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In many coastal communities, aquaculture is an important part of the local economy,
though fish and shrimp farms may threaten habitats in these coastal systemaultAguaas
introduced to the Setiu estuaritagoonal system (SEL) in Terengganu, Malaysia in the mid
1970s. As fish farm densities increase and the mangroves are cleared, excess nutrients and fish
waste are supplied to the water column and sedimenta bétoorder for the aquaculture
industry in TerengganiMalaysia to be successful, estuariagoonal environmental health
should be monitoredAnalyses of foraminiferal assemblages, sedimentological analyses, and
uC , ™N{iand C:N ratiosire used herto determine how aquaculture in the SEL affects benthic
communities, sources of organic matter, and grain size and sediment composition.

Three cores were collected beneath fish cage sitesS#®dnd S40from the northern
lagoon region and one (S9Apm the southern estuary region. Cores S43 and S40 contain both
calcareous and agglutinated foraminifera, though calcareous are donfgghitinated
specimens increase in abundance near the top of S43 amechiBfids likely in response to an
increag in organic matterAmmoniaaff. A. aoteanaandAmmobaculites exiguuwse the most
abundant species the middle and upper sections of S43, Antmoniaaff. A. aoteanand

Rosalina globularisare the most abundant in the bottom of SABimoniaaff. A aoteanais



most abundarthroughout all 0of540. Core S9A contains only agglutinated foraminifera, with
Trochammina amnicoJadAmmotium directugrandMiliammina fuscaas the most abundant
species.The percent of live specimens is relatively low in all thoeees. The densities of dead
foraminifera at S43 and S40 are extremely high at the onset of aquaculture and near the surface
of S40 where the amount of organic matter is less. These high densities are attributed to a
baffling effect created by the fistages as tidal currents push sediments north in the lagoon.

UC  a "M sighatures in the sediments beneath fish cages do not show trends through
time and are similar to signatgref terrestrial sources, inclugy mangrovesPercent carbon,
percent itrogen, and percent mudcrease through time throughout S#81 S40, though
patterns reverse in core S4Dhe reversal of patterns in core 3d4@ossibly relatetb the
closure of a southern inlet in 2008hroughout S9A, these same measurementdricstase
through time but then decrease, probably corresponding to the abandonfrsimfiaoins.

In summary, aquaculture has affectedanic matter conteréediment characteristics
and foraminiferal distributions in the SEL. However, rapid retanpréaquaculture conditions
after the abandonment of S9A and a slower return taqueculture conditions in S4likely as
a result of tidal flushingsuggesthat environmental health of the SEL is not particularly

compromised by the current scale of floating fish cage aquaculture.
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INTRODUCTION

Aquaculture is growing industry thoughout the world, especialiy Asia (Dey and
Ahmed, 2005). In Malaysjan particular, fish cage farming practices have been increasing
dramatically (Alongiand others2003). Many have showthat this practice is alteringenthic
environments ircoastal zones (e,dlark, 1971; Scottand others1995;Tarasova and
Preobrazhenskaya, 2007). Both finfish and shellfish farms are important to the local economy in
many <coast al communities. However, there is
remainenvironmentallysustainable.

The input of excess nutrients and organic matter, such as those from aquaculture
operations, to bottom sediments can result in changes to water quality, benthic communities,
geochemistry of the sediments, and sediment characteristics (e.g., Clark, 197 anGosmérs
1995; Scottind others1995; Tarasova, 2006; Yokoyarmad others2006; Tarasova and
Preobrazhenskaya, 2007). The extent of the environmental impact of aquaculture is dependent
on the amount of nutrients and organic matter released (AckefoEnatid1994; Wu, 1995).

Major impacts to the water column and bottom sediments may include low levels of dissolved
oxygen, the production of toxic gases, and increased levels of nitrogen and phosphorous. Poor
water quality results in an unsustainablgimmment for fish farms (Wu, 1995; Axland others
1996).

The Setiu estuarinkagoonal system (SEL), located in Terengganu, Malaysia, is
separated from the South China Sea by a barrier igtarah contains onemallinlet at present
(Fig. 1). Thesouthern, estuarine end of the system receives freshwater discharge from the Setiu
and Caluk RiversSalinity at this end ranges from <1 to abouEatuarine salinity in the
vicinity of the inlet reaches 32T'he northern, lagoonal end of the SEL halggy ranging from

19 to 32. Water depths range from 0.5 to 3 m throughout the Strtlies of sediment grain



size distributions in the Setiu estudagoon undertaken over the past 15 years show that
seasonal physical changes (in wind, wave, tide canent patterns) occur in the estugoon

and as a result, sediment distribution patterns are complicated (Rosnan, 1988;aRdsviaers
1995; Rosnan and Mustapa, 2010). In the estuary region, the movement of water is characterized
by a combination of tidal and riverine currents, but in the lagoon region, tidal currents are
dominant (Rosnaand others1995; Rosnan and Mustapa, 2010n the ocean side of the

barrier island, the mean spring tidal range is 1.8 m (Phillips, 1985) and slightly less within the
lagoon (Culver and others, 201Both the estuary and lagoon regions have a range of grain
sizes from mud and fine sand to verymseasand (Culveaind others2012), though the estuary
has higher percentages of sand and the lagoon has higher percentages of siltaiitbettzers
1995). Sediments in the lower lagoon are sgelited, while sediments in the upper lagoon and
estuary ee more poorly sorted (Culvand others2012). Sediments throughout the estuary
lagoon exhibit negative skewnessglicatingthat there is more coarse sediment present than fine
sediment; skewness is shown to decrease as graimsieases (Rosnamdothers 2010).

Finfish and shellfish aquaculture operations were first introduced throutjieo8etiu
backbarrier system in the miti970s. Although the industry has grown dramatically,
environmental changes in the estulgoon as a result of aqudituie have not previously been
evaluated. Mangrove swamps, containing mostlplénts,have been partiallglearecto
construct aquaculture perend thenumberof fish pens and floating cages has increagesla
result, excess nutrients, fish wasteq #ish feed waste are added to the SEL. Analyses of
benthic foraminiferaassemblages, geochemistry, sedimentology, and geochrorawgged
here to determine how the foraminiferal commuypstyurces of organic matter, and sediment

characteristics havehanged since aquaculture was introduced to the SEL.
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Figure 1. Setiu estuatgggoon in Terengganu, Malaysi&losed circles are sites whareres were
collected. The lagoon and estuary doeated to the north and south of the inlet, respectively.

BACKGROUND
GEOCHRONOLOGY. #'%s
Sediment accumulation ratasd a downcore chronologgn be determined through the
measurement of radioisotopes such'8b .g.,Nittrouerand others1979; Corbetand others
2006; Corbetand others2007; Palinkas and Nittrouer, 2007; Zaborakd others2007). ?%b
is part of thé®®U series and is added to estuarine environments through atmospheric deposition,

runoff, and in situ decay 6f°Ra (Nittrouerand others1979).



Methods of measuring“Pb include gamma spectroscopy, a direct measureméPbf
and alpha spectroscopymeasurement 6tPothatassumes secular equilibrium wittiPb
(Zaborskaand others2007). Corbetand otters(2007) used gamma spectroscopy to measure
2%p and*’Cs in the Albemarl&ound stuary in North Carolina in order to determine sediment
accumulation rates. Results showed that rates of accumulation varied throughout the estuary and
through time. Alpha spectroscopy was used by Palinkas and Nittrouer (2007) to measure
sediment accumation rates on the Po shelf in the Adriatic Sea. The charac€Pbfprofiles
can demonstrate whether sediment accumulation is steady state, transitionaisteadgrstate.
The?*Pb profiles produced from Po shelf samples demonstrated rapisteaty state
accumulation. Palinkas and Nittrouer (2007) suggested that this means that sediment
accumulation on the Po shedfthe result of floods.

The use of'%Pb typically requires an independent tracer, sucfi’@s, to corroborate the
sediment acumulation and geochronology results (Corbett, 2006, 2007). Howé®@s, an
anthropogenically introduced radionuclide, has low deposition rates in the southern hemisphere
and closer to the equator. This makes substantiatirfg®te results difficult

FORAMINIFERA

Foraminifera are@xcellentindicators of environmental conditions because they have a
widespreadjeographic distribution (Murray,978, 2006;Culver and Buzas, 199$cott and
others 2001;Hayek and Buzas, 2006arasova an&reobrazhenskaya, 2007), have varying test
morphologiesl{oeblich and Tappan, 196&arasova, 2006), short life cycles (Alve, 1995,
Tarasova, 2006gre abundant in small sample sizes (Schafer,; 2006t and others2001;
Hallock, 2003, and are sensite to many environmentahriablegSen Gupta, 199%cott and

others 2001;Murray, 2006). Changes in the marine environment can therefore be identified



through the analysis of foraminiferal assemblages. (Culver and Buzas, 1995; Alve, 1995;
Ceareth and others200Q 2002 Scott and others2001;Hallock, 2003;Tarasova and
Preobrazhenskaya, 2007). For example, variations in species composition, abundance, diversity,
population density, etcmay reflect the input of pollutantsxcessutrients,andor organic
matter (Alve, 1995; Culver and Buzas, 1995).

Some studies have shown that high levels of organic matter in bottom sediments may
alter foraminiferal communities (e.g., Hald and Steinsund, 1992; Aamgkbthers2000; Luan
and Debenay, 2@) Debenaynd others200%, 2009, but other studiesuggest that
foraminifera are unaffected by excess organic matter (@cgnt and others, 1995gott, 1995
Schafer and others (1995) found that the relationship between live foraminiferal airsdad
organic mattefoadingvary with species and with season. Although there@reusopinions
on whethethe amount of organic mattaffects foraminiferaassemblageomposition and
distribution, there israinverserelationship between organic carbon contenttatal
foraminiferal abundance (Tarasova, 2006).

Aquacultural operations, including finfish and shellfish farms pétenresponsible for
the addition of excess organic matter to bottom sediments (Al98, B2ottand others1995;
Grantand others1995; Tarasova, 2006; Tarasova and Preobrazhenskaya, 2007). Much of this
excess organic matter is derived from fish feed waste and fish feces (Clark, 1971)amkhgel
others(2000) used loss on ignition (LO®) determine the amount of organic matter present
beneath a fish farm in the Gulf of Eilat and found that as LOI increasetahsumber of
individuals of foraminifera and species richness decreased.

A number of studies have demonstrateat the presence of aquaculture operations alters

benthic foraminiferal communities. At a finfish farm in Clam Bay, Nova Scotia, Clark (1971)



found that when usage of the farm increased, the number of individual foraminifera decreased.
Similarly, foramniferal abundance was lower beneath a fish farm relative to abundances
measured at reference sites in the Gulf of Eilat (Aagel others2000). At a scallop

aguaculture site in Minonosok Bay in the Sea of Japan, Tarasova and Preobrazhenskaya (2007)
found that foraminifera directly below cages exhibited the smallest number of species, the lowest
population density and the smallest percent of live foraminifera. This may be because the
composition and distribution of the foraminiferal community reflectrsedt characteristics,

which are associated with the amount and type of organic matter present (Tarasova, 2006).

Other studies, however, have shown that foraminifera can be unaffected or exhibit
minimal changes as a result of aquaculture. Results dretudy done on a shellfish farm and a
salmon farm in eastern Canada suggest that aquaculture had little to no effect on foraminiferal
assemblages (Scahd others1995). Similar results were found at a mussel farm in Nova
Scotia (Granaind others1905).

The presence of aquaculture often results in an increase in organic matter loading to the
sediments beneath fish cages. This increase in organic matter, estimated by measurements of
LOI or percent carbon, may result in a decrease in densities witéhéraminiferal
assemblage, percent live foraminifera, and species richness of the total assemblage.

SEDIMENTOLOGY

Finfish aquaculture, such as that of salmon, results in a decrease in sediment grain size
and an increas@ sediment organic content (e.§lojica and Nelson, 1993) the vicinity of the
aquaculture At a clam farm in Indian River Lagoon, Florida, Mojica and Nelson (1993) found
that the mean grain size was significantly smaller, the percent of silt andaddyigiher, and the

percent of volatile solids beneath the farm was significantly higher in relation to nearby reference



sites. The smaller grain size was attributed to the deposition of feces or pseu@néasses of
particles rejected as food and wragpe mucus)from the filterfeeding clams.
GEOCHEMISTRY. CARBON AND NITROGEN

Organic matter and organic carbon in estuarine environments have a variety of sources,
including river inflow, marine input from nearby coastal waters, atmospheric input, primary
production, and anthropogenic sources (Matson and Brinson, 1990; Thorntelcldiadus,

1994; Maksymowskand others 2 00 0) .*C) Camldo mi°Njtisbtopiyz eomposition

of organic matter, in addition to C:N ratios, are widely used to determine the source of organic
matter (Matson and Brinson, 1990; Maksymowakd others2000). The isotopic composition

of organic matter varies depending on its so(Ftgure?2).

For instance, th&C of C; plantsis between3 0 & &mBd a rCgplahtput’Cis

betweenl 7 a @ ra{Smith and Epstein, 1971; Fry and Sherr, 1¥8terson and Fry, 1987;

Cai and others, 1988; Boutton, 1991; Maksymowashe others2000. Thel**C of marine

algae ranges fron2 4 & -1t & a nidC of rivez/estuarine algae ranges betwers & a n d
25a (Fry and Sherr, 1984; Tuandkathers2@00;Gampdioch er s,
and others, 2010).

Thel™N of C plantsis between5 8 and 18Gplansd°Nf er bet ween 34
and 6a afdothere ¥988; Sweeney and Kaplan, 1980; Owens, 1987; Maksynawiska
others 2000). Thei™N of marine algae is betweed 4and % and theli™N of river/estuarine
algae is near 5a ( Ovaadothers2QD®.8 7 ; Mak sy mowsk a

The C:N ratio ofC; plantsandC, plantsis greater than 18Vieyers, 1997; Maksymowska
and others2000; Kuramoto and Minagawa, 2001; Hu and others, 2006). The CoMfati

marine algae is between 5 an(Meyers, 1997; Maksymowskand others2000; Hu and others,



2006). River/esiarine afjae have a C:N ratio between 5 andMtson and Brinson, 1990;
Thornton and McManus, 199¥aksymowskaand others2000Q.

Il n the Tay Estuary in Scotl afd,”iahdCNnt on a
ratios to find that the uppesstuary receives organic matter primarily by river input, and the
middle to lower estuary is more influenced by maueeived organic matter. Maksymowska
and other§ 2 0 0 0 )**Cy SNgiahd @iN ratios to identify the source of organic matter in the
Gulf of Gdansk and found the main sources (autochthonous primary production and river inflow)
were distinguishable based onlI™iseeasortallyei r carb
variable and C:N ratios between marine and river sources were undistiaiglei in the Gulf.
Corbettand other§ 2 0 0 7 )**Cy SNgiahd GiN ratios to analyze environmental change in
the AlbemarléSound stuary in North CarolindJSA. They ¥Podemedsedokeat U
t i me, Windrebsed otier time, suggestingrange from a marir@fluenced
environment in the past to a modern terrestrdadfjuenced environment.

Carbon and nitrogen isotopic values have been measured in some estuaries in order to
determine the influence of mangrove forests on the type of argaatier present. In the Guayas
River estuaine ecosystem in Heador, deforestation of mangrosewampdor the development
of shrimp ponds may be responsible for the input of excess organic matter to the estuary
(Cifuentesand others1996). Cifuenteardotherf 1 996) me 8G uafdbfit he U
suspended particulate matter in the estuary and found that it matched that of reported values for
mangrove leaves from the estuary. The C:N ratio value wagl\), suggesting an
enrichment in nitrogen, psibly due to the bacterial immobilization of nitrogen onto detritus.
Xueandother§ 200 9) me EGand GNlratio ¢f ergasic matter in the Zhangjiang

Estuary mangrove wetland in China in order to characterize mangn@arapderived organic



matterin the estuary. Values measured in the est(ia’¢ range=2 1. 6 2 5t. 64, aver ag
C:N = 8:1)did not match those measured from mangrove plant saifgvesager*C=-2 9 . 8 &,
average C:N = 15:1¥suggesting thahuch ofthe organic matter in the estuary is not derived

from the mangroves.
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Figure2. °C i™Njiand C:N ratio ranges for end member sources of organic matter.

Carrolland otherg2003) analyzed data from environmental survey samples taken near
salmoncage farms in Norway and found that the total organic carbon present in the sediments

closest to the cages was much higher than in sediments farther from the\aalgegmama and

9



others (2006) found similar results at a fish farm in Gokasho Bay, Japan; both organic carbon
and nitrogerwerehigher beneath cages than at locations farther a@agntand otherg1995)

and Scotaaind otherg1995) reported layers of black, organic reattch, sandy mud associated
with the onset of aquaculture in a mussel farm in Nova Scotia and a salmon farm in eastern
Canada, respectivelKarakassigand otherg1998) found increased %LOI in nesurface
sediments coficted beneath fish farms in Cebdnia Bay in GreeceThey associatethis with

the increased amount of organic matter collecting beneath the cages.

Yokoyamaand other§ 2006) det er mi'iCe a /M fordishfeadande s o f
fish feces, in addition to sedimentary organic mdiemeath andway from the influence dhe
Gokasho BayJapanfish cages. Organic matter near the aquaculture site exhil@faetedof
Cval ud =0p44a) compar ed U®d= -2 le¥ Micheorrespondeid t e s
the accumulation diecal matter{C =-2 4 . 3¥ojoyama and others, 2006y okoyama and
others (2006) foundnrichedi™N ( @i°N = + 0 .néhithe cages, whiahas likelythe result
of the accumulation ofiaste feed™™N ( 9 . 7T enriched™N values alsenayhavebeen
the result of denitrification, which occurs when oxygen is depleted; decomposition of fish feed
mayhaveled to deoxygenation in the sedime@t®koyama and others, 2006Yamada and
others (2003) also compared valuesf6€ a M thrdughout corebeneath the fish cages in
Gokasho Bay with different types of fish feedamada and others (2003) foudecreasing
levels oft**Cupcore 2 0 . 5 & 1t. 6 &) . fount thafiNairicreased wgore( 5. 5 &

t o @ara Jlemonstratettiatchangeseflectedthe typeof type of fish feed used.

Additionally, a relationship has been found between other sediment characteristics and

geochemistry within estuarie§.or example, dta gathered by Thornton and McManus (1994) in

the Tay Estuary show thabarse grainedediment samples have higher C:N ratios than fine
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grained samples. Corbeiihd otherg2007) found an inverse relationship between grain size and
percent organic matter in the AlbemaBeundestuary USA, with grain size decreasing through
time and percent organic ma'fCt ermNbciicedimths i ng ;
cores as well.

The presence of aquaculture often results in an increase in organic matter in the
sediments beneath the fish cagd§C a °N sigiiatues and C:N ratios in the sediments can
be evaluated to determine if the source of this organic matter is from the fish cages.
Additionally, percent carbon and percent nitrogen can be used to estimate the amount of organic

matter present beneath the cages.

METHODS
FIELD
In the summer of 2011, thrd®.16cm diameter push cores (S43, S40, SO&yev
collected beneath fish cagedfatee locations in the Setiu estudagoon Table 1 Figs. 1, 3).
S43 and S40 are located in the northern lagoon region, where satsi®3 and 27
respectively. S9A is located in the southestuary region, where salinity wal. The cores
penetratd into sediments consideréa precede the installment of fish farms (mid 197@&43
extends to 72 cm, S40 extends to 56 cm, and S9A extends to 30 time.field, the cores were
sectioned into contiguous@n intervals, each divided into fosutsamples for foraminiferal,
geoctemical, sedimentological, and geochronological analyesaminiferal samples were

standardized to 20 ml in a measurement cup.
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Table 1. Location of cores and values of environmental variables.

Water

. Latitude Longitude - DO Length of Status of fish
Site (N) (E) D(?]%th Salinity (mg/L) core (cm) cage complex
S43  5.69071 102.70319 1.4 23.4 402 7.25 72 active
S40 5.68221 102.71170 2.3 27.1 442 7.94 56 active
S9A 5.62813 102.78669 2.0 1.0 415 6.84 30 abandoned

e
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TN\ [0_40 80 120 160 200 m|

<1010 20 30 40 Som|

S0

FH Floating Fish Cages
I Developed Land

@ Core Location

] Mangrove Forest
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Figure3. Core locations within each fish cage complex.



GEOCHRONOLOGY: “'%Ps

Activities of “*Pbweredetermined through alptend gammapectroscopy. Each
samplewas firstdried at 60°CGand therhomogenized with a mortar and pestf@r alpha
spectroscopy, methods were similar to those used by Nittrouer and others (1979).
Approximately 11.5 gof each samplevastreated with 1.0 finof “*Po and 15 fnof 8M HNO;.
Samplesvere therdried in a merowave and transferred to centrifuge tubes with approximately
4550 nl of DI water. Tubesverecentrifuged at 2500 rpm for 2 minutes ame tsupernateas
transferred td eflon beakers on a hot plate. Centrifuge tulweserinsed with 5 mof 8M
HNO; and centrifuged again at 2500 rpm for 2 minutes. The supevaasgain added to the
appropriate beakers with 2 ml of H,O,. The sampleweretaken to near dryness and diluted
with approximately 2630 ml of DI water. While solutionsererapidly stired, NH\OH was
added until the pH reactié8, when iron precipitated ouSolutionswere then transferred
centrifuge tubes, topped off with DI water, and centrifuged at 2500 rpm for 2 minutes. The
supernatevas decanted and discardd®ecipitatesvere rinsed with approximately 25 Inof DI
waterand centrifuged again. This process was repeated one additionalta@recipitate
weredissolved by adding 3.75Iraf HCI and then diluted with DI wateiThe solutions were
poured onto nickel discs ineflon beakers (Corbett and others, 2006; modified from Flynn,
1968). Ascorbic acidvasadded untilthe color of the solutions became clear. The solutions
werespun for 2040 hours. The plated disererinsed with DI water, patted dry, and
transferredo alpha spectroscopy detectors for counting.

For gamma spectroscopy, dried, homogenized samples were packed into petri dishes and
sealed. After 3 weeksagima countingvasperformed on a lovbackground, higlefficiency,

high-purity Germanium detector apled with a multichannel analyzerActivities were
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corrected for self absorption using a direct transmission method (Cable and others, 2001).
Gamma spectroscopy was also used to indirectly detefifRe activities by counting the
gamma emissions afsigranddaughter§:’Pb (295 and 351 keV) afdBi (609 keV). Excess
2% activities were determined by subtracting tot&b (46.5 keV) from that supported by
*Ra.
FORAMINIFERA

Foraminiferal samples (20 ml) were preserved in 70% alcohol and stained with rose
Bengal todetermine whictspecimens werdive or recently dead at the time of collection
(Walton, 1952). Each 2l sample was washed over 740n  a nredm 6s3i e v e ssiltt o r e mo
and clayand coarsgrained material. Foraminifera were separated from quartz sand by
floatation with sodium polytungstate (Munsterman and Kerstholt, 1996). Samples were dried at
60°C and separated into aliquots using a microsplitter. Approxiyri2®@l specimenger
sample (unless the total number of specimens in the sample was less thaar2qflifkedrom
randomly selected squares on a gridded picking tray. Specimens were identified to the species
level by comparison with published literateeg., Bronniman@and others1992; Jones, 1994;
Loeblich and Tappan, 1994) including warkdertakerpreviouslyin the SEL (Culveand
others 2012). Identifications were verified by comparison with collections housed in the
Smithsonian Institution, Wasigton, D.C. Foraminiferal densities, species richness, and species
composition were examined.

Q-mode cluster analys{®/ello and Buzas, 196&)f the data set composed of dead
abundances (79 samples) was used to identify changes in foraminiferal aggsntintough time
and betweewores. All taxa that made up 2% or more of the total abundance in any one sample

were included in the analysis. Species proportions were transformed to 2 arc sin square root of
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pi, where pis the proportion of thah species within the samplBdrtlett, 1947. A cluster
analysis of the transformed data was run on S
and Euclidean distances. A similar analysis was run on the data set that included only live
abundances. Mamsamples contained no ligpecimensnd those that did contained relatively

few; the cluster analysithereforerevealed no patterns within or between the three cores, so

these results will not be discussed further. For the analysis run on thetdat shcluded both

live and dead abundances, the results were near identical to that of the analysis of dead taxa only,
so they will also not be discussed further.

Species richness (S), density, and Fisherod
each core to evaluate foraminiferal assembl ag
total assemblage (live + dead foraminifera). This index is the parameter of the log series
distribution (Fisher and others, 1943). It is essentially the nuoflsgrecies expected with one
individual.

SEDIMENTOLOGY

Sedimentological samples were first dried overnight at 50°C and soaked in 0.05% Calgon
solution. They were then weteved over 68im sieves in order to separate the sand and mud
fractions. TheRo-Tap method was used to separate the sand fraction. Sieves range2l®rom
to 4.0 phi in increments of 0.5 phAverage grain size for each@ninterval was determined
through weight percentages.

GEOCHEMISTRY. CARBON AND NITROGEN

Samples forbulk organiccarbon andhitrogen stable isotope analyses weiedat 60°C

over a period of three days at the Institute of Oceanography, Universiti Malaysia Terengganu

before being transported to the United States for analijises; werethenhomogenizedising a
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mortar and pestle. Approximately5 g of sedimentvasplaced in a desiccator overnight to
remove excess moisturéfter weighing the samples thiellowing morning (initial mass), they
wereplaced in a furnace for four hours at 550°C. Tiveyethenplaced in a desiccator
overnight and weighed the following morning (final mass). The percenia®Icalculateavith
the equation below (Dean, 1974)order to determine the amount of sediment required for
isotopic analysis of each sample.
LOI (%) = ((initial massi final mass)/initial mass) x 100

Dried sedimentvas then packeith an 8 x 5 mm silver capsuleFifty microliters of
deionized watewasadded to each silver capsule. To remove inorganic carbon,elB6
plastic tray containing the samplasplaced in a desiccator with a beaker containing 100 ml of
12M HCI for 8 hours.Samples were then dried 60°C for an additional 6 hourSampes were
sent to the UC Davis Stable Isotope Facility for continuous flow isotope ratio mass spectroscopy
(IRMS) of carbon §*C) and nitrogent(°N). Four samples of fish feed (two pellets and two fish
heads) were prepared in the same manner and s€éalet&arth System Center for Stable
Isotopic Studies for analysidsotopic valuesrereported relative to international standards

(Vienna PeeDee Belemnite for carbon and atmospihé@rogen gas for nitrogen).

RESULTS
GEOCHRONOLOGY: “'%s
Surface activity of*®Pbwas highest (~8 dpm/g) at S43 compared2apm/g atS40 and
~1 dpm/g at S9A (Fig.)4 **%Pb activity strongly reflects changes in grain &eg.,He and
Walling, 1996 Goodbred and Kuehl, 1998Exces$ %Pb values were corrected for grain size

changes by dividing by the fraction of mpesent in each sample (Fig. Bediment



accumulation ratefor S43 and S4Wvere then calculated from the corrected exé¥8b values
using the CF:CS model (Appleby aéxtdfield, 1992) Dueto the varying'%®b profile of S9A,
whether corrected for grain size or not, sediment accumulation rates and therefore ages could not
be determined.

The?*Pb profile for the upper 30 cm of S43 (Eipis near vertical and represts a
mixed layer. The sediment accumulation rate (1.17 + 0.16 cm/y) was calculated using excess
21%p values between 30 and 72 cm. The 1970s, representing the onset of aquaculture in the

SEL, are represented at a depth between 66 and 72 cm.

Excess 219Pb Excess 21°Pp Excess 21°Pb
Activity (dpm/g) Activity (dpm/g) Activity (dpm/g)
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
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Figure4. Downcore profiles of exce$s%Pb activity and percent sand. Dashed horizontal ingslots
for S43 and S4indicate 1975, the approximate year fish farming began in the 88és could not be
determined for S9A.
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In S40, the sediment accumulation rate (1.52 + 0.12 cm/y) was calculated using excess
?1%p values from the top of the core dowri®ocm (Fig.5). Below49 cm, the profile for
corrected values 6f%b is near verticalThe 1970s are represented at pthidetween 42 and
56 cm. In 2003, a second inlet that was located approximately 4 km south of the current inlet

closed. The early 2000s are represented at a depth between 8 and 16 cm in core S40.

Corrected Excess Corrected Excess Corrected Excess
210ph (dpm/g) 210ph (dpm/g) 210Ph (dpm/g)
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Figure5. Downcore profiles of correctéPb acivities. Closed circles are samples used to calculate
sediment accumulation rates.

FORAMINIFERA
A total of 104 foraminiferal taxa asidentified within79 samples A dendrogram based
on the cluster analysis of the dead abundances stioedistinct groups of samples at a

Euclidean distance of ®(groups2 and 3 are separated at a distand®28) (Fig. 6). Thenine
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groups are referred to #snatofaciedi 9. Thanatofaciedi 3 andthanatofaciedi 6 are most
similar to each othethanatofacie3i 9 are similar to each other but are distinct from
thanatofacieqi 6.

Thanatofaciedi 3 are composed entirely samples from core S40hanatofacies 1
contains 11 samples from the middle 22 cmi @&2cm) of core S40. This thanatofacies contains
37 calcareous and 12 agglutinated takeamoniaaff. A. aoteang26%) andAmmobaculites
exiguus(13%) are the two most abundant taxa (Table )anatofacies 2 is composed of the top
six samples (012 cm) from core S40. Thiryine calcareous and eight agglutinated taxa
comprise Thanatofacies 2. The most abundant taxananeoniaaff. A. aoteang19%) and
Sagrinella lobatg10%) (Table 2). Thanatofacies3 contains 11 samples from the bottom 22 cm
(34i 56cm) of the S40 core. This thanatofacies contains 41 calcareous taxa and 10 agglutinated.
Ammoniaaff. A. aoteang18%) andQuinqueloculinaspp (15%) are the two most abundant taxa
(Table 2)

Thanatofaciedi 6 are composed entirely of sampfesm core S43 Thanatofacied is
composedf 14 samples that make up the bottom 28 crin {24&m) of core S43Forty-two
calcareousaxa and eight agglutinated taxa comprise this thanatofagiesioma aff. A.
aoteana(45%) andRosalina globularig10%) are the most abundant tgXable?2).

Thanatofacie$ contains 10 samples that make up the middlé42@&m) ofcoreS43 with one
additional sample (I80 cm). This thanatofacies@gemposed of 37 calcareoasd 12
agglutinatedaxa The most abundant taxa @&m®moniaaff. A. aoteang46%) and
Ammobaculites exiguif$2%)(Table2). Thanatofacie6 is composed of the top 12 samplek (0

26 cm) fromcore S43xcept for the sample frod8 20 cm. Thirtytwo calcareous taxa and
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twelve agglutinated taxa comprise this thanatofacies. The most abundant tArarerriaaff.
A. aoteang35%) andAmmobaculites exigu81%)(Table?2).

Thanatofacie3i 9 are composed of samples from S9A. Thanatofatemtainsfour
samples from the bottom of the core &wd additional samples from a shallower depth. All 10
taxa are agglutinated. The most abundant tax&rachammina amnicoléb6%), Ammotium
directum (16%), andAmmobaculites exiguy$4%)(Table 2) Thanatofacie8 is composed of
six samplesfour of which come from the middle of the coomefrom near the top, anohe
from near the bottom. Nine agglutinated taxa are present in this thanatafatig® most
abundant ardrochammina amnicol&29%),Ammotium directuni23%), andAmmobaculites
exiguus(18%) (Table 2) Three samples near the top of the core comprise thanatd@aciés
same nine agglutinated taxa present in thanatof8@es preent in thanatofacies.

Miliammina fuscg46%), Ammotium directuni31%), andlTrochammina amnicolél2%) are the
most abundant taxa thanatofacies 9 (Table.2)

Patterns iforaminiferal densitiestije calculated number of dead foraminifera/20 m
samplé are different throughout each core. In S43, the abundance of dead foran(iidera)
decreases through time from >40,000 at the bottom of the core to <300 near the top of the core.
The number of dead specimens in $81@. 8b) decreases from the bottom of the core (56 cm) to
~32 cm and then increases to the top of the core. Dead abundances near the bottom of the core
are >30,000 and even surpass 57,000 in one sampts(ddh). At 32 cmthe number of dead
foraminiferais <3M0. Near the top of the core, abundances are closer to 30,000 with one
sample (810 cm) >53,000. In S9A, the only site where aquaculture had been abandoned prior
to caing, dead abundancé€sig. 9b) are greatest (>1200) in the bottom 8 cm of the corarand

the top 2 cm. At cm and 1618 cm, abundances are <20.
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Figure6. Cluster analysis dendrogram of dead foraminiferal assemblhiyss thanatofacies (B) are
recognized. The three cores are distinguished from each other andealidhecthree thanatofacies.
Cores S40 and S43 are more similar to each other than to core S9A.
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Table 2. Mean percent abundance of taxa in each thanatofacies defined by cluster analysis of all

dead taxa comprising 2% or markthe assemblaga at leasbne sample.

Facies 1: S40 Middle Mean Facies 2: S40 Top Mean Facies 3: S40 Bottom Mean
11 samjes, 49 taxa % 6 samples, 47 taxa % 11 samples, 51 taxa %
Ammoniaaff. A. aoteana 25.66 Ammoniaaff. A. aoteana 19.13 Ammoniaaff. A. aoteana 17.51
Ammobaculites exiguus 12.90 Sagrinella lobata 9.63 Quinqueloculinaspp. 14.84
Gavelinopsis praegeri 7.53 Ammobaculites exiguus 8.49 Rosalina globularis 8.03
Rosalina globularis 6.34 Bolivina spp. 7.39 Reussella pulchra 6.57
Quinqueloculinaspp. 6.08 Reussella pulchra 7.14 Gavelinopsis praegeri 6.26
indeterminate rotaliids 5.69 Rosalina globularis 5.08 Sagrinella lobata 6.24
Sagrinella lobata 5.24 indeterminate rotaliids 5.07 Bolivina spp. 5.04
Reussella pulchra 3.93 Gavelinopsis praegeri 5.03 Sagrina zanzibarica 3.86
Bolivina spp. 3.72 Quinqueloculinaspp. 4.96 indeterminate rotaliids 3.75
Schackoinella globosa 3.18 Sagrina zanzibarica 3.80 Ammobaculites exiguus 3.16
Nonionsp. B 2.75 Cibicidescf. C. fletcheri 3.14 Amphistegina lessonii 1.71
Sagrina zanzibarica 1.80 Ammotium morenoi 2.60 Peneroplispertusus 1.66
Cibicidescf. C. fletcheri 1.40 Schackoinella globosa 2.48 Cibicidessp. 1 1.46
Cibicidessp. 1 1.28 Cibicidessp. 1 1.78 Spirolina cylindracea 1.38
Elphidiumcf. E. reticulosum 1.06 Elphidiumcf. E. simplex 1.68 Planorbulinaacervalis 1.33
Amphistegina lessonii 1.02 Amphistegina lessonii 1.57 Cibicidescf. C. fletcheri 1.27
Bolivina striatula 0.89 Reussella spinulosa 0.89 Cibicidessp. 2 1.24
Elphidiumcf. E. simplex 0.82 Nonionsp. B 0.75 Nonionsp. B 1.22
Caroniaexilis 0.74 Bolivina striatula 0.62 Dyocibicides primitivus 1.03
Murrayinella murrayi 0.67 Elphidiumsp. L 0.61 Quinqueloculinasp. 3 1.01
Spirolina cylindracea 0.64 Caronia exilis 0.58 Elphidiumcf. E. simplex 0.99
Ammotium morenoi 0.60 Murrayinella murrayi 0.51 Murrayinella murrayi 0.86
Asterigerinatasp. A 0.60 Asterigerinatasp. A 0.50 Elphidiumcf. E. reticulosum 0.79
Paratrochammina stoeni 0.45 Pararotalia nipponica 0.48 Elphidiumspp. 0.66
Elphidiumspp. 0.40 Elphidiumcf. E. neosimplex 0.48 Nonionsp. A 0.65
Dyocibicides primitivus 0.40 Trochamminasp. E 0.47 Pararotalia nipponica 0.60
Cibicidessp. 2 0.39 Cibicidessp. 2 0.45 Asterorotalia pulchella 0.55
Trochamminasp. E 0.38 Elphidiumcf. E. reticulosum 0.37 Schackoinella globosa 0.52
Elphidiumsp. 4 0.30 Elphidiumspp. 0.35 Bolivina striatula 0.51
Nonionsp. A 0.29 Elphidiumsp. 4 0.35 Agglutinellasp. A 0.51
Trochammina amnicola 0.24 Trochammina amnicola 0.34 Elphidium advenurs.|. 0.49
Planorbulina acervalis 0.24 Paratrochammina stoeni 0.30 Bolivinasp. 8 0.43
Quinqueloculinasp. 3 0.24 Cibicidessp. 4 0.30 Reussella spinulosa 0.41
Elphidium advenurs.|. 0.24 Dyacibicides primitivus 0.28 Elphidiumsp. 4 0.41
Reussella spinulosa 0.21 Planorbulina acervalis 0.28 Elphidiumsp. Q 0.38
Asterorotalia pulchella 0.21 Asterorotalia pulchella 0.28 Elphidiumcf. E. neosimplex 0.36
Nonionsp. C 0.20 Nonionsp. C 0.26 Nonionsp. C 0.36
Peneroplis pertusus 0.20 Spirolina cylindracea 0.20 Elphidium indicum 0.29
Siphotrochammina lobata 0.15 Quinqueloculinasp. 3 0.20 Cibicidessp. 4 0.26
Pararotalia nipponica 0.14 Siphotrochammina lobata 0.20 Asterigerinatasp. A 0.24
Elphidiumcf. E. neosimplex 0.14 indeterminate textulariids 0.19 Pseudorotalia schroeteriana 0.23
"Trochammina ochracea" 0.14 Bolivinasp. 8 0.18 Elphidiumsp. L 0.23
Haplophragmoides wilberti 0.14 Miliammina fusca 0.18 indeterminate agglutinated 0.19
Bolivinasp. 8 0.10 Nonionsp. A 0.16 Ammotium morenoi 0.14
Elphidium hyalocostatum 0.06 Elphidium advenurs.|. 0.10 Nonionellasp. A 0.10
Cibicidessp. 4 0.05 Peneroplis pertusus 0.10 Paratrochammina stoeni 0.05
indeterminate textulariids 0.05 Elphidiumsp. Q 0.08 Trochammina amnicola 0.05
Agglutinellasp. A 0.05 Haplophragmoides wilberti 0.05
Ammotium directum 0.05 Siphotrochammina lobata 0.05
"Trochammina ochracea" 0.04
Caronia exilis 0.04
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Table2. (continued)

Facies 4: S43 Bottom Mean Facies 5: S43 Middle Mean Facies 6: S43 Top Mean
14 samfes, 50 taxa % 10 samples, 49 taxa % 12 samples, 44 taxa %
Ammoniaaff. A. aoteana 44.50 Ammoniaaff. A. aoteana 45.67 Ammoniaaff. A. aoteana 35.31
Rosalina globularis 9.54 Ammobaculites exiguus 12.13 Ammobaculites exiguus 30.84
Quinqueloculinaspp. 5.27 Rosalina globularis 7.46 Sagrinella lobata 4.38
Ammobaculites exiguus 4.35 Quinqueloculinaspp. 5.27 Paratrochammina stoeni 3.30
Sagrinella lobata 4.29 indeterminate rotaliids 4.33 "Trochammina ochracea" 2.98
indeterminate rotaliids 3.57 Sagrinella lobata 3.88 Gavelinopsis praegeri 2.88
Reussella pulchra 3.53 Bolivina spp. 241 indeterminate rotaliids 2.73
Bolivina spp. 3.12 Gavelinopsis praegeri 2.02 Trochamminasp. E 2.62
Sagrina zanzibarica 2.59 Sagrina zanzibarica 1.78 Rosalina globularis 2.18
Nonionsp. B 2.46 Reussella pulchra 1.68 Quinqueloculinaspp. 1.89
Murrayinella murrayi 151 Nonionsp. B 1.62 Bolivina spp. 1.05
Gavelinopsis praegeri 1.37 Cibicidessp. 1 1.35 Ammotium morenoi 1.02
Bolivina striatula 1.28 Trochamminasp. E 1.31 Reussella pulchra 0.95
Cibicidessp. 1 1.08 Schackoinella globosa 0.97 Nonionsp. B 0.85
Schackoinella globosa 0.96 Murrayinella murrayi 0.83 Sagrina zanzibarica 0.58
Pseudorotalia schroeteriana 0.92 "Trochammina ochracea" 0.81 Schackoinella globosa 0.47
Elphidiumsp. 4 0.70 Elphidiumcf. E. reticulosum 0.79 Cibicidessp. 1 0.47
Nonionsp. C 0.37 Bolivina striatula 0.59 Trochammina amnicola 0.42
Elphidiumcf. E. simplex 0.60 Paratrochammina stoeni 0.52 Siphotrochammina lobata 0.41
Cibicidescf. C. fletcheri 0.51 Nonionsp. C 0.46 Elphidiumcf. E. reticulosum 0.40
Elphidiumcf. E. reticulosum 0.51 Elphidiumspp. 0.37 Elphidium hyalocostatum 0.37
Planorbulina acervalis 0.47 Elphidiumcf. E. simplex 0.36 Elphidiumcf. E. simplex 0.35
Amphistegina lessonii 0.46 Trochammina amnicola 0.30 Cibicidescf. C. fletcheri 0.31
Cibicidessp. 4 0.44 Ammotium morenoi 0.27 Amphistegina lessonii 0.29
Peneroplis pertusus 0.43 Cibicidessp. 2 0.25 Murrayinella murrayi 0.29
Elphidiumspp. 0.34 Elphidium hyalocostatum 0.24 indeterminate agglutinated 0.27
Quinqueloculinasp. 3 0.34 Amphistegina lessonii 0.24 Agglutinellasp. A 0.27
Cibicidessp. 2 0.32 Peneroplis pertusus 0.20 Caronia exilis 0.23
Agglutinellasp. A 0.31 Elphidium indicum 0.20 Pseudorotalia schroeteriana 0.22
Asterorotalia pulchella 0.28 Dyocibicides primitivus 0.19 Miliammina fusca 0.19
Trochamminasp. E 0.26 Ammotium directum 0.14 Ammotiundirectum 0.19
Spirolina cylindracea 0.25 Pseudorotalia schroeteriana 0.14 Elphidiumspp. 0.18
Reussella spinulosa 0.24 Elphidiumsp. 4 0.14 Elphidiumcf. E. neosimplex 0.18
Nonionsp. A 0.22 Cibicidescf. C. fletcheri 0.14 Nonionsp. C 0.16
Trochammina amnicola 0.22 Caronia exilis 0.10 Asterigerinatasp. A 0.16
Ammotium morenoi 0.22 Elphidium advenurs.|. 0.10 Elphidium advenurs.|. 0.13
"Trochammina ochracea" 0.22 Quinqgueloculinasp. 3 0.10 Asterorotalia pulchella 0.09
Pararotalia nipponica 0.21 indeterminate agglutinated 0.10 Elphidium indicum 0.09
Elphidium advenurs.|. 0.20 Pararotalia nipponica 0.08 Elphidiumsp. 4 0.08
Nonionellasp. A 0.17 Siphotrochammina lobata 0.05 Pararotalia nipponica 0.05
Dyocibicides primitivus 0.17 Reussella spinulosa 0.05 Dyocibicides primitivus 0.04
Elphidium indicum 0.14 Cibicidessp. 4 0.05 Bolivina striatula 0.04
Paratrochammina stoeni 0.14 Asterigerinatasp. A 0.05 Quinqueloculinasp. 3 0.04
indeterminate agglutinated 0.14 Agglutinellasp. A 0.05 Cibicidessp. 2 0.04
Elphidiumsp. Q 0.11 Elphidiumsp. L 0.04

Elphidiumsp. L 0.11 Elphidiumsp. Q 0.04

Elphidiumcf. E. neosimplex 0.11 Planorbulina acervalis 0.04

Asterigerinatasp. A 0.06 Haplophragmoidesvilberti 0.04

Bolivinasp. 8 0.04 Nonionsp. A 0.04

Caronia exilis 0.03
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Table2. (continued)

Facies 7: S9A Bottom Mean Facies 8: S9A Middle Mean Facies 9: S9A Top Mean
6 sampés, 10 taxa % 6 samples, 9 taxa % 3 samples, 9 taxa %
Trochammina amnicola 55.60 Trochammina amnicola 28.62 Miliammina fusca 46.37
Ammotium directum 16.02 Ammotium directum 23.24 Ammotium directum 30.85
Ammobaculites exiguus 14.48 Ammobaculites exiguus 17.88 Trochammina amnicola 11.96
indeterminate agglutinated 6.44 Miliammina fusca 11.10 Ammobaculites exiguus 5.96
Ammotium morenoi 6.30 Ammotium morenoi 5.97 Ammotium morenoi 252
Miliammina fusca 0.62 Siphotrochammina lobata 4.62 indeterminate agglutinated 0.98
Siphotrochammina lobata 0.26 "Trochammina ochracea" 4.14 Siphotrochammina lobata 0.69
Haplophragmoides wilberti 0.11 indeterminate agglutinated 3.76 "Trochammina ochracea" 0.46
Paratrochammina stoeni 0.09 Haplophragmoides wilberti 0.66 Haplophragmoides wilberti 0.22
"Trochammina ochracea" 0.09

In coreS43, the agglutinated tafaratrochammina stoeni Trédichammina ochraceao
andTrochamminasp. E are more consistently presemi anore abundant in the topthe core
especially in Thanatofacies 6 (Fig. 7l@he number of specimens Ammobaculitegxiguus
also increases towards the top of the core in Thanatofacks\éoniaaff. A. aoteanashows an
up-core decreasing trend in ThanatofacieS Be calcareous tax Rosalina globulariss more
abundant in the middle and bottahthe corein Thanatofacies 5 and 4

In coreS40, agglutinated tax Ammobaculites exiguus more abundant in
Thanatofacies 1 and 2 (middle and top of core) (Fig. 8b). Simikantynotium morenas more
abundant in the top half of the cdugper part of Thanatofacies 1 and all of Thanatofacies 2).
Miliolids (Quinqueloculinaspp.) are moretauirdant at the bottom of the core in Thanatofacies 3.

In coreS9A, Miliammina fuscas more abundant in the middle and top of the core in
Thanatofacies 8 and 9 antbst abundant in the top sample of the ¢bfg. 9b) Trochammina
amnicolais more abundann the bottom and middle of the core in Thanatofacies 7 and 8.
Patterns for ther species are difficult to extract.

The calculated abundances of live foraminifera/20 ml have different patterns throughout
each core as well. In all three cores, the nenslof live specimenseresmall relative to the

numbers of dead specimens. In S43, live specimens exoevidcoreto 42 cm(Fig. 7a; Table
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3). The total number of live specimens is <60 between 4 and 42 cm, excep22chf where
the live abundance >200. The top sample has a live abundance >300.

In S40, live specimens exteddwn-coreto 34 cm(Fig. 8a; Table 3)although not every
sample between 0 and 34 cm contains live specimens. At 34 cm, the number of live specimens is
<75. Within the tod2 cm, live abundances are >140, and exceed 1200 &tcBn.

In S9A, Ive specimens extend to the bottom (30 cm) of the @oge 9a; Table 3) Live
abundances are >70 in thettom three sampdg(24 30 cm) and range froni B4 in the samples
between Zand 24 cm. The top sample contains the greatest number of live foraminifera (>860).
It is difficult to extract patterns amongst individual species because live abundances are low.
Species Richness

Species richness (of dead assemblagede@ses slightly upore in cores S43 and S40
and does not show any trend in core S9A (Fig9).7Core S40 contains the greatest average
number of dead specipsr sampl€34). The average number of dead spepgsamplen S43
is 27 and the avage @ 7 for S9A is the lowest.

In S43 and S40, the greatest number of live species is near thieth@se coresThe
number of live species near the top of S48imeand decreases dovaore(Fig. 7a; Table 3)

The number of live species varies betweam@ 3 throughout most of S40, with no live species
below 34 cm(Fig. 8a; Table 3) The number of live species varies between 1 and 6 throughout
the entire S9A cor@ig. 9a; Table 3).
Fisheros Al pha (0)
Fi sherds al pha vage) fallenssim{laotfends updreaab thea s s e mb |
species richness of the dead assemblage (Fig. 10; d)ablie core S43, alpha decreasescope.

The average alpha value for the samples in Thanatsfddieottom of core) is 10.46. The
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Figure7. Relative abundance of all taxa comprising 5% or more of the live assemblage (a) and of the dead assemblage (b) iNgo1ecss!3.
on No. Dead Specimens in 20 phbt represent cluster groupsd areseparated by solid horizontal lines. The one sami@&Q cm) that does
not cluster with samples from similar depths is notederiétit. Key to abbreviated taxaames given in Appendi&. Shaded regions represent
the 1970s.
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Figure8. Relative abundance of all taxa comprising 5% or more diih@ssemblage (a) and of the dead assemblage (b) in core S40. Numbers
on No. Dead Specimens in 20 phbt represent cluster groupsd areseparated by solid horizontal lines. Key to abbreviateahtaames given
in AppendixA. Shaded regionat the lottom of the coreepresent the 1970Shaded regions between 8 and 16 cm represent the early 2000s.



