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Introduction

The importance of marine\alves to coastal ecosystem function is now widely recognized.

The feediy activity of bivalves, especially when in large assemblages such as oyster reefs,
provide important ecological services. These animals are capable of filtering seston (suspended
particulates) from large volumes of water as they feed. Clearance ratesgasonally, but for
oysters, rates of 5 Fhg! dry tissue weight are typical (Newell, 1988). This results in the
reduction of particle concentrations by 3@%%; chlorophyHa concentrations by as much as

90%; and nitrogen removal up to 25% of dadgd (Carmichael et al. 2012). Some of cleared
particulate matter is ingested and assimilated into tissue and shell growth; some is excreted
(primarily as ammonium) and is available for primary production. The remainder ends up on the
bottom as biodepasi (feces and pseudofeces). The process of transferring nutrients from the
water column to the sediment, or bentpedagic coupling, benefits both the water column

(pelagic) and bottom (benthic) communities in several ways:

1) Nutrients contained in bileposits can be removed from the system by burial in sediments.

2) Nitrogen in biodeposits can be microbially denitrified togils and permanently removed
from the system. For oyster biodeposits, this process remov@&¥4 of nitrogen from the
sedimats (Newell et al. 2002). Kellogg et §2013) found that seasonal denitrification rates at
a restored oyster reef ranged from 0.3 to 1.6 mmdiM2 hl.

3) Assimilation of nutrients into shell and tissue of bivalves (secondary produetiecively
removes nitrogeandphosphorugrom the water colum(Rose et al. 2014)For oysters
(Crassostrea virginich the nitrogen content of dry tissue ranges freé7%6 and the nitrogen
content of shells ranges from 0-0824%; phosphorus conterage lower, ranging from 0.8

1.26% for dry tissue and 0.@41% for shell (Newell 2004, Higgins et al. 2011, Carmichael et al.
2012, Kellogg et al. 2013, Reitsma et al. 2016). Data for quahtegsenaria mercenarias
limited, but nitrogen content of gitissue and shell was reported to be 7.69% and 0.18%,
respectively (Reitsma et al. 2016)arvest of commeially important speciethusresults in a
permanent removal of nutrients from the ecosystem. Bivalve aquaculture is now being embraced
as a meansf increasing nutrient bioassimilation and bioextraction in eutrophic estuaries
(Higgins et al. 2011, Carmichael et al. 20K2]logg et al. 2014Rose et al. 201Reitsma et al.
2016).

4) Fil ter f edeodninndg gerxaezretrs ciotngtnaducing watarcgumiy t op |l ank
turbidity and increasing the depth to which photosynthetically active radiation penetrates and
seagrass can grow (Newell, 2004). NewelliKoch (2004) determined that even a modest

density of oysters (25 g dry tissue weighf)meduced suspended particulate matter in the water



column by an order of magnitude, which in turn increased water clarity and the depth to which
seagasses were predicted to grow.

5) An additional ecological benefit provided by infaubaialves is the potential to increase
seagrass productivity. PetersmmdHeck (1999) demonstrated that biodeposition of nutrients by
filter feeding bivalvesNlodiolus americanysincreased pore water ammonium and phosphate
concentrations. In a subsequstudy, seagras$ijalassia testudinupmeaf widths and lengths
were significantly greater in the presencé/bfamericanusdemonstrating that nutrients derived
from filter feeding bivalves were taken up by seagrass and resulted in enhanced seagrass
productivity (PetersomndHeck 2004, 2001b).

Unfortunately, it is now also recognized that previously abundant bivalve resources have been
declining at an alarming rate due to overharvestimgasehabitat lossgeclining water quality

and alteredhydrology. Beck et al. (2011) estimated that worldwide, oyster resources have been
reduced by 85%In Tampa Baythere is no way of knowing the historical (jheedge and fill)
distribuion and quantity of oysters. We do know, however, that there leasigecommercial
harvest of bivalves (oysters, clams, scallops) in Tampa Bay aiheast 1970 (Geiger et al.

2010).

All of this has led to a greater focus angmentingivalve populations Most of the effort to
date has been directed toward restoapdaunaloyster reef¢zu Ermgassen et &d016).
However, Florida clam growers have observed enhanced seagrass growth in addattmm
leases (Aaron Welch, Two Docks Shellfish Co., pers. con@nen the importance of
seagrasses to the Tampa Bagsystem and theucces®f the Tampa Bay Estuary Program
restoring seagrass to historic levels, we proposed to investigate the relationshipshemong
infaunal bivalve Mercenaria campechiensigater quality, sediment quality, and seagrass
distribution in lower Tampa Bay. An adibnal goalof this projectis the reestablishment of a
population of native clamthat will reproduce for many years

Our abjectiveswere todetermine 1) growth and mortality oM. campechiensis lower Tampa
Bay usng local aquaculture practice®) effectsof M. campechiensisn sispended solids
chlorophyll nitrogen, phosphorus and sediment compositod3) the effectsof M.
campechiensien thedistribution of adjacent seagrass beds.

Methods and Materials

Expeimental Site

Two experimental sites were establishedballowsubmerged land owned by Port Manatee
(near Manbirtee Key) oBeptember 24, 20)&igures1 and 3. The Northsite (1.9acreswas



within alarge, exposed sandy area surrounded by sparse patches of seagrassi&ioasty
wrightii). The Soutlsite (0.8 acreswas in a slightly deeper sand trough between-well
established seagrass beds (primartalassia testudinumn The areas were markadth PVC
stakes ad GPS coordinates were recordédlfle1). Each site was divided into experimental
(with clams) and control (no clams) areas.

Google Earth

Table 1.
GPScoordinates of the stakes marking the North and South study sites, as shown in Figure 2.

North Site (Latitude) North Site (Longitude) South Site (Latitude) South Site (Longitude)

27 37.984N 82 34.024N 27 37.763N 82 34.039W
27 37.98IN 82 34.062WV 2737.782N 82 34.013WV
27 37.97TN 82 34.100V 27 37.80N 82 33.993W
27 38.01N 82 34.024N 27 37.78N 82 34.045VNV
27 38.014N 82 34.062V 27 37.79N 82 34.030W
27 38.01N 82 34.101W 27 37.81MN 82 34.006N
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Figure 2. Aerial view of Port Manatee showing bcations of the North and South study sites
adjacent to Manbirtee Key

Clam Productiorand Deployment

BroodstockM. campechiensiwere collectedocally by volunteersdonated by commercial
growers and delivered to the Bay Shellfish Cimv.,Terra Ceia, Florida.Clams were conditioned
(induced to initiate gametogenesis) by holding thienapproximately six weekat 20°C and
providinga diet oflsochrysis galbanandChaetoceros graciliatarate of 4% dry tissue weight
per day.

On November 7, 2016, conditioned clams were placed on a spawning table and induced to spawn
by cycling water temperature between°@0and 30°C every thirty minutes. Upon spawning,
clams were placed iniadividual containers so that eggs and sperm cbeldollected

separately. Aftespawning was complete, all eggs were combined and fertilized with a mixture
of sperm from all males. After fertilization was achieved, embryos were placedhih8Da

gallon larval tankand water temperature was maintaia 25°C. Water in the tank was

changed every dagnd larvae were fed a combinatiomaitroalgae Isochrysis galbanand
Chaetocerogracilis) on a daily basisSix days later, féer reaclng the pediveliger stagéarvae
weretransferred t@ownwellers in the hatchery for settlement and metamorphosis-sétost
clams were fed continuous{isochrysis galbanandChaetoceros graciljsuntil a size of 2 mm

was reached, at which point they were transferred to upwellers at a nearbyraoastalntil a
minimizesize of 5 mn(shell length)was reachedUpwellers take advantage of natural
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phytoplankton by pumping seawater upward throughavith ascreeron the bottom that holds
the clams.At approximately three montld age ,clamshadattanedan average sizghell
length) inexcess of5 mm.

Approximately 300,000 juvenile clams were placed at the Ssetion February 13, 2017 and
another 300,000 clams were placed atNbeth Site on February 24, 2017, using proven
commercial clanproduction methodsClams were initially protected from predators by being
placed in 4 mm mesh nursery badgoproximately7,500 clamgestimated volumetrically) were
placedin each of 4ags (Figure 3. After three months, when clams reacii&dnm inshell
length, they were removed from the nursery bags and distributedeigbemesh covernet&
mm mesh) Figure4). Again, counts of surviving clams were made volumetricalgch
covernef(15 feet by 40 feeedges were held in place Bg-foot lengths of plastic coated rebar
thus received approximately 29,125 claniBeginning in May 2017, the 6 mm covernets were
replaced withl2 mm mesh coverne{Bigure5). Throughout the duration of the project, the
clams were checkeslvery 23 weeksand thenets were cleaned of foulimyganismgmostly
macroalgae) as needed.

Figure 3. Nursery bags(4 mm) at the North Site. Manbirtee Key is in the background.



Figure 4. Clams(mean shell length= 17 mm) placed under 6 mm mesh covernets
before they moveddown into the sand.

Figure 5. Covernets at the Souttsite, looking north towards Manbirtee Key.
Note the seagrass beds in the background



Data Collectiorand Monitoring

Water temperatur@as collected using HOBO Pendant dataloggers (Onset;Gegé\ppendiy).
Two dataloggers were placed at each study@ite,in the experimental section and one in the
control section. Temperatuf®C) was recorded every 6 hounscadaily averages were obtained
from March 17, 2017 t&eptembe6, 2018. Beginning in June 2017, salinity (psu) at each site
was determined with a refractometgr each collection date

To determine possible effects of clam filtration on water qualitmmes of watefn=3) were
obtained from both sitggontrol and experiental areasgvery 46 weeks foidetermination of
total suspended solids atatal chlorophyll Total suspended solids (Y werecalculatedby
filtering water(250 ml)throughpre-weighed glass fiber filter; drying at 6C in a drying oven,
and reweighing. Total dlorophyll was determined using a Turner FluoroSense handheld
fluorometer(seeAppendi®. This instrument has a linear range €fd® ug I in vivo
chlorophyll and was calibrated at 0 and 1@0 before each use.

At each sampling date, 20 clams were also collected lhatimsites and returned to the
laboratory. Shell heighof clams were measuredith handheld caliperg0.1 mm) Clams

from the South sitevere then weighed whole before being shucked for detatinmof wet
tissue weight. Tissue and shells were then dried &€ &0 a drying oven before being weighed
for calculation of dry tissue weight and dry shell weight.

Clam srvival rate after initial deployment wastimatedased on counts (by volume&hen
clams were removed from the nursery bags and placed under 6 mm covernets and again by
quadrat (0.25 R) counts taken at the end of the study period.

Sediment core@8 mmdiametey were taken three times throughout the study pefibd.first

set wadaken m December 16, 2016y0 monthsbefore clams were planted at either site. Two

cores were taken from bare sartlone was taken from adjacent seagrass beds at ea(h site

cores total) On November 6, 2017, nine months after clams were plahteg, cores were

taken from experimental (with clgrander covernejsections, two cores were taken from

control (no clamsbare sandsections, and one core was taken from adjacent seagrass beds at
each sitg12 cores total) A third set of cores was lbected on August 15, 2018, eighteen

months after clams were planted. On this date, three cores were taken from experimental sections
(with clams under covernej}sthree cores were taken from control (no clabase sandsections

and three cores were &k from adjacent seagrass bedhatSoutlSite only (9 cores total).

Ten 2mm depth intervals from each core were analyeedrain size, percent carbonate and total
organic contenn Grain size wa determined by initially wet sieving the sample thfoagh3 um

screen. The sand/gravel size fraction (>63 um) frastiasanalyzed with a settling tube (Gibbs
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1974) and the percentage of each size interval within the sand/gravel freaticalculated using

the settling rate, neé&63quh)fractionvdsdetekmenédsby dipatie (Folk T h e
1965), whichwasalso based upon settling rates. Data from both analysessombined, and
resultswereexpressed as mean grain gizegravel, % sand, % silt, % clay, and % mu@alcium
carbonate aastentwasdetermined by an acid leaching method (Milliman 1974). A 10%
hydrochloric acid solutiowasadded to a preveighed sample. After all the calcium carbonases
dissolved, the sampigaswashed four times with distilled water and weighed agaime difference

in weight represertthe calcium carbonate fraction. Total organic matter (T@&Hdetermined

by loss on ignition (Dean 1974). Approximately 1 g of insoluble residue (sediment remaining after
acid leachingivascombustedn a muffle furrace at 550C for 4 hours. The sampleas therre-

weighed and the difference in weight from the initial weight represéhé total organic matter.

Clams were planted near existing seagrass et each study areaOn February 21, 2018
stakes werglaced at the outer margins of seagraseas to the clam nets at the South sibe

that over thesecond yeaof the project, observations could be made with respect to changes in
seagrassdistribution, density and composition.

Results

Clam samples and water samples were collemtelb dates, from February 13, 2017 to August
15, 2018. Samples were collected at both North and Sdeththrough October 27, 20%5dter

that dateclams at the North site were lost duesévere wind and/iave action caused by
Hurricane Irmaand subsequent cold fronts moving through Tampa Bay. After October 2017,
clam and water quality data was only collected at the South site, which was behind Manbirtee
Key in slightly deeper watendthus proteatdfrom storm damage.

Clam growth

Overall, clams grew steadily for the first year after planting until mean shell length reached about
50 mm; afterwards growth rate was redudédire §. At the North site, meashell length

increased from 9.51m on February3, 2017 to 39.9nm on October 27, 2017. Mean shell

length of clams at #1South site increased from 9rBn on February 13, 2017 t8®mm on

April 19, 2018 At the South site, man tissue wet weighangedirom 0.024 g on February 13,

2017 to 8.47 g opril 19, 2018 Mean tissue dry weight ranged from 0.005 g on February 13,
2017 to 1.56 g on June 29, &1
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Figure 6. Mean shell height of clams at North and South sites from February 2017 to August 2018.
Error bars are +1 SD; n=20.

Mean tissueveight (both wet and dry) was closely related to mean shell leRggfrés7 and8).
A clam with a shell length of 50 mm thus had a wet weight of 4.70 g and a dry tissue weight of
0.84 g.
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Figure 7. Mean tissue wet weight (gas a function of mean shélength (mm)
for clams from the Southsite (n=20).
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Figure 8. Mean tissue dry weight (g) as a function afmean shell length (mm)
for clams from the Southsite (n=20).

Clam survival

Approximately 300,000 clamaere initially planted at each site in nursery (4 mm) bags in
February 2017. In May, when clams were transferred from nursery bags to 6 mm covernets at
the Soutlsite, it was estimated that 233,000 clams remained (78% survival). When clams were
transfered from nursery bags to 6 mm covernets at the North Site in July 2017, approximately
232,000 clams remained (77% survivaBy October2017, all the covernets were displaced and
all the clams were lost at the Nodite due to a combination of physical damage, burial, and
predation, as a result of Hurricane Irarad subsequent cold fror{® survival). At the South

Site, it was estimated (based on quadrat confrit§2 clams rf) that221,389clams were still

living on July 18, 20187%3% survival). These numbers are summarizetaible2.

Table 2.

Counts of clams and survival rates of clams at the North and South Sites.

North Site South Site
Date Count % Survival Count % Survival
02/13/2017 300,000 100
02/24/2017 300,000 100
05/12/2017 233,000 77.7
07/06/2017 232,000 77.3
10/27/2017 0 0
07/18/2018 221,389 73
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Water quality

Only two of theoriginal four dataloggers were recovered at the end of the study. Hgwever
continuous water temperature data was obtained liiaimthe North (clam) location and the
South (no clam) locationAs shown inFigure 9 daily mean water temperature was similar at
bothsites, ranging fro5.57°F on January 18, 2018 to 91.97 °F on August 17, 2017 at the
North site and 55.18 °F on January 18, 2018 to 91.90 °F on August 16, 2017 at theiteouth
There was very little difference in temperature between the two sites; the overall mean water
temperature was 79.12 °F at the Naaith and 78.92 °F at the Sousite.
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Figure 9. Mean daily water temperature () at the North and South sites between March 17, 2017
and September 6, 2018.

Salinity was also similar at both sites, ranging from 26.5 psu on September 13, 2017 (three days
after Hurricane Irma) to 35 psu on May 23, 20ERjure10).
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Figure 10. Salinity (psu) at both the North and Southsites from May 15, 20170 August 15, 2018.

Mean btal suspended solids ranged from 1.2Irhgt the Norttsite on March 27, 2017 to 34.9
mg I at the Soutlsite on June 15, 201 Figure1l). There was noonsistendifference
between North anddsith stes from March 27, 2017 through October 27, 2017. At the South
site, suspended solids were consistently greater iexperimental (clamsrea than theontrol
(no clams)rea.
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Figure 11. Mean total suspended solids (mg?) from control (no clams)and experimental(clams)
areas at the Noth and South stes from March 27, 2017 to August 15, 2018.
N=3; error bars are +1 SD.

Total dhlorophyllincreasedrom a minimum value o2.0 pgl™ on March 27, 2017 at both the
North and South sites tnaxima 0f38.3ug | at the Northsite and 17.3.g 1! at the Soutlsite
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on September 13, 201Figurel12). This was the only date on which chlorophyll values were
significantly(t-t e s t0,007)wliffeent between sites. There was no consistent difference in
chlorophyll between control (no clams) and experimental (clams) areas within each site.
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Figure 12. Mean total chlorophyll (ug 1) from control (no clams) and experimentalclams)areas at
the North and South stes from March 27, 2017 to August 15, 2018.
N=3; error bars are +1 SD.

Sediment quality

Mean percent grain size and mean percent carbonate content for cores taken from sand, seagrass

and clam beds are providedTiable3. Theeligrsi ze fraction ranged
and was generally greatest in cores taken from seagrass beds. All cores were predominantly
composed of sediment in the Asando size fract

ranged from 0.54%t04.8 %; t he fAclayo size fraction rangef
Amudo size fraction ranged from 0.61% to 2. 72
planted), both clay and mud fractions were greater in the cores from seagrass beds than bare

sand. @ both November 6, 2017 and August 15, 2018, the clay and mud fractions werd greates

in cores taken from clam bedBaple3).
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Table 3.
Percent mean grain sizeand mean percent carbonate for replicate coref-20 mm depth)taken
from control areas (no clamg, experimental areagclam beds), and seagrass beds at both North and
South Sites during the study period.Note: clams were deployed in February 2017.

Gravel Sand Silt Clay Mud Carbonate

Date (%) (%) (%) () (%) (%)
2/16/2016
Sand (n=4) 048 9769 148 0.35 1.83 7.39
Seagrass (n=2) 0.52 96.76 1.5 1.22 2.72 9.51
11/6/2017
Sand (n=4) 0.004 9842 091 0.81 1.73 7.18
Clam (n=6) 0.048 97.83 059 153 2.09 8.66
Seagrass (n=2) 045 9831 125 0.34 1.28 10.7
8/15/2018
Sand (n=3) 0.35 99.03 054 0.07 0.61 3.96
Clam (n=3) 086 9766 0.82 0.66 1.48 5.4
Seagrass (n=3) 1.13 97.98 0.87 0.01 0.88 6.8

Percent total organic mattefOM) in sediment was generally lowest in cores taken from control
areas (sand) and showed little variation with deptbver time(Figures 13, 14nd 15. Cores

taken from seagrass beds had the greatest percentage of organic matter, especially near the
surface. On February 16, 201&nd August 15, 2018nean TOM was significantly greater in
cores taken from seagrass beds than control (bare sand) areasAANOW.03) Cores taken

from experimental areas (clam beds) generally had gneateenfTOM than control areas
throughout thelepth of theentirecore In addition, the percefltOM in cores taken from clam
beds(averaged for all depthg)creased from an average of 0.41% on November 6, 2017 to
0.61% on August 15, 2018, approaching that of sessgfigure ). Compared to control areas
(sand), the meahOM content of sediment in experimental areas (clam beds) was 37% greater
on November 6, 2017 (9 months after clams were planted) and 126% greater on August 15, 2018
(18 manths after clams werdgnted). On August 15, 2018, percent TOM was significantly
greater in cores taken from clam beds than bare sand (ANOQA,(R).
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Figure 13. Mean total organic matter (%) in cores collected on January 16, 2016
from sand (n=4) and seagrass areas (n=2).
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Figure 14

. Mean total organic matter (%) in cores collected on November 6, 2017
from sand (n=4), clam beds (n=6) and seagrass beds (n=2).
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Figure 16. Mean percent total organic matter(average of all depths¥rom replicate cores (n=26)
taken from three habitats on February 16, 2016 (before clams were planted); November 6, 2017
(nine months after clams were planted); and Augusl5, 2018 (18 months after clams were planted).

Seagrass distribution

Error bars are +1 SD.

Clams were placed on bare sand at both the North and South sites. After clams were initially
deployed at each site, we occasionally observed a few sha®agrss growing up through the
nets Figure 7). We also noted movement of seagrasses from adjacent established beds toward
clam nets during the second year at the South Aitew shoots of sagrass from adjacent beds
wereobserved inside of stakes rkimg the former edge of the befigure B). There was,
however no statisticallyquantifiedincrease in seagrass distributi@ative to control sites

during the study period.
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Figure 17. Seagrass shootd halassia testudinugigrowing through a covernet at the South Site.

Figure 18. Seagrass shootsTpalassia testudinurgrowing inside (to the left) of a stake
marking the former edgeof a seagrass bed adjacent to clam nets at the South Site.

Discussionand Deliverables

Average size antissue weight of clams

Growth of clams depends on several factors, including water temperature, Jakty
availability, habitat and densityln this study, boodstockclams were spawned on November 7,
2016. Clam seed averaged 9.5 mm in shell length when deployed to the experimental areas of
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