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A ReconnAl ssANCE SLED IN DevELOPMENT FOR MoNI TORING THE MaRINE AND ESTUARI NE
BENTHI ¢ L ANDSCAPE

G R Qutter Jr. andR J. Daz
Virginia Institute of Marine Science

Aostract: The Jefferson Acousto-Optic Benthic (JAB) sled is a new benthic reconnaissance device
under development at the Virginia Institute of Marine Science (VIMS). The JAB sled is designed to
be towed on the seafloor. It is equipped with a still film camera with a laser array for scaling
distances, two live video cameras monitored from the boat (one video camera in an angled forward
orientation to view the oncoming path of the sled, one video camera in a sediment profiling prism
altered to plow through the surface sediments), physicochemical sensors for the near-bottom water
column conditions, and optical backscatter sensors to detect suspended material concentrations.
The goals for the JAB sled are to provide detailed microscale data over large distances of the
seafloor or bay bottom for characterizing the benthic landscape, its heterogeneity, and ecotones.
The JAB sled will also increase the accuracy of ground truthing by providing visual and physical
data from the bottom transmitted concurrently with side-scan sonar images of the bottom. The sled
will create a plowed furrow through the sediments that will appear on the side-scan images.
Precise correlation of side-scan images with ground-truthing images will be achieved by the
appearance of this furrow line in the side-scan image. Live video of bottom surface features and
bottom profile features will be viewed from the point at which the furrow image originates in the
record, as will measures of dissolved oxygen, pH, temperature, salinity, suspended solids, and
depth. All this will be coordinated with a ship-based global positioning system (GPS) to provide
completely verifiable data on the substrate and near-bottom conditions over large tracts of the
benthic landscape. The image data of the bottom will be cross-referenced with physical bottom
samples that will be taken from the flat edge of the plowed furrow by divers or by coring devices
equipped with a camera to view the bottom contact point.
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EutroPHI cATION AND MacrROBENTHI ¢ COMMUNI TI ES OF

THE LoOweRr

CHESAPEAKE BaAY:

|. Acute ErFFects o Low Disso.veD OXYGEN

IN THE RappaHANNOCK R VER

M E Snith and D. M Dauer
Old Dominion University

Abstract :

Eutrophication and vertical stratification of the estuarine water column can result in hypoxic

bottom waters (< 2.0 mg/I) and resultant reductions in benthic community parameters. Stratification is
often driven by spring water flow, and we studied the effects of hypoxia in the summer of 1993 fol lowing

the highest recorded river flow in the Rappahannock River.
ized at five depths (ranging from 5 to 23 m) within the mesohaline region of the river.

Benthic community structure was character-
Hydrographic

parameters were monitored from March to September to examine any temporal-lag responses of the
benthos to hypoxia. A threshold dissolved oxygen value was determined below which benthic commu-
nity parameters were expected to be degraded due to stress.

I NTRODUCTI ON

The occurrence of hypoxic and anoxic bottom
waters in marine and estuarine systems has been
reported throughout the United States (Falkowski
etal. 1980, Justic et al. 1993, Officer et al. 1984) ad
Europe (Friligos and Zenetos 1988, Justic 1987,
Rosenberg and Loo 1988) with increasing frequency
in recent years. Low dissolved oxygen conditions
have the potential to threaten the natural structure
and functioning of benthic communities through
nortality, sublethal stresses, and indirect restric-
tions upon hebitat avai lability. The effects of anoxia
and hypoxia can also be transferred up the food
chain through trophic interactions (Pihl et al . 1992)
and can interfere with the processing of organic
material and nutrients in estuarine systems
(Rosenberg et al ., 1991). Hypoxia gererally refers to
dissolved oxygen concentrations below 2.0 mg/l, a
level where abrupt benthic macrofaunal commu-
nity changes are often observed (Harding et al.
1992, Rosenberg 1980). Anoxia is defined as the
absence of oxygen in the water column.

In Chesgpeske Bay, stratigraphic evidence
demonstrates an inherent long-term patterm of periodic
anoxia in the degper waters of the mainstem as bertthic
oxygen demands exceed bottom-water reaeration
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processes during the summer months owing to the
presence of a natural pycnocline (Breitburg 1990,
Cooper and Brush 1992, Harding et al . 1992,
Sdaffrer et al. 1992). The greatly increased areal
extent and volume of the anoxic water mass in the
Bay since the middle of this century has been
attributed to the anthropogeniic impacts of eutrophi-
cation (Cooper and Brush 1993, Taft et al . 1980).
Excessive anthropogeniic nutrient loadings into the
Bay can greatly enhance bottom-water and benthic
microheterotrophic oxygen demands, which can in
tum stinulate earlier and more extensive occur-
rences of the oxygen-depleted water mass. Hypoxic
and anoxiic conditions presentlly occur in the deeper
portions of the Bay and its tributaries on an annual
besis (Officer etal . 1984).

In the Rappahannock River, a tributary of
Chesapeake Bay, annual summertime anoxia
oocurs in the deep basin located just inside the
river’s mouth. Although intrusion of anoxic bottom
waters from the Bay’s mainstem can increase the
severity and duration of low dissolved oxygen
conditions in the lower Rappahannock River, the
seasonal occurrences of hypoxia in the deep basin
are independentt of mainstem pattems (Ko et al. 1991).



Because of a weak longitudinal salinity gradient,
and thus gravitational circulation, the
Rappahannock River experiences annual low
dissolved oxygen conditions that are absent from
other tributaries of the loner Bay (e.g-, the Janes
River), which receive higher nutrient loadings but
mairntain stronger sal inity-based circulation
pattems (Kuo and Neilson, 1987).

Qurrent benthic monitoring of mecroinfaunal
responses to seasonal low dissolved oxygen
in the mesohaline regions of the Rappahannock River is
carriied aut in the deegpest portion of the anaxic besin at
Virginia Benthic Biolagical Monitoring statios LE3.2
ad LE3.4 (see Dacer, 19930 for further information).
Because the degper aress of the Bay ad its tributaries
have a natural propensity to become anoxic owing to
physical fectors, the degest aress are likely to eqeri-
ence axygen stress regardless of anthrgpogenic influ-
ences. In ligit of this, the present bertthic nonitoriing
station in the loner Rappahannock River may be too
deep to provide independent information on the
epected water qual ity and biotic danges associated
wirth Chesgpeake Bay restoration efforts. Regardless of
changing enviromental quality, the berthos of this
area may always experience low dissolved oxygen
concentrations during the summer months.

The purpose of this study is to document

Figure 1. Sanpling | ocation onthe | oner Rappahannock R ver.

roughly to 5, 10, 15, 20, and 25 m.
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intermediate levels of hypaxiia and the subsequent
benthiic invertebrate responses along the depth gradient
extending upward frrom the deep water monitoring
station. Shalloner depths wirthin the loner
Rappahannock River basin that are presently under low
dissolved oxygen stress may be nore indicative of long-
term danges invater gquality as they are located in that
area of the bottom where hypoxia is primarily depen-
dertt upon eutrophication influences. The shallonest
aress along this depth gradient can sene as within-
hebitat reference sites to aompare with the pattens
obsernved in bertthic comunity responses to naturallly
ooccurring hypaxiic and anoxic conditions within the
deeper depths of the basin.

METHODS

Macrobenthic comunities were randomly
sampled during March, June, August, and September
of 1993 alog five equidistant water depths extending
upnard from the Virginia Bertthiic Biological Monitor-
ing Statiion LE3.4 (mean water depth of 21 m) located in
the deep basin just inside the mouth of the
Rappahannock River (Figure 1). These dates were
chosen to bracket the low dissolved oxygen events
that occur in the Rappahannock River and to
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sample during their greatest areal extent in early
August when water temperatures are greatest
(Kuo and Neilson 1987).

Five replicate sediment cores were col lected
during June, August, and September at each
depth (6, 10, 15, 20, and 25 m) with a box coring
device (surface area of 184 ar) that samples to a
depth of 25 cm. March samples consisted of three
replicate cores taken at each depth excluding the
5 m sampling station. Each core from the June,
August, and September sampling dates was
separated into 0-5 cn and 5-25 cm depth parti-
tions to quantify macrofaunal depth distributions.
After removing a standardized subsample for
grain size and total organic carbon analyses,
sediment cores were sieved in the field through a
0.5 mm screen to retain macroinvertebrate fauna,
then relaxed in diluted 70.0% isopropanol, and
presened in abuffered, 5.0% formalin to sea- water,
rose bengal solution. Organisms retained were
identified to the lonest possible taxon and enumerated.
Biomass measures were expressed as ash-free dry
weight (AFDW).

Hydrographic data, including temperature,
salinity, and dissolved oxygen, were monitored
at 5 m depth increments throughout the basin on a
biweekly basis from June through September
using daily calibrated YSI Model 33 salinity-
conductivity-temperature and YSI Model 58
dissolved oxygen meters.

A two-way multivariate analysis of variance
(MANOVA) was performed on ranked data
to test for overall temporal and depth-related
effects on benthic comunity parameters. A
Tukey’s Studentized Range multiple comparison
procedure was used in conjunction with the
MANOVA to locate significant differences between
biotic variables at each sampling depth and time.
A one-way analysis of variance (ANOVA) was
combined with a Tukey’s Studentized multiple
comparison test and performed on squared-
transformed data to test for significant differences
in sediment grain size between sampling depths.

RESULTS
Di ssol ved Oxygen

Hypoxic conditions were first observed in the
deep basin at depths greater than 15 m in mid-May
of 1993. This early event of low dissolved oxygen
concenttration (0.8 my/l) coincided with large
temperature and salinity discontinuities observed
between 10 m and 15 m on May 20. This intense
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stratification was possibly related to the heawy
river flow observed in the Rappahannock River in
the spring of 1993. The U.S. Geological Survey
(USGS) reported a spring freshet of 15,973 ft8/sec
between February and March of 1993. The long-
term average (1985-1991) for this time periad is
5,069 ft¢/sec. The relationship between frestwater
Flow and dissolved oxygen concentration is poorly
understood in general, honvever. At the shalllonest,
5 m sampling depth, hypoxic conditions (0.2 mg/1)
were observed on only one date, July 12. All other
oxygen concentrations at this depth remained
above 3.0 mg/1 throughout the summer. Hypoxic
conditions below 1.3 mg/1 occurred continuously
at the 10 m depth from June 24 through July 20.
Dissolved oxygen remained low (< 0.9 mg/1) from
June 24 until August 19 at all depths greater than
15 m. Surface values of dissolved oxygen were
never recorded below 6.2 mg/1 .

Sedi nment s

Sediments at the shallonest, (6 m) station were
significantly different fram all other depths for
both grain size (ANOVA, F=49.48, p < 0.0001) and
total wlatiles, ameasure of organic carbon
(ANOVA, F=17.34, p<0.0001). Silt-clay percent-
ages at the 5 m depth varied widely around a
mean of 36.50% (+/-27.24), while sediments
among all deeper depths ranged between 96.18%
and 99.00% silt—clay. Total organic carbon averaged
3.62% (+/-2.41) at 5m, whille volatiles for all
deeper sampling depths combined ranged from
8.80% to 10.66%.

Bent hi ¢ Macr of aunal Responses

Over the course of the study, 45 species of
benthic macroinvertebrates were col lected and
identified. OF these, only three rare species,
Molgula lutlulenta, Neomysis americana, and Sabella
microphthalma, were excluded from analysis owing
to their epifaunal nature. OF the 42 infaunal species
retained for further analysis, 38.10% (16 species)
could be classified as either opportunistic or
equilibrium taxa following Daver et all ., 1992 and
Ranasinghe et al . (1993). These 16 species ac-
counted for 81.50% of the biomass and 86.90% of
the abundance of all fauna collected.

Four measures of macrobenthic community
structure-species richness, biamass, abundance,
and Shannon Weaver’s diversity measure (H’
calaulated to the bese 2), were all significantly
different (MANOVA, p < 0.0001) for overall time,



dgoth, and interaction effects for all nultivariate test
criteria WMilk’s Larbda, Pillai’s Trace, Hotelling-Lawvley
Trace, and Roy”s Greatest Root) . A summary of the
Tukey’s Studerttized Range Test used to follow up the
MANOVA results of depth effects on ranked comu-
nity data is shoan in table 1. All of the benthic comu-
nity measures differed significantly among months of
the study. Regardless of the bictic variablle measured,
the 5 m sanpling depth was always significantly
different fran the degper statios.

Benthic comunities displayed a systematic
response to the low dissolved oxygen conditions
observed throughout the summer of 1993. The four
biotic comunity variables measured (i.e., species
abundance, biaress, ridress, and diversity) all
responded similarly to hypoxia throughout the
summer. The degradation of infaunal abundance and
biamess at each sanpling depth shown intable 2 is
representative of all the variables measured. Both
macroinfaunal densities and biomass declined at all
depths deeper than 15 m in June in response to the
early deep water hypoxia event of May 20; the
comunities at 5 mand 10 m were unaffected. By
August, comunities at all depths sampled dis-
played degraded comunity structure in response
to the hypoxiia observed throughout the water
column during the preceding month.

Section 2: Benthic Ecology

Tabl e 1. Results of Tukey's Studentized Range
Test (perforned on ranked data) reproduced
withrawdata for overal | depth effects. Values
are means (+ 1 standard deviation) among months
of the sampling period. Depths with different
letters are significantly different fran each other
at p =0.05 for each biotic variable.

DEPTH  ABUNDANCE  BIOMASS  DIVERSITY  RICHNESS
(m) (indor’) (gm') () (spplrep)
S GRTET(I495)A SINGADA  LMOA  IKT(6I0A
10 WIS0BISEYB  038703)B  076(0S5B  408(303)B
15 SSLSO(T6276)C  0892(I3B)BC 0740768 352(3.74)BC
B 102650(16900C  0360(050)BC  065(065)BC  397(457)BC
N GNIS4IHC 0202039 C 02027 C 205200 C

Tabl e 2. Sunmary of di ssol ved oxygen and bi oti c neasures at each sanpl i ng dept h bef ore and after the occur-
rence of sunmer | owdi ssol ved oxygen. Vallues represent means. (+ 1 standard deviation ). Pre-hypoxia abundance,
biomess, and precent of goportunistic biaress at the 5 m sanpling depth reflect June measures. Dansity less than 5
an refers 1o the frequency of individualls ocourring at less then 5 an vertiical depth in the sediment. As March values
are not avai lable for this measure, the June data are presented. This represents pre-hypoxia values for the 5mand
10 m sampling depths and during-hypoxia measures for the deeper depths. Post-hypoxia vallues refllect refaunation

by srall, srallov-drelling, goportunistic species.

DEPTH MIN. DO FREQ. OF ABUNDANCE (ind/t') BIOMASS (g/m’) PERCENT OPPORTUNISTIC PERCENT DENSITY <Scm
RECORDED ~ RECORDED BIOMASS
(mg/l) HYPOXIA
Pre-hypoxia  Posthypoxia  Pre-hypoxia Post-hypoxia Pre-hypoxia Posthypoxia  Pre-typoxia  Post-hypoxia
(March) (September) {March) (September) (March) (Septernber) (June) {September)
5m 02 5.56% 18729(2932) 721(381) 15.615(3.201)  0.504(0.416) 15.06(5.25) 7488(146)  9L34221)  94.44(7.86)
10m 02 13.53% 1775(749) N3 06870262)  0138(0087)  TISI(ITS) 8200049)  7L01(17.04)  90.00(22.36)
15m 0.1 50.00% 1679(1426) 218(159) 2938(3.428)  0.115(0.070) 41.08(34.71) 56.6736.51)  94.00(1342)  100.00(0)
20m 0.1 60.00% 2385(345) 126(130) 0.840(0.231)  0.092(0.087) 77.05(25.72) 30.0029.82)  100.00(0) 100.00(0)
25m 01 60.00% 3568(725) 161(74) 1.107(0.630)  0.149(0.065) 61.03(4.93) 7833(21.73)  100.00(0) 100.00(0)
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Abundance dominants shifted at the 5m
station after the hypoxic event of July 12. In Jure,
the community at 5 m was dominated by the large
(5-15 mm), deep-dwelling Macoma balthica bivalve,
the bivalve Mulinia lateralis, and by a dense
population of the polychaete Streblospio benedicti .
By August, all of these species declined in abun-
dance. August communities at 5 m contained a
more even distribution of opportunistic polycha-
etes than in June, including Glycinde solitaria,
Nereis succinea, and Paraprionospio pinnata. Al-
though Macoma balthica dominated biomass in
June samples collected at the 10 mand 15 m
depths, it did not occur in dense populations. As
with the 5 m depth, no Macoma balthica were
found at these intermediate depths after the June
sampling date, while the conmunities at 20 m and
25 m were dominated by opportunistic fauna both
before and after the hypoxic conditions of the
summer months (table 2). Species that were key in
the September recovery seen at all depths greater
than 5 m include Paraprionospio pinnata, Streblospio
benedicti, and the roving gastropod Rictaxis
punctostriatus.

Vertical depth distributions of benthic infauna
also changed at the shallow and intermediate
depths in response to summer low dissolved
oxygen conditions (table 2). From June to Septem-
ber, the percentage of individuals found in the
upper 5 cm of sediment increased at the 5, 10, and
15 m sampling depths. Neither the 20 mor 25 m
sampling depths contained fauna inhabiting
sediments deeper than 5 cm at any time during
the study.

DI SCUSSI ON

Direct comparison of the 5 m station with all
deeper stations was not possible. The sedimentary
differences seen between the shallonest station
and the deeper areas (36.5% verses >96.0% silt—clay,
respectively) precluded using the 5mdata as a
within-habitat reference. The impact of sedimen-
tary differences anong stations upon the bernthic
comunities coulld not be accounted for statisti-
cally by an analysis of covariance (ANCOVA)
owing to extreme violations of the assunptions
underlying the test. The influence of sediment
grain size on benthic macrofaunal community
composition and structure is well documented
(Bloomet al. 1972, Fresi et al. 1983, Gaston and
Nasci) 1988). The appearance of a more diverse
community with denser, larger fauna at 5 m can
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be explained to some extent, wholly on the basis of
sediment differences. Sandier sediments often
support more diverse conmunities than do finer-
grained habitats owing to an increased availability
of niche space for epifaunal and deposit-feeding
infaunal species (Boesch 1973, Hyland et all . 1991).
Additionally, because of increased permeability
and porosity, sandier sediments typically display
deeper RPD (redox potential discontinuity) layers
than do finer-grained habitats owing to a larger
area open to the dowward diffusion of oxygen.
However, anoxic and hypoxic conditions can
overwhelm this benefit of high permeability

found in sandy sediments (Levinet al. 1991).

Although the occurrence of hypoxic conditions
during the summer of 1993 caused obvious
degradation of deepwater benthic conmunities
wirthin the loner Rappahannock River, it is difficult
to separate the possible effects of predation
pressure. Benthic feeding vertebrate and inverte-
brate predators are conrmon in the mesochaline
sections of Chesapeake Bay and its tributaries.
These species include spot (Leiostomnus xanthurus),
Atlantic croaker (Micropogon undulatus), winter
Flounder (Paralichthys dentatus), hogchoker
(Trinectes maculatus), blue crab (Callinectes
sapidus), and the mud crab (Rhithropanopeus
harrisii) (Holland et al. 1980). Typical predation
pressure by these species upon the benthic
macrofauna that were dominant during June on
the shallow shoals of the Rappahannock River’s
deep basin is greatest during the summer
months, and high mecroinvertebrate mortalities are
comon (Baird and Ulwanowicz 1989, Dauer et
al. 1982, Vimstein 1977).

Predation was more likely responsible for benthic
mortalities at the 5 m depth than at deeper stations,
honever . The predaceous species listed above are all
highly mobile, and could have been driven upward
firom the deeper depths of the basin by the earlier
and more severe hypoxic conditions occurring there.
Crabs and fish routinely migrate out of areas
experiencing low dissolved oxygen conditions and
onto the shoals where conditions are more favorable
@Breitburg 1992, Diaz et al. 1992, Officer et al. 1934,
Pihl et al. 1992). The progressive shorenard movemernt
of comercial crab pots placed in the loner
Rappahannock River during the summer of 1993
may reflect such a migration by blue crabs (Snith
1994) . Thus, shallow-water benthic comunities
may experience uncommonly higher predation
pressure when deeper waters are under low
dissolved oxygen stress.



Many infaunal species, including the June
dominant at the 5 m depth, Streblospio benedicti, are
known to cease activity and lie prone on the
sediment surface during times of moderate oxygen
stress (Diaz et al . 1992, Jorgensen 1980, Llanso
1991, Rosenberg et al. 1991). Short-term hypoxia at
the 5 m depth may have imposed a sublethal stress
upon the benthic infauna, which may have driven
deep-dwel ling forms to the surface and placed
them under even greater risk of predation (Pihl et
al. 1992). Therefore, the depletion of macrobenthic
infauna at the 5 m depth was likely a combination
of intermediate physiological stress from lov
dissolved oxygen conditions and the indirect
effect of greatly increased predation pressure as
infauna were forced to abandon their depth refuge

during a time of high predator density.

Predation was probably not responsible for the
mortalities seen throughout the summer at the
deeper depths sampled in this study, however.
Predation pressure alore is not sufficient to cause
the total habitat defaunation (Marsh and Tenore
1990) observed at deeper stations in the
Rappahannock River, and as mentioned above,
mobi le predators tend to abandon oxygen-stressed
bottom waters. Dissolved oxygen values at the 10
m depth remained hypoxic for 27 consecutive
days, while oxygen concentrations at deeper
depths remained below 2.0 mg/1 for at least 57
consecutive days, a time period well beyond the
tolerance of benthic invertebrates (Rosenberg et al.
1991). In addition, at all stations located deeper
than 10 m, intact gaping bivalve shells (Mulinia
lateralis) were found during and immediately
following low dissolved oxygen events, indicating
that these animals did not die because of ingestion
by predators, but through physiological stress
directly relating to the hypoxic conditions (Jorgensen
1980, Roserberg 1980). Few bivalve shells in this
condition were observed at the shallonest station.
Finally, macrobenthic comunity density declined
with the increasing severity and duration of hypoxia
in each depth stratum, indicating that low dissolved
oxygen affected the deeper cormunities directly.

The dominance at the two deepest sampling
depths (20 m and 25 m) by opportunistic fauna
and the lack of any species inhabiting those
sediments below 5 cm (table 2) suggest that these
communities are degraded not only each summer
following hypoxic conditions, but all year long.
Larger, more deeply dwelling equilibrium species
cannot become established in these comunities
before the area is again subjected to sumertime
hypoxia. Depauperate sediments dominated by
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shallow-dwel ling opportunistic species are
common in degraded macrobenthic communi-
ties in Chesapeake Bay and elsewhere (Dauer
1993a, Dauer et al. 1992, Gray 1979, Pearson
and Rosenberg 1978, Weston 1990).

Yet, the opportunistic fauna found in the
deep basin of the lower Rappahannock River are
by no means immune to the effects of low
oxygen stress. Although their tolerances may be
higher than those of typical equilibrium species,
their adaption to environments subject to
hypoxia and anoxia is often related not to their
anaerobic resistance but to their life history
characteristics (Gray 1979). These species are
able to colonize azoic or underpopulated areas
quickly owing to their rapid reproductive rates,
their ubiquitous nature (high dispersal cgpebilities),
ad large brood size (Grassle and Grassle 1974) .

Two resilient, ifFrot resistant, gecies, S. benedictd ad
P. pinnata, were primarily responsible for the
refaunation of the benthic habitat in the
Rappahannock River following summer
hypoxia (Smith 1994). Influxes of opportunis-
tic spionid polychaetes directly following
anoxia events is common in Chesapeake Bay
and other systems (Friligos and Zenetos 1988,
Holland et al. 1977, Holland et al. 1980).
These species are both highly adapted to
continual disturbance and fall into Gray’s
(1979) r-strategist classification, where eco-
logical success in polluted areas is determined not
by tolerance but by an inherent ability to quickly
colonize and dominate new areas of the benthos.

In addition to larval recruitment, some of the
Tauna replenishing the deeper depths following
hypoxia events may have emigrated from the
shallow shoals along the basin. Adult migration to
newly opened habitat has been described before
for both benthic predators (Pihl et al . 1992) ard
invertebrate macrofauna (Holland et al. 1977,
Llanso 1991). Dauer and Simon (1976) found that
the initial adult colonizers followving a natural
defaunation of benthic habitat included several
opportunistic polychaetes also important in this
study, including Eteone heteropoda, Nereis succinea,
Paraprionospio pinnata, and Polydora ligni. Two
bivalve species common in the lower
Rappahannock River, Macoma balthica and Mulinia
lateralis, recruit in late fall to early winter, ay
replenishment of these species in the shalloas and
mid-water sediments would not have been ob-
served unlless sampling had continued past

September (Boesch 1973, Hollland et all. 1987).
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CONCLUSI ON

Several lines of evidence suggest that bertthic
communities found deeper than 20 m in the deep
basin are depressed throughout the year in
response to annual low dissolved oxygen stress
and can therefore provide little or no information
relating to overall water quality and environmen-
tal restoration goals. Support for this theory
includes the observed pattems in basic commu-
nity measures including infaunal density and
diversity, the dominance at these depths by
opportunistic fauna, and the lack of any species
inhabiting vertical depths greater than 5 an. These
comunities likely reside in the area of the
benthos that is under anoxia stress owing to
natural , not anthropogenic, forces.

Comunities inhabiting the intermediate depths of
this study (10 m and 15 m) should be examined more
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EuTroPHI cATION AND MacrRoBENTHIC ComvuNi TIES OF THE LOwER CHESAPEAKE Bay:
1. CHronic ErFects oF OreaNiCc ENRICHMENT IN  PocoMoke  SounD

J. D. mDonnell and D. M Dauer
Old Dominion University

Abstract: The detection of the effects of organic enrichment on benthic communities is problematic, particu-
larly at intermediate levels of enrichment. The species,abundance, and biomass (SAB) curves of Pearson and
Rosenberg (1978) empirically model patterns of organic enrichment but do not present testable hypotheses. To
evaluate the effects of chronic organic enrichment on benthic community structure, a field study was con-
ducted in Pocomoke Sound in the vicinity of a seafood processing plant. Macrobenthic conmunities affected
by chronic organic enrichment are hypothesized to have heterogeneous and discontinuous distributions with
distance from the source of enrichment. The Two Termed Local Quadrat Variance Method and the Split
Window Distance Method were used to test this hypothesis. Results were compared to the SAB curves.

I NTRODUCTI ON

The environmental condition of Chesapeake Macrobenthic community structure is often used to
Bay and its tributaries has deteriorated in the last indicate environmental health because benthic
50 years, and this is attributable primarily to animals have relatively long life spans (integrate
increases in eutrophication and toxic substances. water and sediment qual ity conditions over time)
Eutrophication from nutrient enrichment from and sedentary life styles (cannot avoid deteriorat-
agricultural runoff and other nonpoint sources has ing water or sediment quality conditions) Bilyard
produced organic enrichment of the Bay. Enrich- 1987). The basic parareters in all benthic sunvey
ment is defined as a level of organic enrichment studies are the number of species, comunity
that changes the structure and function of the abundance and community biomass. There are
ecosystem (Pearson and Rosenberg 1978). Such an two popular descriptive measures available to
enrichment has occurred in Chesapeake Bay as a assess disturbance or stress using benthic
result of increased inputs of inorganic and community structure - the species, abundance
organic materials associated with the develop- and biomass curves or SAB Curves of Pearson
ment of the Bay’s watershed. Research efforts in and Rosenberg 1978 and the abundance biomass
the Bay have documented the well-known comparison method or ABC Method of Warwick 1986.
effects of organic enrichment, including low The Pearson and Rosenberg (1978) model

dissolved oxygen events (Taft et al. 1980, Officer (PRW (Figure 1) is enpirically derived and can be
et al. 1984, Kuo and Neillson 1987) and changes applied specifically to eutrophication effects. The

in the benthic community structure (Holland et PRM concludes that organic enrichment of a

al. 1977, Dauer et al. 1992). certain magnitude will superimpose its omn
Changes in the macrobenthic community gradient on the environment and induce modifica-

structure are used to monitor biological effects of tions of the distributions of organisns initially

organic pollutants on subtidal ecosystems (Pearson controlled by salinity and temperature (Pearson

and Rosenbery 1978, Warwiick 1988, Gray et al . 1988). and Rosenberg 1978). The X axis of the model is
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defined spatial ly as distance from the source of
organic enrichment or temporal ly as the time since
the enrichment event or cessation of the source of
enrichment. The model defines three successional
stages: (1) the pesk of goportunists where a few
dharacteristic speciies are found in high abundence, (2)
the ecotone poirnt where speciies abundance declines
steeply ad the nurber of speciies increases steeply, ad
(3 the transition zone where popullations flux ad
progress tonvard a more stable “normal’ comunity.
Ecotone is used in the model as a descriptive
parallel to mean change within a community
along a gradient of organic enrichment instead of
the traditional definition of a change between two
or more diverse communities.

The purpose of this study was to test the
enpirical PRV at a site on the eastem shore of
Virginia’s Chesapeake Bay in the low mesochaline
region of Pocomoke Sound. A seafood processing
plant located at Pig Point on Pocomoke Sound was
identified as the potential organic enrichment
source, and benthic comunity structure in the
vicinity of the plant wes used to spatially test the
PRM. Two additional sites in Pocomoke Sound
were also sampled as reference sites for compari-
son with the Pig Point site. Two additional spatial
tests-including the Two Termed Local Quadrat
Variance (TTLQV) Test and the Split Moving

Peak o.f Transition Zone
Dpportunists
e ———re—
‘. ies
) T Spec

’ \ .
., Biomass

Abundance

Ecotone

Tine or D stance fromStress

Figure 1. SABcurves along a gradi ent of organic
enri chnent. Modified from Pearson and
Rosenberg (1978).

Window (SMW) (with Monte Carlo randomization
tests-will be gpplied in future analytical proce-
dures as additional methods to evaluate the spatial
community patterm from this unreplicated sanmple
design. The null hypothesis of this study was that
macrobernthic comunity structure in the vicinity
of the seafood processing plant was not altered by
organic enrichment. The hypothesis was tested by
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comparing the results of the SAB curves applied to
data at the Pig Point location to results dbtained
from the two reference locations. The altemative
hypothesis is that the Pig Point data will reserble
the PRM distribution.

Pocomoke Sound is a large shallow embayment
located on the Eastermn Shore of Chesapeake Bay
(figure 2). The Pocomoke River and a number of
small tidal creeks feed into Pocomoke Sound. The
seafood processing plant is located near Saxis,
Virginia, and is the only recorded point source of
organic material input in Pocomoke Sound
(Virginia Department of Environmental Quality).
The plant, located on a small cape called Pig Point,
mechaniical ly processes ocean quahogs and oysters
and has a direct discharge into a narrow and shallow
chanrel that drains directly into Pocomoke Sound.

A secondary discharge from the boi ler room was
identified on the dock side of the property just
beyond the end of the channel. The seafood process-
ing plant has a reported Flow rate of 0.05 million
gallons per day, and an average biological oxygen
demand (BOD) of 1417.8 Ib/day. BOD values are in
repeated violation of the Virginia Department of
Envirommental Qual ity permit requirements (GOny/1)
and consequently the pllant was forced to pay civil
penalties and submit a waste water treatment plan.

POCOMOKE
SOUND

T

N— A
W
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200 m

10 m intervals

0m W0m
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Fgure 2. Location of study sites andthe sanpl e

desi gn. Top: Pocomoke Sound showing the three sites.
Site 2 is the seafood processiing plant locationand site 1
ad 3are tre reference site. Lorer left: lorer Chesa-
pesle Bay. Loner right: orierttation, legth of trasects,
ad sampling intenals.



In addition, two reference locations were
chosen in Pocomoke Sound based on sediment
similarity and presumed lack of direct effect from
the seafood processing plant. One location (site 3)
was located near a wildlife preserve and the other
near the Pocamoke River (site 1). Both reference
areas have small tidal inlets physically simillar to
the canal at the Pig Point site.

METHODS
Sanpl i ng Procedure

The sarpling design consisted of three transects
oriernted fram the shorelire to offshore (Figure 2).
Each group of three transects (A,B,C) was composed
of 15 unreplicated samples spaced 2 m apart for a
total transect length of 30 m.  In addition, one of the
transects (B) wes extended to include an additional
17 stations spaced 10 m gpart for a total transect
length of 200 m. Transects started approxinately 10
m fram the end of the canal . A total of 195 benthic
samples were collected from all three locations with
the use of a hand-held coring device with a surface
area of 81 aw sanpled to a depth of 25 cm.
Transects were laid out with the use of wooden
poles and line marked of f in 2 mand 10 m intenvals.
In this study, only the results for the B transect (200
m length) at sites 2 (Pig Point) and 3 are presernted.

Bent hi ¢ Sanpl i ng

Biological samples were sieved through a0.5m
sieve screen and the material retained on the
screen was washed into cloth bags and stored in a
10% rose bengal and formalin solution. Samples
were sorted in the laboratory and identified to the
lonest possible taxonomic level. Organisms were
counted for abundance estimates and biomass was
calculated as ash-free dry weight (AFDW). AFDW
measurements were obtained by taking the
difference of the initial oven dry weight (24 hr at
602 C) and the ash weight (4 hr at 5504 C). For the
SAB curves of the PRM, the species curve was
plotted as nunber of species per sample, the
abundance curve as number of individuals per m2
and the biomass curve as AFDW per n? against
distance along the transect.

Sediment samples of 50 g were also taken at
each station location for sediment grain size and
frequency distribution and for organic content.
Silt—clay and sand fractions were separated by wet
sieving the sediment through a 63 um screen. The
sand and silt-clay fractions were analyzed sepa-
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rately using the techniques of Folk (1974). The
percentage of sad, silt, ad clay, phi size fre-
quency, and sorting coefficients were calculated.
Total organic carbon (TOC) of the sediment was
estimated from a 5 g sample and was calculated as
the AFDW of the sediment expressed as a percerntage
of the dry weight of the sediment.

RESULTS
SAB Curves

The predicted SAB curves of the PRM (Pearson
and Rosenberg 1978) were compared with SAB
curves calculated from the B transects (200 m
length) from sites 2 and 3 (Figure 3). Owerall, 23
infaunal species were identified from both loca—
tions, 16 from the Pig Point site and 19 from the
reference site. The dominant species of both sites
were similar, with six of the top ten dominant species
(for both biomass and abundance) being the same.

The species curve at the Pig Point site shoned
(D an initial zone of low values conpared to the
reference site at 0-30 m, (2) followed by a gradual
increase to values higher than the reference site at
a distance of 50-70 m, and finally (3) values
comparable to the reference site for the remainder
of the transect (figure 34). No azoic zone was
found as predicted by the PRM (Figure 1). The
number of species appeared to be depressed
within the first 30 m at the Pig Pointsite.

The abundance curve at the Pig Point site
showved (1) an initial zone of low values compared
to the reference site at 0-30 m, and (2) values
comparable to the reference site for the remainder
of the transect (figure 3B). There was no distinc-
tive peak of opportunistic species as predicted by
the PRM (figure 1). Values for the first 30 mat the
Pig Point site were approximately an order of
magnitude loner than for the reference site.

The biomass curve at the Pig Point site
showed (1) an initial zone (0-20 m) of highly
variable values ranging from an order of magni-
tude lower to an order of magnitude higher that
values at the reference site, and (2) values for
the remainder of the transect that were gener-
ally an order of magnitude higher than the
reference site (figure 3C). The predicted first
peak in biomass of the PRM (Figure 1) was not
present at the Pig Point site, corresponding with
the absence of a peak of opportunists. The
highbiomass values at the Pig Point site were
almost entirely attributable to the bivalve
species Macoma balthica, which accounted for
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Fi gure 3. Mean speci es, abundance, and bi omass (SAB) curves for the Pig Point study site 2 and the
reference site 3. A Species richness (species per sanple). B Abundance (individuals per n? x 100 C

Biomass (AFDW g per n?).

78.7% of the biomass at the Pig Point site. m.
balthica accounted for 25.2% of the biomass at
site 3, second onlly 1o Leptodherius plunulosus, which
accounted for 33% of the biamass at site 3.

Sedi nent Anal ysis and TOC

The sediments at both sites were generally
characterized as cotaining less than 40% silt—clay.
TOC analysis did not show a patterm of elevated
organic content near the source.

DI SCUSSI ON

The SAB curves calculated from data col lected
in the vicinity of the seafood processing plant in
Pocomoke Sound, Virginia generally conformed to
the PRM predictions with (1) an initial zone of low
values, compared to the reference site, in the 0-30
m region, folloned by (2) an increase in values to
levels comparable to the reference site for nurber
of species and abundance of individuals and
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higher than the reference site for biomass. For the
species curnve, the PRV predicts initially very low
values, folloned by a rapid increase to a peak
value in the transition zone, and finally a slight
reduction in reference comunities. The species
curve at the Pig Point site conformed to the PRM
predictions. Contrary to the PRV predictions, all
three SAB curves at the Pig Point site showed the
same pattemn as described above. The major
difference between the results of this study and
the PRM predictions were (1) the lack of an azoic
zone and (2) the lack of a peak of opportunists
which also produced the initial peak in biomass of
the PRM. Similar differences with PRM were
reported by Ferraro et al . (1991) and Maurer et al.
(1993) .. Maurer et al. (1993) studying the San Pedro
Shelf found no sharp decline in SAB curves to
azoic conditions and no exclusion of rare species
by opportunistic species. Similar results were also
obtained by Ferraro et al . (1991), who did not find
an enhancement of an opportunistic species with
coincidental disruption of comunity structure.




The absence of an azoic zone was most likely an
artifact of where the first sarple on the transect at
Pig Point was collected. The first sample on
transect B was approximately 10 m from the
discharge pipe in the drainege canal . It is quite
possible that if an azoic zore existed, itwes limited
to a few meters from the discharge pipe. The lack
of a peak of opportunists may be attributable to
the highly stressful nature of an estuary and
therefore to the natural dominance of species with
opportunistic life histories. Defining gpportunistic
and equi librium species in Chesapeake Bay has
made possible the development of sensitive
benthic monitoring procedures (Dauer 1993,
Ranasinghe et al . 1993); however, an examination of
the speciies defined as opportunistic versus equillib-
rium reveals that gpportunistic species are gererally
eunyhaline in distribution while equilibrium species
are gererally most common in higher salinities (high
meschaline to polyhaline). Future studies of stress
in estuarine comunities, particularly in the loner
salinity reaches, should consider the need to develop
hebitat—specific definitions for goportunistic versus
equilibrium groups. Species considered as oppor-
tunists in one salinity region might be considered
equilibriunm species in another salinity region.
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AsSSESSMENT OF CHESAPEAKE BAY BENTHI ¢ MacrRol NVERTEBRATE RESOURCE
ConpiTIoN IN ReLATION TO VWATER AND SEDIMENT QUALITY STRESSORS

J. Ranasinghe and S. Wi sherg D. Dauer
Versar Old Dominion University

Abstract: Benthic macroinvertebrates are an integral part of the Chesapeake Bay monitoring program but
their use in Bay-wide assessments of ecological status have been limited by the fact that benthic assem-
blages are strongly influenced by naturally varying habitat elements, such as salinity, sediment type, and
depth. Recent development of benthic community restoration goals for Chesapeake Bay provides a
framework for conducting assessments of benthic condition that are habitat-independent. This paper
capitalizes on that advance by applying the restoration goals to the Virginia monitoring, Maryland
monitoring, and EMAP data sets to estimate the extent of degraded benthic resources and identify
regions of the Bay most in need of corrective action. Correlation and chi-square contingency analyses to
examine associations between sites with poor benthic condition and measures of pollution exposure in
the water column and sediment are also presented.
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CovPARI SON OF BEeHAVioraL AND LARvAL ToxiciTY MoLLusc Biowassays ForR  ATRAZI NE

FRESHWATER SEDI MENT

Harriette L. Phel ps
University of the District of Colurbia

Aostract: Atrazine was added to fresh mud sediment (13.7% organic content) as the commercial water-soluble
40N AAtrex® formullation. Atrazine was toxic to recently released larvae of the freshwater mol lusc Corbicula
fluminea. (Asiatic clam), with an LD50 of 2,655 ug atrazine/g dry sediment. Mud sediment that was rinsed
retained 80% of toxicity to larvee.

AAtrex® atrazine added to mud sediment caused significant burroving delay in adult Corbicula, with an ECS0 of 290-
1440 ug/g- AAtrex® added 1o sand sediment (1-4% organic cortent) caused significant delay in burroving speed delay
starting at 72.4 ug atrazine/g-

This behavioral biocassay effect of AAtrex® added to sediment was inversely proportional to organic content.
This could be attributable to a higher dissociation constant for AAtrex® atrazine than for atrazine sorbed to

freshwater sediment organic matter. This would result in a higher pore-water atrazine concentration in the

absence of organic material .

Sand sediment with added AAtrex® (163 ug/g) that was rinsed caused no burrowing delay in adult Corbicula-
AAtrex® atrazine apparently was not sorbed to sand sediments. Behavioral bioassays with molluscs may be the most
sersitive for detecting biceffectiveness of pesticides in sadiments.

INTRODUCTION

Atrazire is a pesticide that is considered a
Toxic of Concern in the Chesapeake Bay watershed
owing to an average of 2,300,000 Ib/yr applied
primarily to com (U.S. Envirommental Protection
Agency 1991). Atrazine is considered one of the
most mobi le and persistant pesticides in soil (Keim
etal. 1989). Pure atrazine has limited water
solubi lity but can be sorbed by suspended sediment.
Sediment sorption slows the degredation rate so
there is potential for accunulation in sediments.
AAtrex® 40W is a commercial water-soluble
emulsion formulation of atrazine designed to
overcome handling and solubility problems, and is
40.8% atrazine.

Molluscs in general are highly exposed to
sediment contaminants awing to lack of mobility
and several species of frestmater molluscs in the
United States are considered endangered. The
larva of the frestwater Asiatic clam (Corbiaula
fluminea),, an INvasive geciies, wes selected as the
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toxicity bicassay mollusc. Corbicula larvae are
nonglochidial and released as fully formed larvae
from adults in the spawning season, and a sediment
bicassay using the larvae has been developed
(Prelps and Clark 1988). Corbicula is currently
abundant in the Potomac estuary near Washington,
DC (Phelps 1987) where it may have ecosystem
importance (Phelps in press).

Pesticides in sediments can have significant
sublethal effects on populations of mol luscs other
than toxicity. For example, Pridmore et al. (1991)
found low levels of chlordane added to sediment
(20 - 80 ng/cm?) reduced mollusc populations in
marine sediments primarily because of drift move-
ment of juveniles anay fram enriched sites. Bivalves
were the most affected group and the three most
common species showed declines of of 31-56%
(Pridmore et al. 1992). Corbicula juveniles are also
known to disperse via floatation (Prezant and
Chalermnatt 1984). Belanger et al. (1993) reported



the most sensitive bioindicator for cationic surfactant
in fresh water wes Its effect on Corbicula _juenile
oolonization. Behaviorial reactions to lov-level
atrazine or AAtrex® in sediment might also result in
population changes in freshwater molluscs. The
effects of sediment-sorbed atrazine and 40N
AAtrex® on the burrowing ability of adult Corbicula
vere also studied (Prelps 1999). The ability to burrov
hes significant adgptive inportance in avwiding
predation and in avoiding transport anay froma
favorable location.

METHODOL OGY
Cor bi cul a Larva Sedi nent Bi oassays

Sediment was collected from the freshwater
estuarine Potomac River near Fort Washington and
from the nearby Anacostia River. For larval
toxicity exposure to sorbed atrazine, the sediment
was sieved (110 p Nytex) and stirred with a
saturated solution of technical-grade atrazine
(Dow Chemicall) for 12 hours, centrifuged, and
rinsed twice with distilled water. A trace amount of
radioactive Cl4 atrazine (Sigma Chemical Co.) was
added to the atrazine solution for determination of
sorbed atrazine by subtraction. One ml of centri-
Tuged sediment was placed ina 2.5 ml tissue culture
well (Falcon Plastics) as described by Phelps and
Clark (1988) and Phelps and Warmer (1990).
Corbicula larvae (20 or 30) that were recertly
released from adult Corbicula were placed in the
well and layered with antibiotic-containing
distilled water (neonycin, penicillin, streptomycin
1:100( Sigma Chemical). Each bioassay was con-
ducted in triplicate. Tissue culture plates were kept
at room temperature (18°C) for 96 hours, the well
contents filtered (110 p Nytex) and larvee scored as
live (clear, moving) or dead (opague, nomotile,
with gaping shell). As Corbicula shells are fragile
and often not recovered if a larva died early in the
bicassay period, the mortality average was calcu-
lated from living larvae recovered. The adjusted
mortal ity percentage was calculated by subtract-
ing average control mortality, which ranged
from 9% to 17%.

For experiments with 40N AAtrex®, filtered
centrifuged sediment was mixed with an
equivolume (w:v 1:1) of 40N AAtrex® diluted to
0.01, 0.001 and 0.0001X wirth antiibiotic-containing
distilledvater. The final concerntration of atrazire in
sediment was estimated from the AAtrex® formula-
tion. One sediment samplle with 0.01, AAtrex® 40W
wes rinsed twice at 1:10 (w:v) before biocassay.
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Cor bi cul a Burrowi ng Bi oassays

The Asiatic clam burrowing bioassay was as
described for estuarine and marine clans (Phelps
et al. 1983, Phelps 1989). Adult Corbicula were
collected from the Potomac River. Shell height
influences burrowing speed (Phelps 1989), and ten
clars of a single size class (12.9 £ 1.96 nm shell
height) were used in each sediment mesocosm. The
number completely burrowed with no projecting
gellvesroted at intenals (2, 5, 10, 15, 20, 40, 60
minutes). Probit amalysis wes used to determine the
ETS0 for 50% of clans 1o bury, with 98 fiducial Himits.

Bioassay sediment was either sandy, from the
Potomac River, or mud-type, from the Anacostia
River. Water content was determined by drying
and organic carbon content was estimated by loss
on ignition (LOI, 5500C for one hour). Sand
sediment had 16.9% water and 1.39% LOI; mud
sediment had 74.6% water and 13.7% LOI.
Sediment was stored in plastic containers at 8°C
up to 3 weeks before use. Mesocosms were 200 g or
300 g sediment (W) in 10 x 10 x 6 cm plastic
boxes with 100 ml spring water (80 urhos)
oerlay. Water quality is critical in the burrowing
bicassay, and distilled or tap water inhibits
burrowing behavior. To spike the 200 g or 300 g
wet sediment for mesocosms, 0.01 AAtrex® was
added to drained sediment and stirred for 10.0
minutes and then gently overlaid with spring water.
The final concentration of atrazine in sediment was
estimated. In one experiment, sand sediment spiked
with 163 ug atrazine/g (DN) (est.) was rinsed two
times (1:1) with water and re-assayed.

RESULTS
Cor bi cul a Larva Sedi ment Bi oassays

Maximum sorption of the technical-grade
atrazine to the < 110 u fraction was 1,270 ug/g
dry sediment, and mortality of Corbicula larvae
was only 20%. Addition of AAtrex® 40W to
sediment gave 11,600 ug atrazine/g sediment
(OW), which had 80% mortality of larvae and
established an LC50 of 2,665 ug atrazine/g
sediment (Phelps 1994). Atrazine LC50 of 6,300
to 9,900 ug/L has been reported for adults of
other freshwater molluscs (Huber 1993). Toxic-
ity of the rinsed sediment was 81% of unrinsed
sediment (Phelps 1994).
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Cor bi cul a Burrow ng Bi oassays

Average ET50 was approximately 5 minutes for
sand and 8 minutes for mud sediment. Addition of
0.01 AAtrex® to either sand or mud sediment
caused a logorithmic increase in burrowing speed
ETS0. The lonest estimated concentration of
atrazire in sand sediment causing statistically
significant burrowing delay was 72.4 ug atrazine/g
sediment (OW).

Rinsing the sand sediment that had 163 ug
AAtrex® atrazine/g reduced the ET50 from 4.3 hrs
10 0.105 hrs (statistical ly equivalent to corttrol ETS0).
This suggested the biocactive form of AAtrex® was
not sorbed to sand sediment. .

AAtrex® added to mud sediment did not cause
significant burroning irhibrtion inCorbiaula untill a4-20
greater concentration than in sand sediment. The mud
sediment had 9.9 times the organic content of sand
sedimentt. The loner reectivity of AAtre® atrazire in
mud sediment suggested that the organic material
sorted free atrazire.
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DissoLveED Oreanic CarBoN (DOC) CycLing IN EsTuariNE  SeDI MENTS:  DoEs  THE
MacrROBENTHOS HAvE ANy EFFECT?

David J. Burdige
Old Dominion University

Abstract: Studies of dissolved organic carbon (DOC) cycling in Chesapeake Bay sediments suggest that
the presence of benthic macrofauna has a significant, though perhaps counterintuitive, affect on these
processes. At a sulfidic site in the mid-Bay (site M), only seasonally (spring) colonized by small polycha-
etes and bivalves, DOC fluxes from the sediments corresponded to ~4 to 13% of the integrated benthic
carbon remineralization rate (YOCR) and were likely controlled by molecular diffusion. At a much more
heavily, and year-round, bioturbated site in the southermn Bay (site S), the activity of macrobenthos did
not appear to enhance DOC Fluxes from these sediments, in that measured benthic DOC fluxes were
lower than those at site M. The ratio of DOC fluxes to YOCR at site S was also slightly smaller than that
observed at site M. Consistent with these observations, pore-water DOC concentrations at site S were
generally lower than those at site M, and down-core concentration gradients were also smaller. The
causes of these differences are not well understood and may be related to several factors. Macrofaunal
activity may change sediment redox conditions, causing differences in the relative rites of DOC produc-
tion and consumption by either microbial or abiotic reactions. Direct utilization of pore-water DOC by
benthic macrofauna may also cause these differences. These possibilities also have important implica-
tions for the effects of benthic macrofauna on the cycling of sedimentary pollutants. These include
organic pollutants, redox-sensitive metal pollutants, and other metals pollutants for which organic
complexation may play an important role in affecting their estuarine cycling.
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