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Summary

Microbes exhibit remarkably high genetic diversity
compared with plant and animal species. Many phy-
logenetically diverse but apparently functionally
redundant microbial taxa are detectable within a
cubic centimetre of mud or a millilitre of water, and
the significance of this diversity, in terms of ecosys-
tem function, has been difficult to understand. Thus it
is not known whether temporal and spatial differ-
ences in microbial community composition are linked
to particular environmental factors or might modulate
ecosystem response to environmental change. Fifty-
three water and sediment samples from upper and
lower Chesapeake Bay were analysed in triplicate
arrays to determine temporal and spatial patterns and
relationships between ammonia-oxidizing bacterial
(AOB) communities and environmental variables.
Thirty-three water samples (three depths) collected
during April, August and October, 2001–2004, from
the oligohaline upper region of the Bay were analysed
to investigate temporal patterns in archetype distri-
bution. Using a combination of a non-weighted dis-
crimination analysis and principal components
analysis of community composition data obtained
from functional gene microarrays, it was found that
co-varying AOB assemblages reoccurred seasonally

in concert with specific environmental conditions,
potentially revealing patterns of niche differentiation.
Among the most notable patterns were correlations of
AOB archetypes with temperature, DON and ammo-
nium concentrations. Different AOB archetypes were
more prevalent at certain times of the year, e.g. some
were more abundant every autumn and others every
spring. This data set documents the successional
return to an indigenous community following massive
perturbation (hurricane induced flooding) as well as
the seasonal reoccurrence of specific lineages, iden-
tified by key functional genes, associated with the
biogeochemically important process nitrification.

Introduction

The study of relationships, distributions and abundances
of organisms is a fundamental pursuit of ecology. Com-
munity ecologists seek to identify patterns in the temporal
and spatial distribution of populations, understand inter-
actions among populations that are attributable to or
reinforce these patterns and ultimately determine the
functional significance of these interactions. Many
examples from macro-ecology demonstrate that animal
and plant population distributions are determined by biotic
and abiotic (environmental) factors (Dunson and Travis,
1991). Only recently has it become possible to address
the question of whether bacterial ‘species’ obey the same
‘rules’. To this end, the timescale of competitive exclusion
versus that of seasonal environmental change (Hutchin-
son, 1961), the higher rate of speciation compared with
extinction (Dykhuizen, 1998), niche differentiation
(Tilman, 1994), the metabolic theory of ecology (Brown
et al., 2004) and the relationships between functional and
species diversity (Hooper et al., 2005) have all been used
to explain the great diversity of microbes. Yet a number of
important questions remain concerning the temporal sta-
bility of bacterial communities and ecosystem function. Do
bacterial populations exhibit reproducible patterns of dis-
tribution or abundance in time and space? Do groups of
bacteria respond to environmental variation in predictable
ways? The answers appear to be, at least partially, yes.

Horner-Devine and colleagues (2004) observed a
species–area relationship for bacteria over the scale of
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centimetres to hundreds of meters in salt marsh sedi-
ments, with communities located closely together being
more similar in composition than those lying further apart.
Fuhrman and colleagues (2006) described annually reoc-
curring bacterial communities, and subsets of the commu-
nities, at a coastal ocean site and ascribed these patterns
to variation in environmental conditions associated with
the local water circulation. Carlson and colleagues (2009)
not only detected repeating seasonal abundance patterns
of the SAR11 bacterial clade in the Sargasso Sea, but
also detected a spring-to-summer transition in the relative
contribution of subclades. Improved methodology and
accumulating data have begun to reveal widespread
patterns in the distribution of bacterial communities.
However, it remains a challenge to interpret the functional
significance of these patterns.

Nitrification, the oxidation of ammonia to nitrite and then
nitrate is an essential rate-limiting step in the microbially
mediated nitrogen cycle. Nitrification alters the distribution
of inorganic N by linking the regeneration of NH4

+ from
organic N to its loss as N2 gas via denitrification and
anammox. The initial step, oxidation of ammonia, is per-
formed by a phylogenetically restricted groups of Beta-
and Gammaproteobacteria (the ammonia-oxidizing
bacteria, AOB) and by a group 1.1a and 1.1b of the
Crenarchaeota (Prosser and Nicol, 2008). While the quan-
titative significance of ammonia-oxidizing archaea (AOA)
within estuaries is unknown (Caffrey et al., 2007) they can
be abundant (Mosier and Francis, 2008). AOB are appar-
ently numerically dominant over AOA in the oligohaline
region of the Chesapeake Bay (Bouskill and Ward, 2009).
Reports suggest some AOA might be mixotrophic and not
solely reliant on ammonia oxidation for biomass generation
(Ouverney and Fuhrman, 2000; Hansman et al., 2009).
The chemoautotrophic nature of AOB (e.g. Norton et al,
2008), however, means that their presence in the environ-
ment is directly related to the occurrence of nitrification.

The link between biodiversity and ecosystem function
remains a fundamental question of intellectual and prac-
tical importance in microbial ecology. In particular, the
efficiency of the nitrogen cycle is linked intrinsically to the
distribution, abundance and activity of microbial guilds
carrying out different redox reactions (Zehr and Ward,
2002), which are, in turn, a function of prevailing environ-
mental conditions. Specific conditions determining AOB
community composition have been identified from studies
examining population structure across spatial gradients
(Francis et al., 2003; Fierer et al., 2009). However, these
studies often lack a temporal perspective, and therefore
overlook population dynamics occurring on seasonal and
annual time frames. In addition, field experimentation has
demonstrated that AOB respond to simulated global
change (e.g. elevated temperature and N-deposition),
both in terms of community structure and biogeochemical

activity (Horz et al., 2004). Studies of reproducible sea-
sonal and annual patterns are essential in creating the
predictive framework to understand how biogeochemi-
cally important populations, including AOB, might respond
to anticipated climate change and anthropogenic nitrogen
deposition.

Temporal studies of aquatic microbial communities
(Morris et al., 2005; Kan et al., 2006), as well as specific
phyla (Heidelberg et al., 2002), uncovered synchronous
microbial communities closely aligned to prevailing envi-
ronmental conditions. For example, Kan and colleagues
(2006) employed a PCR-DGGE analysis of the 16S rRNA
gene to demonstrate strong seasonal patterns of syn-
chrony of Chesapeake Bay bacterioplankton over a
period of 2 years. This study recorded strong inter-annual
similarity in summer communities that were significantly
different from winter assemblages and identified chloro-
phyll a and temperature as the most important variables in
determining community structure.

Since the beginning of the molecular microbial ecology
era, AOB have been recognized as a powerful model
system for the study of diversity and function (Kowalchuk
and Stephen, 2001). Their utility rests in their relatively
narrow phylogenetic distribution in the Beta- and Gam-
maproteobacteria and the highly constrained nature of
their obligate autotrophic metabolism. Even within this
highly constrained group, there is substantial diversity in
their signature functional gene, ammonia monooxyge-
nase (amo). It is hypothesized here that phylotypes iden-
tified by sequence variation in this gene represent
ecologically distinct ‘species’ that must exhibit niche dif-
ferentiation in time or space or physiology such that their
coexistence in the ecosystem is sustained. The response
of functional guild diversity to seasonally reoccurring envi-
ronmental conditions is expected to provide insights into
the rules governing AOB diversity and functioning. In this
study, a high-throughput DNA microarray was used to
investigate patterns in multiple amoA phylotypes over 4
years in the oligohaline region (upper bay, station CB100)
of the Chesapeake Bay, with a brief comparison with
communities at the polyhaline region (lower bay, station
CB300).

Results

Physicochemical gradients

Trends in water physicochemical variables typical of
estuarine gradients were apparent between the two sites,
CB100 and CB300 (Table 1). The sites are situated in the
north and south of the Bay, respectively, approximately
150 km apart and are characteristic of estuarine bound-
aries. CB100 is a freshwater site with average salinity
(mean � SD) of 1.3 � 2.6 (surface) and 3.9 � 3.7 (deep)
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compared with site CB300 (18.5 � 1.8 in the surface and
22 � 4.9 in the deep). Ammonium and nitrate concentra-
tions were 4- and 10-fold higher, respectively, at both
depths (average both depths � SD: NH4

+ = 5.6 � 2.8 mM,
NO3

- = 55.6 � 33.2 mM) at CB100 than at CB300
(average both depths � SD: NH4

+ = 1.3 � 1.5 mM,
NO3

- = 5.3 � 5.5 mM). The standard deviations on these
values reflect seasonal and annual variations, which,
though large, do not obscure the spatial contrasts
(Fig. S1). The water chemistry in the October 2003
sample was anomalous for the overall sampling period
because Hurricane Isabel came ashore around the
Chesapeake Bay in September 2003, causing flooding
from heavy rains, which resulted in lower than average
ammonium concentrations, lower salinity and vastly
elevated nitrite and nitrate concentrations.

Temporal and depth variations were investigated at
CB100 (Fig. S1), which was sampled in the spring (April),
summer (August) and fall (October) between 2001 and
2004 (note: sampling not conducted during summer
2003). Water column chemistry varied little with depth,
although the surface had consistently lower salinity than

the deep depth. Nutrient concentrations all varied over the
course of the study and some showed a strong seasonal
signal (e.g. NH4

+ was generally higher in April than
October). Average water column temperature was higher
in August (26.3 � 0.9°C) and October (19.8 � 1.8°C)
than April (8 � 1°C). Ammonium concentrations
(9.7–9.8 mM) were highest within the surface and deep
depths during August 2004 but were as low as 1.4–1.8 mM
during October 2003.

AOB community composition

Community composition of AOB was investigated using a
functional gene microarray composed of amoA archetype
probes. The probe suite represented all known AOB
clades (see Experimental procedures for probe selection
guidelines). Hybridization signals were expressed as rela-
tive fluorescence ratios (RFR) to indicate relative abun-
dance of the 28 archetypes. The RFR patterns of
individual features on replicate arrays showed excellent
reproducibility, indicated by an average standard devia-
tion of 2.16% across 99 arrays (Fig. S2). Moreover, while

Table 1. Physicochemical variables at the surface and deep depths from both sampling stations (CB100 and CB300) over the time-course of the
data set.

Salinity
Temperature
(°C)

Ammonium
(mM)

Nitrite
(mM)

Nitrate
(mM)

DOC
(ppm)

DON
(ppm) PC : PN

CB100
April 2001 Surface 0.3 7.6 8.4 0.8 88.7 170.3 21.1 16.5

Deep 4.4 6.7 9.9 0.6 77.0 280.7 14.6 14.3
August 2001 Surface 4.3 27.1 4.2 0.4 19.9 274.2 32.2 15.9

Deep 5.0 27.1 4.4 0.5 22.9 468.8 26.0 13.3
October 2001 Surface 4.9 17.7 9.3 7.9 24.2 220.5 6.1 8.1

Deep 4.7 19.2 3.1 3.5 9.7 249.3 24.2 9.5
April 2002 Surface 0.1 9.9 8.1 0.1 59.1 433.5 11.1 9.9

Deep 0.1 8.7 5.1 0.4 58.0 196.8 19.1 10.1
August 2002 Surface 4.4 26.3 6.2 0.4 11.0 255.8 35.5 7.0

Deep 6.1 26.1 8.2 0.6 10.8 202.8 30.8 8.2
October 2002 Surface 9.2 22.2 2.2 5.7 19.3 247.3 25.4 6.5

Deep 11.0 22.0 1.1 5.7 14.6 221.1 15.1 7.0
April 2003 Surface 0.2 8.8 6.3 0.5 76.8 258.2 13.6 10.7

Deep 5.6 7.5 5.9 0.3 49.5 166.8 37.7 10.7
October 2003 Surface 0.1 17.8 1.8 1.1 101.9 254.7 21.2 12.3

Deep 0.1 17.9 1.4 1.1 99.9 263.9 20.6 12.2
April 2004 Surface 0.5 9.1 3.4 0.6 94.7 193.9 nd 7.9

Deep 3.2 8.2 3.8 0.6 95.1 161.7 nd 9.2
August 2004 Surface 0.4 25.3 9.7 2.0 86.2 nd 9.1 10.0

Deep 2.5 25.4 9.8 1.7 74.4 nd 15.1 10.2
October 2004 Surface 0.2 19.6 5.8 1.1 63.7 nd 21.1 12.2

Deep 0.2 19.6 5.6 1.1 65.8 nd 21.3 12.7
CB300
April 2001 Surface 20.6 9.3 0.4 0.1 1.5 214.5 4.7 2.9

Deep 20.0 8.7 2.0 0.1 1.1 243.8 2.0 10.0
April 2002 Surface nd nd 0.3 0.2 0.1 287.3 12.5 7.8

Deep nd nd 0.6 0.1 0.6 355.3 11.3 7.3
April 2003 Surface 17.5 8.9 0.1 0.5 12.6 202.7 15.5 8.6

Deep 18.4 9.0 4.7 0.4 6.5 215.9 12.4 8.8
April 2004 Surface 17.5 8.8 0.8 0.4 13.8 172.3 10.7 7.8

Deep 27.5 8.0 1.9 0.3 6.2 165.2 7.4 7.6

nd, not determined.
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there is likely probe-to-probe variability in hybridization
capacity (Ward et al., 2007), the shape of the DNA con-
centration versus fluorescence intensity curve (Fig. S3)
validates the expected response of hybridization signal to
target concentration (Binder et al., 2005). For complex
mixtures of sequences within natural samples it is likely
that the concentration of individual targets was typically
below saturation level.

The most prominent hybridization signals at both
CB100 and CB300 were attributable to multiple arche-
types representing marine/oligohaline Nitrosomonas
sequences. The highest cumulative RFR from the surface
to the deep, and in the sediment, over the 4-year period at
both sites was due to archetype A10, representing a col-
lection of cultured and environmental amoA sequences
related to Nitrosomonas aestuarii (Table S1 and Fig. S4).
The bulk of the environmental sequences used to con-
struct this probe came from a clone library study of
Azevedo Pond, CA (Caffrey et al., 2003), a small
eutrophic estuary displaying large diel and seasonal salin-
ity ranges, consistent with archetype A10 representing an
estuarine adapted AOB. Other important archetypes
within the oligohaline environment included A19 (related
to Nm. marina), A14 and A16 (representing environmental
sequences from the Seine River and Kysing Fjord respec-
tively). Aside from A10, important archetypes at CB300
reflected the saline character of this location with high
RFR for A3 recorded at the deep and middle depths
(Fig. S4). Archetype A3 represents sequences related to
uncultivated Nitrosospira spp. commonly found in the
marine environment. Moreover, significant contribution
from A1 (data not shown), generated from sequences
found exclusively within the marine environment, was
observed only at CB300 deep.

Classification of community composition using
Shannon evenness showed that the percentage contribu-
tion of each archetype to the total hybridization signal
increased down the depth gradient (i.e. communities
became slightly more even down a depth gradient, from
0.73 � 0.01 at the surface to 0.83 � 0.03 in the sediment;
Fig. 1). Comparison of community evenness indices
between CB100 and CB300 showed that patterns of
CB300 AOB diversity were more even over the study
period. It is also interesting to note that the highest diver-
sity was observed in the water column rather than sedi-
ment samples.

Detrended correspondence analysis (DCA) was used to
assess the changes in AOB community similarity between
seasons and also to identify the archetypes characterizing
the separation of time points. A more thorough description
of this analysis is given in Supporting information. The
DCAs concluded that AOB assemblages group by season
at both the surface (in April and August) and deep depths
(at all three sampling dates) (Fig. S5), indicating that pre-

dictable groups of archetypes are selected for by contem-
poraneous environmental conditions. The middle depth
showed no seasonal signal, reflecting the sampling
regime that attempted to sample specific chemical fea-
tures of the water column rather than a discrete depth.
Sediment samples also showed little clustering by time
point and AOB communities were not predictable by sam-
pling season. Ordination of both the surface and middle
depths showed clear separation between October 2003
and the other samples (Fig. S5). This was likely caused by
a shift in community composition during October evi-
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denced by the signal increase from archetype A8, repre-
senting cultured and environmental sequences related to
Nitrosomonas oligotropha, and archetype A17 and A24,
related to uncultivated Nitrosomonas halophila and Nm.
oligotropha. The increased signal from of these arche-
types was concomitant with a drop in the signal from
archetypes that otherwise produced consistently strong
signals throughout the annual cycle and also with the
anomalous water chemistry conditions following the Hur-
ricane Isabel event (Fig. S5A and B). The effects of the
hurricane were evidently transient as the community at
the subsequent sampling point (April 2004) clustered with
other April samples indicating restoration of community
composition following perturbation.

Temporal distribution of AOB archetypes at CB100

Applying a discrimination analysis to the array data set
yielded a time series analysis in which different arche-
types were classified by their temporal RFR patterns
[abbreviated to TP-S/M/D; temporal patterns (TP) for the
surface (S), middle (M) and deep (D)]. At the surface three
TPs were identified (Fig. 2A). Two surface TPs exhibited
centroids with evidence of seasonality in the prevalence
of different archetypes. For example, the TP1-S centroid
(Fig. 2A) showed peaks in three of the four April samples.
The archetypes in TP1-S were minor proportions of the
whole assemblage in August and most October samples.
Thus, these archetypes likely represent groups favoured
by the prevailing environmental conditions in spring. On
the other hand, archetypes grouped into TP2-S, while
variable over the time-course, showed a weak signal
mainly associated with maxima during August with much
smaller contributions to the April and October signal. The
TP3-S pattern was dominated by a single peak in October
2003, composed of a group of archetypes (A8, A17 and
A24) contributing minimally to the RFR over the rest of the
time-course.

Relative fluorescence ratio data at the middle depth
resolved into five discrete TPs each dominated by a single
peak at successive times (Fig. S6). The singular occur-
rence at the surface in October 2003 (TP3-S) was also
replicated here (TP4-M). However, as this depth showed
no evidence of temporal reoccurrence further discussion
is included as part of the online supporting material.

The three TPs identified at the deep depth showed
strong seasonal reoccurrence (Fig. 2B). The profile of
TP1-D appears to be an October signal (except for
October 2002), TP2-D was a repeating August pattern
and TP3-D appeared as a spring pattern with peaks in all
four April samples. Thus, a temporal pattern of AOB com-
munity composition could be identified at the same time in
the surface and deep samples (April and August). The
communities that formed during these times shared very

few of the same archetypes, indicating that at the same
season, different AOB assemblages were selected at the
two depths. Nonetheless, two archetypes, A1 and A27,
were common to the August TPs at both depths.

Projection of temporal patterns at CB100 into a
physicochemical feature space

Biplot ordinations generated from a correlation matrix
combining the physicochemical and temporal patterns of
archetype RFR demonstrated different relationships
between water properties at the surface (Fig. 3A) and
deep (Fig. 3B). Two major components were resolved at
both depths, explaining 45% of the data variance. Heat
maps were also generated from Spearman’s correlation
coefficients to quantitatively verify biplot relationships
(Fig. 4, Table S2). At the surface, the patterns of tempera-
ture (T) and salinity (S) were positively correlated
(r-value = 0.53) with each other and also with DON con-
centrations (r-values = 0.63 and 0.53 with T and S respec-
tively). DON was strongly negatively correlated with
nitrate at both the surface and the deep depths
(r-value = -0.7 and -0.95 respectively). Substrate con-
centrations, ammonium (NH4

+) and urea, were positively
correlated with each other (r-value = 0.38), while
NH4

+ was negatively correlated with chlorophyll a
(r-value = -0.64) and silicon (r-value = -0.42), suggesting
uptake by phytoplankton or diatoms. In the deep depth, T
and S were weakly correlated (r-value = 0.32), although
the strong relationship between T and DON concentra-
tions remained (r-value = 0.77). NH4

+ concentrations
showed little relationship to other measured physico-
chemical variables, although was negatively correlated
with nitrite concentrations (r-value = -0.49) possibly indi-
cating ammonium oxidation was taking place.

At both depths, biological variables clustered into tem-
poral patterns similar to those found by k-means analysis
above, emphasizing the importance the physical environ-
ment plays in structuring AOB communities. However,
seasonal signals common to both depths (e.g. TP1-S and
TP3-D) were attributable to different abiotic variables.
This suggests that the spatial separation of depths sup-
ports disparate AOB communities responding to depth-
specific localized environmental conditions.

Physicochemical variables affecting the distribution of
AOB communities at the surface and deep depths were
identified by biplot association (Fig. 3), and Spearman’s
correlation (Fig. 4 and Table S2). At the surface and deep
depths, temperature was found to be the single most
important variable influencing the distribution of arche-
types (Fig. 4), followed by DON. Furthermore, at the
surface, NH4

+ influenced the distribution of 10 different
archetypes (with an r-value � 0.42), while TDP and salin-
ity were important at the deep depth (Fig. 4 and Table S2).
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The surface appears to represent a heterogeneous envi-
ronment with a likely input of allochthonous sources from
terrestrial run-off acting to partially mask the dominance of
seasonally reoccurring patterns. Nevertheless, the TP1-S
pattern, which partitioned along the secondary axis, was
shaped primarily by a positive relationship with T and S,
nitrite (NO2

-) and dissolved organic nitrogen (DON)
(Fig. 4A and Table S2). Substrate concentrations (NH4

+

and urea) were of less importance to this TP as a whole,
influencing the distribution of only a few archetypes (A7,
A16 and A19, Table S2). Conversely, the TP3-S pattern
was negatively correlated with substrate (NH4

+/Urea) con-
centration and peaked once in October 2003. This may
not be surprising given that the archetypes in this pattern
include sequences phylogenetically associated with
Nitrosomonas ureae and Nm. oligotropha, strains com-
monly detected in low-NH4

+/low-nutrient environments.
Archetypes in the deep October pattern (TP1-D) sepa-

rated as a cluster, showing positive correlations with NO3
-,

TDN, Si and to a lesser extent urea and NH4
+ (Figs 3B and

4B and Table S2). Archetypes in the reoccurring April
pattern (TP3-D) generally clustered together in a principal
components analysis (PCA). This TP showed a weak
positive correlation with DON, phosphorus (organic and
TDP) and temperature and negative correlation with urea,
chlorophyll a and salinity. TP2-D, representing archetypes

important in August, did not resolve into a discrete cluster
(loading across secondary axis) making general mono-
tonic associations with abiotic variables difficult to discern.
However, a majority of archetypes in this cluster did show
positive correlations with organic and dissolved phospho-
rus concentrations (Fig. 4B and Table S2), DON and tem-
perature. Negative correlations were also recorded with
NO2

+, NO3
+, TDN and urea (Fig. 4B and Table S2).

Discussion

Annually repeating community patterns primarily attribut-
able to prevailing seasonal environmental conditions
(Fuhrman et al., 2006; Kan et al., 2006) have been iden-
tified as features of natural bacterial community structure.
For the AOB in Chesapeake Bay, discrimination analysis
demonstrated that distinct populations persist under reoc-
curring physicochemical conditions. Correlations between
environmental variables and archetype abundance
showed that temporal community composition was
related primarily to temperature but also to DON and
phosphorus concentrations and (weakly) to substrate
(NH4

+) concentration. Nonetheless, it is important to
stress that no single environmental variable could explain
the partitioning of archetypes into TPs. It is therefore likely
that AOB assemblages, like heterotrophic bacterial
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communities (Fuhrman et al., 2006), are determined by
multiple interacting factors. While this initially signifies that
the AOB niche range remains difficult to define compre-
hensively, this study has identified a number of important
parameters that can be used to model AOB community
structure, and therefore probably ammonia-oxidation
rates, in response to environmental changes.

The high diversity observed reproducibly in replicated
analyses at CB100 and CB300 is consistent with high
diversity reported by Francis and colleagues (2003) for
single-clone libraries from the same sites. Both studies
used the same primer set for amoA, which show good
coverage across betaproteobacterial AOB (Junier et al.,
2008). Although the mean diversity and evenness over
time was higher in sediments than for water column
samples at CB100, it is interesting to note that the highest
values for diversity and evenness from individual samples
were found in the water column at CB300. This is inter-
esting because prior studies have reported highest AOB
diversity in sediments (Freitag and Prosser, 2004), and
this pattern is often assumed to be a general feature of
bacterial communities within aquatic environments (Kemp
and Aller, 2004). However, data presented here suggest
water column samples may contain similar diversity over
short time scales.

Water column samples at CB300 were recorded to be
more diverse than the comparable depths at CB100
(Fig. 1). These results are in contrast to a number of
previous studies recording higher diversity at the freshwa-
ter end of the estuary when compared with the marine end
(Francis et al., 2003; Bernhard et al., 2005), including a
recent study using a previous, more phylogenetically
limited, version of the array used here (Ward et al., 2007).
Reports of significant AOB diversity within the marine
environment are known (e.g. O’Mullan and Ward, 2005),
but estuarine water columns are rarely investigated.

Previous clone libraries and array analyses of the
Chesapeake Bay found Nitrosomonas phylotypes to
dominate the freshwater sites of the Bay, while saline
regions were strongly dominated by sequences related to
uncultivated marine Nitrosospira phylotypes (Francis
et al., 2003; Ward et al., 2007). The present array data
(Fig. S4) show marine Nitrosospira types (archetype A3)
to be relatively more abundant at CB300 compared with
CB100, and in deep water at CB100 (likely influenced by
a transient saline wedge), yet the signal from A3 was
always a minor contribution to the total RFR (< 7%). Dis-
crepancies between the phylotype richness and identity
detected by the array and those dominating clone libraries
of the same environment are likely the consequence of
using different techniques to sample a community. Such
dissimilarity has been noted in previous studies. For
example, DeSantis and colleagues (2007) compared rich-
ness measurements of different environments sampled

by clone library or a high-density 16S rRNA microarray.
The array detected greater richness and coverage of
prokaryotic taxa than sequencing clone libraries. The
array also allows replication in the analysis of natural
communities, something considered unwieldy to perform
by clone libraries.

In the previous application of an AOB amoA-based
microarray (Ward et al., 2007) to the CB100 water column
Shannon evenness also increased with depth. That report
supported some of the phylogenetic conclusions drawn
from the current study. For example, their April 2002
surface AOB community was dominated by two arche-
types making up 91% of total signal hybridization; the first
represented a cluster of uncultivated environmental
sequences most similar to Nm. aestuarii, consistent with
findings in the current study. Their second group was
a cluster of archetypes representing environmental
sequences related to the nitrosomonads. This second
group made up the largest signal at the middle depth at
CB100 of this previous study. Three archetypes domi-
nated the deepest depth of the previous analysis: the Nm.
aestuarii-like cluster (as above), a cluster of archetypes
representing environmental sequences related to Nm.
ureae; and a cluster related to cultivated isolates of Nitro-
sospira. The differences between the earlier study and
this one likely reflect better coverage on the new array
afforded by increasing the number of probes that more
uniformly represent AOB diversity.

Archetypes from the current study could be separated
into four different groups: (i) ubiquitous archetypes impor-
tant in all samples, (ii) cosmopolitan seasonally selected,
archetypes, (iii) archetypes important only under condi-
tions uncharacteristic for this environment, and (iv) a
limited number of archetypes rarely contributing a signifi-
cant signal to the RFR. One of the striking features of the
analysis is the consistent detection of a few phylotypes
such as A10 (derived from a large number of sequences
related to Nm. aestuarii), A14 and A16 (uncultivated
sequences from the Seine river and Kysingfjord respec-
tively) and A19 (Nm. marina-like sequences). Sequences
contributing to these ubiquitous archetypes were derived
from aquatic environments with extensive salinity ranges.
Furthermore, some of the environmental sequences con-
tributing to archetype A10 were obtained from Azevedo
Pond, a small pond inland of Elkhorn Slough, CA, that
experiences diel and seasonal salinity ranges of 0–66
(Caffrey et al., 2003).

The Nm. aestuarii archetype (A10) thus represents
organisms with wide salinity tolerances, consistent with its
detection as a major component of the AOB assemblage
at all sites in Chesapeake Bay. This is also consistent with
previous documentation of Nm. aestuarii distributed
throughout freshwater and mesohaline environments
(Burrell et al., 2001; Bernhard et al., 2005) suggesting this
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archetype encompasses a phenotype adapted to substan-
tial diel changes in salinity, temperature and dissolved
oxygen. Ecophysiological studies of this clade have
recorded high tolerance of ammonia and salt concentra-
tions (Koops et al., 2003) and low substrate affinity (e.g.
Km = 50–52 mM; Koops and Pommerening-Roser, 2001)
indicating a preference for the high-nutrient/eutrophic con-
ditions found within estuarine environments, a conclusion
further supported by a positive correlation between the
temporal distribution of Nm. aestuarii and ammonium at
the surface (Fig. 2A). Furthermore, Nm. aestuarii harbours
genes encoding a full urease pathway (Pommerening-
Roser et al., 1996) and potentially capable of converting
urea to ammonia that is subsequently oxidized. Based on
this evidence, it can be concluded that Nm. aestuarii is
likely to be an important nitrifier within estuaries. Similar
physiological breadth may also apply to A14 and A16,
although these sequences do not have cultivated repre-
sentatives from which to extrapolate.

In contrast, the distribution of some archetypes appears
to be physiologically constrained, primarily by salinity.
Archetypes A1 (representing uncultivated AOB
sequences found exclusively in the marine environment)
and A3 (marine Nitrosospira) were rarely significant
signals at the freshwater site, CB100, but increased with
depth at CB300 in parallel with increasing salinity in the
water column (Table 1 and Fig. S4). Salinity has previ-
ously been demonstrated to be a major factor influencing
the composition of AOB assemblages (Francis et al.,
2003; Bernhard et al., 2005; Mosier and Francis, 2008)
and nitrification rates (Seitzinger et al., 1991; Rysgaard
et al., 1999), and may be one of the factors (including pH
and temperature) influencing the availability of NH3 and
the ratio NH3 : NH4

+. Indeed, Boynton and Kemp (1985)
demonstrated increased NH4

+ efflux along of gradient of
increasing salinity in Chesapeake Bay.

A few archetypes were important components of the
assemblage only rarely, presumably only when environ-
mental conditions were favourable. Archetypes A8 and
A17 (related to Nm. oligotropha and Nm. ureae respec-
tively) were prevalent only once during the time-course,
yet contributed a very large proportion (between 20% and
30%) of total RFR in the October 2003 surface sample.
Conditions at this time were anomalous due to the
extreme flooding caused by rain from Hurricane Isabel;
nitrate concentrations in the North Bay were very high,
while salinity and ammonium and urea concentrations
were very low (Table 1). The higher relative abundance of
A17 and A8 at this time is consistent with lower AOB
substrate availability, and the higher affinity for ammonium
reported for the cultivated members of these archetypes
(Koops and Pommerening-Roser, 2001). The presence of
these archetypes could represent successional changes
in community composition favoured by the transient envi-

ronmental conditions, or displacement of the assemblage
by different groups carried in the flooding waters. Either
scenario is consistent with a reversion to a more charac-
teristic community associated with an unperturbed chemi-
cal regime at the next sampled time date.

Conclusions drawn from DCA and k-means discrimina-
tion analyses are very similar. The different analyses
make different assumptions about the data and filter them
differently. In the DCA, all data from 11 time points from
the 19 most prominent archetypes are pooled to produce
the ordination. On the other hand, the k-means discrimi-
nation initially searches for correlation between temporal
patterns and groups the archetypes based on their behav-
iour over time. K-means does not depend on the absolute
values of RFR (i.e. is qualitative) while the DCA analysis
uses RFR values directly (quantitative). This is strong
evidence for the robustness of the temporal patterns
deduced from independent analyses.

Indigenous community reoccurrence patterns were
stronger at the deepest depth sampled at CB100 when
compared with the surface. This suggests that the deep
depth is a more discrete, stable environment than the
surface, less prone to external perturbation. Chesapeake
Bay has a distinct halocline, separating the deep seawa-
ter wedge from the seaward flowing fresher surface layer,
so that AOB dynamics at this depth are largely driven by
specific environmental factors and the long residence
time of water (see below for discussion of specific envi-
ronmental factors). Conditions at this depth show strong
seasonal patterns (Cowan and Boynton, 1996; Boynton
and Kemp, 2008) but are not directly influenced by
surface phenomena. This conclusion is further supported
by the negligible effect of Hurricane Isabel on the deep-
water AOB community in October 2003. Similarly, the
identification of reoccurrence within the surface samples
might also be taken as significant support that AOB
assemblages respond to temporally reoccurring environ-
mental factors despite the likely considerable influence of
inorganic and organic allochthonous chemical input.

The classification of archetypes in seasonally reoccur-
ring groupings is further evidence that AOB assemblages
occupy specific recurring niches (Laanbroek and
Speksnijder, 2008). Identification of deterministic factors
affecting AOB community composition provides a basis
for predicting how AOB communities, and ultimately nitri-
fication rates, will evolve with expected changes in climate
and anthropogenic nitrogen deposition (Duce et al.,
2008). Reoccurring AOB assemblages at the surface and
deep sites of upper Chesapeake Bay had minimal arche-
type overlap in April and August. In conjunction with the
inferred independent PCAs for the surface (Fig. 3A) and
deep (Fig. 3B), these results demonstrate these shallow
and deep communities are structured by different environ-
mental factors.
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In the present study, temperature was recorded as one
of the most important environmental factors, strongly influ-
encing community composition at TP2-S (August signal)
and TP3-D (April signal) and weakly affecting the April
community at the surface (TP1-S) (Table S2). The impor-
tance of T to distribution patterns has been demonstrated
in a number of previous studies of both bacteria in general
(Fuhrman et al., 2006; 2008) and specifically AOB within
aquatic (Ward et al., 2007; Urakawa et al., 2008) and
terrestrial habitats (Fierer et al., 2009), and conforms to
the metabolic theory of ecology (Brown et al., 2004).

Substrate concentration (ammonium and urea) had a
significant effect on community structure in surface waters
(separating TP1-S and TP3-S), consistent with previous
work identifying ammonium concentration as a key factor
determining AOB community composition (e.g. Francis
et al., 2003). Additionally, many AOB possess the capacity
to hydrolyse urea as a precursor to ammonia
(Pommerening-Roser and Koops, 2005; Norton et al,
2008). The influence of ammonium and urea on upper
Chesapeake Bay AOB communities was particularly
apparent at the surface (Fig. 3A). DON was strongly cor-
related with the distribution of a number of single arche-
types as well as seasonal patterns in April (TP1-S) in the
surface and August (TP2-D) in the deep. While a meta-
bolic function of DON in AOB is improbable [unlike het-
erotrophic bacteria (Aluwihare and Meadow, 2008)], biotic
degradation of DON to ammonium has been reported in
the literature (e.g. Berman et al., 1999), and could serve
as a substrate source for nitrification.

Maintenance of reoccurring AOB archetypes through
time does not resolve whether assemblages are in direct
competition or inhabiting separate but temporally co-
occurring niches. A reoccurring coexistence for function-
ally competing strains would be possible if, as Hutchinson
(Hutchinson, 1961) described, no equilibrium was
achieved due to the timescale of competitive exclusion
exceeding the timescale of seasonal stable, reoccurring
conditions. The response of AOB functional guilds to pat-
terns of temporal and spatial variability has implications
for the levels of functional diversity that can be maintained
in a system and the level of functional diversity available
to stabilize ecosystem function across predicted climate
or storm event variability. The Insurance hypothesis
(Lawton and Brown, 1993) states that elevated diversity
increases the probability that taxa adapted to compete
under new conditions will be present in the system as
conditions change. The Insurance hypothesis can be
viewed as a temporally scaled niche differentiation model
where the impact of diversity would be maximized as
environmental fluctuations increase in frequency. This
idea remains to be broadly tested in microbial communi-
ties but would suggest that the role of functional diversity
will depend in part on whether anthropogenic changes

result in primarily directional or stability changes. The
rapid turnover rate of bacterial populations may allow
microbial diversity to play a larger role than macrofaunal
diversity in stabilizing function across climate variability.
While this remains an area in need of extensive study,
community adaptation and subsequent reestablishment
of AOB populations in response to massive perturbation,
attributable to hurricane Isabel, appear to support this
hypothesis.

Conclusion

The application of high-throughput microarrays has dem-
onstrated that obligate chemoautotrophic bacteria exhibit
predictable, seasonally reoccurring patterns over time.
This methodology also removes the prohibitive costs and
sampling effects associated with other methods (e.g. the
dominance effect of clone libraries) that would arise when
attempting to reproduce an equivalent data set. Further
analysis is required to assess how metabolic specialists,
competing for the same resource, maintain a synchro-
nous relationship through time and to experimentally test
the association of functional guilds to the niches defined
within this study.

The contrasting distribution of AOB lineages over time
at different depths suggests the maintenance of specific
spatial and temporal niches. Moreover, groups of AOB are
recognized on the basis of similar patterns, possibly
reflecting a physiological similarity. High-resolution data
sets, such as this, are crucial to imparting required infor-
mation necessary to gauge the capacity of biogeochemi-
cally important guilds to respond to multifaceted change.
For example, whole community turnover in response to
changes in the physical environment is evident in the
current data set (e.g. at the surface during October 2003).
Reoccurring AOB patterns associated with repeatable
seasonal conditions reinforce the concept that microbial
guilds will respond to climate variability and that selection
for these guilds will influence the functional response of
ecosystems to climate change.

Experimental procedures

Site description

The Chesapeake Bay is a ria of the Susquehanna River
located on the eastern seaboard of the USA and spans a
watershed of 166 000 km2 with multiple tributaries. The study
sites were chosen along a north–south salinity gradient to
examine AOB communities across contrasting environmental
conditions. CB100 (37°16.11′N, 076°09.03′W) at the northern
end of the Bay is a weakly stratified oligohaline site with high
nitrite, nitrate and suspended sediment characteristic of
eutrophic conditions but with low primary productivity due
to light limitation. At the southern end of the Bay, CB300
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(37°18.16′N, 076°09.06′W), is a euryhaline site characterized
by low turbidity and nutrient concentrations, moderate pro-
ductivity and minimal hypoxia in the bottom waters (Cowan
and Boynton, 1996). Physical and chemical characteristics of
each site are summarized in Table 1 and available from the
BCO-DMO website (http://cis.whoi.edu/science/bcodmo/
project.cfm?flag=view&id=26&sortby=project).

Sample collection and DNA extraction

Collection of water and sediment samples at both stations
has been described previously (Ward et al., 2007). Briefly, the
water column was sampled from the R.V. Cape Henlopen
using Niskin bottles on a CTD rosette in April, August and
October from 2001 through 2004. Sampling was conducted
at three depths: surface (defined as 1 m below the surface),
deep (1 m above the sediment) and the middle (the middle
sample depth varied seasonally and was chosen to represent
a feature of hydrographic significance, usually the halocline
or oxycline). Water (CB100 – 720 ml; CB300 – 1220 ml) was
filtered using a peristaltic pump onto 0.2 mm Sterivex filters
(Millipore, Billerica, MA), which were drained, capped and
immediately frozen in liquid nitrogen. Sediment samples were
collected by box-core and subcored using a cut-off glass or
plastic syringe, transferred to a 2 ml tube and quick-frozen in
liquid nitrogen. Samples were stored at -80°C prior to nucleic
acid extraction.

DNA was extracted from sterivex filters using the Puregene
DNA kit (Gentra, Minneapolis, MN) and from sediment
samples using the FASTDNA spin kit for soil (QBIOgene,
Carlsbad, CA) according to the manufacturer’s instructions.

Microarray oligonucleotide probe design

This study employed the archetype array approach outlined
previously (Bulow et al., 2008; Ward, 2008). The array
employs an internal standard to filter and quantify signal
intensity of the amoA probes. Each 90-mer oligonucleotide
probe contains a 70-mer amoA archetype sequence
(Table S1) combined with a 20-mer oligo (5′-GAT CCC CGG
GAA TTG CCA TG-3′), functioning as an internal standard.
Each probe is printed in four replicate blocks within an array
(i.e. four replicate features for each probe on each array) and
eight arrays were printed on each slide. The design and
spotting of the amoA probes has been described previously
(Ward et al., 2007; Ward, 2008). For the new array a com-
prehensive collection of archetype probes representing culti-
vated groups of Beta- and Gammaproteobacteria and most
uncultivated environmental sequence data was developed.
However, while the array retains the capacity to assess the
prevalence of gammaproteobacterial archetypes, this study
selectively amplifies only the more diverse Betaproteobacte-
ria. The selection, phylogenetic alignment and probe region
designation, described in an algorithm previously published
(Bulow et al., 2008), identified 28 individual AOB probes rep-
resenting 506 amoA sequences contained in GENBANK at
the time of array development (October 2004). This probe set
included 13 probes from culture-based sequences (including
probes representing Nitrosococcus mobilus and Nitrosomo-
nas nitrosa not included in the previous generation of the

array) and 15 probes constituting environmental amoA
sequences (see Table S1 for complete archetype list and
description).

amoA amplification, target preparation and
microarray hybridization

Hybridization targets were produced from PCR amplicons as
described previously (Ward et al., 2007) with minor modifica-
tions. A 490 bp fragment of the ammonia monooxygenase
(amoA) gene was amplified using the betaproteobacterial
amoA primers as described previously (Rotthauwe et al.,
1997) using 2 U of the PHUSION polymerase (Finnzymes,
NEB). Cleaned PCR products were pooled and labelled by
incorporating amino-allyl-dUTP during linear amplification
using Klenow enzyme. AmoA fragments were isothermally
amplified for 1.5 h in a master mix containing 3.6 mM
d(AGC)TP, 0.4 mM dTTP and 4.4 mM dUaa. The Klenow
product was purified and conjugated with Cy3 as described
previously (Ward et al., 2007).

Cy3-labelled PCR product (200 ng) was combined with 2 ¥
hybridization buffer (1 ¥ final concentration; Agilent, Santa
Clara, CA), 0.25 pmol of a Cy5-labelled complementary
20-mer standard oligonucleotide and incubated at 95°C for
5 min before being cooled to room temperature. Samples
were hybridized to triplicate arrays by overnight incubation at
65°C and washed as described previously (Ward et al.,
2007). The arrays were scanned with an Agilent laser
scanner (Agilent Technologies, Palo Alto, CA) and analysed
using the Gene Pix Pro 6.0 software (Molecular Devices,
Sunnyvale, CA).

General features of oligonucleotide probe set behaviour in
this array format (e.g. potential for cross-hybridization or sto-
chastic variability in hybridization capacity) have been
described elsewhere (Taroncher-Oldenburg et al., 2003;
Ward et al., 2007). During array optimization, the relationship
between DNA concentration (1–50 ng target per array) and
the linearity of signal intensity was investigated using an
amoA sequence representing 95% match to a probe (probe
A3 representing sequences related to the Nitrosospira spp.).

Hybridization data analysis

Scanned arrays were normalized and filtered using the fol-
lowing steps. (i) Signal intensities for all features were calcu-
lated by subtracting the background fluorescence for each
channel (i.e. the wavelengths 532 nm and 635 nm). (ii) The
mean background fluorescence across both channels and for
all features (i.e. amoA archetypes, controls) was calculated
and used to identify significant signals as those having a
signal intensity two standard deviations above the mean
background fluorescence. (iii) The ratio of Cy3 : Cy5 fluores-
cence was calculated for each feature and any features with
no Cy3 signal were removed from further analysis. (iv) The
data were normalized to allow for valid comparison across
arrays by converting the signal intensity of each amoA probe
to a percentage of the total positive signal intensity (relative
fluorescence ratio, or RFR) per probe. Each target was
hybridized in triplicate to yield 12 replicate signals for each
probe for the subsequent analysis.
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Ecological analysis

The RFR data from CB100 and CB300 were used to calcu-
late diversity and evenness indices at each depth. The
Shannon diversity index (H) (Margalef, 1958) was calculated
using the Vegan package in R (freeware; http://cran.r-
project.org/, Maindonald and Braun, 2003) as a precursor to
calculating an evenness statistic more representative of a
relative contribution of individual features to the total signal
intensity. The Shannon evenness index is given by: H/log(S)
where S is the total number of features in each analysis. A
cursory investigation of a relationship among archetype
prevalence and changes in community composition over time
was performed using DCA via the decorana function in
vegan. DCA, in this case, used a scaling that ordinates
the rows (here the different time points) at the centroid of the
columns (representing the RFR of the different probes). The
simultaneous graphing of temporal data and probe RFR
allowed the determination of community composition over
time, and the identification of archetypes that may be most
important in determining these ordinations.

Discrimination analysis

The investigation of the CB100 RFR data over time (i.e. a
archetypes temporal pattern) was conducted by a discrimi-
nation approach (based on k-means clustering; Matlab pro-
grams available on request). An archetype’s temporal signal
was automatically extracted from the RFR data, and trans-
posed into a similarity matrix, based on pairwise correlation
scores. This method grouped archetypes by their temporal
behaviour, represented in a UPGMA plot. For a given dis-
tance threshold (in this case 0.75), this plot indicates the
number of cases in which the archetypes share similar reoc-
curring patterns [referred to as temporal patterns (TP) in the
text]. The robustness of this discrimination analysis was
assessed using a Cophenetic correlation (bootstrapped 200
times). The r-value from this analysis determines how well the
dendrogram reflects the pairwise analysis of the original data
(where a value of 1 being an exact replication). Each TP was
investigated in terms the individual archetype behaviour
(temporal pattern description at a specific depth), in order to
compute the centroid of a given TP. The lines connecting
centroids represent the relative change between time points
regardless of the absolute hybridization signal strength of
individual archetypes. This analysis was performed simulta-
neously for all depths and time points and then for subsets of
archetypes separated by depth.

Principal components analysis

The relationship between CB100 TPs and physicochemical
variables was assessed using a previously described
approach (Ward et al., 2007). Briefly, physicochemical vari-
ables were linearly ordinated within a PCA following calcula-
tion of a matrix describing between-sample correlations. The
microarray data were added to this PCA by computing the
representation of each feature at each depth. The two matri-
ces (physicochemical and biological) were then projected
onto the same ordination biplot. This approach allows the

visualization of specific relationships between biological and
environmental data and likely represents a more accurate
approach than ordination biplots with physicochemical
factors overlaid. To quantify the relationships observed in the
PCA biplots, Spearman’s correlation coefficient and corre-
sponding P-values were used. Pairwise analyses were per-
formed to include both physicochemical and biological data
as per the original PCA. Data are represented in heat maps
to further demonstrate the clustering of highly related vari-
ables (all relationships highlighted in the text are at a signifi-
cance level < 0.05).
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sequences making up the probe, the melting temperature of
each probe (Tm) and the GC content.
Table S2. Spearman’s correlation coefficients between
physicochemical parameters and biological variables. Abbre-
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statistically significant at a 95% level are marked in bold and
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Supplemental	  results,	  discussion,	  tables	  and	  figures.	  

Detrended	  Correspondance	  Analysis	  

Despite	  some	  archetypes	  (e.g.	  A10)	  dominating	  hybridization	  patterns,	  the	  

magnitude	  of	  archetype	  RFR	  showed	  discernable	  change	  in	  samples	  over	  the	  course	  

of	  this	  study.	  Therefore,	  detrended	  correspondence	  analysis	  (DCA)	  was	  used	  to	  

assess	  changes	  of	  relative	  ordination	  of	  AOB	  communities	  amongst	  seasons	  and	  also	  

identify	  the	  probes	  characterizing	  the	  separation	  of	  stations.	  The	  surface	  and	  middle	  

depths	  of	  CB100	  showed	  little	  variability	  in	  the	  relative	  positioning	  of	  different	  

years	  in	  the	  DCA	  (Fig.	  S5	  a	  &	  b)	  suggesting	  that	  the	  AOB	  communities	  are	  relatively	  

stable	  within	  seasons	  over	  annual	  time	  frames.	  Ordination	  of	  both	  the	  surface	  and	  

middle	  depths	  showed	  clear	  separation	  between	  October	  2003	  and	  the	  other	  

samples.	  This	  was	  likely	  caused	  by	  a	  shift	  in	  community	  composition	  during	  October	  

evidenced	  by	  the	  signal	  increase	  from	  probes	  A8,	  representing	  cultured	  and	  

environmental	  sequences	  related	  to	  Nm.	  oligotropha,	  A17	  and	  A24,	  related	  to	  

uncultivated	  Nm.	  halophila	  and	  Nm.	  oligotropha.	  The	  elevation	  of	  these	  archetypes	  

was	  concomitant	  with	  a	  drop	  in	  the	  signal	  from	  probes	  that	  otherwise	  produced	  

consistently	  strong	  signals	  throughout	  the	  annual	  cycle	  and	  also	  with	  the	  anamolous	  

water	  chemistry	  conditions	  following	  the	  hurricane	  Isabel	  event	  (Fig.	  S5	  a	  &	  b).	  The	  

effects	  of	  the	  hurricane	  were	  evidently	  transient	  as	  the	  community	  at	  the	  

subsequent	  sampling	  point	  (April,	  2004)	  clustered	  with	  other	  April	  sampling	  points	  

indicating	  restoration	  of	  community	  composition	  following	  perturbation..	  Clustering	  

of	  AOB	  communities	  at	  the	  surface	  during	  April	  2002,	  2003	  and	  2004	  (but	  not	  at	  

2001)	  was	  associated	  with	  the	  relatively	  high	  A10	  and	  A14	  hybridization	  signals,	  



whereas	  archetypes	  A15,	  A16	  and	  A19	  were	  important	  in	  the	  April	  2001,	  further	  

differentiating	  this	  depth.	  	  

AOB	  community	  ordination	  patterns	  in	  the	  middle	  depth	  of	  CB100	  were	  

similar	  to	  that	  at	  the	  surface,	  including	  the	  separation	  of	  October	  2003.	  The	  

clustering	  of	  the	  April	  and	  August	  samples,	  however,	  was	  more	  dispersed.	  The	  mid	  

depth	  communities	  clustered	  together	  at	  April,	  August	  and	  October	  2001,	  October	  

2002	  and	  August	  2004	  due	  to	  high	  signals	  from	  A7,	  A10	  and	  A19.	  The	  April	  sites	  at	  

2002	  and	  2004	  cluster	  together	  mainly	  due	  to	  elevated	  hybridization	  signal	  of	  probe	  

A14.	  April	  2004	  ordinated	  away	  from	  these	  two	  sites	  along	  the	  first	  axis	  based	  on	  

the	  hybridization	  signals	  of	  A9	  and	  A17.	  	  	  	  

The	  deep	  depth	  showed	  patterns	  of	  seasonal	  clustering	  in	  April,	  August	  and	  

October	  during	  2001	  and	  2004	  indicating	  temporal	  trends	  in	  the	  dynamics	  of	  probe	  

signal	  intensity	  (Fig.	  S5	  c).	  April	  2002	  ordinated	  away	  from	  other	  spring	  

communities	  due	  to	  lower	  signal	  strength	  of	  probes	  A10	  and	  A14	  and	  increased	  

hybridization	  signal	  from	  probe	  A25.	  Archetype	  A24	  represents	  sequences	  cloned	  

from	  the	  CT1	  site	  of	  the	  Choptank	  River,	  Maryland;	  a	  freshwater	  environment	  with	  

water	  chemistry	  similar	  to	  CB100.	  Similarly,	  while	  August	  samples	  generally	  

clustered	  together,	  the	  sample	  taken	  in	  August	  2002	  was	  influenced	  by	  high	  signal	  

from	  probe	  A2	  and	  A21.	  These	  two	  probes	  represent	  environmental	  sequences	  

confined	  to	  freshwater	  environments,	  and	  sequences	  originally	  collected	  from	  

Chesapeake	  Bay	  sediments,	  respectively.	  	  High	  RFR	  from	  sediment	  derived	  

archetypes,	  such	  as	  A21,	  indicates	  that	  close	  proximity	  to	  the	  sediment	  could	  be	  



contributing	  to	  elevated	  diversity	  found	  at	  this	  depth	  (Fig.	  2	  a).	  Similar	  AOB	  

community	  composition	  was	  observed	  during	  October	  2001	  and	  2003,	  while	  

relative	  elevation	  in	  the	  probes	  A10	  and	  A19	  were	  likely	  responsible	  for	  the	  

separation	  between	  October	  2002	  and	  the	  other	  sites.	  The	  deep	  community	  in	  

October	  2003	  was	  similar	  to	  2001	  and	  2004,	  although	  signal	  from	  probe	  A26	  was	  

higher	  at	  2003,	  influencing	  the	  separation	  of	  these	  dates.	  

The	  sediment	  samples	  displayed	  the	  most	  variability	  in	  community	  

composition,	  likely	  reflecting	  the	  small-‐scale	  heterogeneity	  of	  sediments	  (Fig.	  S5	  d).	  

Temporal	  variability	  was	  evident	  in	  community	  structure	  over	  time	  except	  in	  

October	  2002	  and	  2003	  possibly	  because	  the	  patterns	  were	  dominated	  by	  signals	  

from	  probes	  A1,	  A21,	  A24	  and	  A26.	  These	  samples	  separated	  due	  to	  the	  higher	  

values	  of	  probes	  A1	  and	  A19	  at	  October	  2002.	  The	  variability	  between	  the	  April	  

samples	  was	  mainly	  due	  to	  the	  significant	  differences	  in	  hybridization	  signals	  of	  A4	  

and	  A16	  (important	  at	  2001	  but	  very	  low	  at	  2003)	  and	  probe	  A14,	  which	  was	  

important	  in	  2003	  but	  not	  present	  in	  2001.	  	  

	  

Supplemental	  discussion	  of	  the	  middle	  depth.	  	  

Analysis	  of	  RFR	  data	  for	  the	  middle-‐depth	  found	  single-‐peak	  maxima	  at	  

successive	  time	  points	  indicating	  that	  seasonality	  is	  not	  a	  feature	  of	  all	  aquatic	  

environments	  (Kent	  et	  al.,	  2004;	  Yannarell	  et	  al.,	  2003)	  as	  repeating	  seasonal	  

patterns	  were	  not	  a	  feature	  of	  the	  k-‐means	  discrimination	  of	  the	  middle	  depth.	  	  That	  

most	  of	  the	  TP-‐Ms	  were	  dominated	  by	  a	  single	  peak	  (Fig.	  S6)	  implies	  that	  the	  



patterns	  were	  not	  affected	  by	  seasonal	  factors.	  These	  patterns	  imply	  either	  

replacement	  of	  assemblages	  over	  time	  (rather	  than	  reassembly	  of	  similar	  

communities	  under	  similar	  conditions	  each	  year)	  or	  sampling	  of	  a	  different	  

community	  each	  time.	  Variability	  of	  mid	  depth	  samples	  is	  probably	  linked	  to	  the	  

sampling	  strategy,	  which	  selected	  a	  particular	  feature	  of	  interest	  (e.g.	  the	  halocline,	  

oxycline,	  thermocline)	  rather	  than	  a	  particular	  depth.	  The	  water	  sampled	  at	  the	  mid	  

depth	  was	  therefore	  not	  from	  a	  consistent	  environment,	  unlike	  the	  surface	  and	  deep	  

samples.	  
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Table	  S1:	  Archetype	  probe	  list	  detailing	  the	  source	  of	  the	  sequences	  making	  up	  the	  
probe,	  the	  melting	  temperature	  of	  each	  probe	  (Tm)	  and	  the	  GC	  content.	  

	  

	  



Table	  S2.	  Spearmans	  correlation	  coefficients	  between	  physicochemical	  parameters	  
and	  biological	  variables.	  Abbreviations	  are	  the	  same	  as	  for	  Fig.	  3	  in	  the	  text.	  
Coefficients	  statistically	  significant	  at	  a	  95	  %	  level	  are	  marked	  in	  bold	  and	  
underlined.	  
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Surface
NH4

+ NO3
- NO2

- Si oPhos. TDN TDP PC PN PC:PN Urea Chl DON T S
NH4

+ 1

NO3
- -0.0016 1

NO2
- 0.111 -0.4261 1

Si -0.4208 0.6072 -0.1173 1
oPhos. 0.183 -0.1548 0.8238 0.0899 1
TDN -0.0165 0.9634 -0.4948 0.5893 -0.1707 1
TDP -0.2626 -0.1804 0.5057 0.1352 0.7425 -0.0742 1
PC -0.405 0.4985 -0.6004 0.4258 -0.5607 0.5435 -0.2544 1
PN -0.5482 0.4236 -0.4836 0.5145 -0.5801 0.352 -0.3638 0.7775 1

PC:PN 0.0783 0.3143 -0.4442 0.0244 -0.2736 0.4525 -0.0887 0.651 0.0439 1
Urea 0.3766 -0.016 -0.2333 0.0079 -0.2155 0.1252 -0.1929 0.211 -0.1979 0.6293 1
Chl -0.6412 -0.0785 -0.2806 0.1038 -0.1629 0.0067 0.3286 0.3021 0.1085 0.3605 0.0865 1

DON -0.0483 -0.7043 -0.0729 -0.4872 -0.222 -0.5349 0.0434 -0.0213 -0.178 0.1488 0.3312 0.1208 1
T -0.101 -0.5637 0.2271 -0.3237 0.3406 -0.4674 0.5319 -0.2439 -0.2557 -0.1197 -0.1334 0.1974 0.6322 1
S -0.5154 -0.624 0.6029 -0.1804 0.4233 -0.5691 0.6925 -0.3391 -0.2478 -0.3391 -0.2941 0.3722 0.3658 0.5351 1

A1 0.0726 -0.1626 0.2791 0.1776 0.2368 -0.2098 0.0197 -0.466 -0.3919 -0.2666 0.1452 0.0528 -0.3061 -0.4565 0.062
A2 0.3811 -0.2515 0.1931 -0.4729 -0.0361 -0.1215 -0.0168 0.0187 -0.3591 0.445 0.6009 -0.184 0.4877 0.0327 0.1277
A3 0.1157 0.0693 -0.2332 0.0844 -0.1145 0.0651 -0.2875 0.2159 0.1453 0.1072 -0.163 -0.3739 0.0708 -0.0967 -0.4228
A4 0.2064 -0.6104 0.0894 -0.534 -0.0262 -0.4722 0.094 -0.0692 -0.3847 0.3857 0.6174 0.2423 0.7773 0.5569 0.2891
A5 0.1752 0.0504 0.0306 0.1522 -0.0134 -0.036 -0.1912 0.0754 -0.0084 0.2289 0.4623 0.2713 -0.3637 -0.395 -0.2333
A6 0.2552 -0.7187 0.8409 -0.399 0.6694 -0.7433 0.4197 -0.5221 -0.538 -0.2352 -0.0062 -0.1689 0.2716 0.459 0.5438
A7 0.4533 -0.3284 0.136 -0.5337 -0.0472 -0.2259 -0.149 -0.1976 -0.4411 0.2689 0.5781 -0.2049 0.5926 0.279 0.0657
A8 -0.489 0.4049 -0.0911 0.3867 0.206 0.4767 0.6564 0.313 0.1959 0.1652 -0.3144 0.4837 -0.3383 0.0251 0.2608
A9 -0.0536 0.2059 -0.3834 0.3829 -0.3391 0.1335 -0.5264 0.1537 0.1889 0.0758 0.1707 0.0935 -0.3048 -0.5932 -0.5089

A10 0.2221 -0.2317 0.334 0.0074 0.1163 -0.3165 -0.2413 -0.6273 -0.2448 -0.6354 0.0623 -0.4027 -0.0059 -0.0794 0.0581
A11 -0.4285 -0.5834 0.0717 -0.205 -0.0167 -0.4245 0.321 0.1925 -0.0542 0.2998 0.1805 0.4392 0.8239 0.6497 0.5811
A12 -0.4312 0.2895 -0.0138 0.3007 0.2515 0.362 0.7144 0.2561 0.1654 0.1134 -0.2857 0.4658 -0.2673 0.134 0.335
A13 0.4287 -0.3395 0.4149 -0.1258 0.337 -0.2823 0.3046 -0.214 -0.269 -0.0781 0.3618 -0.328 0.1779 0.0997 0.1595
A14 0.1815 0.2376 -0.3535 -0.0872 -0.4728 0.1307 -0.7388 0.108 0.1767 -0.0082 -0.165 -0.3587 -0.2783 -0.6782 -0.5873
A15 -0.1412 -0.1525 -0.3605 -0.0958 -0.4843 -0.2057 -0.4638 0.3549 0.2503 0.3817 0.3472 0.5204 0.1028 -0.1076 -0.1989
A16 0.2865 -0.27 -0.0882 -0.3724 -0.1942 -0.2508 -0.2433 -0.0763 0.0139 -0.0468 0.2427 -0.1984 0.5281 0.5421 -0.053
A17 -0.4676 0.3296 -0.0274 0.3549 0.2564 0.4024 0.7041 0.262 0.1604 0.118 -0.3214 0.4606 -0.3058 0.07 0.3135
A18 0.2818 -0.1984 -0.3809 -0.1705 -0.3611 -0.1039 -0.3829 0.236 0.0222 0.3136 0.3297 -0.2876 0.4937 -0.008 -0.4006
A19 0.5132 -0.5873 0.6275 -0.5653 0.2903 -0.5806 -0.0226 -0.5675 -0.544 -0.2654 0.196 -0.5783 0.42 0.1858 0.2851
A20 -0.1585 0.533 -0.367 0.3138 0.0224 0.452 0.0516 0.3014 0.3363 0.121 -0.3972 0.2793 -0.4942 0.0867 -0.3527
A21 -0.299 -0.1658 -0.0965 -0.1792 -0.0693 -0.0191 0.3815 0.4297 -0.0128 0.6754 0.3604 0.714 0.3757 0.3222 0.3704
A22 -0.1867 0.5764 -0.4987 0.3348 -0.102 0.5081 -0.05 0.3383 0.3512 0.1584 -0.3819 0.291 -0.4952 -0.0437 -0.4366
A23 0.4777 -0.6152 0.6796 -0.3699 0.6616 -0.6015 0.4561 -0.5709 -0.5755 -0.2567 0.1072 -0.2841 0.2736 0.5287 0.3581
A24 -0.4456 0.3984 -0.1471 0.3975 0.1828 0.4849 0.6114 0.3865 0.2264 0.2248 -0.3098 0.3875 -0.2659 0.0431 0.1691
A25 0.2498 -0.1287 -0.1005 0.014 -0.1414 -0.104 -0.3347 0.3295 0.1262 0.3237 0.2753 -0.3737 0.2803 -0.0981 -0.3731
A26 0.1229 -0.4804 0.1087 -0.4722 -0.0214 -0.4584 -0.0156 0.0258 -0.1799 0.3393 0.3993 0.3414 0.4727 0.4923 0.2017
A27 0.1167 -0.0622 -0.2238 0.1798 -0.155 0.002 -0.0931 -0.0701 -0.2135 0.1696 0.566 0.2629 -0.055 -0.4286 -0.1867
 A28 -0.5358 0.2212 -0.2855 0.2419 -0.404 0.1084 -0.2362 0.6323 0.794 0.1106 -0.2281 0.3966 -0.1761 -0.0142 -0.042



Deep
NH4

+ NO3
- NO2

- Si oPhos TDN TDP PC PN PC:PN Urea Chl DON T S
NH4

+ 1

NO3
- 0.1253 1

NO2
- -0.4861 -0.4614 1

Si -0.1974 0.6199 -0.3597 1
oPhos -0.298 -0.4859 0.6546 -0.1876 1
TDN 0.2572 0.9511 -0.5764 0.6639 -0.4712 1
TDP -0.4694 -0.2305 0.4494 0.0347 0.8594 -0.185 1
PC 0.266 0.4471 -0.4546 0.4381 -0.3328 0.5149 -0.1015 1
PN 0.2434 0.3559 -0.4334 0.4919 -0.2605 0.4153 -0.0655 0.9376 1

PC:PN 0.2975 0.4368 -0.5628 0.1761 -0.3998 0.5346 -0.1421 0.7546 0.5074 1
Urea 0.3989 0.0456 -0.3715 0.3685 -0.2839 0.2655 -0.328 0.0654 0.0992 0.0504 1
Chl -0.1602 0.2014 -0.2508 0.4622 -0.2223 0.3675 0.051 0.0087 0.003 0.0813 0.6862 1

DON 0.257 -0.7111 0.132 -0.5665 0.3872 -0.6592 0.1491 -0.0144 0.0276 -0.0305 -0.2595 -0.6485 1
T 0.1893 -0.497 0.1722 -0.5142 0.5704 -0.5055 0.3485 -0.1087 -0.033 -0.11 -0.3451 -0.6248 0.7777 1
S -0.1563 -0.6422 0.6918 -0.6934 0.3245 -0.7619 0.0985 -0.2998 -0.1972 -0.492 -0.3707 -0.3681 0.3689 0.3801 1

A1 0.3485 -0.3739 -0.0696 -0.5112 0.1607 -0.3883 -0.0265 -0.2489 -0.0601 -0.3377 -0.0693 -0.3201 0.455 0.7372 0.4439
A2 -0.1319 -0.4573 0.4449 -0.3059 0.3254 -0.4824 0.2518 -0.1799 0.067 -0.5904 -0.105 -0.094 0.2661 0.3793 0.7143
A3 0.2176 0.2455 -0.3981 0.2014 -0.6568 0.2918 -0.6363 0.0862 -0.0326 0.2451 0.2717 0.0773 -0.1106 -0.5877 -0.4966
A4 0.0383 -0.2126 -0.0961 -0.1679 0.0967 -0.2616 -0.056 -0.3031 -0.2045 -0.2818 -0.2876 -0.5697 0.5465 0.4805 -0.0939
A5 -0.0326 0.3861 -0.2086 0.0552 -0.2178 0.1659 -0.2961 -0.0868 -0.1201 0.027 -0.4529 -0.4331 -0.1897 0.0008 -0.1625
A6 0.2584 -0.2566 -0.1597 -0.0641 0.2936 -0.1864 0.149 0.0854 0.207 -0.0234 0.062 -0.3554 0.613 0.79 -0.0248
A7 -0.1555 -0.2719 0.1658 -0.2358 0.2587 -0.3588 0.1398 -0.2951 -0.1401 -0.4108 -0.3615 -0.5086 0.4731 0.6319 0.23
A8 0.3893 -0.1306 -0.244 -0.339 0.0677 -0.0815 -0.042 -0.0103 -0.0344 0.1835 -0.0969 -0.4647 0.5967 0.7128 -0.1025
A9 -0.0313 0.2107 -0.3708 0.3405 -0.4955 0.2507 -0.4544 -0.1577 -0.2226 0.0382 0.2965 0.2045 -0.1983 -0.5536 -0.6138

A10 -0.4242 -0.2156 0.3741 -0.1476 0.4072 -0.1591 0.5644 -0.1786 -0.2798 0.0572 0.0272 0.508 -0.2521 -0.0485 0.2235
A11 -0.136 0.0026 0.1408 0.233 0.4681 0.1023 0.6181 0.5173 0.4514 0.4044 -0.1771 -0.1457 0.3443 0.3162 -0.1723
A12 -0.1615 -0.1061 0.0777 -0.1794 -0.2011 -0.1754 -0.2304 -0.3303 -0.3305 -0.2538 -0.2949 -0.3304 0.2236 -0.1112 -0.0361
A13 0.3118 -0.0604 -0.1186 -0.4602 0.1458 -0.0126 0.0886 -0.147 -0.2661 0.2621 -0.0553 -0.1979 0.2979 0.6262 -0.0275
A14 0.2446 0.2007 -0.1781 0.1379 -0.6208 0.199 -0.6296 0.1072 0.1593 -0.084 0.4724 0.4308 -0.5111 -0.6632 0.1151
A15 -0.0226 0.2503 0.1141 0.3146 0.446 0.27 0.5117 0.4446 0.3314 0.3943 -0.2638 -0.1986 0.0526 0.0666 -0.2733
A16 0.1108 -0.115 -0.0549 0.1398 0.4365 -0.0894 0.286 0.2367 0.2589 0.1602 -0.1537 -0.5329 0.5931 0.6721 -0.2168
A17 0.442 -0.0177 -0.2376 -0.0302 0.2441 0.0637 0.1011 0.2092 0.2268 0.2292 0.1218 -0.3276 0.464 0.74 -0.1748
A18 0.1023 0.071 -0.3419 0.1835 -0.5423 0.1404 -0.529 -0.1483 -0.1721 -0.0332 0.3522 0.1824 -0.0654 -0.5066 -0.4378
A19 -0.3434 -0.1638 0.4995 -0.2398 0.3378 -0.2479 0.3898 -0.1141 0.011 -0.3461 -0.2654 0.0006 -0.0436 0.3304 0.6273
A20 -0.0777 0.0411 -0.0459 -0.0659 0.2878 -0.0077 0.2116 -0.1765 -0.3432 0.2321 -0.3927 -0.4319 0.2571 0.3064 -0.3822
A21 0.2611 -0.4667 -0.0178 -0.3019 0.2575 -0.419 0.1388 -0.0986 0.1789 -0.4368 0.0151 -0.2077 0.5214 0.6145 0.4379
A22 -0.0958 -0.0173 -0.0333 -0.1644 0.3135 -0.0592 0.2632 -0.2489 -0.4253 0.2245 -0.3962 -0.3329 0.2063 0.2861 -0.3078
A23 0.0097 0.0947 -0.068 0.4861 0.277 0.1929 0.2551 0.4829 0.4417 0.3741 0.2388 -0.0354 0.1906 0.2664 -0.3747
A24 0.3783 0.2323 -0.4582 0.0574 -0.4703 0.3308 -0.4326 0.2106 0.0167 0.514 0.1624 -0.1019 0.1583 -0.2236 -0.5837
A25 0.1274 0.415 -0.3509 0.2386 -0.4782 0.3868 -0.3903 0.3064 0.157 0.4157 -0.1747 -0.2633 -0.0039 -0.3922 -0.5246
A26 -0.1358 -0.2256 0.052 0.2353 0.5404 -0.2092 0.5273 0.1664 0.4222 -0.2767 -0.1129 -0.1819 0.3611 0.5786 0.1295
A27 0.2258 -0.2421 -0.1365 -0.1326 0.5782 -0.1695 0.5312 0.0582 0.1439 0.0506 -0.1398 -0.2158 0.4496 0.7126 0.0136
 A28 -0.3355 0.1105 0.2355 -0.0243 0.5081 0.1085 0.7378 0.0599 -0.0904 0.2703 -0.5716 -0.1229 0.0488 0.0927 -0.1602



Figure	  S1.	  Variation	  in	  key	  environmental	  variables	  temperature	  (T),	  salinity	  (S)	  
ammonium	  (NH4)	  and	  nitrate	  between	  April	  2001	  and	  October	  2004	  at	  the	  surface	  
(green	  dashed	  lines)	  and	  the	  deep	  (blue	  dashed	  lines)	  depths	  of	  CB100.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



Figure	  S2.	  Microarray	  data	  from	  Chesapeake	  Bay	  station	  CB100	  at	  the	  deep	  depth	  in	  
October	  2004.	  The	  error	  bars	  denote	  the	  standard	  deviation	  across	  triplicate	  
microarrays.	  (n	  =	  12	  for	  each	  archetype)	  	   	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



Figure	  S3:	  Experiment	  examining	  the	  relationship	  between	  target	  concentration	  and	  
probe	  fluorescent	  intensity.	  DNA	  extracted	  from	  a	  culture	  showing	  homology	  to	  
probe	  A3	  (Nitrosospira-like)	  was	  labeled	  and	  hybridized	  to	  the	  array	  in	  increasing	  
concentrations	  allowing	  for	  an	  asymptote	  in	  the	  signal,	  between	  20	  and	  25	  ng,	  to	  be	  
identified.	  	  

	  

	  

	  

	  

	  

	  



Figure	  S4:	  Individual	  probe	  contribution	  to	  the	  cumulative	  signal	  hybridization	  over	  
the	  complete	  microarray	  dataset	  (i.e.	  both	  CB100	  and	  CB300).	  The	  data	  shows	  the	  
average	  RFR	  values	  (±	  std.	  error)	  for	  all	  blocks	  on	  triplicate	  arrays	  (n=12)	  over	  11,	  8	  
or	  4	  time	  points	  (for	  CB100	  surface	  to	  deep,	  sediment	  or	  CB300	  samples	  
respectively)	  



	  



Figure	  S5:	  Detrended	  correspondance	  analysis	  of	  CB100	  showing	  both	  ordination	  of	  
sites	  and	  the	  associated	  probes.	  Legend:	  △	 –	 April;	  ◻	 -	 August;	  ○	 –	 October.	  	  
Unfilled	  –	  2001;	  Black	  –	  2002;	  Red	  –	  2003;	  Blue	  –	  2004.	  	  

Fig.	  5.	  a.	  Surface	  

	  

Fig.	  5.	  b.	  Middle	  

	  

	  



Fig.	  5.	  c.	  Deep	  

	  

	  

Fig.	  5.	  d.	  Sediment	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



Figure	  S6.	  Temporal	  classification	  of	  covarying	  archetypes	  based	  on	  K-‐means	  

discrimination	  analysis	  at	  the	  (a)	  surface	  and	  (b)	  deep	  depths.	  See	  figure	  2	  legend	  

for	  a	  description.	  	  Within	  the	  dendrogram,	  the	  branches	  are	  color-‐coded	  to	  

represent	  individual	  TPs	  (TP1	  –	  red,	  TP2	  –	  blue,	  TP3	  –	  green,	  TP4	  –	  yellow	  and	  TP5	  

–	  purple).	  	  
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