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ABSTRACT

Both fish and macrofauna are abundant in estuaries and are important because they
alter their physical environments through activities such as feeding, burrowing and
defecating. Organic contaminants such as polycyclic aromatic hydrocarbons are
ubiquitous in the marine environment and associate with fine particles that eventually
accumulate in the sediment bed. Through their various activities, benthic organisms have
the potential to significantly affect the transport and fate of sediment-sorbed contaminants.
While macrofauna effects on particle transport processes have been well-documented,
demersal predator effects, such as those of spot (Leiostomus xanthurus), have not. In
addition, feeding mechanisms and behavior of spot in deep water (> 9 m depth) have not
been thoroughly assessed. These 1ssues were addressed in two separate studies. Spot
were collected May through November 1994 for gut content analysis, and their feeding
behavior and activities were assessed in both laboratory aquaria and the natural field
environment. A laboratory tracer experiment was conducted in July 1996 to compare
macrofauna and spot bioturbation and suspension effects over a 24 hour period. An
additional experiment was performed in October 1996 to further examine spot effects on
sediment distribution between the bed and the water column.

Spot fed predominantly on surface or shallow-dwelling species. In their pursuit of
prey, spot bite the mud, process sediment over their gills, and continuously brush their fins
across the sediment surface. Through these activities, spot transport significant amounts
of sediment into the water column and down into the sediment bed. The effects of spot on
suspension were greater than the significant effects of macrofauna-induced suspension. In
the natural environment, the effects of spot on suspension may even increase, such as
when high densities of spot are present. Contaminant burial by spot was significantly
greater than by either macrofauna or controls, and thus provides a means of more rapid
contaminant transport into the sediment.
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CHAPTER 1

PROJECT OVERVIEW AND SUMMARY OF FINDINGS



INTRODUCTION

Polycyclic aromatic hydrocarbons (PAH's) are a representative class of organic
contaminant found in estuarine sediments. PAH's originate from a variety of point source
(e.g. direct input) and chronic nonpoint sources (e.g. aeolian transport or storm-water
runoff), and are predominantly the result of petroleum fuel residues and the incomplete
combustion of organic matter (Neff 1979). PAH's tend to be highly hydrophobic, and as
such, have an affinity for the organic particles that eventually accumulate in bottom
sediments. The toxic effects of PAH's range from acute (lethal to organisms) in areas
containing high concentrations of contaminated sediment and water, or where little
sediment disturbance and water exchange occur; to chronic or sublethal (e.g. fish develop
conditions such as fin erosion and lens cataracts) in areas containing more dilute
concentrations of contaminant, or in more physically and/or biologically active
environments (Huggett et al. 1992). Once accumulated in the sediment bed, these
contaminants may persist for years after the original source of contamination has ceased
(Lee and Swartz 1980).

As the sediment surface is rarely a static environment, the transport and fate of
contaminants deposited at the sediment-water interface are dependent upon the complex

interactions of physical, chemical and biological processes. Except where conditions such



as low salinity, rapid sediment deposition and accumulation, frequent anoxia. or strong
wave activity dominate, benthic organisms play a crucial role in sediment-mixing processes
(Meyers 1977, Reinharz and O'Connell 1981, Nilsen et al. 1982, Schaffner et al. 1987 a,b).
Bioturbating organisms loosen the fabric of the sediment by burrowing through the
sediment or by ingesting and defecating it elsewhere (Rhoads 1974, Brenchley 1981); or
more simply put, bioturbation is the mixing of sediment particles by benthic organisms.
Bioturbation results in altered patterns of horizontal stratification, lateral displacement of
particles, and modified porosity of the sediment bed; all of which may affect the transport
of pollutants between sediment layers (Lee and Swartz 1980). By altering the profiles of
oxygen and nutrients (e.g. nitrate, sulfate, etc.) within the sediment, or stimulating
processes of microbial degradation (Bauer et al. 1988, Schaffner et al. 1997), bioturbation
may also have indirect effects.

Previous studies of bioturbation processes and effects of benthic organisms on
sediment suspension have concentrated on macrobenthic (> 250 xm) infauna such as
surface deposit feeders and head-down or subsurface deposit feeders (Rhoads 1967, 1974;
Lee and Swartz 1980, Diaz and Schaffner 1990). These organisms are abundant in coastal
and estuarine environments (Schaffner 1990) and over time, can mix the sediments to a
depth of > 15 cm (Lee and Swartz 1980). Their overall impact, however, is determined by
community composition and seasonal changes in organism activity. Another component
of the benthic system, the epibenthos, includes decapod crustaceans and demersal fishes.
Although less abundant than resident infauna, these mobile organisms are generally larger

and very active, and thus have a high potential to influence benthic processes. Few



studies, however, have quantitatively assessed the relative importance of epibenthic
predators in disturbing estuarine sediments compared to bioturbation by infauna (Lee and
Swartz 1980, Hines et al. 1990). Studies conducted on continental shelf and slope
environments report significant fish induced erosion and formations impressed upon the
sediment (Dillon and Zimmerman 1970, Stanley 1971). Research in shallow (< 5 m depth)
estuarine systems indicate high amounts of sediment mixing by epibenthic organisms
through activities such as pit formation during foraging events by rays (Howard et al.
1977, Myrick and Flessa 1996) and horseshoe crab tunneling activities (Kraeuter and
Fegley 1994). These results indicate a potentially important role for epibenthic organisms

in sediment bioturbation of subtidal estuarine environments, such as Chesapeake Bay.

The purpose of this study 1s to evaluate the potential role of a demersal predator
(spot, Leiostomus xanthurus), as a relevant source of bioturbation and suspension of
sediments and associated contaminants in the basins of the lower Chesapeake Bay (> 9 m
depth). Spot are common in lower Chesapeake Bay, a representative espuarine site, for at
least eight months per year, after which they migrate out of the estuary. Based on the
literature and preliminary observations, the major hypothesis of this study is that feeding
and other spot activities significantly affect the mixing and transport of near-surface
sediments and associated organic contaminants. The goals of this study were to: (1)
determine (via gut content analysis, and observations in both field and laboratory
conditions) whether spot might have a large bioturbative impact in deep water sites; (2)

evaluate and compare the effects of large spot (>100 mm) and macrofauna on the



bioturbation and suspension of sediment and associated contaminants in laboratory
studies; and (3) relate observed behaviors of spot to the natural environment.

This thesis is divided into three chapters, including this project overview and
summary of major findings, and two research chapters. Chapter 2 evaluates the feeding
habits and behavior of spot at deep water stations in lower Chesapeake Bay through gut
content analysis and observation of their behavior in both the laboratory and field
environment. This information serves as a basis in Chapter 3 for evaluating and

comparing the effects of spot vs macrofauna on sediment and contaminant transport.

PROJECT SUMMARY

This study indicates that the effects of spot on bioturbation of sediments and
associated contaminants in the deep basins of lower Chesapeake Bay are on the same
order of magnitude of those of macrofauna. Gut content analysis indicated that spot in
this environment utilize similar feeding mechanisms as they do in shallow water. Spot are
opportunists and feed on infauna and epifauna alike. However, meiofauna and shallow
burrowers or tube-builders were predominant prey. As spot forage in the upper sediment
layers, they may simultaneously mix surface sediment deeper into the bed and into the
water column. Spot > 100 mm form feeding pits > 4 mm deep. Sediments spiked with
’H-Benzo[a]pyrene and deposited at the sediment-water interface were mixed to depths of
5 cm by spot, suggesting that demersal predator mixing effects may extend to even deeper

sediment layers. Spot also affected sediment transport by processing ingested sediment



over their gill rakers as they continued to swim. Sediment either fell from spot mouths
during this process or was forcibly expelled in a plume after sorting. Spot continuously
brush their fins across the sediment surface, suspending fine sediments into the water
column. Observation of spot feeding both in the field and in laboratory aquaria was often
impeded by the large amounts of sediment suspended by the fish. While only 1% of the
estimated spiked sediment inventory in macrofauna treatments was recovered from the
water column, greater than 30% was recovered from the water in fish treatments. One
possible explanation is the different feeding behaviors of these organisms. The overall
effect of macrofauna in treatments was to eject non-labeled particles at the sediment-water
interface by subsurtace feeding, which diluted contaminant concentrations. Fish activity,
however, affected the tracer deposited at the interface and sediments directly underneath,
suspending fine particles high in organic content into the water column. BaP and other
hydrophobic organic contaminants are preferentially associated with this sediment fraction,
thus accounting in part for the enhanced tracer concentrations in the water column.

Translation of these results to the natural environment is necessary to fully
understand the effect of demersal predators such as spot on sediment and associated
contaminant transport in the environment. Average spot densities (no./m?®) were estimated
for a year with relatively high abundance (1988) and a year with relatively low abundance
(1995). These densities were applied to experimental results such that flux of sediment
and contaminant alike were adjusted for fish density. Per unit area, results indicate that
high densities of spot induce a sediment flux approximately half that of macrofauna.

However, contaminant fluxes were only slightly less than those of macrofauna, confirming



that spot behavior potentially has a more profound effect on surface sediment transport
and suspension of fine organic particles than macrofauna. Spot have previously been
described as aggregative (Hines et al. 1990), and footage of spot obtained from
Chesapeake Bay seems to support this description. Thus, estimates given above may be
conservative in comparison to what actually occurs when schools of spot encounter a rich
feeding ground.

Spot are only one of many demersal predator species commonly found in estuaries.
Other species such as skates and rays, croaker, flounder, sea robins, and blue crabs may
interact with the sediment in a variety of ways (Cook 1971, Chao and Musick 1977,
Howard et al. 1977, Lee and Swartz 1980, Blundon and Kennedy 1982, Kraeuter and
Fegley 1994, Myrick and Flessa 1996). Further research on the specific mechanisms and
feeding rates of demersal predators are needed in order to fully understand particle

transport processes in the natural environment.



CHAPTER 2

FEEDING AND BEHAVIOR OF SPOT IN THE DEEP WATERS OF MAINSTEM

CHESAPEAKE BAY



ABSTRACT

Spot (Leiostomus xanthurus), a demersal sciaenid fish species, is an abundant
predator of benthic invertebrates in the Chesapeake Bay. Numerous studies have
examined spot feeding habits and effects on sediment disturbance in shallow-water
systems (< 5 m), and have demonstrated that spot may have large bioturbative impacts.
However, little is known regarding the feeding activity and behavior of spot in deep,
subtidal estuarine areas (> 5 m depth). For this study, spot were collected from deep
water stations (> 9 m) in lower Chesapeake Bay from May - November 1994 for gut
content analysis. Collected spot were > 50 mm fork length, and fed primarily on
meiofauna and small, shallow-dwelling invertebrates. Meiofauna were a particularly
important component of the diet of small spot. Crustaceans increased in importance
among all size classes from late spring through late fall. Among the largest size classes of
spot (150 - 200 mm), molluscs were the dominant prey. Observations of spot in both field
and laboratory settings demonstrated significant interactions with the sediment. As they
foraged for prey, spot made feeding pits approximately 5 mm deep, suspended sediment
into the water column by brushing their fins across the sediment surface, and redistributed
surface sediment while processing sediment over their gills. Thus, the feeding behavior of
spot in deep water appears to be similar to that previously recorded for shallow-water

systems.
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INTRODUCTION

Many species of demersal predators are abundant in the Chesapeake Bay for
extended periods of time, among them spot, blue crabs and hogchoker. Spot (Leiostomus
xanthurus) is a member of the drum family Sciaenidae, a group of marine fishes commonly
found in coastal and estuarine waters. Spot was chosen as the study organism because of
its abundance (Land et al. 1995) and well-documented, relatively simple interactions with
the sediment (Yetman 1979, Billheimer and Coull 1988, Palmer 1988, Hales and VanDen
Ayle 1989, Hines et al. 1990, McCall and Fleeger 1993). Spot enter the Chesapeake Bay
in early April and leave by December for deeper waters, although some smaller fish may
overwinter in the Bay (Chao and Musick 1977).

This species is a dominant member of the epibenthic predator guild in Chesapeake
Bay, which forages heavily on infaunal invertebrates (Hines et al. 1990). Both juveniles
and adults are opportunistic predators of benthic organisms such as copefods, nematodes,
amphipods, polychaetes, and molluscs. Spot generally prey on organisms that reside close
to the sediment surface (0 - 2 cm deep), except during periods of hypoxia (low water
column dissolved oxygen) when they ingest larger, normally deeper dwelling organisms
(up to 15 cm deep) that come to the surface (Pihl et al. 1992).

One method of feeding, sediment processing, is observed among both juveniles and

11



adult spot whenever a suitable mud or sand substrate is available (Yetman 1979).
Individual fish make frequent shallow "dives" into the sediment, scooping up mouthfuls of
sediment that are filtered through their gill rakers as they continue to swim (Yetman 1979,
Billheimer and Coull 1988).

Previous studies have shown that small juvenile spot (< 50 mm) can cause major
disturbance of the upper few mm of sediment (Billheimer and Coull 1988, Palmer 1988.
McCall and Fleeger 1993). However, this is the first study to specifically examine the
effects of large spot (> 100 mm) on bioturbation. It is expected that the larger size of
these fish could result in greater sediment disturbance, such as deeper feeding pits.
Numerous studies have also been conducted on spot feeding habits in shallow water (< 5
m) (Chao and Musick 1977, Stickney et al. 1975, Sheridan 1979, Hodson et al. 1981.
Currin et al. 1984, Hines et al. 1990). Although there have been a few studies performed
on spot collected from deep water sites (Chao and Musick 1977, Pihl et al. 1992), these
have been performed under stressful conditions such as hypoxia (Pihl et al. 1992), and to
date, never in the deep waters of the mainstem region of Chesapeake Bay.

One purpose of this project was to compare the diets of spot in the basins of the
mainstem bay with the diets of spot in shallow water. Prey consumed by spot vary with
location and the diets of spot are likely influenced by differences in prey availability. Thus,
it is theoretically possible that the different community structuring in the mainstem basins
might encourage preferential use of other feeding methods (e.g. direct capture, filter
feeding - Yetman 1979) over sediment processing. For example, large physical stuctures

present on the sediment surface, such as hydroids, chaetopterid tubes and sponges,
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provide habitat and refuge for numerous smaller epifaunal organisms such as caprellids,
Corophium spp. and the pinnixa crabs, the capture of which do not require extensive
sediment interaction. If such prey were commonly ingested, then spot might not have as
large a bioturbative impact on sediment processes in deep water environments as they do
in shallow waters. However, this region of the bay is also characterized by the presence of
large, euryhaline benthic organisms (Diaz and Schaffner 1990) that utilize deeper portions
of the sediment bed. Large spot might alternatively prey upon such organisms, thus

increasing the depth to which spot impact sediment processes.

MATERIALS AND METHODS

Field Methods

Quantitative collections of spot were conducted through the VIMS Trawl Survey
during 1994. The program consists of a monthly random depth stratified design survey of
the lower Chesapeake Bay (Land et al. 1995). The spot specimens analyzed in this study
were collected from the central (9 - 14 m) and deep plains (> 14 m) of th.e lower
Chesapeake Bay (37° 10" - 37° 25" N)(Land et al. 1995). In addition to the regular trawl
survey procedures (Land et al. 1995), one fixed station (10 m) at the Wolf Trap site (37°
16' N, 76° 09' W) previously described by Schaffner (1990) was chosen for sampling from
June - November.

A total of 199 specimens were collected during the 7-month period from May to

November 1994 (Table 1). Sampling gear consisted of a 9.14 m semi-balloon otter trawl



Table 1. Length-frequency distribution of spot collected in lower Chesapeake Bay May -
November 1994. Numbers in parentheses denote the number of spot subsampled for gut
content analysis.

Spot Fork Length:  5-10cm 10-15cm 15-20cm >20cm TOTALS

May 5(5) 5(5)
June 4 (4 30 34 4)
July 1 9 19 29
August 30 (12) 8 (3) 38 (15)
September 21 8 1 31
October 14 16 30
November 20 (4) 13 (4) 33 (8)

GRAND TOTAL 5@) 94 (16) 99 (12) 1 199 (32)
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with a 3.8 cm stretch mesh body, a 0.63 cm mesh cod end liner, and an attached tickler
chain. Tow duration was five minutes along the bottom at a speed of approximately 1.3
m/sec (Land et al. 1995).

Specimens were fixed in 70% ethanol (May - July) and liquid nitrogen (August -
November). Samples in the ethanol solution experienced some decay due to the improper
fixations, although the exoskeletons and calcareous parts of organisms remained relatively
intact. Specimens treated with liquid nitrogen were stored in a dewar flask or freezer until
they could be dissected and preserved in 10% formalin at the lab, usually within one week.
Preliminary studies did not reveal any quantitative differences between gut contents fixed
in liquid nitrogen and those preserved in 10% formalin. Fork length (FL) measurements

were taken on all specimens before dissection (Table 1).

Laboratory Methods

The foreguts and intestines of each specimen were removed and preserved in 10%
buffered seawater formalin. After proper fixation, they were soaked in water and
transferred to 70% ethanol. A random subsample of 32 spot covering the range of sizes
from the beginning, middle and end of the collection period (Table 1) were dissected and
analyzed. Each ingested item was sorted to the lowest taxon possible, and fragments such
as polychaete setae and crustacean parts were counted as one organism, unless abundance
could otherwise be estimated, e.g. by counting pairs of eyes in crustaceans (Sedberry
1983). Contents were analyzed according to Windell (1971). Spot prey items in this

study were compared to the prey items of spot documented in previous feeding studies
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conducted in shallow estuarine waters. To determine the relative contribution of different
food items to the total diet, an index of relative importance (% frequency of occurrence x
% numerical abundance) was calculated (LaRoche 1982).

Spot (~ 150 mm FL) were collected via VIMS trawl survey and brought back to
the laboratory for observation. They were kept in flow-through 80 L aquaria measuring
60 x 30 x 40 cm. During preliminary observation of spot (fall 1995), the measurements of
several spot feeding pits were recorded. In August 1996, underwater cameras were
deployed in the mainstem waters of Chesapeake Bay (11 m depth) and 48 hours of
continuous videotape were recorded. Foraging events of spot (approximately 175 - 200

mm, in the field were observed and recorded).

RESULTS AND DISCUSSION

Gut content analysis

Although spot fed on a variety of organisms, only the predominar_lt prey items are
shown in Table 2 comparing spot diets from different estuarine areas (see Appendix 1 for
a complete listing of prey items found in this study). In the spot examined, polychaetes
and amphipods were the most frequently ingested prey items, occurring in 94% of all fish,
while meiofauna such as kinorhynchs, copepods (primarily non-calanoid taxa) and
nematodes were slightly less frequently ingested (81%, 72% and 81% respectively). Spot
appeared to feed primarily on small sedimentary infaunal annelids (e.g. capitellids,

spionids) and shallow-burrowing polychaetes (e.g. Nephthys spp., Glycinde solitaria. and



Table 2. Comparison of spot stomach contents from different estuarine areas using percent
frequency of occurrence (%FO).

Locality Virginia' Virginia® Georgia® North Carolina*
CRUSTACEA
Amphipoda 93.8 24.7 11.6 5
Ampelisca spp. 93.8 0.8
Corophium spp. 65.6
Gammarus spp. 12.3 11.6
Copepoda 71.9 21.9
Calanoid 13.7 33.1 S
Cyclopoid 19.2 16
Harpacticoid 20.5 88.4 70
Cumacea 59.4 21.9 13.2
Ostracoda 4338 5.8 14
Mysidae 12.5 27.4 7.4 2
MOLLUSCA 53.1
Pelecypoda 46.9 27.4
Gastropoda 37.5 20.5 0.8 2
POLYCHAETA 93.8 56.6 11.6 15
Capitellidae 30 5
Glycinde solitaria 31.3 37
Nephthys spp. 23 11
Nereis succinea 15.6 274 9.1
Pectinaria gouldii 9.4 534
Spionidae 50 6.8 2.5
OTHERS
Foraminifera 63.8 8
Kinorhyncha 81.3
Nematoda 81.3 34.2 19

! Present study, 1994 Lower Chesapeake Bay, Va. n = 32, spot 69-194 mm FL: * Chao 1976, York River, Va.
n=77, spot 73-202 mm TL; *Stickney et al. 1975, Savannah River and Ossabaw Sound, Ga. n = 126, spot 50-
149 mm SL; * Hodson et al. 1981, Cape Fear Estuary, NC, n = 1026, spot 9-124 mm TL.
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Pectinaria gouldii); however, some errant polychaetes such as Nereis succinea and
phyllodocids were also commonly found. Although spot fed on both infaunal (Ampelisca
spp.) and epifaunal (Corophium spp.) amphipods, the infauna were more prevalent (94%
vs 66% respectively). Spot ingested very few deep-dwelling organisms, such as
hemichordates, which occurred in less than 10% of the stomachs, and thus are not shown
in the table.

Chao's (1976) study in the York River showed that polychaetes were found in
more than half (57%) of all fish stomachs. Spot in his study did not ingest as wide a
selection of annelids as did the spot in this study, but rather appeared to feed
predominantly on the annelid Pectinaria gouldii (53%). This is probably due to the
greater diversity of prey items found in the mainstem bay as compared to the York River,
or to prey patchiness. In the studies by Stickney et al. (1975) and Hodson et al. (1981),
harpacticoid copepods were found more frequently in spot stomachs than any other prey
item (88% and 70% respectively), while polychaetes were found in less than 20% of the
fish. While demonstrating the diversity of prey items available to spot in the mainstem
bay, comparison of spot diets from different estuarine areas also indicates that spot feed
predominantly on bottom-dwelling species such as annelids and harpacticoid copepods in
both deep and shallow water.

To determine the relative contribution of different food items to the total diet in
this study, an index of relative importance was calculated (Appendix 1). To prevent the
large numbers of meiofauna from overwhelming information on other taxa when

calculating the index, meiofauna and macrofauna were examined separately.
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The importance of meiofauna in the diet of spot appeared most pronounced in the
smallest size class of spot (5 - 10 cm) when copepods dominated the diet (Figures 1 and
2). With increasing size and advancing season. copepods played a decreasing role in the
diet of spot, while meiofaunal organisms such as foraminiferans, kinorhynchs and
nematodes became increasingly important. Foraminiferans and kinorhynchs seemed to be
more important dietary items for spot in the fall, whereas nematodes reached their largest
peak in August. Because of the very small sample size of spot collected in the 5 - 10 cm
size class during one month, there was a size-season interaction among the smallest size
class of spot and spot collected in spring. This interaction results in apparently large
numbers of copepods being ingested during the spring, but is due primarily to the small
size of the spot.

Among macrofaunal dietary items, crustac.ans (especially Ampelisca and
Corophium spp.) were the most important food source in the late spring and for small spot
(5 - 10 cm) (Figures 3 and 4). Crustaceans accounted for an even larger proportion of
ingested prey among both late summer and larger fish (10 - 15 cm), although by this point,
other prey items such as polychaetes and molluscs were increasing in importance. Among
the largest size class of spot (15 - 20 cm) molluscs were the dominant prey item, followed
by crustaceans and polychaetes. A slightly different pattern was observed in late fall fish;
importance of all macrofaunal categories (except molluscs) decreased rapidly, with

crustaceans being the most important, followed by molluscs and polychaetes.

Given the small sample size in this study, it is difficult to determine whether the



FIGURE 1. Index of relative importance (IRI) for meiofaunal prey of spot vs season

(May/June, August and November).
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FIGURE 2. Index of relative importance (IRI) for meiofaunal prey of spot vs size class of

spot (< 10 cm, 10- 15 cm and 15 - 20 cm).
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FIGURE 3. Index of relative importance (IRI) for macrofaunal prey of spot vs season

(May/June, August and November).
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FIGURE 4. Index of relative importance (IRI) for macrofaunal prey of spot vs size class

of spot (< 10 cm, 10 - 15 cm and 15 - 20 cm).
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feeding patterns observed are representative of all size classes of spot in the bay. In
addition, gear selectivity also plays a role as it is likely that larger size classes of spot may
avoid the trawl. The prevalence of tubiculous and shallow-burrowing prey in spot guts is
consistent with Chao and Musick's (1977) description of spot diets. They concluded that
spot were more efficient in capturing prey in these feeding groups as a direct result of spot
morphology. With their deeply compressed bodies and elongated caudal fins, spot are
slower swimmers than other fish, and may be less able to capture fast errant species. They
also have short, broad snouts that enable further penetration into the sediment for the
capture of burrowing species. Epifaunal organisms, while ingested, did not appear to
disproportionately dominate gut contents or otherwise indicate that sediment processing
methods were not utilized. Likewise, very few large, deep-dwelling organisms (e.g.
hemichordates, etc.) were ingested as even large spot are likely limited with respect to the
size of prey that they can capture, by their small mouths.

In the present study copepods were most important in spot < 10 cm, while at
larger sizes other meiofauna (e.g. foraminiferans, kinorhynchs and nematpdes) and some
macrofauna species became important dietary components. Interpretation of these
findings are complicated by interactions between temporal and ontogenetic shifts as they
are not exclusive of each other (Currin et al. 1984). For example, in the spring when fish
were smaller, copepods were the most important meiofaunal category. By the summer
and fall when fish had grown, foraminiferans, kinorhynchs and nematodes had become

more important.



25

Fish behavior

Preliminary observations of spot held in flow-through laboratory aquaria in fall of
1995 showed that the fish formed feeding pits approximately 15 mm in diameter and 5 mm
deep (Table 3). These pits are both larger and deeper than the 4 mm diameter and 2 mm
deep pits produced by the small juvenile spot (30 - 50 mm length) used in Palmer's (1988)
flume study. Three major behaviors of fish were observed while they were in aquaria:
water column swimming, resting on or just above the bottom with their fins brushing the
sediment, and feeding. Spot fed via sediment processing as previously described by
various authors (e.g. Yetman 1979, McCall and Fleeger 1993). This sediment processing
entailed the characteristic "dive" into sediments, although often fish would brush the
sediment with their fins, and then proceed to strike the same patch of sediment. This latter
behavior may be a means of uncovering prey.

Extensive footage of spot foraging events were captured by the videocamera
deployed in the mainstem basin of lower Chesapeake Bay. Often, as many as 5 spot were
viewed in a 19 cm x 15 cm area (Figure 5, photo). Spot suspended so much sediment at
times that the sediment bottom could hardly be seen. Within a short period, spot formed
extensive, shallow pits on the sediment surface (Figure 5, photo). When the currents were
strong, spot seemed to feed against the current, probably to allow more control of
direction. Often they would allow the currents to push them back to their starting point,
before turning back into the current and reworking the same sediment patch. This may be
a means of capturing prey that had just been dislodged from the sediment. There were

many organism interactions, and much of the spot disturbance to the sediment resulted



Table 3. Comparison of spot feeding pit dimensions (n = number of pits measured).

Present study Palmer 1988
(spot 110 - 150 mm FL) (spot 30 - 50 mm SL)
n=11 n=25
Diameter of feeding pits 15.46 £0.93 mm 3.80 £0.22 mm
(mean * SE)
Depth of feeding pits 4.65 +£0.61 mm 2.00 £ 0.25 mm

(mean + SE)
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FIGURE 5. Spot feeding frenzy in lower Chesapeake Bay (11 m depth) and numerous,
shallow feeding pits formed on the sediment surface. Arrows indicate feeding pits. Photo

obtained from underwater video camera deployed August 1996.
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from movements of their fins as they brushed the sediment surface. The second night of
observation, high densities of mysid shrimp were visible aligning themselves with the
current. Within a short time period. spot arrived and another feeding frenzy began. This
time however, there were less sediment interactions as the shrimp were not actually in the
sediment, but hovering just above it. It appeared as if spot feeding frenzies occurred late
at night and into the early morning, while during the day only one to two spot were
visible, and these appeared much less active. While the dive light mounted to the camera
frame was undoubtedly an attraction, the quick response of spot to the stimulus suggests
that many spot may have been nearby, and that when a rich resource feeding patch is
found, spot may quickly aggregate to feed. While information on the schooling behavior
of spot > 50 mm is lacking, the species behavior has been described as aggregative by
Hines et al. (1990). If spot often aggregate as seen in the videotape, then they could

greatly impact sediment transport.

CONCLUSIONS

Spot gut content data from this study are in agreement with the findings of
previous studies on spot feeding habits in shallow-water systems (Chao and Musick 1977,
Sheridan 1979). Spot did not feed predominantly on either large, deep-burrowing species
or on epifaunal organisms; however, they did feed on numerous meiofauna and small,
tube-dwelling or shallow-burrowing macrofauna as documented in the literature. The

results suggest that the large bioturbative impact of spot in shallow-water systems may
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also occur in deep basin waters. Observation of spot interactions in both the field and the

laboratory appear to support this conclusion.



CHAPTER 3

SEDIMENT AND CONTAMINANT SUSPENSION AND BURIAL BY BENTHIC

MACROFAUNA AND SPOT



ABSTRACT

Macrofauna and demersal fish predators have the potential to significantly affect
the transport of sediment and associated contaminants. Suspension and burial of a
particle-associated contaminant, *H-benzo[a]pyrene (BaP), by a benthic fish (spot,
Leiostomus xanthurus) was compared to contaminant suspension and burial by an intact
community of macrofauna and defaunated controls. Spot mixed BaP up into the water
column and down into the sediment by brushing their fins across the sediment surface,
biting the mud to feed, and processing sediment across their gill rakers. Significant
differences were found among all treatments for suspension of both particles and
contaminant, with fish treatments having the greatest effects and controls the least. Burial
of contaminant by fish was significantly greater than contaminant burial by either
macrofauna or controls. The lower concentration of contaminant on particles suspended
by macrofauna was primarily attributed to the ejection of non-contaminated subsurface
sediment into the water column by a head-down deposit feeder, the polychaete Pectinaria
gouldii. Average + SE (n = 3) estimates of the percentage of initial contaminant
remaining in the sediment bed or suspended into the water column respectively, were: 70
+ 9% and 0.7 + 0.2% for the controls, 84 + 14% and 1 + 0.1% for the macrofauna, and 60

+ 4% and 34 + 5% for the fish. Values do not equal 100% as some contaminant was lost
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from the system. This study demonstrates that the mechanisms and rates of bioturbation
by fish and macrofauna differentially affect contaminant transport and fate. This study
also indicates that under certain conditions, the effects of fish on contaminant suspension

and bioturbation may be similar to, if not greater than, the effects of macrofauna.



INTRODUCTION

Benthic organisms play an important. well-documented, role in sediment transport
processes (Lee and Swartz 1980, Rhoads and Boyer 1982, Brenchley 1981, Schaffner
1990). Through activities such as feeding and burrowing, demersal fish and macrofauna
may alter sediment erodability by decreasing sediment cohesion and increasing roughness
and water content, and increase sediment mixing (Cook 1971, Virnstein 1977, Billheimer
and Coull 1988, Hines et al. 1990, Kraeuter and Felgley 1994, Myrick and Flessa 1996)
and suspension (Dillon and Zimmerman 1970, Paimer 1988). Although the effects of fish
on the transport and fate of hydrophobic organic chemicals (HOCs) at the sediment-water
interface have rarely been examined (Wall et al. 1996), numerous studies have shown that
macrofauna can enhance the loss of contaminants via suspension and stimulation of
microbial communities (Gardner et al. 1979, Karickhoff and Morris 1985, Bauer et al.
1988, McElroy et al. 1990, Reible et al. 1996, Schaffner et al. 1997), or burial of
contaminants that are introduced from the water column (McElroy et al. 1990, Schaffner
et al. 1997). Contaminant loss and burial processes are influenced by factors such as
community composition, seasonal changes in organism activity, and the physical chemistry
of the contaminant (Forbes and Forbes 1994, Schaffner et al. 1997). Suspended

sediments have significant potential to transport contaminants (Lau et al. 1989), while
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downcore sediment mixing may have the contrasting effects of either increasing
contaminant residence time within the mixed layer, or enhancing burial processes (Robbins
et al. 1979, Lee and Swartz 1980, Schaffner et al. 1997). Therefore, it is important to
identify the specific mechanisms by which benthic organisms, in particular demersal
predators, influence contaminant distribution in comparison to macroinfauna.

The purpose of this study was to evaluate and compare the bioturbation and
suspension of a sediment-associated organic contaminant (benzo[alpyrene, BaP) by a
demersal predator (spot, Leiostomus xanthurus) to that of a benthic macrofaunal
community. Both macrofauna and their demersal fish predators are abundant in estuaries
(Day et al. 1989), but the relative magnitude of their effects on sediment mixing and
suspension have rarely been examined. For this study, the effects of macrofauna and fish
on BaP burial and suspension were assessed in a laboratory tracer experiment. An
additional experiment examined the effects of fish on sediment suspension and distribution

between the sediment and water column.

MATERIALS AND METHODS

Field Collection

Spot, Leiostomus xanthurus, (110 - 135 mm fork length - FL)) were collected by
otter trawl from Chesapeake Bay and acclimated in the laboratory for at least two weeks
prior to the experiments. The fish were kept in flow-through aquaria (80 L) containing

sediment to which infauna were periodically added to support natural capture and
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ingestion processes. Prior to initiation of an experiment, fish were starved for 24 hours.
Sediment and infauna were collected from the Wolf Trap field site, lower
Chesapeake Bay (37° 16.09' N, 76° 09.79' W), an area previously described by Schaffner
(1990). Three intact sediment cores (approximately 30 x 20 cm and 5 cm deep)
containing resident macrofauna were collected and inserted into each 80 L aquarium (60 x
30 x 40 cm). Three additional cores were collected at the site and seived through a 500
wm mesh screen. Retained organisms were identified and enumerated to estimate infaunal
composition and abundance (see Appendix 2 for a complete list). Aquaria containing
field-collected sediment and the resident benthic community were brought back to the
laboratory within 12 hours. Aquaria were maintained under sand-filtered, flow-through
seawater laboratory conditions (7 - 12 turnovers per day) for four weeks prior to initiation
of the experiment in July 1996. Three aquaria assigned to the control treatment were
defaunated following the methods of Schaffner et. al (1997), which are > 99.5% efficient
in removing macrofauna from the sediment. Briefly, nitrogen gas was used to defaunate
aquaria without disrupting the sediment surface or destroying the microbial community

within.

Experimental Design

Experiment 1 tested the hypothesis that fish and macrofauna significantly increase
suspension and burial of sediment and particle-associated contaminants relative to
controls. Three replicate aquaria were assigned to each treatment: fish (containing one

spot and an intact macrofauna community), macrofauna (containing an intact macrofauna
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community), and control (devoid of spot and macrofauna). Wolf Trap sediment had
previously been spiked with radiolabeled BaP (62.5 Ci/mmol 1,3,6-’H BaP, DuPont NEN
Research Products, Boston, MA) as described in the methods of Schaffner et al. (1997).
Concentration of the spiked sediment was 0.7 ng BaP/g dry sediment. The sediment had
been used in a previous experiment and was analyzed for purity prior to reuse (73% parent
compound present). Briefly, 50 ml of spiked wet sediment (approximately 35% water on
a w/w basis) and 8 ml of seawater were combined and transferred to aluminum foil trays
that contained sheets of screen mesh (approximately 30 x 20 cm). Sediment was spread
throughout each tray to a depth of ~1 mm and frozen overnight at -10 °C. Aquaria were
drained more than three quarters prior to adding the frozen sheets of sediment. After the
sediment thawed the screens were removed, the aquaria were carefully refilled, and one
fish was added to each designated aquarium. Water samples were collected from each
aquarium before adding fish (i.e. time = 0 hr) and 2, 4, 6, 10, 17 and 24 hours after adding
fish, to determine the amount of suspended sediment and associated contaminant. Water
samples (4 L) were collected in clean bottles via stainless steel tubing inserted into the side
of the aquaria, approximately 25 cm above the sediment bed. The above procedures were
conducted under yellow fluorescent lights to restrict photodegradation of the BaP.

The sides of test aquaria were covered with black plastic to minimize disturbance
of the fish. Throughout the experiment, dissolved oxygen, temperature and salinity were
recorded in the water distribution system. Water quality parameters varied only slightly
during the course of the experiment; dissolved oxygen remained between 5.4 and 6.5

mg/L, temperatures ranged from 25 to 26.7 °C, and salinity fluctuated between 16 to 19
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ppt. At the end of the experiment, the anaesthetic MS 222 (Tricaine methane sulfonate)
was added to the aquaria so that fish could be gently removed from the tanks without
disturbing the sediment bed. Two subcores (7.2 cm diameter) of sediment were taken
from each aquarium and sectioned into vertical intervals (0-0.5,0.5-1,1-2,2-3 and 3
-5 cm). Corresponding intervals from the two subcores were combined and
homogenized, and subsamples of sediment from each combined interval were used to
determine the depth profile of BaP and water content of the sediment. The outer 5 mm of
sediment in each layer was discarded to prevent contamination due to the extrusion
process. An additional subcore was obtained from all macrofauna and fish treatment
aquaria and seived through a 500 «m mesh screen. Organisms retained on the screen were
identified and enumerated to document macrofauna abundance and composition (see
Appendix 3).

Based on preliminary results from the first study, a second 8-hour experiment was
conducted during October 1996 to evaluate the effects of fish on sediment suspension and
partitioning. Specifically, the experiment tested the hypothesis that spot primarily suspend
the organic-rich, fine sediment fractions. Wolf Trap sediment, collected in June 1996 and
maintained in the laboratory under flow-through seawater conditions, was used in this
experiment. Although the condition of the macrofauna community was not quantitatively
assessed prior to the second experiment, large numbers of Pectinaria gouldii and some
clams were actively feeding when the experiment began. Surface sediment (upper few
mm) was sampled via pipette for particulate (organic carbon and nitrogen) analysis, and

subcores (2.5 cm diameter, 5 cm depth) were removed from each of two aquaria for grain
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size analysis before introducing one spot to each tank. Water samples (~16 L) were
collected from the aquaria every two hours for the duration of the experiment, and the
suspended sediment was analyzed for grain size and particulate composition as described

below.

Analytical Methods

For Experiment 1, aliquots from each water sample (200 ml from fish replicates, 2
L from macrofauna, and 4 L from controls) were vaccum filtered onto pre-weighed and
pre-treated glass fiber filters (47 mm Gelman Type A/E, Gelman Sciences, Ann Arbor,
MI), dried at 60 °C, reweighed, and the suspended particle mass determined by difference.
Wet sediment samples were weighed, dried at 60 °C in a drying oven until there was no
further change in weight, and reweighed to determine water content. Total radioactivity
in filter and sediment samples (1 - 2 grams dried sediment ground to a fine powder) was
quantified by combustion analysis with a R.J. Harvey ™ biological oxidizer (Model OX-
500). Samples were combusted at 900 °C under a stream of oxygen in the presence of
catalysts, and the resultant ’H water vapor was captured in scintillation cocktail (R.J.
Harvey, Hillsdale, NJ). Recoveries of *H BaP from the biological oxidizer were > 90%.
Total radiochemical activity for each isotope was measured with a Wallac liquid
scintillation counter (Model 1400 series, Wallac Oy, Finland) and background
radioactivity subtracted.

To compare sediment and contaminant fluxes in each 60 x 30 cm aquarium (mass

of sediment or BaP/0.18 m?hr), average water concentrations (mass of sediment or
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BaP/volume of water sampled) were multiplied by the average flow rate of water through
the aquaria (L/hr). For each treatment. the overall mean (n = 15) water concentration,
measured from replicate tanks (n = 3) at five timepoints (t =4, 6, 10, 17, and 24 hrs), was
used in the flux calculation (Appendix 4). Time O was excluded from these calculations
because fish had not yet been added to aquaria. while time 2 was excluded from analysis as
it primarily reflects the period of physical disturbance associated with the dosing process.
This is discussed in more detail below. Both timepoints, however, are important in
determining contaminant inventories later in the experiment.

Experimental results obtained in 0.18 m* aquaria were normalized to a m* surface
area, assuming a linear relationship for both control and macrofauna. Sediment and
contaminant fluxes were also adjusted to reflect natural densities of fish in the field.
Briefly, the average number of spot/m® caught at stations > 9 m depth in lower
Chesapeake Bay was calculated for a year with low spot abundance (1995) and a year
with high spot abundance (1988) (P.J. Geer, personal communication) (Appendix 5).
Sediment and contaminant flux values were divided by the mean concentration of fish
(0.002 fish/m* in 1995 and 0.11 fish/m* in 1988) to obtain fish- induced particle fluxes.
On a small-scale basis, spot may deplete localized patches of macrofauna, with the
subsequent result of reduced macrofauna bioturbation and possible changes in spot
sediment disturbance due to their interactions with macrofauna (i.e. reduced fish
bioturbation if prey are lacking, or possibly increased bioturbation if spot expend more
effort to find prey items). On a large-scale basis however, there is no evidence that the

macrofauna community is depleted or that fish lack food. Therefore, it is assumed in these
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calculations that the integrated effects of macrofauna and spot will be unchanged
regardless of small-scale etfects.

In experiment 2, the sand fraction of the suspended sediment was separated from
the finer-grained particulates (< 63 xm) by wet seiving, and the % total sand determined.
The finer-grained particles were analyzed with a Micromeritics Sedigraph (Model 5100.
Norcross, GA) to determine the total percentage ot the silt and clay fractions. Particulate
organic carbon and particulate nitrogen content of the suspended sediment were
determined by high temperature combustion with a Carlo Erba NA 1500 Carbon/Nitrogen
Analyzer (Carlo Erba Instruments, Saddle Brook, NJ). Samples were combusted at 1050
°C in the presence of chromium oxide and cobaltic-cobaltous oxide. A copper reduction
tube served to reduce the resultant nitrous oxide to nitrogen gas, while water vapor was
removed by a magnesium perchlorate trap. Helium gas then carried the sample, which

was detected by a Thermal Conductivity Detector.

Modeling

Bioturbation was modeled as a diffusion-like process following the approach of
Wheatcroft (1992). The diffusion analogy is a commonly used, simplified model of
bioturbation that describes the redistribution of particles over a large number of individual
transport events (Matisoff 1982), and is a means of translating results to the natural
environment. This approach is often used by geochemists to obtain community-wide
estimates of the particle mixing rate to describe the role of bioturbation as a mass transfer

mechanism (Wheatcroft 1992). The mixing of particles was estimated by modeling



41

profiles of contaminant mass under the assumption of diffusion-like transport. For this
purpose, the methods of Crank (1975) were followed, using Fick’s second law to describe
particle mixing as a biodiffusion process. Assuming that both downcore porosity variation
and sedimentation can be neglected (due to the shallow depth of the sediment layer,
filtration of the incoming water, and the short-term duration of the experiment), then the

conservation equation for a nondecaying particulate tracer being diffusively mixed is:

dC =D, oC (1)
ot oz

where C = tracer concentration (ng BaP/g dry sediment)
t = time (seconds)
D, = the biodiffusion coefficient (cm*/sec) and
z = depth (cm).

Under the assumption that the tracer is delivered instantaneously to a plane surface (i.e. t
=0,C=0atz=0and C=1 atz=0), and allowing for biodiffusion of sediment and
associated contaminants both above and below the sediment-water interface, then the

general solution to this equation is (Crank 1975, Dickhut 1997):

C(z) = 1 exp (-Z*/4D,t) (2)
x(1t D,p"?

where x describes the symmetry of the substance diffusion (i.e. x = 2 indicates equal

amounts of diffusion both above and below the interface, whereas x = | indicates
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unidirectional diffusion reflected one way).

For greater modeling accuracy, the proportional contaminant mass (proportion of
total contaminant in each layer) from only the top O - 3 cm were applied to the model. Tt
was thought that the large variation in the concentration ot BaP in fish tanks at the 3 - 5
cm depth interval would greatly interfere with the model and prevent attaining a good fit
with the data. Also, to give more equal weighting to all depth intervals, the data and the
fitting equation were natural log transformed. D, and x were determined by iteratively

solving the In transformed equation using nonlinear regression analysis (Sigma Plot 1997).

Data Analysis

For experiment 1, mean time-averaged suspended sediment and contaminant
concentrations (n = 15) in the water were analyzed for differences between treatments.
Mean burial depths of the contaminant, based on the vertical distribution of contaminant
mass, were also tested for treatment differences. Mass was determined following the
procedures outlined in Forbes and Forbes (1994) correcting for porosity. All statistics
were performed using Statistix (Analytical Software 1992) and SAS software packages
(SAS Institute 1990, Cody et al. 1991). The Wilk-Shapiro/rankit plot procedure and
Bartletts's test for homogeneity of variance were applied to test for normality and
homogeneity of variance of the data, respectively. Data were transformed as necessary to
meet assumptions of ANOVA (Zar 1996). One-way ANOVAs were used to evaluate

effects of treatment on sediment and contaminant suspension, and contaminant burial.
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Tukey's a posteriori comparison of means test was conducted on each data set to

determine significant main effects.

RESULTS AND DISCUSSION

Experiment 1 - Suspension

In both control and macrofauna treatments, sediment and associated contaminant
concentrations in the water column declined during the first 6 - 10 hours of the experiment
to steady state levels (Figures 6 and 7). The decline was most rapid for suspended
contaminant concentrations in controls and mirrors a similar decline in suspended
sediments, suggesting that an initial '‘pulse’ of contaminant from the bed to the water
column was caused by physical disturbance associated with the dosing process. This
disturbance has the largest impact on both controls and macrofauna in the first two hours,
and as it does not adequately represent disturbance due to bioturbation, those timepoints
were thus excluded from statistical analysis for treatment differences. The disturbance
pulse is masked in fish treatments, presumably because of the high levels of sediment and
contaminant suspended by fish almost immediately after their introduction to the aquaria.

Mean time-averaged (n = 15) suspended particle concentrations within the water
column differed among treatments (F, ¢ = 190.47, p < 0.0001). Tukey's a posteriori
comparison of means on transformed data (log (x + 1)) demonstrated significant
differences in suspended sediment concentrations among all treatments in the order: fish

(2.18 mg dry sediment/L water) > macrofauna (0.91 mg dry sediment/L water) > controls



FIGURE 6. Mean + standard error (n = 3) mass of sediment (mg dry sediment/L. water) in

suspension for each treatment.
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FIGURE 7. Mean = standard error (n = 3) mass of contaminant (pg BaP/L water) in

suspension for each treatment.
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(0.28 mg dry sediment/L water). Although fish treatments initially included macrofauna,
aquaria exposed to spot predation were completely depleted of the predominant
bioturbator P. gouldii during the experiment (upon dissection numerous P. gouldii
werefound in the spot stomachs), thereby greatly decreasing macrofauna-induced sediment
suspension. Based on changes in faunal composition (Table 4), it was assumed that the
overall contribution of macrofauna to suspension processes in the fish treatment was
negligible. Spot suspended large, but variable amounts of sediment through time, while
macrofauna suspended smaller, more constant amounts of sediment (Figure 6). This
pattern suggests that macrofauna community activity as a whole overshadowed any
individual variability, and highlights the importance of scaling relationships for sediment
suspension processes.

Water column BaP concentrations in the presence of fish remained high and stable,
with less variability among individuals than was observed for sediment concentrations
(Figure 7). One possible explanation for reduced variability of BaP concentrations in
the water column is the likely preferential adsorption of contaminants to §ma11 or low
density particles with low settling velocities. This is discussed in more detail below.
Concentrations of BaP in the water column differed among treatments (F, ¢ = 389.90, p <
0.0001). Tukey's a posteriori comparison of means on transformed data (log (x + 1))
demonstrated significant differences among all treatments in the order: fish (1.56 pg BaP/L
water ) > macrofauna (0.29 pg BaP/L water) > control (0.06 pg BaP/L water).

Estimated flux of sediment and contaminant (mass/m>/hr) during the course of the

experiment was highest for fish, intermediate for macrofauna and lowest for controls



Table 4. Abundance of numerically dominant taxa in sediment cores from macrofauna and
fish (macrofauna + fish) treatments in laboratory Experiment 1. Values are mean number
of individuals per 40 cm® £+ SE (n = 3). For major taxonomic categories: P = Polychaeta
and M = Mollusca.

Taxon Macrofauna Macrofauna
+ Fish
Capitellidae (P) 14 £ 12 11+£3
Pectinaria gouldii (P) 14x5 0+0
Paraprionospio pinnata (P) 5+0 31
other Spionidae (P) 3+£3 <l=x1
Maldanidae (P) 1+0 0=x0
Pseudyrthoe paucibranchiata (P) l1+1 0+0
Sigambra tentaculata (P) l+<1 1+1
Acteocena spp. (M) 1+£1 00
Tellina spp. M) l+<1 0x0
Streblospio benedicti (P) <1zx0 2+1

% of total macrofauna 95% 95%




Table 5. Mean sediment flux (g dry sediment/0.18 m*/hr), mean concentration of BaP on
suspended sediment particles (ng BaP/g dry sediment), and mean flux of BaP (ng
BaP/0.18 m*/hr) among treatments. Sediment flux and suspended BaP values are based
on average of each treatment replicate + SE (n = 3). Replicate values were averages of
five samples taken from 4 to 24 hours after initiation of the experiment. Mean flux ot BaP
values were obtained by multiplying mean flux of sediment by mean concentration of BaP
for each treatment replicate and then averaging for each treatment.

Treatment Mean Flux of Sediment Mean Concentration Mean Flux of BaP
(g dry sed./0.18 m*hr)  of Suspended BaP (ng BaP/0.18 m?/hr)
(ng BaP/g sed)
Control 0.017 = 0.004 0.329 = 0.160 0.003 = 0.001
Macrofauna 0.141 = 0.030 0.140 =+ 0.024 0.018 = 0.004

Fish 3.567 £ 0.938 0.261 = 0.037 0.798 = 0.111
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(Table 5). The initial concentration of the spiked sediment was 0.7 ng BaP/g dry
sediment. A concentration close to that value would indicate suspension of mainly pure
contaminant. Contaminant concentration on particles in control treatments were highest
at 0.33 ng BaP/g dry sediment (Table 5), as relatively small amounts of undiluted
contaminant were desorbing into the water column. Macrofauna treatments had the
lowest concentrations, 0.14 ng BaP/g dry sediment (Table 5), which may be explained by
the predominance of Pectinaria gouldii in the community (Table 4); these polychaetes
likely fed at depth on non-labeled sediment and ejected particles at the sediment-water
interface. Over the time-scale of this experiment, the predominant effect of the
macrofauna community was suspension of contaminant-free subsurface particles.
However, once the contaminant was buried to the feeding depth of P. gouldii (~2 cm), it
is expected that the suspension of BaP would increase greatly. Robbins et al. (1979)
showed that once *’Cs reached oligochaete feeding depths, increased concentrations of
the tracer began appearing in the uppermost sediment layers. Nonetheless, over the time-
scale of the present study, the average hourly flux of contaminant was still twice as large
in macrofauna treatments as in controls. The results of this experiment are consistent with
those of previous studies (Schaffner et al. 1997, Wright et al. 1992) demonstrating that
macrofauna from the lower Chesapeake Bay enhance particle and contaminant fluxes from
the sediment bed to the overlying water column.

Contaminant concentration values for fish treatments (0.26 ng BaP/g dry
sediment), while greater than those of macrofauna treatments, also are indicative of

subsurface sediment suspension. Billheimer and Coull (1988) found that small juvenile



spot (~50 mm) produced feeding pits 2 - 3 mm deep, while the larger spot used in this
study produced pits approximately 5 mm deep. By forming pits and sweeping their fins
across the sediment surface, spot are capable of suspending both the upper ~1 mm
contaminant layer as well as underlying sediment to a depth of approximately 5 mm. The
net effect in this treatment then, was suspension of both labeled and non-labeled sediment.

Given the ranges of spot densities reported in Chesapeake Bay, the results indicate
that high densities of spot will enhance the flux of sediment and contaminants into the
overlying water column (Figure 8). Palmer (1988) and Hines et al. (1990) also found that
spot had significant effects on sediment suspension, while Wall et al. (1996) demonstrated
increased suspension of cadmium by koi carp in laboratory aquaria. On an areal basis,
macrofauna yield a sediment flux twice as large as spot at high densities, but only a slightly
greater flux of BaP given the mechanism of bioturbation dominated by the head-down
feeding Pectinaria gouldii. These data suggest that at low densities spot will have little
impact on sediment or contaminant fluxes. These data are limited in scope as they cannot
account for spot aggregation as discussed in the previous chapter. On a bay-wide basis,
spot effects may be more variable as they cover ground rapidly in search of food (Hines et
al. 1990). However, when fish are attracted to localized areas of the bottom, for example
if they encounter high density food patches, they may have an even greater effect than

seen in the laboratory, primarily by winnowing fine sediment into the water column.

Contaminant Burial

Both fish and macrofauna enhanced contaminant burial during the 24-hour
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FIGURE 8. Mean =+ standard error (n = 3) sediment (g dry sediment/m?*hr) and
contaminant (ng BaP/m?hr) fluxes for control and macrofauna treatment vs estimated
fluxes for a range of fish densities in the lower Chesapeake Bay. Low fish density = 0.002

fish/m?, high fish density = 0.11 fish/m™.
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FIGURE 9. Mean =+ standard error (n = 3) proportional distribution (%) of contaminant

with depth in each treatment.
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experiment. Contaminant depth profiles within the sediment bed reveal the quantitative
differences in mixing intensity and depths for macrofauna and fish (Figure 9). Relative to
macrofauna, fish moved more contaminant deeper into the sediment. Thus, more than
25% of the BaP present in the sediment bed of aquaria containing fish was buried below 1
cm, while surface sediment (O - 0.5 cm) contained only 45% of the total sediment
inventory after 24 hrs. In the macrofauna treatment less than 18% was recovered below |
cm and 71% was found in surface sediment, whereas in controls, 85% was recovered in
the surface interval and less than 3% was found below 1 cm after 24 hrs. The penetration
of some labeled sediment to the subsurface in the control tanks was not unexpected,
because the defaunated sediment of these treatments still contained the vacated tube and
burrow structures of previous resident macrofauna. Moreover, the greater sediment-
associated BaP concentrations deep in the controls vs the macrofauna treatments may
indicate that subduction of labeled sediments was actually greater in the defaunated
sediments where the numbers of relict structures was likely higher. The large standard
error in the 3 - 5 cm depth layer of fish treatments indicates that the elevated
concentrations of BaP were influenced by the high concentrations of one sample.
Nevertheless, high subsurface contaminant levels in the 3 - 5 cm horizon in the presence of
fish suggests that downward mixing was limited by depth of the sediment within the
aquaria (e.g. 5 cm maximum). Tukey's a posteriori comparison of means on natural log
transformed data showed a significant difference in contaminant mean burial depth among
fish and control treatments (F, ; = 6.98, p = 0.027) only. The greatest burial occurred in

the presence of fish, while there was intermediate burial in macrofauna treatments, and
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FIGURE 10. Mean = standard error (n = 3) weighted burial depth of contaminant in each
treatment. Data were natural log transformed for analysis. Treatments with the same
lettered superscript are not significantly different from each other using Tukey's a

posteriori comparison of means. C = control, M = macrofauna and F = fish.
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minimal burial in the controls (Figure 10) (Appendix 6).

The contaminant mass (core volume, cm?®, x volumetric cbncentration. ng
BaP/cm®) (Forbes and Forbes 1994) in every depth interval was summed for the combined
sediment cores, which were then scaled to the area of the aquaria and added to the mass of
suspended BaP (ng BaP/L water x L. water/hr x 24 hr) to obtain estimates of contaminant
inventories in each treatment (Appendix 7). Recovery of BaP from both sediment and
water was reported as a percentage of the total added dose (56.05 ng BaP) (Figure 11).
Values do not equal 100% as some contaminant was lost via processes such as
contaminant uptake by organisms. 60% and 34% of the BaP were transported into the
sediment and water column respectively in fish treatments, while 6% remained
unaccounted for. Much less contaminant was transported into the water column (1%) and
more within the sediment (84%) in macrofauna treatments, while the fraction unaccounted
for increased to 15%. Suspension of BaP in controls was similar to macrofauna (0.7%),
however, only 70% was found in the sediment bed, while 29% remained unaccounted for.
Although the results in Figure 11 appear contradictory to the previous findings of elevated
BaP suspension in macrofauna relative to controls (Figure 8), recall that the present data

include the initial (time O) pulse of contaminant loss, before fish were added, and time 2,
which were not included in previous calculations of suspended contaminant concentration.
The increased recovery of BaP in fish treatments suggests that contaminant in the

dissolved phase may have been scavenged by the large amount of suspended particles.



FIGURE 11. Mean + standard error (n = 3) partitioning of total contaminant inventory
between the water column and the sediment. Values do not add up to 100% due to loss

of the contaminant from the system. C = control, M = macrofauna and F = fish.
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Table 6. Best-fit biodiffusion coefficients and x variables for each treatment.

D, (cm*/sec) Standard Coefficient of Dependencies
X error Variation %
FISH
D, (cm?*/sec) 6.82 x 10 7.59 x 10 11.30 0.17
X 1.71 2.15%x 10° 12.59 0.17
MACROFAUNA
D, (cm*/sec) 575x10% 147 x10° 25.52 0.22
X 2.09 7.37 x 10° 35.35 0.22
CONTROL
D, (cm?/sec) 4.85x 10°¢ 2.25 x 10°¢ 46.48 0.26
X 3.48 2.74 x 10°® 78.77 0.26




Modeling

The biodiffusion analogy was very accurate in describing fish and macrofauna
mixing of sediments, however, application of this model to control data yielded a very
poor fit (Table 6). Biodiffusion rates (D,), which can be described here as the transport of
contaminant into the sediment bed, were highest for fish and somewhat lower for
macrofauna. In a similar, but longer experiment (56 days), Schaffner et al. (1997)
modeled biodiffusion processes in sediment with macrofauna obtained from the same
region. Fish and macrofauna biodiffusivities in the present experiment were within the
range obtained in the previous study after 3 days exposure time (6.5-13.1 x 10 cm?/sec
for contaminants of varying hydrophobicities). Biodiffusion coefficients from both
experiments exceed those for macrofauna communities previously reported in other
estuaries (Matisoff 1982). Calculated biodiffusivities for both fish and macrofauna in this
experiment were within the range of experimental error for the observed data. Modeling
of the control data however, yielded poor results. Although the predicted biodiffusivity
was lower than in the other two treatments, it was still very high at 4.85 x 10" cm?/sec,
which may be partly explained by the high coefficient of variation (approximately 50%).
In control treatments, advective subduction of labeled sediments down relict tubes and
burrows was likely the dominant down-core transport mechanism. Not surprisingly, this
process was not described well using a diffusion analogy.

The computed values of x, a constant which represents the symmetry of the
diffusion process in either direction across the sediment-water interface, also varied

between treatments (see Figure 12). A value of 2 denotes symmetrical diffusion of the
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Figure 12. Schematic depicting the symmetry of contaminant diffusion between the water
column and the sediment bed for each treatment. The top figure represents diffusion in
the macrofauna treatment, the middle figure represents diffusion in the fish treatment, and
the bottom figure represents diffusion in the control treatment. Thicker arrows indicate

the direction of greater diffusion.
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contaminant between both the water column and the sediment. Macrofauna had a value
very close to 2, and therefore, a very symmetrical diffusion of contaminant between the
sediment and water column. For fish however, this value was somewhat lower than 2 as
the biodiffusive mixing of BaP was slightly greater into the sediments. As more
contaminant diffused into deeper sediment layers in the fish treatment relative to the
macrofauna treatment, there was less contaminant diffusing into the water column. The x
value was greater than 2 in controls, indicating that transport of the contaminant was
largely in one direction (i.e. into the water column). Once deposited at the sediment-water
interface, diffusion of BaP into the sediment was slower than it was into the water column.
Also, as the first sampling interval was at 0.5 cm, if the contaminant diffused throughout
that layer but very little penetrated into the next sampling interval, then it would appear as
if the contaminant had hardly moved into the sediment at all.

Figure 13 schematically depicts the different transport processes among each
treatment. In control treatments, there was greater diffusion of BaP into the water column
where the water was being replaced (7 - 10 turnovers in 24 hrs), than there was into the
sediment where diffusion occurred more slowly between individual particles. The high
diffusion coefficient is likely due to contaminant, at the initial time of deposition, falling
into the numerous empty worm tubes and burrows left behind after defaunation. In the
macrofauna treatments, diffusion into the sediment was enhanced by organisms
transporting contaminant to deeper sediment layers through processes such as tube
irrigation, while other activites such as defecation also enhanced contaminant transport

into the water column. In fish treatments, spot formed pits all over the sediment surface
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Figure 13. Schematic depicting the different contaminant transport processes among each
treatment. The top figure represents the control treatment, the middle figure represents

the macrofauna treatment, and the bottom figure represents the fish treatment.
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and transported greater amounts of BaP to deeper sediment layers where the contaminant
continued to diffuse. Simultaneously, spot also stirred labeled sediment into the water
column.

The last column in Table 6 shows that the dependencies (1 - variance of the
parameter/ variance of the parameter, other parameters changing) for each treatment are
low (i.e. do not approach 1), indicating that the two unknown variables in the equation
(Djg and x) are independent of each other (SigmaPlot 1997).

Thus, over the time-scale of this experiment, the large number of individual fish
transport events did indeed resemble a diffusive-like transport process. Although
macrofauna processes were fairly well described by the biodiffusion model, better
resolution could possibly have been obtained by increasing the exposure time-period or by
vertically sectioning the sediment core at smaller depth increments. The apparent diffusion
of contaminant in controls can be ascribed to gravity - the transport of sediment-
associated contaminant down vacated organism tubes and burrows. Not only did the
model poorly fit control data, but there is no means of discerning the preFiicted
biodiffusion coefficient with certainty in this case. Use or development of a different

model (i.e. advective) is needed, but is beyond the scope of this project.

Experiment 2
Experiment 2 was conducted to examine the effect of fish on the type of sediment
suspended into the overlying water column. Fish activity resulted in preferential

suspension of silt (26%) and clay (75%) particles (Figure 14a) relative to what was
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FIGURE 14. Comparison of grain size and composition of sediments suspended by spot
in an 8-hour feeding experiment, relative to surface sediment. (a) Sediment grain size, (b)
POC, PN and C:N ratio comparisons between aquaria sediment and the fraction

suspended by spot.
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present in the sediment bed of each aquarium (54% sand: 40% silt: 7% clay). These fine
fractions have greater surface area to volume ratios as well as higher organic content, and
may therefore absorb greater concentrations of organic contaminants. Particulate organic
carbon (POC) and particulate nitrogen (PN) per gram of sediment were more than an
order of magnitude greater in the suspended fraction (Figure 14b). Fish-suspended
sediment contained higher concentrations of POC and PN, but the C:N ratios were not

greatly changed (Figure 14b).

CONCLUSIONS

These experiments demonstrate that over the time and spatial scale of Experiment
1 (24 hrs), spot had substantial effects on the suspension and burial of sediment and a
particle-associated contaminant. Macrofauna also had significant effects on particle
suspension processes. This is the first study to show that the effects of fish on
bioturbation processes are on the same order of magnitude as those of macrofauna. For
simplicity, in this experiment only one demersal fish predator was being compared to the
infaunal community. Additional demersal predators are abundant in estuaries, and their
combined activities are likely to significantly impact bioturbation and contaminant
transport and fate. Further studies are needed to clarify these community interactions and

to describe more fully the mechanisms and rates of predator effects.



APPENDIX 1 - SPOT STOMACHS COLLECTED MAY THROUGH NOVEMBER 1994

(% FO = % Frequency of occurrence, % NA = % Numericai abundance, IR! = Index of relative importance - %FO x %NA)

Season May/June August November

# fish dissected 9 fish 15 fish 8 fish

analytical methods %FO %N IRI %FO %N IRl % FO % N IRI
Meiofauna 78 95 7400 93 79 7347 100 100 10000

Copepoda 78 76 5936 67 4 267 75 15 1118

Foraminifera 78 14 1066 53 41 2164 63 55 3425

Kinorhyncha 67 1 97 87 7 642 88 17 1514

Nematoda 44 0 12 93 26 2435 100 10 1040

Ostracoda 67 3 227 27 1 17 50 3 130
Macrofauna

CRUSTACEA 89 3 258 93 12 1079 100 2 161

Ampelisca spp. 89 2 93 8 100 1

Corophium spp. 56 o 60 2 88 0

Erictonius spp. 11 0 0 0 13 0

Unciola spp. 0 0 0] 0 50 0

Caprellida 33 0 33 0] 50 0

Cumacea 67 0 47 0 75 0

Isopoda 44 0 7 o} 13 0

Megalopa 0 0 33 0 38 0

Zoea 11 0 13 0 0 0

Mysidae 11 0 20 0 0 0

Unidentified fragments 11 0 53 1 50 0

MOLLUSCA 78 2 126 33 1 25 88 1 80

Clams 56 1 7 0 75 0

Mussels 33 1 0] 0 0 0

Gastropoda 22 0 27 1 75 1

POLYCHAETA 78 0 12 93 5 475 100 0 35

Ampharetidae 11 0 0 0 13 0

Capitellidae 44 0 60 1 38 0

Cirratulidae 11 0 0 0] 0 0

Eteone heteropoda 0 0 40 0 50 0

Glycera americana 0 0 7 0 25 0

Glycinde solitaria 0 0 40 0 50 0

Loimia medusa 11 0 13 0 0 0

Maldanidae 0 0 27 0 " 25 0

Nephthys spp. 11 0 20 0 50 0

Nereis succinea 11 0 7 0 38 0

Owenia spp. 0 0 0 0 25 0

Pectinaria gouldii 11 0 13 0 Q 0

Polynoidae 33 0 7 0 0 0

Pseudeurythoe paucibranchiata - 0 0 7 0 0 0]

Sigambra tentaculata 0 0 13 0 13 0

Spionidae 22 0 67 3 50 0

Unidentified fragments 44 0 80 0 75 0

OTHERS 33 0 1 73 2 148 75 0] 6

Amphioxus 11 0 20 0 0 0

Annelid larvae 0 o} 20 0 0 0

Fish larvae 0 o} 7 0 0 0

Flatworms 11 o] 27 0 25 0

Hemichordates 0 0 7 0 25 0

Hydroids 1 0 0 0 13 o]

Molgula 0 0 0 0 13 0

Oligochaeta 0 0 7 0 13 0

Ophiuridae 0 0 13 1 0 0

Phoronida 0 0 27 0 50 0

Unknown 0 0 20 1 0 0



APPENDIX 1 - SPOT STOMACHS COLLECTED MAY THROUGH NOVEMBER 1994

(% FO = % Frequency of occurrence, % NA

Fish size (FL)
#fish dissected
analytical methods

Meiofauna
Copepoda
Foraminifera
Kinorhynchs
Nematoda
Ostracoda

Macrofauna
CRUSTACEA
Ampelisca spp.
Corophium spp.
Erictonius spp.
Unciola spp.
Caprellida
Cumacea
Isopoda
Megalopa
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Mysidae
Unidentified fragments

MOLLUSCA
Clams
Mussels
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Capitellidae
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Glycera americana
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Sigambra tentaculata
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OTHERS
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Oligochaeta
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Phoronida
Unknown
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APPENDIX 2 -- SPECIES COMPOSITION OF MACROFAUNA COLLECTED FROM THE WOLI
TRAP FIELD SITE (Surface area of the core = 0.6 m"2, depth = 0-5 cm).

Core 1 Core 2 Core 3 mean std dev std error
Annelids 40 30 39 36.33 5.51 3.18
Aphroditidae 0 1 3 1.33 1.53 0.88
Bhwania spp. 17 5 9 10.33 6.11 3.53
Capitellidae 97 30 62 63.00 33.51 19.35
Cirratulidae 7 12 11 10.00 2.65 1.53
Dorveillidae 1 0 0 0.33 0.58 0.33
Eteone heteropoda 1 2 1 1.33 0.58 0.33
Hesionidae 0 0 1 0.33 0.58 0.33
Maldanidae 52 56 43 50.33 6.66 3.84
Nephthys spp. 15 17 19 17.00 2.00 1.15
Nereis spp. 20 18 4 14.00 8.72 5.03
Paraprionospio pinnata 60 43 60 54.33 9.81 5.67
Pectinaria gouldii 17 34 72 41.00 28.16 16.26
Polydora spp. 83 53 28 54.67 27.54 15.90
Pseudyrthoe paucibranchiata 12 6 4 7.33 4186 2.40
Sabellidae 2 1 1 1.33 0.58 0.33
Sigambra tentaculata 3 0 6 3.00 3.00 1.73
Spiochaetopterus spp. 0 1 0 0.33 0.58 0.33
Spiophanes bornbyx 4 2 1 2.33 1.53 0.88
Spionidae 56 38 31 41.67 12.90 7.45
Streblospio benedicti 47 56 53 52.00 4.58 2.65
Terebellidae 8 6 14 9.33 4.16 2.40
Crustaceans
Amphipoda 6 17 13 12.00 5.57 3.21
Ampelisca spp. 111 164 233 169.33 61.17 35.32
Caprellidae 5 25 6 12.00 11.27 6.51
Crab 0 1 0 0.33 0.58 0.33
Corophium spp. 18 72 17 35.67 31.47 18.17
Cumaceans 9 0 8 5.67 4.93 2.85
Erichthonius spp. 13 134 39 62.00 63.69 36.78
Ostracoda 0 2 3 1.67 1.53 0.88
Shrimp 1 0 0 0.33 0.58 0.33
Molluscs
Ensis directus 8 5 6 6.33 1.53 0.88
Mytilus edulus 2 14 2 6.00 6.93 4.00
Macoma spp. 11 ] 10 10.00 1.00 0.58
Nassarius spp. 12 2 14 9.33 6.43 3.71
Nucula spp. 0 0 2 0.67 1.15 0.67
Sayella spp. 0 0 1 0.33 0.58 0.33
Tellina spp. 1 3 2 2.00 1.00 0.58
Turbonilla spp. 0 0) 1 0.33 0.58 0.33
unknown (shell-less) 0 3 0 1.00 1.73 1.00
Other
Isopoda 0 0 1 0.33 0.58 0.33
Nematodes 4 0 0 1.33 2.31 1.33
Nemerteans 10 12 7 9.67 2.52 1.45
Ophiuroids 2 1 3 2.00 1.00 0.58
Phoronida 0 1 2 1.00 1.00 0.58
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APPENDIX 5 -- SPOT DENSITY CALCULATIONS FOR 1988 AND 1995

(Obtained from VIMS Trawl Survey data of deep water stations in Lower Ches. Bay)

19088

MONTH

May
June.
July
August
September
October
November

avg mean
density

MEAN DENSITY
(# spot/mA2)

0.001
0.013
0.1889
0.221
0.108
0.163
0.095

0.113

1995

MONTH

May
June
July
August
September
October
November

avg mean
density

MEAN DENSITY
(# spot/mn2)

0.000
0.002
0.003
0.002
0.002
0.006
0.000

0.002
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APPENDIX 7 -- CONTAMINANT INVENTORY CALCULATIONS

(sediment cores are 7.2cm diameter, values from Appendix 6; area of tanks are 60 x 30 cm)
(water calculations from previous page)

DOSE SEDIMENT = 0.699 ng BaP/g concen.; 56.05 ng added to each aquarium

dose vol sed density BaP mass 243 g x 67% water content = 80.19 g x 0.699 ng BaP/g = 56.05 ng
150 cm3 x 1.62g/cm3 = 243 g

CONTROLS
Sediment caiculations Water calc. %recov. % in sed. % in water % unacc.
core tank
replicate 0.97 42.75 0.37 76.93 76.27 0.66 23.07
replicate2 0.37 43.64 0.59 78.91 77.86 1.05 21.09
replicate3 0.49 31.4 0.28 56.52 56.02 0.50 43.48
mean 70.79 70.05 0.74 29.21
stddev 12.40 12.18 0.28 12.40
SE 8.79 8.64 0.20 8.79
MACROFAUNA
Sediment calculations Water calc. %recov. % in sed. % in water % unacc.
core tank
replicate 1.07 47.24 0.50 85.17 84.28 0.89 14.83
replicate2 0.81 35.96 0.62 65.26 64.16 1.11 34.74
replicate3 1.32 58.44 0.66 105.44 104.26 1.18 -5.44
mean  85.29 84.23 1.06 14.71
std dev 20.09 20.05 0.15 20.09
SE 14.25 14.22 0.1 14.25
FISH
Sediment calculations Water calc. %recov. % in sed. % in water % unacc.
core tank
replicate1 0.83 36.81 22.68 106.14 65.67 40.46 -6.14
replicate2 0.7 31.1 20.1 91.35 55.49 35.86 8.65
replicate3 0.76 33.55 14.47 85.67 59.86 25.82 14.33
mean 94.39 60.34 34.05 5.61
stddev 10.56 5.11 7.49 10.56

SE 7.49 3.62 5.31 7.49
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