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Abstract We assessed the effects of hypoxia on macro-
benthic communities in the York and Rappahannock
Rivers, Chesapeake Bay, in box-core samples before and
after hypoxic episodes in 2003 and 2004. Hypoxia occurred
in both years and was associated with a decrease in biomass
and a shift in community structure toward opportunistic
species in both rivers. Long-term data indicate that the
frequency of hypoxia in the York has increased over the last
22 years. In previous work from ∼20 years ago, the macro-
benthic community structure did not change in response to
hypoxia in the York; however, in the present study hypoxia
was associated with a reduction in community biomass and
a change in community structure. We conclude that currently
hypoxia is a more important environmental problem in the
York than in previous years. Hypoxia likely negatively affects
the estuarine food web, as lower macrobenthic biomass could
decrease food availability to epibenthic predators.
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Introduction

Hypoxia, a dissolved oxygen (DO) concentration below
2.0 mg l−1(Vaquer-Sunyer and Duarte 2008), is a serious
ecological problem in aquatic systems ranging from
freshwater lakes to continental shelves around the world
(Diaz and Rosenberg 1995; Diaz 2001; and Gray et al.
2002) that has been reported in 400 systems (Diaz and
Rosenberg 2008). Exacerbated by land-based nutrient
runoff, seasonal hypoxia primarily affects the benthic
macrofauna by keeping longer-lived ‘climax’ species from
dominating. Many macrobenthic species are adapted to
mild hypoxic conditions of short duration (less than
2 weeks) and low intensity (DO of 1.0–2.0 mg l–1), but
increasing severity of hypoxia can defaunate large areas of
benthic habitat (Diaz and Rosenberg 1995; Kemp et al.
2005).

The Chesapeake Bay is one of the most productive
estuarine systems in the United States that suffers from
hypoxia (Officer et al. 1984; Seliger et al. 1984). The extent
and duration of hypoxia in this system has increased in
recent decades (Diaz 2001; Hagy et al. 2004), but the
effects have not been fully quantified. In Chesapeake Bay,
areas that experience mild hypoxia, such as the York River,
historically have shown no change in the structure of the
macrobenthos as compared with similar normoxic areas,
which usually include a mix of long- and short-lived
species with the biomass dominated by bivalves (Boesch
and Rosenberg 1981; Dauer et al. 1992; Diaz et al. 1992).
In contrast, areas experiencing severe hypoxia, such as the
Rappahannock River and the Chesapeake Bay mainstem,
show large differences in the macrobenthic communities
compared to normoxic areas (Dauer et al. 1992; Llansó
1992; Kemp et al. 2004). In such regions, species diversity
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and total biomass tend to be lower than those in normoxic
areas and the community is dominated by short-lived
opportunistic species, such as euryhaline annelids (Dauer
et al. 1992), instead of longer-living species, such as large
bivalves.

Two tributaries of the Chesapeake Bay, the York and the
Rappahannock Rivers (Fig. 1), offer an opportunity to look at
the effects of differing degrees of hypoxia on macrobenthos.
Both rivers have similar macrobenthic communities, depths,
temperature, and salinity regimens, and both experience

periodic hypoxia, but hypoxia in the Rappahannock tends to
be more severe and longer-lasting (Kuo and Neilson 1987).
The benthic community in these rivers represents an
important natural resource, as it is vital in the food web
and serves as the food base for the largest fishery in the
Chesapeake Bay, the blue crab (Hines et al. 1990). We
designed this study as a large-scale survey of the benthos
to establish the extent and effects of hypoxia in two
subestuaries that differ in the severity of hypoxia. Given
the large-scale trend of increased hypoxic stress in the

Fig. 1 Maps showing
Chesapeake Bay (top) with
insets (a) Rappahannock River
and (b) York River and extent of
hypoxia in early summer 2004.
DO contours calculated using
inverse distance weighing inter-
polation (ESRI ArcMap v9.1
software). Open triangles sam-
pling sites, filled diamonds
Chesapeake Bay Program water
quality sites
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Chesapeake, we hypothesized that hypoxia and its effects
had worsened over time, especially in the York River.

Materials and Methods

Our study sites were in the middle and lower reaches of the
York and Rappahannock Rivers (Fig. 1). Both rivers are
partially mixed mesohaline subestuaries of Chesapeake
Bay and both experience summer hypoxia, with the
Rappahannock having longer and more intense hypoxia
than the York (Kuo and Neilson 1987). To look at trends in
dissolved oxygen in the York River over the last two decades,
we examined water quality data from the Chesapeake Bay
Program’s water quality website (Chesapeake Bay Program
2006). We used bottom dissolved oxygen data from 1984–
2005 at all the sites sampled by the Chesapeake Bay
Program that are near or within our study area: LE4-1,
LE4-2, and LE4-3 (Fig. 1). The depths of these sites are 11,
16, and 21 m, respectively, and represent the deep channel
areas of the river. We restricted our analysis to May–
September, when hypoxia occurs. During this period the
observations are made once every 2 to 4 weeks. We
calculated the percent of hypoxic measurements (DO<
2.0 mg l–1) recorded during each summer for each of the
sites to estimate the frequency of hypoxia. We then
smoothed the data by applying a five-point running average
and regressed the frequencies against year at each site.

We sampled the infaunal community in 2003 and 2004
using a box corer. We used a random, stratified design to
sample the rivers, dividing the rivers into three depth strata
(<3 m, 3–6 m, and >6 m) and randomly selecting sites in
each stratum. In 2003, we sampled ten sites per stratum in
the York and five in the Rappahannock (due to logistical
constraints), and in 2004, we sampled ten sites per stratum
in both rivers. Stratification by depth was used because
depth is a good proxy for hypoxia (Powers et al. 2005);
deep sites are more likely to experience hypoxia than
shallow, and we wanted to ensure that we sampled a
sufficient number of hypoxic sites. Benthic box-core
samples were taken in the York before hypoxia on June
19, 2003 and May 25, 2004 and after hypoxia on October
14, 2003 and November 11, 2004. The Rappahannock was
sampled with a box-corer before hypoxia on June 24, 2003
and June 7, 2004 and after hypoxia on February 10, 2004
and November 19, 2004. October is generally about
1 month after the end of hypoxia in these systems and
represents the community before substantial post-hypoxia
recruitment. November captures the beginning of the post-
hypoxic recruitment pulse that occurs in the fall. The
bottom temperature, salinity, and dissolved oxygen were
measured with a DO probe (YSI Model 85, Yellow Springs
Instruments, Dayton, OH, USA) at each site when we

sampled and when we revisited the sites during hypoxia in
July of 2003 and in June, July, August, and September
of 2004.

In 2003, two rounds of sampling were planned, one in
June before hypoxia and one in October after hypoxia.
Many samples from the June (before hypoxia) sampling
were lost in Hurricane Isabel (September 18, 2003). These
samples had been sorted to remove all macrofauna but only
the bivalves had been identified. The hurricane led us to
postpone the second round of sampling in the Rappahannock
River until February 2004, to quantify system recovery after
fall recruitment.

In 2003, each site was sampled with a 25×25-cm
(0.0625 m2) Gray O’Hara box-corer. Sub-cores were taken
from each sample; one 10-cm diameter core (0.0081 m2)
down to 15 cm was taken and sieved on a 0.5-mm mesh
screen to quantify smaller infauna and a 2.5-cm diameter
core was taken from the top 5 cm for grain-size analysis.
The remaining sediment was sieved through a 2-mm mesh.
All samples were frozen and transported back to the lab for
processing. Bottom temperature, salinity, and dissolved
oxygen were measured, as well as water depth and core
penetration depth. Samples with <5 cm box-corer penetra-
tion were discarded, samples with >5 cm penetration and
<15 cm were sub-cored and the community and biomass data
from the 0.5-mm sieve were analyzed but the remainder was
discarded and samples with >15 cm penetration were fully
processed. Community and biomass data from both the 0.5-
mm and the 2-mm sieve were analyzed to ensure that we
adequately sampled the biota in each size class (Hines and
Comtois 1985). In 2004, the same procedure was used,
except that three box-core samples were taken at each site.
Only the first core had sub-cores taken from it; the last two
cores were sieved in entirety through a 2-mm mesh.

The 0.5-mm sieved samples were stained with Rose
Bengal dye before all invertebrates were removed and
identified to the lowest taxonomic level possible. The 2-mm
sieved samples were sorted and identified to the lowest
taxonomic level. For the after-hypoxia samples, new bivalve
recruits (shell length <3 mm) were considered separately in
all analyses of community structure to differentiate between
individuals that had survived hypoxia and those that had
recruited after hypoxia. Wet, dry, and ash-free dry mass
(AFDM) were determined for each of the major taxonomic
groups (bivalves, crustaceans, and annelids) for each sample.
Grain-size analysis was conducted using standard wet
sieving and pipetting and the sediment was classified as
muddy (sand:mud >1) or sandy (sand:mud <1; Folk 1974).
We analyzed differences in sediment grain size among
treatments for all sites, including those with <15-cm core
penetration, but did not analyze the effect of sediment type
on community structure because ∼90% of our sites were
muddy and any analysis would be grossly unbalanced.
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The community-structure data from the 0.5-mm and
2-mm sieved samples were divided by the planar area
sampled to calculate the density (individuals m–2) and
pooled. For large invertebrates (e.g., bivalves) we used the
densities from the 2-mm sieved samples; for smaller
invertebrates, we used those from the 0.5-mm sieved
samples. For invertebrates whose size range overlapped
the sieve sizes, we calculated the density from both the
2-mm and the 0.5-mm sieve samples and used whichever
was greater. We treated the three 2-mm sieved cores taken
in 2004 as a single sample with planar area of 0.179 m2.
The data were square-root transformed and compared
among samples in Bray–Curtis similarity matrices. Many
of the samples from the Rappahannock River in 2003 had
core penetrations between 5 and 15 cm and thus we could
not use the 2-mm sieved samples; therefore, we did a
separate analysis of the 0.5-mm sieved samples. Sites were
designated ‘hypoxic’ if we observed hypoxic conditions
there at least once during any of the sampling periods and
‘normoxic’ if we never observed hypoxic conditions. Thus,
in samples taken before hypoxia, a hypoxic site was one
that had not experienced hypoxic conditions that year at the
time of sampling, but would experience hypoxia later that
summer. Given our limited temporal coverage of the
dissolved oxygen, it is possible that some of the sites
designated as ‘normoxic’ experienced hypoxia on dates
other than our sampling dates. Differences in community
structure between hypoxic sites and normoxic sites were
analyzed using a non-metric multi-dimensional scaling
(nMDS) analysis and an analysis of similarity (ANOSIM;
Primer v6.1.6; Clarke and Warwick 2001). Where hypoxic
and normoxic sites differed significantly, a similarity per-
centages (SIMPER) analysis was performed on the untrans-
formed densities to determine which species most contributed
to that difference. As we had data on the bivalve community
from both before and after hypoxia in 2003, we analyzed the
bivalve community subset separately (2-mm sieved samples).
We excluded sites where no bivalves were present (similarity
matrixes cannot be calculated if no species are present in
multiple sites) to look at changes over time, using nMDS and
a 2-way ANOSIM with river and hypoxia level as factors.

The biomass data were separated into 2-mm and 0.5-mm
sieved samples and analyzed separately. All bivalves >2 mm
were considered to be part of the 2-mm sieved samples even
if they were sampled in the 0.5-mm sieved sub-core.
Polychaetes and other annelids were only analyzed for the
0.5-mm sieved samples. In 2003, the samples were regressed
against the minimum dissolved oxygen observed during the
summer using the least squares method. In 2004, because we
had more observations of DO than in 2003, we used the
average of three DO measurements in the York and two in
the Rappahannock taken at each site from May–August for
regressions.

Results

Physical Parameters

In general, hypoxia was more extensive in the Rappahannock
River than in the York (Fig. 1) and less extensive in 2003
than in 2004. In 2003, we observed hypoxia at 47% (seven
of 15) of the sites in the Rappahannock and at 17% (five of
29) of sites in the York. In 2004, we observed hypoxia at
47% (14 of 30) of the Rappahannock and at 26% (eight
of 31) of the York sites (Appendix 1). Also, in 2003,
hypoxia in the Rappahannock was more intense than that in
the York, with an average DO at hypoxic sites (sites where
DO<2 mg l–1 was observed at least once during the
sampling period) of 0.5 mg l–1 in the Rappahannock versus
1.3 mg l–1 in the York (one-way ANOVA, F1,21=12.17, p=
0.002). In 2004, the trend was reversed, with an average DO
of 0.7 mg l–1 in the Rappahannock and 0.3 mg l–1 in the
York. However, because the limited temporal coverage of
our DO measurements does not capture the full temporal
variability present in the system, these data must be
interpreted cautiously, especially in the more episodically
hypoxic York River. At Chesapeake Bay Program benthic
monitoring site LE4-3 in the York, there was a fourfold
increase in the frequency of hypoxia between 1984 and 2003
(Fig. 2) and some indication that most of this increase has
been in the years since 1994. Hypoxia was seldom observed
at sites farther upriver (LE4-2 and LE4-1); there were only
four hypoxic observations in 20 years at LE4-2 (all after
1998) and two at LE4-1. Despite the limited spatial and
temporal coverage, these data are a useful time-series of DO
and the only long-term DO data set available from this
region. Sediments in both rivers across all sampling periods
were mainly muddy (90% of sites), and grain size was
similar among depth strata: shallow (20.9% sand±4.1% SE),
mid (17.7% sand±4.5% SE), and deep sites (18.0% sand±
4.7% SE) (Appendix 1).

Fig. 2 Running 5-year average of the frequency of summer hypoxic
observations at Chesapeake Bay Program benthic monitoring site
LE4-3. Line is best fit linear regression (p<0.0001, R2=0.80)
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Community Structure

Bivalves recruited to all areas of both rivers in the spring of
2003 but hypoxic sites had higher mortalities of the
biomass dominant, Macoma balthica, over the summer. In
the spring, before the onset of hypoxia, there was no
difference in the bivalve community among sites for both
rivers (ANOSIM, Global R=–0.013, p=0.213). After
hypoxia, there was a significant difference between hypoxic
and normoxic sites in both rivers (ANOSIM, Global R=
0.698, p=0.031); hypoxic areas were dominated by Mulinia
lateralis, whereas normoxic areas were dominated by M.
balthica and Macoma mitchelli (SIMPER). There was no
significant difference in bivalve community structure
between the rivers either before (ANOSIM, Global R=
0.213, p=0.081) or after (ANOSIM, Global R=0.300,
p=0.070) hypoxia.

After hypoxia in 2003 in the York River, the macro-
benthic community in hypoxic sites differed from that in
normoxic sites in both the whole core (ANOSIM, Global
R=0.267, p=0.025) and the 0.5-mm sieved sub-core
(ANOSIM, Global R=0.341, p=0.007) (samples for the
benthic community before hypoxia in 2003 were lost in
Hurricane Isabel). Small polychaetes and crustaceans were
associated with sites where hypoxia was observed (hypoxic
sites) while large bivalves and crustaceans were common in
normoxic sites (Fig. 3; Table 1). In the Rappahannock,
hypoxic and normoxic sites did not differ in community
structure by February, following fall recruitment. This
was consistent in both the whole core (ANOSIM, Global
R=0.026, p=0.464) in samples from eight sites and the
0.5-mm sieved sub-core (ANOSIM, Global R=–0.012,
p=0.501) in samples from 14 sites.

Following hypoxia, patterns in community structure in
2004 were similar to those in 2003. In the York hypoxic
sites, macrobenthic community structure differed from that in
the normoxic sites both before and after hypoxia (Fig. 4a, b).
In the Rappahannock, there was no significant difference
between hypoxic and normoxic sites before the onset of
hypoxia in June, similar to the findings from February, but
after hypoxia there was a significant difference (Fig. 4c, d).

The species that were associated with normoxic sites
included the bivalves M. balthica and M. mitchelli and the
amphipod Leptocheirus plumulosus (Table 1, Fig. 5). Some
of the larger infaunal polychaetes, as well as other
crustaceans, such as Mysidacea species and Cyathura polita,
were only abundant in normoxic sites. The polychaete
species Neanthes (Nereis) succinea was consistently charac-
teristic of normoxic areas. The taxa associated with hypoxic
areas included small, typically opportunistic polychaetes,
including Spionidae, Capitellidae, Glycinde solitaria, and
Leitoscoloplos sp. (Table 1, Fig. 5). Small crustaceans in the
family Caprellidae and order Cumacea were also abundant in
hypoxic areas. In the York after hypoxia, some larger species
of polychaetes, such as Pectinaria gouldii and Amphitrite
ornata, were abundant at hypoxic sites.

Community Biomass

The effect of hypoxia on the community structure was also
observed in the community biomass. We examined several
curves to describe the relationship between dissolved
oxygen and biomass, including linear, sigmoid, and
exponential; the best fit curve was generally an exponential
growth curve (F tests). After hypoxia, in October 2003,
sites in the York River that had a minimum DO<∼3 mg l–1

had lower biomass than sites that had >∼3 mg l–1 in both
the 2-mm sieved samples and the 0.5-mm sieved samples
(Fig. 6a, b) and there was a positive correlation between
biomass and DO in 0.5-mm sieved samples (Fig. 6b).
Biomass in the Rappahannock samples collected in February,
after the fall recruitment, showed no difference between
hypoxic and normoxic areas in 2-mm or 0.5-mm sieved
samples (Fig. 6c, d).

In 2004 before hypoxia, community biomass in 2-mm
sieved samples was significantly related to average summer
DO in the York (Fig. 7a, b; p=0.001, R2=0.29) but not in
the Rappahannock (Fig. 7c, d; p=0.805, R2<0.0005).
Following hypoxia, there was a decrease in biomass at all
sites, but it was proportionately greater in hypoxic areas.
Biomass in 2-mm sieved samples was significantly related
to average summer DO in both the York (Fig. 7; p=0.04,
R2=0.11) and the Rappahannock (Fig. 7; p=0.003, R2=
0.32). Bivalves comprised ∼80–90% of the benthic com-
munity biomass during all time periods and the majority of
the bivalve species were either M. balthica or M. mitchelli.

Fig. 3 Density of abundant taxa (based on SIMPER results) in
hypoxic and normoxic sites (mean+SE) in the York River after
hypoxia in 2003, arranged in order of abundance in hypoxic sites.
Patterns in 2004 for both the York and the Rappahannock were similar
(see Table 1)
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Discussion

In both the York and Rappahannock Rivers, hypoxia was
associated with lower macrobenthic biomass and a macro-
benthic community dominated by opportunistic species
including small, short-lived polychaetes and crustaceans.
While this was observed previously in the Rappahannock in
similar studies (Llansó 1992), such effects of hypoxia on
the macrobenthic community were not detected in the York

River in two similar previous studies (Dauer et al. 1992;
Diaz et al. 1992); however, Holland et al. (1987) docu-
mented a Bay-wide trend of replacement of larger bivalves
with opportunistic species from 1971–1984, which may
reflect worsening effects of hypoxia in the Chesapeake as a
whole. A similar shift in community structure of the lower
York occurred after Tropical Storm Agnes in 1972, but this
was an extreme event that combined hypoxic conditions
with a ∼12 psu drop in salinity and severe sediment

Table 1 SIMPER analysis
of benthic communities in
hypoxic and normoxic sites
after hypoxia in the York River
in 2003 and 2004 and
Rappahannock River in 2004
(Rappahannock 2003 samples
were lost in Hurricane Isabel).
Densities are in number m−2

c crustacean, p polychaete,
b bivalve, o other

Average abundance m−2 Average dissimilarity % Contribution

York 2003 species Hypoxic Normoxic

Leptocheirus plumulosus (c) 49 620 14 17
Cumacea spp. (c) 99 140 10 11
Glycinde solitaria (p) 99 22 8 9
Neanthes (Nereis) succinea (p) 0 140 8 9
Pectinaria gouldii (p) 99 0 6 7
Capitellidae spp. (p) 49 50 6 7
Caprellidae spp. (c) 123 6 5 6
Spionidae spp. (p) 49 39 5 6
Macoma balthcia (b) 0 26 4 5
Leitoscoloplos sp. (p) 25 11 3 3
Macoma mitchelli (b) 0 9 2 3
Phoronis spp. (o) 0 45 2 3
Mediomastus ambiseta (p) 0 34 2 3
Sabellaria vulgaris (p) 25 0 2 2
Average dissimilarity 87
Total % contribution 91

York 2004 species
Neanthes (Nereis) succinea (p) 10 156 12 14
Leptocheirus plumulosus (c) 0 473 11 12
Amphitite ornata (p) 84 9 11 12
Leitoscoloplos sp. (p) 47 72 9 10
Cumacea spp. (c) 31 106 8 9
Macoma balthica (b) 2 94 7 8
Glycinde solitaria (p) 78 36 7 8
Capitellidae spp. (p) 16 31 6 7
Tunicates (o) 93 0 4 4
Phoronis spp. (o) 6 31 3 4
Paranthus rapiformis (o) 62 0 3 3
Average dissimilarity 91
Total % contribution 91

Rappahannock 2004 species
Leptocheirus plumulosus (c) 10 497 22 27
Neanthes (Nereis) succinea (p) 68 177 12 15
Glycinde solitaria (p) 96 0 8 10
Macoma balthica recruits (b) 47 78 8 9
Capitellidae spp. (p) 85 20 7 9
Cumacea spp. (c) 38 78 7 9
Macoma mitchelli (b) 17 85 6 7
Mulinia lateralis recruits (b) 12 58 5 6
Average dissimilarity 85
Total % contribution 92
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deposition (Boesch et al. 1976a). Several possible explana-
tions exist for the difference between our results and
previous results for the York River. Our study had a larger
sample size than either of the other two York River studies
(Dauer et al. (1992) had only three stations in the York
River), increasing the spatial resolution and power of our

study. However, a likely reason for the differences in the
two sets of results is an increase in the frequency of
hypoxia in the York River during the intervening ∼20 years
between our study and previously published work. This
conclusion is supported by the increase in the frequency of
hypoxia over the last two decades (Fig. 3) and similar

Fig. 4 Community structure
nMDS plot (2-mm and 0.5-mm
sieved cores combined) for the
York a before and b after
hypoxia in 2004 and for the
Rappahannock c before and d
after hypoxia in 2004. Global R
and p values are from ANOSIM
analysis for differences between
hypoxic (black triangles) and
normoxic (gray triangles) sites

Fig. 5 Community structure
and species nMDS plots for the
Rappahannock after hypoxia in
2003 showing the distribution of
selected species in hypoxic
(black triangles) and normoxic
(gray triangles) sites. Circle
area proportional to the relative
density of each taxon at each
site (Table 1); letter H indicates
hypoxic site and N indicates
normoxic site. Stress value same
for each plot
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increases in the Chesapeake Bay over the same period
(Hagy et al. 2004; Kemp et al. 2005). Moreover, the benthic
community in hypoxic areas in the York was dominated
by small, short-lived opportunistic polychaetes, such as
Spionidae, Capitellidae, G. solitaria, and Leitoscoloplos
sp., and small crustaceans, similar to the community that
developed after Agnes (Boesch et al. 1976a) in the more
chronic hypoxic areas of the Rappahannock River (Dauer et
al. 1992; Llansó 1992; this study) and other hypoxic or
chronically hypoxic areas of Chesapeake Bay (Holland et
al. 1987). A few larger polychaetes, Pectinaria gouldii and

Amphitrite ornata, were also associated with hypoxic sites
in the York. Both of these species spawn and recruit in the
late summer and fall, which suggests that they recruited
after the relaxation of hypoxia (Scott 1909; Franz and
Harris 1988).

In both rivers, normoxic areas were numerically domi-
nated by the amphipod L. plumulosus, the polichaete N.
(Nereis) succinea, and the bivalves M. balthica, and M.
mitchelli. Approximately 85% of the biomass was com-
posed of the bivalves M. balthica and M. mitchelli. These
species are all well-characterized members of the benthos

Fig. 6 AFDM plotted against
minimum observed dissolved
oxygen. a York River 2-mm
sieved samples. b York River
0.5-mm sieved samples (line is
best fit exponential growth
equation; p=0.001; R2=0.18).
c Rappahannock River
2-mm sieved samples.
d Rappahannock River 0.5-mm
sieved samples. York samples
were taken shortly after hypoxia
in October, 2003, whereas
Rappahannock samples were
taken after the fall and spring
recruitment events following
hypoxia in February, 2004. Note
that y-axis scales change
among plots

Fig. 7 AFDM plotted against
average of three (York) and two
(Rappahannock) observations of
dissolved oxygen over the
summer for the York and
Rappahannock before (solid
circles) and after (hollow
circles) hypoxia in 2004; (a and
c) 2-mm sieved samples (mean±
SE); (b and d) 0.5-mm sieved
samples. Trend lines show best-
fit exponential growth equations
(see text for statistics). Note that
y-axis scales change among
plots
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of Chesapeake Bay associated with non-degraded environ-
ments. L. plumulosus is a highly productive (Holland et al.
1987), pollution-sensitive amphipod that is widely used as a
bio-indicator of sediment toxicity (e.g., Schlekat et al.
1992). N. succinea is a medium-sized polychaete that
responds negatively to environmental degradation (Lerberg
et al. 2000). Although it is tolerant of organic enrichment, it
is not tolerant of hypoxia (Detwiler et al. 2002). M. balthica
and M. mitchelli are the biomass-dominant species in the
mesohaline regions of Chesapeake Bay (Holland et al.
1977; Holland et al. 1987) and are moderately tolerant of
hypoxic conditions (Borsuk et al. 2002; Seitz et al. 2003).
All four of these species are important links in the
Chesapeake Bay food web, as benthic predators feed
heavily on them (Virnstein 1977; Holland et al. 1987;
Baird and Ulanowicz 1989; Hines et al. 1990).

There seems to be good potential for recovery from
hypoxic conditions in both Chesapeake Bay tributaries that
we examined. Recolonization began with the fall recruit-
ment such that, by February 2004, the hypoxic sites in the
Rappahannock were no longer distinguishable from adjacent
normoxic areas. Such a recovery is common in hypoxic
areas of Chesapeake Bay (Holland et al. 1987). Larvae of
benthic organisms recruit into areas exposed to hypoxia and
can settle during a hypoxic event (Sagasti et al. 2003). The
lower benthic biomass, and therefore decreased competition,
may actually increase recruitment into hypoxic areas
(Rhoads and Young 1970; Woodin 1974). When we sampled
the Rappahannock in June 2004, a larger sample size still did
not show any strong differences between the communities in
hypoxic and normoxic areas.

Much of the recovery in the Rappahannock was
attributable to the recruitment of bivalves; in February
2003, the number of M. balthica recruits alone exceeded
1,000 m–2 at sites that had been exposed to hypoxia the
previous summer. In the York in 2003, before hypoxia,
there was no difference in bivalve populations between
sites that experienced hypoxia and those that remained
normoxic, similarly indicating that recruitment was strong.
However, after hypoxia, by the fall, bivalves were
essentially absent from the areas that experienced hypoxia.
Additionally, in previous samples taken in the 1970s,
densities of M. balthica in the now-hypoxic areas of the
river were similar to those we found in normoxic areas,
showing that our current hypoxic zones previously sup-
ported clams (Boesch and Rosenberg 1981). In the spring
of 2004 (after recruitment and some recovery), there was
still a measurable difference between the hypoxic and
normoxic areas in the York. Much of this difference was
due to densities of M. balthica, L. plumulosus, and N.
succinea in hypoxic areas, where they were present but at
lower densities than in normoxic areas. This partial
recovery in hypoxic areas is similar to what occurs in other

systems, such as the Neuse River, where recovery was
complete after a mildly hypoxic year, but only partial after a
severely hypoxic year (Powers et al. 2005). This suggests
that recruitment from adjacent normoxic areas allows
partial recovery from hypoxia.

Biomass followed a pattern typical of hypoxic systems
(e.g., Lim et al. 2006; Montagna and Ritter 2006), with
lower biomass in sites that experienced hypoxia. Although
our measurements of dissolved oxygen were infrequent,
and thus not a complete picture of the history of dissolved
oxygen at each site, they were a reasonably good predictor
of biomass following hypoxia. In the Rappahannock, after
hypoxia reduced biomass in summer 2003, biomass
increased from fall of 2003 to spring of 2004 in areas that
went hypoxic such that there was no difference between
formerly hypoxic areas and normoxic areas when we
sampled in spring of 2004, indicating strong recovery. In
contrast, in the York River, the biomass in areas that
typically go hypoxic remained lower than in normoxic
areas in the spring of 2004. Similar amounts of biomass
accumulate in the hypoxic areas of both rivers during the
fall, winter, and spring, indicating similar rates of recovery;
however, because biomass in normoxic areas is lower in the
Rappahannock than in the York, the relative recovery in
hypoxic areas as compared to normoxic areas was higher in
the Rappahannock (i.e., biomass only needed to return to
low levels). The Rappahannock, which had a greater extent
of hypoxia than the York, had lower biomass in normoxic
areas. As the extent of hypoxia increases, it may cause
negative feedback through a decreased supply of larvae
throughout the river, leading to cumulative effects (Pulliam
and Danielson 1991; Long 2007). Because so much of the
biomass in our systems is comprised of bivalves and these
were nearly absent from hypoxic areas, the pattern of
continued low biomass through the end of spring is not
surprising. Full recovery of the system in the absence of
hypoxia could likely be attained within the time it takes to
establish a mature bivalve population, which for M.
balthica is about 3 years (Long 2007). Although such a
recovery did not occur within 2.5 years after Agnes
(Boesch et al. 1967b), Agnes was a Bay-wide event that
changed the benthic community throughout the Chesapeake,
whereas the current area affected by hypoxia is relatively
small and localized (square kilometers, compared to the
entire Chesapeake Bay).

A decrease in biomass and shift in community structure
due to hypoxia likely has a detrimental effect on the food
web, as the benthic community serves as prey for many
epibenthic predators (e.g., Virnstein 1977; Baird and
Ulanowicz 1989). Direct mortality of benthic infauna due to
hypoxic stress may result in biomass being transferred
through microbes rather than to higher trophic levels (Baird
et al. 2004; Altieri and Witman 2006). Although our study
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does demonstrate a decrease in biomass in hypoxic areas, it
cannot differentiate between direct mortality and mortality
due to predation.

The behavioral responses of benthic fauna when exposed
to hypoxia (e.g., reduced burial depth, exposure on
sediment surface, and extension of siphons or palps in the
water column) may make them more vulnerable to
predation (Jørgensen 1980; Dauer et al. 1992; Diaz et al.
1992; Seitz et al. 2003; Long et al. 2008). Whether
predators are able to take advantage of this is still under
debate. Predators generally migrate out of hypoxic areas
(e.g., Pihl et al. 1991; Eby and Crowder 2004; Bell and
Eggleston 2005). However, predators will enter mildly
hypoxic areas to forage (Rahel and Nutzman 1994;
Nestlerode and Diaz 1998). In the York, the diets of benthic
predators shifted to include more infaunal species during
and immediately after hypoxia (Pihl et al. 1992), and
episodic hypoxia increased the predation rate on M.
balthica threefold in a caging experiment (Long and Seitz
2008), with mortality due to predation under hypoxia seven
times greater than mortality from hypoxic stress. These
studies were done in mildly hypoxic areas; more intense
hypoxia may exclude predators or decrease predation (Bell
et al. 2003; Seitz et al. 2003; Montagna and Ritter 2006).

Hypoxia causes a decrease in the ecosystem services
provided by the benthic macrofauna by decreasing their
biomass and changing the species composition. The infauna
in the York and Rappahannock Rivers filter the water
and provide food for higher trophic levels, along with
other secondary services such as geochemical processing,
denitrification, and bioturbation. Many infaunal organisms
remove particulates from the water through filter or
suspension feeding (McCay et al. 2003), which increases
the clarity of the water and has positive effects on other
species, particularly submerged aquatic vegetation (Kemp
et al. 2005). All of these main functions are influenced by
the abundance, biomass, and species composition of the
benthic infauna. Hypoxia has an effect on these important
ecosystem services by decreasing the biomass and shifting
the species composition away from larger species to smaller
species, which are less-preferred prey items for large
benthic predators (Hines et al. 1990). Our data suggest that
hypoxia in the York River is worsening both in frequency
and effects; thus, increased efforts to reduce hypoxia by
limiting nutrient inputs are suggested.
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