic resolution
to distinguish between populations of closely related or-
ganisms. There was a small set of ARISA fragments that
appeared to be ubiquitous in these lakes. It is likely that
these fragments were derived from organisms that have a
widespread distribution and are common to freshwater
systems, and the existence of such organisms has been the
focus of previous work [23, 42, 66].

Only 30-50% of the ARISA fragments found in each
lake in 2001 had previously been seen in the same lake in
2000. This indicates that the overall composition of the
communities in these lakes was different from year to year.
The important pattern-forming elements in these lakes
also tended to be different from year to year (Figs. 6,7,8).
In addition, many of the recurrent fragments did not show
the same seasonal patterns of occurrence in both years.
Given the highly individualistic nature of the behavior of
ARISA fragments, it is somewhat surprising that these
lakes appear to manifest regular seasonally associated
patterns. That such patterns exist implies that the influ-
ence of seasonal changes in the environment imposes
strong constraints upon the behavior of these systems as a
whole, despite the fact that those same constraints may not
apply to the individual parts. Alternatively, there may be a
large number of functionally redundant phylotypes pre-
sent in these lakes, and only a small subset of each func-
tional group may be present in a lake in any given year.
This observation is very similar to a phenomenon that has
been noted for phytoplankton, which show much clearer
patterns of occurrence when organized into polyphyletic



Temporal Variation in Bacterial Communities

functional groups than when examined on a per-species
basis [36, 52, 53]. This strongly suggests that a functional
classification of bacterioplankton would be helpful in the
development of hypotheses regarding patterns of com-
munity composition.

In conclusion, it appears that seasonally induced
changes act as important structuring forces for lake bac-
terial communities. Knowledge of the water temperature
and stratification dynamics in lakes can provide a good
first approximation about the consecution of bacterial
communities in some lakes, but the impact of specific
biological and environmental factors needs to be more
thoroughly investigated. This is particularly true of lake
communities in the summer, when the most dramatic
changes appear to take place. More detailed knowledge of
the factors creating these patterns, the identity of the or-
ganisms involved, and the regularity of species or func-
tional group replacement is needed before such patterns
can legitimately be characterized as ecological succession.
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