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Abstract

Worldwide, introductions of exotic species to new regions is of rising concern which can
lead to catastrophic ecosystem alterations through competition with native species and disruption
in energy flow.Perna viridisis a recently introduced bivalve species to US coastal waters and
has vigorously spread throughout the southeastern US. However, little information regarding
population structure and response to local environmental factors has been reported. Red tide
blooms formed by the toxic dinoflagellaikarenia brevisare frequent along the Gulf coast of
Florida and as a recently introduced species, it is unclear what tol&awicielis has toward
these events and associated brevetoxins (PbTx). Further, as anarspasiies ecological
concerns have risen regarding potential for spread and competition with native bivalve species,

particularly the eastern oyst€rassostrea virginica

This study aimed to characterize the population dynamics of estabfshedlis
populations and their response to naturally occukingrevisblooms. This was completed
through monitoring of growth, mortality, juvenile recruitment, gametogenesis and biochemical
composition (protein, glycogen and lipid) throughout a three yeartanorg period to evaluate
the effects oK. brevisblooms. Additionally, tissue PbTx concentrations were analyzed to
determine uptake, accumulation and elimination rates. Data collected from the field and
information reported in the literature were usedreate a functional DEB model to predict

individual growth and reproduction &% viridis under environmentally realistic conditions.

Prior to onset of the fird€. brevisbloom eventP. viridis showed rapid growth rates &
11 mm montH) and high swvival (mortality <1%). However, duringl. brevisblooms growth
rate dropped significantly and bioaccumulation of PbTx in the soft tissue was observed. High
tissue PbTx concentrations persisted long after bloom dissipation and high rates of mortality
ensue, severely reducing population densities. PbTx in mussels nearly doubled that of oysters
sampled during the same time and remained above the regulatory limit for significantly longer, 2

% weeks and 16 weeks, respectively.

Biochemical composition and reqatuction appeared unaffected, exhibiting year round

gametogenesis with a partial, intermittent spawning strategy and stability in reserves. A lack of



significant seasonal cycles in biochemical composition suggests sufficient food and energy
availability tosupport the observed year round gametogenesis. While continuous spawning
capabilities were evident two major peaks in spawning and recruitment were observed (spring
and fall),suggesting reduced fertilization and / or larval development and survival due to the

presence oK. brevisand associated ichthyotoxins and hemolysins.

These results indicate that while high tissue PbTx concentrations may lead to reduced
growth inP. viridis, gametogenesis is not inhibited, allowing the population to sukibeevis
bloom exposure and reproduce, even while individual mortality was Rrglonged
bioconcentration of PbTx may lead to increased threat of post bloom trophic transfer, resulting in
negative impacts on other important fisheries and higher food web implications. While it cannot
be conclusively determined that the cause of redgrowth, survival and recruitment is due to
red tide events, the parallels observed suggesKthaevisis an important factor in the drastic

changes in population structure.

Through the work presented here, population dynamics of locally estabfskedtlis
populations were characterized through monthly monitoring and the development of a DEB
model to accurately predict the growth and reproduction under dynamic environmental
conditions. This work aims to synthesize our knowledge on the indivishergetics oP.
viridis and to aid in understand population dynamics and potential for competition witiClocal

virginica populations



Resumé

Dans le monde entier les introductions d'espéces dans de nouvelles régions constituent
une préoccupatioécologique croissante ; ces introductions peuvent conduire a des
modifications drastiques des écosystemes, entre autres du fait de la compétition avec des espéces
indigénes et également par la modification des réseaux de flux d'énergie dans les écsysteme
La moule vertdPerna viridisest une espéce recemment introduite dans les eaux cotieres
ameéricaines et qui s'est rapidement disséminée le long des cotesHst Sled Etattnis.
Cependant, il n'existe pour le moment que trés peu d'informations canckrstructure des
populations, et leur dynamique en réponse a la variabilité environnementale locale. Les
efflorescences de marées rouges formeées par le dinoflagellé tétdcpma brevissont
fréquentes le long des cotes de Floride bordant le Golfdetigue, et la tolérance d viridis
a I'égard de ces événements et des brévitoxines (PbTx) associées n'est pas connue. En outre,
commeP. viridis est une espéce invasive, la potentielle concurrence (ressources trophiques,
HVSDFH « DY HFn@déneseEanhikOhvievadsostrea virginicaest une

préoccupation majeure dans les systémes cotiers de Floride.

Cette étude vise a caractériser la dynamique des populations étalftiegros
populations établies et leur réponse aux efflorescarateselles d&. brevis Les effets des
efflorescences B. brevisont été évalués a partir des résultats d'un suivi de la croissance, de la
mortalité, du recrutement, de la gamétogenese et de la composition biochimique des tissus
(protéines, glycogene kpides) durant trois ans. En outre, les concentrations en PbTx dans les
tissus ont été analysées afin de déterminer I'absorption, I'accumulation et des taux d'élimination
de ces toxines. Par ailleurs, les données recueillies sur le terrain et des iofaroata
littérature ont été utilisées pour élaborer un modele énergétique individuel DEB pour modéliser

la croissance et la reproductionfeviridis.

Avant l'apparition de la premiére efflorescend€. @revis P. viridis présentait des taux
decroissance rapide {61 mm moig) et un taux de survie élevé (mortalité <1%). Au cours des
efflorescences K. brevis le taux de croissance a chuté de fagon significative et une
bioaccumulation de PbTx dans les tissus mous a été observée. Les connetitradies en PbTx

dans les tissus ont persisté longtemps apres la dissipation de I'efflorescence et les taux de
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mortalité élevés se sont maintenus, ce qui a réduit fortement I'abondacdritiis. A la fin de
I'efflorescence, la concentration en Phligns les moules était presque le double de celle relevée
chez I'huitre indigén€rassostrea virginicgour des individus prélevés a la méme période ; chez

P. viridis, la concentration en PbTx est restée supérieure a la limite réglementaire pour la
consomma#on humaine pendant 16 semaine, alors qu'elle est revenue en dessous de ce seuil en 2

% semaines chez. virginica

La composition biochimique des tissus et la reproduction n‘ont pas parues affectées par
ces évenementd>, viridis réalise sa gameétogénahgrant toute I'année et a mis en place une
stratégie de ponte intermittente partielle ; elle présentait durant toute I'année une grande stabilité
de la concentration en composés de réserve. L'absence de cycle saisonnier marqué de la
composition biochimige suggere que la ressource trophique est suffisante pour soutenir la
gameétogeneése tout au long de I'année. Cependant, la premiere année du suivi, deux événement
majeurs de ponte et de recrutement ont été observés au printemps et a I'automne. Auacours de |
deuxiéme année de suivi, I'analyse histologiqgue montre que le méme patron de ponte massive est
observé au printemps ; cependant, a cette période, les efflorescences toxiques ont persisté et le
recrutement a été inhibé, ce qui suggere que la fécondafion e développement et la survie
des larves ont été affectés par la présendé teeviset des ichthyotoxines et hémolysines

associées.

Ces résultats indiquent que méme si des concentrations tissulaires élevées en PbTx
peuvent réduire la croissandeP. viridis, la gamétogenése n'est elle pas inhibée, ce qui permet
a la population de moule verte de subsister, méme si la mortalité individuelle était élevée. Les
concentrations élevées et persistantes en PbTx dans les tissus peuvent augmentedde risque
transfert trophique longtemps apres les efflorescences, ce qui pourrait avoir des répercussions
négatives sur d'autres pécheries importantes, en plus des conséquences sur la chaine alimentaire.
Méme s'il ne peut pas étre établi avec certitude quelletién de la croissance, de la survie et
du recrutement sont bien dus aux marées rouges, nos observations suggéehteyisest un
facteur important dans les changements radicaux observés de la structure et de la dynamique de

la population de®. viridis.

Le présent travail a permis, a partir d'un suivi pamnuel, de caractériser la dynamique

des populations de. viridis établies localement. En outre, le développement d'un modeéle



meécaniste de bioénergétique (DEB) a permi d'établir des préviiote croissance et la
reproduction de la moule verte a partir d'un forcage par les conditions environnementales. Ce
travail a permis de synthétiser nos connaissance®. stnidis et aide a comprendre la

dynamique de la population et les potentialité$'espece pour entrer en concurrence avec les

populations de I'huitre local€s virginica
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1. History, origin andtransport ofgreen mussels

The green mussePerna viridis is native to the Ind®acific and is found abundantly in
coastal waters of India, Malaysia, Papua New Guinea, Indonesia, China, Japan, and the
Philippines Appukuttan, 1977Sivalingam, 1977; Siddalll980;Haung et al., 19837akily,

1989; reviewed by Baker et al. (2007). High protein content and rapid growth rates, reaching
marketable size within &8 months, make®. viridis an ideal aquaculture speci&valingam

1977; Vakily 189) serving a major food source in these regitiasvested througharious
agquacultureperatiors andfrom wild populations. It is however, also a pesky biofouling

organism and if left untreated can cause serious damage to infrastructure including the clogging
of intake pipes used in various fosof industry and water @ing systemgRajagopal et al.

1991a,b). Green musselequenty occurin densitieof 1000 +4000individualsm? (Fajans and
Baker 200%and as high as35,000 individuals rAi(Huang et al., 1983This coupledwith high

growth ratescanresult in seriouslamageo infrastructureand high costs for removal

Perna viridismade it firswW DSSHDUDQFH LQ &DULEEHDQ ZDWHUV LQ
coast of Trinidacand Tobago (Agard et al., 199&nd has since spread throughout the
Caribbean. In 1993 they were recorded along the coast of Venezuela (Rylander et al., 1996;
Segnini de Bravpl9®B) and in 1998 populations were observed in Kingston Harbour, Jamaica
(Buddo et al., 2003). The first occurrencePolviridis in the United States was observed in 1999
in the water intake pipes of the Tampa Electric Company Power Stations (Ganrigig &whd)
in Tampa Bay, Florida with an estimated initial invasion in early fall of 1998 based on size of
individuals collected (Benson et al., 2001; Ingrao et al., 2001). Green mussels have since spread
throughout southwest Florida coastal waters viea §wimming larval stage and boat traffic
(Baker et al., 2007). Dense populations were recorded in the Esterd-Bayers, Florida
DUHD DV HDUO\ DV DQG V S& Maré lskand,[IFWrid® id R003RakeDdl V R X W
al., 2007) approximately 240 km south of Tampa Bay, indicaangability for rapid spread and
colonization across long distances. Northern spread on the Gulf coast has not been observed
likely due to a combination of colder waters and primarily southern flowingmisrfavoring a
southern distribution. A separate Florida invasion has been documented on the Atlantic coast of

9
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Florida in St. Augustine in 2002 in which green mussel populations have spread south to West
Palm Beach and as far north as Charleston, Souttli@a(Rajagopal et al. 2006; Baker et al.
2007) Northern limits on the Atlantic coast may be more extensive for subtidal offshore reefs
due to northern flowing currents and proximity to the Gulf Stream and its prevailing warmer
waters(Urian et al. 201 More recently green mussel populations have been reported
WKURXJKRXW &XEDTV HRehdnWeaEarcEDandHROI&N 2005), but suffered a
mass mortaltiy event in 2012 resulting in reduced dengitissibly due in part to high frequency
harvesting and low juvenile recruitme(itopezteguiCastillo et al., 2014

Through genetic testing of green mussels from both native and invaded regions, Gilg et
al. (2012) suggests a single invasion to the Caribbean, likely from ships traveling from China to
Trinidad and Tobago, and a successive stepping stone spreading effect throughout the Caribbean
and southeastern United States. Larval transport via ballast water and / or adults colonizing boat
hulls are both potential vectors of transport (Benson 2@01; Ingaro et al., 2001; Buddo et al.,
2003; Rajagopal et al., 2006; Baker et al., 2007). Boat hulls provide hard substrate for settlement
and withrapidgrowth, green musselseach reproductive maturity within 34 months Raoet
al., 1975; Parulekartal., 1982; Walter, 1982) boats traveling from one port to another are likely
to carry reproductively active populations providing a brood stock population when they arrive
to a new harboiWith a pelagic larvae larval stage lasting #88 days Tan, 19Bg Sreenivasan
et al., 1988) long distance dispersion via ballast water and / or ocean currents is possible. This
allows for accelerated spread of new populations as boat traffic moves along the coasts, between
port cities, and across ocean basMéth a history of rapid spread and colonization, concerns

abound regarding invasion potential in other US coastal regions and remains to be elucidated.
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Figure 1: Map of the spread d@?. viridis throughout the Ind@acific and the newly invaded
region of the Caribbean and Atlantic (from Baker et al., 2007).

2. Study ge: Estero Bay, Florida, US

Classified as an aquatic preserve in 18iero Bayspais11,000 acresf protected
submerged landreating critical habitat for many commercially and ecologically important
speciegFlorida Department of Environmental Protection, 20THg bay is protecteflom the
Gulf of Mexico(GOM) by barrier islands and is densely populated by mangrove islaystsr
beds and mud flats (Byrne and Gabaldon 80Bix inletsallow for a strong tidal influence and
extensive flushing betwedhe estuary and GOMith six majorfreshwater tributaries from the
mainland resulting in a brackish mixin@yrne and Gabaldon, 280 While Estero Bay haa
protected statuseveralof its majortributariesrun through urban areésading taanthropogenic
input due to increasetdkevelopmenalong the riveramplifying concerns of nutrient loading
(Tolley et al., 2006).

Southwest Florida has unique landscapéramatically altered by anthropogenic forces
and coastal urbanization. Through development, water management, and dredging activities,
drainage patterns from the Florida Everglades have been altered from slow meandering streams

and creks to large, heavy flow rivers (Volety et al., 2009). Such hydrological changes have created

11
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inconsistent environmental conditions, especially when coupled with the two very dramatic
season southwest Florida experiences. In the whaligr season there Igtle to no rainfall, and

the average salinity in the estuary may become hypersalngeng from 2838 ppt while in the
summeswet season, high rainfall and large freshwater flushes result in salinities as leidas O

ppt (Barnes et al., 2007; Volety &t, 2009). Many of SWKZHVW )OR UL Géh§fiwHV W XD U
allowing for rapid changes in salinity which create an acute and sometimes prolonged exposure to
depressed salinitieBesidesncreased fresh water input, these drainage canals and riveflono

through areas of increased urban development and agricultural land, accumulating nutrients from
fertilizers, pesticides, and increased loads of suspended solids (Volety et al., 2009; Abeels et al.,
2012). This high input of nutrients allows for aoguctive system, however when in excess can
initiate and support phytoplankton blooms which may cause sags in dissolved oxygen resulting in
benthic mortalities due to anoxic conditioasd /or fuel toxic algae blooms, such Harenia
brevis(Heisler et al 2008) which are typicallyaccompanied by a high incidence of marine life

mortality andhuman health concerns.

;

Caloosahatchee |
River ?//

Estero
Bay

Figure 2: Map of the study site
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Estero Bay is a shallow, mud bottom estuary with an average depth @yrne and
Gabaldon, 2008) leavg limited natural substrate (mangrove roots and oyster reefs) for
biofouling organismsand thus primarily only artificial substrate (boat hulls, docks, intake pipes,
navigational structures, seawalls) availalplemarily locatedn dredged channels, marinas, and
bridge passes. The shallow muddy conditionEstero Bayesult in turbid waters when wind or
current flow agitates the water column leaving subtital regiasiden from viewTo monitor the
establishment and spread of invasive species exploratory divers must inspect these regions,
which can be costly arttie lack of such monitorinig the primary reasoR. viridis has
successfuy spread to densely populatem regions and go unseen until they have become fully

established.

3. Biology of Perna viridis

Perna viridisis a dioecious species with rare cases of hermaphrodites and while sexual
organs are not distinguishable, sex can be determined by tissueLeapl 988). The gonad is
dispersed throughout the mantle lobes, mesosoma and intermixed between digestive glands
(Rajagopal, 2006) leaving males appearing creamy white in color and females orange or brick
red in appearance (Walter, 1982; Sreenivasan,et389; Lee, 1986; Narasimham, 1981).

During resting periods of gametogenesis this coloration is not as distinct leading to
misidentification without histological confirmation, however in tropical to subtropical regions,
reproductive activity frequently pgists year round (Parulekar et al., 1982; Walter, 19B2jna

viridis are broadcast spawners, releasing egg and sperm into the water column for external
fertilization and may be cued not only by environmental factors (temperature, salinity, food), but
also from chemical cues (Widdows, 1991; Barber and Blake, 2006) which can be initiated by
either sex (Stephen and Shetty, 1981). Larval densities have been recorded from approximately
20,000 larvae m (Rajagopal et al., 1998a) to as high as 40,000 larvigRajagopal et al.,

1998b), similar to that d¥lytilus edulis its cold water relative (Schram, 1970).

The life cycle bems with a pelagic larval phaseported to last from as short&st15
days Tan, 1975aNair and Appukuttan, ZIB) to 1518 dayqSreenivasan et al., 1988; Nair and
Appukutan, 2003) and as long asZ&days (Nair and Appukuttan, ZIB; Laxmilatha et al.,
2011 (Table 1) This wide range is due to variations in environmental conditions and substrate
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availability, which play a critical role in larval development and settlement (Sreenivasan et al.,
1988; Nair and Appukutan, 2003)jlarinemussels can delapetamorphosis for several weeks if
suitable substrate is not encountered, however this delay results in deécwasel due to the
interruption of feeding and growth leading to a prolonged pelagic phase accompanied by

increased predation risks (Bayne, 1965; Widdows, 1991).

During the planktonic stage they are at the bottom of the food chain leading to increased
predation pressure from plankton grazers and susceptibility to external stressors is at its high
(Bayne, 1976). Foodnd temperature are the two of most important factors affecting growth and
development of bivalve larvae (Widdows, 199igweverany envionmental altercation outside
the threshold will effect growth, development and survival, inclutBngperaturesalinity, pH,
dissolved oxygerfpod availability, + $% TV S R O O X\aI@Wppukbtdahi-2003; Bayne,
1965; Gilg et al., 2014 Nair andAppukutan(2003)observed significant difference in larval
growth reared under different temperatures with a more narrow tolerance range than that of post
metamorphosethusselsDecreased embryogenesis, larval development and survival have been
observed dung exposuref local species of oysters, clams and scallops. torevis(Leverone
et al., 2006; Rolton et al., 2014).
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Settled Juvenile

Figure 2: Life stages oP. viridis (Adapted from Black, 201&ww.mass.qgoy

Tablel: Larval growth ofPerna viridisdocumented from the literature.

Stage Size (um) Tan (1975)  Sreenivasan et Nair and Laxmilatha et
al. (1988) Appukuttan al. (2011)
(2003)

Trocophore 58 7-8 hours 6-8 hours 5-10 hours 6-8 hours

D- hinge 70-90 12-15 hours  20-24 hours 18 hours 20-22 hours

Veliger 1819 hours 8-30 hours

Umbo 90- 260 7-9 days 5-8 days 7 days

Eye Spot 200 £330 9-20 days 13-14 days

Pediveliger 360-380 8 days 11-14 days 11-17 days 16-19 days

Plantigrade 380 +480 19-23 days 21days

Spat/Settlement 510-910 8-12 days 23-27 days 15-24 days 21-35 days
*Nair and Appkuttan (2003) measured larval growth at a range of temperadred 28 ZLWK WKH IDVWHVW JURZWK UD!
ORZHVW JURZWK DW U0O& R BEO/IHWYYDHGS FDRNJ W DDOQLGV\ DRV /D[PLODWKD HW DO KL

28 U& 7D ®)measured growth at 23 U &reenivasan et al. (1988) measured growth at 8081
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For the first several days post hatching, early larval sidggsndon lipids from the egg
as the only source of energy for development before feeding is possible (Bayne et al., 1975;
Holland, 1978)Stress imdults during egg production can lead to reduced fecundity and success
of progeny due to decreased ligontentand viability in eggs (Baynd972;Bayne et al., 1975;
1978).Thus, hrval stages are not ordffected by environmental conditiain which they are

living, but also the physiological state of the broodstock population.

While larvae are free swimming, toidity is minimal and distribution occurs primarily
through current and tidal flow. Dependiag the local hydrology, mussel larvaey be
transported great distances with currents or may be confined to a more concentrated area (Porri
et al., 2006Gilg etal., 2014. Mussel larvaeansecrete specialized byssal threads to aid in
floatation and transport, different from those secreted for attachment, withih2l 8ays of
hatching Siddall, 1980. These long byssal or mucous threads can allow fofrpestmorphosis
migration via floatation when void of suitable substrate (Widdows, 1991; Rajagopal et al., 2006).
Primary settlement onto filamentous drift algae followed by secondary settlement to an
established mussel bed is common in Mytilid species (Widdd9&t Buchanan and Babcock,
1997, Alfaro et al., 2004). Primary settlement substrate, which commonly includes filamentous
drift algae allows for a prolonged searching periwtlen suitable substrate is not available and
transport over greater distandds Vooys, 1999; Cacerddartinez et al., 1998Buchanan and
Babcock, 1997). Following primargtlement, musselsanto move from one substrate to
another througlthe use othe foot (Bayne, 19§. This crawling stage can last for several weeks
(Dare andDavis, 1975); 56 weeks foM. edulis(Bayne, 1965 and early settled spat may
attach and detach themselves several times before settling in a permanent positiori@dyne,
1965 Seed, 1969Tan, 197%. A prolonged searching phase allows for nmswkective behavior
for substrate and / or environmental conditions prior to settlement and has been observed

previously in several species of bivalve larvae (Muus, 1973).

W LV QRW IXO0\ XQGHUVWRRG ZKDW LQGXFHV WKH ODUY
however, as a gregarious species, chemical cues from adults are believed to play a role and
increased recruitment is often observed on or near established adult popuBsiore (1964,

Widdows, 1991de Vooys et al., 200Baker et al., 2006;). Prefergal use of filamentous algae

for primary settlement also suggests that byssal threads of adult mussels may attract larvae ready
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to settle (Eyster and Pechenik, 1987; deVooys et al., 19%2@ré€sMartinez et al., 1993). By

settling within clumps of estdished adults, new juveniles may find refuge from predation and
thepresence chdult populations may indicate suitable habitatreasing survival and proximity
giving a reproductive advantage as broadcast spawners (Alfaro, 1994). Once settled, mussels
maintain a permanent position through the production of byssal threads allowing them to remain
securely fastened to hard substrate and are frequently intertwined with each other forming tight
clumps or matsThe byssal gland is in the foot aallows for repositioning of the individual

when necessary (Banu et al., 1979). Byssal production is a continuous process allowing for the
replacement of broken or damaged threads and have shown increased production and thread
thickness as a defense mechanism undelagicn pressure and / or theesence oflamaged

conspecificsYoung, 1985; Leonard et al., 19908heung et al., 2004).

Once settled. viridis has shown rapid growth rates averaginggID mm montt
(Qasim et al., 1977; Lee, 1986; Haung et83;Sreenvivasan et al., 1988nd as high as 12
15 mm montH (Rajagopal et al., 1998; Hawkins et al., 1998). Kuriakose and Appukuttan (1980)
recorded growth of 15.4 mm in the first month of settlement followed by rates ot13.8mm
in the following faur months. These rates are similar to the Mediterranean niigsiels
galloprovincialiswhich exhibits growth rates 6.811 mm montHin NW Spain (Camacho et
al., 1995). However, growth &f. viridis far exceeds its cold water relatid, edulis whichhas
reported growth of 5 cm in 5 years in the cold waters of Plymdngland (Bayne and Worrall,
1980) and from 11+24 months to reach market size depending on the geographical location
(Hawkins et al., 1999).

Rapid growth in sessile organisms sersegeral purposes particularly within the first
year of settlement. As smaller mussels will be most vulnerable to predation pressures, fast
growth increases the ability to avoid predation. This also allows individuals to qreeldly
maturity andreproducean a short amount of time allowing for rapid colonization of new habitat.
Both high growth and reproductive rates may also allow for reduction in competition for food

and substrate from similar species allowing for their success as an invasive species.

Growth rate increasewith increasing temperaturejthin the animals threshold and
provided food availability is sufficienthustropical species typically have prolonged growth

periods( Rajagol et al., 19984d;0deiros and Himmelman, 20p0remperature and food
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availability are often interrelated leaving predictions difficult due to the complexity of
environmental conditions. Environmental factors play role in eliciting physiological ressgpons
and if one or more is above or below the threshold, growth will be hindered. A decrease in
growth rate is often observed in the winter months when temperature and food are reduced
(Narashihanmi98l; Leel1986;Richardson et al., 199C@heung et al. 1991;993) ForP. viridis,
&KHXQJ VXJIJHVWHG ORZHU WKUHVKROG IRU JURZWK RI
JURZWK KDV EHHQ GRFXPHQWHG DW (e (IDEYGhEealrAt /HH
while growth may occur at lower temperatyrieghestgrowth occurs atemperaturesf 24 +29
U& DQG LQ UHJLRQV ZKHUH WHPSHUDWXUH UHPDLQV DERYH V
attributed to a decrease in food availability.

In areas where food and temperature remain high (ie: power plant fajiRtieviridis
has been observed to reach 119 mm in the first year, far exceeding the typical values recorded
throughout its geographic distribution (Rajagopal eti&98b)which typically closer to90 mm
in the firstyear (Roa et al., 1975; Narasimhat880; Rivonker et al.,1993Recordof maximal
length vary widely with reported values in invaded regions ranging from 161 mm in Trinity
Harbour, Austratlia (Stafford et al., 2007) to 172 mm in Tampa Bay, Florida (Baker et al., 2012)
and previous work imative regions reporting values from 1%830 mm (Roa et al., 1975;
Appukuttan, 1977Narasimham 1981Cheung, 1990

High fecundity has been reported in both native and invaded ranges. Many studies within
tropical regions report year round gametogenegls one or two major peaks in spawning that
could be linked with environmental variables (Roa et al., 1975; Walter, 1982; Fatima et al.,
1985). Even in more temperate regions where mussels unuergadistinct cycleshighly
productive spawning seasoa® observed with two major peaks and intermittent spawning
throughout the season (Lee, 1986; Rajagopal €1998a, b Barber et al., 2005Rerna viridis
is cgable of reaching reproductive maturity within the firste2 months of settlement at length
of 15 +20 mm (Parulekar et al., 1982; Roa et al., 1975; Sreenivasan et al., 1989; Siddall, 1980),
potentially allowing for cohorts to spawn within the first year. Populations in Tampa Bay,
Florida were found to have a long andguctive spawning seasobutexperiencd a resting
phase in December and January (Barber et al., 2005) when local water temperatures drop as low

as 13 (Badylak et al., 2007). However, on the Atlantic coast in St. Augustine, Florida where
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observed winter lows averaged 16, P. viridis was observed to maintain high reproductive

activity year round with no observed resting stddean, 2009).

High growth and reproductive activity comatsa high energetic cost. The ability to
maintain year round gametogenesis and allocati@mefgy towards growth requires that the
individual receives enough energy (food) to support these processes. Green mussels populate
eutrophic estuaries and bays with high nutrient availability (Vakily, 1989; Wong and Cheung,
2001) and have exhibited higlearance rates when compared to other bivalves (Hawkins, 1998;
McFarland et al., 2013). This high efficiency feeding is needed to supply energy required to fuel
the high metabolic demand of rapid growth and year round gametogéassigrowing
bivalveshave been shown to have high feeding rates and metabolic efficiency (Bayne, 2000).
Perna viridishas been reported to have clearance rates ranging from+2.82 Lh'lg? (Wang
et al., 2005) to as high as 8.@8.68 Lh'lg?! (Blackmore and Wang, 2003)itw a maximum
clearance rate recorded at 1§h (Hawkins et al., 1998). In the invaded region of southwest
FloridaP. viridis has been shown to exhibit clearance rata82imes greater than the native
oysterC. virginica(0.08 +1.2 and 0.09+0.43L h'lg?, respectively)at salinities within its
optimal range and maintained rates similar to that of the oyster at depressed salinities as low as
10 ppt (McFarland et al., 2013). Hawkins et al. (1998) compared the clearanceRatidis
and four otler oyster specie€fassostrea belcheri, Crassostrea iradelei, Saccostrea cucculata
andPinctada margariferafrom its native range and fould viridisto have both higher feeding
efficiencies and clearance rates; 7.2 + 3.1'lcbmpared to 4.15.5 L h for the oystersin
comparing feeding rates and efficiencies, Hawkins et al. (1998) also observed higher retention
efficiency (63 + 3%), ingestion rate (24.8+3.6 mg ¢g'h™Y) and absorption rate (21.5-8.4
mg g*h?) in P. viridis compared to &bpecies of oysters (411%; 2.0+9.5 mg ¢g'h?; 1.3 +6.0
mg g*h? respectively)Indicating that high clearance rates observedfoiiridis are
accompanied by a high retention efficiency and energy assimilation rate fueling the increased
metabolicdemands of high growth and reproductive activity.

When compared tolearance rates aofther Mytilids P. viridis exceeds that d¥l. edulis
which ranges from 1.684.12 L h! under different diets (Bayne et al., 1987) and from different
field populationganging from 1.12+255 L ht 2NXP X0 DQG 6WLUOLQJ EXW

the more closely related greépped mussePerna canaliculusvhich has clearance rates of 6.8
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L h't (Hawkins et al., 1999) to 8.6 L'{James et al., 2001While others repdra clearance rate
higher than that of oysters when compared directly (Hawkins et al., 1998; McFarland et al.,
2013), the clearance rate ©f virginicahas been reported to range fraré +8 L h! (Riisgard,

1988 Grizzel et al., 2008which is more comparable to that reportedRowiridis. While

comparison between studies is difficult due to differences in methodologies and environmental
conditions,it is clear thaP. viridis can rapidly cleafood particles from the water columntiv

high assimilation efficiencies aratelikely to competawvith other bivalves.

Feeding behavioandpseudofeces production d?. viridis, andmany other bivalves, has
shown to vary significantly depending on the food quality and quantity (Hawkins £988;
Wong and Cheung, 1999; Wong and Cheung, 2001). Ward et al. (1998) used endoscopy to show
selective abiliy in the labial palps of several speca®ladaptive capabilities for rapidly and
efficiently sorting, allowing for the maintenance of inaed filtration rates typically observed
(Ward et al., 1998; Warek al., 2003). Production of @glofeces aids in the selective ability of
bivalves which allows for thélt rationof all particles n the water column and selectivity in
choosing particlestbe ingested and those to be discaaedsudofeces based on size and
organic content (Ward et al., 1998; Baker et al., 1998; Hawkins et al., 1999; Ward et al., 2003).
This is especially helpful in shallow estuaries, common in southwest Florida, whichawe
large amounts of suspended solids (ie: silt) in the water calbatmust be sorted from food
particles prior to ingestio(Morton, 1987; Seed and Richardson, 1988)ring periods of low
food (either quality or quantity) or conditions of stargatmussels may also increase food gut
time to increase nutrient extraction efficiency (Hawkins and Bayne, Bi4ie et al., 1997
These behaviors may allow for a greaterease in energy acquisition in the winter when food is

low allowing for the maitenance of year round gametogenesis.

While the commonly accepted life spanRofviridisis 3years (Lee et al., 198%&arcia et
al., 2005) others have documented at least 4 years with a growth rate of 4 Mim ylearfourth
year (Narasimham, 1981). OtHeernaspecies have been documented to have a higher
longevity. McQuaid and Lindsay (2000) determined an average lifespan of 6.7 years with a
maximum of 9 years fdPerna perndn sheltered areaPerna pernahowever, have a lower
estimated ultimate length of 65117 mm (McQuaid and Lindsay, 200@ompared td. viridis
(156 +230 mnt Roa et al., 1975 ppukuttan, 1977Narasimham 1981Cheung, 1990
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Mortality rates vary between geographical locatigxisBarwani et al.(2007) reported

approximately 1.69 / yeandChoo and Speiser (1979) report mortality rates of 3.66 (~93%) for
PXVVHOV ” PP DQG a IRU PXVVHOV - PP ,Q FRPSDUL
and rope culture®. viridis, Lee (1986) atthuted the 20+40% loss in rope culture mussels to

predation and / or dislodgement rather than natural mortality. Stwtlieb report high mortality

rates often occur during periods of environmental stress such as extreme variations in
temperatureHoweret al., 2004; Uriart al.,2010; Baker et al., 2012), HAB events (Gacutan et

al., 1985; Tracey, 1988; Baker et al., 20J®)ljution (Lee, 1986), temperature (Power et al.,

2004; Baker et al., 20123alinity (Gilg et al., 2014jand/ or a combination oftressors (Cheung,

1993).

4. Environmental bundaries

The niche of a new species is defined by several factors. Notrastthe habitat fit the
species regardint physical attributes (substrate type and location, salinity, temperature, food
availabiity), but the population must be able to successfully compete with local species for these
resourcesindavoid predation. Green mussel populations are primarily found in habitats ranging
from oceani@nd high salinityestuarine waters favoring areas witghhphytoplankton and /
organic matter (Morton, 1987; Vakily, 1989; Wong and Cheung, 2001) and high current flow /
flushing aiding in the removal of waste and continuous food supply (Rajagopall€o8hb;

Buddo et al., 2003Rajagopal et al., 2006Green mussels commonly dominate biofouling
communities on and near power plants where water temperatures remain high and flushing is
extensive (Rajagopal et al, 1991afigh density settlement haaused damage to power plants
in their native range due tatensive fouling of water intake pipes (Rajagopal et al, 1991a) and
the water cooling systems of power plants in Tampa Bay are believed to be the first point of
invasion creating a broodstock population allowing for the further spread throughout the bay
(Benson et al., 2001).

As an important aquaculture species, much attention has been given to production and
environmental tolerances within their native range. In both native an invaded regions they are
aggressive biofoulers and have been found coatingsudusirate in densities as high as 4,600
35,000 individuals 1t (Haung et al., 19838Baker and Benso2002 Fajans and Baker, 26D
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and clogging water intake pipes at biomasses exceeding 26qRajagopal et al., 1991 As a
gregarious species, higinowth rates and fecundity have allowed for the rapid colonization of
new habitat and decreased native fauna through resource competition. Thriving in a range of
tropical to subtropical waters, conditions frequently allow for year round gametogenesigrand h
food availability in productive bays and estuaries allows for continuous input to energy reserves

and ample food supply for developing larvae.

Perna viridispopulations are most commonly found on hard substrate including
mangrove prop roots and submerged rock and strelbther bivalves including oyster reefs,
but also frequent artificial substrate such as pilings, piers, and floating objects such as buoys
(Vakily, 1989; Buddo et al., 2003; Baker et al., 2007; 2012). Locally, Estercd@ayrisef
soft bottom sediments with little hard substrate available leaving intertidal oyster reefs and
artificial structure as the only available substrate. Howeverngreessel populations have been
observed on the soft bottom sediments within seagrass beds in Tampa Bay and Hillsborough Bay
Florida covering areas as large as 236@Johansson and Avery, 2004) and in Kingston Harbor
Jamaica (Buddo et al., 2003) ofteraatting to shell fragments, filamentous root structure, and /

or other bivalves (Ingrao et al., 2001).

Although oftenreferred taas an intertidal species (Shafee, 1978; Vakily, 1889jridis
is primarily found on subtidal substrate or areas with miheangrsion time (Tan, 19185
Rajagopal et al., 1998. Juvenile recruitment is often observed in the intertidal regions, however
these individualsarelysurvive to maturity (Baker et al., 2012; personal observation) and dense
populations are primarily fouwd subtidally(Nair and Appukuttan 2003yith the highest growth
observed at depths below the mean low tide mark (Sivalingam, 1977). Tab)(i@i the
highest population densities at depths of 313..7 m below the high water spring tide mark and
no living musselsvereobserved above the high tide mark. This distribution is likely due to
desiccation stress from aerial exposure in which normal physiological requirements, (feeding,
exchange of gases, and removal of waste) are inhibited. Green mussdl#fthe intertidal
zone have been shown to\®ry sensitive to even short term extremes in air temperature (Urian
et al., 2010; Baker et al., 2012; McFarland et al., 2014). Both field and lab observations suggest
thatP. viridis cannot tolerate aerigh[SRVXUH DW WHPSHUDWXUHV EHORZ U¢
Firth et al., 2011Power et al., 2004) anfULDQ HW DO REVHUYHG PRU\
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within the first 24 hours of exposure. Likewise green mussels have shown an inability to cope

with aeriaO H[SRVXUH XQGHU KLJK WHPSHUDWXUH VWUHVV ZLWK |
WHPSHUDWXUHY DV ORZ DV U& LQ ZKLFK VXUIDFH WHPSHUTL
sunlight (McFarland et al., 2014).

As a tropical specie®. viridis thrives in warmwaters with an optimal range of 2632
 and lower and upper limits showing 50% survival affl@nd 33, respectfully
(Silvalingam, 1977). Populations in invaded regions, however, may adapt to changing
environments and develop localized tolerancegnt®ede Bravo et al. (1998) reported lethal
lower and upper temperatures of® and 37.5(C in the invaded region of Venezuela while
Ueda et al. (2013eported a lower tolerance of 1Z in Japan. Locally, southwest Florida
populations have an observed tolerance of303T determined through both laboratory
exposures and field observations (Baker et al., 2012; McFarland et al., 2014). Likewise,
populations on the Atlantic coast of Rt do not survive extreme winter water temperatures
(Power et al., 2004; Spinuzzi et al., 2013) experiencing 93.8% mortality after 30 dayKLat 14
and 100% mortality at 10T within 13 days (Urian et al., 2010). Likewise an intolerance to high
temperatue extremes is reported. Nicholson (2002) observed 30% and 70% mortality@t 31
and 34, respectively. Similarly, McFarland et al. (2014) observed 100% mortality within 12
days at 35(C, indicating reduced tolerance with rising temperatuResluced filration rates,
E\WVDO SURGXFWLRQ DQG JRQDG GHYHORSP35Q@VN KDYH EHHQ
(Rajagopal et al., 1995reedevi et al., 2014).

However, wide ranges reported from short term laboratory studies may overstate the
boundaries for long tergrowth and survival. Urian et al. (2001found a significant increase in
heat shock proteins (Hsp70) after only 2 hours of exposure t& Sdiggesting that stress from
short term exposures may have prolonged metabolic effects especially if other stessors
involved or repeat exposures occline various ranges reported in the literature are likely due to
methodologies including the rate of change and exposure durbéioperature rangs also
dependent upon salinity in which low salinity conditiondueed the temperature range at which

P. viridis can survivgRajagopal et al., 1995npublished data cited by Spinuzzi et al., 2013).

A wide range of salinity tolerances have been reporteB.fairidis throughout both
native and invaded regions. The optimal salinity in its native range has been reportetB8s 27
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ppt with a tolerance of 1944 ppt and is reflected accordingtypopulationdistributionwithin

bays and estuaries (Silvalingam, 19%dydaram and Shafee, 19#3uang et al., 19837akily,

1989), however, wider tolerances have been reportedgh laboratory studies. Silvalingam

(1977) observed 50% survival at salinities of 24 and 80 ppt and Sengini de Bravo et al. (1998)
determined a ramgfrom 0 64 ppt by decreasing the salinity by 1 ppt / day in the laboratory.
These were however, short term exposures and physiological changes such as increased valve
closure, inability to osmoregulate, and reduced clearance rates suggest long teahagurv

these extremes is unlikely (McFarland et al., 2013). In Tampa Bay, established populations are
found in areas which remain above 14 ppt and the highest densities are found in regions where
the salinity ranges from 2&28 ppt (Baker et al., 2012yhrough both acute and gradual salinity
decreases, southwest Florida populations have an observed lower threshold of 12 ppt (McFarland
et al., 2014), however at salinities of @t and below osmotic stress may reduce long term
survival (McFarland et al2013). Likewise, upper salinity tolerance may be more limited in
natural populations versus laboratory experimentation. Buddo et al. (2003) found dense
populations in regions with average salinities of 27.7 ppt, but no mussels were found near salt
ponds wiere salinities average33.8 ppt.

Harmful algal blooms may impose additional environmental constraints. Blooms of the
toxic dinoflagellateK. brevis are a common occurrence in southwest Florida and the response
of P. viridisto these events is unknowarenia brevigproduces a suite of potent neurotoxins
known as brevetoxins (PbTx) and blooms are commonly accompanied by massive fistakills (
& Wilson 1957; McFarren et al. 1965; Naar et al. 2007din some casesarine mammal, sea
turtle and seabirdtrandings and mortalitied@ams et al. 1968; Forrester et al. 19F&welling
et al., 2005). While local bivalves are tolerant to these bloom events, they accumulate PbTx in
their soft tissue body parts posing a threat to predators through trophfertiams human
consumption (Plakas et al., 2002; 2004; Pierce and Henry, 2008; Rolton et al., 2014). Locally,
clamsMercenaria mercenariand oyster€. virginicaare monitored routinely during these
HYHQWY DV D KXPDQ KHDOWK S gHbhDe8WLiRa@nirBdhdlifisosdfy HOV
tissue and / oK. brevis FHO O F R X Q W V-1result infria@&ory ¢losure of shellfish
harvesting Tester & Steidingerl997 Steidinger 2009;Plakas et al., 2008Clams and oysters
have been shown to dejate the toxin within 2+8 weeks post bloowhen tissue concentrations
ranged from 1,500:28,000ng g* PbTx3 equivalen{Morton and Burklew, 1969; Steidinger
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and Ingle, 1972; Plakas et al., 2002; Plakas et al., 2004; Plakas et al., 2008; Bric&lpatal.
Griffith et al., 2013, however PbTx accumulation and depuration rates are unknown for
viridis. Previous work addressing the effects of toxic dinoflagellates on bivalves has shown
mussel species to accumulate high toxin levels and increasdéavggrie HAB exposure when
compared with species of oysters and claimghiam et al., 1986; Shumway and Cucci, 2,98
Shumway eatl., 1988, 1990, 199®ricelj and Shumway, 1998; Lesser and Shumway, 1993

Through observations of established populatwi?. viridisin Tampa Bay, Baker et al.
UHSRUWHG * PRUWDOLW\ LQ UHJL RQ@MviBolodshKwhil&E D\ H[SR
populations in portions further removed from the bloom appeared unaffected. However, this
mortality event was followelly a rapid repopulation of juvenile green mussels in the following
year post bloom dissipation (Levero2€07)Although a population rebound was observed,
green mussels have yet to rebound and consistently maintain the high densities observed in

Tampa Bg upon their arrival (Dr. S. Baker, personal communication)

In their native rangeR. viridis has shown tolerance to several HAB species including
Karenia mikimoto(Robin et al., 2013) an@ymnodinium nagasakienfi¢arunasagar and
Karunasaga, 1992)ut has resulted in high mortality rates during exposufdemandrium
monilatum(Hégaret et al., 200&nd both increased mortality and prolonged harvesting bans due
to accumulated tissue toxins were observed during and following a rywoainium
bahamensear. compressdloom in the PhilippinesGacutan et al., 198. Cheung et al. (1993)
documented high spring mortalities affecting 30 and 70% of &dwitidis in Hong Kong
during May +September of 1987 and 1988, respectively and, though notlgiagtributed,
these mortality events occurred during periods of high red tide frequieiveyiles from cohorts
spawned during this period (Juaguly) had low survival. Similar mortality events have been
documented in other bivalve species sensitv®xic algae blooms. Tracey (1988) monitored
M. edulispopulations during and after a brown tide bloom causediusgococcus
anophagefferens the summer of 1985 which caused nearly 100% mortality and inhibited
juvenile recruitment. Following this evemgcruitment did not resume until the fall of 1986 at
which time only sporadic spat were observed. This reduction in larval recruitment was attributed
to the severe decline in density of spawning adults and poor quality of eggs and larvae produced
due to sress and reduced feeding in the adults during the bloom (Tracey, 1988). While an
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intolerance td. brevisin south Florida populations is a positive for limiting population spread,
it may pose trophic transfer and human health concBeameaviridis is not harvested for human
consumption, however illegal harvesting oscamd several species of fish, crab and seabirds
may be at risk fotoxin accumulation if musselsarbor the toxins for periods of time following
exposure without succumbing to dealblerance ofP. viridisto K. brevisblooms is currently

unclear and the extent to which they accumulate associated toxins in their tissue is unknown.

5. Problems with invasive species: Biofouling and potential harm to oysters and ecosystem
disruption

Introducingnornative species to new environments is a rising problem wadd.
Increased boat traffic and international shipping have increased vectors for spread over wide
geographidaistances and increased urbanization and tourism in coastal aseasdtad new
substrate for species including navigational structures, piers, and break walls (Bax et al., 2003).
While Florida coastal waters already have a significant biofouling problem, consisting mainly of
barnacles, tunicates and other native bivalwene reach the same sizes and densities observed
in P. viridis populations (Benson et al., 2001). Increased biofouling communities lead to
increased costs for removal areh halt industrial productian water cooling systems. Pipes
and pumps may becartlogged leaving a reduced flow causing pumps to overheat and burn out,
therebyincreasing cost of both removal of the species and replacement of damaged
infrastructure. Rajagopal et al. (1997) found dense populatiddswifidis coating water cooling
systems of power plants in densities reaching 21inkgausing damage to equipment and
clogging of pipes reducing water flow for the cooling system. Clogging is caused not only by
dense settlement of mussels but also from byssal mats which can getistekieel pumps and
block protecting screens (Ingrao et al., 2001). Wipiteen mussels are only contributing to an
existing biofouling problem not creating one, their fast growth and reproduction may increase

this problem and frequency of treatment.

From an ecosystem perspective, invasive species may cause alterations in ecosystem
services including nutrient cycling; habitat modification (or loss); competition and displacement
of native species, which may include aquaculture facilities and fisheriexs aettors for

disease, viruses, parasites, bacteria, and harmful algae (Bax et alli&gaf:t et al., 2008
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Bivalves may transport and introduce parasites or diseases from their native range not normally
found in the new ecosystem or may be immunedarasites in the new ecosystem leaving
themselves free of parasites giving them a leg up on the competition (Branch and Steffani, 2004).
Competition for resources, such as food and settlrage, can lead to displacemant

reduction in numbersf native specis (Dulvy et al., 2003; Karatayet al., 200]. As

ecosystem engineers, bivalve invasions have been shown to drastically alter ecosystems. For
example the zebra mus$&leissena polymorphim the Great Lakes resulted in alterations of the
phytodankton communityreduction of native speciesd an estimated cost of $1 billion per

year in biofouling damage and contrBiifhentel et al., 2003Karatayev et al., 2007). Similarly,

the Mediterranean mussaytilys galloprovincialisreduced native balves and limpets by out
competing for space on the coast of South Africa (Branch and Steffani, 200)andis

invasion in Venezuela has resulted in heavy competition and a population decrease of the brown
musselPerna Pernadue to substrate compéih (Segnini de Bravo et al., 1998; Rylander et al.,
1996). In Tampa Bay Florida, dead oyster shell was found under green mussel populations on

bridge pilings and the subtidal, outer crest of a reef system (Baker et al., 2007).

Through rapid growth and vigorous reproductive activRtyyiridisis an aggressive
marine invaderapidly reaching high densities allowing for heavy competition with other
bivalves for hard substrate. The primary concern surrounding green mussel pampatiad in
the southeastern United States is competition with the native @stesostrea virginicgFig.
3). Oysters are a keystone species in the soft bottom bays of south Florida where they form
permanent thredimensional habitat which creates fuge and / or foraging grounds for over
300 species of fish araab (Wells, 1961) including several recreational and commercially
important speciestHQGHUVRQ DQG 21HLO ). Many éstDdbind\sgesiésD O
spend their entire lives on thgster reefs while others utilize the intricate reef system as a safe
hiding place to lay their eg@gd nursery for juvenile§ 6lley and Volety, 2006 Many offshore
fish and crab species enter the estuary for breeding where their young use oystsraeefisge
(Beck et al., 2011). Thiefuge for early life stages and small organisms csest@xtensive
feeding grounds for larger species, both estuarine and oc@atergon et al., 200&rabowski
et al., 2005 Peterson et al. (2003) found thastgr reefs enhanced growth and increased the
abundance of 19 species of fish and large mobile crustaceans, with an estimated contribution to
fish production of 2.57 kg 108yr.
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Figure 3: Dense settlement of green mussels on top of oyste@aody Bridge, Tampa Bay Florida (Phstiy Dr.
Patrick BakerUniversity of Florida

Oyster reefs have the most dramatic effect on increasing fish production in mud bottom
estuaries, such as Estero Bay, where they provide essential habitat in bays auhich w
otherwise be barren (Grabowski et al., 2005). Abeels et al. (2012) identified oyster reefs in
southwest Florida as an in important source for trophic transfer of carbon and biomass from reef
to resident species to pelagic transients leadirgascaing effect on higher trophic levels
influencing both coastal and pelagic systems. Many juvenile pelagic fishes forage on oyster reefs
and, as they mature and leave the estuary, they transport nutrients and energy from the estuary
into the marine food wethrough biomass (Beck et al., 201Many oceanic species depend on
the productivity of estuarine systems to produce a stablesimade (Beever et al., 200%or
example, four species of crustaceans, almost exclusively found on oyster reefs in southwest

Florida, comprised at least 44% of the relative importance index of the diet of 12 species of fish
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(Wasno et al., 2009)As a major contributor to the food web, aEase in oyster reefs could

lead to a cascading effect on the food chain, potentiailyering coastal fish production.

The permanent reef structure created by oysters aids in preventing and slowing erosion of
the shoreline by stabilizing bottom sediments and creating a natural break wall to take the brunt
of wind, wave energy, currentdcRQ DQG ERDW ZDNHV +HQGHUVRQ DQG 271
2007). Reef systems form along the mangrove fringesaavaldwater currents creating bigat
barriers, protectioand increasd sedimentation to support root growth for estuarine vegetation
(seagrass bedssalt marsheand mangrovegs +HQGHUVRQ DQG 2Y1HLO *UDEF
Peterson, 2007). In protecting and enhancing grass beds, oyster reefs indirectly provide increased
habitat for coastal fish and crabs (Grabowski and Peterson, 2007).

Through natural filter feeding activities, dense oyster populations may reduce the
eutrophication of estuaries by speeding up the procetendfification (Newell et a) 2002) and
by removing suspended particles including organic matter, phytoplanktoompimidsiomass
and detritus from the water column (Dame, 199&me et al., 2001 This behavior also aids in
controlling and reducing phytoplanktorobims within estuarine systenis\proving water
quality and reducing turbidity leading to increased ligterauation (Baker et al., 1998; Barnes et
al., 2007;Coen and Grizzle007; Coen et al., 2007; Grabowski and Peterson, 208mugh
rapid filtration of organic matter from the water column and deposition to the seafloor as feces
and pseudofeces oysten® key players in benthic pelagic coupling and nutrient cycling leading
to an overall increase in productivity of the ecosystBanfe 1996). These processes enhance
transfer of energy and material between the water column and benthic community (Coen and
Grizzle, 2007) creating a direct link from primary producers to higher tropic levels (Barnes et al.,
2007, Coen and Grizzle, 200.7

While green mussels can fill some of these ecological functions with similar filter feeding
and benthigpelagic couplingapabilities, they do not form permanent reefs, as oysters do; they
instead attach to each other and hard surface areas through the production of byssal threads and,
unlike oysters, create little thremensional habitatf green mussels were to disptaaysters
they would not provide the same habitat services vital for the survival of many estuarine species
(Baker et al., 2006 Additionally, byssal threads disintegrate upon death leaving the empty shell

to wash away destroying what little habitat oegested as opposed to oysters which remain
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cemented to the hard substrate or reef systems even afterltleathsels were to become the
dominant bivalve just one mortality event could wipe out a substantial amount habitat essential

to the survival of mayestuarine and pelagic species.

In Estero Bay while juvenile green mussels may settle in intertidal regions and isolated
mussels have been observed on oyster reefs, they do not appear to withstand extended periods of
desiccation which may keep the twiesies in separate niches. However, if green musaals
invade to the estuarine portions of the bays and estuaries in southwest Floridacmdpmie
oysters for food and substrate, it could have impacts on the ecosystem funcmhing
recreational and commercial fisheries. Loss of oyster reefsaviiea loss of habitat for reef
resident speciesndthose species which use the reef for nurseries and/or feeding grounds.
Commercial and recreational fishing are economically importargdothwest Florida and
production is enhanced by the extensive oyster reef systems (Peterson et al., 2003; Grabowski et
al., 2005). It has been estimated that approximately one in every three tourists visits Florida to
fish, and in 2007 commercial fishitgought in $174 million of fish to the docks in Lee County
alone (Beever et al., 2009).

6. Understanding population dynamics through applying the Dynamic Energy Budget Theory

Coastal regions of south Florida are highly urbanized and the dredging of channels and
implementation obridges, docks and markds structural and navigational purposes
altered the watershed and created increased subtidal, hard substrate invéseosiallow,
muddy bay (Antonio et al., 2002; DEP, 201Bhis increase in artificial substrate adds to the
difficulty of monitoring and invasions often go unnoticed until populations are well established.
While many power plants use forms of mitigatgarch as chlorination and heat treatments
(Rajagopal et al., 19914995;1997) these practices are not suitable for wide eradication in
estuarine waters and require continuous treatment or repeat dosing. Other forms of removal can
be costly and require d#vs to search out locations and manually scrape the substrate to remove
dense populations. These practices are retrospective and typically not put into effect until
populations are already established, adding to the difficulty in control and mitigatobogiBal
modelingcan servas an aid to predithe spreadof new speciesito new habitats and identify

regionsvulnerableto an invasionallowing for a proactive mitigation plan.
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Several studies have used scope for growth (SFG) or allometry to mdidedual
growth ofP. viridis (Shafee, 1978; Cheung, 1993; Waat@l.,2005; Hemachandra and
Thippeswamy, 2008; Wang et al., 2011). These estimates hodewetutilize a dynamic
approach to a constantly changing environment and whiffeyentvalues fo allometric growth
equations are reported in the literature (T&)Jeshowing inadequacy imsing allomety to
characterize populations in a changing environmenbotparebetween geographic ranges.
When using allometry to model growth many authorsmepigh seasonal variation mvalues
relating physical lengtto weight using the equatiad = aL.® wherea andb are constants and W
= dry weight and L = Length (Shafee, 1978; Cheung, 1993; Hemachandra and Thippeswamy,
2008).These values vary widely between geographic regions (Bablgtheyare dependerdn
the environmeratl conditions]eading to populatiospecificestimatiors. Significant variations
in parameters foP. viridis have been observékroughout the year arzbtween sites within
Tolo Harbor, Hong Kong (Cheung, 199tiyhlighting thesensitivty of theseparameterand the
need forcalibraion betweerpopulationsandover seasonal cycleReproductive state can lead to
increased/ariations in allometric valuesith seasonal variations in gametogentic cycles
(Cheung, 1993; Hemachandra and Thippeswamy,)2&0@ell as differences between mature
and immature individuals (Shafee, 1979; Mohan, 1980; Cheung, F@@uction of gametes
adds to the total mass of ardividual, which is not accounted for in the simple length weight
eqguation, as has been observed through seasonal variation in condition index which can often be
linked to spawning and gametogenic cycles (Bernard et al., 2013, dometric models are
species andite specific leaving them unable to predict outcomes between locaitbiosit a
new calibrationeven within the same species. Further, these predigtipitally applyto a
specific age group or life stagehich neglects changes in metabol and bioenergetics that
occur between life events; for example birth, metamorphosis and puberty all represent stages in
the bivalve life cycle which represent major changes in energy dynamics and resource allocation
(Kooijman, 2Q0).
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Table2: Summay of allometric exponents reported in the literat@arfdb) and maximum lengthL(). Several
studies were completed from an aquaculture with monitoring stopped at the time of harv€&d 6fn), thus
maximum length was not reported.

Location a b L. (mm) Reference
Malacca Malasia 0.00024 2.60 102 Al-Barwani et al., 2007
Hong Kong 0.00112 2.37 101.1 Lee, 1986

Vengurla, India 0.00066 2.24 150 Rao et al., 1975

Goa, India (total wt.) 0.000109 2.26 - Parulekar et al., 1982

Goa, India 0.000039 257 - Qasim et al., 1982

Goa, India 0.000033 2.66 - Qasim et al., 1982
Kakinada Bay, India 0.0000696 2.75 184.6 Narasimham, 1981
Penang, Malaysia 0.0000222 2.76 89.4 Choo and Speiser, 1979
Madras, India 0.00277 3.03 159.5 Shafee, 1979

Tolo Harbor, Hong Kong 0.0263 0.7¢ Cheung, 1990

Tolo Harbor, Hong Kong 0.000000044 13.9 100 #223 Cheung, 1990*

Singapore 0.0981 2,79 - Cheong and Chen, 1980
Chachoengsao, Thailand 0.07067 2.7& - Chonchuenchob et al., 1980
Udupi, India 0.005 2.9% - Hemachandra and Thippeswamy, 2008

*high variation in values between months and populations
Lvariation between sites / populations
2measurements in cm, all others in mm

These discrepancies between studiedikely a result of site specific environmental
factors affecting physiological condition of the individuatludingfood availability,
temperature, presence of stressors,3dtell shape, which more accurately exps$ the size of
the organism, is largely influenced by these environmental variables (Hemachandra and
Thippeswamy, 2008)ndividuals from different populations with similar dry weights, but
variatiors in shapamay result irdifferences inength weight elationships, thupartially
explaining variation in allometric constanksdeed, Mohan (1980) argued that the allometric

equationw = aLPcannot accurately be applied across the lifespdh wiridis.

Incorporatingenvironmenrdll parameters intbiological modeing is essentialo compare
predicted outcomes with natural observatiand between populations of different geographical
regions The environment is a dynamic systeontinuously changing regardiege or more
parametersvhich makespredictionsfrom laboratory studies and simulations difficitirther,
energy allocation is a complex process of metabolic requirements of growth, maturation and
reproduction each with their own overhead and maintenance costs. These metabolic process are
sensitive teenvironmental factors complicating predictions and are often left unaccounted for in

basic bioenegertic models leaving comparisons between populations difficult.
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The Dynamic Energy BudgéDEB) theoryfor metabolic organizatio(Kooijman, 200)
offers aframework that can be applied &any speciedDEB usegood and temperatuas forcing
variablesto predict changes in metabolic responses and the cascading effects on growth and
maturation of the organism. This allofes a more accurate representatiothefdynamics of
themass and energy budgeisder realistic environmental conditions archoves the problem
observed in SFG models in which parameters are measured under constant environmental

conditions making the comparison between populations orsaasons difficult.

The DEB theory characterizes the dynamics of metabolism and energetics throughout the
lifespan of an individual based on a basic set of dagardingphysical attributes that describe
the organisnie: lengths, weights, and agedéferent maturation time points) in relation to
temperature and foaavailability (from Lika et al., 2014). The standard DEB model assumes
three basic life stages; embryo, juvenile and aduld three state variables; structural volume
(V), reserve energ(E), and maturity reproduction buffe(En). The functional responsg,
depends on food availability and is categorized on a scalet®f ith O being starvation
conditions and 1 beingd libitum The basics of energy flow within an organism can be
explained by figurd. For bivalves, food is taken in via filter feeding activitidg§(and
assimilated Ls§ into reservesvith a portion of energy from the food lost to heat dissipation and
feces production. Food uptake is proportional to surfacearadepend®on the food density or
availability (). Energy is mobilized from the reservelsg DQG D IL[ IUDFWLRQ JRHV
somatic maintenandel;6 and growth L with the remainder@ XVHG IRU PDWXUDWLRQ
juveniles or production ajametes in adultsLg and maturity maintenang¢d_®. All above
mentioned fluxes have the units of energy over tiemg)@andf and are unitless ratioSomatic
maintenance is given priority over growth and allocation to reproduction / gametes only occurs

once maturation is complete.
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Figure 4. Flow of energy through the organisms in a DEB context.

Reserves are continuously and simultaneously usedeptated. The rate at which
energy is mobilized from reserves, energy conductaBBegmains constant. Somatic
maintenance refers to the continual energy input to maintain the continuous building / re
building of structure (ie: protein turnover), whitgaturity maintenance includes overhead costs
of maturation and cleaning up of gonads post spawning to prepare for a new cycle. Because of
strong homeostasis, while the reserve relative to structure may change, the chemical composition
of reserves and strtture remains constant (van der Meer, 2006). Life stages are linked to
maturity and with bivalves include, birth, metamorphosis, and puberty representing periods of
change in energy flux and metabolism. Embryos grow, but do not feed; juveniles feednbut do
reproduce; adults feed and reproduce leading to a variation in physiological rates and allocation
priorities between life stages, which is controlled in the model by a maturity variable for each

stage.
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A primary set of parameters are estimated dasephysical attributes at different life
stages which are inherently linked to physiological rates and influenced by temperature and food
(energy). Parameters will change in a changing environment as physiological raféected
by environmental contlons. To account for these changes the species specific Arrhenius

temperature is incorporated using the equation:

6 6.
®6; LC@AT\EF—G

Where @ the selected physiological rafeis the ambient temperaturg, is the reference
temperature @is the physiological rate measurediatandTa is the Arrhenius temperature.

DEB theory assumes that temperature affects all physiological rates in the same manner and the
incorporation of the Arrhenius relationship allows for accurate predictiome gfftysiological
response to changing temperatures. Knowing the upper and lower thermal limits allows for
restrictions to be placed on the organism to control changes in metabolic rates with changes in

temperature. Temperature is especially importantif@hes which, as sessile ectotherms, are

subject to environmental fluctuations in temperature.

Figure 5: Temperature tolerance range as defined by McFarland et al. (2014)
for local P. viridis populations.

DEB models have been successfully applied to many bivalves, primarily as a tool for
aquaculture (Ren and Ross, 2005; Ren and Schiel, 2008\VRliget al., 2010) and assessment
of natural populations / culture sites (Pouvreau et al., 2006; Rosland2&08l; Sara et al.,

2012; Lavaud et al., 2013). Utilization of such models can also aid in understanding of
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population dynamics of a new species. This information may further be used to predict the
growth and reproduction under different environmentatd@ans, which may help identify
regions vulnerable to species invasions based on local environmental condiitiaugih this
work we aim to characterize locally established populatios wiridis in southwest Florida
through monthly field monitoringf@rowth, recruitment, gametogenesis, and energy storage
cycles. This information and data previously reported in the literature will be used to 1.)
Determine the primary parameter set required for the standard DEB model, 2.) Develop a
working model that ecurately predicts growth and reproductiorPolviridis, 3.) Validate the
model by plotting growth angeproduction from other regions by only changing environmental
parameters (temperature and food). For all three steps, separate data set aresused to as

accurate calibration andilidation

Obijectives of the Study

The main objective of this study was to characterize the population dynamics of the invasive
green musseRerna viridis throughfield monitoring of established populations application

of the Dynamic Energy Budget (DEB) Theory. Data from the literature was utilized and a two
year study of growth, reproduction, larval recruitment pirakimal biochemical compositioof

a local population to aid in the parameterization and calibratittmeeahodelpredicting growth

and reproduction d?. viridis under local environmental conditiorfaurther,we aimed to
describeheuptake and eliminatiobrevetoxins produackbythe toxic algad. brevisand the

effectson P. viridis population structure during natural exposurethefield.

x Paper I: Analyze the natural uptake, accumulation and depuration of brevetoxin, a
neurotoxin produced by the red tide forming dinoflagelkdeenia brevisduringand
following two consecutiv@aturd blooms.

x Paper II: Investigate effectsef K. brevison growth, survival and juvenile recruitment in
existing population of green muss#isough field monitoringluring naturaKarenia
breus blooms in Estero Bay, Florida.

x Paper lll: Investigate seasonal patterns in reproduction and energy storegjabtished

populatiors of green mussels in Estero Bay, Florida.
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x Paper IV: Apply what we have learned from both the literature and field and lab studies
to create a working model to pretlindividual growth and reproduction &f. viridis

utilizing the Dynamic Energy Budget Theory.
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Potential impacts of bloomsof the toxic dinoflagellateKarenia brevison the growth,
survival and juvenile recruitment of the non-native green mussePerna viridisin southwest
Florida

Abstract

Red tide blooms formed W¥arenia brevisare frequent along the Gulf coast of Florida
and it is unclear what tolerance the green muBseta viridis a recently introduced species to
coastal waters, has toward these events. Established populatingrafis were monitored
along the coastaVvaters of Estero Bay, Florida before, during and following two consecutive red
tide blooms to assess the potential effects on growth, survival and juvenile recruitment. Upon
onset of the bloom, growth rates fell from30 mm montH (March 2011+Novembe 2011) to
less than 3 mm mortth In the succeeding yeals$, brevisblooms were preserdnd average
growthof individually tagged mussetemained below 3 mm monthDuring growth
monitoring the use of calcein as an internal marker was tested wittv@asaining results and
no observed effect on growth or survival. March 2012, following the first red tide bloom, a
populationwide mortality event was observed. Following this event, increased mortality rates
were observed with peaks during onsethef bloom in the fall of 2012 and 2013. Juvenile
recruitment was also limited during years in which blooms persisted into the spring spawning
period suggesting gamete and / or larval sensitivit§. torevis Although it cannot be
conclusively determinethat the cause of reduced growth and survival is due to red tide events,
the parallels observed suggest tkabrevisis a factor in the observed changes in population

structure.

Key Words: invasive species, larval development, red tide, growth rateetaran

Worldwide, harmful algal blooms (HABs) have been increasing in frequency, contributing to
great economic ks (Anderson et al. 2000). Red tide blooms formed by the toxic dinoflagellate
Karenia brevisare a regular occurrence in the Gulf of Mexico, especially along the coast of
Florida, resulting in high fish mortality rateNdar et al. 2007Ray & Wilson 1957)and marine
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mammal, sea turtle, and seabird casuaffé=welling et al. 2005, Landsberg et al. 2009)
Conversely, local bivalves have been documented to have high survival rates during red tide
blooms (Pierce et al. 200Rlakas et al. 2008); however pdethal effects during short term
laboratory studies have demonstrated reduced clearancéLetesone et al. 2007)oss of

muscle contro(Roberts et al. 1979)ncreased susceptibility to disease and infedtiamdsberg
2002) and subcellular effectacluding lysosomal disruption and alterations in lipid peroxidation
(Keppler et al. 2006)Sessile organisms, such as marine bivalves, may be exposed to sublethal
concentrations that persist for months, potentially amplifying adverse effects observed in
laboratory studies and presenting greater consequences to overall health, growth, and survival of
the organism due to chronic effects of prolonged exposure (Griffith et al, RIgFarland et al.
2015).

The green mussélerna viridisis a recently introdced species, and responses to local
environmental conditions, includirg brevisblooms, are understudied. Understanding the
environmental boundaries and potential for spread of this aggressive biofouling species are
essential from an economic and ecatagistandpoint. High densities Bf viridis have been
found clogging water intake pipes and coating boat hulls and navigational struBtakes ét al.

2012 Rajagopal et al. 2006This behavior poses a threat to native oyster reefs, which have been
displaced in some regions of Tampa Bay by dense settlement of green nRessedse( al.
2012 Fajans & Baker 2005).

Growth and recruitment are good indicators to monitor the success of new populations,
providing valuable insight to population dynamics.aBsess green mussel toleranck.tbrevis
blooms and the response of local populations, growth, survival and juvenile recruitment were
monitored before, during and following two consecutive red tide blooms in Estero Bay, Florida
from March 2011+May 20M4. Because mortalities have been observed in green mussel
populations in Tampa Bay following red tide events (Baker et al. 2012), this study examined
potential sublethal and lethal effects observed during two prolaqgecevisblooms in the Gulf
of Mexico, allowing for the evaluation of the effectskafbrevisblooms on establishd®l. viridis

populations.

2. Methods
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2.1 Environmental parameters

Environmental parameters, temperature, salinity, dissolved oxygen, and chloepphyll
were monitored on sitidarough the maintenance of a YSI 6600 data Sonde (YSI Inc., Yellow
Springs, OH) with recordings once every hour and from continuous data monitoring Sondes
courtesy of SanibeCaptiva Consevation Foundation through th&ver, Estuary and Coastal
ObservingNetwork (RECON) during the monitoring period (March 20#ay 20H4). Red tide
events were documented and cell counts provided by Florida Fish and Wildlife Research
Institution (FWRI).

2.2 Monthly growth rates and mortality

Green mussels were collectednthly using SCUBA from New Pass and Big Carlos
Pass bridges in Estero Bay, Florida from March 2011 through October 2013. Mussels of average
shell lengths 35.3 £ 10.9 mm (set 1) and 43.5 £ 9.8 mm (set 2) were collected in March 2011 and
September 2011, rpsctively. All mussels were cleaned of epiphytic growth, individually tagged
using numbered shellfish tags from Hallprint Pty. Ltd. (Hindmarsh Valley, Australia) and initial
shell length recorded before being returned to the field. For each set, thiesmteaqdid cages
with mesh size 25 mfiwere constructed to hold mussels (N=50 / cage) in the field for mark and
recovery and to protect them from predation. Cages were securely fastened to the fender system
at New Pass Bridge at approximately 1.0 m belo®an low tide mark, and mussels were
switched into new clean cages every two weeks to prevent excessive fouling. Shell length was
measured to the nearest 0.1 mm once a month using Vernier calipers until March 2012 when
monitoring was halted due to a pogdida wide mortality event. During the onset of the
mortality event, one piling was specifically marked and carefully inspected for density of live

mussels to compare with survival in cages and rule out caging as a cause of death.

Following this mortalityevent the experiment was restarted frequently but continued to
be disrupted by a high occurrence of mortality. In June 2012 (set 3; 60.1 £ 5.2 mm), September
2012 (set 4; 46.9 + 18.5 mm), December 2012 (set 5; 47.7 + 9.1 mm) and October 2013 (set 6;
47.7+ 9.1 mm) new mussels were collected and individually tagged, and cages were maintained
as noted above with monthly measurements of length and survival recorded. Due to the scarcity

of mussels following the mortality event, mussels were collected frokm@in locations and
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replicates were limited by mussel availability; Jut®eptember 2012 (2 rep; N=22 / cage),
SeptembertNovember 2012 (3 rep; N=30 / cage), Decen#dr2 tMay 2013 (2 rep; N=33/
cage); OctoberDecember 2013 (2 rep; N= 28 / cage).

2.3 Calcein staining and shell analysis

Additional growth analysis was completed for mussels collected in June 2012 using
calcein as an internal marker. The calcein staining solution was made according to Thébault et al.
(2006) at a concentration of 150 g using the following protocol. Calcein (1.5 g) was
incorporated into NaHC£X10.5 g) in 90 mL deionized water through gentle stirring overnight
and in the dark. This solution was then added to 10 L of aerated filtered seawater for animal
exposure. A neuwnixture was made for each staining period to assure the integrity of the
fluorochrome and avoid fluorescence decay. Mussels were immersed in the calcein solution for 2

hours just prior to returning to the field.

This staining procedure was completed ¢tienes, once per month, and monthly
measurements using Vernier calipers were recorded from June 24, 2012, to September 24, 2012.
Preliminary studies showed green mussels to be unaffected by this staining protocol exhibiting
high growth rates and1% mortdity. At the end of the field monitoring in September 2012,
cages were recovered, mussels were sacrificed, and the shells left to air dry in the dark. Shells
were mounted in a metal epoxy resin to prevent fracture and cut along the axis of maximal
growth fom umbo to ventral margin using a diamond wafering blade on an Isomet low speed
saw (Buehler, Lake Bluff, IL, USA) to a thickness of 600 um. Shell sections were then glued to
microscopeslides, ground down to a thickness of approximately 3%00 um usng 800 and
1200 grit paper and polished with28s powder of 1 um and 0.33 um grain size to increase
clarity and remove scratching from cutting and grinding. Slides were analyzed on a Zeiss Lumar
V12 stereomicroscope equipped wah Osram 58V high-pressue Hg lamp (OSRAM
GmbH®, Munich Germany) and an 12/3 filter block (excitation filter BR490, dichroic mirror
RKP510 and emission filter LP515).Zeiss AxioCam MRc 5 color digital camera (Carl Zeiss
Microscopy, LCC Thornwood, NY) was ustat visualizaton andmeasurement of growth

between successive calcein marks
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This staining protocol was tested to assess effects of calcein on survival and growth
following staining of sets 1 and 2. Set 1 was stained at time zero and after six months. Set 2 was
stainedonly at time zero. Shells from these sets were not analyzed for marking and were used

only to test effects on growth and survival.
2.4 Recruitment

Recruitment was monitored from May 2012 to April 2014 through visual observation of
spat densities and thrglh measurements and counts of bycatch during monthly collections of
adults from a parallel monitoring study (McFarland et al. unpublished data). Bycatch was
defined as juveniles attached to the clumps of adults and inadvertently brought onboard. From
May 2013 to April 2014 spat collectors were deployed to monitor minor peaks in recruitment.
Collectors were deployed in pairs with one set examined after one month and one set after two
months of deployment with new, clean collectors replacing the old ondssEacomprised two
unglazed clay tiles (20 by 10 cm) strung with wire and fastened to the bridge pilings
approximately 1.0 m below mean low tide mark, where the collection of adult mussels took
place. Each month spat collectors were carefully retrievetiah spat present were counted and
measured. Although collectors were only used for one year of monitoring, patterns were
recorded through bycatch throughout the entire monitoring period to allow for comparison of

results between methods.
2.5 Statistichanalyses

Growth was assessed using indepentésdts to detect differences in mean length
between months, and linear regressions were usidetéot relationships betwegrowth rate
andenvironmental parameters. Spearman Rank Correlations were wetddbchanges in
growth during months witK. brevisblooms present and months with tissue concentrations
above the regulatory limit (data from McFarland et al. 2015). Mortality was analyzed graphically
and KaplanAMVeier survival analysis used to calce@ahean survival time for comparison between
seasons. Due to variations in sampling methods, recruitment was treated as qualitative data and
analyzed graphically for assessment of seasonal peaks among years. All statistical analysis was
completed using SPBX22, and results are presented as means + standard error with a

significance level op ”
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3. Results
3.1 Environmental parameters

Salinity and dissolved oxygen remained stable with average salmaitiesning

above 30 and dissolved oxygen ranging from 5766 mg L (Fig. 1). Chlorophylla remained
above 2 ug tthroughout the yeaand temperature averaged 20 (€ in the winter and as
high as 28431 (€ in the summer months (Fig. 1). In November 2011, onset of the first red tide
event was detected in Estero Bay. This bloom persisted through December and dissipated by
mid-January(Fig. 2). For approximately one week in June 2012 high concentratiohsefiL
1y were detected, but conditions did not persist. In October 2012, a second bloom was detected

« °cells L) and persisted through February 2013, dissipating in early2@a§ (Fig. 2). In
November 2013, bloom conditions were again detected for several weeks but did not persist.

Figure 1. Monthly mean water quality parameters during the monitoring period.
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Figure 2. Mean dailyKarenia breviscell counts throughout the monitoring period. Cell counts are pegtenta
log scale.

3.2 Growth

Significant growth was observed between months from March 2011 through November
2011 (set 1) and December 2011 (sep2) ( B bywsrage monthly growth rates ranging
from 5 to 11 mm monthand several individuals exceeding 13 mm mdigfig. 3A). From
December 2011 through February 2012 average growth rates fell #35%nm montH, and
no significant increase in length aeten months was observed (Fig\)3During subsequent
growth monitoring from June 20120ctober 2013 (sets 26) no significant growth was
observed between months, and average growth rates rarely exceeded 3 mi(Rigr®8, C).
The growth rates obsexd in the summer of 2012 (8.8 + 2.0 mm mdiitiffered from those
observed in the summer of 2011 (1.8 + 1.3 mm mYrihd were accompanied by high
mortality causing the succeeding experiments (set6)3o come to a halt within 24 months
of initiation. Linear regressions showed no significant relationships with environmental factors;
rather, environmental conditions (temperature, salinity, chlorophyll, dissolved oxygen) were well
within the optimal range fd®P. viridis. The decline in growth wakpwever, observed at the first
onset ofK. brevisbloom formation and bloom conditions persisted on and off through the
duration of this field study. Growth was negatively relatel.tbrevisbloom presence @ -
0.677;p " DQG HOHY Dninede® (W+-0.Y98H "W R [
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Figure 3. Growth rate of. viridis by month for the first two sets of growth cages from March 28hrch 2012
(A), sets 3 and 4 from June 20¥PDecember 2012 (B), and sets 5 and 6 from January 2E2ember 2013 (C).
Growth rates are standardized to a 30 day growth period for each mitimbars representing standard error.
Dashed underlines indicate months wherbrevisblooms were present, and solid underlines indicate months when
tissue PbTx concentrations were above the regulatory limit (data from McFarland et al. 2015).

No significant mortality and high growth were observed following calcein staining for
sets 1 and 2. Calcein marks were observed in shells cut from the summer 2012 (set 3) field

growth monitoring (Fig. 4), and measurertgefiom the marks to ventral margin corresponded
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well with the growth measurements taken by hand (Fig. 5). Due to reduced growth in the
summer of 2012, individual or daily growth bands were not distinguished, and therefore

periodicity of deposits were nestablished.

Figure 4. Micrographs indicating distinct marks from the calcein stain (arrows) with bright lines marking shell
formation during the staining process.

Figure 5. Growth rates measured during the summer of 2012 (set 3) by hand (black circles) and microscopically by
FDOFHLQ PDUNV JUD\ [TV
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3.3 Mortality

From March 2011 through February 2012 mussels showed high survival in field cages
with no significant mortality observed& {%). On March 14, 2012, two cages showed 100%
mortality (Fig. 6A). Upon careful inspection of the madkpiling, dense coatings of mussels
were found with only a few isolated dead individuals still attached to the clumps. On April 3,

2012, 100% mortality was observed in the three remaining cages and on the inspected piling.

Summer growth cages, JuasSepember 2012 (set 3), showed high individual mortality
with 3 +6 dead mussels per cage during each visit (every two weeks), and for those initiated on
September 26, 2012 (set 4), over a third were dead within two weeks and 94% mortality was
observed by Octwer 22, 2012 (Fig.B). On October 22, 2012, a search of the seafloor was
completed under high visibility conditions, and many dead mussel shells (fully intact, but no
tissue remaining) were found, including mussels of all sizes with the largest obdet28dmam.
Growth cages from December 20%duly 2013 (Set 5) had lower mortality rates until April
2013 when 60% cumulative mortality was observed (FZ). Growth cages initiated on October
25, 2013 resulted in 94% mortality by December 6, 2013 (K. during which time bloom
concentrations dk. breviswere reported in the area for approximately one week in mid to late
November 2013. Lowest mean survival time was observed during bloom onset in the fall of each

year (Table 1).
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Figure 6. Survival ofP. viridis over time. Dashed underlines indicate months wlerevisblooms were preent
and solid underlines indicate months when tissue PbTx concentrations were above the regulatory limit (data from
McFarland et al. 2015). Tissue toxin levels during and following the red tide event in November 2013 are unknown.
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Table 1: KaplanMeier Survival Analysis (Mean Survival Time) of caged green mussels during growth monitoring

Year Spring Fall Annual
2011 2012 365.2 days
2012 73 days* 41.2 days

2013 103.5 days 31.8 days

* Monitoring was intentionajl stopped and mussels were sacrificed

3.4 Juvenile recruitment

Field observations documented through bycatch in 2A®13 indicated two peaks in
recruitment in the spring and fall with lighumbers of spat in May - X Q H ” PP DQG
again in December 2012 (615 mm) (Fig. A). During monitoring using recruitment tiles (2013
+2014), only one major peak in juvenile recruitment was observed in Octblmrember 2013
with a high densit of spat ranging from 317 mm over a 2nonth settlement period and no

observed spring pedkig. 7B).
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Figure 7. Size frequency of. viridis spat observed through bycatch during 2682013 (A) and spat settlement on
collectors during 20132014 (B). Dashed underlines indicate months in which red tide blooms were present.

4. Discussion
4.1 Growth

7KH UHVXOWY RI JURZWK PRQLWRULQJ IURP ODUEFK W K
montht) compare well with previously repUWHG JURZWK UDWHMARBarwani PP PRC
et al. 2007 Lee 1986 Walter 1982. Observed growth rates dropped from 8.8 + 1.3t0 3.5+ 0.5
mm montht (set 1) in November 2011 and from 7.4 + 0.5 to 2.4 + 0.2 mm mdgsdh 2) in
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December 2011. Alttugh decreasing water temperatures during the winter months have been
reported to hindel. viridis growth (Cheung 1993 ee 1986, growth rates in subsequent
monitoring (set 3) did not exceed 2 mm mohih the summer of 2012 when conditions were
expectd to support high growth. However, red tide events ensued throughout the remainder of
the growth study and may have contributed to abnormal growth rates due to bioaccumulation of
PbTx in the soft tissue of green mussels. During field monitoring, utilizafiealcein showed
positive results with high growth and survival rates and clearly marked growth rings when
analyzed microscopically. Calcein measurements were comparable to hand measurements but
offer more precision allowing for short term growth stedyeslding detailed results. Indeed,

Vernier caliper measurements give a precision of ca. 0.1 mm but can vary for a single specimen
depending on the way the caliper is put in place on the shell. On the other hand, digital
measurement of distances betwega successive calcein marks or between a given calcein

mark and the ventral margin provide accuracy close to a few tens of microns.

Our study is unique given that changes in bivalve growth in response to HAB exposure is
understudied due to the difficulty maintaining bloom conditions in a laboratory setting and the
unpredictable nature of blooms during field monitoring. Previous work has sRowmidis to
exhibit reduced clearance rates when exposed to toxic dinoflagellates, in¢{udhreyis
(Leverme et al. 200/7Li et al. 2002 May et al. 2010)which may affect growth in the long term
due to a reduction in food intake and energy acquisition. Digtitgevisblooms this toxic
dinoflagellate often dominates the phytoplankton population, leaviagnaftl food source
which can cause tissue damage, especially in the gills and digestive tract, leading to increased
avoidance behavior through valve closure and reduced feeding effict&miogt @l. 2012
Shumway & Cucci 1987 Reduction in feeding leads a disruption in energy assimilation that,
in turn, may limit growth in response to increased cost of somatic maintenance as energy
allocation to maintenance and tissue repair will take priority over growth (Bayne and Newell
1983). Indeed, several shéetm studies on marine mussels have shown a reduction in growth
during exposure to several HAB speciBsi¢elj et al. 1993; Li et al., 200Nielsen &

Stramgren 1991 With such effects observed after short term exposures, those observed in the
field arelikely to be amplified, and prolonged bloom conditions could lead to chronic effects
disrupting growth for extended periods even post bloom.
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4.2 Mortality

The first mortality event was observed two months-tsdm dissipation (March 2012),
during whichtime PbTx tissue concentrations were nearly 20 times the shellfish regulatory limit
(McFarland et al. 2015). Previous studies have indicated that local bivalves typically télerate
brevisblooms and toxin accumulation with high survival rates duringrabéxposures (Pierce
et al. 2002Plakas et al. 2008). Howevehysiological effects of toxic algae can turn lethal as
prolongedK. brevisexposure is associated with potent neurotoxins (PbTx) and hemolytic
compounds, potentially exacerbating mortalitieedo sublethal accumulation of tissue toxins
contributing to increased immuseippression and disease susceptibjligndsberg 2002 aster
& Abbott 1969 Tatters et al. 201@nd muscle, cardiac and respiratory impairment (Wu et al.
1985).

In its native range of the Indi®acific,P. viridis shows high tolerance to blooms of
Karenia mikimoto(Robin et al. 2013) an@ymnodinium nagasakien@€arunasagar &
Karunasagar 1992). ConverseBacutan et al. (1984jocumented &yrodinium bahamensar.
compresared tide event in the Philippines that nearly decim&edridis populations.

Likewise, P. viridis showed high mortality rates compared with other bivalves during laboratory
exposures télexandrium monilatunfHégaret et al. 2008) ariRhker et al. (202) observed

>90%P. viridis morality following aK. brevisbloom in Tampa Bay, Florida.sfa recently
introduced specie®. viridismay lack the adaptations to tolerate and eliminate PbTx, increasing
vulnerability and physiological streflgicFarland et g, 2015)

The mortality event reported in this study also coincided with peaks in spring spawning
activity (McFarland et al. unpublished dat&pawning requires significant metabolic demand,
often depleting energy reserves and leading to increased shiitgpo environmental stressors
(Emmett et al. 198Myrand et al. 2000). Galimany et al. (2008) observed adductor muscle
paralysis preventing valve closureNtytilus edulisthat had spawned during exposure to
Alexandrium fundyensegsulting in incrased mortality and incidence of pathological changes.
AlthoughP. viridis maintained high survival rates despite elevated accumulation of tissue toxins
during the bloom, the stress of spawning may have contributed to the observielb@ast

mortality.
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4.3 Juvenile Recruitment

Two major peaks (fall 2011 and spring 2012) in juvenile recruitment were observed
during the first year of monitoring with only one major peak (fall 2012) observed during year
two. Although year round gametogenesis is commdh wiridis, two major peaks in spawning
and juvenile recruitment (spring and fall) are typically obserdeBarwani et al. 20071ee
1986 Rajagopal et al. 1998). Likewise, gametogenic cycles of Pcuairidis populations
indicate peaks in spawning activity the spring and fall each year (McFarland et al. unpublished
data). Recruitment patterns in the first year of monitoring supports these two peaks; however,
during the second year only one recruitment peak was observed, suggesting that although adults
areactively spawning, secondary factors may impede fertilization and/or growth and survival

during the pelagic phase.

Juvenile recruitment is dependent on the fecundity and productivity of the adult brood
stock population (Dickie et al. 1984). Without afsuiént supply of gametes and close proximity
of spawning adults, fertilization and larval production is limited. Mortality peaked each year
October tNovember, leaving the spring brood stock population sparse. Low density and reduced
proximity of spawningadults may also reduce fertilization success and alter chemicalsers
in the induction of spawning and synchronicity between nebelsfemales (Stephen and Shetty
1981). Stress following HAB exposure in adults has been shown to decrease egg quality by
reducing lipid content required for growth and survival during early larval stages (Bayne 1975
Holland 1978). Rolton (2015) observed decreased gamete viability and larval development
following laboratory spawning of adultrassostrea virginic&xposed t@K. brevisbloom in
the field, and others have reported decreased sperm viability following short term laboratory
exposure of adults (Haberkorn et al. 20114 Goic et al. 2013). AlthoudB. viridis were still
producing gametes and actively spawningssirelated reductions in energy allocation may

result inreducedgyamete quality.

Karenia brevisbhlooms may have also directly affected larval survival. Bloom
concentrations were detected in October 2012 and persisted through April 2013. This regime
would allow for larval development and settlement from August and September 2012 spawnings,
supporting the recruitment peaks observed in October and November 2012; however, presence of

K. brevismay have inhibited the development of larvae produced duringgiiyespring 2013
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bloom resulting in failed juvenile recruitment. Juvenile recruitment has been previously shown to
be inhibited during HAB events in wild. viridis populations (Cheung 1993). HAB exposure
during early bivalve life stages has resultedeiduced fertilization and survival rates, and

delayed embryogenesis and larval developr{Rasti et al. 2012Gallager et al. 199Z5ranmo

et al. 1988Matsuyama et al. 2001), results that have been observed in local species of oysters
(C. virginica), clans (Mercenaria mercenarig and scallopsArgopecten irradiansduring

exposure td. brevis(Leverone et al. 20Q@&Rolton et al. 2014). As red tide blooms were

frequent throughout much of the monitoring period, fiassiblethat reduced larval survivahd
recruitment can be attributed Ko brevisand associated ichthyotoxins and allelochemicals in the
water column (Past & Abbott 1969 Tatters et al. 20)0Additionally, due to both the increased
duration and intensity of bloom exposure in the W8teidinger 2009Tester & Steidinger

1997) deleterious effects ali&ely amplified during natural exposures leaving laboratory

exposures as underestimations of the actual effects on larvae.
5. Conclusions

Results presented here suggest Ehatiridis populationsmay beinhibited byK. brevis
blooms resulting in decreased growth, survival and juvenile recruitment, leading to significant
reductions in population densities. Although a reduction in green mussel densities can be viewed
as positive for the ecgstem, these populations should not go unmonitored. Several adult green
mussels have been found to survive these events, and the pulse in recruitment each fall indicates
there are enough mature adults in the area to repopulate given the right condiiaiosisP
exposure history plays an important role in tolerance and sensitivity (Shumway et al. 1985
Shumway & Cucci 1987), thuke possibility thaP. viridis may adapt td. brevisblooms and
associated toxic compounds overtime should not be disreg&atede studies should include
laboratory exposures to directly assess physiological and behavioral changes that may inhibit
growth and survival at several life stages to better explain field observations. Long term
experiments to assess the effect of nle@xposure and the recovery period that follows bloom
dissipation and continued monitoring of local populations would greatly benefit the overall
understanding of the effects observed during this study. These results will also aid in the
prediction of ppulation response of green mussels to Florida red tides and further define

environmental limitations of this newly established species.
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Seasonal ariation in gametogenesigand proximal biochemical compositionof the invasive
green mussel,Perna viridis in southwest Florida

Abstract

Understanding the population dynamics of invasive species, such as the green mussel
Perna viridis can aid in explaining the success of new populations angtetjct the potential
for spread. During a two year field study of established populations in the invaded region of
southwest Florida, year round gametogenesis and continuous spawning capabil@ies
observed. Laboratory induced spawningmfssels natatly conditioned in the field under both
summer (September 2013) and winter (January 2014) conditions fsuihygorted these results.
However egg outputs in the summer (6.4 ¥ 32.6 x 16 eggs / female) were significantly
higher = 0.045) than eggutputs of winter spawned mussels (7.7 £40.4 x 1deggs /
female). Monthlyariation in biochemical composition (protein, glycogen and lipid) also
remained high with no significant variation between months suggesting temperature and food
availability were sufficient year round, allowing for the maintenance of reserves and active
gametogenesis. Protein ranged fré409.0 +628.0mg g*, glycogen from44.3 +158.5ng g* and
total lipids from 7.4+13.5 mg ¢ with peaks in the summer montAhesefindings help explain
the rapid colonization and high densities of green mussels along artificial substrate in the
southeastern United States and suggests the potential for competition with native oysters

Crassostrea virginica

Key Words: Reproductivestrategy, proteinglycogen lipid, induced spawning

1. Introduction

The green mussé&lerna viridisis a recent marine invader $outhwest Florida. Native to
the IndePacific they are wide spread throughout coastal waters and harvested as a food source
from bothnatural populations and agculture practices (Sivalingam 1977; Vaki§89). They
are believed to have been introduced to Caribbean waters via transport on boat hulls and / or

ballast water through the shipping industry to Trinidad and Tobago in the earl{f VAgard et

87



Chapter 4: Reproduction and biochemical composition

al. 1992. Since this invasion they have aggressively spread throughout coastal waters of the
Caribbean and southeastern United Std2ekdr et al. 2007Berson et al. 2001; Buddo et al.
2003 Ingrao et al. 2001; Rylander et 4096. Although it is well studied as an aquaculture
speciesand bieindicator for marine pollutanis its native range, little is known ofvasive
populationan the Caribbean and southeastern United St&een musselare afast growing
biofouling organismmaking them gotential threat to both native speciggecificallythe

eastern oysteCrassostrea virginicaand infrastructure, includingamage tavater intake pipes,

navigation structures and boat hulls

Since their invasion into Tampa Bdytprida n 1999 (Benson et &001; Ingrao etla

2001)green musselsave spread throughout coastal regiohthe southeastern United States
spanning as far south as Marco Island on the Gulf Coast and from Palm Beach Gardens, Florida
to Charleston, South Carofiron he Atlantic coast (Baker et al. 2007; Rajagopal €2@06).
This rapid colonization has been attributed to higgroductive activity and rapgrowth rates
For example, green musseésch sexuahaturitywithin the first few months of settlemefiRao
et al. 1975; Sreenivasan et B989) anddominat hard substratest densities as high as 10Q0
4000individualsm (Fajans and Baker 205

The successf an invasivespecies is dependent upon its ability to meet energetic
demanddor growth, mantenanceandreproduction, with botlygametogenic and energy storage
cyclesserving as validndicatorsof overall health and conditio®pecifically, protein, glycogen
and lipids serving as the main substrates of reserve in biviledlarfd 1978. Glycoge is the
precursor for lipogenesis and both tend to vary seasonally in biv@aeb$tt1975. Glycogen
is typically accumulated and stored in the summer months when food is plentiful and utilized to
fuel gametogenesis in the winter when food is spaksedll 1972Holland 1978; Mohan and
Kalyani1989), while lipid and protein are the main substrafeegg reserves (Hollantb78).
Previous work has shown that early developing larvae are completely dependent on these egg
reserves, which are proportionalénergetic reserves of the female at the time of egg production

(Gabbott1975). Thus, sufficient reserves in adults are essential to producing successful progeny.

Seasonal cycles roximal biochemicatontentand gametogenesis atependent upon
specesspecific properties including energetic dynamics, metabolic demands and reproductive
stage Dare and Edwards975;de Zwaan andandeel972;Gabbott1975). Additionally, the
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rate of energy storage and utilization is dependent on food atigilabd assimilation and

allocation ratesdetermined by seasonal variation of physiological and environmental factors
(Bayne and Newell983. Thegoal of this study was to monitor seasonal variation in
gametogenesis and proximal biochemical composition (glycagetgn andlipid) in an

established green mussepulationin Estero Bay, Floridaver a tweyear periodField

observations were further verified by induced spawning in the laboratory of summer and winter
acclimated mussels collected in September 20&3January 2014, respectively, to quantify

gonad outputThis information is esseial to understanding the success of thmgeulations and

predictng further spread and potential threat to native species.

2. Methods
2.1 Environmental Parameters

Environmental parameters, temperature, salinity, dissolved oxygen and chlo@phyll
were monitored on site through the maintenance of a YSI 6600 data Sonde (YSI Inc., Yellow
Springs, OH) with recordings once every hour and from Sondes courtesy of Szaiitish
Conservation Foundation through their River, Estuary and Coastal Observing Network
(RECON).Sondes were cleaned, calibrated and data extractedtexeneeks to assure

performance.
2.2 Collection of Mussels

Greenmussels were collected from New Pasg Big CarlosPassridges in Estero Bay,
Florida fromAugust2011 through November 201Rig Carlos Pass was added as a collection
site after a mass mortality event spanning all known collection areas impeded a single site
collection at New Pas8oth sies are located at the Estero Bagulf of Mexico interface where
they experience extensive flushing and high current flow in marine conditions. Collection of
mussels, bilh numbers and size range, veistated by availabilityollowing the mortality event

All mussels were cleaned of epiphytic growth and processed the day of collection

2.3 Histological analysis of seasonal gonad development
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Whole, intact tissuef green mussels (N 15 / month) was carefully disged out of the
shell (L =65.17 £ 1.95 m) with atotal of 450 mussels analyzed over tlueadion of the field
monitoring. Tissueectionsverecut and processed according to standard histological techniques
in order to assess gonad developn{elaward et al2004). Sections welienmersedn
DavidVRQYV ILIDWLYH ¥®EADDr an® Weck DNsadtiOn8% ethanol for 24 hours
and run through a ThermoShandon Citadel 1000 automatic processor (GlobadIMedi
Instruments Ing.Ramsey, MN before being embedded in paraffin wax. Once embedidsde
sectionsvere cut using &M 325 Rotary Microtome (Thermo Fisher Scientifi, Waltham,
MA) to 7um thicknessmounted on slides and stained withD U Hén¥ifixylin and Eosin.
Gonad development was scored with reference to Rajagopal et al. (206 ale of 1+5
(Volety et al. 2009]Table 1) Gametogenesis was also converted to percent gmotagbation.
Scanned images of the whole tissue sestizere analyzed using Imad&Jimage analysis
software. Therea of active gonad divided by totaktie area (excluding gills) was used to

calculate percent gonaxtcupation

2.4Induced spawning

In order to better explain observationghe gametogenic cycle, spawning behaviod an
the release of gametes was ass#sa two occasions by inducing mature mussels from the field
to spawn in the laboratoff = 25 / spawih On September 26, 201B = 50.16 + 1.22 mmand
January 1, 2014 = 55.36 + 1.84 mmgreen mussels were collectedm New Passéridge in
Estero BayFlorida, cleaned of epiphytic growth and kept in tanks with recirculating seawater
XQGHU FKLOOHG FRQ G LspbhtRr@ddspawifg. Ov Befienithet B0Q2013 and
January 9, 20 respectively, mussels were induced to spawn using temperatustnaeints
(from 18U & 300)& 0XVVHOV ZHUH SODFHG LQ D WDQN DW URRP WHF
LQFUHDVH WR U& XVLQJ DTXDULXP KHDWHUV ,I WKH\ GLG Q

90



Chapter 4: Reproduction and biochemical composition

WUDQVIHUUHG WR D FROG WDQNWRVWKI& ZBUP WD QX VWMV WIKH
repeated until spawning commenced. As spawning began, individuals were immediately

removed fronthe spawning tank and placed ifeakers tdinish spawning and allow for the

collection of gametedkggs were counted faach individual female to quantify outgid = 7 in

September 2018ndN =5in January 2014

Spawned individuals were sacrificed and cut for histology inrdadanalyze the amount
of gametesetained followinga spawn. For comparison, 15 mus$esn each batclvere not
subject taspawrning inductionand were sacrificed for histology to represére-spawn” gonad.
Histological analysis was completed as mentioned previously for monthly collections using both

gonad index and percent gonad occupatotetscribe the spawning event.
2.5 Analysisof proximalbiochemicakcomposition

On theday of collectionwhole tissuef individual mussels (& 10/ month) was
dissected out of the shéll = 725+ 1.0 mm)and frozenat U& 2QFH WKH WLVVXH ZDV
compktely frozensamples were vacuum freeze dried at U& IRU D S S T2R@UrP mMyH O\
a Labconco FreeZone 12 freeze dryaaliconco®, Kansas City, MOShelk were dried for 48
hoursat6@J & DQG GU\ VKHOO ZHLJKW DQG | gthdidadtu@ats LHG WLVVXH
condition indexCl) according tEmmet et al(1987. The dried tissue was then individually
homogenized to arie powder using a MixerMill 400€Retsch® Solutions in Milling and
Sieving, Hann, GermafySubsamples were then taken for sgbeat analysisf protein,
glycogen and lipid content for each individual with a total of 270 individuals analyzed over the

study period

SURWHLQ DQDO\WVLYV ZDV FRPSOHWHG DFFRUGQLo@y WR /RZL
et al.1951)using a DC BieRad™ protein assay kitBio-Rad Laboratories Inc., Hercules, CA).
Dried tissue samples (50 mg) werestespended in a homogenizing buffer, extragtgd 1M
NaOH and bogdfor 10 minutesSamples were loaded into a-9&ll plate with reagents
(Alkaline copper tartrate and Folin reagefmm the BicRad kit and incubated for 15 minutes.
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All samples were run in triplates and readnoaTECAN Genois Pro® microplate reader
(TECAN Group Ltd. Mannedorf, Switzerlanjcat an absorbance of 68én. The standardcurve

wascalculatedusingthe protein standard provided in the Btad kit.

Glycogen analysis was completed using the anthrone m@addro et al1995) Dried
tissuesampleg200 mg)werere-suspendeth a homogenizing buffer, diluted with 30% KOH
andboiled for 20 minutes. Glycogen extract was purifisthg saturated N&Q; and 100%
ethanojandtKH SUHFLSLWDWH ZDV GULHG RYHU®usgewdlédinw U& 6D
deionized water, anthrone reageris DGGHG DQG LQFXEDWHG DW U& IRU F
were run in triplicates in a Revelation® microplate reg@NEX Technologies, Ing.
Chantilly, VA) at 590nm. Standard curve was made using glycogen from oyster Type Il (Sigma
Aldrich Co., St. Louis, MQ.

Lipid extractiondrom freeze dried samples (50 nw@re completed according to Bligh
and Dyer (1959) using chloroform, methanol avater (2:1:1 by volume) and purified by
runningthe extractthrough a Ne&SQs column. Total lipids were determined gravimetrically after

drying under a gentle stream of nitrogen.
2.5 Statistical analysis

Wilcoxon signed test was used to assess differancaggoutput and gonad occupation
between September and January spawning eventsSQimare tests were used to test for
significant changes in the sex ratio of males to females. Due tnoromality of the data the
nonparametric KruskalVallis test wasised to compare changes in gonad index and percent
gonad occupation over time. Likewise, the Kruskadllis test was used to compare changes in
protein, glycogen and lipid content over time. Analysis was completed by month and, due to high
individual varidility, months were also grouped by season (spring, summer, winter, fall).
Stepwise multiple linear regressions were used in order to detect significance between biological
(gonad index, percent gonad occupation, protein, lipid, glycogen, and conditon) ardi
environmental variables (chlorophyll, temperature, salinity, and dissolved oxygen). All statistical
analyses were completed using IBM SPSS Statistics 22. Significance was repprted as

and data presented using + standard error.
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3. Results
3.1 Environmental parameters

Environmental variables measured during the study period remained within the tolerance
range ofP. viridis, with optimalsalinity rangeof 27 £33 andan optimalkemperature 026 +
32 (€ (Vakily, 1989). While seasonal variation was observed, no significant relationship was
detected between biological parameters (gametogenesis, protein, glycogen and lipid content) and
environmental variables (temperature, saliratyjprophyll and dissolved oxygen). Salinity and
dissolved oxygen remained high, ranging from=85 ppt and 5.6:7.6 mg L%, respectively
(Fig. 1). Temperature and chlorophgkbhowed distinct seasonal variation reaching lows in the
winter and peaks ithe summer with monthly averages ranging from 1839.5(C and 2.0+5.5
ug L, respectively (Fig. 1).

Figure 1: Environmentaparameters over time during the study period.
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3.2Gametogenesiduring field monitoring

Active gametogenesis was observed year round with average gonad index rangidg from
15 representingrimarily the late development to spawning phg$eg. 2). Over the course of
the study, only four of 450 individuals were given a rank of 1 due to an inability to distinguish
sex, and in September 2012 all females analyied 4) received a ranking of Plowever these
cases were not common and gonad ranking$yrieie below a 3 (Fig. 2)In addition,no true
signs of resting or inactive periedere observed, but rather, at least a portion of the gonad was
actively producing gametes year rouhdfact, it often occurred that individuals showed
multiple stagesfogonad index in different regions of the gonad with one portion in the
regeneration / post spawn phase, while the other portion was in the late development / ripe phase.
Thus, a continuous spawning capability was apparent throughout theitreportionsof the
gonad reabsorbing gametes following a partial spawn and other portions in the late development
or ripe stageshile graphicallythe gonadccupatiorshowedmore seasonalitthan gonad
index (Fig. 3), no significantelationshipwas detecteddowever, twvo major peaks in

gametogenesis per year weleserved, in the early spring and late fall.

Sex ratios were often skewealthough not significantlyfrom the typical 1:1 ratio and
only 4 hermaphrodites were observed out of the 450 individuals adaljireenile mussels
showed distinguishable sexes with active gametogeassmall as 1015 mm andsex was
distinguishabldefore histological analysis by tissue color. When gametogenesis is active
femalesarebright orangeandmalesarecreamy whitan color (Lee1985; Narasimhani98L,;
Sreenivasan et d989;Walter 1982. These observations were noted and later confirmed
through histological analysis3SHDUVRQYY FRUUHODWLRQ EHWZHHQ VH[ DQ
significance ap ” 7KLV RlldWeKiBr Bre estnaion of sex from tissue coldor
individuals collected for biochemical analysis.
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Figure 2: Histogram of gonadal index overtinfld = 15 / month) Each stage is presented as a paaggnof the
total for each month.

Figure 3: Percent gonad occupation for males and females over the monitoring @&rath / month).
Collections were not possible in April 2012 due to low densities followingréalitg event in March 2012
and low visibility during collection attempts. Error bars represent standard error.
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3.3Gametogenesiduring induced spawning

Successful spawning was accomplished in mussels collected in both late summer and
winter with high fertilizatio rates (93.9% and 93.7% respectively) and viable larvae produced
from both batche®uring the September 2013 trigpawning commenced within 20 minutes of
thethird cycle in the warm water tank addring the January 2014 triaspawning commenced
in the first warm cyclonce WKH W HP SH U D W Xtd-averbige Rufrided of egge released
per female in September was significantly higher (6.4%+12.6 x 16) than that in January (7.7
x 10*+ 1.4x 104, (Z =-2.023;p 7KH\WVSDHAQ  dradfar@males was
higher in September versus January (8783;p < 0.001), but the gonad index for both

indicated active gametogenesiable 2).

Males maintained a high percent gonad occupation after spawning, even when a high
density of sperm @as released. Most individuals that spawned only released a portion of their
gametes leaving a portion emptied and a portion that remained densely packed with gametes (Fig
4e, f), howevenr fewindividuals did release nearly all gametes (Fig 4c, d) leavimgmal
gonadal area and a gonad index rankifify. One female from January 2014 releasedk5l8*
eggs and maintained a large portion of gametes post spawning. In Septariybene female
released the entire gonad releasing 19%et@s, orders of ngmitude higher. Other females in
the September spawn only released a portion of their gonad resultingeat 3¢ eggs
released.

Table 2: Results ofggoutput and histological analysis of mussels from induced spaymingpawned; not
spawned individuals)

Pre Spawn Post Spawn

Eggs per femal Gonad Index % Gonad  Gonad Index % Gonad

September, 2013 Females (n = 7; 5) 6.35x 16 4 146+1.3 2.9 55+1.0
Male (n = 8; 3) 4.5 156+0.5 3.6 145+ 27

January, 2014  Females (n = 5; 5) 7.77 x 10 3 8517 21 79+0.8
Male (n = 10; 5) 4.2 18+1.2 2.75 11+1.7
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Figure 4: Micrographs of histological sections taken from mussels used during thdpegnings. Gonad from
unspawned femaléA) and maleB) mussels. Some mussels released a majority of their gar@ees D) while
many only released a portion of their gametes during spawiiagdF).
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3.4 Condition index andrpximal biochemicalcomposition

Condition index showed higlariation among individuals and betaemonthganging
from 8 £16 (Fig.5). Overallno significant seasonal trend in energy storage was obsdived
results of the stepwise multiple linear regression showed condition index to be partially
explained by glycogen and lipids{R S 001), howevetthis effect is small and only

explains17% of the variance observed.

Glycogen, protein and lipids all peaked in the summer months with annual ranges of 44.3
+158.5 mg ¢ dry tissue weight, 409.@628.0 mg ¢ dry tissue weight, and 7.413.5 mg ¢
dry tissue weight respectively (Fig).. Relatively, glycogen comprised 4.@15.8% of total dry
tissue weight, while protein and lipids accounted3@.3 £60.7% and 7.3t13.5% total dry
tissue weightrespectivelyDuring a mortality everih March 2012, glycogen reached a low of
2.4%,while protein and lipidvere45.7% and 7.6% respectively. No significant correlations
were observed between biochemical compositimonthor environmental conditions.
Additionally, no significant relationshipwere detected between biochemical energy cycles and
sex or reproductive statelowever, vhen grouped by seasons (winter, spring, summer, fall) a
VLIQLILFDQW FKDQJH LQ JO\FRIJHQ FR®EWHQW ZODMNHNDHUYHG
with peaks in the summer (2012 and 2013). Although not significant, both glycogen and lipids
reached higést levels prior to spawning, particularly in July and August each year (Fig. 2 and
6).
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Figure 5: Condition index averaged by month (NL8 / month). Collections were not possible in April
2012 due to low densities following a mortality event in March 2012 and low visibility during collection
attempts. Error bars represent standard error.

Figure 6: Proximal biochemical composition averaggdmonth (N = 10 / month). Collections were not
possible in April 2012 due to low densities following a mortality event in March 2012 and low visibility
during collection attempts. Error bars represent standard error.
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4. Discussion

Monthly monitoring of established populations revealed year round reproductive activity
with two seasonal peaks and newly settled juveniles reachinopregive maturity within 2+3
months. The observed year round reproduction is fueled by an ability to maintain adequate
energy reserves with minimal seasonal variation of proximal biochemical composition, allowing
for the continuous energetic contributito gametogenesis. This strategy allows for year round
spawning and the ability to reproduce at the first sigruithlsle environmental conditions and
helps to explain theggressive invasion amdpid colonization observed throughout the
southeastern Uted States and Caribbean.

4.1 Gametogenesiield and laboratory analysis)

During this studyP. viridis exhibited year round gametogenesis and winter spawning
capabilities, as observed through monthly histological analysithasdiccessful laboratory
spawning of winter acclimated mussels. Histological analysis of laboratory spawned mussels
confirmed the partial spawning strategy observed in the field in which the majority of mussels
released only a portion of their gonad during spawning, leavingti@par a ripe / spawning
condition. Winter spawned mussels produced less eggs per female, however both summer and
winter spawnings produced viable gametes with HithUWLOL]DWLRQ UDWHYV * &F
gametogenesis, with incomplete spawning leaving follicles within the same gonad at different
stages of development is common for tropical bivalves (@at@l.1999;Pouvreau et ak000)
and is well documented fétr. viridis (Cheung 1991t ee 1986Rajagopal et all998 Walter
1982. Kripa et al. (2009) observed year round gametogeneBisvinidis sampled in southwest
India in which all individuals were at least partially ripe and no fully spent mussels were
observedHowever, hese findings are in contrast to that observeel. wiridis populations in
Tampa Bay, just 160 km north of Estero Bay, which experienced a resting pehedaimter
months (Barber et a2005). Differences between studies may be ex@thin part by variations
in temperature, which has shown to be the primary forcing factrwiridis reproducion
cycles(Cheung 1991; Lee 1988Tampa Bay experiences colder winter temperatures than
observed in Estero Ba2.9 (€ (Badylak et al2007) and18.9(€ (this study) respectivelyLee

(1988) suggested a minimum of 2& was required for spawning in Hong Kong, however on the
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Atlantic coast of FloridaPR. viridis has shown year round gametogenesis and winter spawning
capabilities at temperatg@s low as 1316 (€ (Gilg et al.2014 Urian 2009.

Gonadal developmentas not significantly differerttetween males and females
however males remaiedin a continuous state of late development or ripeness and maintained a
highergonad occupation cgmared tadfemaleswhich demonstrated greateariation in
reproductive state. Similarly, Urian (2009) observed males to consistently have egoigad
volume fraction than femalesd several others have reported males to spawn more frequently

and regen@te faster than females following sp@ng eventsl{ee 1988; Walter 1982

No significant relationship between seasonality and gametogenesis was observed in field
monitoring, however egg output of females spawned in the summer was signifipah@y0b)
higher than that of winter spawned females (Table 2). This may be due in part to decreased water
temperatures, which may slow the rate of gametogeri@&sedevi eal. 2014), and / or
decreased food availability (as estimated by chlorophyll aghwinay result in less energy
available for gamtogenesis. Cheung (1991) found while individuals remained in an active state
year round, the amount of gonad occupied vaseasonallysuggesting that a fixed fraction of
assimilated energy was allocatedéwds reproduction, allowing for continuous reproduction
with gamete density being dependent upon available enEnggreproductive strategig not
uncommon as bivalves may reduce enaltpcatedto gametogenesis when foadailability is
reducedo mantain reservedeading to different outputs and efficiencies througfthe year
(Bayne and Newell 198% hipperfield1953;Shafee and Luca980. While spawning events in
the winter are likely to be minimal, this reproductive strategy allows for thigydbispawn as
soon as conditions are ideal (even when only temporarily) and continuous low density spawning
between peaks may allow for early juvenile recruitmentiaogtase thehance foat leassome
batches to experience ideal conditions for saivio adulthood (Barber and BlaR®06). This

strategy may allow for a competitive advantage over local bivalves.

Condition index is often linked to spawning events through the loss of mass in the form
of gametes and can be used as an indicdtspawnng eventsflemachandrand Thippeswamy
2008;Lambert and Dutil 199N arashihim 198)L Although no significant relationship between
reproductive cycles and condition index was detectben analyzed graphical(fig. 2 andb)
some synchronicity in spawrg activityis observedMost pronounced, in the fall of 2012,
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histological analysis indicated a major peak in spawning activity accompanied by a distinct

decline in condition index.

High individual variation and continuous gametogenesis may explaiacket
significance in seasonal cycles. Only 4 out of #flividuals received a gonad rank of 1
indicating no active gametogenesis. This, however, occurred duringpaakingperiods
(exceptoneindividual in February 2@3), asindicated by others sanmga, suggestinthat these
individualsmayhaverecentlyreleased &lof their gametef a spawning eventhis is further
supported by the results of the spawning trials in which few individuals released nearly all of
their gametes in one spawn whileshonly released a portion of their gameté&lter (1982)
observed variation in the duration of spawning periods in different size clad2egirdis and
suggested reduced synchronicity among individteaexplain thdack ofdistinctcyclesin
gametogaesis in tropicabnd subtropicalegions. It appears that local Florida populations are
synchronized in the peak spawning events (spring and fall), but show little sign of
synchronization during minor, intermittent spawning events between,dkikging for

increased chance for recruitment success

4.2 Biochemical composition

Lipid and protein measurements remained fairly stedging from7.3 +13.5%and
41.3 +60.7%of total drytissueweight, respectively. These values compare well witise¢h
previously reported in the literature f@r viridis of 4.6 +18.2% lipid and45.8 +68.6% protein
with observed peaks in lipids just prim spawning events (Li et 2007 Rivonker and
Pararulekar 1995 hafee 1978 Peak lipid value®bservediuring this study12.3 +13.5%total
dry tissue weightjvere observed each year in JubAugust, just prior to peaks in fall spawning
activity. It is typical in bivalves to observe a peak in lipids during the late development / ripe
stages and a rapid decsedollowing spawning eventsorresponding with the release of lipid
rich oocytes (Barber and Blak®81;Beukemal997; Emmet et all987 Mohan and Kalyani
1989) Althoughno significantrelationship between energetic content and gametogemasis
deteced, as illustrated irFig. 2 andb, the cycles appear to follogimilar trendswith peaks in

102



Chapter 4: Reproduction and biochemical composition

glycogen, followed by a peak in total lipid going into the months with peaks in spawning
activity. This is especially evident during late sumued fall each yea

Glycogen content showed the greatest variation duhisgstudy period ranging from 2.4
1+15.8% of total dry tissue weight. This is similar to that previously reported in the literature for
P. viridisfrom 3 +5% (Kuriakose and Appukatta®80)to ashigh as 25.6% (Fatima et al.
1986).Low glycogen stores can lead to increased susceptibility to natural stressors as well as
negative impacts on growth aneproduction (Patterson et 4B99).Although an interruption in
gametogenesis was not observed; ¢gfycogen content (2.4%) was observed during onset of a
mass mortality event in March 2012. Typically, glycogen isestavhen food is in excess
(summer) for utilization during periods of low fd@vailability (winter) (Ansell 1972; Emmett et
al. 1987; Mdnan and Kalyani989). In times of food shortage, glycogen is mobilized as a
precursor for lipids which are an essential compboégamete production (Gabbd®75), thus
explaining significance in glycogen variation when grouped by season (low in Wiigfienin

summer) while lipids and proteins remained fairly stable.

Previous work has shown tropidl viridisto have high individual variability in
proximal biochemical compositigiMohan and Kalyan1989)and decreased environmental
variation at lowerODWLWXGHY DOORZLQJ IRU PRUH VVWERagel OLW\ LQ UF
SHULRGV’ ™ + DIOB). Qitriehtavallability drives primary production which, in turn,
affects energy storaggaes and gametogenesis (AnsI72; Newellet al.1982).Consistency
in reserves suggests that food availability is sufficienPforiridisto maintain energy reserves
while contributing to reproduction with little seasonal eff&ports have showmean annual
chlorophyll concentrations of 5.7 + 0.35 pg in Estero BayOtt et al.2006)andmonitoring
during this study showed monthly chlorophyll concentratie@sug L. Furtherthe absence of
drasticdecreases in biochemical composition or gametogenesis suggests that the fooglesource
phytoplankton)s sufficientyear around

During the monitoring periodf the present studyvo consecutive red tide bloam
occurredeading to an accumulation of brevetoxindinviridis tissuegMcFarland et al2015
and several mortality evenilicFarland et alunpublished daj)aWhile these events appeared to

impede growti{McFarland et alunpublished dajano signifcantaffect was observed in
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gametogeaesisand spawning cycg Although environmental stress can lead to a reduction in
energy allocated to reproductionigttypical for bivalves to give priority to reproduction over
growth during periods of environmehstressBrowne and Russéflunter1978;Lodeiros et al.
2001).However, a reduction in reserves to meet the high metabolic demand of spawning may
cause additional physiological stress, partially explaining the observed post bloom mortality
event.The lowest glycogen leved2.9mg g?; 2.4%)was detected in the month in which the first
mass mortality event occurrésllarch 2012¥ollowing the first major bloom exposure.
Additionally, protein hit a prolonged monthlow (409 +437 mg ¢'; 39 +44%)during he

winter 2013 bloom and spiké@28 mg g*; 60%)following bloom dissipation idune2013.

5. Conclusions

Although currentlyP. viridisandC. virginicaoccupy separate niches within Estero Bay
(McFarlard et al.2014) the reproductive strategy obserdedng this study suggests the
potential for increased competition. Locally, oysters spawn from April through October and
experience a resting period in the winter months (December and January) in which
gametogeesis is inactive (Volety et &2009; 2014) This difference in reproductive strategy
may allow for green mussels to get a head start in the spring spawning season, giving an
advantage to newly settled juveniles. If warm spring waters come early, oysters may be at a
disadvantage allowing musselsastcompete for substrate availability. Currently, green mussels
in Estero Bay are limited to subtidal substrate on the fringes of the estuary where safivte i
stable (McFarland et &014) and are sensitive to red tide blodiarenia brevi3 (Bake et al.
2012; McFarland et a2015), which may limit population densities. Oysters on the other, hand
are well adapted to local conditions with dense reefs in intertidal regions of the bay where
temperature and salinity variat®may be extreme (Barnetal.2007). With the threat of sea
level rise, however, these populations should not go unmonitored. High fecundity and
reproductive rates suggest the potential, given the right conditions, to rapidly invade and

overtake existing oyster reefs.

To further explain what is observed in the field, it would be interesting to condition

viridis under a range of temperatures and different nutritional diets to observe changes in both
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the reproductive output and reserve maintenance, storage and utilizaticlingad the
energetics will help to explore and understand dynamic links between environmental variability,
growth and reproduction. Additionally, biochemical composition of individual tissue

compartments may better identify seasonal trends within tlaisrg.
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Application of the Dynamic Energy Budget heory to model growth and reproduction of
established population of the nomative green mussePerna viridisin southwest Florida

coastal waters

Abstract

As an invasive species ecological concerns have risen with regards to the spread and
success of thergen mussdPerna viridisthroughout southeastern United States and Caribbean
coastal regions. As a subtidal marine and estuarine species the arrival to new locations often goes
unnoticed until the populations have become established. Application of tiaeryEnergy
Budget (DEB) theory allows for the inclusion of a changing environment and a systemic
response from the organism. Through the application of the DEB theory a set of parameters was
estmatedto accurately model the growth and reproduction eégrmussels forced lmarying
environmental conditions. Environmental variables, particularly food and temperature, are
driving forces of both growth and reproduction and thus play an essential role in the foundation
of the DEB predictions. The model waaibrated using data from field monitoring of growth
and reproduction throughout a two year monitoring period to ensure realistic outputs and
validated using an external data set to assure the ability to use this information for populations

across a wideapgraphic span simply by changing the environmental parameters.

1. Introduction

The green mussdPerna viridis is an invasive bivalve to southwest Floratal due to its
aggressive biofouling behavior, concerns abound regarding ecological and ecompacits of
this invasionBenson et al., 2001; Ingrao et al., 2001; Baker et al., 2007). Native to the Indo
3DFLILF WKH\ ZHUH ILUVW REVHUYHG LQ 7ULQLGDG DQG 7RE!
and have since rapidly spread at high densitiesughout the coastal waters of the Caribbean
and southeastern United States (Rylander et al., 1996; Benson et al., 2001; Ingrao et al., 2001;

Buddo et al., 20038Baker et al., 2007 As a recently introduced species, little is known about
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local populatiordynamics and their potential for spread and competition with native fauna.

While currently northern spread is limited by cold winter temperatures, the threat of climate

change and warming ocean temperatures (IFXDC3) has increased concern regardingpical

invasions. Growth and reproduction are major factors involved in population dynamics and

success of a species and are useful predictors of population séksressviridisreaches

reproductive maturity within the first 23 months of settlement amés shown year round

gametogenesis and spawning capabilities (Parulekar et al., 1982; RacSa®fbyasan et al.,

1989 Chapter4 +LJK IHFXQGLW\ FRXSOHG ZLWK UD@ee51988,RZWK UD
Sreenivasan et al., 1989), make them a competitive marine invader and raises concern for

competition with native bivalves.

The Dynamic Energy Budget (DEB) theory for metabofigamization (Kooijman, 2010)
allows for a dynamic approach to modeling bioenergetics of individuals and has been
successfully applied to bivalves for several species particularly from an aquaculture and stock
enhancement point of view (ie: Ren and Ros852B8acher and Gangney, 2006; Sara et al.,
2012).DEB theoryprovides a generalized framewddt bioenergetics at the individual level
with linkages between life stagabowing for a more complete approach to modeling
physiological processes in an indlual throughout a life cycle. DEB is unique in that is relies
on generic assumptions about energetics and a basic set of parametgesubatl taefine
energy fluxes. These rules and parameter sets are universal to all species with the only difference

being the numerical value for the parametehich are species specific.

This study is the first to estimate a set of parameters and apply DEB theory to model
growth and reproduction &f. viridis as a function of the environment for local populations.
Basic data sets and information on life stages are pooled from the literature and model
parameters calibrated using field monitoring from local populations (Ch. 3 and 4). The resulting

model was validated for other geographic populations using data frditetheure.
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2. Methods
2.1 Model formulation

The model used in this study was based on the principles of the DEB theory (Kooijman,
2010) which allows for a dynamimplementation ophysiological response to a changing
environmentAccording to histheorybiomass can be divided in three compounds which are
described astate variables; structure (V), reserves (E) and a reproduction bufjeo (&escribe
the bioenergetics of an individual organism throughout a lifespanstihdard DEB modetith
an extension for metabolic acceleratiwas applied which assumes one food source, one type
reserve, and one type of structure. A brief explanation of the energy flow through an organism is
given by Figire 1. The allocation of energy from reserves follotws kappa () rulein which a
fixed fraction of energy from reserve§ (s allocated towards maintenance and growth with a
priority given to maintenance and overheadts of growth. Once maintenance is paid, energy
may be allocated to growth and if maiméace costs are higher thargrowth will cease. The
remainder of the energy mobilized from reserves)(ik allocated to maturation in juveniles and
reproduction (gametes) in adults, with a priority given to maturity maintenance costs, which
include maitaining the level of maturity, overheads of gamete productiomatabolic costs of
spawning While these two metabolic processes are separated in the model, they share
similarities and are both strongly influenced by temperaturdwuaradional responséJnder
conditions of severe nutrient limitation or starvation, energy may be taken from the reproduction
buffer to meet somatic maintenance costs, and during extreme starvation, the complete depletion
of reserves can lead to the utilization / or lysistaicture in a survival attempt to pay the costs
RI PDLQWHQDQFH D SURFHYV Bethardietldl) BOGI)W R DV 3VKULQNLQJ”
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Figure 1: Flow of energy through the organissocording to the DEB theorifoodis acquired through feeding

activities (L@ andis assimilatedis energynto reserves [, with a portion of energheing lost to heat dissipation

and feces productiofnergy isthenmobilized from the reservedg DQG D IL[HG IUDFWLRQ JRHV WR
maintenancé L% and growth( L with the remainder@ XVHG IRU PDWXUDWLRQ LQ MXYHQLOHV |
gametes in adultsL# and maturity maintenange_g.

The standard DEB model only includes the embryo, juvenile and adults stagesehow
bivalves experience a fourth key developmental stage known as metamorphosis which follows a
pelagic larval stage. Metamorphosis represents an important metabolic switch in which distinct
changes irmnatomygrowth and energy allocation occur betwéas pelagic larval stage atitk
sessié post metamorphosis life stageiveniles and adults are considered to be isomorphs (no
change in shape during growth) while larvae exhibit A Morph growth pattern (increase in
surface area proportional to struetivolume). The variation in growth patterns between larval
and adult stages was addressed by the inclusiametabolic acceleration factor and the

estimation of two shape coefficier{tés) which define growth with respect to shell length and
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volume; one describing growth in the larval phase aslambrph( LJLE) and a second describing

growth after metamorphosis as an isomc(rﬁ}gg (Kooijman, 2014, Lika et al., 2014).

Physiological rates are dependent on temperature andsstporicant fluctuation with
environmental variation. Within the range of tolerance, physiological rates tend to increase,
while outside the toleranceates tend to decrease (Basgrkt al., 2009). To account for this
fluctuation DEB theory makes usetbk Arrhenius relationship to predict physiological changes
based on the species specific upper and lower temperature threshold and the Arrhenius

temperature correction factor (described in detail by Bewt al., 2009).

2.3 Parameter estimation

Paraméers were estimated using the covariation method described by Lika et al. (2011)
through the add_my_pet and DEBtooutines{http://www.bio.vu.nl/thb/deb/deblab/debtdol/

using Matlab R2012a. Pameter estimates were determined usingitheegrroutine (in the

DEBtool packaggin order to reduce variation between predictions and observations through the
weighted leassquares (WLS) estimation method. This method allows for the simultaneous
estimdion of all parameters in one step based on empirical data from the literature and
observations of locally established populatiohisis data includes basic information on physical
measurements (zek@riate data) including age, length and weight at jlretxmilatha et al.,

2011), metamorphosis (Tan, 1975), pubeRgo(et al., 1975Ch. 4), and adulthoo@Rajagopal

et al., 2005 (Table 1).Additionally, time series data including physiological rgtasvariate

data) were includedength versus age daf8reenivasan et al., 1989), weigltsus age data
(Sreenivasan et al., 1989), dedgth versusvet weightdata (Mohan, 1980). Weight coefficients
are used to increase focus on data in which there is more confidence or certainty in the values.
For examplemore weight was given to length and weight data as they are observable data for
which we have more confidence. Conversely, we reduced the weight given to ages at birth and

metamorphosis as life stages are defined by maturation rather than definitive age.

Following this procdure a set of primary parameters was estimated (Table 2)nide

routine in the DEBtool software was used to calculatertean relative error expressed as a
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mark of goodness oftfbetween predictions and real observations. Fiefsxdd as Fit = 10(k&
mean relative error) in which a fit of 10 would indicttatpredictions and observations line up
perfectly (Lika et al., 2011).

Table 1: Zerovariate data gathered from the literatusbgerved values) and provided to the estiomprocedure.
The predicted values are obtained with the set of estimated parameters.

Symbol Dimension Value Reference
Observed Predicted

a Age at birth days 0.9 1.063 Laxmilatha et al., 2011

a8 Age atmetamorphosis days 12 11.69 Tan, 1975

&  Age at puberty days 60 53.63 Rao et al., 1975field data

L, PhysicalLength at birth cm 0.008 0.00907 Laxmilatha et al., 2011

Lj PhysicalLength at metanmphosis cm 0.04 0.00397 Laxmilatha et al., 2011

L, PhysicalLength at puberty cm 2.0 1.635 Reoet al., 1975

Li  Ultimate PhysicalLength cm 18 18.79 Rajagopal eal., 2006field data
W, Dry Weightat birth g 3x10% 3.1x107 estimated fronMytilids

W Dry Weightat metamorphosis g 3x10% 2.6x10° estimated fromMytilids

W, Dry Weightat puberty g 0.03 0.02633 estimated fronfield data
W Ultimate Dry Weight g 28 27.79 estimated from literature
Rn  Maximum Reproduction Rate # [ day 1.59x16 1.854x 16 estimated from lab studies
tn  Life Span days 1200 1200 estimated from literature

2.3 Study site, forcing variables and calibration

The model was calibrated using growth and reproduction data from monitoring of local
populations in southwest Florida. The studg svas located at the Gulf of Mexico and Estero
Bay interface (Fig. 2) where dense populationB.ofiridis cover the subtidal bridge pilings and
fender system. This site hastrongnarine influence maintaining high salinities and extensive
tidal flushing. Seasonal cycles in growth and reproduction were determined through monthly
analysis over a two year monitoring period. Specifically, growth rates were measured monthly
using individually tagged and caged juvenile green mussels (Ch. 3) and gametogasesis
determined through histological analysis on mussels collected from the same established

populatiors (Ch. 4). Reproduction was quantified through standard histological anatysis(d
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et al., 2004}Jo characterize cycles in gametogenesis and spawrimgggonad oP. viridisis

dispersed throughout the mantle lobes, mesoma, and interspersed between the digestive glands
(Rajagopal et al., 2006), thus a distinct dissection of the gonad from the body is not possible for
the measurement of gonadosomatieiratio of gonad mass to whole body mass; GSI). To
handle this issue, a ratio of gonad material to whole body was determined using image analysis
according tdKang et al(2003).Scanned images of the whole tissue sestimm histology

slideswere anajzed using Imagel image analysis software to quantify #rea of active
gonadandtotal tissue (excluding gillshese areas were then converted to volume using the
measured physical length for each individual and converted to weights using the measure

for total wet weight measured for each individual. Wet weights were convertedweidpyts

using the ratio for wet tdry weight determined through monthly analysis of condition (Ch. 4).

Figure 2: Map of the study site

Environmental conditiondgg€mperature, salinity, dissolved oxygen and chlorophyll a)
were monitored through continuohsurly data collectiorusingY Sl Sondes maintained on site
and from Sondes courtesy of Saniiglptiva Conservation Foundation (SCCF) through the
River, Estuary ath Coastal Observing Network (RECONh May +August 2011, the

equipment for the SCCF sonde was damaged and unable to be immediately replaced. To correct
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for this missing datadaily averages were taken over the previous 5 years to fill in the data gap

with an estimation of the approximate environmental conditions

2.4 Model simulation

Reproduction irP. viridis has been shown to be synchronous in seasonal peaks (spring
and fall), but asynchronous, intermittent spawning occurs between these paaéisa|R4.975;
Walter, 1982; Fatima et al., 1985). Intermittent spawning between peaks, is likely an adapted
reproductive strategy to maximize the potential for fertilization contributing to a continuous flux
of juvenile recruitment (Newell et al, 1982; Barland Blake, 2006). Spawning events were
estimated through the inclusion of thresholds for the forcing variables within minimum
requirements for temperature (degree days), food and G#.. igdis are partial spawners, it
was assumed that the reprodaoctbuffer was not completely emptied at each spawning event,
andestimated that onlg0%of the gametes were released. In this vagindividual would
continuously maintain eninimum requirement foG Sl allowing for a rapid recovery and
continuous / pdial spawning capabilities as observed irdlgeopulations (Ch. 4). GSI was
modekdusing weight to describe the building of the reproduction buEergnd weight gain
and loss in the form of gamet@dsavaud et al., 2013Dnce the minimum required GBI
reached the model simulates a spawn, provided the prerequisites of spawning are met

(temperature and food minimums).
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Table 2: Calculationdor intital values of state varaibles

Equation Variable description

Li Initial length

W Initial dry weight

&L g ®Ug;”’ Initital structure

"ol %‘g "8 Initital reserve

"eol ByF 8@ F @U—:]]AC@T—HA Intial repoduction buffer
"aol ' ,‘2‘ Intial maturity

2.5 Validation of the model

Growth and reproduction data from Rajagopal et al. (1998) se to validate the
model. This validation was completed first by adjusting the initial conditions to match the data
set which included changing the initial length, weight and age measured to estimate the initial
contribution of each state variable; sturet reserve, and reproduction buff€alple?2).

Additionally, the forcing factors, temperature and chlorophyll, were updated to the conditions

reported by Rajagopal et al. (1998) during monitoring. Growth was fit by adjusting the half

saturation coefficiet (Xk), as explained by Alunn8ruscia et al. (201) which controls for

ingestion throughhe functional response:
BL TE .

Spawning was more complicated to fit as variations in spawning strategy occur between
geographic regions and invasipepulations can react differently to new or unpredictable
environments leading to increased variation between populations (Newell et al., 1982; Richard et
al., 2006). Secondlgametogenesis was reported in a different manner than calculated for the
calibration data set and thus needed to be taken into consideration when simulating spawning
eventsFor these reasons adjustments were also made to the rules of spawning including

changing the temperature and minimum GSI required for spawning.
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3. Resuk
3.1 Parameter estimates

The parameter estimat€Bable 3)resultedn a fit of 8.52out of 10. All estimates for zero

variate data matched up well with the expected values reported in the literature (Table 1) with the
exception ofweight at birth and metamorphesihese are, however, very difficult time points to
obtain accurateneasurements of weight due to the size of the indivicaralghusestimations

were sed for these values.

Table 3: Primary parameters.

Symbol Unit Description Value
Tref K Temperature at which parameter rates are giv 293
Ta K Arrhenius Temperature 7416
f - Scaled functional response 0.6
46 = Jiday/ crd  Maximum sirfacearea specifi@ssimilation rate 49.556
L;E - Shape coefficient before metamorphosis 1418
L.;Eo - Shape coefficient after metamogss 0.2752
Fm l/day/ cmd  Maximum specific searching rate 6.5
a5 - Digestion efficiency 0.7
=] cm/day Energy conductance 0.03144
a - Allocation fraction to soma 0.4418
a - Allocation fraction to reproduction 0.95
367? J/day cn®  Volume specific maintenance cost for structu 11.14
¢ day* Maturity maintenance coefficient 0.002
2,7 J cm?® Volume specificcost for structure 4338
'A? J Maturity at birth 0.00846
'g J Maturity metamorphosi 0.7171
'Z J Maturity at puberty 7325
B3] day? Weibull aging acceleration 2.8e-08
S - Gompertz stress coefficient le04

The predictions fogrowthin shell legth over timeand length weight relationshifine
up well with observed values (Fig) during theparameteestimationprocedureln the length
versus weighpredictions (Fig. 3G)he predicted curvéed line)is at the bottom and even
slightly below the expected values (blue crosdasi)this is expected for two reasomstst, the
weightof structure onlys estimated through simulatiowhile the measured weight includes
structure, reserve and reproduction buffer which cannot be physically separated for measuring
each on its own. Seconid, viridis contributes to gamete production yeaund so the

reproduction buffer will always have a significant contribution to measured physical weight.
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Figure 3: Model predictions (solid lines) plotted against observed data (crosses) for length versus age (A), weight
versus age (B) and weight vasslength (C).

3.2 Environmental forcing factors

Temperature shows a fairly consistent pattern in annual cycles with monthly averages of
17 +20 (€ in the winter and as high as 281 (€ in the summer (Figd). However, some inter
annual variation was detected in the duration of the annual low. In the winter of 2013
temperatures remained low for a longer period, but the monthly averages wevelyetadgh,
19.4 +20.8 (€. In contrastthe winters of 2011 and 2012 were shorter, but lowest monthly
averages were 16.& and 18.8C, respectively, suggesting a shorter, but more intense winter.
Chlorophyllashowed seasonal variation and more Hat@mual variationwith monthly averages
ranging from2.0 +5.5 pg L which has been suggested to béfisient to support growth
(Chapter3) and gametogenisg Chapte#) in local populations.
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Figure 4: Chlorophyllaand emperatte averaged dailgluring the monitoring period.

3.3 Model simulation

Growthwas nicely simulatedh the model to fit the observed growth during field
monitoring of local populations (Fi$) with the estimated parameter s@towth was further
adjusted within the model gdjustingXk which controls for ingestion and allows for calibration
with the new dynamic foodondition simulated in the modédlhe intermittent and continuous
spawning strategy d®. viridiswas captured by adjusting the spawning efficiefi¢ys allowed
for a partial release of the gonad once the threshold GSI was reached in which only 30% of the
gonad was released upon each spawning gassiiring that the reproduction buffer was never
fully emptied and a rapid regeneration to the next spaywvent was achieved. The DEB model
follows an individual over a lifetime, thus the simulated spawning represents the spawning
events of one individual over a lifetime. This information is impossible to collect from natural
populations as individuals miuige sacrificed in order to collect information on gametogenesis
and spawning. Further, the data collected were point samples taken once a month. This type of
sampling does not allow for the detection of every detail of the gonad cycle to fully chaeacteriz
the details of reproduction. Thus, while predicted and observed spawning events do not always
line up perfectly irfrequency and magnitude, theg tbllow similar cycles and represent a
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realistic description of spawning in natural conditions throughwutite cycle of an individual
(Fig. 6). The two wide gaps between spawning at 3260 days and 675800 days represent
the winter months (approximately Novemhsgfebruary) during which time the reproduction
buffer is being builup in preparation fathe spring spawning season. The first peak in spring
spawning is observed in the model prediction with a peak in spawningebidiary to March
following the period of building the buffer. Everything between represents continuous,

intermittent spawning tlaugh the spring, summer and fall.

Figure 5. Model output for growth irshelllength usingthe estimated parameters to comgaiel monitoring data
from local populations (red) to calibrate model predictions (blue).
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Figure 6. Spawning cycl@bserved idocal P. viridis populations (red) and that predicted by the model (blue) as
described by GSI over time.

3.4 Validation

The model was valated using data from Rajagopakd (1998)which monitored
growth and reproductiom naturalP. viridis populationswithin the native range of southeast
India. The model predictions for growth in lendtfig. 7)fit for all three cohorts monitordaly
simply adjustingXx to fit the new environmental conditions, primarily foochddion. However,
spawning for this data set was not so easily, filarticularly in the winter months when the model
predicts &building of the buffer, bt the data shows a spawning ev@hg. 8) Thenative
populations show a mosynchronizedind less frequent spawning pattern than those in Florida.
This pattern was partially captured yetmodelnd although the timing of the spripgak is

off, the modeldoesrepresenthe spawningstrategyin the summer months.
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Figure 7: Results of the estimation for Rajagopal et al. (1998) growth it Isimgith. Three different cohorts were
followed; beginning in April (A), September (B) and November (C) and followed for the first year of gieedh.
crosses represent observed data and blue line represents model estimation.
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Figure 8: Results fronthe spawning simulation for the Rajagopal et al. (19283 theblue line represents the
model simulation and thedline represents field observations.

4. Discussion

This study aimed to model growth andmaghuction ofP. viridisin a dynamic
environment through the application of the DEB theory. This was accompbgtiadluding
metabolic acceleration in tletandard DEBnodelwith one food source, one type of structure
and one type of reservEhrough theDEBtool routinesa set of primary parameters describing
maturation and energy flux through time were estimated for an individual mussel. Qhessl
estimates resulted in a good fit&52 between observed and predicted valdezb(e 1).
However, despe adding an acceleration factor and a shape coefficient specific to the larval
stage, weight at birth and metamorphosis veéightly overestimated®hysical weights at these
early stages are difficult to measure and in the caBe wfidis, observed aes were estimated
from those reportetbr several other Mytilid specias the add_my_pet collectiolVhile the
species used for estimatddytilus edulis, Mytilus galloprovinalis, Mytilus californianulsave
similar larval life stages, it is possibleatiusing larval data from these speciesuledin an
underestimation of weight fd?. viridis at these stages. Indeed, values reported for these species

show high variability Table 4). Moreoverage at metamorphosis for all bivalves varies between
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geographical regions depending on environmental factors and delaying metamorphosis to
prolong the searching phase is common in Mytilid species (Bayne, MN&grtheless, the
focus of this model was on the post metamorphosis life stage and thus, theggdises in

larval weight do not appear to significantly affect the output.

Table4: Comparison of values betwebtytilid musselsfrom theadd_my_pet collectiarAge (a) is given in days,
length(L) in cm and weightW) in grams.

Species ap Lo Wh a L W a Li W Im

M. edulis 0.3 0.003 2.9e09 0.3 0.003 29e09 10119 4.7 17.1 0.2942
M. galloprovinalis 1.2 0.004 1.6e08 2.7 0.008 1.2®07 5503 4.8 19.8 0.1989
M. californianus 1.1 0.006 3.5e08 43 0.013 296€7 7300 4.4 120 0.2741
P. viridis 0.9 0.008 3.008 18 0.04 3.006 1200 188 28.8 02752

Overall the model fit field observations . viridis populatiors in southwest Florida,
however, is somewhat limited by a lackgobwth data across the entire lifespan. During this
study, field growth monitoring was forced to a halt after one year, due to a mass mortality event
attributed to red tide blooms in the area é@pker3) and growth data in the literature is collected
from an aquaculture perspective in which the interest lies in the fité26nonths (ie: Mohan,
1980;Sreenivasan et al., 1989asilamoni et al., 2011). Thostudies which do report growth
past the first year are predicted values from scope for growth models as opposed to measured
values (ie: AlBarwani et al., 2007 The realistic representation of ultimate length, however,
suggests that the estimates repressgdonable expectations for growth and reproduction from
12 months onwardl'he observed red tidevents during this study periogay also impact the
observed GSI and spawning activity, however when compared with qualitative data fi®@m the
viridis popuhtions on the Atlantic coast (Urian, 2009) the general pattern in spaisning

captured.

Growth was accurately predictedring boththe calibratiorand validatiorprocedurs,
yielding realisticgrowth curve for two distinctly different environments in different geographic
regions These growth curves were obtained by changingtiveronmentatonditions to those
associated with the data sets for growth and the adjustmirtdiich allows for the correan
of ingestion ratedue to variations in food qualityetween environmentédjustment forxk is

common when comparing populations beén geographical regioress described in detail by
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Alunno-Briscia et al(2011).While chlorophyll areported in Rajagopal at. (1998 was
consistently higher than theeported for Florida papations, a higheXk was required to fit the
model for tle Rgjagopal datd1.1 and 3.4, respectfy), suggesting that whilehytoplankton

was plentiful, thequality was poofSaraiva et al., 201)aHowever, the ability to fit the model to
both native and invaded regiocenfirms the applicability of themodel toP. viridis populations

across a wide rang# geographic regions.

While spawning wasealisticallypredictedfor local populationsit was not as closelfi
in the model predictions for the Rajagopal et al. (1998). d&is is likely due to several factors.
The method of recording gaatogenesis wadifferentbetween the two region®ajagopal et al.
(1998) used a method of ranking stages of gametogemreadevelopmenscalerather than
GSI, as was done for local Florida populations, which may result in differences in it#gopre
of spawning behaviaand gonaasbccupationFurther,comparison okk suggests that the
chlorophyll data does not accurately reflect the available food sourceRajhgopal et al.
(1998) data which could be due to frequency of samplirgnoithly) or low nutritionabjuality
of phytoplanktonFeeding behavior d®. viridis, and many other bivalves, has shown to vary
significantly depending on the food quality and quantity (Hawkins et al., 1998; Wong and
Cheung, 1999; 200Bndelevated sispended solid levetsanresultin reduced ingestion
efficiency even when chlordgll is high due to increased need for particle seledtiaoijman,
2006) Thus,the need for adjusting« when modeling populations under different food
environmentgAlunno-Bruscia et al. 2011)his could be corrected hycorporating a second
food sourceand synthesizing units farthercharacterize feedings in Lavaud et al. (2013).
Chlorophyll does not necesgig represent the total diet available to bivalves as it does not
include dissolved and particulate organic matter or microzooplankton which also contribute to
the diverse diet of bivalve®€én and Ross, 200Saraiva eal., 2011h, nor do chlorophyll
measurements give any information on the quality of food source (Bourlés et al., 2009), both of
which can have significant effects on digestion and assimilation efficigff@esand Ross,
2005; Ren et al., 2006). However, this was the only fnedsurement available and has been
widely used as proxy for food availability in a DEB context (Ren and Ross, 26@kivreau et
al., 2006;Flye-SainteMarie et al., 2007; Ren and Schiel, 2D08se of chlorophyll as a proxy
works nicely for local conditins, however, chlorophyll data in the Rajagopal et al. (1998) data

set was only collected fmhonthly as point samples, which may not capture the true cycle in food
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availability, compared to continuous hourly data points collected daovamgtoring of Florida
populationsleadingto discrepancies in the model betwedbserved and predicted cycles for

Indian populations.

Reproductive cycles are complex physiological processes which rely on the metabolic
state of the organism and environmental factors, primarily food and tempeBdnesafid
Edwards, 1975; Bayne and Newell, 1988ading to high variation beten populations and
individuals within a population. Spawning was simulated in the model under the assumption that
once the reproduction buffer reached a certain threshold, as identified by GSI, and a given
temperature requirement was met, then spawningdwaccur. To simulate the continuous
intermittent spawning behavior Bf viridis, only a portion of the gona@@%b) was released
upon each event within the model, thus allowing for a rapid regeneration and more frequent
events, as described by Lavau@let(2013) Kappa also played a major role in simulating the
frequency of spawning events (explained briefly in van der Veer et al., 2006). The kappa value
used in this study is relatively lof@.44), indicating a large allocation of energy to reprodugtion
when compared with the general consensubearnvalue of species in the add_my_pet collection
However, itstill within the range documented for other bivalves with a value of 0.45 reported for
both M. edulis(Roslandet al., 2009 andCrassostrea gigagszan der Veer et al., 26). A lower
kappa reduces the energy allocation to growth to allow for increased allocation to reproduction
resulting inthe maintenancenf a highGSlratio anda more rapid recovery between spawning
events and maintenance of tle@roduction buffer (Saraiva et al., 201 ldpwever, @en with a
low kappa, high growth rates were still attained suggesting this to be a suitable estimation.

While temperature showed fairly consistent seasonal cycles some variation was observed
in the dwation and intensity of the winter low between years (BigThis interannual variation
aids in the explanation of the differences in winter bujbdand the timing of spring peaks
between years. Thus, the use of degree days acts as an importantatimugpawning. Gilg et
al. (2014) described spawningfn viridis on the Atlantic coast of Florida to be more closely
linked with the rising of water temperatures following the coldest winter lows, leading to a
difference in the timing of the first 9pg peak between years and spawning capabilities at
temperatures as loas 16(C. This was observed in the model in which the first peak is observed

in February 2012 at approximately &, following a low of 18(€ in January compared to the
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spring peak in March 2013, which was precedeébby months of winter lows averaging 2.
Thus, the dramatic differences in environment when comparing invasd/aativgpopulations
suliropical andropical respetively, may reqire more detailn the spawning rules tmore
accurately predictpawning eventd.emperature, an important forcing factor in the model,
showed a very different patteimthe native regiorremaining above 2& throughout the year
compared to local conditions which fell to @ and below for several months in the winter.
Further,differences in spawning between the two populations could also be partially explained
by salinityregimesPopulations on the coast of India experiedcamatic decreases salinity
(as low as bduring the monsoon seas(@Rajagopal et al., 1998)hich maytriggerspawning,
parially explaining the early spring peakhencomparedo the model predictionn
compari®n, P viridis populations studied in Flimla areestablished imreas in which salinity

never fell below 25.

To further complicate the predion of spawning events, DEB follows a single individual
over a lifetme, while data used to calibraeawning represents the average of several
individuals during single time point sampling. Field studies documenting regirodiby nature
cannot follow an individual, leading to increased error in the characterizatoatalie
spawningcyclesin wild populations. The spawning strategyRofviridis in which year round
intermittent, partial, and asynchronous spawning occurs between [geales the estimation of
DQ LQGLYLGXD O 1 Fhe-Banhtevard' &t &.L(2007 éxplaMs in detail how using the
DYHUDJH RI D SRSXODWLRQ RI DV\Q@#tkhe Rfp&otMeatBdtd @i UV FD Q
averagebservatiorbeinga dilued trend of what the actual obsenssésonabariationin an
individual would beThis could partially explain the smoother data set observed in the Rajagopal
et al. (1998) expectations, particularly because their sample size was double that of the
calibration data set, possibly leading to a dilution of the partial spawning events resulting in a

smooth curve.

Reproduction maglsobe more specifically defined by adding a gonad compartment
allowing for the characterization of energy allocated specifitalgametes and reproduction
buffer asseparateompartment¢Bernard et al., 2011). This may allow for an improved
characterization and fit for comparisons between populations and capture a more detailed story

of frequency and duration of spawning. Howewvhile the model predictions do not always line
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up perfectly with each event, the continuous spawnatgre throughout the spring, summer and
fall suggests a realistic estimation of reproductive activity in southwest Florida populations.
Spawning betwen peaks may also be better represented if an estimation of gametes released per

spawn could be quantified throughout seasonal time points.

5. Conclusions and perspectives

The model output showed a successful prediction of growth and reproductive outpu
based on environmental parameters and can be used across geographic regions to predict
population growth. While not within the scope of this paper, the next step for this model could be
to simulate effects of global climate change in order to predit¢athal effects (growth and
reproduction) and changes in energy allocation in response to environmental change and stress.
Taking this step can put DEB modeling to use for the contribution to mitigation efforts in
predicting the potential for future spreaidP. viridis andaid in the prediction of areas which

may be vulnerable to invasiossrvingas a proactive mitigation plan.
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Worldwide, introductions of exotic species to new regions is of rising con&amx €t al.,
2003) The potential foa new species to invade and compete with native fauna can lead to
catastrophic ecosystem alterations and is typically accompanied by high costs of removal
(Rajagopal et al., 1991). Environmental tolerances and species plasticity and adaptability play a
role in the ability to populateew regionsthusan understanding of physiological responses to
seasonal variation and local stressoessisential to understanding population dynamics and
potential for spread. Through the work presented here, populath@miigs of locally
establishedjreen musseBRgernaviridis) populations were characterized through monthly
monitoringof growth, mortality, recruitment, gametogenesis, and biochemical composition.
Information reported in the literature addtacollected during field monitoring was used tbe
development of a Dynamic Energy Bud@eEB) model to accurately predict the growth and

reproduction under environmeflgarealisticconditions.

1. Fieldobservations
1.1. Effects ofjuvenile andadult mussels

Monthly monitoring of establishei. viridis populations in Estero Bay, Florida revealed
rapid growth rate6 +11 mmmonth') andhigh reproductive activity tiough year round
gametogenes@nd spawning capabilities. Rapid growth dngh ratef juvenile recruitment
have allowedP. viridisto rapidly spread throughout coastal waters of southwest Florida in high
densites (Baker et al., 2007; 2012y Estero Bay, dend®. viridis populations cover artificial
hard substrate and several isolated adults have been observed on intertidal oyster reefs (Volety et
al., unpublished)uggestinghe potential for competition with native oyster populations
Crassostrea virginicaHowever, ilMarch2012 green mussel populations suffered a mass
mortalityevent QHDU O\ GHFLPDWLQJ WKH SRSXO EWhtécCurigd WK “
during a peak in spring spawning activity, as identified by monthly histological analysis of
gametogenesisindwas preceded by the first major red tide event in thesanea monitoring
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began in 2009Florida red tides are formed by the toxic dinoflagelkaeenia breviswvhich

produces a suite of potent neurotoxins known as brevetoxins (FBddgr and Mendd.982)

and are the cause of massive fish mortality events (Ray and Wilson, 1957; Naar et al., 2007;
Landsberg et al., 2009)eading up to and duringeimortalityeventin March 2012P. viridis

had accumulated high concentratiafi$bTxand were nearl20 times the regulatory limit.
Additionally, upon onset of the bloom in November 2011, growth rates of juvenile andPadult
viridis were significantly reduce@hapter 3)Prior to bloom exposuyé the summeand fall

of 2011, growth ratesaveraged +11 mm month and several individuals frequignexceeded

13 mm montH. Rapid growth is a common strategy in juveniles to avoid predation pressures
(Seed and Brown, 1978). Furthermore, when conditions are suitable rapid growth rates can be
observed even in mature atfilas was observed during the first year of monitoring in which
growth rates in mussels with average lengths of 72.6 mm averaged 7.4 mm md@®eptember
2011 during a peak in spawning activity, as identified through histological analysis. However,
during andfollowing red tide exposure growth was significantly reduge@ mm montH), even

in thesummemonths wherconditionsare expected tsupport high growth. During this period

of reduced growth, two consecutive tatk blooms occurred in the araad tissue PbTx
concentrations remaga above the regulatory limit (800 ngt @bTx3 equivalent). High tissue
WR[LQ EXUGHQ PD\ OHDG WR LQFUHDVHG VRPDWLF PDLQWHQI
leading to reduced energy allocatedaodsgrowth.

Reproduction appeared uninhibited by these bloom events, as observed by year round
gametogenesis and succes#iboratoryspawning and fertilization during periods of exposure,
suggesting priority is given to reproducticover growthduring periodf increased
environmental stresalthough reproduction is metabolically costly (Bayne, 89T is common
strategy for bivalves to maintain reproduction over growth when under environmental stress
(Browne and Russdfiunter, 1978J.odeiros and Himmelmar2000; Lodeiros et al., 2001).

*URZWK RQO\ RFFXUV ZKHQ SHQHUJ\ DFTXLVLWLRQ LV LQ H[FF
1HZHOO .RRLMPDQ 3DUW RI WKLY HQHUJ\ H[SHQGLYV
UDWLRQ ™ ZKLFK LV GHSHQ énd é&dgeRoQs tadckord KndtuQirtg RrviHoQrRex tal

stress and reproduction, further reducing the amount of energy available for allocation towards

growth (Bayne and Newell, 1983 other species of mussels, growth has shown to be inhibited

during periods of intense spawning or gametogenesis due to the increased stress and metabolic
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demandsCoe and Fox, 194Feed and Brown, 1978)ytilus edulisconditioned and spawned

in the lalmratory under low food ration and / or temperature stress maintained gametogenesis, but
exhibited reduced growth (SFG) (Bayne, 1975; Bayne et al., 1@id&ed, engy priority to

gonadal growtlover somatic growthas beembservedduring periods of food limitation

(Bayne, 1975; Lodeiros et al., 2001).

Under natural condition§€heung (1991) observed a decreade.iwiridis growthin
regions ofTolo Harbor, Hong Konginder high pollution stressihile gametogenesiemained
activeyear round. Additionally, while condition index showaidtinct seasonal cycles, the
gonadosomatic indeXx5SI) remained highthroughout theyear suggesting a fixed fraction of
energy allocated to reproduction even at times of reduced food g@imyng, 291) Likewise,
several others report reduced growth ratd®.imiridis when water temperatures decrease in the
winter, while gametogenesis remains actialter, 1982; Lee, 1988; Rajagopal et al., 1998),
further supporting a priority given to reproduactiover growth. It is thus plausible that under
stress oK. brevisexposure and elevated tissue PbTx concentrations, growth was reduced in

order to maintain physiological state and energetic contribution to gametogenesis.

During this monitoring period mussels of a size ranget30 mm were easily collected
on a monthly basis suggesting that even under stress, newly settled mussels are capable of
growth to maturity relatively quickly, particularly those which settle wheotol conditions are
not present. Throughout the monitoring perdriridis maintained active gametogenesis and
exhibited a partial spawning strategy. This was further confirmed through histological analysis of
laboratory spawned mussétswhich most indriduals released only a portion of their gametes
with a portion of the gonad remaiig in the ripe or late development stagkhis behavior of
continuous gametogenesis with incomplete, successive spawning and follicles within the same
gonad at differenttages of development is common for tropical bivalves (Gasper et al., 1999;
Pouvreau et al., 2000Barber and Blake (2006) suggest incomplete or partial spawning as a
reproductive strategy to maximize overall larval survival and recruitment, assurirag libadt
some batches will encounter environmental conditions conducive for growth, survival and

settlement.

However, this reproduction strategy may lead to increased mortality following spawning

in a stressful environment due to further increased energetic demands. Increased tissue PbTx
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concentrations may have caused additional physiological stress and asadareantenance

ration for tissue repair and detoxification, leading to a reduction in the energy allocated to
growth. This additional stress and maintenance cost during a period of high metabolic demand
(spawning) may patrtially explain the delayed poebbi mortality. A reduction in reserves

during spawning while under the stress could lead to reduced fithess and an inability to keep up
with metabolic demands for survival. Indeed, while reserves were not completely depleted, the
lowest glycogen levels werobserved during the mass mortality event in March 2012 ttal

dry tissue weight compared to 5#5% throughout the rest of the year, thus indicating a
disruption in energy balance. Similar summer mortality events have been documented in
bivalves die to a reduction in carbohydrates during spawning events coupled with environmental
stress including elevated water temperatures (Mallet et al., 1990; Shpigel et al., 1992) and food
shortage (Barber and Blake, 1981; Tremblay et al., 1998). Myrand @0#IQ) observed a

complete cessation in growth and a peak in mortalit.oéduliswhen glycogen was at a low

and increased mortality following spawning evesring a prolonged. brevisbloom

exposure in the winter of 2013 (DecembgXpril), proteinlevels also hit a low (3943%)

during which tissue PbTx levels were 29,08010,000 ng g PbTx3 equivalent and spiked to

60% following bloom dissipation when tissue PbTx concentrations dropped to 9,071 + 523 ng g
PbTx3 equivalent in June 201%/hile no significant relationship was detected, when examined
graphically it appears that prolonged environmental stress from HAB exposure and accumulated
tissue PbTx, coupled with the increased metabolic demands of spawning may partially explain

the observetemporary reductions in reserves.

PbTx persisted iR. viridis tissues for prolonged periods, remaining above the regulatory
limit for 4 +5 monthdollowing bloom dissipation, however, the decrease immediately
following bloom dissipation was rapid. Thdsamatic decrease may be partially explained by
increased morality following peaks in accumulation in which those mussels that accumulated
higher tissue toxin levels died, while those with lower tissue levels survived. This is supported
by the increase i WDQGDUG GHYLDWLRQ ZKHQ DYHUBRIM33E7[ OHYHO
equivalent, ranging from 7,00855,000 ng g PbTx3 equivalent, orders of magnitude higher
WKDQ ZKHQ OHY HO VYPh¥Heduivalent inQuhich standard deviation rangednfr
300 8,000 ng ¢ PbTx3 equivalent. Further, following bloom dissipation, the elimination of
PbTx from ~10,000 ngyPbTx3 equivalent to below regulatory limits (800 ngRPTx-3
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equivalent) took 4 months, compared to the initial elimination r&té' o QLPhIrx3
equivalent in first month. Li et al. (2005) found elimination rates to be dependent on body
compartment and could range fromt25% elimination per day depending e species and
initial toxicity (Bricelj and Shumway, 1998T.his may also be due in part to metabolic pathways
of eliminating PbTx and high clearance rate® ofiridis leading to faster accumulation rates

compared to elimination rates during exposure.

1.2. Effects omrarly life stages (gametes and larvae)

While growth remained low, the surviving mussels maintained year round gametogenesis
and peaks in recruitmentere observedh the spring and fall indicatinipat given the right
conditions P. viridis populations havehe ability to rebound. Howevethe second bloom event
persistedrom October 2012hrough April 2013 inhibiting juvenile recruitment duringetlpring
spawning season. Whikdirect cause cannot be confirmed through field studies, the absence of
a spring peak in juvenile recruitment ingaies that the presence Kif brevisand its associated
BE7[TV DQG KHP RONlizgivn &nQ Kok Brivalgrowth and survivéixposureof
early life stages of local species of clae(cenaria mercenarig oysters Crassostrea
virginica) and sallops Argopecten irradiansto K. brevishas been shown to inhibit
gametogenesis and larval development (Leverone et al., 2006; Rolton et al., 2014) and in native
regions reductions iR. viridis larval abundances and juvenile recruitment have been

docunented during harmful algal blooms (Cheung, 1993).

Gametes produced under stressful environmental conditions are often of lower quality,
even when gametogenesis in the adult appears normal, leading to reduced larval survival (Bayne,
1972;1975). Deceases in weight, organic matter and lipid content in eggs produced by females
under stress has been documented in laboratory studies, leading to reduced fertilization success
and ecological fitness of larvae, due to a reduction in energetic reservdsefsemarly larval
development (Bayne et al., 197878).Rolton (2015)bserved a decrease in gamete viability
and fertilization success after adGltvirginicahad been exposed to a natu¢abrevisbloom in
the field and induced to spawn in thedadtory Further several studies have shown negative

effects in sperm following short term laboratory exposure of &halésostrea gigaWwR +$% V
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includingdecreased motilityreductiors in ATP,alteratons in DNA andeducedmitochondrial
membrane potentigHaberkorn et al201Q Le Goic et al., 201)3ss well asdecreased ROS
production in eggsLe Goic et al.2014).Thus, whileP. viridis was still producing gametes and
actively spawning, stress may have caused a reductgamiete quality anceducedenergetic

reservesleading to reduced survival due to a lack of sufficient nutrients in the early life stages.

Althoughstress in the adiucan lead to decreased gamete quality, gametogenesis
remained activand successful spawning was achieved in January 2014 in individuals collected
during aK. brevisbloom whertissuePbTx concentrations of adults averaged 91,399 + 14,616
ng g* PbTx3 equivalent High fertilization rates (93.7%) andhatching rate (66.3 % were
observed during this spawnirgyggesng that inhibition of juvenile recruitment duringeh
bloomis likely due toexternalexposure td. brevisand associated icthyotoxi(BbTx) and
hemolysinsEarly pilot work has indicated decreased growth and survivalsthBeP. viridis
larvae when exposed K brevis(Volety et al., unpublished) andecreased embryogenesis,
larval development and survival have been observed dexipgsure td. brevisin local species
of oysters, clams and scallofiverone et al., 2006; Rolton et al., 201Early life stage
VHQVLWLYLW\ WR +3$3%fV LV ZHOO GRFXPHQWHG IRU ELYDOYH
and larval successesarpembryonic and early larvakposurs at concentrations as low as 100
cells mLt (Granmo et al., 1988; Matsuyama et al., 2@dsti et &, 2011; 2013; Mu and Li,

2013). Due to both longer duration and greater intensity of exposure in the wild, blooms
frequently exceed £@ells mL! andcanpersist for up to 18 monthRounsefell& Nelson 187;
Tester& Steidingerl997 Steidinger2009), it is likely that the deleterious effect on larvae is
amplified during natural exposures leaving laboratory exposures as underestimations of the
effects.While gametes, embryos and early stages of larvae are not capable of ingebtiengs
cells, thgg may be more significantly affected by physical contact of water column PbTx and
allelochemicals produced b§. brevis(Kubanek et al2005 Marshall et al. 2006

As elevate. brevisconcentrations persisted through much of the time larval
recruitmentwvas monitored it is likely that reduced larval survival and thus recruitment can be
attributedto the presence of toxic algae and associated ichthyotoxins and allelochemicals in the

water column. Additionally, due to the stress of high tissue toxin bundéine adults, gametes
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produced during this study may have been of poor quality, putting larvae at a disadvantage due
to reduced energy reserves resulting in high mortality during the pelagic phase.

2. DEBmodel

Through the application of the Dynantioergy Budget (DEB) theory (Kooijman, 2010)
we were able to accurately predict individual growth and reproductiBnofidis under local
conditions. Parameter estimates were completed using several data sets from the literature and
calibrated using fiel data from local populations. As a final step the model was validated using a
third external data set from the literature. By using separate data sources from different
geographic regions we are able to say with confidence that the parameters fit ikeigpec
general and the model for growth aneghroductiorcan be applied to other populations by
changing environmental variables, specifically, food and temperature and adjusting only the half
saturation coefficientq{x) which adjusts for changes in ingestand functional response based

on local food conditions, while all other parameters remain constant.

Differences in growth and reproduction between individuals of the same species can be
explained by environmental conditions and life history exposudecan be further complicated
by environmental stress. However, the general growth patterns were able to be reproduced for

three separate data sets during parameterization, calibration and validation steps.

2.1 Metabolicacceleration

Bivalves go througlalife stagetransitionreferred to as metamorphasighena
transformation occursom the pelagic larval phase to the sessile juvenile stage at which they
remain through adulthootMetamorphosis represents a life stage transition of intense metabolic
demands and major changes in bioenergetics and energy requirements. By including an
acceleration factor we can more accurately capture the metabolic clizaigesur at this stage
with accurate predictions of both larval and adult groWilring these twatages they undergo
different growth patterns in which as larvae they grow dsriworphs and poshetamorphosis
become isomorphs (Kooijman, 20). These two different growth strategies require the
incorporation and estimation of energy allocation andzatilbnparametersor the two life
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stages including differences in energy conductarfar{d surface area specific assimilation rate
(<L 3 To account for these changes, a metabolic acceleration factor was included and separate
shape coefficiest( Up for these stages were estimatibdtdescribe the relationship between

length and volume during growtbltilizing Ugto describe growth allows for a more realistic
estimation across a life span and redubeserrorby characterizing growth accordj to shape in
relation to volume, rather than one dimensional length or weight measurements whlekgell

about how the individual is growing as a whdl&is is especially helpful in determining

structural volume which is not easily measutaatallows for more detail in estimating and

explainingtheflow of energy through an individual.

8L :Ue.;’

Through these procedures individual growth was successfully modeled across the full life
spanunderrealistic and dynamienvironmental conditiongsing locally collected growth data

and growth data previously reported in the literature using the same set of parameters.

2.2 Spawning in tropicadivalves

Food and temperature are among the two most influential factors that determine
gametogenic angpawningcycles (Lee, 1988; Cheun991; Sreedevi et al2019 and are
included as forcing variables in DEB modeélge thus included in the model for reproduction
temperature, in the form of degree days, and foblbrophylla concentrations, as two threshold

componentso stimulatespawningn the model predictions

Pernaviridis maintained year round gametogenesis and while two major peaks were
observed each year (spring and fall), intermittent year round spawning was ¢@idpterd).
Gilg et al. (2014) suggested that rather than a threshold tempeRatuiiggis spawning is cued
by the gradualvarming that follows the winter low leading to spawning events in temperatures
as low as 1@C. Indeed, the successful laboratespavning inwinter acclimated mussels in
January2014(Chapter 4) indicates that just a shih exposure to increased temperatures can

induce a spawning event in the field even in the winter whstingperiods are expecteBor
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these reasordegree days were kelptv so as to allow a spawning event after even just a short

warming of the water temperature.

To account for year round spawning capabilities, a low spawning efficiency was used
(30%). This allowed for the simulation of only a partial release of the gambuhg as a
specified threshold for GS¥asreached. With only a partial release of the gonad, mussels were
able to show rapid regeneration for several spawning events between teatooagbeaks
observed in the spring and fathch year. While each small peak indicating intermittent
spawning does not match up perfectly, the sporadic nature is indicative of what is observed in the
field. DEB follows anindividual mussel over a lifetime whereas our data is an average of several
as/nchronous individualfrom a population sampled from a single point in time (N =15/

month), thus leaving the precise timing of peaks between observed and predicted values difficult.

Spawning in bivalves is a complex process that is highly dependentvoonmental
variables and internal chemical cues (Seed, 1S#Hhen and Shetty, 1981; Widdows, 1991;
Barber and Blake, 200&dding to the complexity of successfully modeling and predicting an
already elaborate proceDuring the validation proceduisawning in the Rajagopal et al.
(1998) data was unable to be replicated with simple adjustments and requires more population
and site specific details. Reproduction can vary between populations of the same species due to
biological factors including getie makeup, life history exposure, phenotypic plasticity (Ren
and Schiel, 2008nd environmental factors including food quality and quantity, seasonal
variation (or lack of) in the environment and pollution (Lowe et al., 1982; Lee, 1985; 1986). Site
specfic environmental data is essential to accurately predicting physiological responses,
particularly reproduction. The information on food (chloroplaylhnd temperature used in the
validation step (Rajagopal et al., 1998) was taken-asooithly point samies which leaves
room for error in the interpolation proceduteEtween pointsThe inclusion of more continuous
data and 6r one or more food soureeuld improve the estimates for spawning in the
Rajagopal et al. (1998) predictions. To further compdiche comparison of spawning between
studies, differences in methodologies commonly occur. This is particularly important to consider
for P. viridis as the gonad is dispersed throughout the mesoma and is not easily dissected from
the rest of the body leawy direct measurements impossible. For example, during field

monitoring gonad material was converted to mass using ratios of gonad to soma via image
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analysis while many others, including Rajagopal et al. (128%) some metric of gonad ranking
which desabes the stage of gametogenesis more so than it does the amount of gonad material.
Because of these discrepancies, it is essential to calibrate the spawning dileghis¢he

model separatelfor the different populations

3. Ecological implicationsind concerns for P. viridis spread

During this study period, several concerns have been brought to attentionng tparal
P. viridis populationsj) Extended period dPbTxcontaminatiorin the soft tissue and potential
for trophic transferii) Concern for northern spread with the continued rising o6sdace
temperaturesiji) Year round reproduction giving a competitive edge against native oysters,

particularly if sea level rise brings increased subtidal habitat.

3.1 Trophic transfer of l@vetoxins

Perna viridishave shown heavy competition with native oysters (Baker et al., 2007)
putting reef systems at risk, thus a reductioR.iniridis densities, as observed during the
mortality event in March 2012, would benefit oyster reefs andiegigestoration efforts.
Locally, oysters are tolerant &f brevisexposure and associated toxins exhibiting high survival
during natural blooms (Pierce et al., 20B&kas et al2008) and during examination of the
seafloor under good visibility corténs, P. viridis was the only observed bivalve mortality
present in high numbers. However, whilebrevisexposure may keep green mussels at bay and
reduce competition with oysters, increased bioaccumulation of PbTx poses a threat for post
bloom trophictransfer. When compared wi@ virginicasampled during the same bloom
period,P. viridistissue PbTx concentrations were nearly double th&t efrginicaandover70
timesthe regulatory limit of 800 ngHPbTx3 equivalent. Several species have been observed to
feed onP. viridisincluding several species of crab, whelk and fish (Cheung et al., 2004,
Mitchem et al., 2007; Volety et al., unpublished data; personal observations). Feeding on benthic
invertebates has resulted in trophic transfer of PbTx in several species and can lead to acute
lethaldosing (Ingham et al., 1986humway et al., 199%ierce et al., 200Elewelling et al.,
2005;Naar et al., 2007; Bricelj et al., 201Mdeed, post bloom fisimortalities have been
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attributed to lethal dosing of PbTx through feeding on benthic invertebrates (Landsberg et al.,

2009). This may be further amplified if filter feeders retain PbTx in the tissue for long periods

post bloom when conditions would othése/ suggest reduced threlerna viridisretained

PbTx in their soft tissue at elevated concentrations f&b 4nonthspost bloom dissipation,

much longer than typically observed in local bivaleé2 +8 weeks florton and Burklew,

1969; Steidinger anbhgle, 1972; Plakas et akp02 2004, 2008; Bricelj et al., 2012; Griffith et

al., 2013. This raises concern for crab dih speciesvhich may prey directly on green

mussels and could, in turn, pose threat to higher trophic levels by themselvesigeoayi

leading to cascading effects through the food v&utnway et al.1995; Pierce et al.®2;

Flewelling et al., 2005; Hyaret et al., 2008; Bricelj et al., 2012nalysis of a post bloom

mortality event of striped burrfisiChilomycterus schoepfrevealed elevated tissue PbTx levels

and stomach contents containing toxic bivalves in the gut, suggesting post bloom trophic transfer

via filter feeders (Landsberg et al., 2009) and during a post bloom bottlenose ddlpisiofds

truncate3 mortality, Flewelling et al. (2005) found elevated tissue PbTx concentrations in all of

dolphin testedN = 36) many of which also had high numbers of toxic menhaBiezvortia

spp.) in their stomachs. Thus confirming the potential for cascading food web effects,

particularly given the long depuration period requiredoviridis in southwest Florida.
Additionally, althoughP. viridisis not currently harvested for human consumption, it is

an edible species and thus may pose a threat to human health, resuttongased cases of

neurotoxic shellfish poisoning (NSP) if harvested. Lapaterreefsand clam beds are

monitored for PbTx accumulation, howevesed omlepuration timesocumentedh this study

re-opening for oysters and clams would not indicaffety for green mussel harvestidge to

prolonged bioconcentratioimhis workhas identified the need for public awareness and

increased monitoring d?. viridis populations during and following bloom events.

3.2 Effects of climate change on habitatamngion

Worldwide, rising water temperatures have allowed for increased range expansion and
increased biological invasions, particularly into many temperate or cold water regions
(Stachowicz et al.,200Reise and Beusekom, 200BErna viridisis a tropi@l to subtropical

species, thriving in warm coastvatersin subtidal habitat spanning from southern Florida to as
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far north asCharlestonSouth CarolingRajagopal et al., 2006; Baker et al., 2007). The extent of
the northern spread on the Atlantic sbs largely due to the prevailingarm waters of the Gulf
Streamas they are limited by cold water temperatures (Power et al., 2004; Urian el@l., 20
Baker et al., 2012; McFarland et al., 2014). Howespread may continue to push north as the
effects of climate changeontinue,and warmer seas provide more tolerable conditions along
northern coastlineg.hrough hydrodynamic modeling and field monitoring of larval recruitment
patterns, Gilg et al. (2014) suggested that, given the right condiovisidis larvae are capable

of traveling as far as 100 km with the currents in a nortegpansion during the pelagic stage
However, even short term cold snaps or winter extremes, particularly in shallow coastal waters
and intertidal regions, may limibng term survival with northern spread (Cannigde et al.,
2011).

To complicate this scenario, invasivealvesare ofterlargelyfreeof parasites and
diseaseshatimpactnative faunallowing for a more rapid proliferation of the invasive bivalve
while the native species suffgisrakau et al., 2006; Troost, 201d)creased disease in native
bivalveswith rising temperatures could lead to reduced physiological function and survival
giving the green mussgkt another advantage over the oysterriwwaater temperatures tend to
increase the rate aigdread of disease (Reise and Beusek2d@8).Two oyster parasites,
Perkinsus marinugDermo) andHaplosporidium nelsoniMSX), exhibit increased infection
rates and intensities at elevated water temperatumasiine portions of estuaries across the
easernUnited States (Levinton et al., 2011; 2013). Locally, oysters tend to have the highest
prevalence and intensity of Dermo infection in January when salinities are high and in August
when temperatures are highowever salinity and temperature act antagonistically to keep
overall infection intensity low (Volety et al., 2008)09). High rates of infection in the winter
months (Volety et al., 2009; Volety and Haynes, 2012) suggest that a wageintemperatures
will only exacerbate an existing problem and while Dermo related mortality is currently low
(Volety and Haynes, 2012), increased winter water temperatures could allow infections to

increase in intensity resulting in increased mortahtgs.

During this study perio®. viridis were analyzed for Dermo and histopathology, neither
of which revealed significant disease or parasite infections (McFarland et al., unpublished data).

Local oysters, on the other hand, experience high rates ofdierthe summer months and
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typically harbor a suite of parasites (Winstead et al., 2004; Volety and Haynes, 2012; Volety et
al., 2014). Currently, oysters across southwest Florida habitats are typically given a Dermo
intensity rating of low to moderate Wi67 £82% infected (Volety et al., 2014), however, in the
Caloosahatchee Estuary oysters have increased prevalence with monthly averages ranging from
80 +100% infected year round (Volety and Haynes, 2012). Low intensity of infection is

attributed to de@ased salinity during the summer months when temperature is elevated due to
fresh water flow (Volety et al., 2014).

If oyster populations experience increased rates of disease induced physiological
impairment and mortality in the summer months, which atisnsupport increased growth and
reproduction, negative impacts on the population structure may be exacerbated, allowing disease
free mussels to thrive. Further, while fresh water releases from Lake Okeechobee may lead to too
much freshwater flow for oysts, many coastal regions will experience an overall increase in
salinity due to salt loading from increased ground water input to oceans and rivers (Zekster and
Loaiciga, 1993). Decreased salinities near the rivers may push new oyster recruits further
downstream andn overall increase isalinity throughout the bay could result in a localized
expansion of green mussel habitat where an overall increase or stabilization in salinity may
occur. This could result in a squeezing of the niches between oyslersuasels, resulting in

increased competition pressures on the oyster.

A second consequence of climate change is sea level rise turning intertidal estuaries into
coastal lagoons, creating more subtidal habitat for mussels within the estuariesuf@eise
Beusekom2008; Troost, 2010). Further, the rate of sea level rise could result in an inability for
growth of estuarine plants to keep up, leading to a loss of estuarine habitat and species diversity
(Roessig et al., 2005; Reiaad Beusekon2008).By 2100 itis predicted that theop 100 mof
the ocean surfaceater temperatureill rise 0.6 +2 (€ with thesealevelrising between 0.26+
0.82 m (IPCC, 2013)n shallow bays such as Estero Bay, where the average depth is only 1
meter Byrne and Gabaldor2008), this could lead to dramatic ecosystem changes and
completely submerge exiisg intertidal oyster reefs. Currently, an intolerance to aerial exposure
in green mussels has prevented their spread into the estuary leaving oysters with sakfuge
from invasion (McFarland et al., 2014). The submersion of intertidal reefs wodltblea

increased competition in which mussels may utilize oyster reefs as hard substrate for dense

153



Chapter 6: General Discussion

population settlement. This type of competition has been observed in Tampa Bay in which
submerged portions of oyster reefs have been smothered by greensatiksakent (Baker et
al., 2007).

3.2 Competitionfor spacewith oysters

Energetic priority is given to reproduction fh viridis, as identified throughear round
gametogenesis and winter spawning capabilifies(1975; Urian2009; Ch4), allowing for a
competitive advantage against native oysters which remain in a resting phase during the winter
months(Volety et al., 2009; 2014Dysters spawn ApritkOctober in southwest Florida (Volety
et al., 2009; Volety and Haynes 2012; Volety et al., 20fhd)aae limited to June&September in
the northeastern United Sta{&humway, 1996).ocally, oysters undergo a resting period from
DecembertMarch in which gametogenesis is inactive and in some portions of the estuary this
inactive period extends fromdember+March (Volety and Haynes 201Berna viridis
maintairs continuous gametogenesis throughout the winter mpgiiag them a reproductive
advantage over oysters with the ability to spawn at the first sign of warm spring waters. This
strategy coud result in young of the year fé&. viridis being several weeks or even months
ahead ofC. virginica Further,P. viridis exhibit rapid growth, particularly in their first six
months [ee, 1986; AlBarwani et al., 2007) allowing them to dominate hard satesHigh
densitypopulationsof P. viridis have been observed coating infrastructure and in some cases
smothering oyster reefs beldRajagopal et al., 1991; Baker et al., 200his gregarious nature
coupled with rapid growth rates may allow for green mudsalst-compete oysteror

substrate, leading to dramatic changes in ecosystem structure.

Oyster reefs are already on the decline and in many regions restoration efforts are in
place in order tonaintain and increase population densitisck et al., 2011 Thecurrent
reduction in oyster reef densities and spatial coverage in southwest Florida estuaries has been
attributed to the timing and duration of fresh water releases from Lake Okeeemnobtbe
Caloosahatchee River (Volety et al., 2014). Thus, while fresh water release may reduce disease
intensity and prevalence, negative effects on oyster larvae could have devastating effects on

population structure and existing reef systems. If incieresh water flows continue to push
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oysters towards the outer fringes of the bay to more marine waters, mussel and oyster territory
will begin to overlap. While local populations of green mussel do not appear to tolerate salinities
< 15 ppt they will reman competitive at intermediate and marine salinities;+BB ppt

(McFarland et al., 2012014).

Table 1: Comparison of biological parasters between oysters and mussels to illuspatential forcompetiton.

Green mussels Oysters
Clearance Rates (Lag* hr?) 1.2 0.43
2.6 +4.23 1.2 £2.25
8.6 ¥9.74 6.4
Growth Ratesrim montht) 6 10" 571
Maximum observed 15 11t
Condition Index 8-16 25-47
Reproduction
SpawningSeason Feb +Nov.” April +Oct”
Resting Period Noné Dec. *Mar.’
Infection Rate
Perkinsus Noné Moderate +high’
Red Tide
Mortality High® Nonsignificant
PbTx accumulation (ng 50,000 +100,000 35,0060 +80,00G°
Depuration 4 +5month$ 2 +8 weeks!

Wolety et al., 2003°McFarland et al. 2013Wang et al., 20053 Chong and Wang, 2003Riisgard 1988; Grizzle et
al. 2008 ®Newell and Koch 2004Volety et al., 2009%Volety and Haynes 2012McFarland et al. 201,5%eidner
et al., 2002*"Morton and Burklew, 1969McFarland et al., unpublished data

4. Future studies

Observations documented during these field studies should be further explained through
laboratory exposures of green musselk.tbrevis While the parallels observed during this
study suggest negative effects on growth, survival and larval recruitment, field exposures are
complicated by the interacting effects of environmental parameters and the physiological
responses of the individualthough field studies can allow for a more accurate prediction of

long term population responses to environmental stressors, laboratory studies can control for
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specific stressors allowing for a more accurate descriptittmeecfuse and effect relationphby
controlling variables. Controlled laboratory exposures would allow for a detedled
characterization of uptake and elimination kinetics which could then be incorporated into the
DEB model, allowing for a risk assessment of the threat of tropmsfenaand human NSP post

bloom based on the extent of the exposure in the field.

The next step for the DEB model®f viridis should be to couple the model with
predictions for climate change induced rise in sea surface temperatures and sea level rise to
predict potential habitat changes and abilityPofiridis to thrive and spread under these
predicted changes. DEB coupleditydrodynamic modeling (ie: Gilg et al., 2014) would
greatly benefit the knowledge on population dynamics and allow for more accurate predictions
on potential competition with oysters. A DEB model @rvirginicais in the works (La Peyre et
al., personecommunication) and thus coupling models for both species aniti@ed

environmental changes wouddt in creating proactive mitigation plans for resource managers.
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Abstract

Worldwide, introductions of exotic species to new regions is of rising concern which can
lead to catastrophic ecosystem alterations through competition with native species and disruption
in energy flow.Perna viridisis a recently introduced bivalve species to US coastal waters and
has vigorously spread throughout the southeastern US. However, little information regarding
population structure and response to local environmental factors has been reported. Red tide
blooms formed by the toxic dinoflagellaikarenia brevisare frequent along the Gulf coast of
Florida and as a recently introduced species, it is unclear what tol&awicielis has toward
these events and associated brevetoxins (PbTx). Further, as anarspasiies ecological
concerns have risen regarding potential for spread and competition with native bivalve species,

particularly the eastern oyst€rassostrea virginica

This study aimed to characterize the population dynamics of estabfshedlis
populations and their response to naturally occukingrevisblooms. This was completed
through monitoring of growth, mortality, juvenile recruitment, gametogenesis and biochemical
composition (protein, glycogen and lipid) throughout a three yeartanorg period to evaluate
the effects oK. brevisblooms. Additionally, tissue PbTx concentrations were analyzed to
determine uptake, accumulation and elimination rates. Data collected from the field and
information reported in the literature were usedreate a functional DEB model to predict

individual growth and reproduction &% viridis under environmentally realistic conditions.

Prior to onset of the fird€. brevisbloom eventP. viridis showed rapid growth rates &
11 mm montH) and high swvival (mortality <1%). However, duringl. brevisblooms growth
rate dropped significantly and bioaccumulation of PbTx in the soft tissue was observed. High
tissue PbTx concentrations persisted long after bloom dissipation and high rates of mortality
ensue, severely reducing population densities. PbTx in mussels nearly doubled that of oysters
sampled during the same time and remained above the regulatory limit for significantly longer, 2

% weeks and 16 weeks, respectively.

Biochemical composition and reqatuction appeared unaffected, exhibiting year round

gametogenesis with a partial, intermittent spawning strategy and stability in reserves. A lack of



significant seasonal cycles in biochemical composition suggests sufficient food and energy
availability tosupport the observed year round gametogenesis. While continuous spawning
capabilities were evident two major peaks in spawning and recruitment were observed (spring
and fall),suggesting reduced fertilization and / or larval development and survival due to the

presence oK. brevisand associated ichthyotoxins and hemolysins.

These results indicate that while high tissue PbTx concentrations atholeeduced
growth inP. viridis, gametogenesis is not inhibited, allowing the population to sukibeevis
bloom exposure and reproduce, even while individual mortality was high. Prolonged
bioconcentration of PbTx may lead to increased threat ofigh@sin trophic transfer, resulting in
negative impacts on other important fisheries and higher food web implications. While it cannot
be conclusively determined that the cause of reduced growth, survival and recruitment is due to
red tide events, the pales observed suggest thatbrevisis an important factor in the drastic

changes in population structure.

Through the work presented here, population dynamics of locally estabfskedtlis
populations were characterized through monthly monitoringtla@ development of a DEB
model to accurately predict the growth and reproduction under dynamic environmental
conditions. This work aims to synthesize our knowledge on the individual bioenergedlics of
viridis and to aid in understand population dynanaied potential for competition with loc@l.

virginica populations



