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within freshwater bacterioplankton communities
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With an unprecedented decade-long time series from a temperate eutrophic lake, we analyzed
bacterial and environmental co-occurrence networks to gain insight into seasonal dynamics at the
community level. We found that (1) bacterial co-occurrence networks were non-random, (2) season
explained the network complexity and (3) co-occurrence network complexity was negatively
correlated with the underlying community diversity across different seasons. Network complexity
was not related to the variance of associated environmental factors. Temperature and productivity
may drive changes in diversity across seasons in temperate aquatic systems, much as they control
diversity across latitude. While the implications of bacterioplankton network structure on ecosystem
function are still largely unknown, network analysis, in conjunction with traditional multivariate
techniques, continues to increase our understanding of bacterioplankton temporal dynamics.
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The central role of seasonal cycles in the temporal
dynamics of aquatic microbial communities has
been highlighted in river, lake and marine systems
by the use of multivariate ordinations, analysis of
community similarity, diversity and the abundance
of individual taxa (Crump and Hobbie, 2005;
Fuhrman et al., 2006; Wu and Hahn, 2006; Shade
et al., 2007; Gilbert et al., 2012), and bacterioplank-
ton have been linked to the seasonal succession of
other planktonic organisms (Gasol et al., 1992; Kent
et al., 2007; Maurice et al., 2010). As the size and
extent of biological data sets grow, scientists turn to
new techniques, such as network analysis, to under-
stand biological complexity over large scales (for
example, Barberán et al., 2011). For network
analysis of microbial datasets, topological ‘co-occur-
rence’ networks are generated from correlative
metrics, where nodes represent observed variables,
and significant correlations are represented by the
edges connecting them. We used an unprecedented

decade-long time series of freshwater bacterioplank-
ton molecular community fingerprints to test the
following hypotheses: (1) community co-occurrence
networks from this sample set are non-random, (2)
season explains the organization and complexity of
co-occurrence networks and (3) community richness
and diversity correlate to co-occurrence network
complexity.

Surface water samples were collected from Lake
Mendota, WI, USA, and analyzed by automated
ribosomal intergenic spacer analysis as described
previously (Shade et al., 2007; see Supplementary
Materials). From 2000 to 2009, a total of 34 spring,
53 summer and 34 autumn observations were made
(Supplementary Table S1). Thirty-two environmen-
tal variables were collected at the same location
by the North Temperate Lakes Long Term
Ecological Research program (lter.limnology.
wisc.edu, Supplementary Table S2).

We quantified the richness, evenness and diver-
sity of the underlying communities, as well as
the properties of spring, summer and autumn
bacterioplankton community and biogeochemical
co-occurrence networks. To characterize the under-
lying bacterial communities, richness (R, number of
operational taxonomic units observed), Shannon
evenness and diversity were calculated for each
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season. Using local similarity analysis, co-occur-
rence networks (networks hereafter) were generated
from correlations with local similarity scores
(R)40.3, P-valueo0.001, false discovery rate
o0.05 and no time lag (Ruan et al., 2006). Erd +os-
Rényi random networks were generated for compar-
ison to empirical networks, where for every empiri-
cal network with n nodes and m edges, a random
network with n nodes and m edges was generated,
with each edge having an equal probability of being
assigned to any node. Network comparisons were
made using connectance (edges (L) per node (S)2),
characteristic path length (D, average shortest path
length between nodes) and clustering coefficient (Cl,
of node u: Cl(u)¼ 2Lu/((deg(u))*(deg(u)� 1)), where
Lu is the number of edges between the neighbors of u
and deg is degree, the number of edges per node)
(Kuchaiev et al., 2011). The properties S, L, Cl, and
D were calculated for real and random networks
using GraphCrunch2 software (Kuchaiev et al.,
2011), and networks were visualized using Cytos-
cape (Smoot et al., 2011).

Network properties depended upon the number of
observations included in the analysis, similar to the
effect of sampling effort on the network properties
described by Martinez et al. (1999). To correct for
unequal sampling efforts between seasons, we
performed Monte Carlo simulations of 1000 obser-
vation-normalized networks for each season, where
each network was generated from 30 randomly
selected observational dates within a season. For
each Monte Carlo simulation, an Erd +os-Rényi ran-
dom graph was generated. For the networks gener-
ated from all observations from a single season, 1000
Erd +os-Rényi random graphs were generated; median
values for the network properties of these random
graphs are reported (Table 1). Differences between
median values for the distributions of randomized
networks were made using the Wilcoxon rank sum
test.

From spring to autumn, network complexity
decreased, as indicated by decreasing Cl and increas-
ing D (Figure 1a). Trends were robust to normalizing
for the number of observations made: median values
of observation-normalized network properties L, S, Cl
and D significantly varied across season (Figures 1b,
a¼ 0.005), consistent with trends shown in Figure 1a.
The spring network had seven high-degree nodes
(415 edges/node), while summer and autumn net-
works had five and one, respectively (Figure 1a). The
underlying communities’ richness and diversity
increased (Figure 1a) and were significantly different
(Figures 1b, a¼ 0.005), while community evenness
did not differ significantly across seasons (data not
shown). Network properties L, S, Cl and D of Monte
Carlo distributions of real networks were significantly
different from those of the corresponding distributions
of random networks (a¼ 0.005). R-values for signifi-
cant pairs comprising the networks shown in Figure 1
are reported in Supplementary Materials. We exam-
ined the effect of lower (R¼ 0.1) and higher (R¼ 0.5)
thresholds for the correlative local similarity score on
global network properties and found that trends in
complexity across seasons were generally similar to
the results reported here for local similarity score
R¼ 0.3 (Supplementary Figure S2).

Our results indicate: (1) non-random bacterio-
plankton co-occurrence networks and (2) an inverse
relationship between network complexity and diver-
sity and richness of the underlying communities for
this system. Springtime conditions were favorable to
fewer taxa (lower richness), but resulted in overall
more co-occurrences between taxa, especially
between the most abundant taxa (Figure 1).
Barberán et al. (2011) hypothesized that soil micro-
bial co-occurrence network complexity was inver-
sely related to habitat heterogeneity across broad
spatial scales. In contrast, we found that network
complexity was not related to heterogeneity of
community habitat, as estimated by the variance of

Table 1 Summary of co-occurrence network properties

Nodes (S) Edges (L) L/S L/S2 D Drand Cl Clrand Cl/Clrand

All observations
Spring 91 202 2.22 0.0244 3.27 3.41 0.248 0.045 5.57
Summer 88 182 2.07 0.0235 3.54 3.83 0.236 0.043 5.55
Autumn 84 131 1.56 0.0186 3.59 3.82 0.217 0.029 7.43

Sampling effort-normalized median values from Monte Carlo simulations
Spring 84 167 1.99 0.0237 3.47 3.66 0.256 0.043 5.90
Summer 86 143 1.66 0.0193 3.83 4.13 0.188 0.032 5.81
Autumn 79 108 1.37 0.0173 3.88 4.18 0.167 0.026 6.56

Regular type indicates a single value calculated and reported, while boldface type indicates the median value reported from an analysis including
1000 Monte Carlo simulations. Top panel: network properties calculated from networks generated from all observations (n) made for spring
(n¼ 34), summer (n¼ 53) and autumn (n¼ 34) seasons. For networks generated from all observations, 1000 Erd +os-Rényi (E-R) random graphs were
generated with an equal number of nodes (S) and edges (L) as the corresponding original network, but distinct characteristic path length (D) and
clustering coefficient (Cl); we report the median values of random graph populations, indicated in bold (Drand and Clrand). Bottom panel: network
properties from observation-normalized Monte Carlo simulations (n¼30 � 1000 simulations) and Erd +os-Rényi random graphs generated from
each Monte Carlo simulation. As above, random graphs had equal L and S but significant differences between D and Drand and Cl and Clrand.
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32 physical, chemical and biological variables
across seasons, or to the complexity of co-occur-
rence networks of environmental variables for each
season (Supplementary Figure S1).

Correlations (edges) between temperature, day
length, dissolved oxygen and bacterial taxa were
more frequent than those between taxa and other
variables (Figure 1a and local similarity results
reported in Supplementary Materials). Increases in
bacterioplankton community diversity and richness
over the open water season may be due to changes in
day length, and concomitant trends in water
temperature and primary productivity, which lags
insolation byB7 weeks in this system (Brock, 1985).
Diversity and latitude are negatively related in
marine bacterial communities (Pommier et al.,
2007; Fuhrman et al., 2008) and putative causes of

the relationship are: (1) higher productivity at lower
absolute latitudes accommodates greater diversity
(Connell and Orias, 1964) and (2) temperature
controls biological process rates, including specia-
tion (Rohde, 1992). We hypothesize that in tempe-
rate regions, annual cycles in temperature and
productivity control the diversity of aquatic micro-
bial communities through time, much like latitude
controls diversity globally. Our results indicate that
these variables have an additive effect on diversity,
such that cumulative productivity after ice-off
controls diversity. Annually, communities seem to
‘reset’ under ice, where diversity and co-occurrence
network structure converge to characteristic spring-
time conditions (lower diversity and higher
co-occurrence network complexity) due to low
temperatures and greatly reduced insolation

Spr Sum Aut

80

85

90

Richness

Spr Sum Aut
5.6

5.65

5.7

5.75

5.8

Diversity

Spr Sum Aut

70

80

90

100

110

Nodes

Spr Sum Aut

100

150

200

Edges

Spr Sum Aut

0.1

0.2

0.3

Clustering
Coefficient

Spr Sum Aut

3

4

5

6

Average
Path Length

Spring (n=34) Summer (n=53) Autumn (n=34)

S L Cl DER

Figure 1 Co-occurrence network visualization (a) and properties (b) for a 10-year time series of bacterioplankton communities in Lake
Mendota, WI, USA. From spring to autumn, diversity (E) and richness (S) increased while network complexity decreased. The number of
total observations (n) for each season are indicated in parentheses below the networks. Nodes are labeled with operational taxonomic
unit (OTU) fragment length or environmental variable name. For operational taxonomic units, node area is proportional to average
relative abundance for the season indicated. Diamonds indicate all environmental variable nodes. Nodes are grouped according to degree
(edges/node), with the highest degree node at the bottom of the network and nodes of decreasing degree placed sequentially, counter-
clockwise, such that lowest-degree nodes (1 edge/node) are grouped to the immediate left of the highest-degree node. Network
complexity decreased across seasons while richness and diversity increased, and trends in all network properties, diversity and richness
were robust to normalizing for the number of observations made (b). Network properties (number of nodes (S), edges (L), clustering
coefficient (Cl), and characteristic path length (D)) are shown in (b). Open circles indicate properties calculated for networks shown in
(a), which included all observations for a given season. Boxplots represent observation-normalized results, where boxes represent inter-
quartile range, whiskers indicate 10th and 90th percentiles and plus symbols indicate outliers.
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beneath ice cover. Uneven temporal sampling
within this dataset limits our ability to test these
hypotheses, but cross-system comparisons over a
gradient of lake trophic status and latitude could be
used to do so.

The robust recurrent patterns in diversity and
co-occurrence networks are especially compelling in
light of the magnitude of microbial turnover rates
(10–60% removal of standing bacterial biomass per
day) measured in this system and others (Brock,
1985; Hahn et al., 2012). Although a vast and diverse
persistent seed bank likely underlies the observed
communities (Caporaso et al., 2011; Lennon and
Jones, 2011), the most abundant taxa co-occur in a
repeatable pattern despite constant removal by
losses due to planktonic grazers or viral lysis. The
repeatable co-occurrence of members of the com-
munity may be determined by environmental cues
that trigger growth from dormant low abundance
when more favorable conditions occur (Jones and
Lennon, 2010).

In this early stage of the application of network
analysis to microbial observations, the implications
of the co-occurrence network structure on the
stability and function of ecosystems and engineered
systems are unknown. In macro-scale ecology,
communities with high diversity and low co-
occurrence, like those represented by the autumnal
networks, have been observed and associated with
greater stability (McCann, 2000). In contrast, food
web stability has been shown to correspond to
higher complexity networks (Dunne et al., 2002).
The possibilities of testing stability–network com-
plexity relationships in microbial systems that are
easily or stochastically perturbed (for example,
microbially-mediated wastewater treatment pro-
cesses or human gut microbial communities) are
numerous, and, due to the availability of economical
and high-throughput next-generation sequencing
technologies, are within reach for experimental
ecology.
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