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ABSTRACT

The trophic link between benthic microalgae (BMahd fiddler crabs is critical
for the ecosystem functioning of estuaries andaitans in this linkage by anthropogenic
activities could have cascading impacts on foodsasetdl biogeochemical cycling in
these sensitive habitats. Singular and interaetferts of two common pollutants in
aquatic ecosystems, polycyclic aromatic hydrocasi®#AHs) and copper (Cu), were
investigated by exposing field collected sedimamhmunities to the contaminants and
measuring changes in BMA biomass and community asitipn in a bioassay design.
The consequential impacts on the food web were ¢lpiored by examining the effects
of PAHs and copper on food preference and feeditegsrof sand fiddler crabd¢a
pugilator). No significant overall change in BMA biomass ¢asorophylla) after 10
days was observed between treatments. Howevetretigs in the algal biomass
responses throughout the experiment, as well asighdicantly greater change in BMA
biomass between 4 and 10 days after exposure @uheeatment compared to the
controls, suggest a complex sediment communityoresp The abundance of diatoms
relative to cyanobacteria (the fucoxanthin to zeéxa ratio) increased significantly in
Cu and Mix (PAHs + Cu) treatments compared to asitpossibly due to
cyanobacterial sensitivity. Fiddler crabs grazedediments of the Mix (PAHs + Cu)
treatment significantly less than they did upontoals during a food choice experiment.
In addition, the feeding rates of crabs exposedumnly, PAHs only and to PAHs + Cu

(the Mix treatment) were significantly lower thdrose in the Water control when no

Vi



alternative food choice was provided. Because éddtabs are important bioturbators, a
reduction in feeding, (and therefore sediment @sicg) in contaminated areas could
have significant impacts on the chemistry of siafisediments which subsequently
influences sediment communities and marsh grasstigré&reduced feeding would likely
also reduce resources for crab growth and repramyaffect crab health, and eventually
could result in a reduction in crab abundance. &bbl exposure of intertidal
communities to PAHs and Cu may result in subtlerattons in the trophodynamics of
BMA and fiddler crabs that have the potential tieeif multiple levels of biological

organization.
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INTRODUCTION

In the past several decades, the human populagiosity of coastal South
Carolina, and many other coastal areas, has irenteramatically and this trend is
expected to continue (Crossett et al., 2004; Wikmaeh Fischetti, 2010). Between 1980
and 2003, total U.S. coastal population increage2i8%o (or 33 million people) (Crossett
et al., 2004) andiith this increase in population inevitably comeageat deal of urban
expansion, residential development and imperviand ktover. Such development poses
great threats to estuarine and coastal ecosystéick wrovide habitats and nurseries for
commercially valuable fish and shellfish, as wslinaany ecologically important species
(Courrat et al., 2009). The close proximity of esine tidal creeks to urban development
and human activities results in both chronic andeexposure to runoff containing
harmful pollutants such as pesticides, heavy meatadispolycyclic aromatic
hydrocarbons (PAHSs) (Kucklick et al., 1997; Sangfeal., 1999 a, b; Holland et al.,
2004; Van Dolah et al., 2008; Garner et al., 2008gse pollutants may individually
impact marine organisms or can act in combinatidh ane another. As generally the
primary waterways to receive urban runoff in coleataas, tidal creeks are among the
first aquatic habitats to show symptoms of degiadaf his relationship makes tidal
creeks ideal sites to investigate the potentiakiotp of anthropogenic stressors on

estuarine communities.



PAHs and copper are both routinely introduced egtuarine environments by a
variety of sources and higher concentrations c$e¢tpollutants have been recorded in
tidal creeks associated with urban areas compartwse with less developed
watersheds (Sanger et al., 1999a,b; Van Dolah,&2@)8; Garner et al., 2009). PAHs are
a group of organic, hydrophobic compounds charae@iby fused aromatic rings. They
are components of fossil fuels and are also reteapen incomplete combustion of such
fuels. PAHs are emitted as a mixture of individe@npounds (Zhu et al., 2004;
Tobiszewski and Namdaik. 2012) and estuarine pollution sources for ¢hes
contaminants can include urban runoff, direct Bmlls or leaks and air deposition
(Kucklick et al. 1997; Ngabe et al., 2000; Kosalet2008; Nikolaou et al., 2009). Due
to their hydrophobic nature, PAHs readily adsorimtwganic and organic particles and
so can accumulate within the sediments of estu@g®laou et al., 2009; Tobiszewski
and Namiénik. 2012). Copper, a heavy metal, also accumulatdse sediments of
estuarine habitats upon introduction by anthropaggources due to its adsorption to
organic matter and other particles (Helland andkBaR002). The primary source of
copper contamination in many marine habitats igibgactivity, as many anti-fouling
paints used on boats and docks are copper badaet. €dturces such as sewage
discharge, urban runoff, industrial inputs and mlige from copper-based algaecide
treated ponds may also contribute to the accunomati this heavy metal in sediments
(Thomson et al., 1984; Matthiessen et al., 1998hdeéntrations of PAHs and copper in
sediments will likely continue to rise in coastabitats in coming years because the

primary sources of these contaminants are relatedjian expansion and associated



anthropogenic activities. For this reason, the mitdaeecological impacts of these
contaminants on estuarine habitats merit experiahstidy.

Benthic microalgae (BMA) form the foundation of nyagstuarine food webs
(Macintyre et al., 1996; Miller et al., 1996; Sulin and Currin, 2000; Consalvey et al.,
2004), therefore, changes in this food source duexic contaminant effects could have
dramatic impacts on higher trophic levels. Fiddletbs consume organic matter in
sediments, including BMA (Miller, 1961; Crane, 19 eziane et al., 2002), and so may
be directly affected by changes in quantity or qu&8MA. These crabs play very
important roles in salt marsh ecosystems as agoacdce for fish, birds and other
crustaceans (Crane, 1975; Montague, 1980; Grimais, d1989) and also serve as
important bioturbators with their burrowing anddew activities (Katz, 1980;
Montague, 1980; Hoffman et al., 1984; Bertness51@8imes et al., 1989; Meziane et
al., 2002; Smith et al., 2009ayé&o-Aguiar et al., 2012). Because BMA and fiddrabs
are a trophic link critical for the ecosystem fuaning of salt marshes, alterations in this
linkage by anthropogenic activities could have sigant trophic and energetics impacts
on estuarine food webs.

The first objective of this study was to examine the potential effects of PAHs and

copper (singly and in combination) on the biomass and community composition of BMA.
A second objective of this study was to investigate effects of PAHs and copper (singly and
in combination) on the food preference and feeding rates of fiddler crabs through
exposure to contaminated sediments and food source (BMA).

While numerous studies have examined the effectstloér PAHS or copper on

only BMA or crustaceans (McLeese, 1975; Steeld.£18992; Carman et al., 1995; Cid et



al., 1995; Piehler et al., 2003; Vijayavel and Balaramanian, 2006; Alsterberg et al.,
2007), the current study adopted a more realigpfica@ach of investigating potential
impacts of non-point pollution. The effects of taantaminants (PAHs and copper) not
only singly, but also in combination were examin&sljt is very unlikely that only one
type of contaminant will be present in these systdmthe relatively few studies that
have been done where the effects of multiple paritst were explored, generally only
one trophic level was focused upon. This study,dw@x, evaluates potential effects of
these pollutants on two trophic levels to providetfer insight into the responses at a
larger scale. By employing this experimental desnyolving multiple pollutants and
trophic levels, a more accurate representatiomofmaunity responses to anthropogenic

stressors can be obtained.



CHAPTER1: RESPONSEOFBENTHIC MICROALGAE TO
POLYCYCLICAROMATIC HYDROCARBONAND/OR COPPER
EXPOSURE

1.1INTRODUCTION

As coastal populations grow (Crossett et al., 20@dson and Fischetti, 2010)
and urbanization of coastal areas increases, tragirction of harmful pollutants into the
environment will likely also increase. Runoff dweincreased impervious ground cover
associated with urbanization carries a varietyadiypants, including pesticides,
polycyclic aromatic hydrocarbons (PAHs) and heawjals, to nearby water systems,
particularly tidal creeks due to their close proynto developed areas (Kucklick eta al.,
1997; Sanger et al., 1999 a, b; Holland et al.420@&n Dolah et al., 2008; Garner et al.,
2009). The contamination of estuarine environmentause for great concern as these
habitats are essential for the survival of a digi organisms, serving as nurseries and
feeding grounds for many ecologically and econottyi¢gaportant fish, crustacean and
bird species (Courrat et al., 2009).

Benthic microalgae (BMA) are the foundation for mastuarine food webs and
their productivity is vital to ecosystem functiogifMacIntyre et al., 1996; Miller et al.,
1996; Sullivan and Currin, 2000; Consalvey et2004). BMA can account for as much
as a third of the total carbon fixed in some estgagnvironments, at times exceeding the
phytoplankton production and macroalgal produc{@imckney and Zingmark, 1993;

Consalvey et al., 2004). They can support a grealtaf secondary production as BMA



are directly fed upon by amphipods, gastropodsygbaletes, fish, crustaceans and many
meiofauna species (Miller et al., 1996; Sullivand &urrin, 2000). For that reason,
effects of pollutants on BMA, such as reduced patigity or contamination of this food
source, may have cascading effects on the food BMIA also function in sediment
stabilization, the degree of which is dependenBBIA density and mucilage secretion,
thus a significant reduction in BMA biomass resygtirom pollutant exposure could
potentially affect sediment dynamics as well (Hotleet al. 1974; de Brouwer et al.,
2005). The various roles that BMA play in estuatiabitats make them key links
between biological compartments as well as biogematal cycles, therefore, the effects
of anthropogenic influences on these microorganisrast investigation.

PAHs and copper are two common pollutants of estedrabitats, the
concentrations of which are associated with theekegf development within the
watershed, as urbanized areas generally have etegahcentrations relative to rural or
suburban areas (Sanger et al., 1999 a, b; Hollaal, 004; Van Dolah et al., 2008;
Garner et al., 2009). As compounds found in petiol@roducts and released upon
combustion of fossil fuels, PAHs can be introduired the estuarine habitats both
directly (through oil spills or leaks from boatsidaindirectly (through urban runoff or air
deposition following car exhaust emissions) (Kudklet al. 1997; Ngabe et al., 2000;
Kose et al., 2008; Nikolaou et al., 2009). Urbamaffican be a source of copper
contamination as well, but the use of copper-bdsecide paints on boats and docks
serves as the major contributor to high concemtnatof that heavy metal in coastal areas
(Thomson et al., 1984; Matthiessen et al., 1998H4%and copper can accumulate in the

sediments of estuarine environments due to theordion to organic and inorganic



particles (Helland and Bakke, 2002; Nikolaou et2009; Tobiszewski and Nandrek.
2012) and so pose a threat to benthic organisms.

Pollutant effects on BMA can vary greatly. Confingt results with regards to the
effect of PAHs on BMA biomass have been observedutiple studies and seem to
depend on contaminant concentration, medium comized (water vs. sediments) and
duration of exposure (Carmen et al., 1997; Piedtie., 2003; Wang and Zheng, 2008;
Wang et al., 2008; Petersen et al., 2009). Whiteesexperiments have shown indirect
stimulation of BMA growth after the introduction BAHs (Carmen et al., 1997; Petersen
et al., 2009), others have demonstrated direct teftects of PAHs on phytoplankton and
BMA, primarily involving adverse effects on cell mbranes and induction of oxidative
stress (Piehler et al., 2003; Wang and Zheng, 20G81g et al., 2008). Likewise, heavy
metals (especially copper) are also known to inadugeative stress in algae (Pinto et al.,
2003; Yu et al., 2007; Sabatini et al., 2009), eoplper may reduce photosynthesis as
well as inhibit growth at varying concentrationsd@t al., 1995; Hadjoudja et al., 2009;
Levy et al. 2009). Aside from effects individualntaminants can have on BMA,
interaction between multiple contaminants may imdcemplex biological responses.
Synergistic toxic effects on algae and higher @dnatve been observed upon their
exposure to mixtures of copper and organic pollkstésuch as PAHS), but such
responses can be contaminant ratio dependent @&adly 2001; Babu et al., 2005; Wang
et al. 2008). The varying results between studigislight the importance of simulating
natural conditions and utilizing environmentallyeneant concentrations in bioassays to

accurately assess potential biological responsesrttaminants.



In addition to the potential effects on overall BNdbomass, variation in group
(e.g., diatoms vs. cyanobacteria) and speciesifgpexsponses to these stressors would
promote alterations in community composition (stnoe) and trophic transfer (function).
Cyanobacteria seem to be more sensitive to vapolligtants than other algal groups.
Exposure to PAHSs has greater negative effectseaeiedd by greater percent reduction in
cell counts, on cyanobacteria compared to diatétreh(er et al., 2003). Copper sulfate
(a commonly used algaecide) is often added to lakdgponds to control algal blooms
and at levels that result in rapid, dramatic dedim cyanobacteria biomass,
chlorophytes, diatoms and chrysophytes are aldarndve, replacing cyanobacteria as
dominant algal groups after copper sulfate treatr(\&fitaker et al., 1978). At a finer
scale, the inhibition of some enzymes occurs aetaepper concentration in
cyanobacteria than in chlorophytes, indicatingedéghces between groups with respect to
responses to copper exposure (Hadjoudja et al9)20@e greater sensitivity of
cyanobacteria to chemical pollutants would suggessible BMA community shifts after
contaminant introduction, potentially altering dantdynamics.

The current study investigated the effects of PARG copper, singly and in
combination, on BMA biomass and BMA community cormsition. Based on the
numerous reported negative impacts of these twatpoks on BMA, it was
hypothesized that at the environmentally relevanicentrations used in this study 1)
BMA biomass (as chlorophyd concentration) will decrease when exposed to either
contaminant (PAHs or copper) and there will berzesgistic effect on the BMA biomass
when exposed to both contaminants; 2) BMA commurityiposition (as determined by

photopigment concentrations) will be significardlyered in all contaminant treatments,



evidenced by significant increases in the fucoxartih zeaxanthin (biomarker pigments
of diatoms and cyanobacteria, respectively) r@ioe to the roles BMA play in salt
marsh ecosystems, results from this study coul@ iraplications for higher trophic

levels as well as biogeochemical processes.

1.2 METHODS
Sudy Ste

North Inlet (33.3° N, 79.1° W) is a bar-built estuaithin the boundaries of the
North Inlet — Winyah Bay National Estuarine Reshdeserve (NI — WB NERR) in
Georgetown, SC. This estuary contains extensia ticteks and experiences regular
semi-diurnal tides, with a mean tidal amplitudeL@gf meters. Major contributors to the
primary production of North Inlet includgartina alterniflora (the dominant marsh
grass in North Inlet), as well as BMA. North Inietconsidered a relatively pristine with

more than 90% of its watershed in a naturally fe@state.

Sediment Collection & Set-up

Polypropylene plastic containessth interior dimensions of 43 x 35 x 19 cm
containing field collected sediments served as @S tanks for this experiment.
Sediment bricks that were the length and widtheftanks and 5 cm deep were collected
from a tidal flat located near the Clambank redearte within the NI - WB NERR
(Figure 1.1; Figure 1.2) at low tide with a flatgedl shovel. This site was selected due to
its relatively pristine condition, resulting in lited contaminant exposure of the natural
benthic community prior to the experiment. Sediradat all tanks of a single replicate

were collected within a three meter span of thal filt at the same distance away from
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Figure 1.1 Location of research area in Georgetown, SC.

Sediments were collected from a tidal flat neam@ank throughout the study and
transported back to the main research facilithatBelle W. Baruch Institute for
Marine and Coastal Science where mesocosms weup setd experiments took
place.
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Figure 1.2. Collection site photo. Tidal flat withNorth Inlet, SC.
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the bank to reduce spatial variability in sedimgnatin size and organic
content/composition. Four experimental replicatesencarried out; Replicate 1 and
Replicate 2 were performed June 23 - July 3, 2BEplicate 3 and Replicate 4 were
performed July 13 — 23, 2012.

Sediment bricks were transferred to the mesocosekstand immediately
transported to the experimental study site betediain research facility at the Belle
W. Baruch Institute for Marine and Coastal Scieftigure 1.1). The site was exposed to
full sun from 10:00 am - 3:30 pm and experiencethiant temperatures. A closed-loop
water system design composed of a seawater regamohqua Lifter AW-20 aquarium
vacuum pump and a mesocosm tank was utilized &sélrup of this study. Components
of each mesocosm were connected by plastic tubmdyjpumps were controlled by

timers to simulate semi-diurnal tides (Refer touregl.3 for diagram of mesocosm set-

up).

Dosing of Mesocosms

Two days after sediment brick collection and mesotset-up, surface sediments
(0 — 2 cm) were collected from the original colientsite during low tide using a flat-
edged shovel. The sediments were immediately toatesphback to the research facility
where they were sieved through 2 mm mesh and tbemgenized for 2 minutes using a
steel mixing paddle attached to a drill.

The volume of sediment required to provide threen thick layers over the
exposed surface (corrected for sediments remowadhdrthe drain area) of the sediment

brick in a mesocosm tank (780 ml sediment/tank) eesed with the appropriate

12



Pump

~

Carboy
(Seawater Reservoir)

- /

Figure 1.3 Diagram of mesocosm set-up. The large rectanglesepts the mesocosm
tank, containing collected sediments (brown colorgtand several centimeters of water
(during a simulated high tide) (blue colorationj.ales represent holes in the tank
functioning either as drains or the point of wat¢roduction. Curved lines represent
tubing, with arrow heads indicating the directidmater flow through the tubing. Note
the relative size of the holes in the mesocosm. téh& hole corresponding to the point
of water introduction is larger than that of theétbm drain, which allowed for water
accumulation while pumps were on (to simulate hidés). The much larger top drain
allowed for rapid drainage once the waterline reddhat level, preventing overflow and
limiting the depth of water overlaying the sedingetat 7 cm. While pumps were off,
water gradually exited the bottom drain until tamlkese empty, simulating a low tide.

13



components based on the designated treatmentdomtisocosm (See Table 1.1 for
dosing details). For those treated with contammsashbsing consisted of dissolving the
contaminants and adding the solution(s) to thensexiis, yielding concentrations within
the range observed in urbanized coastal areasuth&arolina (4.77 — 37.03 pg total
PAHs/g dry sediment and 58.4 — 93.7 ug Cu/g drinsexat) (Sanger et al. 1999 a, b).
The target concentrations of dosed sediments w@pegtotal PAHsS/g dry sediment
(ratio of individual PAH compounds used in the dgsmixture based on Sanger et al.,
1999b) and 70 pug Cu/g dry sediment (for the appaoptreatments) (Table 1.1). It was
assumed that contaminant concentrations of fielléed sediments from the relatively
pristine site of North Inlet were almost negligilfte07 — 0.12 pg total PAHs/g dry
sediment and 2.2 — 11.4 ug Cu/g dry sediment (Satgd. 1999 a, b);ompared to the
target concentrations. All contaminants were pwselddrom Fisher Scientific (pyrene,
98+%, Cat No.: AC180830250; phenanthrene, 98+%NoatAC130090050;
anthracene, 99%, Cat No.: AC104861000; coppes(ifate, Cat No.: AA1417836). The
Acetone treatment was used as a control for theaid Mix treatments (as acetone
was used for the solvent of PAHSs) and the Wateattment was used as an overall control
(i.e. no added contaminants). Fluid volume addesl keg@t constant through all
treatments (Table 1.1).

Dosed sediments were homogenized with the miximgligafor 1 minute to
ensure even distribution of any contaminants amd #idded. The mixing paddle was
thoroughly rinsed with acetone and water in betwe@nogenizing sediments for each
treatment to avoid cross-contamination. After hoaragation, 260 ml aliquots of dosed

sediments (the volume required for a single 2 myaraf sediment in a mesocosm tank)
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Table 1.1 Sediment dosing details.

Treatment | Contaminant Added Solvent Used Fluid ¥as Added Concentrations of Pollutants Added

Water None N/A 40 ml deionized water N/A

Acetone None N/A 20 ml 100% acetone | N/A

20 ml deionized water

PAHs Mixture of PAHs 100% acetone 20 ml 100% acetone | 10 pg total PAHs/g dry sed
(included pyrene, (composed of 6 ug pyrene/g dry sed;
phenanthrene and 20 ml deionized water | 3 ug phenanthrene/g dry sed;
anthracene) 1 pg anthracene/g dry sed)

Cu Copper (as 510 - Deionized watert 40 ml deionized water 70 pg Cu/g dry sed
CuSQ)

Mix Mixture of PAHs 100% acetone | 20 ml 100% acetone 10 ug total PAHs/g dry sed

(included pyrene,
phenanthrene and
anthracene)

Copper (as 5 bO -
CuSQ)

(for PAHS)

Deionized water
(for 5 HO -
CusSQ)

20 ml deionized water

(composed of 6 pg pyrene/g dry sed;

3 ug phenanthrene/g dry sed;
1 pg anthracene/g dry sed)

70 pg Cu/g dry sed




were divided among glass jars which were then @uler foil and stored in a refrigerator
until used. This was done to prevent photodegradatnd reduce biodegradation of
contaminants during storage.

After dosing was complete, one aliquot of eachttreent was removed from
storage and homogenized by thorough stirring. Algss steel spatula was used to
spread a 2 mm thick layer of the dosed sedimergsthe sediment brick in the
designated mesocosm tank for each treatment dtirenday-time simulated low tide.
Separate spatulas were used for each treatmewbi @oss-contamination.

Three additions of dosed sediments were addddsmiay; one addition a day on
Day 1 (the day of sediment dosing), Day 2 and Dalv® millimeter layers were used
to dose the mesocosms in order to prevent smothtreexisting BMA in the sediment
bricks. As BMA are known to migrate in sedimentsa@htyre et al., 1996; Consalvey et
al., 2004), it was thought that by applying onlintlayers of dosed sediments at a time,
the BMA would be able to migrate to the surfac¢hoise sediments before the next layer
was added. This is a more than reasonable assungsiBMA vertical migration rates
have been reported to be 612 — 1008 [irfConsalvey et al., 2004).

All beakers and utensils used during this proges® acid-washed in 10% HCI

and thoroughly rinsed with deionized water befdwenext use.

Sampling and Maintenance
Core tubes with a 1.0 cninterior area were used to take sediment samptes f
chlorophylla (chl a) concentration analysis using fluorometry and fantarker pigment

analysis by high performance liquid chromatografHiyLC) throughout the 10 day
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exposure period of this experiment (See Tabledr.8dmpling schedule details). On
sampling days for fluorometry, five samples weketafrom each treatment and
sectioned at 2 mm below surface level (as thishisrer the majority of photosynthetically
active BMA reside (Macintyre et al., 1996)) usingeztioning tool that pushes the
sediment from the bottom of the core at 1 mm irgkrwith each turn of its handle.
Sectioned samples were stored in 20 ml scintilletials until processing within several
hours of sectioning. Five samples from each treatiwere also collected for HPLC at
the beginning and end of the experiment. These kemmyere sectioned at a 5 mm depth
and stored in 1 ml microcentrifuge tubes at -80A@l analyzed. A depth of 5 mm was
selected for the HPLC samples to determine whetheot BMA community
composition changed over time within the majoritylee layer of contaminated sediment
(since 6 mm total layer of contaminated sedimerg a@plied to the collected sediment
brick).

Throughout the 10 day experiment, mesocosms wetesbdy checked for
clogged drains, malfunctioning pumps and leaksslitater was regularly added to the
carboy reservoirs to offset evaporative water fom® the mesocosms and to maintain
salinity (initial salinity was ~ 30). Mesocosms w@retected from animal disturbances
(such as raccoons and birds) by a domed cage nid&@dedware cloth and were protected
from heavy rain events with plastic tarps to prévwbe washing away of dosed surface

sediments into the reservoirs or the clogging afrdr with sediments.
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Table 1.2 Sampling schedule.

Day O

Day 4

Day 7

Day 10

Details of Day

The day before first
addition of dosed
sediments; initial samples
taken

The day following final
application of dosed
5 sediments

Final sampling day

Samples taken;
Sectioning depth

5 samples taken for
fluorometry; sectioned at
2 mm depth

5 samples taken for
HPLC; sectioned at 5 mn
depth

5 samples taken for
fluorometry; sectioned at
2 mm depth

L

5 samples taken for
fluorometry; sectioned at
2 mm depth

5 samples taken for
fluorometry; sectioned at
2 mm depth

5 samples taken for
HPLC; sectioned at 5 mn
depth




Sample Analysis

Ten milliliters of HPLC-grade 100% acetone waseatltb samples taken for chl
a concentration analysis by fluorometry. The samplese agitated through vigorous
shaking for 30 seconds and stored at -20°C forhiguts hours during extraction.
Fluorescence of the extract was measured with aeFuM Trilogy Laboratory
Fluorometer (model #: 7200-000) using the nonification method (Welschmeyer,
1994).

Once removed from -80°C storage, samples for hikengpigment analysis by
HPLC were freeze dried overnight. To each sampial 20% acetone and 50 pul of
synthetic carontenoifl-apo-8’-carotenal (Sigma, cat. no. 10810) (an irdkstandard)
were added. Samples were then sonicated for 3dids@nd stored at -20°C for 24 hours
during extraction. A centrifuge was used to spiwdaohe samples and the supernatant
(sample extract) was filtered through a 0.45-umPTiker (Gelman Acrodisc). The
filtered extract (450 ul) and an ion-pairing sabuti(1.00 M ammonium acetate) (113 pl)
were dispensed into amber glass autosampler viashwvere immediately loaded into
the refrigerated (4°C) autosampler for analysis.

Samples (250 pL) were injected into a Shimadzu HBg@pped with a
monomeric and polymeric reverse-phasgc@lumn in series. A nonlinear binary
gradient consisting of the solvents 80% methan&:2050 M ammonium acetate and
80% methanol:20% acetone was used for pigment sgmas. Absorption spectra and
chromatograms (440 + 4 nm) were acquired usingthimadzu software and pigment
peaks were identified based on retention timesadsorption spectra (Pinckney et al.

1996).
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Satistical Analysis

A linear regression was performed on theabbncentrations within samples
from Day 0 and Day 10, measured by HPLC (independsamable) and fluorometric
(dependent variable) methods in order to deternfitheere was linear relationship
between values obtained by both methods.

Change in ché concentration, determined by fluorometry, was comga
between treatments for Day 0 — Day 4, Day 4 — Dagrid Day 0 — Day 10. Separate
single-factor ANOVAs were performed for each of theee time intervals to test for
differences between treatments. Due to the inheygatial variability of BMA abundance
in sediments (Macintyre et al., 1996), an average fthe five samples taken within each
tank on each sampling day was used as the repatisentalue for that tank and day
combination (See Equation 1.1). The Ryan-Einot-@&#Welsch F (R-E-G-W-F) post-
hoc test was used for multiple comparisons of medren significant treatment effects
were observed.

In order to identify any change in benthic algaincounity composition, changes
(as the difference between final and initial va)Juaducoxanthin (a biomarker for
diatoms) and zeaxanthin (a biomarker for cyanobajteoncentrations, as well as
changes in the fucoxanthin to zeaxanthin ratio gfZea Ratio) were compared between
treatments. The average concentration (for eaahgig), as well as the average
Fuco:Zea Ratio, from the five samples taken withmesocosm tank on a single
sampling day was used as the representative vaitubdt tank in the appropriate
statistical analysis. A multivariate analysis ofigsace (MANOVA) followed by

individual univariate analyses, with the changefigoxanthin concentration and
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zeaxanthin concentration as response variableg, ugsd for statistical analysis of the
biomarker pigment concentrations. A single-facttd@VA using the change in
Fuco:Zea Ratio as a response variable was emptoyammpare changes in community
composition between treatments. The R-E-G-W-F posttest was used for multiple
comparisons of means when significant treatmeetceffwere observed.

IBM SPSS Statistics software (Version 21) was ueedll analyses in this
experiment. Tests were performed to verify thatdag met assumptions of normality
(K-S test), homogeneity (Levene’s test) and indépeane of variance (Durbin-Watson

statistic) when appropriate.

1.3 RESULTS

Relationship between HPLC and fluorometric measurements
The linear regression analysis determined thaethes a significant linear
relationship between clalconcentrations measured with HPLC and fluorometric
methods (linear regression, p<0.001, & 6.624) (Figure 1.4). The linear relationship
is expressed by Equation 1.1.
y =0.375x + 1.396 (Equation 1.1)

Where y = fluorometric values and x = HPLC values.

BMA biomass
Results from the single factor ANOVA indicated thfare was no significant
difference between treatments with respect to dvelnange (difference between final

and initial values) in chd concentrations (i.e. BMA biomass) as determined by
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Figure 1.4 Relationship between chlconcentrations measured by HPLC and
fluorometric methods. Sediment samples analyzedHba concentration by HPLC and
fluorometry were sectioned at 5 mm and 2 mm depésgectively. Linear fit line is
represented by a solid line, dashed lines repré&&@ntconfidence interval (n = 4).
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fluorometric methods (ANOVA, p = 0.325) during tHi8 day experiment (Figure 1.5).
There were, however, notable trends in theaatdncentrations throughout the
experiment. An initial decrease between Day 0 aag HDwas observed in all of the
treatments. This was then followed by an increasghia concentrations until the end of
the experiment (Day 4 — Day 10) (Figure 1.6). Ngn#icant difference was measured
between treatments with respect to the changelia cbncentration during the period of
decline (ANOVA, p = 0.673), (Figure 1.7). Howevtitere was a significant treatment
effect on the change in chiconcentration between Day 4 and Day 10 (ANOVA, p =
0.032), when concentrations appeared to increaak treatments (Figure 1.8). The
increase in the Cu treatment was significantly gnetinan the increase in the Water
control. Two homogeneous groups were revealed dRrtk-G-W-F post-hoc test:
Water, Acetone, PAHs and Mix (p = 0.066); Acetdra&Hs, Mix and Copper (p =

0.133).

BMA community composition

The BMA community composition was affected by tneants that included
copper as well (Cu and Mix treatments). The MANOWM#ing fucoxanthin concentration
and zeaxanthin concentration as response variathieaited that there was a significant
treatment effect on combination of variables anedlyfRoy’s Largest Root, p < 0.001).
Subsequent univariate analyses of the data revealsdnificant difference between
treatments with respect to the change in fucoxartbncentration (ANOVA, p = 0.114)
(Figure 1.9), but there was a significant treatnmedfeict on the change in zeaxanthin

concentration (ANOVA, p < 0.001). The R-E-G-W-F pbsc test identified four
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Figure 1.5 Change in ch& concentration within dosed sediments from Day Day 10.
The reported change is the difference between Dagntl Day O chd concentrations
within the top 2 mm of dosed sediments in mesocdasrks, measured by fluorometric
methods. Water and Acetone treatments were useaha®ls for contaminant (PAHSs,
Cu and Mix) treatments. The Mix treatment was dasitd both PAHs and Cu. Values
represent means + 1 SD (n = 4).
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Figure 1.6 Change in ch& concentration within dosed sediments over timd.aCh
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Figure 1.7 Change in ch& concentration within dosed sediments from Day D4y 4.
The reported change is the difference between DayddDay O chh concentrations
within the top 2 mm of dosed sediments in mesociasiks, measured by fluorometric
methods. Water and Acetone treatments were useahé®ls for contaminant (PAHSs,
Cu and Mix) treatments. The Mix treatment was dositd both PAHs and Cu. Values
represent means + 1 SD (n = 4).
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Figure 1.8 Change in ch& concentration within dosed sediments from Day Bag 10.
The reported change is the difference between Daantl Day 4 chh concentrations
within the top 2 mm of dosed sediments in mesociasiks, measured by fluorometric
methods. Water and Acetone treatments were useaha®ls for contaminant (PAHSs,
Cu and Mix) treatments. The Mix treatment was dositd both PAHs and Cu. Letters
above bars indicate homogeneous groups. Valuesseprmeans £ 1 SD (n = 4).
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Figure 1.9 Change in fucoxanthin concentration within dosetiments. The reported
change is the difference between Day 10 and Dag@x@anthinconcentrations within
the top 5 mm of dosed sediments in mesocosm tama&sured by HPLC. Water and
Acetone treatments were used as controls for cantarh(PAHs, Cu and Mix)
treatments. The Mix treatment was dosed with b@tH$and Cu. Values represent
means + 1 SD (n = 4).
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homogeneous groups within the zeaxanthin data:nduvix (p= 0.645); Mix and
Acetone (p = 0.068); Acetone and PAHSs (p = 0.4B@)Hs and Water (p = 0.133). All
treatments (except Cu) showed an increase in z#araroncentration over the
experiment (Figure 1.10). As a result, the changbeé Cu treatments was significantly
lower than that in the Water control, Acetone cohéind PAHSs treatment. Though there
was a slight increase in zeaxanthin concentratidghe Mix treatment, this change was
significantly lower than those observed in the Watetrol and PAHs treatment. The
Water control also showed a significantly greaterease in zeaxanthin concentration
that the Acetone control.

Linked to these differences between treatments reghect to pigment
concentration, there was a significant treatmefeicebn the change in Fuco:Zea Ratio
(ANOVA, p = 0.001) and three homogeneous groupewecognized by the R-E-G-W-F
post-hoc test: Water, PAHs and Acetone (p = 0.3BA}s, Acetone and Mix (p =
0.058); Mix and Copper (p = 0.482). Copper showsdaificantly greater increase in
the ratio than the Water control, Acetone contra BAHs treatment and the Mix
treatment showed a significantly greater increag@e ratio than the Water control

(Figure 1.11).
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Figure 1.10 Change in zeaxanthin concentration within dosedhszats. The reported
change is the difference between Day 10 and Daga@anthirconcentrations within the
top 5 mm of dosed sediments in mesocosm tanks,urezhby HPLC. Water and
Acetone treatments were used as controls for cantarth(PAHs, Cu and Mix)
treatments. The Mix treatment was dosed with béthi$and Cu. Letters above bars
indicate homogeneous groups. Values represent mehi®D (n = 4).
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Figure 1.11 Change in Fuco:Zea Ratio within dosed sediments.réported change is
the difference between Day 10 and Day 0 fucoxartthireaxanthin ratiogithin the top
5 mm of dosed sediments in mesocosm tanks, mealyrnd®LC. Water and Acetone
treatments were used as controls for contaminakti§PCu and Mix) treatments. The
Mix treatment was dosed with both PAHs and Cu.drstabove bars indicate
homogeneous groups. Values represent means + h SI2)(

31



1.4 DISCUSSION

The results from this study investigating the effeaf PAHs and/or Cu on BMA
biomass and BMA community composition suggest apterbenthic community
response. Although HPLC provides a more accuratesaorement of ctd concentration
than fluorometry (Pinckney et al., 1994), it regsia great deal more processing time.
For this reason, fluorometry was used as the pyinmaathod of measuring chlin this
study. The linear regression revealed a signifitartr relationship between HPLC and
fluorometric measurements of cGatoncentrations, indicating that the samples andlyze
by fluorometric methods can be used to make vaidmgarisons between treatments, in
relative terms. Furthermore, the samples usedifmngnt analysis by HPLC were
sectioned at a 5 mm depth, while those analyzdtibyometry were sectioned at a 2
mm depth and the difference in sediment samplemvelis likely a contributing factor to
the higher chh concentrations obtained by HPLC.

The chla concentration measurements indicate that therenavaggnificant
treatment effect on the overall change in algaira@ss during the 10 day experiment
(Figure 1.5). This was contrary to my hypotheséat #iigal biomass in all contaminant
treated tanks (PAHs, Cu and Mix) would decline thuthe toxic effects of each of the
contaminants tested and that there would be a gitiereffect upon exposure to both
pollutants. Closer examination of the data throughloe experiment provides some
insights into the possible dynamics of the sedincemtmunity.

Figure 1.6 shows an initial decreasing trend inactbncentration in all
treatments, but there was no significant differeoesveen treatments with respect to the

change in ch& concentration during that time frame. This indésathat there were no
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significant toxic effects of the contaminants on BMising BMA biomass as the
response variable. Conversely, other work has slempper to have direct toxic effects
on algae such as inducing oxidative stress andstittrctural impairment of cells likely
due to the interference of copper with the cell raeame (Pinto et al., 2003; Wong and
Zheng 2008; Sabatini et al., 2009). As a resuimary productivity and overall biomass
can greatly be reduced (Cid et al., 1995; Alstayletral., 2007; Wong and Zheng 2008;
Araujo et al., 2010). The copper concentration usdHis study was higher than the &C
for microalgal growth inhibition demonstrated by Moo-Garrido et al. (2003) for the
benthic pennate diator@ylindrotheca closterium, but no such effects were observed
here. Microalgal sensitivity to copper is affectsdinteractions between species, with
multispecies assemblages exhibiting higheg@lues than single-species populations
(Yu et al., 2007; Levy et al., 2009). It is possiltherefore, that the concentration of
copper used in the present study was too low teecdtamatic reductions in biomass (as
observed in other studies) in the natural, multggesediment community utilized here.
Furthermore, much of the copper in this experinves likely adsorbed onto sediment
and organic particles (Helland and Bakke, 2002)re&® other studies have exposed
algal cultures in aqueous solutions (Cid et al95t%Vong and Zheng 2008: Araujo et al.,
2010) in which the copper would be more bioavadatd therefore have stronger
effects. Numerous studies have also shown direat adfects of PAHs on BMA (Piehler
et al., 2003; Wang and Zheng, 2008; Wang et al82Peterson et al. 2009), however,
these differed from the current study in the PAlrhpounds used (Piehler et al., 2003;
Wang and Zheng, 2008; Wang et al., 2008; Petersah, 009) and/or the medium that

was contaminated (water vs. sediment, respectiyéigng and Zheng, 2008; Wang et
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al., 2008). Individual PAH compounds vary in togycand can act synergistically or
antagonistically with other PAH compounds, resgtim complex effects dependent on
the PAHSs involved (Wang et al., 2008). Therefone, lack of significant PAH toxic
effects may be due to the relatively low concerdratthe combination of compounds
and the mode of exposure used in this experimeétisRand copper have the potential to
negatively affect BMA biomass, but no such effetése measured in this experiment,
possibly due the methods employed.

Alternatively, toxic effects may have been indubgdhe contaminants but
remained undetected due to the sampling schedateinghis experiment. PAHs and
copper can induce oxidative stress, inhibit groartheduce biomass in BMA
communities within 24 hours of exposure (Cid et H95; Wang and Zheng, 2008;
Gonzlez et al., 2009). However, in the present studgljrment samples were not
collected until four days after initial contaminantroduction. By that time in the
experiment, BMA communities may have begun to recdw terms of biomass) from
initial contaminant effects as they have been shmabye resilient to disturbances
(Piehler et al., 2003; Alsterberg et al., 2007; &tev et al., 2009). Alsterberg et al.
(2007) revealed that light utilization efficiencgdaprimary production of benthic
microalgae were significantly reduced within 24 faf exposure to a copper-
containing antifouling biocide, but by Day 3 of tbeperiment, there was no significant
difference between treatments (control vs. expogéth) respect to primary production,
indicating a rapid physiological recovery of thgpeged BMA. Similarly, Piehler et al.
(2003) and Gorgatez et al. (2009) demonstrated recovery of diatemsdy and cha

concentration, respectively, within several dayket@ls close to or greater than those
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observed for controls. These results provide sugdpothe hypothesis that in the present
study, BMA recovery may have occurred before samgpdin Day 4. The trend in Figure
1.6 suggests average ehtoncentrations for all contaminant treatments vi@ner than
those of the controls at Day 4, hence, it is pdsghmat there were immediate toxic effects
due to contaminant exposure, but rapid BMA recownyinished the evidence of those
effects (relative change in calconcentration) before the first samples after expos
where taken. Further experimentation implementimgenfrequent sampling would be
needed determine if PAHs and/or copper at the enmentally relevant concentrations
used in this study produce any negative impact8MA biomass within very short time
periods after exposure.

After the period of decline (Day 0 — Day 4), ehtoncentrations increased in
every treatment until the end of the experimenty(Ba Day 10), with final values
exceeding initial values (Figure 1.6). The generalease was likely due to the exclusion
of large grazers, such as fiddler crabs and gastigdrom the mesocosms. The biomass
increase in the Cu treatment from Day 4 to Day &8 significantly greater than that in
the Water control suggesting a contaminant efféicjure 1.8). A possible explanation is
that the greater increase was the result of taxper effects on meiofauna, which
thereby decreased grazing pressure on BMA. Sestrdiles have found that copper
significantly alters the meiofauna community compos and reduces overall meiofauna
abundance (Dalto et al., 2006; Alsterberg et &l072. More specifically, nematodes (the
most predominant meiofauna group found in Nortetltidal flats (Findlay 1981;
Montagna et al., 1983; Coull, 1985)) show a redurcin abundance, intrinsic rate of

natural increase and development rate (VrankertHaio, 1986; Korthals et al., 1996;
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Gyedu-Ababio and Baird, 2006) upon copper expodurethese responses are species
specific. In the study by Alsterberg et al. (20G¥¥ignificant reduction in meiofauna
abundance from exposure to a copper containinfpahtig agent was not seen until 9
days after contamination, indicating a somewhainaéffect. The significant
contaminant effect on clalconcentration in the present study was not detagtétafter
Day 4 (more specifically, the greatest increaseioed between Day 7 and Day 10)
(Figure 1.6). Therefore, the possibility that auetbn in grazing pressure due to toxic
effects on meiofauna allowed for a significant ease in BMA biomass at that point in
the experiment within copper treated tanks is sttppdiy the Alsterberg et al. (2007)
study. The trends in the data (dramatic alteratiorstope and steep slope from Day 7 —
10) suggest the BMA population did not reach stesdie by the end of the 10 day
experiment. Differences between the Cu treatmethicantrol, therefore, may have
reached an even greater magnitude over longerpgarieds, especially if sufficient time
was allowed for the developmental effects of compemeiofauna to exert an influence.
The implications of these results could be of egigial significance in that meiofauna are
involved in the breakdown of detritus, the cyclofghutrients and serve as important
bioturbators as well as food sources to higherhtimfevels (Coull, 1999). Thus a
reduction in meiofauna abundance could have impattsogeochemical cycles and
food webs (through both bottom-up and top-downat$feof estuarine habitats.

If there was a significant toxic effect on meiofaufue to copper exposure,
resulting in reduced grazing pressure and subséquarases in BMA biomass, the Mix
treatment (which had a copper component) shoulé h#so exhibited a significantly

greater increase in BMA biomass (as @ahtelative to the Water control. Though that
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was not the case (which appears to be due to ¢fnedaigree of variability in the data
from the Water and Mix treatments), the changehiradrom Day 4 — Day 10 in the Mix
treatment was very close to and not significantiecent than that of the Cu treatment
(according to the post-hoc test) (Figure 1.8). Buiggests there may have been some
degree of a contaminant effect. The significancthaf effect in the Mix treatment may
have been reduced due to an antagonistic interaloitween the two contaminants with
respect to meiofauna response. While copper cam taxic effects (Vranken and Heip,
1986; Korthals et al., 1996; Dalto et al., 2006e@y-Ababio and Baird, 2006; Alsterberg
et al., 2007), some nematode species show an secne@abundance (Mahmoudi et al.,
2005) and grazing rate (Carman et al., 1997) &#dtl exposure. Alternatively, as
organic compounds can form complexes with coppégraction between the
contaminants affecting bioavailability (and thereftoxicity to meiofauna) may be
another explanation for the slightly less stimutateffect on BMA observed in the Mix
treatment (Newell and Sanders, 1986; Meador, 1B8dault et al., 1996; Wright and
Mason, 2000; Renella et al., 2004). This result@dies the potential complexity
behind multiple stressor interactions and the diffly in interpretation, and subsequent
prediction, of organismal responses.

Though other studies have shown toxic effects dfi®An overall meiofauna
abundance and grazing rate (Carmen et al. 1994f5ugk et al., 2010), there was no
evidence (as a significant increase in@bbncentration in sediments) of such effects in
this experiment. This is possibly due to the loR&H concentration and less toxic PAH
compound combination used in this study comparexdiers. Sundback et al. (2010)

utilized a PAH concentration 5x that used in therent study and Carmen et al. (1997)
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exposed communities to diesel, which is compridealsuite of many PAHs (Dobbins et
al., 2006). The lack of evidence for toxic effects?AHs on meiofauna in this study
contrasts with the findings of other work, but nieyattributed to the dosing specifics.

While there was no significant treatment effecioerrall change (Day 0 — Day
10) in algal biomass based on aldoncentrations, there was a significant shiftia t
BMA community composition due to copper exposutee initial Fuco:Zea Ratios for all
treatments were ~ 10:1, but by Day 10 that ratigihbpidoubled in the Cu and Mix
treatments. These dramatic increases in the Fuad?aéo suggest an increase in relative
diatom to cyanobacteria abundance in those tarsthtd been treated with copper (Cu
and Mix treatments). The shift in this ratio foole treatments is the product of much
smaller changes in the zeaxanthin concentratiode¢eease in the Cu treatment and only
a slight increase in the Mix treatment) relativétte increases in fucoxanthin
concentrations in both treatments. The changesaranthin concentration were
significantly less in the Cu and Mix treatmentsrtisaveral other treatments (including
the Water control) (Figure 1.10), while the chamg&icoxanthin concentration showed
no significant difference between treatments (Fegui®). At the concentration used in
this study, PAHs had no effect on the Fuco:ZeadRatithe respective pigment
concentrations relative to the control. It appeheat exposure to copper solely drove the
changes in BMA community composition in this expent.

The significantly lower changes in zeaxanthin coticgion in the Cu and Mix
treatments compared to the Water control indicategganobacterial sensitivity to copper
contamination. Similar implications have been drdmem the results of other studies

(Witaker et al., 1978; Hadjoudja et al., 2009) #mel susceptibility of cyanobacteria to

38



negative copper effects may be related to theipimalogy and physiology.
Cyanobacteria are prokaryotes, possessing no mestb@und organelles and are hence,
less structurally complex than eukaryotic algaedjbladja et al. (2009) proposed that this
lack of compartmentalization in cyanobacterialxallows for easier access of copper to
the photosystem, contributing to their greater ity to this heavy metal than other
algal groups. Nitrogen-fixation, a process essetdithe functioning of some
cyanobacteria but not required by other microalgamhibited by copper (Horne and
Goldman, 1974) making that physiological processttzar potential factor adding to the
susceptibility of cyanobacteria to copper. The gpity of algal groups to copper varies
but seems to be greater in the prokaryotic cyartebag¢ possibly due to a combination of
structural (morphological) and physiological (bieafical) traits they possess.

The implication that cyanobacteria are significaiatifected by copper exposure
could be of great importance in coastal areas wieyedominate, including regions
along the coast of New England, Europe and Cal#of@&ullivan and Currin 2000,

Currin et al. 2011). Cyanobacteria can not only ptaportant roles in salt marsh
ecosystems as primary producers, but some alsothaability to fix N, making them a
valuable part of the nitrogen cycle in estuarineiremments (Stal and Krumbein, 1981;
Stal et al., 1985; Rejamkova and Komarkova, 2005; Currin et al., 2011). Cyanobacteria
can also form thick mats in areas where they orchigh abundance, which aid in
stabilizing the sediments and preventing erosiooffié et al., 2001; Stal, 2003). The
reduction in abundance of these microorganismsetbe, could be detrimental to
ecosystem functioning in some coastal areas if @oppntamination reached the levels

used in this study.
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The results from this study emphasize the complefibiological responses in
sediment communities upon the exposure to mulgpigaminants. Changes in BMA
biomass showed no indication of toxic effects anghimary producers, but possible
alleviation of grazing pressure by meiofauna assalt of copper-only contamination is
speculated as the cause for greater increases A lBtMnass in the Cu treatment relative
to controls. In addition, shifts in BMA communitgmposition observed in copper
treated sediments (Cu and Mix treatments) suggessetsitivity of cyanobacteria to
copper contamination. Overall, Cu only treatmeratd stronger effects on BMA biomass
and the shifts in community composition than the Meatments that had been dosed
with the same levels of copper, suggesting somaatieg effect of PAHs in the Mix
treatment. As the interaction between contamineartsvary depending on conditions and
algal responses to stressors may be altered lpyrélsence of other organisms in the
community (Yu et al., 2007; Levy et al., 2009) stetudy highlights the importance of
utilizing natural communities and environmentaljevant contaminant concentrations

and ratios to accurately represent expected respanghe field.
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CHAPTER 2: FIDDLER CRAB FEEDING RESPONSES TO SEDINIES
CONTAMINATED WITH POLYCYCLIC AROMATIC
HYDROCARBONS AND/OR COPPER

2.1 INTRODUCTION

Fiddler crabs{ca spp.) are ubiquitous salt marsh residents and lbih&inass is
usually the highest of all macro-invertebrateshivse habitats (Montague, 1980). These
decapods play very important roles in salt margisgstems as a food source for fish,
birds, and other crustaceans. Many of these presiate only temporary marsh residents
and their consumption of fiddler crabs coupled vgtibsequent relocation could function
as an energy export from marsh habitats (Montab@®0Q; Grimes et al., 1989).

Fiddler crabs also serve as bioturbators since sdrtiee most important
activities for the survival of a fiddler crab, afudt the functioning of the salt marsh
ecosystem, involve the manipulation of sedimentsr@ving by these crabs provides
refuge and also aerates the sediments, alteringgtfienent hydrology and chemistry
which in turn can stimulate the growth of marshsges (Katz, 1980; Montague, 1980;
Bertness, 1985; Grimes et al., 1989; Smith e2@D9) While foraging during low tide,
fiddler crabs bring sediments to the buccal cawityr the minor chelae where
specialized mouth parts are utilized to scrape aoigganisms from sediment particles
(Miller, 1961; Meziane et al., 2002). After ingestiof the organic matter (along with

fine sediment particles), the crabs deposit theingasted particles back onto the
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substrate in small irregular shaped balls (feegiltets) (Miller, 1961). The deposit
feeding of fiddler crabs, therefore, results iniaddal bioturbation that oxygenates the
sediments, altered grain size distribution andeBessed organic content of sediments
(Hoffman et al., 1984; Meziane et al., 2002; Sapgoiar et al., 2012). These alterations
in sediment characteristics can also affect seditleemistry as well as microbial
activity. The bioturbation associated with fiddtgab activity (burrowing and feeding)
has both biological and physical impacts importansalt marsh ecosystem health.
Because fiddler crabs are deposit feeders thaucom®rganic matter in
sediments, including benthic microalgae (BMA), thegcapods could be directly
affected by changes in quantity or quality of BM#at result from anthropogenic
disturbances. Increased urbanization in coastakdras been associated with relatively
high concentrations of various pollutants in tidedeks (Sanger et al., 1999 a, b; Holland
et al., 2004; Van Dolah et al., 2008; Garner ¢t2€109). Polycyclic aromatic
hydrocarbons (PAHSs), found in petroleum products$ meased upon combustion of
fossil fuels, and copper are two common contamsanéstuarine habitats that can be
introduced by a number of human activities. Urhamoff, oil spills or leaks and air
deposition of PAHSs released during combustion @mees serve as frequent PAH sources
to the environment (Kucklick et al. 1997; Ngabalet2000; Kose et al., 2008; Nikolaou
et al., 2009). Copper-based biocide paint, commaséd on boats and docks, is one of
the main sources of copper in coastal habitatadthtion, urban runoff, sewage
discharge and drainage from copper-based algateiated ponds can also contribute to
marine copper levels (Thomson et al., 1984; Ma¢tea et al., 1999). The adsorption of

PAHs and copper to particles (both organic andganoic) leads to accumulation of these
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contaminants in coastal sediments (Helland and 8a&B02; Nikolaou et al., 2009;
Tobiszewski and Namdaik. 2012). As such, there is potential for PAH8 aopper to
affect benthic organisms, including fiddler crabsl éheir food sources. BMA biomass,
as well as BMA community composition, can be negdyiimpacted by PAHs and
copper (Cid et al., 1995; Piehler et al., 2003; Wand Zheng, 2008; Wang et al., 2008).
Because these primary producers form the foundaftiomany estuarine food webs,
subsequent effects on trophic energy transfer anarganisms at higher trophic levels
due to contaminant exposure of this food sourceassible.

The chemosensory system plays a significant rotearbehavior of fiddler crabs,
and has evolved to be somewhat specialized. Thinigef fiddler crabs is mediated by
this system which involves sensory receptors |lacatethe minor chelae and legs of the
crab (Robertson et al., 1980). At low tide, fiddteabs probe the sediments with their
appendages, evaluating the organic content baseldesnical cues received by the
sensory receptors immersed in the sediments (Raalveett al. 1980). Feeding is initiated
when the sensory stimulation exceeds a threshuld, the feeding response is dependent
upon food density (Robertson et al. 1980). Asidenfthe ability to detect differences in
food quantity, Robertson et al. (1981) showed datdier crabs (Jca pugilator) can also
distinguish between different chemical stimulafeseding behavior is elicited by
compounds associated with natural crab food sopagticularly BMA and detritus),
while compounds associated with food sources adrathustaceans (flesh) do not induce
strong responses (Robertson et al., 1981). Addilipnaccording to Rittschof and
Buswell (1989) various fiddler crab species exhig#ding preferences towards different

hexose sugars. Taken together, these studies $uigighsr crab feeding responses are
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very sensitive to chemical stimuli and these citadbge the ability to detect chemical
differences (as quantity and quality of stimuli)sediments.

Proper functioning of the chemosensory systemethes, is essential to fiddler
crab survival. Chemical contaminants can oftenriate with crustacean chemosensory,
resulting in altered behavior or a lack of resparteenatural chemical stimuli. There has
been some evidence that other crustacean groupsimaability to detect various
pollutants (including PAHs and copper) and showidamace of them (McLeese, 1975;
Hellou et al., 2005; De Lange et al., 2006). Iniadd, a reduction in feeding behavior
has been observed for lobsters, crayfish and bhaesaue to PAH exposure (Atema and
Stein, 1974; Pearson and Olla, 1980; Gauthier 283 ®)ell as in prawn and lobsters
after copper exposure (McLeese, 1975; Santos,&1(f10). Persistent alterations in
feeding responses as a result of chronic exposuteese contaminants in natural habitats
may have detrimental impacts on the health of anestns. In the case of fiddler crabs,
impaired health and a decline in bioturbation dueetiuced feeding activity could
impact the functioning of the entire ecosystem. $tneng influence of the chemosensory
system over fiddler crab behavior may lead to aai@ of chemically contaminated
habitats if the contaminants are detected or @madion (perhaps even an inhibitition) in
feeding behavior if the contaminants disrupt fumaing of the chemosensory system.

The first objective of this experiment was to invgste the effects of chemical
contaminants (as PAHs and/or copper) within sedimen feeding preference/avoidance
of fiddler crabs using a food choice experimentsd@hon results from other studies
showing crustacean avoidance of PAHs and coppekébke, 1975; Hellou et al., 2005;

De Lange et al., 2006) and the known sensitivittheffiddler crab chemosensory
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system, it was hypothesized that fiddler crabs @awoid feeding in contaminated
sediments, with higher avoidance of those contarathaith multiple pollutants (PAHs
and Cu). Two possible mechanisms leading to tlsltevere postulated and evaluated in
this experiment. First, any avoidance of crab fegdn contaminated sediments may
have been related to food quantity (BMA biomass) @mality (BMA community
composition). Differences in these parameters wwgpected between treatments
(controls and various contaminant treatments) anas predicted that BMA biomass
would be significantly reduced (and BMA communigngposition would be altered) due
to contaminant exposure (Witaker et al., 1978; €idl., 1995; Wang and Zheng, 2008;
Wang et al., 2008). Since fiddler crab feedingapehdent on food density, it was
proposed that this could lead to a reduction ordare of crab feeding in those
treatments. The second possible mechanism thad tead to avoidance of contaminant
treatments was chemical contaminant interferentie pvoper chemosensory
functioning. Because fiddler crab feeding is mestidty the chemosensory system, a
disruption in receiving and/or the processing dtira stimuli (from food sources) could
inhibit crab feeding, hence resulting in avoidanté&éose sediments.

The second objective of this study was to deterniitiee presence of chemical
contaminants (PAHs and/or copper) in sediments avaffect the feeding rate of fiddler
crabs when no alternative food choice was provi@eded on the chemosensory
disruptions PAHs and copper induced in other coesta studies, it was hypothesized
that the feeding rates of fiddler crabs exposesltteer contaminant would be lower than

those of the controls, and multiple pollutants Wwdlve a synergistic effect.
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The crucial roles fiddler crabs and their feedaagjvities play in salt marsh
ecosystems make research centered around the swjamintaminants on fiddler crab

feeding behavior essential for predicting respoasésrger scales.

2.2 METHODS

Sudy Ste

North Inlet (33.3° N, 79.1° W) is a bar-built estuaithin the boundaries of the
North Inlet — Winyah Bay National Estuarine Reshd®eserve (NI — WB NERR) in
Georgetown, SC. This estuary contains extensi ticteks and experiences regular
semi-diurnal tides, with a mean tidal amplitudelgf meters. Major contributors to the
primary production of North Inlet includgartina alterniflora, as well as BMA. North
Inlet is considered a relatively pristine with maéhan 90% of its watershed in a naturally
forested state.

Sediments and sand fiddler crab&d pugilator) used for the crab food choice
and crab feeding rate experiments were collectau this site due to its relatively
pristine condition, ensuring limited contaminanpesgure of the natural benthic

community prior to the experiment.

Crab food choice: Sediment collection

Polypropylene plastic containessth interior dimensions of 43 x 35 x 19 cm
containing field collected sediments served as s tanks for this experiment.
Sediment bricks that were the length and widtheftanks and 5 cm deep were collected
from a tidal flat located near the Clambank regeaite within the NI - WB NERR

(Figure 2.1; Figure 2.2) at low tide with a flatgedl shovel. Sediments for all tanks of a
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single replicate were collected within a three megan of the tidal flat at the same
distance away from the bank to reduce spatial bdit\ain sediment grain size and
organic content/composition. Sediment bricks weargferred to the mesocosm tanks
and immediately transported to the experimentalystite behind the main research
facility at the Belle W. Baruch Institute for Madgrand Coastal Science (Figure 2.1). The
site was exposed to full sun from 10:00 am - 3:80gnd experienced ambient

temperatures.

Crab food choice: Dosing and sediment incubation

To determine if crabs avoid feeding in contaminaediments, crab food
preference was examined by presenting fiddler crattssediments that had been dosed
with the treatments listed in Table 2.1 yieldingit@minant concentrations within the
range observed in urbanized coastal areas of &atblina (4.77 — 37.03 ug total
PAHs/g dry sediment and 58.4 — 93.7 ug Cu/g drinsexct) (Sanger et al. 1999 a, b).
The Acetone treatment was used as a control fdP&tés and Mix treatments (as
acetone was used for the solvent of PAHS) and th&ekNreatment was used as an
overall control (i.e. no added contaminants). Alhtaminants were purchased from
Fisher Scientific (pyrene, 98+%, Cat No.: AC1808302phenanthrene, 98+%, Cat No.:
AC130090050; anthracene, 99%, Cat No.: AC104861680per (Il) sulfate, Cat No.:

AA1417836).
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Figure 2.1 Location of research area in Georgetown, Southl@ardJSA.
Sediments were collected from a tidal flat neam@ank throughout the study and
transported back to the main research facilithatBelle W. Baruch Institute for
Marine and Coastal Science where mesocosms weup setd experiments took
place.
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Figure 2.2 Collection site photo. Tidal flat withNorth Inlet, SC
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Table 2.1 Sediment dosing detalils.

Treatment | Contaminant Added Solvent Used Fluid ¥as Added Concentrations of Pollutants Added

Water None N/A 40 ml deionized water N/A

Acetone None N/A 20 ml 100% acetone | N/A

20 ml deionized water

PAHs Mixture of PAHs 100% acetone 20 ml 100% acetone | 10 pg total PAHs/g dry sed
(included pyrene, (composed of 6 ug pyrene/g dry sed;
phenanthrene and 20 ml deionized water | 3 ug phenanthrene/g dry sed;
anthracene) 1 pg anthracene/g dry sed)

Cu Copper (as 510 - Deionized watert 40 ml deionized water 70 pg Cu/g dry sed
CuSQ)

Mix Mixture of PAHs 100% acetone | 20 ml 100% acetone 10 pg total PAHs/g dry sed

(included pyrene,
phenanthrene and
anthracene)

Copper (as 5 bO -
CuSQ)

(for PAHS)

Deionized water
(for 5 HO -
CusSQ)

20 ml deionized water

(composed of 6 pg pyrene/g dry sed;

3 ug phenanthrene/g dry sed;
1 pg anthracene/g dry sed)

70 pg Cu/g dry sed




The sediments were dosed by adding the appromoagponents (depending on
the designated treatment) directly to an aliqudtedl collected surface sediments. After
thorough mixing, the dosed sediments were spreadtop of the previously collected
sediment brick in the designated mesocosm for aalment. Application of dosed
sediments took place over three days, with onlgnanZhick layer being applied at a
time.

The dosed sediments were incubated in the mesotrds, which simulated
semi-diurnal tides and were exposed to naturaigiin(refer to Figure 2.3 for mesocosm
set-up details). On Day 10 of the incubation, dakes with a 1.0 chinterior area were
used to take sediment samples for chloropaytihl a) concentration analysis using
fluorometry and for biomarker pigment analysis loynhperformance liquid
chromatography (HPLC). Five samples were takeffidlorometry and sectioned at 2
mm below surface level (as this is where the mgja@f photosynthetically active BMA
reside (Macintyre et al., 1996)) using a sectionow that pushes the sediment from the
bottom of the core at 1 mm intervals with each wifrits handleSectioned samples were
stored in 20 ml scintillation vials until procesgjiwhich took place within several hours
of sectioning. Five samples were also collectedHiBL.C. These samples were sectioned
at a 5 mm depth and stored in 1 ml microcentrifuudpes at -80°C until analyzed.

After the 10 days of incubation, the top 2-3 mnsediments were scraped off
the brick of sediments in each mesocosm and seakedlass jar until use later that day
to prevent drying out. Four replicates of this expent were conducted; Replicate 1 and
Replicate 2 were performed June 23 - July 5, 2(R&plicate 3 and Replicate 4 were

performed July 13 — 25, 2012.
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Figure 2.3 Diagram of mesocosm set-up. Pumps were controlfdarers, allowing for
simulation of semidiurnal tides. The large rectanglpresents the mesocom tank,
containing collected sediments (brown coloratiang aeveral centimeters of water
(during a simulated high tide) (blue coloration.oles represent holes in the tank
functioning either as drains or the point of watéroduction. Curved lines represent
tubing, with arrow heads indicating the directidmater flow. Note the relative size of
the holes in the mesocosm tank. The hole correspgitd the point of water
introduction is larger than that of the bottom dravhich allowed for water accumulation
while pumps were on (to simulate high tides). Themlarger top drain allowed for
rapid drainage once the waterline reached that,lpveventing overflow and limiting the
depth of water overlaying the sediments to 7 cmil®\fflumps were off, water gradually
exited the bottom drain until tanks were empty,dating a low tide.
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Crab food choice: Experiment set-up

A circular arena was constructed of poster boarddlaéid to a poster board base)
for the food choice experiments. Three arenas weed for each of the four replicates.
Sediments collected from each mesocosm were hornregeny thorough stirring and
used to fill two petri dishes for each of the thegenas corresponding to that specific
replicate (for a total of 10 dishes per arena;ltegufrom 5 treatments x 2 dishes per
treatment) (see Figure 2. 4; Figure 2.5). Pridveing filled, each petri dish was labeled
on the bottom with the treatment name in orderav@nt any observer bias throughout
the experiment. All 10 petri dishes were arrandedathe border of the arena and
spaced 5.5 cm apart. As the label of each dishnwtsisible during placement, the order
of the dishes was random and unknown during theraxyent. Dishes were numbered 1-
10 on the poster board base for data recordingogesp Four large male fiddler crabs (~
22 mm carapace width) were then introduced intacérger of the arena and allowed to
feed for 24 hours. Four petri dishes filled withteravere also added to the center of the
arena to prevent desiccation of the crabs. Thedesdrad been captured from the tidal
flat collection site previously described (Figuré;Zigure 2.2) and starved for 48 hours

prior to their introduction into the arena.

Crab food choice: Data collection

Observations about which (if any) dish a crab wasipying were made ten times
in every arena throughout the experiment (the nurabthe dish was noted) as a
measure of the amount of time spent associatedsediments of each treatment. After

the 24 hour feeding period, the crabs were remdned the arena. The number of
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Figure 2.4 Diagram of food choice experiment set-up. Letteesent the different
treatments: W = Water; A = Acetone; P = PAHs; COapper; M = Mix. Rectangles
represent the incubation mesocosms dosed sedimergscollected from, then

distributed into petri dishes (the small circlé&n petri dishes (two from each treatment)
were randomly arranged around the perimeter ofabé choice arena (the large circles).
Four fiddler crabs g,< ) were introduced ittte middle of each arena and allowed to
feed for 24 hours. Four replicates were run udimmg get-up.
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Figure 2.5 Crab food choice experiment photo. Dasstiments were distributed ir
petri dishes which were arranged around the peeintdta circulaarena. Four mal
fiddler crabs were then introduced into the aremaallowed to feed from the dishes

24 hours.
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feeding pellets (non-ingested sediment clumpsygasr within a 2 cm radius of each
dish was counted. Because fiddler crabs produsethmall pellets as they extract and
ingest organic matter (Miller, 1961), they weredias a relative measure of the amount
of feeding that took place in each dish. Pelleteevastroyed after being counted to
prevent re-counting. This method of evaluating gamg intensity by counting feeding

pellets is similar to that employed by Robertsoale(1980, 1981).

Crab food choice: Sediment sample analysis

Ten milliliters of HPLC-grade 100% acetone waseatitb samples taken for chl
a concentration analysis by fluorometry. The samplese agitated through vigorous
shaking for 30 seconds and stored at -20°C forhiguts hours during extraction.
Fluorescence of the extract was measured with aeFuM Trilogy Laboratory
Fluorometer (model #: 7200-000) using the non-&calion method (Welschmeyer,
1994).

Once removed from -80°C storage, samples for hikengigment analysis by
HPLC were freeze dried overnight. To each sampial 20% acetone and 50 pul of
synthetic carontenoifl-apo-8’-carotenal (Sigma, cat. no. 10810) (an ir@kstandard)
were added. Samples were then agitated for 30 deamith a sonifier and stored at -
20°C for 24 hours during extraction. A centrifugaswsed to spin down the samples and
the supernatant (sample extract) was filtered gjina0.45-um PTFE filter (Gelman
Acrodisc). The filtered extract (450 pl) and an-fairing solution (1.00 M ammonium
acetate) (113 ul) were dispensed into amber glassampler vials which were

immediately loaded into the refrigerated (4°C) aatopler for analysis.
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Samples (250 pL) were injected into a Shimadzu HBg@pped with a
monomeric and polymeric reverse-phasgIlumn in series. A nonlinear binary
gradient consisting of the sovlents 80% methan&:2050 M ammonium acetate and
80% methanol:20% acetone was used for pigment sgmas. Absorption spectra and
chromatograms (440 + 4 nm) were acquired usingthimadzu software and pigment
peaks were identified based on retention timesadsorption spectra (Pinckney et al.

1996).

Crab food choice: Satistical analysis

Because Replicates 1 and 2 were conducted at the thae and exposed to
slightly different environmental conditions thandleates 3 and 4, there may have been
inherent differences with respect to food quarditguality (BMA biomass or
community composition, respectively) linked to di®otic factors incubations were
subjected to. Additionally, since Replicates 1 artdok place several weeks before
Replicates 3 and 4, crabs were collected at sjightferent points in the summer as well.
Due to the potential for effects related to theetiat which replicates were conducted, the
replicates were identified as belonging to two g®(Replicates 1 and 2 were considered
Group 1 and Replicates 3 and 4 were Group 2).

The total number of crab observations and totallmemof feeding pellets
associated with the sediments of each treatmerd eadculated for each of the three
arenas per replicate. An average of those valuesaich replicate was determined for

each treatment and used for the statistical arsa($g@e Equation 2.1 and 2.2).
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Wyy,1+ Wyy,2= Wyy Total (Equation 2.1)
Where W = value (# of observations or # of feedgetiets) for a dish, x = replicate
number, y = arena number, the third subscript sspris the Dish # for that specific
treatment and W tota= total value (# of observations or # of feedintigis) for a

treatment of Replicate x in Arena y.

(Wotat Wy 2, Total + Wx 3 Tota) / 3 = W Avg (Equation 2.2)

Where W = value (# of observations or # of feedgetiets) for an arena that was derived
from Equation 2.1, x = replicate number, the secautascript denotes arena number,
W, avg = Value used in statistical analysis for Replicat&€hese equations were used to

derive the values to be statistically analyzedetach treatment in every replicate.

Each data set (number of observations and numieeding pellets) was
analyzed with a two-factor ANOVA using treatmentldreplicate group” as the main
factors. “Replicate group” was used as a blockoiaict the ANOVAs to control for any
inherent differences due to replicate timing.

Analyses were performed to delineate possible emibes of food quantity (BMA
biomass) and food quality (BMA community composijion fiddler crab feeding
(measured as number of feeding pellets produced)ulifactor analysis of variance
(MANOVA) followed by individual univariate analysegere performed using
representatives of BMA biomass (@&)land community composition (fucoxanthin to

zeaxanthin ratio or Fuco:Zea Ratio) as the respeasables and treatment as the main
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factor. These measurements were obtained fromettienent samples collected on Day
10 of the incubation, which were subsequently dsethe food choice experiment. An
analysis of covariance (ANCOVA) was also performsthg treatment as the main
factor, chla and Fuco:Zea Ratio as covariates and number oinfggetllets as the
response variable.

Due to the inherent spatial variability of BMA irdiments (Macintyre et al.,
1996), an average from the five samples taken withich treatment on each sampling
day was used as the representative valuea(cbhcentration or Fuco:Zea Ratio) for that
treatment and day combination in the appropriaessical analysis.

IBM SPSS Statistics software (Version 21) was ueedll analyses in this
experiment. Tests were performed to verify thatdag met assumptions of normality
(K-S test) and homogeneity (Levene’s test). TherRigaot-Gabriel-Welsch F (R-E-G-
W-F) post-hoc test was used for multiple compassoinmeans when significant

treatment effects were observed.

Crab feeding rate: Sediment collection & set-up

Prior to sediment collection, a divider made @lastic mestand enforced with
strips of clear Lexan along the perimeter was teskinto each of the plastic mesocosm
tanks (interior dimensions of 43 x 35 x 19 cm) ipasition that would result in equal
exposed surface sediment area on each side. Sedineks were collected from the
tidal flat in North Inlet (Figure 2.1; Figure 2.8milar to the manner previously
described, with sediments being deposited intdghks on each side of the divider to

firmly hold the mesh in place. All bricks were @ated the same distance from the bank
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and within a 7 m span of the sandflat to reducéalpaariability in sediment grain size
and organic content/composition.

Tanks were transported back to the experimentdlysiite and connected to the
pump/carboy closed-loop system used to simulate-demnal tides (see Figure 2.3).
The pumps were set to turn off at 9 am and onph 3This ensured that the water would
be drained out of the tanks during the time ofdag when they would be exposed to
direct sunlight, preventing heating of the wateydyel tolerable limits of the crabs. A
partial “ceiling” made of clear Lexan was attacloedtop of the tanks adjacent to the
divider on the side the crabs would be containdd pprevent their escape. This
collection and set-up day was designated Day Ot feplicates of this experiment were
set up and ran simultaneously in mid-July, 2012.

Sediments of mesocosms were dosed with the treédriisted in Table 2.1 the
day following collection using the procedure preasly described for the food choice

experiment (dosed sediments were applied to biicksesocosms Day 1 — Day 3).

Crab feeding rate: Sampling

Sediment samples were collected in order to comjp@reoncentration of clal
(proxy for BMA biomass) in an area where crabs Ibeen allowed to feed to an area
they had been excluded from to determine relateelihg rates in each treatment.

Core tubes with a 1.0 éninterior area were used to take sediment sampteshf
a concentration analysis using fluorometry. Five ssmpvere taken on each side of the
divider on Day 4 during the simulated low tide aedtioned at 2 mm below surface level

(as this is where the majority of photosyntheticalttive BMA reside (Maclintyre et al.,
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1996)).Sectioned samples were stored in 20 ml scintilati@ls until processing, which
took place within several hours of sectioning. Akampling, four large male fiddler
crabs (~ 22 mm carapace width) that had been captioen the sediment collection site
and starved for 48 hours, were introduced intoside of each mesocosm tank (see
Figure 2.6 for set-up). The following day, additdsamples for fluorometry were
collected on each side of the divider (5 per swi#f)in each tank. Sample analysis by

fluorometry took place using the procedure preMipdsscribed.

Crab feeding rate : Statistical analysis
In order to determine the relative feeding ratéhefcrabs in each treatment, an
average of the cld concentration from the five samples collected ealsulated for each
side of a tank for the initial and final (after Bdurs of feeding) samples. To correct for
any starting differences in chlconcentration between the two sides of any tdre, t
initial difference between the crab exclusion arabexposed sides was subtracted from
the final difference between the two sides. This ten divided by the number of
feeding crabs (4) to find a relative feeding rate grab per day (See Equation 2.2).
(Xe=Y2) = (e —W))4 =2 (Equation 2.2)
Where x = initial chla concentration on crab exclusion sideryinitial chla
concentration on crab exposed sidses final chla concentration on crab exclusion side,

y» = final chla concentration on crab exposed side, z = relatiab feeding rate.
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Figure 2.6 Crab feeding rate experiment photo. Mesm tanks containing fie
collected sediments were ggi and dosed with treatments. Four male fiddldos were
introduced into one half of each mesocosm and aitbiw feed for 24 hour
Measurements of sediment chloropta concentration on each half of the tanks (¢

exposed and crab excludedgre compared to determine the degree of feedirthé
crabs.
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A single-factor ANOVA using treatment as the maantdr and feeding rate as the
response variable was utilized to compare theivel&eding rates between the five
treatmentsIBM SPSS Statistics software (Version 21) was Usedll analyses in this
experiment. Tests were performed to verify thatdag met assumptions of normality
(K-S test) and homogeneity (Levene’s test). The-B-B/-F post-hoc test was used for

multiple comparisons of means.

2.3 RESULTS

Crab Food Choice

The trends shown by the average number of cralredigens for each treatment
suggest crabs spent less time in contaminant tresa@ments, but statistical analysis
revealed there was no significant difference betwesatments (ANOVA, p = 0.062).
Additionally, no significant difference between tReplicate Groups was observed for
this data set (ANOVA, p = 0.697) (Figure 2.7).

Analysis of the feeding pellet data revealed aiSant treatment effect (p =
0.008), as well as a significant difference betwReplicate Groups (Replicates 1 and 2
produced significantly less feeding pellets thapliRates 3 and 4) (p < 0.001).
According to the post-hoc test, there were threadgeneous groups: Mix, Cu and PAHs
(p = 0.069); Cu, PAHs and Water (p = 0.152); PAWster and Acetone (p = 0.616).
Significantly less feeding pellets were produceditabs in the Mix dishes than in the in
the Water and Acetone control dishes (Figure Z.Bgre was also significantly less

pellets produced in the Cu treatment than in thetéwe control, but no significant
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Water Acetone PAHSs Cu Mix
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Figure 2.7 Number of times a crab was observed occupying deséditnents.
Observations were made ten times during the 24 tomar choice experiment, during
which any dishes one the four crabs occupied wetedn Water and Acetone treatments
were used as controls for contaminant (PAHs, CuNixgl treatments. The Mix
treatment was dosed with both PAHs and Cu. Valepesent means + 1 SD (n = 4).
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Figure 2.8 Number of feeding pellets produced by crabs wittoeed sediments.
Replicates 1 and 2 were run concurrently and Rajglec3 and 4 were run concurrently.
Due to variability in the environmental conditiarplicates were exposed to and the
differences in collection dates of the crabs, #@icates were divided into two groups
(Group 1 = Replicate 1 and Replicate 2; Group ZplRate 3 and Replicate 4) for the
analysis and replicate group was used as a blat&rfaVater and Acetone treatments
were used as controls for contaminant (PAHs, CuNixgl treatments. The Mix
treatment was dosed with both PAHs and Cu. Letteove bars for a treatment indicate
homogeneous groups. Values represent means + h SR2)(
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difference was observed between Cu and its cowater (Figure 2.8). Due to the high
degree of burrowing observed in various Water aoeténe control dishes, some of the
feeding pellets produced may have been destroybdraed throughout the 24 hour
feeding period. Therefore, the number of feedinteteein those dishes should be
considered conservative and the actual significahtlee treatment effect may be greater
than the analysis indicates.

The MANOVA using chla and Fuco:Zea Ratio as response variables indicated
that there was a significant treatment effect ifiat tombination of variables (Roy’s
Largest Root, p = 0.001). Subsequent univariaté/se@s revealed no significant
difference between treatments with respect taaadncentrations at the beginning of the
food choice experiment (ANOVA, p = 0.423), but tiare was a significant difference
in Fuco:Zea Ratios between treatments (ANOVA, pG9B). Post-hoc analysis (R-E-G-
W-F test) identified three homogeneous groups vasipect to Fuco:Zea Ratio: Water,
PAHs and Acetone (p = 0.729); PAHs, Acetone and (dix 0.099); Mix and Cu (p =
0.745). The Fuoc:Zea Ratio was significantly higinethe Cu treatment than in the
Water control, PAHs treatment and Acetone contrbile the ratio in the Mix treatment
was significantly higher than that of the Water ttoh However, neither ctd
concentration, nor Fuco:Zea Ratio had any sigmtiedfect on the number of feeding

pellets produced by crabs (ANCOVA, p = 0.803 amd(671, respectively).

Crab Feeding Rate

Fiddler crabs expressed lower feeding rates inacoimated mesocosms than in

the controls. A significant treatment effect waseitved (p = 0.001) and three
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homogeneous groups were identified through theyaisalMix, Cu and PAHs (p =

0.590); Cu, PAHs and Acetone (p = 0.115); Acetamk\Water (p = 0.164). The feeding
rate of crabs in the Mix tanks was significantlwkr than the feeding rate of crabs in the
Acetone and Water control tanks. Crabs also exddlstgnificantly lower feeding rates

in both the Cu and the PAHSs treatments when condgaréthe Water control. There was
no significant difference between the PAHSs treatnaeal its Acetone control (Figure
2.9). Average feeding rates of crabs in the comated treatments were only 12 — 32%

of those in the Water control.

2.4 DISCUSSION

Crab Food Choice

The results from the crab food choice experimeat&d significant crab
avoidance of PAH + copper (Mix treatment) contartedasediments and what seemed to
be a varied degree of avoidance of copper contaedrsediments, which could have
important ecological implications and partially popted the hypothesis. Though crabs
did not avoid spending time in contaminated sedisi@figure 2.7), based on the feeding
pellet data they did avoid feeding in the Mix traant dishes (Figure 2.8). While there
appeared to be a significantly less feeding inGhdareatment dishes for Replicate Group
1 (Replicates 1 and 2) compared to controls as wed was not true for Replicate Group
2 (Replicates 3 and 4) resulting in no significdiffierence overall between that treatment
and its control (Water). It could be interpretedttbrabs do avoid feeding in copper
contaminated sediments, but that the degree ofékgonse can vary. In the sediment

incubation period, the tanks of Replicates 3 améere exposed during a sudden rain
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Figure 2.9 Crab feeding rate within dosed sediments. Feeditgwas determined by
comparing chh concentrations in sediment samples from an areaendrabs had been
allowed to feed for 24 hours to samples from a evatdusion area. Water and Acetone
treatments were used as controls for contaminakt§PCu and Mix) treatments. The
Mix treatment was dosed with both PAHs and Cu. ¥altepresent means + 1 SD (n =
4).
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event, after which it was observed that some oftlréace sediments (those to which the
contaminants had been applied) were washed toréie of the tank. This loss of
contaminated sediment could explain the reduceqmbrese of the crabs in Replicate
Group 2 relative to that of Replicate Group 1 wkediments from those tanks were later
used in the food choice experiment. Taken togetherresults from this experiment
seem to suggest avoidance of feeding by fiddldvscha sediments contaminated with a
copper component.

The avoidance of copper contaminated sedimentdikedg due to the presence
of the heavy metal in the sediments interactindpwhe chemosensory of the crabs, rather
than a response to changes in the food source (BMiced by copper exposure.
Fiddler crab feeding is induced when chemical @associated with organic matter are
detected by the crab’s sensory receptors and duinfg behavior has been shown to be
highly dependent on food density (Robertson etl@B0). As there was no significant
difference between treatments with respect to tth@ concentration in the sediments
used for the food choice experiment (ANOVA, p =AB% chla concentration had no
significant effect on the number of feeding pelletsduced (ANCOVA, p = 0.803). This,
therefore, implies that the reduced feeding (shbwthe number of feeding pellets) in
the Mix dishes (and to some degree the Cu dishas)net in response to the quantity of
food available in those dishes. There was, howevsignificantly higher Fuco:Zea
Ratio, and therefore a different BMA community caaion (with a lower relative
abundance of cyanobacteria), in the Cu and Mixrmeats compared to the contrdls.
could be argued that the avoidance towards thesgntients was related to food quality.

Though cyanobacteria have been shown to induceaagrfeeding response in fiddler
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crabs than diatoms (Robertson et al., 1981),unliely that the shift towards greater
diatom relative abundance in the Cu and Mix treatsievould reduce feeding as
dramatically as observed in this experiment asdhatare usually already the dominant
BMA group in Atlantic salt marsh sediments (Suliivand Currin, 2002). This
conclusion is further supported by the ANCOVA restihat revealed BMA community
composition (Fuco:Zea Ratio) had no significaneetifon the number of feeding pellets
produced by crabs (ANCOVA, p = 0.671). By ruling the effects of food quantity and
quality as the drivers for crab avoidance of the K4ind to some extent the Cu) dishes,
the results suggest the avoidance was inducedeyyrédsence of the chemical
contaminant(s).

A great deal of crustacean behavior is dependenhemical cues received from
the surrounding environment, thus, the presenob@iical contaminants in salt marsh
habitats has the potential to alter normal fiddletb behavior. Various crustacean groups
are able to detect and show avoidance of heavylsnetaluding copper (McLeese,
1975; Maciorowski et al., 1980; Lopes et al., 208duront, 2010), suggesting the
response (avoidance) of the fiddler crabs to coppated sediments (Mix and Cu
treatments) in the present study was possibly d@echemosensory detection of the
contaminant. Additionally, since initial feedingimluced when the sensory receptors of
the crab are adequately stimulated, but contineedihg is regulated by stimulation of
the mouth parts (Robertson et al., 1981) if thenuhal contaminant caused some
unpleasant sensory stimulation or “taste”, the enatidance may have been related to
that as well. Alternatively, feeding avoidance opper contaminated sediments may

have been due to chemosensory disruption ratherdétection of the heavy metal. As
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fiddler crabs are dependent on the proper functmof their chemosensory system to
detect food sources, and thereby elicit feedingabien, interference with crab
chemosensory by contaminants could dramaticallyachprab feeding. Copper disrupts
chemosensory in a variety of taxa spanning numeropsic levels. Pyle and Mirza
(2007) demonstrated that leeches have difficuitgliig food and that daphnia and fish
seem unable to detect predators, both of whicltlz@enosensory mediated survival
mechanisms, after exposure to sublethal levelgpper. Similarly, feeding behavior is
reduced by copper exposure in lobsters, crayfishppawn (McLeese, 1975; Steele et al.,
1992; Santos et al., 2000), indicating a diminisabtity to sense naturally stimulating
chemical cues in these crustaceans. The mechaarstogper interference with proper
chemosensory functioning is unknown, but some teedrave been postulated. Heavy
metals may bind to receptors, preventing bindingattiral stimuli or the metals may
inhibit transmission of the signal to central narssystem (Pyle and Mirza, 2007). In
their study examining the effect of copper on salmbemosensory, Mcintyre and
colleagues (2008) provide evidence that the fornechanism is responsible for
chemosensory interference of copper, but muchlisisknown. Whatever the
mechanism, copper seems to have strong effectee@masensory mediated behavior in a
variety of organisms, including fiddler crabs basadhe data collected during the
present study.

The results from this food choice experiment hawglications for fiddler crab
responses to contamination of their natural habita¢ avoidance of feeding in copper
and PAH + copper contaminated sediments (Cu andidatments) suggests that given

the opportunity, crabs will migrate out of areaattare contaminated with these

72



chemicals at or above the levels used in this studgarch of more suitable habitats.
These concentrations have already been measuugldan areas (Sanger et al. 1999a,b),
and as coastal populations continue to increaseydry likely these levels (and some
higher) will become more common.

As fiddler crabs are an extremely important patihefsalt marsh ecosystem, the
emigration of these decapods could have detrimefitdts. Fiddler crabs aerate
sediments with their burrowing, which stimulates growth of marsh grasses (Bertness,
1985) and they also serve as prey to many diffdreimt bird and even crustacean species
(Grimes et al., 1989). These crabs help maintalimsnt community dynamics as well,
reducing the biomass of BMA and meiofauna by asmasc20% and 60%, respectively,
in one tide cycle (Reinsel, 2004) and thereby inmmpsome top-down control over the
populations of those two benthic groups. The relonaof fiddler crabs from tidal creeks
in response to increased levels of contaminationldydherefore, likely upset many
biological balances and impact ecosystem functgnin

Alternatively, the continued living of crabs in caminated areas would increase
their exposure to the contaminants. Because thasenw avoidance shown towards the
PAH treatment sediments, it can be inferred thaictlabs did not detect the contaminants
or that chemosensory was not disrupted at the coraten used in this study. Therefore,
the results suggest that fiddler crabs would nageate out of areas with that level of
PAHSs in the sediments. Crabs did not seem to dwaitbwing in PAH-only
contaminated sediments (based on bioturbation easens) and therefore would
probably also continue normal burrowing activitytie field, increasing the likelihood of

accumulating the contaminants in their tissuesutjnadirect contact with contaminated
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sediments. Furthermore, no reduced feeding (meadsyréhe number of feeding pellets)
was observed in the PAH treatment compared todheas. Since during fiddler crab
feeding sediment particles (to which PAHs quiclkdig@rb (Nikolaou et al., 2009;
Tobiszewski and Namdaik, 2012)) are placed directly into the buccalitaand the
smallest are also ingested along with the foodgast (Sayao-Aguiar et al., 2012), the
crabs are directly exposed to the contaminantsanway as well. These modes of direct
exposure resulting from the intimate associatiddl&ér crabs have with the sediments
increases the likelihood of contaminants impactivegse crustaceans.

PAHs are known to bioaccumulate in the tissueswareety of organisms,
including fiddler crabs (Baumard et al., 1998; Granrgy and Selck, 2007; Chase et al.,
2013), which can affect the health of the individaswell as its predators. The
hepatopancreas, or digestive gland, of crabs is\atuable organ that stores lipids and is
involved in detoxification (Sousa and PetriellaDZPand so is extremely susceptible to
harm by contaminants. PAHs can damage the hepatgzenat a cellular level as well as
reduce the activity of respiratory enzymes and aedoxidative stress (Vijayavel et al.,
2004, Vijayavel and Balasubramanian, 2006; SoudaPatriella, 2007), compromising
the energy storage ability and overall health efitidividual. The accumulation of PAHs
in fiddler crabs has the potential to affect thosganisms that prey upon them as well.
Trophic transfer of PAHs between aquatic invertedsdas been demonstrated
(Filipowicz et al., 2007; Carrasco Navarro et 2013) and as PAH metabolites are
sometimes more toxic than the parent compound (et al., 20025epk et al., 2003;

Lee and Landrum, 2006) effects on higher trophrele may be significant as well.
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While the results from this study seem to showignicant PAH effect on fiddler food
choice or burrowing, there are still potentiallypantant ecological implications.

The results from this experiment indicate that leddrabs do show avoidance of
sediments contaminated with environmentally relél@arels of a combination of PAHs
and copper. Fiddler crabs may also avoid copper-comhtaminated sediments to some
degree but this response seems to vary. The reguttss experiment suggest, fiddler
crabs may emigrate from areas with PAH and copmpeis at or above those used here,
which could have detrimental effects on ecosystemetioning. The lack of avoidance of
PAH-only contaminated sediments implies fiddletbsravould continue to occupy PAH
contaminated sediments in the field, potentiallypidishing the health of individuals as
well as impacting the health of predators througdtlér crab accumulation and

subsequent trophic transfer of PAHSs.

Crab Feeding Rate

During the feeding rate experiment, fiddler crahsvged a reduced rate in all
three contaminant treatments (PAHs, Cu and Mix)maned to the Water control,
supporting part of the hypothesis. Though the iratee Mix treatment was not
significantly lower than the rates in the PAHs ar t@eatments, the average feeding rate
in the Mix treatment was roughly half of that s@éethe singular contaminant treatments,
possibly the result of a non-additive combined aff&his was contrary to the
hypothesized interaction between multiple pollutaas it was expected that there would
be a synergistic effect. A possible explanationtligs non-additive combined effect is

that the bioavailability of one (or both) contanmi@) may have been slightly decreased
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due to the presence of the other contaminant (Nemdl Sanders, 1986; Meador, 1991;
Breault et al., 1996; Wright and Mason, 2000; Rienet al., 2004), thereby resulting in a
less than additive response. In any case, the impathese contaminants on fiddler crab
feeding rate were dramatic (with 68 — 88% redudtiobserved in contaminant
treatments compared to controls) and have physidbgs well as ecological
implications.

The results suggest the fiddler crabs were eithlerta detect the contaminants or
that the contaminants interfered with the crabgnsbsensory system, preventing the
detection of food particles (as previously discddee the Crab Food Choice
experiment). It seems that the reduction in feedatg upon exposure to the
contaminants was most likely due to a disruptionainal chemosensory functioning.
The crabs of this experiment had been starved8drotirs to ensure they would be
hungry and in search of food upon introduction itm® dosed mesocosm tanks. Because
no alternative food choice was provided in thiseskpent (i.e. crabs had no opportunity
to forage on uncontaminated sediments if they \assggned to “contaminated”
mesocosms) a mere detection of a foreign chemrchigbly would not be enough to
deter feeding to the degree observed in this exysari after a 48 hour starvation period.
Many other studies have demonstrated an impairofestiemosensory functioning in
both vertebrates and invertebrates when expostx 8BAHs or copper (Hara et al.,
1976; Baldwin et al., 2003; Bng, 2007; Pyle and Mirza, 2007; Mclintyre et al.020
Seuront, 2010) providing support for chemosens@rugdtion being the mechanism

responsible for the reduction in fiddler crab feggiate in the present study.
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A reduction in crab feeding rate in contaminatediments compared to non-
contaminated sediments could have severe effediseondividual, and also potentially
the population as a whole. Because fiddler crabifegis already time limited in the field
(foraging time is limited by the amount of time $ediments are exposed during low
tide) (Reinsel and Rittschof, 1995) a lowered fagdiate would result in reduced food
intake. This, in turn, limits resources availalde growth and reproduction. Crab
fecundity is strongly linked to food availabilitigKillup and McKillup, 1994,
Sampedro et al., 1997; Delevati Colpo and Negrdtrasisozo, 2003) and a lack of
adequate food intake can prevent female crabs @eoming ovigerous (Micheli, 1993;
McKillup and McKillup, 1994). Declines in fecundijtynay in time result in a dramatic
reduction in the population size. The feeding ratedl of the contaminant treated
sediments were greatly reduced in the present switly average rates in the PAHs, Cu
and Mix treatments being only 12 — 32% of the Watertrol, which is likely enough of
a reduction to affect the health and fecundityrofradividual. As female fiddler crabs
exhibit greater chemosensory sensitivity than m@hsissburg and Derby, 1995;
Weissburg et al., 1996), their feeding responsmtdaminated sediments may be even
more dramatic than that demonstrated by the maled i this study.

Fiddler crab feeding has a significant effect othlbiotic and abiotic aspect of
salt marsh environments. These crabs graze dowartzdlcBMA and meiofauna
populations, potentially stimulating new growthdgglucing densities (Montague, 1980;
Hoffman et al., 1984; Reinsel, 2004) and in thecpss oxygenate the substratum and
alter grain size composition of the sediments (khaif et al., 1984; Sayao-Aguiar et al.,

2012). A reduction in individual crab feeding rateuld affect this trophic interaction
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and relieve some of the top-down control exertefidiier crab feeding, potentially
disturbing balances within the sediment commumitditionally, if the population size
were to decrease as a result of reduced reproduasiproposed above, the bioturbation
by crab burrowing and the sediment processing aly tgeding, two very important
processes in salt marshes (Montague, 1980; Berth@85), would be reduced as well,
possibly to a great degree depending on the iriteokthe effect on the population. If
the contaminant effects on crab feeding rate emjuihe severity of the effects observed
in this study suggest the potential for disturbanogrophic balances and important
ecosystem processes.

This experiment has demonstrated that environrtigméevant concentrations of
PAHs and copper in sediments negatively impactabding rate of fiddler crabs, an
outcome that would likely have detrimental effaotshe field. It is postulated that this
reduction in feeding rate of the crabs was the pebdf a chemosensory detection of, or
disruption by, the chemical contaminants as has bbserved in other studies. The
implications of this study span several levelsiofdgical organization, as individual
crab health, population size and ecosystem funicigpcould all be affected by

consequences associated with a reduction of ficaédy feeding rate.
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CONCLUSION

The impacts of multiple contaminants on more thia@ trophic or biological level
are difficult to predict due to the numerous unknoxariables and the many ways
contaminants can interact with one another. Byzitid mesocosms with field collected
sediments containing natural microorganism comnesand simulating natural
environmental conditions, this study revealed intggnto the possible effects of PAHs
and copper on salt marsh communities at conceotiathat have already been observed
in urban areas along the coast of South Caroliha.résponse of benthic microalgae to
the contaminants suggest the toxic effects of ithgutar contaminants and a combination
of the two are not severe enough at the levelsddstcause any significant reduction in
BMA biomass, but meiofauna grazers may be sigmtigaaffected by copper
contamination. BMA community composition showeddigant responses to copper
contaminated sediments as well (as the Cu and tdatrhents), possibly indicating
cyanobacteria sensitivity to the heavy metal.

The fiddler crabs that graze upon BMA also showgdificant responses to
copper and PAHs + copper (Mix treatment) contaneiti@ediments by reducing their
feeding (both when there was an alternative foagtcand when there was not). Fiddler
crabs also showed less feeding in PAH contamirsgddnents, but this response may be
dependent on the potency of the contaminant andh&héhe sediments are exposed only

once (so the PAHs eventually degrade) or are caoallynexposed (therefore maintaining,
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or increasing the concentration). This conclusghased on the lack of response in the
food choice experiment (when crab introduction tptdce several days after sediment
dosing) and the significant response in the feedatg experiment (when crab
introduction occurred one day after dosing). Thememed to be a non-additive combined
effect on crab feeding rate when exposed to a caatibn of the two contaminants
compared to when they were exposed to only ongjesitimg an interaction between
contaminants or their mode of action on crab respon

The implications of this study range from the indual to the ecosystem level. If
meiofauna are impacted by copper contaminationggested by the results in the BMA
response experiment, biogeochemical processesedimdent community dynamics may
be affected. Individual fiddler crab health wikdily be impacted by PAHs accumulation
within their tissues if PAH contaminated sedimearts not avoided and later trophic
transfer of metabolites could affect the healtlerab predators. Migration of crabs out of
areas contaminated with copper would dramaticaithuce the degree of bioturbation and
sediment processing, potentially negatively infleiag ecosystem functioning. Fiddler
crab individual health would also probably suffgrabreduction in food intake in
response to sediment contamination, which coulistede into a decline in population
size if reproduction is impacted. This, in turnultbpossibly affecting the salt marsh
ecosystem as a whole if burrowing and fiddler desdaling are sufficiently reduced.

It should be acknowledged that the contaminant eotnations presently in the
environment may differ from those levels reportgdSlanger et al. and used in this study,
as that source is over a decade old. Current lgwelzably now exceed the Sanger et al.

(1999 a,b) values due to increased anthropogetiigtass, thus those concentrations are
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likely conservative estimates for present levelsstuarine habitats of South Carolina.
Therefore, the results of this study may represéatts at what are now considered
relatively low contaminant concentrations in urlaaeas.

There are many potential impacts of PAHs and coppesalt marsh systems
suggested here, however, more experimentationiakidstudies will be needed to clarify

some of what is still unknown.

81



REFERENCES

Alsterberg C, Sunbéack K, Larson F. 2007. Direct emlirect effects of an antifouling
biocide on benthic microalgae and meiofauna. J¥MapBiol Ecol 351: 56-72.

Araujo CVM, Diz FR, Lubén LM, Blasco J, Moreno-Garrido |. 2010. Sensitivify
Cylindrotheca closteriumto copper: Influence of three test endpoints anul tegt
methods. Sci Total Environ 408: 3696-3703.

Atema J, Stein LS. 1974. Effects of crude oil om fieeding behavior of the lobster
Homarus Americanus. Environ Pollut (1970) 6(2): 77-86.

Babu TS, Marder JB, Tripuranthakam S, Dixon DG,dgateerg BM. 2001. Synergistic
effects of a photooxidized polycyclic aromatic hyclirbon and copper on
photosynthesis and plant growth: Evidence thaiun formation of reaction
oxygen species is a mechanism of copper toxicityifan Toxicol Chem 20(6):
1351-1358.

Babu TS, Tripuranthakam S, Greenberg BM. 2005. iBadcal responses of the aquatic
higher plant_.emna gibba to a mixture of copper and 1, 2-
dihydroxyanthraquinone: Synergistic toxicity viacéive oxygen species.
Environ Toxicol Chem 24(12): 3030-3036.

Baldwin DH, Sandahl JF, Labenia JS, Scholz NL.®&ublethal effects of copper on
coho salmon: Impacts on nonoverlapping receptdivpays in the peripheral
olfactory nervous system. Environ Toxicol Chem 28(2266-2274.

Baumard P, Budzinski H, Garrigues P, Sorbe JC, &utrg, Bellocq J. 1998.
Concentrations of PAHs (polycyclic aromatic hydnt@ans) in various marine
organisms in relation to those in sediments artcogghic level. Mar Pollut Bull
36 (12): 951-960.

Bertness MD. 1985. Fiddler crab regulatiorSpértina alterniflora production on a New
England salt marsh. Ecolo@$(3): 1042-1055.

Breault RF, Colman JA. 1996. Copper speciationt@nding by organic matter in
copper-contaminated streamwater. Environ Sci TecBOd 2): 3477-3486.

Carman KR, Fleeger JW, Means JC, Pomarico SM, MoMilJ. 1995. Experimental

investigation of the effects of polynuclear arordtydrocarbons on an estuarine
sediment food web. Mar Environ Res 40(3): 289-318.

82



Carman KR, Fleeger JW, Pomarico SM. 1997. Respoihadenthic food web to
hydrocarbon contamination. Limnol Oceanogr 42(8t-571.

Carrasco Navarro V, Legpen MT, Kukkonen JVK, Godoy Olmos S. 2013. Trophic
transfer of pyrene metabolites between aquaticriakeates. Environ Pollut 173:
61-67.

Chase DA, Edwards DS, Qin G, Wages MR, Willming MMhderson TA, Maul JD.
2013. Bioaccumulation of petroleum hydrocarbonddler crabs (Jca minax)
exposed to weathered MC-252 crude oil alone amdixture with an oil
dispersant. Sci Total Environ 444; 121-127.

Cid A, Herrero C, Torres E, Abalde J. 1995. Cogpeicity on the marine microalgae
Phaeodactylum tricornutum: Effects on photosynthesis and related parameters.
Aquat Toxicol 31: 165-174.

Consalvey M, Paterson DM, Underwood GJC. 2004.dgseand downs of life in a
benthic biofilm: Migration of benthic diatoms. Doath Res 19(2): 181-202.

Coull BC. 1985. Long-term variability of estuarimeiobenthos: an 11 year study. Mar
Ecol Prog Ser 24: 205-218.

Coull BC. 1999. Role of meiofauna in estuarine-fofitom habitats. Aust J Ecol 24:
327-343.

Courrat A, Lobry J, Nicolas D, Laffargue P, AmaralRpage M, Girardin M, LePape O.
2009. Anthropogenic disturbance on nursery functibestuarine areas for
marine species. Estuar Coast Shelf Sci 81(2): Brp-1

Crane J. 1975. Fiddler crabs of the world OcypostidenudJca. Princeton: Princeton
University Press. 736 p.

Crosset KM, Culliton TJ, Wiley PC, Goodspeed TRO2Z20Population trends along the
coastal United States: 1980-2008. Technical Repoepared by NOAA,
National Ocean Service, Management and Budget ©ffidpp.

Currin CA, Levin L A, Talley TS, Michener R, Tall&y. 2011. The role of cyanobacteria
in Southern California salt marsh food webs. ManIEB32: 346-363.

Dalto AG, Gémare A, Dinet A, Fichet D. 2006. Muddy-bottom meiaha responses to
metal concentrations and organic enrichment in Kaedonia South-West
Lagoon. Estuar Coast Shelf Sci. 67: 629-644.

de Brouwer JFC, Wolfstein K, Ruddy GK, Jones TER)] 5J. 2005. Biogenic

stabilization of intertidal sediments: The impoxtarof extracellular polymeric
substances produced by benthic diatoms. Microb &8@l): 501-512.

83



De Lange HJ, Sperber V, Peeters ETHM. 2006. Avaidai polycyclic aromatic
hydrocarbon-contaminated sediments by the freshwatertebrate$sammarus
pulex andAsellus aquaticus. Environ Toxicol Chem 25(2): 452-457.

Delevati Colpo K, Negreiros-Fransozo ML. 2003. Rejuctive output otJca vocator
(Herbst, 1804) (Brachyura, Ocypodidae) from thnggr®pical mangroves in
Brazil. Crustaceana 76(1): 1-11.

Dobbins RA, Fletcher RA, Benner BA Jr, Hoeft S. @0Bolycyclic aromatic
hydrocarbons in flames, in diesel fuel and in diesaissions. Combust Flame
144(4): 773-781.

Filipowicz AB, Weinstein JE, Sanger DM.2007. Digt&nansfer of fluoranthene from an
estuarine oligochaet®lnopyl ephorus rubroniveus) to grass shrimp
(Palaemontes pugio): Influence of piperonyl butoxide. Mar Environ R&3(2):
132-145.

Findlay SEG. 1981. Small-scale spatial distributtdmeiofauna on a mud- and sandflat.
Estuar Coast Shelf Sci 12: 471-484.

Garner TR, Weinstein JE, Sanger DM. 2009. Polycymlomatic hydrocarbon
contamination in South Carolina salt marsh-tidak&rsystems: Relationships
among sediments, biota, and watershed land usa.Brgiron Contam Toxicol
57: 103-115.

Gauthier SJ. 2012. Biodiesel and crude oil effeat$oraging capacity of crayfish,
Orconectus rusticus [master’s thesis]. [Bowling Green, OH]: Bowling&an
State University.

Gonzlez J, Figueiras EG, Aranguren-Gassis M, Crespof&gandez E, Moéin XAG,
Nieto-Cid M. 2009. Effect of a simulated oil spith natural assemblages of
marine phytoplankton enclosed in microcosms. ESQaast Shelf Sci 83: 265-
276.

Granberg ME, Selck H. 2007. Effects of sedimentarg matter quality on
bioaccumulation, degradation, and distribution yriepe in two macrofaunal
species and their surrounding sediment. Mar Envites 64(3):313-335.

Grimes BH, Huish MT, Kerby JH, Moran D. 1989. Smscprofiles: Life histories and
environmental requirements of coastal fishes amdrtebrates (mid-Atlantic):
Atlantic marsh fiddler. U. S. Fish and Wildl SerioBRep 82(11.114). U.S. Army
Corps of Engineers, TR EL-82-4. 18 p.

Gyedu-Ababio TK, Baird D. 2006. Response of meinféaand nematode communities to

increased levels of contaminants in a laboratoryrosiosm experiment.
Ecotoxicol Environ Saf 63: 443-450.

84



Hadjoudja S, Vignoles C, Deluchat V, Lenain J, eank A, Baudu M. 2009. Short term
copper toxicity orMicrocystis aeruginosa andChlorella vulgaris using flow
cytometry. Aquat Toxicol 94: 255-264.

Hara TJ, Law YMC, MacDonald S. 1976. Effects of cuey and copper on the olfactory
response in rainbow troualmo gairdneri. J Fish Res Board Can 33: 1568-1573.

Hawkins SA, Billiard SM, Tabash SP, Brown RS, Had&d/. 2002. Altering
cytochrome P4501A activity affects polycyclic ardrmdydrocarbon metabolism
and toxicity in rainbow trout@ncorhynchus mykiss). Environ Toxicol Chem
21(9): 1845-1853.

Helland A, Bakke T. 2002. Transport and sedimenatif Cu in a microbial estuary, SE
Norway. Mar Pollut Bull 44: 149-155.

Hellou J, Cheeseman K, Jouvenelle M, Robertsor®@.2Behavioral response of
orophium voluntator relative to experimental conditions, physical ahdnical
distrubances. Environ Toxicol Chem 24(12): 3061806

Hoffman JA, Katz J, Bertness MD. 1984. Fiddler cdaposit-feeding and meiofaunal
abundance in salt marsh habitats. J Exp Mar Biol B2: 161-174.

Holland AF, Sanger DM, Gawle CP, Lerberg SB, Sauti®S, Riekerk GHM,
Zimmerman LE, Scott Gl. 2004. Linkages between ttideek ecosystems and the
landscape and demographic attributes of their whéesls. J Exp Mar Biol Ecol
298: 151-178.

Holland AF, Zingmark RG, Dean JM. 1974. Quantitatewxidence concerning the
stabilization of sediments by marine benthic distoMar Biol 27:191-196.

Horne AJ, Goldman CR. 1974. Suppression of nitrdgextion by blue-green algae in a
eutrophic lake with trace additions of copper. 8c&e183(4123): 409-411.

Katz L. 1980. Effects of burrowing by the fiddleab,Uca pugnax (Smith). Estuar Coast
Mar Sci 11: 233-237.

Korthals GW, van de Ende A, van Megen H, Lexmond, Rdmmenga JE, Bongers T.
1996. Short-term effects of cadmium, copper, niek® zinc on soil nematodes
from different feeding and life-history strategygps. Appl Soil Ecol 4(2): 107-
117.

Kose T, Yamamoto T, Anegawa A, Mohri S, Ono Y. 2088urce analysis for

polycyclic aromatic hydrocarbon in road dust anlamr runoff using marker
compounds. Desalination 226: 151-159.

85



Krang A. 2007. Naphthalene disrupts pheromone induta@ search in the amphipod
Corophium volutator (Pallas). Aquat Toxicol 85(1): 9-18.

Kucklick JR, Sivertsen SK, Sanders M, Scott Gl. ZL9actors influencing polycyclic
aromatic hydrocarbon distributions in South Camkstuarine sediments. J Exp
Mar Biol Ecol 213: 13-29.

Lee J, Landrum PF. 2006. Application of multi-compot damage assessment model
(MDAM) for the toxicity of metabolized PAH inlyalella Azteca. Environ Sci
Technol 40(4): 1350-1357.

Levy JL, Stauber JL, Wakelin SA, Jolley DF. 2008eTeffects of bacteria on the
sensitivity of microalgae to copper in laboratorgassays. Chemosphere 74:
1266-1274.

Lopes |, Baird DJ, Ribeiro R. 2004. Avoidance opger contamination by field
populations oDaphnia longispina. Environ Toxicol Chem 23(7):1702-1708.

Macintyre, HL, Geider RJ, Miller DC. 1996. Micropioppenthos: The ecological role of
the “Secret Garden” of unvegatated, shallow-watarme habitats. I.
Distribution, abundance and primary productionugses 19 (2A): 186-201.

Maciorowski AF, Benfield EF, Cairns J Jr. 1980.fBrence-avoidance reactions of
crayfish to sublethal concentrations of cadmiumdtdpiologia 74(2): 105-112.

Mahmoudi E, Essid N, Beyrem H, Hedfi A, Boufahjajello P, Aissa P. 2005. Effects
of hydrocarbon contamination on a free living mamematode community:
Results from microcosm experiments. Mar Pollut B@i 1197-1204.

Matthiessen P, Reed J, Johnson M. 1999. Sourcesaedtial effects of copper and zinc
concentrations in the estuarine waters of Essex3arfilk, United Kingdom.
Mar Pollut Bull 38(10): 908-920.

Mcintyre JK, Baldwin DH, Meador JP, Scholz NL. 20@hemosensory deprivation in
juvenile coho salmon exposed to dissolved coppdeuwarying water chemistry
conditions. Environ Sci Technol 42:1352-1358.

McKillup SC, McKillup RV. 1994. Reproduction andayvth of the smooth pebble crab
Philyralaevis (Bell 1855) at two sites in South Australia durit@20-91. Trans R
Soc S Aust 118(4): 245-251.

McLeese DW. 1975. Chemosensory response of Ametichsters omarus

americanus) in the presence of copper and phosphamidon.hJFes Board Can
32(11): 2055-2060.

86



Meador JP. 1991. The interaction of pH, dissolveghnic carbon, and total copper in the
determination of ionic copper and toxicity. Aquatxicol 19(1): 13-31.

Meziane T, Sanabe MC, Tsuchiya M. 2002. Role aflédcrabs of a subtropical
intertidal flat on the fate of sedimentary fattydsc J Exp Mar Biol Ecol 270:
191-201.

Micheli F. 1993. Effect of mangrove litter specasl availability on survival, moulting,
and reproduction of the mangrove cfasarma messa. J Exp Mar Biol Ecol 171
149-163.

Miller DC. 1961. The feeding mechanism of fiddlealzs, with ecological considerations
of feeding adaptations. Zoologica 46: 89-100.

Miller DC, Geider RJ, Macintyre HL. 1996. Microplmtenthos: The ecological role of
the “Secret Garden” of unvegatated, shallow-watarme habitats. Il. Role in
sediment stability and shallow-water food websuBses 19 (2A): 202-212.

Montagna PA, Coull BC, Herring TL, Dudley BW. 198e relationship between
abundances of meiofauna and their suspected matrolod (diatoms and
bacteria). Estuar Coast Shelf Sci 17: 381-394.

Montague C. 1980. A natural history of temperatstesn Atlantic fiddler crabs (Genus
Uca) with reference to their impact on the salt mabntrib Mar Sci 23: 25-55.

Moreno-Garrido I, Hampel M, Lubn LM, Blasco J. 2003. Sediment toxicity tests using
benthic marine microalga@ylindrotheca closterium (Ehremberg) Lewin and
Reimann (Bacillariophyceae). Ecotoxicol Environ Saf 290-295.

Newell AD, Sanders JG. 1986. Relative copper bigdiapacities of dissolved organic
compounds in a coastal-plain estuary. Environ &chfol 20(8): 817-821.

Ngabe B, Bidleman TF, Scott GIl. 2000. Polycyclioraatic hydrocarbons in storm
runoff from urban and coastal South Carolina. Smehotal Environ 255: 1-9.

Nikolaou A, Kostopoulou M, Lofrano G, Meric S, PatsA, Vagi M. 2009. Levels and
toxicity of polycyclic aromatic hydrocarbons in nre sediments. Trends Anal
Chem. 28 (6): 653 — 663.

Noffke N, Gerdes G, Klenke T, Krumbein WE. 2001 chMbially induced sedimentary
structures — A new category within the classificatof primary sedimentary
structures. J Sediment Res, A 71(5): 649-656.

Pearson WH, Olla BL. 1980. Threshold for detecbbnaphthalene and other behavioral
responses by the blue cra&allinectes sapidus. Estuaries 3(3): 224-229.

87



Petersen DG, Sundback K, Larson F, Dahll6f |. 2008ene toxicity is affected by the
nutrient status of a marine sediment community:licagions for risk assessment.
Aquat Toxicol 95: 37-43.

Piehler MF, Winkelmann V, Twomey LJ, Hall NS, Car€A, Paerl HW. 2003. Impacts
of diesel fuel exposure on the microphytobenthimewnity of an intertidal sand
flat. J Exp Mar Biol Ecol 297: 219-237.

Pinckney JL, Zingmark RG. 1993. Modeling the anrraduction of intertidal benthic
microalgae in estuarine ecosystems. J Phycol 28489

Pinckney J, Papa R, Zingmark R. 1994. Comparisdngtf-performance liquid
chromatographic, spectrophotometric and fluororaetrethods for determining
chlorophylla concentrations in estuarine sediments. J Micrdidieth 19: 59-66.

Pinckney JL, Millie DF, Howe KE, Paerl HW, Hurlel? J1996. Flow Scintillation
counting of 14C-labeled microalgal photosynthetgnments. J Plankton Res 18:
1867-1880.

Pinto E, Sigaud-Kutner TCS, Leitdo MAS, Okamoto @®Kgrse D, Colepicolo P. 2003.
Heavy metal-induced oxidative stress in algae.yt&89: 1008-1018.

Pyle GG, Mirza RS. 2007. Copper-impaired chemoggrfsmction and behavior in
aguatic animals. Hum Ecol Risk Assess 13: 492-505.

Reinsel KA. 2004. Impact of fiddler crab foraginmgdetidal inundation on an intertidal
sandflat: Season-dependent effects in one tidd cydExp Mar Biol Ecol 313: 1-
17.

Reinsel KA, Rittschof D. 1995. Environmental rediga of foraging in the sand fiddler
crabUca pugilator (Bosc 1802). J Exp Mar Biol Ecol 187: 269-287.

Rejménkova E, Komarkova J. 2005. Response of cyanobacterial mats to mtiiied
salinity changes. Aquat Bot 83: 87-107.

Renella G, Landi L, Nannipieri P. 2004. Degradatwétow molecular weight organic
acids complexed with heavy metals in soil. Geodet@®(2-4): 311-315.

Rittschof D, Buswell CU. 1989. Stimulation of feegibehavior in three species of
fiddler crabs by hexose sugars. Chem Senses 14{1)130.

Robertson J R, Bancroft K, Vermeer G, Plaisier 88Q. Experimental studies on the

foraging behavior of the sand fiddler cfdba Pugilator (Bosc, 1802). J Exp Mar
Biol Ecol 44: 67-83.

88



Robertson JR, Fudge JA, Vermeer GK. 1981. Chenraivdlliving feeding stimulants of
the sand fiddler crafyjca Pugilator (Bosc). J Exp Mar Biol Ecol 53: 47-64.

Sabatini SE, Jirez AB, Eppis MR, Bianchi L, Luguet CM,iés de Molina MDC. 2009.
Oxidative stress and antioxidant defenses in tveemmicroalgae exposed to
copper. Ecotoxicol Environ Saf 72: 1200-1206.

Sampedro M, Fegmdez L, Freire J, Godlez-Gurriaén E. 1997. Fecundity and
reproductive output dPisidia longicornis (Decoapoda, Anomura) in théaRDe
Arousa (Galicia, NW Spain). Crustaceana 70(1): 96-1

Sanger DM, Holland AF, Scott GI. 1999a. Tidal creekl salt marsh sediments in South
Carolina coastal estuaries: |. Distribution of &awetals. Arch Environ Contam
Toxicol 37: 445-457.

Sanger DM, Holland AF, Scott GI. 1999b. Tidal creekl salt marsh sediments in South
Carolina coastal estuaries: I. Distribution of anigacontaminants. Arch Environ
Contam Toxicol 37: 458-471.

Santos MHS, Troca da Cunha N, Bianchini A. 200@ed$ of copper and zinc on
growth, feeding and oxygen consumptioraf fantepenaeus paulensis
postlarvae (Decoapoda: Penaeidae). J Exp Mar Bioll Z47: 233-242.

Sayao-Aguiar B, Amaro Pinheiro MA, Develati Colpo2012. Sediment bioturbation
potential ofUca rapax andUca uruguayensis as a result of their feeding activity.
J Crust Biol 32(2): 223-229.

Sepi¢ E, Bricelj M, Leskosek H. 2003. Toxicity of fluoranthene and its biodstation
metabolites to aquatic organisms. Chemosphere 5P12p-1133.

Seuront L. 2010. Zooplankton avoidance behavi@ @sponse to point sources of
hydrocarbon-contaminated water. Mar Freshwaterd2e263-270.

Smith NF, Wilcox C, Lessmann JM. 2009. Fiddler doalbrowing affects growth and
production of the white mangrovegguncularia racemosa) in a restored Florida
coastal marsh. Mar Biol 156(11): 2255-2266.

Sousa LG, Petriella AM. 2007. Functional morpholofyepatopancreas of
Palaemonetes argentines (Crustacea: Decapoda): influence of environmental
pollution. Rev Biol Trop 55: 79-86.

Stal LJ. 2003. Microphytobenthos, their extraceltyjolymeric substances, and the
morphogenesis of intertidal sediments. Geomicraobi20(5): 463-478.

Stal LJ, Krumbein WE. 1981. Aerobic nitrogen fixatiin pure cultures of a benthic
marineOscillatoria (cyanobacteria). FEMS Microbiol Lett 11(4): 295-298

89



Stal LJ, van Gemerden H, Krumbein WE. 1985. Stmec&und development of a benthic
marine microbial mat. FEMS Microbiol Ecol 31: 11251

Steele CW, Strickler-Shaw S, Taylor DH. 1992. Attian of crayfishe®rocambarus
clarkii, Orconectes rusticus andCambarus bartoni to a feeding stimulant and its
suppression by a blend of metals. Environ Toxidoé@ 11(9): 1323-1329.

Sullivan MJ, Currin CA. 2000. Community structuragunctional dynamics of benthic
microalgae in salt marshes. Concepts and Contnegars Tidal Marsh Ecology.
Weinstein MP, Kreeger DA, editors. Dordrecht: Kluwteademic Publishers. p
81-106.

Sundback K, Alsterberg C, Larson F. 2010. Effe¢tsoltiple stressors on marine
shallow-water sediments: Response of microalgaaraidfauna to nutrient-
toxicant exposure. J Exp Mar Biol Ecol 388: 39-50.

Thomson EA, Luoma SN, Johansson CE, Cain DJ. 1@8hparison of sediment and
organisms in identifying sources of biologicallyad&ble trace metal
contamination. Water Res 18(6): 755-765.

Tobiszewski M, Namigik J. 2012. PAH diagnostic ratios for the idewcafion of
pollution emission sources. Environ Pollut 162: -11@®.

Van Dolah RF, Riekerk GHM, Bergquist DC, Felbe€hgsnut DE, Holland AF. 2008.
Estuarine habitat quality reflects urbanizatiotaage spatial scales in South
Carolina’s coastal zone. Sci Total Environ 390:-152.

Vijayavel K, Balasubramanian MP. 2006. Changesxygen consumption and
respiratory enzymes as stress indicators in araes&iedible crab Scylla serrate
exposed to naphthalene. Chemosphere. 63: 1523-1531.

Vijayavel K, Gomathi RD, Durgabhavani K, Balasubeania MP. 2004. Sublethal effect
of naphthalene on lipid peroxidation and antioxidstatus in the edible marine
crabScylla serrata. Mar Pollut Bull 48(5-6): 429-433.

Vranken G, Heip C. 1986. Toxicity of copper, mescand lead to a marine nematode.
Mar Pollut Bull 17(10): 453-457.

Wang L, Zheng B. 2008. Toxic effects of fluoranteemd copper on marine diatom
Phaeodactylum tricornutum. J Environ Sci 20: 1363-1372.

Wang L, Zheng B, Meng W. 2008. Photo-induced tayiof four polycyclic aromatic

hydrocarbons, singly and in combination, to theineadiatomPhaeodactylum
tricornutum. Ecotoxicol Environ Saf 71: 465-472.

90



Weissburg MJ, Derby CD. 1995. Regulation of sexc#jefeeding behavior in fiddler
crabs: Physiological properties of chemoreceptarares in claws and legs of
males and females. J Comp Physiol [A] 176(4): 528-5

Weissburg MJ, Pearce J, Govind CK, Derby CD. 1$8#&ually dimorphic patterns of
neural organization in the feeding appendageddidr crabs. Cell Tissue Res
286(1): 155-166.

Welschmeyer N. 1994. Fluorometric analysis of abydwyll a in the presence of
chlorophyllb and pheopigments. Limnol Oceanogr 39(8): 1985-1992.

Whitaker J, Barica J, Kling H, Buckley M. 1978. ieficy of copper sulfate in the
suppression of\phanizomenon flos-aguae blooms in prairie lakes. Environ Pollut
15: 185-194.

Wilson SG, Fischetti TR. 2010. Coastline populéttamds in the United States: 1960 to
2008. Technical Report. U.S. Department of Commetcenomics and Statistics
Administration, U.S. Census Bureau. 28 p.

Wright DA, Mason RP. 2000. Biological and chemicdluences on trace metal toxicity
and bioaccumulation in the marine and estuaring@mwent. Int J Environ
Pollut 13: 226-248.

Yu Y, Kong F, Wang M, Qian L, Shi X. 2007. Deterraiion of short-term copper
toxicity in a multispecies microalgal populatioringsflow cytometry. Ecotoxicol
Environ Saf 66: 49-56.

Zhu L, Chen B, Wang J, Shen H. Pollution survepdaf/cyclic aromatic hydrocarbons
in surface water of Hangzhou, China. Chemospheré&@b-1095.

91



	University of South Carolina
	Scholar Commons
	1-1-2013

	Trophic Response to Polycyclic Aromatic Hydrocarbons and Copper In Tidal Flats of North Inlet, South Carolina
	Leslie Lynn Muggelberg
	Recommended Citation


	Microsoft Word - 224086_supp_undefined_2A8CBB6C-E412-11E2-8187-AC3C2E1BA5B1.docx

