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Anoxia occurs in bottom waters of stratified estuaries when respiratory consumption of oxygen, primarily by
bacteria, outpaces atmospheric and photosynthetic reoxygenation. Once water becomes anoxic, bacterioplank-
ton must change their metabolism to some form of anaerobic respiration. Analysis of redox chemistry in water
samples spanning the oxycline of Chesapeake Bay during the summer of 2004 suggested that there was a
succession of respiratory metabolism following the loss of oxygen. Bacterial community doubling time, calcu-
lated from bacterial abundance (direct counts) and production (anaerobic leucine incorporation), ranged from
0.36 to 0.75 day and was always much shorter than estimates of the time that the bottom water was anoxic (18
to 44 days), indicating that there was adequate time for bacterial community composition to shift in response
to changing redox conditions. However, community composition (as determined by PCR-denaturing gradient
gel electrophoresis analysis of 16S rRNA genes) in anoxic waters was very similar to that in surface waters in
June when nitrate respiration was apparent in the water column and only partially shifted away from the
composition of the surface community after nitrate was depleted. Anoxic water communities did not change
dramatically until August, when sulfate respiration appeared to dominate. Surface water populations that
remained dominant in anoxic waters were Synechococcus sp., Gammaproteobacteria in the SAR86 clade, and
Alphaproteobacteria relatives of Pelagibacter ubique, including a putative estuarine-specific Pelagibacter cluster.
Populations that developed in anoxic water were most similar (<92% similarity) to uncultivated Firmicutes,
uncultivated Bacteroidetes, Gammaproteobacteria in the genus Thioalcalovibrio, and the uncultivated SAR406
cluster. These results indicate that typical estuarine bacterioplankton switch to anaerobic metabolism under

anoxic conditions but are ultimately replaced by different organisms under sulfidic conditions.

Every summer in many stratified estuaries, eutrophication-ele-
vated phytoplankton production drives rapid bacterial respira-
tion, creating zones in which dissolved oxygen is greatly reduced
(hypoxic, <3 mg/liter dissolved oxygen) or eliminated (anoxic).
These so-called “dead zones” exclude fish, kill benthic organisms,
and eliminate habitat for commercially and recreationally impor-
tant marine species (48). The management community considers
hypoxia/anoxia to be a bellwether of eutrophication in coastal
waters. This phenomenon is extensive in the United States, oc-
curring in the waters of 16 of the 21 coastal continental states and
in 66 of 137 estuaries (7). In some systems, like the Chesapeake
Bay, hypoxic/anoxic bottom water covers large areas and may
have a significant impact on food webs and on carbon and nutri-
ent cycles.

Despite their popular name, hypoxic/anoxic zones are not
really dead but rather are populated with living and very
active communities of bacteria and protists. In fact, bacterial
production in anoxic marine and fresh waters is often similar
to or even greater than that in overlying oxic waters (2,
12, 58).

Two factors act in concert to produce deep-water anoxia in
estuaries: stratification and aerobic respiration. First, vertical
stratification traps high-density water away from the atmo-
sphere and prevents reoxygenation (3, 4, 42). Second, aerobic
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respiration removes oxygen from the water column while con-
suming organic matter from several potential sources, includ-
ing phytoplankton production, river inputs, and detritus from
salt marshes and mangroves. In many eutrophied estuaries,
elevated phytoplankton production is thought to be responsi-
ble for expansion of bottom water anoxia (50). For example, in
Chesapeake Bay there is a strong relationship between chlo-
rophyll a (phytoplankton) deposition and the loss of dissolved
oxygen in the spring (6).

Chesapeake Bay is a vertically stratified estuary that sup-
ports an extensive seasonal anoxic zone that forms every year.
The magnitude of hypoxia/anoxia in this system is somewhat
predictable based on measurements of spring nutrient and
water inputs to the estuary (28). Depending on river flow,
bottom water anoxia occurs in May or June as temperatures
rise and the pycnocline strengthens, and hydrogen sulfide is
evident in bottom waters by July (25). Hydrogen sulfide helps
maintain anoxic conditions throughout the summer by chemi-
cally consuming oxygen (34). Anoxia remains through August
and begins to shift back to hypoxia by mid-September. By
November to December the bottom water oxygen concentra-
tions are high.

We investigated the activity and phylogenetic composition of
bacterioplankton communities across the oxycline of the Ches-
apeake Bay during four cruises in the summer of 2004. We
hypothesized that bacterial communities in anoxic water would
shift away from the aerobic surface water community and that
this shift would be related to redox conditions in the anoxic
zone.
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MATERIALS AND METHODS

Depth profile samples were collected in the mesohaline reach of the Chesa-
peake Bay north of the mouth of the Patuxent River (38°34.1'N, 76°26.6'W;
Chesapeake Bay Program site CB4.3C) on four dates during the summer of 2004.
Samples were collected with an on-board diaphragm pump (10 June), with an
impeller-driven submersible pump (1 July and 4 August) (21), and with a rosette
of Niskin bottles (23 July). Temperature, salinity, depth, and oxygen concentra-
tion were measured with a conductivity-temperature-depth sensor deployed ei-
ther with the impeller pump or with the Niskin bottles. On 10 June the mea-
surements were obtained with a hand-held sensor by submersing its probe in a
beaker that was continually flooded with water from the sampling depth.

Samples collected for chemical analysis were filtered immediately using a
syringe filter (which was tested for contamination) and then frozen (nutrients) or
preserved with acid (metals). Samples for gas analyses were collected in 8-ml,
gas-tight vials, which were overflowed three times, preserved with 10 wl of 50%
saturated mercuric chloride, capped, and stored under water until they were
analyzed. Measurements were obtained for dissolved nitrogen and phosphorus
species (NO5;~, NO,~, NH,", soluble reactive phosphorus) and silica using
standard colorimetric analyses (51), for iron using ferrozine (64), and for hydro-
gen sulfide by using the method of Cline (11). Dissolved oxygen was measured by
membrane inlet mass spectrometry (38). Dissolved organic carbon and total
nitrogen were measured with a Control Instrument CHN analyzer.

The water samples used for biological measurements were collected by fol-
lowing precautions described by Pedrés-Ali6 et al. (52) for handling anaerobic
samples. Water was pumped directly into the bottom of gas-tight biological
oxygen demand bottles and allowed to overflow three to five times before cap-
ping, making sure the bottles contained no visible bubbles. These bottles were
stored under water at in situ temperature in the dark for up to 5 h before
processing in the lab.

Heterotrophic bacterial production was measured by determining the rate of
incorporation of [*H]leucine into cold trichloroacetic acid-insoluble macromol-
ecules (40) during 1-h incubations using the methods of Bastviken and Tranvik
(2) to avoid oxygen contamination of anoxic and hypoxic samples. Incubation
mixtures were prepared in an anaerobic glove bag, and incubation was carried
out in sealed plastic syringes with the headspace removed. All plastic was stored
in an oxygen-free environment for 24 h prior to use. Bacterial carbon production
was calculated from leucine incorporation using a ratio of cellular carbon to
protein of 0.86, a fraction of leucine in protein of 0.073, and an intracellular
leucine isotope dilution of two (40).

Bacteria were enumerated by direct microscopic counting of glutaraldehyde-
fixed cells after labeling with the fluorescent DNA stain SYBR gold (47). Bac-
terial community doubling times were calculated for samples collected on 1 July
and 4 August from leucine incorporation rates and cell counts. Bacterial biomass
(BB) was assumed to be 25 fg carbon per cell. The equation p = In[(BB +
BP)/BB] (where BP is bacterial carbon production) was used to estimate cell-
specific exponential growth (p), and the equation DT = In2/p was used to
calculate the doubling time (DT) (1).

DNA samples were collected on 0.2-pm-pore-size Sterivex filter capsules
(Millipore) with a peristaltic pump (~500 ml/filter) and were extracted and
purified with standard techniques (17). Bacterioplankton community composi-
tions were compared based on the presence/absence, relative peak heights, and
relative densities of bands in banding patterns created by denaturing gradient gel
electrophoresis (DGGE) separation of PCR-amplified 16S rRNA genes (17)
using Gelcomparll v3.5 software (Bionumerics). Banding patterns were sub-
jected to rolling-ball background subtraction (disk width, 50), and bands were
considered present when the peak height exceeded 5% of the peak height of the
darkest band in the sample. Relative band density was determined by dividing the
“relative band surface” (i.e., the area under each densitometric curve) by the to-
tal band area in the sample. Relative peak height was calculated in a similar
manner.

Pairwise similarity matrices were calculated using the Dice equation for pres-
ence/absence data (SPSS v11.0) and the Bray-Curtis equation for relative peak
height and relative density (Primer v5.0). Relationships among samples were
visualized using the ordination technique multidimensional scaling (MDS) cal-
culated with the PROXSCAL algorithm (SPSS v11.0). Analysis of similarity
(ANOSIM) (Primer v5.0), as described by Clark and Green (10), was used to test
the hypothesis that communities in anoxic waters were more similar to each
other than to communities in oxic waters. Canonical correspondence analysis
(CANOCO v.4.5; Microcomputer Power) was used to determine the extent to
which environmental variables explained patterns of similarity in community
composition (59). The variables included in the analysis (salinity, temperature,
depth, dissolved oxygen, N,-N, NO;~, NO,, NH, ", sulfides) were transformed
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when necessary to correct for deviations from normality. Variables were added
by forward selection until model improvement failed (P < 0.05). The DNA in
select DGGE bands was isolated, reamplified, and sequenced using standard
techniques (16) to identify dominant populations in oxic and anoxic waters.

Clone libraries of nearly full-length 16S rRNA genes were prepared for one
oxic sample (depth, 5 m) and one anoxic sample (depth, 15 m) collected on 4
August using previously described methods (17), with the following modifica-
tions. The primers used were 27f (5'-AGAGTTTGATCCTGGCTCAG-3') and
1492r (5'-GGCTACCTTGTTACGACTT-3"). PCR conditions were modified to
include a “reconditioning PCR” step; after initial amplification with 27 PCR
cycles, products were diluted 1:10 in fresh PCR cocktail and subjected to three
more PCR cycles (60). DNA sequences were determined by High-Throughput
Sequencing Solutions (www.htseq.org), aligned using the ARB sequence align-
ment program (www.arb-home.de), and screened for chimera formation using
BELLEROPHON (32), CHIMERA_CHECK (13), and visual inspection of sec-
ondary structure base pair matches. Fourteen chimeras were identified and
excluded from further analysis.

The diversity of bacteria represented by clone library sequences was estimated
as operational taxonomic unit richness using rarefaction analysis (56) and the
Chao 1 nonparametric species richness estimator (9) for 97% sequence similarity
groups. Aligned sequences were subjected to a 50% base pair frequency filter
prior to analysis to eliminate regions that were difficult to align. Plastid sequences
were excluded from the analysis.

The two clone libraries were compared statistically using the LIBSHUFF
computer program (57), which calculates coverage (26) at various levels of
evolutionary distance using the Jukes-Cantor model for nucleic acid substitution
as described previously (15). Aligned sequences were subjected to a 50% base
pair frequency filter prior to analysis to eliminate regions that were difficult to
align.

Nucleotide sequence accession numbers. DNA sequences for clone libraries
and DGGE bands are available in the GenBank database under accession num-
bers EF395606 to EF395789.

RESULTS

The oxycline on all sampling dates mirrored the pycno-
cline in depth and thickness, and the depth of the hypoxic/
anoxic boundary (O, concentration, <0.75 mg liter ')
varied from 7 to 14 m (Fig. 1). Nitrate and nitrite concen-
trations were high throughout the water column on 10 June
but by 1 July were elevated only near the oxycline (Fig. 1).
After this date, the nitrate and nitrate concentrations were
low (<0.45 uM NO; ™~ and <0.16 pM NO, ). The concen-
tration of reduced iron (Fe*"; not measured on 10 June)
was elevated in anoxic and hypoxic waters on 1 July and 22
July but was somewhat reduced on 4 August. The concen-
tration of sulfide (also not measured on 10 June) was low on
1 July but was elevated in anoxic waters on 22 July and 4
August.

Bacterial cell abundance ranged from 2.6 X 10° to 22.6 X
10° cells ml~! and varied with sampling date and depth (Fig.
1). In oxic waters the bacterial cell abundance was fairly con-
stant throughout the summer (average, 9.0 X 10° = 3.3 X 10°
cells ml~ 1), but in anoxic waters it changed dramatically, vary-
ing from about the same as that in oxic waters on 10 June, to
much higher than that in oxic waters on 1 July, to much lower
than that in oxic waters on 4 August. This pattern matches
those found previously for anoxic waters of Chesapeake Bay
(29, 62).

Bacterial production on 1 July was similar in oxic and anoxic
waters and showed a small peak just below the hypoxic/anoxic
interface (Fig. 1). On 4 August, bacterial production was re-
duced in anoxic waters.

The compositions of bacterioplankton communities in oxic
and anoxic waters were similar at the beginning of this study,
but as the season progressed, communities in anoxic bottom
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FIG. 1. Depth profiles of the nitrate and nitrite concentrations (A to D), reduced iron and sulfide concentrations (E to H), and bacterial
abundance and carbon production (I to L) on each sampling date. The dashed horizontal lines indicate the upper depth of the hypoxic layer (<3
mg liter ™! oxygen). The solid horizontal lines indicate the upper depth of the anoxic layer (oxygen concentration below the detection limit, 0.5 mg
liter '). An absence of data indicates that measurements were not obtained.

waters shifted away from those in oxic surface waters (Fig. 2).
The results were the same regardless of the method used to
analyze DGGE banding patterns. The bacterioplankton com-
munities changed over time in both oxic and anoxic waters, but
this change was much more pronounced in anoxic waters (Fig.
3). Note that MDS diagrams of DGGE banding patterns were
similar for all analysis methods (presence/absence, peak
height, band density), so only one diagram is shown. The bac-
terial communities in oxic waters showed moderate changes
during the summer, as indicated by the relatively high DGGE

similarity values between communities on 10 June and 4 Au-
gust (Fig. 4). In contrast, the bacterial communities in anoxic
waters changed dramatically during the 8 weeks of this study
(Fig. 4).

Despite these temporal shifts, ANOSIM analyses showed
that the communities in anoxic waters were more similar to
each other than to those in oxic waters on all sampling dates
(Table 1). Hypoxic water communities also grouped separately
from oxic water communities but could not be distinguished
from anoxic water communities. Communities in anoxic waters
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FIG. 2. Average DGGE similarity values (* standard errors) for
bacterioplankton communities in oxic and anoxic samples for each
sampling date, calculated for pairwise data based on band presence/
absence (Dice equation), relative peak height (Bray-Curtis equation),
and relative band density (Bray-Curtis equation).

that contained measurable concentrations of sulfide grouped
together on MDS plots (Fig. 3). This grouping was confirmed
by ANOSIM (Table 1). Canonical correspondence analysis
demonstrated that 56% of the variability in community com-
position (XX = 1.32, SN unonicar = 0.74) was described by a
combination of variables (temperature, depth, dissolved oxy-
gen, NO;—, NO,, NH,, ", sulfides).

Most DGGE bands identified with DNA sequencing
matched longer DNA sequences from clone libraries, which
were used for phylogenetic identification of these bands (Table
2). DGGE bands in oxic surface waters contained DNA from
typical marine populations of Gammaproteobacteria in the
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SARS6 cluster and Alphaproteobacteria in the SAR11 cluster
(Fig. 5). One very strong band contained DNA from a SAR11
relative (band 21) that clustered with several other clones from
estuaries and coastal waters, forming a putative estuarine-spe-
cific clade of the cultivated SARI11 organism Pelagibacter
ubique (Table 2), here named after clone OM155 (accession
no. U70686).

DGGE bands from anoxic waters contained DNA sequences
most similar to those of uncultivated Gammaproteobacteria,
uncultivated Bacteroidetes from marine sediments, cultivated
members of the Firmicutes, cultivated Synechococcus sp., and
the uncultivated SAR406 cluster of marine bacterioplankton.
Two bands (bands 10 and 12) contained DNA that exactly
matched DNA of a large number of anoxic water clones that
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FIG. 3. Multidimensional scaling ordination of pairwise estimates of similarity (Bray-Curtis equation) of bacterioplankton communities
calculated from DGGE banding patterns based on relative band density for DNA samples collected on 10 June (diamonds), 1 July (squares), 22

July (triangles), and 4 August (circles) of 2004. Symbol shading indicates oxic (open), hypoxic (gray), and anoxic (black) samples. Oxic and anoxic
samples are circled. The gray region indicates samples containing sulfides.
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TABLE 1. ANOSIM statistics for comparisons of communities using DGGE similarity values derived from band presence/absence data,
relative peak height, and relative band densities

Presence/absence Relative peak ht Relative band density
Comparison
R-statistic P value R-statistic P value R-statistic P value
Anoxic vs oxic 0.41 0.001 0.38 0.001 0.41 0.001
Hypoxic vs oxic 0.26 0.012 0.22 0.023 0.26 0.01
Anoxic vs hypoxic —0.05 NS¢ —0.01 NS —0.04 NS
Sulfides vs no sulfides 0.74 0.001 0.58 0.001 0.63 0.001

“ NS, not significant.

were most similar (~89% sequence similarity) to the genus
Thioalcalovibrio of the Gammaproteobacteria, which includes
several obligately autotrophic sulfur-oxidizing and denitrifying
organisms. Band 9 contained DNA most similar to DNA of
uncultivated marine organisms in the SAR406 cluster, which is
distantly related to Chlorobium and Fibrobacter (27). Band 8
exactly matched clones from both oxic and anoxic waters that
were similar to Synechococcus sp. strain WH8102 (accession
no. BX569694).

Clone libraries from oxic surface and anoxic bottom waters
revealed diverse bacterial communities (Table 3). Oxic waters
were dominated by typical coastal marine bacteria in the
Alphaproteobacteria, Cyanobacteria, and Planctomycetes,
whereas anoxic waters were dominated by Gammaproteobac-
teria, Bacteroidetes, Verrucomicrobia, and Deltaproteobacteria.
Anoxic waters contained many of the same classes of organ-
isms found in surface waters but also contained organisms in
the Chloroflexi and candidate divisions OD1, OP11, and WSI.
Chao-1 estimators of taxonomic diversity calculated from clone
library sequence data indicated that the diversity in anoxic
waters (124 taxa at 97% sequence similarity) was much higher
than that in oxic waters (87 taxa at 97% sequence similarity).

Several bacterial populations were identified in both clone
libraries, including three members of the Bacteroidetes (two of

which match DGGE bands 04 and 15a), two members of the
Planctomycetes, two members of the Cyanobacteria (including
one match to DGGE band 08), one member of the Gamma-
proteobacteria, and three members of the Alphaproteobacteria
(including matches to DGGE bands 21 and 22). However,
statistical comparison of homologous and heterologous cover-
age curves for these libraries using LIBSHUFF suggested that
these two bacterioplankton communities are significantly dif-
ferent (P < 0.001).

DISCUSSION

The plasticity of bacterioplankton community composition is
well documented across environmental gradients and over
time in a broad array of environments. In fact, the simple act
of capturing bacterioplankton in a bottle can drive dramatic
changes in community composition (45). Moreover, many phy-
logenetically distinct bacteria appear to be capable of filling the
same ecological niche (i.e., functional redundancy), suggesting
that components of natural communities may be replaced at
random without altering their ecological roles (18). Thus, when
environmental controls on bacterioplankton community com-
position are investigated, it is often more informative when a
bacterial community does not change in response to changing

TABLE 2. Information on DGGE band sequences, including oxygen conditions under which bands were strongest, phylogenetic grouping,
and information on top BLAST matches for PCR clone library sequences matching DGGE bands

Clone Difference
Band Designation Denth Phylum, genus, libra from BLAST match DNA sequence Source
no. g P and/or cluster Ty DGGE accession no. similarity (%) u
match
band
01 CBMO01Z01 Anoxic Firmicutes CBMO01B08 Exact ABO013835 91 Marine sediments
04 CBMO01Z04 Anoxic Bacteroidetes CBMO01B03 Exact AB100009 91 Inactive hydrothermal
vent chimney
08 CBMO01Z08 Oxic Synechococcus CBMO01G09 Exact BX569694 98 Marine waters
09 CBMO01Z09 Anoxic SAR406 CBMO01D05 Exact DQ009452 85 Marine waters
10 CBM01Z10 Anoxic Gammaproteobacteria CBMO01A03 Exact AF126545 89 Soda lakes
12 CBM01Z12 Anoxic Gammaproteobacteria CBMO01B07 Exact AF126545 89 Soda lakes
13 CBM02Z713 Oxic Gammaproteobacteria CBMO02E10 1bp DQ300651 95 Marine waters
15a CBMO02Z15a Oxic/anoxic Bacteroidetes CBMO02C10 1bp AJ697707 86 Mesotrophic lake
15b CBMO02Z15b Oxic/anoxic Gammaproteobacteria, CBMO02A07 2bp DQ071142 99 Marine waters
SARS86
16 CBMO02Z16 Oxic Gammaproteobacteria, CBMO02A07 2bp DQ071142 99 Marine waters
SARS6
17 CBM02Z17 Oxic Alphaproteobacteria, No match AF245620° 98 Marine water
SARI11
18 CBM02Z18 Oxic Alphaproteobacteria, No match AF245620° 98 Marine water
SARI11
21 CBMO02Z721 Oxic Alphaproteobacteria, CBMO02B03 2bp AF406547 92 Marine waters
OM155°
22 CBM02722 Oxic Alphaproteobacteria, CBMO02B02 Exact AB193892 97 Hydrothermal vent
SARI11 water

“ BLAST match for DGGE sequence.
® “Estuarine” SAR11.
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FIG. 5. DGGE banding patterns for each depth on each sampling date. The oxygen conditions at each depth are indicated. The dashed vertical
lines indicate the upper depth of the hypoxic layer (<3 mg liter ' oxygen). The solid black vertical lines indicate the upper depth of the anoxic
layer (oxygen concentration below the detection limit, 0.5 mg liter'). DGGE bands analyzed with DNA sequencing are indicated. Bands 1 and
13 were off the image for the 17- and 5-m samples collected on 4 August, respectively.

environmental conditions. Recent work demonstrated striking
consistency in bacterioplankton community composition across
nearly 250 km and a 20-fold change in salinity in Chesapeake
Bay surface waters (36). Also, bacterioplankton communities
in several systems have been shown to reassemble year after
year (15, 24, 36), suggesting that functional redundancy may be
limited. These patterns indicate that aquatic environments
host native communities composed of persistent and well-
adapted bacterial populations.

Respiratory and phylogenetic succession. Bacterioplankton
communities in anoxic bottom waters of the Chesapeake Bay
were very similar to those in oxic surface waters on 10 June,
suggesting that aerobic bacteria in Chesapeake Bay continue to
function under anoxic conditions. However, the community in
anoxic bottom water became increasingly different than the

TABLE 3. Classification of bacterial taxa identified in
environmental clone libraries

No. of clones
Phylum or subphylym

Oxic Anoxic
Actinobacteria 3 4
Alphaproteobacteria 17 7
Gammaproteobacteria 8 27
Deltaproteobacteria 5 7
Bacteroidetes 8 10
Planctomycetes 12 5
Cyanobacteria 16 5
Verrucomicrobia 3 8
Chloroflexi 0 3
Candidate division OD1 0 1
Candidate division OP11 0 1
Candidate division WS3 0 1
Plastid 14 1
Unknown 1 2

surface community over the following 8.5 weeks. During this
time environmental conditions in the bottom waters changed,
reflecting a gradual succession in respiratory processes in re-
sponse to depletion of electron acceptors, such as oxygen and
nitrate. On 10 June, elevated nitrate concentrations and de-
tectable nitrite suggested that bacteria were using nitrate res-
piration, an ability common in aerobic bacteria. On 1 July
nitrate was depleted except in hypoxic waters at the pycnocline.
On this date the sulfide concentration was still very low, so
bacteria were probably using electron acceptors other than
sulfate. Midwater peaks in reduced iron on 1 July and 22 July
suggest that there was iron respiration by bacteria in the water
column, but they could also indicate that there was deep water
precipitation of iron by sediment-produced hydrogen sulfide
(14). On 22 July and 4 August the sulfide concentration was
elevated, indicating that there was persistent sulfate respira-
tion in the sediments and possibly in the water column.

In contrast to systems such as the Black Sea and the Cariaco
Basin, which experience long-term anoxia, the biogeochemical
properties of Chesapeake Bay subpycnocline waters change
rapidly. The disappearance of oxidants (e.g., O,) and the ap-
pearance of reduced species, such as Mn(II), Fe(II), and H,S
(25), indicate that there is a succession in terminal electron
acceptors for microbial respiration. In the Chesapeake Bay,
the mass of bottom water moves northward from the southern
bay, where it originates as surface water. Along this traverse,
oxygen is depleted and reduced products, such as N, and
NH,, ", accumulate (37). Although bottom water transect data
are unavailable for Mn(II), Fe(II), and H,S, seasonal changes
in the concentrations of these species (Fig. 1) are consistent
with their sequential importance as electron acceptors. Thus,
much like the typical vertical sequence of electron acceptors
found in aquatic sediments (8, 22), the bottom waters of the
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Chesapeake Bay may be viewed as having a horizontal se-
quence of redox processes, with modest vertical exchange
across the pycnocline (39). The temporal succession that we
observed at our sampling station likely resulted from sampling
this horizontal sequence at different points during anoxic zone
expansion, but it may have also reflected seasonal changes in
the supply of oxidants from southern bay source waters and
changes in the flux of reduced species from sediments.

In relatively shallow coastal ecosystems like the Chesapeake
Bay, sediment microbial processes can greatly influence the
chemistry of overlying waters. Sediments contain the largest
pools of solid-phase oxidants (Mn and Fe oxides), as well as
high concentrations of labile organic matter, and it seems likely
that water column accumulation of Fe (Fig. 1) and Mn (20)
reflects mostly sedimentary microbiological and chemical pro-
cesses. Also, measured fluxes of sulfide from sediment to bot-
tom water (54) and a comparison of sulfate reduction rates in
sediments and overlying water (62) indicate that most hydro-
gen sulfide in the water column is produced by sediment sul-
fate respiration. However, Kemp et al. (39) suggested that
aerobic respiration in subpycnocline water of this region gen-
erally exceeds sediment aerobic respiration. Moreover, we doc-
umented high bacterial production in anoxic waters under con-
ditions that require some form of anaerobic respiration. It is
likely that both water column and sediment processes shape
spatial and temporal gradients in redox conditions that feed
back to control the forms of respiration used by bacterioplank-
ton and, ultimately, control the phylogenetic composition of
bacterioplankton communities.

The time available for the bacterial community composition
to change in estuarine anoxic zones depends on the amount of
time that the water is anoxic. Unlike meromictic lakes and
permanent anoxic marine basins like the Black Sea, estuarine
anoxic zones contain water that is transitory and is constantly
replaced as estuarine circulation moves bottom water up-estu-
ary, as described above. In Chesapeake Bay, the tidally aver-
aged residual flow of bottom water varies seasonally and with
wind speed and direction, but a reasonable summer average is
2to 5 cm s~! (43). Our sampling site is approximately 76 km
from a shoal at the mouth of the Potomac River, which was the
down-estuary limit of anoxia during our sampling period
(Chesapeake Bay Program [www.chesapeakebay.net]). Thus,
after becoming oxygen depleted, bottom waters were anoxic
for 18 to 44 days before they reached our sampling site.

Bacterial community doubling times were much shorter than
this anoxic period, ranging from 0.36 day in surface waters in
July to 0.75 day in anoxic waters in August. Therefore, ade-
quate time was available for the community composition to
shift in response to oxygen depletion. However, DGGE results
indicate that a dramatic shift in bacterioplankton community
composition did not occur until 4 August, when sulfide con-
centrations were very high. In fact, prior to 4 August more than
one-half of the DGGE bands in surface waters were also found
in deep anoxic waters (Fig. 5), suggesting that the bacterial
populations continued to grow after oxygen was depleted.

Bacterioplankton diversity. Most of what we know about
bacterioplankton diversity in anoxic waters comes from studies
of semipermanently anoxic marine basins and meromictic
lakes (30, 53). One large-scale study of bacterioplankton across
the oxycline of the Black Sea demonstrated that there were
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very different oxic and anoxic communities (63). Another study
in anoxic waters of the Cariaco Basin off the coast of Venezuela
described a bacterioplankton community that resembled deep-
sea sediment communities and included members of the Fi-
brobacteres, Deltaproteobacteria, and Epsilonproteobacteria
(44). Meromictic lakes with anoxic bottom waters have essen-
tially the same pattern of diversity (5, 31), although in some
systems there is a some overlap between oxic and anoxic bac-
terioplankton (41).

Unlike most systems described above, seasonally anoxic
zones in estuaries, coastal waters, and monomictic lakes are
dynamic and are periodically refreshed with oxygen and other
electron acceptors. Bacterioplankton communities in these sys-
tems are probably in a constant state of succession, shifting
respiratory processes and phylogenetic composition as chemi-
cal conditions change over time. In one study, Hollibaugh et al.
(31) observed gradual reestablishment of distinct oxic and an-
oxic communities over the several months following a rare
water column mixing event in meromictic Mono Lake in Cal-
ifornia. This likely reflects events that occur during the estab-
lishment of seasonal anoxic zones in estuaries.

Most bacterioplankton populations in oxic surface waters of
Chesapeake Bay were also found in anoxic bottom waters
during part of the summer. Several of these apparently anoxia-
tolerant populations were very similar to common marine and
estuarine bacterioplankton in the SAR11 and SARS86 clusters.
These organisms may be capable of shifting from aerobic to
anaerobic respiration using nitrate, iron, or some other elec-
tron acceptor. Also, one Synechococcus sp. identified in a
DGGE band was found in both oxic and anoxic waters, and
several Synechococcus spp. were found in both oxic and anoxic
clone libraries. In culture, some Synechococcus sp. strains grow
under anoxic conditions (33), and others seem to be capable of
heterotrophic growth (49, 55). One study found elevated abun-
dance and rapid growth of Synechococcus-like bacteria in an-
oxic waters below a depth of 120 m in the Baltic Sea (19). It is
possible that Synechococcus shifts metabolism and grows het-
erotrophically in dark, anoxic waters of the Chesapeake Bay.

Community succession in anoxic waters produced a mixture
of surface water populations and new populations that devel-
oped after the onset of anoxia. This caused an increase in the
bacterial taxonomic diversity above that in oxic surface waters.
New populations that developed in anoxic waters were not
similar to any cultivated or uncultivated organisms, including
those identified in molecular surveys of anoxic waters in the
Black Sea (63), Cariaco Basin (44), Baltic Sea (GenBank ac-
cession no. DQ385015 to DQ385056), and meromictic lakes
(Lake Tanganika [accession no. DQ463691 to DQ463742] and
Lake Pavin [accession no. DQ642315 to DQ642430]). How-
ever, these new populations were most similar to marine sed-
iment organisms (bands 1 and 4), chemoautotrophic Gamma-
proteobacteria (bands 10 and 12), and the SAR406 cluster
(band 9), which is abundant in the oxygen minimum zone of
the Arabian Sea (23). Clones from anoxic waters also included
sequences similar to those of organisms found in low-oxygen
environments, such as members of the Deltaproteobacteria,
members of the Gammaproteobacteria related to sulfur-oxidiz-
ing endosymbionts, and members of candidate divisions OP11,
OD1, and WS3.
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Bacterial production and respiration. One striking result of
this study is the high rate of bacterial production in anoxic
waters. Heterotrophic bacterial production is often calculated
from the rate of incorporation of radioactive tracers (leucine
and thymidine) into newly produced macromolecules (protein
and DNA). Thymidine works well with oxic water but gives
reduced estimates of production with anoxic water (46, 61)
because many anaerobes do not take up and incorporate thy-
midine into DNA. Leucine works well for both aerobes and
anaerobes (2) and has been used in several studies of bacterial
production in anoxic waters (12, 46).

The bacterial production in anoxic waters on 1 July was
similar to the production in surface waters and showed a peak
just below the oxycline in anoxic water, a pattern typical of
other oxygen-stratified systems (2, 12, 46, 58). But later in the
season on 4 August bacterial production was reduced in anoxic
bottom water (Fig. 1). These results contrast with earlier stud-
ies of the Chesapeake Bay using the thymidine method which,
predictably, found very low rates of production in anoxic wa-
ters (35, 62).
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