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Abstract

Tarebia granifera is a prosobranch freshwater gastropod from south-east Asia which has
invaded other sub-tropical parts of the world. This snail has recently also invaded the
iSimangaliso Wetland Park, often reaching population densities of over 20000 ind.m > and
dominating benthic invertebrate communities. A multiple method approach was used to address
several aspects of the biology and ecology of this non-native invasive species (NIS). The
tolerance of T. granifera to salinity and temperature was investigated through the experimental
manipulation of these factors. T. granifera survived exposure to temperatures between 0 °C and
47.5 °C. More remarkably, this snail was able to survive a salinity of 30 for 65 - 75 days.
Population density and size structure were monitored in estuaries and coastal lakes. T. granifera
successfully invaded estuaries despite frequent exposure to high salinity and desiccation. The
persistence of T. granifera was largely ensured due to the wider environmental tolerance of
adults (20 - 30 mm shell height) which carried an average of 158 + 12.8 SD brooded juveniles.
Multiple introductions were not essential for the success of this parthenogenetic NIS. Using gut
fluorescence and carbon budget techniques it was estimated that T. granifera consumes 0.5 -
35% of the total available microphytobenthic biomass per day, or 1.2 - 68% of the daily primary
benthic production. The carbon component estimated from the gut fluorescence technique
contributed 8.7 - 40.9% of the total gut organic carbon content. A stable isotope mixing model
was used together with gut content analysis to estimate the diet of T. granifera and dominant
native gastropod species, potentially competing for resources. Results were used in the
formulation of an index of isotopic dietary overlap (IDO, %). This approach yielded detailed
information both on general changes in ecosystem functioning and specific species interactions.
Before/After-Control/Impact (BACI) logic was used in a multivariate approach to separate
human perturbations from natural spatio-temporal variability displayed by communities, and to
further separate perturbations due to NIS. Human intensification of drought negatively affected
biodiversity and T. granifera may exacerbate this problem by displacing native species from
critical refugia and contributing towards biotic homogenization. The present findings constitute
a contribution to the scientific knowledge on biological invasions and a useful tool towards

adaptive management in the iSimangaliso Park.
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1 General Introduction

General Introduction

Biological invasions consist of species moved through human activities and by natural
means. Although our understanding of alien species invasions dates back to Elton (Elton 1958)
and our concern about invasions dates back several centuries, the study of invasions in coastal
systems is only a few decades old (Grosholz 2002). Currently, most shallow-water coastal and
estuarine communities around the world have been altered by human activities. Many species
have either accidentally or intentionally been introduced to ecosystems that would otherwise not
be accessible through natural processes. Therefore, human activities don’t simply accelerate
natural processes (Carlton 1999), but result in complex and unpredictable alterations to
ecosystems (Lockwood et al. 2007).

Non-native species have been referred to in the literature by many synonyms (e.g. alien,
exotic, non-indigenous). However, it is important to note that invasiveness is a separate
attribute. Alien populations are considered invasive when they are able to expand their range in
the ecosystems that they invade. Biological invasion is a continuous process involving cyclical
iterations, basically composed of individual-based dispersal and establishment processes (Davis,
2009). However, different successive stages can be described for a successful invasion: (1)
introduction, (2) establishment, and (3) spread (Sakai et al. 2001). Species have been moved
outside of their native ranges and subsequently spread by vectors such as ballast water, releases
from aquaria, and on recreational, fishing and even sampling gear. Successful establishment has
been correlated with the taxonomic identity and characteristics of the invader species as well as
the ecological characteristics of the invaded ecosystems (Sher & Hyatt 1999; Strayer 2010).
Some non-native invasive species (NIS) can then spread and have profound impacts on the
ecosystems that they invade (Drake & Mooney 1989). Aquatic molluscs are an ecologically
important class of NIS, since they are primary consumers and can disrupt food webs from their
base (Strayer et al. 1999). Stressed ecosystems may be especially susceptible to invasions
because disturbance is generally thought to favor invasions. Alien species are often involved in
the development of unprecedented conditions in protected ecosystems, thus creating difficult
management challenges for the future. The best approach is to prevent new invasions, but
existing invaders also require management (Buckley 2008; Strayer 2010).

Tarebia granifera is a freshwater prosobranch gastropod (family: Thiaridae), originally
from South-East Asia (Abbott 1952; Pointier et al. 2003). This NIS has spread rapidly in recent
years across a number of countries throughout the tropical/subtropical areas of the world and

has been reported to displace other invertebrates, thereby causing ecological disturbances and a



2 General Introduction

possible reduction in biodiversity (Appleton 2003; Gutierrez et al. 1997; Pillay & Perissinotto
2008; Pointier et al. 1998). T. granifera may have been introduced into KwaZulu-Natal, north-
eastern South Africa, via the aquarium trade in the early nineties (Appleton & Nadasan 2002). It
is present in an increasing number of fresh and brackish water bodies of KwaZulu-Natal
(Appleton 2003). The iSimangaliso Wetland Park (formerly known as Greater St. Lucia
Wetland Park) is an UNESCO World Heritage Site in KwaZulu-Natal. Within iSimangaliso
there are three Ramsar Wetlands of International Importance: Kosi Lakes, Lake Sibaya and the
St. Lucia Estuary, which is Africa’s largest estuarine lake complex. Unfortunately, all of these
water bodies have very recently been invaded by T. granifera which can reach extremely high
population densities (> 20000 ind.m™) and displace other species, thus dominating the benthic
invertebrate assemblages (Chapters 1 and 4). There is a general lack of information pertaining to
the ecophysiology of T. granifera, particularly in terms of its environmental tolerance, feeding
and population dynamics in brackish waters. The overarching aim of this PhD thesis is therefore
to close this knowledge gap. This work also supports the current adaptive management strategy
and promotes further research in iSimangaliso.

The remarkable persistence of T. granifera, considered to be a freshwater gastropod, in
high salinities and temperatures of the St. Lucia Estuary, raised questions about its
environmental tolerance. Chapter 1 presents an experimental study aiming to determine the
salinity and temperature lethal tolerance limits of T. granifera. It provides detailed experimental
data on the responses of T. granifera to key physical and chemical factors in the predominantly
brackish environment of estuaries.

Top-down effects of gastropod grazers can significantly affect marine and freshwater
ecosystems (Pillay et al. 2009 and references therein). Preliminary measurements indicated that
benthic algae contributed a large proportion to the diet of T. granifera at the St. Lucia Estuary.
The rapid establishment and spread of this NIS raised concerns about potential grazing impacts
in iSimangaliso. In Chapter 2, a novel method of estimating in situ feeding rate and impact is
developed and applied to T. granifera. This approach provides information about the amount
and rate of transfer of food (energy), which is useful in trophic ecology and carbon cycle
studies.

While reports exist about the distribution and usefulness of T. granifera as biological
controlling agent elsewhere (Pointier 2001), there is virtually no information available on the
feeding-mediated impacts on coexisting species. In Chapter 3, dietary overlaps between T.
granifera and native species are addressed through the use of gut content and stable isotope
analyses. The potential for competition for food resources between T. granifera and native

gastropods is also discussed.
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Parthenogenetic NIS, such as T. granifera are a subject of interest because of their
worldwide invasion success despite low genetic diversity (i.e. the genetic paradox of biological
invasions) (Roman & Darling 2007). In this context, aspects of population dynamics can be
assessed to understand how T. granifera is able to prevail in extreme and variable environments.
The T. granifera invasion of different ecosystems within iSimangaliso provided a unique
opportunity to gain insight into the ecology of this NIS and understand its success or failure to
establish and spread in coastal lakes and estuaries. Chapter 4 addresses the longer term effects
of environmental change on the population structure of T. granifera in a variable estuarine
setting. A previously overlooked aspect of reproductive biology (i.e. brood pouch ecology) is
also introduced.

Finally, NIS have the potential to cause ecological impacts by changing native
assemblages (Lockwood et al. 2007). There are however several challenges in assessing
ecological impacts of successful NIS such as T. granifera (Parker et al. 1999; Ruiz et al. 1999).
It is difficult to distinguish between natural and invasion impact changes in assemblage
variability (Ruiz et al. 1999), particularly in iSimangaliso where ecosystems are highly variable.
In addition, T. granifera is invading ecosystems under other human-induced ecological stresses,
such as the St. Lucia Estuary where freshwater deprivation is currently causing drought
intensification. NIS can interact in complex ways with other anthropogenic stressors (Ruiz et al.
1999), which also makes it difficult to distinguish between environmental and invasion
ecological impacts. However, addressing these issues is necessary for the development of health
indicators needed for iSimangaliso (Whitfield & Taylor 2009). In Chapter 5, recently developed
analytical methods involving Before/After-Control/Impact (BACI) type designs are applied in a
novel way to assess invasion impact. The primary aim is to find whether the variability of
shallow water assemblages at putative impact locations differs significantly from natural
variability. A multiple-model approach is presented for the detection of simultaneous human-
induced impacts. This study supports the integration of BACI type designs into multiple method

approaches to assess invasion impact.
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Cur Huorescence and carbon budges bechregues were applied bo Tierebin gronyer i shell hecght 1012 mm)
at e iSemangalise Wetand Park, aUNESCOWoHd Hertage Site, Thes snadl has reoenty invadoed 2 number
of estuaries i norchern XwaZule Macl, whese it ceacbes densiies of over 1000 Ind. o0 ™ and becomes
& dorina i compoent of the bendic coomunicy, s ragid establishiment and spread have raised concerns
abaur potertal top-down impacts on the ecesystem. This soady showe that T greniforn can udlize lasge
aimounts of microglymobendies (MFEY in addition te dewis v s ol available MPE ement
concentrarans ranged froon TLE o THLS myg pigm. m T graniferds gat peeent coateal ranged from 54
fi 1RT2 e piem, ind L Gor evameation mees (&) maneed fom 036 w062 oY iR mnee: 1R.2-35.2,
B 105 ) Indsvidial impesticn rases sanped fromiii i 0.4 pg pism,ind, = o L T pmenifern was patirmared
sevenaene Froon 0.5 o 355 of e rosal availalile RAPR bisoass pec day, or T2=RR% af the daily primang
herehic produetion, The carhen companenr estirmaned from the pat floorescenee techniqee contribored 5.7
=10.9% of the voral g eoganic a@rbon content. The avecame carbon daly racon corcnbaed by microalzal
Droanass was = 10% body casbea per days Vasiabelity o the dat was attbuted 20 the camples eeding
Iismony of spalls. Fusther sbudies ace needed tovalidare these teswds and poovide more nde mation on Gie
ecpiomeal cmpact of 7 gronilern oo ths wetand and other similas invaded scodyinems, boh éetudrine and
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1. Introduction

Mon-indigenous invasive species [WIS) have been the focus of
srowing research acmoss the globe (Lockwood et al, 2007 Davis,
20090, [ovasive molluses can dominate agquatic communities and
disrupt ecosystem processes ([all et al, 2006; Riley et al, 2008;
Snirsa oF al, 2008 Raker of al, 20000 Impacts of this kind are
capecially relevant when protected areas may be affected and when
there are economic repercissions | Pimentel et al., 2003; Puth and
Post, 2005; Barnes et al, 200%), Unfortunately, when MNIS are
detected i is often oo Tate fo eliminate them. Hoswever, measuing
I inapact of MT% is shill impoctant friom an adaptivie nanagement
preinr ol wicsw, W15 eescarch conteibutes e proress of manage-
ment goal sethngirevision where ameloration of the impacts of
1 grven invader 15 one of the pronties (Buckley, 20081

Torebig gronifeng is a prossbranch sastropod ongnally from
Sputh-Cast Asia that has become invasive in several countries
arcund e seorld including Soath Atica (Ahborr, 1952, Moinie
e al, 2003; Appleton or al, 20080 I was fist recoeded inean

T Larpsiponiing authoe
C-moatil midrens: 2045074598 ukenacza (NAL Mirnda),

UEe2- 1A% — zee froot matear O A000 Elsesner Lid. AIL rights reserved.
do IO IEE e 20007

catuarine cowienmment ar the St Locia Bstuary (Socrh Alvica ) in
05 (Miranda er al, 20000 Since then, well established pop-
ulations have been found in an increasing number of estuares in
northern KwaZulu-MNatal as well as coastal lakes such as the Kosi
lakes and lake Sibaya The &t Lwcia Estuary, Kosi lakes and Lake
Sibava are Ramsar sites of intemational impoctance, part of the
isimangalisa Wetland Park, a INESCO World Herrage Sine (Fig, 1),
T granifera 5 known to reach densities of over 10,000 ind. m~* and
displace other snails in invaded areas |Pointer et al, 1998, Cinete
et al., 2004; Pullay and Perissinotto, 2008; Appleton et al., 2009,
Prelinninary measurements andedaken ju sing at the % Loria
Fstuary indirared that this species had eelatively Tigh gut pigment
coutents Cpers. ohs ), Se alihough T grandfeon was cepeared as heing
adetriivore by Larned et al. (2001 ), 1t may alse sigmficantly impact
on microphytobenthos {MPB) biomass, thereby potentially com
peting wath indigenous spacies for food tesources. There is
currently a lack of knowledge abowt this species’ eoological impact
(hppleren e al, 20007 and informarion on T granifera’s Teeding
conlngy ¥ wrgently needed,

Top-drwn cffecrs of grarers are knosn mo be significant in
marine and freshwater consystems, and their underlying mecha-
nisms are complex (Fillay et al, 20097 Cstimating the crazing
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impace ol gastinpods has classically beeno done by manipulating
their densities in experimental arcas nrrhe lahorarory [Range e al,
2008 and references therein), The present study has taken
4 different approack, providing nforntation dbout the amount and
rafe of transler of food Jenergy] which is useful in teophic ecalngy
and carbon cycle studies, The technigues in this study were used to
estimate feeding impact on the benthic microalzal biomass and
primary production and o determine the contribebon of carbon
rontributed by autotrophic microalzal biomass ko the total oreanic
carfon present in the gt of Tavebio groadfere [Mackas and Robrer,
197G, Ferissinotto, 1992; Perissinotto ot al, 20000 The alms were:
{1) to develop a novel method of estmating im sioe feeding rate and
impact i a benthic myertebrate; (2] to further knowledee on the
freding evology of the invasive gastropod T, gromifera.

2. Materials and methods
21 Study site
Tarebia granifern snails of 10-12 mm shell keight were collected

from thres areas within the 15imangaliso Wetland Park, in northern
[fweaZulu-Matal, Seuth Africa [Fie 171 5t lucia Estuary, on 19 April

2007 and 1 December 2009; Kost lakes, on 24 Movember 2008; and
Lake Sibaya on 18 Movember 2008,

The 51, Lucia Fstuary is the largest estuarine lake in Afvica, [t has
a starface area of 325 ki and average deprh ol 0.5 m [ Taylon o1 al,
2006 The 5t Luna Estuary has been expeniencing unprecedented
low water levels and its mouth has remamed closad For the most
part since 2002 (MacKay et al, 2000). [ high surface area o
volume ratio leads to high evaporative water loss, Causing
a reversed salinity gradient and wide water level fluctuations.
Particularly i the northern parts of the system, large areas tend (o
dry up or become hypersaline, but there are also areas which have
brackizh and freshwater conditions because of inputs from rivers,
sticams of seepage from sand dune aquifers (Taylon cq al, 2003),
samples wers follected an the castern shores of Sauth Lake
[28713'5, 327I9E) (Fig 1), where there are many freshwater
seepage zones The substrate 15 2 hmestone flat conspcuously
coneeied with micenplytahentns,

Kosi samples were collecied ar Lake Milange (26378, 32°49°F)
[ Figr, 10, The surface area af this lke varies fiom 31w 37 kim® and
the averaze depth is 7.2 m(Bews, 19307, This lakeis connected to the
ocean and is affected by tdes (Bego, 1980 L However, at the time of
this study, salinity levels were consistent with freshwater, The
subsstratim is oomposcd of clear white sand.

Lake Shaya Tas a surface aea of 80-77 k™ and an avcrage
dapth of 13 m {Bruton, 1980). Cvidence of the geological evelubon
of this freshwater lake, and the presence of many organisms of
esfuaring and marine orgn in it waters, show that it was once
connerted with (e noean (Booton, 19800, Here, samples were
collected on the South East Basin (2772535, 327 41'E1(Fg. 1) Like at
Lake Mhlange, the substratum is composed of clear white sand.

22 Gul pigment canen

Individual Tare e gramifen guts were excised under a dissecting
mucroscope (4dx magnification), Chlorophyll o and phasopizments
were extracted i 90% acetone at 4 C over a 48 h period and
measured using a 10-AU Tumer Desizns Huorometer Otted with
a narriw-hand, noe-acidification system (Welschmeyes, 1504,
Chlnraphyll o and phacapigment concenrrations were added and
reported as chloraphyll a cquivalents | pigment or pigm. i Strickland
and Parsons, 19G8; Conover et al., 198G

Tay{might differences in Toseiio pronifen's gul pigments were
measured in the field ar Lake Mhlange in Movember 2008 oves
a 24 hopeviod 5 replicates, wemved and immediaely processed al
intervals of 24 b using the methnd autlined abowe ] This was alsn
done in the laboratory with snails collected from the St Lucia
Estuary in December 2009 aclimated te labovatony conditiens fo
e weeks undera photoperiod of 12 heoflight frellowed by 12 Tl
darkness and fed od Gbitum with naturally cccurnng micro
phytobenthos {water temperature: 20 *C) [Miranda et al, 2000).

21 Feedinmg rares

Feeding vates were cstimated by the iesine approach based an
the gut fluorescence technigue to caloulate ingestion rates
() pe piem. ind. d~'1 Accorting te Mackas and Behrer (1976] and
Perissinotto (1992]:

I=ko(1 b')

where k is the gul evacualion rate constant (1 '), & is the pul
pigment concentiation Jng pign. ind, I:I and i is the 2ul rigiment
assimilationydestructon efficency (41 To measure the gut evacu
ation rate (k). freshly cavsht farebo graniferm ndividuals were
isolated in 30 mlvials Glled with water collacted i sin and filtared
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rhengh a GFF glass filer (lier to eemnse all naroeally available
food particles. In order o promoie continwous feeding conditons
and to displace previously ingested food, non-fuorescent com

starch particles fo 100 pm) owere added o the flieied wate
(Periss oo L Perssinorto and Pakbomiog, 6L Only actively
moving individuals were used in the experiments (Miranda et al,
20107, There were 10 replicates for time zero and 5 replicates
AlTer achy subsequent cepnsere pevind, PRzment conceniations
wiere etracted suvery 10min in the fiest hour and then ceery 30min
for another 2 b itotal ducation: 3 k) Gul pigment concentsations
were measured using a 10-AU Turner Designs fluorometer as out

limed prevanusly, The results were assumed fa foll s an exponen-
Hal model and 105 authers were cxcluded [ Perissinntin and

Pakhouow, 1956],
24, Assidianicndestruction eficiensy

Gur pigment assionilation{destioction was estimated wirthin
43 h of collection of specimens from the figld. Snails were Grst
allowiee to empry their guts of pigments in Bltered water collee red
in st with cornstarch over a penod of 24 b, The two compartment
povares and goazec) pigment bidger appoach was ased o cstimare
gut pigment assimilatdon/destnuction (Lopez et al, 1938; Mayzaud
and Fazouls, 1892, The pgment budgets in expenmental treat
ments |2 Ljars with 5 snails each] and comtrols (jars with no snals)
wreie compared aften an incubation pecied of 1 0 [Dage, 1983,
Kiorboe et al, 1983; Perissinotto, 1992, Significant pigment losses
from expenmental treatments were attributed to gut pigment
assimilation/destruction only, as no fecal pellets were produced
during the incubatinn perced. Three teplicares were prepared for
each (reatment,

25 stimarion af feeding impact

Torebln gronifera samples were collecied in wiplicate with
alener (30 con diameres, 2000 cmomesh ] which was peshed fne 1m
4025 to collzct all the benthic organisms on the surface and buried
inthe npper 3rm of sechment. These samples were osed focalonlate
densing o, |'||'2]. Salingty and remperature were measured with
aellow Springs nsmements 8920 multiprobe. Sediment samples
rupper first cm) were collected in triplicate with a Perspex corer
(diameter; 20 mm) These samples were used (o determine MPB
Wipass, & ploment concentiatinn (mg g ™), Plgment
rencentianinns wem measoieed using a T0-AL Turmer Designs
Mlugrometer as previously outlined, with the excepticn that
extractions were done mn 30 ml of acetone. The feeding impact
(mg pigm.ind. " d~"ywas caleulated by multiplying daily ingestion
rate with average density, This was then capresscd a5 a pereentage
of total available MPE bicmass.

26, Gut orpanic coneent, carbon budget and dinily raion

The carbon budget approach of Pedssinotos et al, (2000] was
used o estimate the contribution of the “anttrophic carbon
component™ o the diet of Terebis gromifera, which is referred toin
this study as the carhon component estmated Fom the gut flua-
rescenee techniguee (GFT Individuals oFshell eight = 17 o wene
rollected both at Lake Mhlange and St Lecia Estuary and preserved
ab 20 The stomach and istestines were laler excised and gut
contents were suspended in water, Altered onto pre-combusted
GFF glass fher filices and dried in an oven ar 60 °C Toral carkan
analyses were done with a Carle Erba CHN-Analyser at the CSI
divisicn o Natusal Resowces and the Eovironment in Stellenbosch,
Sputh Afnca. Triplicates consisted of the pooled gut contents of 15
incliwiduals, To derermine the organic propnition e ash-fice diy

welght (AFDAAT of rhe gor conrenrs, a Further 10 spails were
dissected (Geers, 1976; Perissinotto et al, 2000). Weight
measurements were done with a Shimadzu balance wath resolu
tien At the 01 mg Tevel, The cachen composent cstimated Tiom
GFT was estimated from data coellecred dosira, a5 previously oul-
lined [10 seplicates per study aveal, A pigintent: carbo ratio of 30
wis used [De Jonge, 19803, The difference in terms of the carbon
COnmenenn e imATed iem GET Betwie en T, grantiers popularinns al
Lake Mhlange and S5 Lucia Estuary was tested with an incepen-
dent-samples =test {two-lailed). Analyies of variance [one way
AMOVA) and Tukey's Honestly Significant Difference (HSD) post
how Fears were wsed to assess differences in rerms of gof mgment
rontent, ingestion rate and feeding impact, ar differenr sires or
Lites, Mon=parametric gut plgment and MPD Dipgiass data were
tested with a Spearman's rank correlaton. Al data analvses were
Ao with the sratishcal program SPs%- 15,

The dailty carhen ration 15 the percenfage confrihubom nf the
taatal avervage carbon that passes theough the gt o 24 0o the rodal
averaze carbon of the target animal. m chis study, it was estimated
using only the carhnn component cstimated from GET To deter-
mine the average total carben of Jarebo gramfera, 2 topbeate of 10
ponded individeals fiem lake Mhlange was analysed Tor rodal
rarbon. The average carbon component estimated from GFT over
24 hat Lake Nhlange was used.

3. Resulis

A Cut prigment condent, evacuaion rades and plgment
axsimmil ation /destruction efficdency

These were no significant daynight differences in Torebis grani-
fera's gut pigment measured at Lake Nilange (R = 0822, P - 0.05;
Tukey's HED, P 0.05) (g, 221, Similar results were obtained for snails
leepr ins the labaratamy [Fa g — LOOE, P = 1005 Tukey's BSD, P D05)
(Fig. 20, T. grunifera's put pignient concentiatons were significandy
dilferent Betwecn sines [ Fs 35= 17,790, 7 < 005, Tukey'sHSD, P< 0051
The highest mut pigment concentraton (mean + 500 in individuals of
shell height 1012 mmowas measared at the 56 looa Fshoary in
freslvwarcs conditions, at 1454+ 181 ng plgn. Tnd ™", wheicas the
lecsr was mcasiered at Lake Nhange, at 323 + 129 g pigm, ind. &
Cut pigment levels imean + S0 at Lake Sibaya and St Lucia Bstuary in
brackish conditions were 700 £ 85 and 617 £+ 334 ng pigm, ind, ™,
tespect ey Gur pigments and MPB hiomass were eonelated acimss
All sampled arcas | Spearman’s rank cocfficient = 0.7, P« 1.05).

An exporential model provided the best AL fod the gl evacuea-
ton rate of Torebic gmmifere o all experiments (K range;
16.2—33.2, P < 0.03) {Fig. 3). The highest put evacuation rates (k)
wiene e stimated At Lake Mhlange and Lake Sihaya: 062 and 047 1
tespectively (Table 17 Do the SC Lucia Estueary, the estimated gul
evacuation rates (k) were Jower: 037 and 036 h ' {Table 1),
T gromiferds gut pigment assimilationdestruction efficiency (b1
ranged from 27 to 355, In lake Mhlange, it was esnmated
imean = 500w be 32 = 5% in Lake Sibaya 36 = 7% and in the S
Luida Estuary 41 £ 1%,

34 Eetimation of ingestion rares and feeding impor

Torebio gramifery's ingestion rate ranged from 66 o 304
pg pigmn. ind = d77 (Table 21 Theve was a significant difference in
terms of ingestion rike between samphng sites (ANCVA
Fyp = 17510, 7 < (0S) Ingestion rane was significantly highe a1
Cataliea Bay in 2009 compared wilth other sites [ Tukey's 115D,
P 005 T, granifera of shiell height 10-12 mm contibueted up o
25% of the total T grangern density over all sampled areas, making
thi size class the seonnd mesn prominent afier the class af shell
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Teight 1=8 nmun, which coutributed vp Lo 75%, Densilies were vari-
able acmess all sampled areas duee to T pronifers's patchy distribution
snails were not found in some parts of the sampled area whereas in
ather parts densities were as high as 3000 ind. m™2, The highest and
Imeicst exciremes 1 density woere recorded ab Carahna Bay (Table 2]
The Towerst Being in 2000 ar a ielarively isolated Feshwarer seepape
mone alter nwost of the population Lad died in November 2007, due o
Tigh salinitics brought about by 4 moarh apesing cvenn in Mach
2007, By Tebruary 2010 the pepulation had ncreased in pembers
and spread across the entire freshwater seepage zone. The feeding
impact of T monifera was estimated o range from 02
111 mg pigre m~2 d-! (Table 2). Feeding impact was not siemif

cantly different between samphng sites [ANOVA, Fiq = LG20,
P OL05; Tuken's ST, 7 (005 ) Total svailable MPE hinmass ranged
fron: 106 Lo 105 mg pigm, m *operall sampled areas [Table 25, The
Tighest MPE Iinmass valies wiere measened a1 e S Locia Esmary
ard the lowest a Lake Nldange (Table 2. T, gronifera wias estimated
tir consume from 03 to 35% of the total available PG biomass per
day {Table 2}

33, Gut organic content, carbon budged and daily renon

The dry weight of Teretio granifero gut contents ranged mom D04
fir 113 mg The percentage contmibation of arganic maresal o the
total gut contents ranged foo 40w B3.7% and averaged [nwean = 50N

B4 £ 127% The total gul carbon copteol ranged fiom 66 o
3787 pe Cind b averaging (mean £ 500 2068 = 954 ue Cind. Lat
Lake Nhlange and 22,05 + 842 pg € md, ™ atthe 5t Lucia Estuary. The
carbon component which was estimated with the zut Quorescence
techminue contributed 874054 of the total organic cathon i the
gur averaging fmean 30155 + 735 anLake Midange and 26 + 103
atthe 5t Lecia Bstuary [Tig <), Tlese was a significant difference, in
rers of this eonribarion m e roral gur erganic cabon, hetween
Lake Mhlange and 51 Lucia Estuary [t = 2,704, P = 0.05], The caibon
daily ration estimated from the gut flucrescence technique for
T, gramfers at Lake Mhlange was estimated to be = 163 body carbon
per day. & single individual had an average ' mean + S0dry weishtof
136 & 0,06 my, 40 < 7378 of which was carbon.

4. Ihscussion

This study is the fist detailed account of Tarebia groniferd's
feeding coology, To o knewledge i is also the fisn time the gt
[uorescence and carbon budgel techiniques have been used
together on a benthic invertebrate. Although easily adapted to this
benthic gastropod, these techmigues have been used more exten
sively on pelagic invertebrates and, unforunately, the information
1vailable o the hiterature may not be entirely comparable to that
rrhitared in this study, Despite this, same af the key generalizations
and potential sources ol erios ave discussed and there is an atlempt
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[arima i eraration rars [k o Tomedia gmnilerashell beighb 1010 mmiinlake HR znae Lake Shaye arelthe 5 Lindz Pshoary, Temperaturs s pxpresses’ asmean — 500

iR rhe mT pigmesr aorenl B thn afjiereel wisltaanr of dereeminzrian 2

i Fhe numier of replicarss.

At nam Temparzries 10 Seliminy 1 e o, e 1) TR = n
s lzkes: Lake Khlange 24 Miwe T M4+14 Fresbraater 121 {1l IR2% 3
Ak Shaya: Sanrt Fagr Rz=in BR New 18 135 +nA Freiaiater N n47 152% 5
Sb Lucia Estuzcy: Cacaling Bay 1 Leci® Mhl1i2 Eroslmaater 141 03 63k 5
SE iwia Fxtnzry: Caraline FBay (brackich ) 19 &y OF MAa+ns i i N8 12.4%, 5

to reconcile the results presented with some observations and
Iypotheses, in coder o contrifaute fo the knowdedge of this nnn-
i geRous vasive SpeCies.

41, Feeding dyneomics af different sites and ecologicel significance

Tarehin granifene's highest gur pigmenr confent was measured at
the S5 Loria Fstiany n freshwater concitions and low snail densi-
Hes, At thar nme, T, grifern was recovering from @ popelarion
erash due to high salinities | Miranda et al, 200], Although rhe gt
evacuation rate was not very high when compared to other sites,
the ingastion rate was the highest estimated in this study (Table 2 1
The high mgeston rate was probably related o high evailababty of
food and low grazmg pressure under low populabion densicy
Blancharda ef al, 20000, But fhe low evacuation vate meant an
increase in gul passagelurnover lime, Changes in gul furmover
tinee are telated w0 notnitional quality of available fond and meta-
holie energy requirements (Calow, 1977, Perhaps 1 grmmifera’s
slowver gut fumnver was part of a strategy tomerease assimilarion
in areer ra mect s energy reqinrements for reprachictinn (Tam b
and Marrin, 2008 The highest MIPE hinmass was alsn measured ar
the 5t Lucia Gstuary (Toble 2. The lakes of the Kosi system
‘including Lake Mhlange) and Lake 3ibaya have been reported to
have low availability of nutrients and hence lower productivity,
when compared to the 5t ludia Estuary | Allanson, 1979 Dem,
1080 Rruton, 1980; Adams and Rare, 199797, Assuming that all of
e pigeents defected in e gols of T pragifera are of micio-
hgtohenthic ceigin, ey confeilaute a significanty grealedn poion
fee e fokal gt organic carhnm in the 31 Lucia Bstuanyg compared o
Lake Nhlange | Fiz, 41 The correlation between gut and food source
IMFEB in this casc| pigment concentrations has alio been wadely
reported for krill [Antezana et al, 1992 Ichi ot al, 1998;
Perissinotto ¢f al, 20001 The hghest gut cvacuation rales were
obtained in the more stable freskwater lakes [Table 11 [nterast
ingly, the gut evacuation rate under brackish conditions was rela
tively kizh (zalinity 16, Table 1), Although an increase in salinity is
expacted to decrease T granifera's feading impact | Louringson etal,
20071, Miranda cral, (207 showsed thar this specics can maintain
4 relatively high level of physicalimedaholic acriviey arsalinitices up
fee 20, This goes some way ceplain T greadfera's cstablishment
sucress in e brackish warers of esruaries,

Tarebig granifera's feeding impact can b2 much higher than that
of ather invertebrate species. [F has been reported to Favor XPB in
its diat and sigrificantly reduce algal standing stocks (March and
P'ringle, 20031 The ingestion rate of T. gramifer can be 20 times
higher than that of Hedrobio siee, which feeds primarily on MPE

& impact ol Treadio gmmilen (chell beight S1=11 mm)in Faks Mhila
Al are pxpresser as mean — S0 Ingeaion raes, lesling impao 2nd

and influences its bromass dynamics 1n the mtertdal mudtats of
Western Furope (Tlanchanda e al. 2000; Maukois e al, 2005], In
[huig study, the estimated feeding impact of T, granifers on MPG was
telatively high, reaching values of up to 35% per day of the available
bicmass, Accocding to the litecature, daily primacy benthic
praduction can range from 72 S mg Cm “d ! in Maputaland
lakes [Allanson, 10 Rege, TR0, Rruton, 1080] Gaven this, T,
gramifera 15 estimated i dngest 1U2-GHE ol the daily primary
henrhie productnn, Similar values bhave been reported  for
wooplankton species, which are known to affect pelagic ecosystem
[unctioning {Pernssinotto, 1992 Kibinge and Penssinotto, 2003
These results are also comparable to those obtained by Hall et al
N0 o the Treshwsater nom-indigencs invasive snail Palamio-
g anfigoddorn, whiclowas shiosm to Tave marked coosystem-
seale impacts, [TT, pronifera's ingestinn rate is cooverted ngrams of
MPR per geam of snall (diy weight] per day (gleid, the resulting
range of 0243-1103 g/g/d s comparable to that of Fomaoon
canaficnlara, whick 15 listed a5 one of the world's worst non-
incligenoes imvastie species | Lo ot al, 2000; Baker of al, 2000).
This study revealed no significant differences in feeding impact
between sites. Therefore, feeding impact can be considerable at all
imvaded sites, justifying concems over the top-down ecological
effects of T gronifera (Tlint and Goldman, 1973; [illebrand et al.,
2002). Feeding impact is directly proportional to density, thus it
may e severe where snail densitics fncrease aved 1000 ind, m !
The distribution of T grndfeor was patchy despite secmingly
favomanle covirenmental comditinns, Although s is common in
lenthic invertebiates (Cwich of al, 19990, the implication is thal
feeding on MPB becomes focused on certan areas. In dense snail
patches the feeding impact can potentially result in the depletion of
availakle MPB, There 15 howover an intcraction Sebween aquatic
grazers and nutrients which was not explored in this stusdy
{Burkepile and Hay, 20067 The composition of MPD was also not
taken into account. T granifem, although sespected to be a gener
alist consumer, may select certain alsal groups over others and thus
rhange the ralative abundance and biomass of the key algal Toups
that make up MFR [Aomitage o al., 20007,

Troyphin ipapact csi mates are cxpecied o be lower in beathic
carmneenifies when compared to pelagic (Mecho, 1988 Cowich er al,,
19591, This (s bevause benthic communities tend to be more diverse
and supported by resource partitioning. However, forebia granifem
is 1 new addition to the ecosvstem and its grazing activity may
therefore nterfere with it natural trophic dyvnamics. Another
mechanism by which this snail may influence community structure
is bioturbation or sediment disturbance [Fillay et al, 2007), Bio
murbation in benthic zastropods can sienificantdy contribute

=, Lake Sikeya and the S Lur
rrrsernpilinm of KPR per cay ars =

wnary. Nereity and mirmiphytohsrchig [MPR)
s =il as 2 range,

LT san saniearicn
[mg gigm. m™")

4 Cansnmprian al

Ipasing mpaT
i MIPE per day

[mg pigm. m™ 477

A& Nensiry Ingmestinn ror e
né o) e g ind™' 47
ol lkes Lakiz Rhlange 2Bl £ 56 i5-75
Lok Sibaya: South Bast Basin 188 £490 1 A
5L Luia Cstuary Caalin Bay G+d 18.7-304
&t  Fxrnzry: Caraling Rzy (heackish) HE+IN T1=110i

14-36 173 =257 2.2-274
1104 113 =08 1b-35
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Carban estimated by GFT

Lake Mhlarge 3t. Lucia Estuary

g 4. Parcerrags conrdhirion |msr + 500 e carber srimated e me gir e
rescance tachooqua [LF o e toral gut onganic cabon conterst of farshia graniiees ot
Lzk# Melznae and the St Luciz Cvbuary.

sediment eeodibilicy. and MPE esuspension (Andevsen, 2001
Ovvain of al, 20087 The effvors of this invader are nor steaighi -
wiard: there may be direct and indirect cascading effects on the
ecosysterm which ultimately affect community structure | Levington
and Stewart, 1982; Hunt et al, 1987 Anderson, 1999; Fillay et al.,
2009, For example. and e addition to affecting MEB, 1 gronifera
may be affecting the density of other marrofauna as well as their
lanval settlement and recroitment (Jersen and Siegismnd, 19R0;
Hunt o al, 1987 Moorisey, 1988; Kelelor of al, 20050 Tndeed, T
ranifers has been reported to displace indigenous gastropods, ths
taking over thewr niches (Perera et al, 1990; Fointier, 1000,

420 Vnability i the diarg, coimgilex feeding ecolmgy and energetin
demands

Tarehia griifera appeared to feed continuously throughout the
day and might. There was, however, awide variation in the level of
its put pigments measvred both i sice and in the laboratory
(Firr, 2). (s gut turnover rate { 1)&] varied (Tom 1.6 to 2.8 hinactively
freding individuals. Although an exponential model was fitted to
the pet evacvation data, the coefficients of determination ()
wiere relatively low when compared ro thase ahtained in similar
studics nsing pelagic crustaceans [Fromeman, 2000; Kikirige and
Merissinntin, 20031 There were individuals in all experiments
that kad ingestion tates as low as 0,12 pg migm. ind. ' d % These
individeals made wp to 15% of the il subjects although their
influence in the estimation of gut evacuation rates (k] was mini
mized by the removal of 10% cutliers. The range in dry weizht of
the gut rongersts sugeesrs thar thens was 4 wide range of g Tull-
ness, Alternatively, snails may have been feeding an maredal wirh
diflerent volures,

Iris povpesed thar the comnples feeding Rismey of Tareiis go-
mijern can largely explain the wide variabalicy in the data. Individoal
feeding varability is commonly reported for molluscs |Speisar,
Z001; Hanley et al, 2003; Parde and |chnson, 2004], 1t 15 evident
that notall the ndwaduals in the population are feeding at the same
rate. Feeding rate 15 mfluenced by (e mperature and sabimty, among
nrler Fartoes (Thane and Perecson, 1586; facnlsen and Todes, 1597 ],
Heveeever, snme snails have beennbserved in a quirscent state in (he
ficldl, despite fmvorahle conditions of emperature, salivity aod even
fiwnel availabaility. This behavier may b densitg-dependent, in that
snails observed in the field appeared o be more actve and engaged
in Feeding where they were less aburdant, compared to those found
in densaly populated patches | Brownet al, 1994 Baker et al., 2010,
The mechanism that trigeers T, gragifea’s quiescent stale s nol
understood but it is probably chentically mediated (Croll, 19837
Siece populations often veach high densities, quiescenceactivity

cyeles may be a strategy adopted in order to maximize res ource use
while maintaining high densities, Daily alternation between cycles
of Teeding and quigscence has been repovted for P oconolivelein
iWada and Yoshida 20007,

The carhon rompanent which was estimated from GFT oantrib-
uted 4 smaller praportinn of the total arganic carhon an the gut than
cxpected [Fig. 41 However, the carbon daily ration caleulated from
carbon caumated from GET 15 relatively high | = 16%] according to
the literature [Perissinotto, 1992; froneman, 20001 This suguests
that MPE alone can meet the energetic requirements of Torebdo
argnifere, This is supported by the survival and reproduction of T,
aronifere snails kept in the laboratory and fed o [bitum with
maturally eccorring MPFR for 4 perind of over 4 yean (pers, obs], T
srmrdfera's variable Teeding vare may indeed be relared o eneegetic
demands, one afwhich may be capecially taging, Leirs reprocloetive
enetey demand [Tamhus and Martin, 2008). T granifers is parthe-
nogenetic and ovovraparous. [t has a brood powch and mves birth to
lrve juvemles of shell keight = 1 mm Ths species bas an extremely
high reproductive rate, with some authors reporting birth rates as
highas one juvenile every 12 h{Abbott, 1952 Chaniotds et al., 1980a;
Appleran et al, 20005 This study freused am aduln, sexaally manie
snails, with a shell heighn of 10-12 mm, Al of the spails psed in
ey periments were female ad had juseniles in their beood poech
(Chaninis o al, 158000 Teis waorth keeping in mind thar te size
class of shell beight 1-8 mm was much more abundant and
therefore adds a measure of impact which was not accounted for in
this study, Alarmingly, studies on other imvasive freshwater soails,
such as Pomocen spp show that theimpact of smaller/juvenile snails
et food resources may be ever move severe than that of the adulls
(Boland et a1, 2008; Tamberi anc Martin, 2008,

4.3 Porential sources of error

Tarebis gronifers’s gut pigment assimilation/destructon coffi-
clencies [b') were estimated i order to account for a lass of
detectable pigment during the digestive process, which would
result in the underestimation of ingestion rate [Pasternak, 1994),
There is however some controversy in the literature 3= o whether
the b' correction should be wsed (Dubin and Campbell, 20071 The
ferding impact in rhis study could thus have beer overestimared by
a factor of hetwreen 14 and 2.2 Deapite this, even if the B! enrree-
tinn s not used, all the main conclusions of this study remain valid.

There are twn potennal snurees af ereot in the carhan budger
technigue. Ona is the chlorophyll o to carbon rato, which in this
stucy was assumed to be S0 This ratio is however variable and
should be measured directly from the micToalgae assemblazes [De
Jonge, 1980 Fawre or al, Z00R] Ancdber st the tepes of
mcasuremients wequi e Toe this method cannat Be cepeared with
the e individual (Pecissinntm or al, 2000,

Ao artempr was made o elude quicseenn snails from experi-
ments, as they would otherwise introduce very high or low gut
pigment concentration values, If smails went into quiescence with
a full gut and were selected for the gut evacuabon experiments, the
gut pigment siznal may have remained high when compared to
snails that fed continuously on comstarch, The derabion of the
cyrles of guiesrence is nod Kiown, ud i i Tikely hal over Hime, the
mgnrents in the gut may alsn be degraded e nen=flucescent end
products which would ool e defected with a Duoromefon, A fively
Teeding snails weere selected in an attempt o aveid vaiatiom in e
data and 1 view of maintaining conbnuous feeding conditions
[Eaars and Helling, 1983; Kierboe and Tiselius, 1987; Perissinotto,
18827, It 15 however possible that snails were disturbed duning
collection and then mistaken for active snails as they came out of
quisscence, Selecting these spails for gul evacuation measwemenls
wodd result in Jow gut pizment values.
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Finally, rhe angin of the preporions of oral gur organic carhnn
canmod he determined wirh the techmiques osed in this sy, (Fwas
assumed thar rhe gur pismnenrs derected swene enatieely of micen-
plwgtedenthic neigin, So, s about the cemaining component that
was not estimated from the GFTV There may be a heterotrophic
component to the diet, as the snal may Feed on some benthic
micre-organisms or even decaying anmmal matter {Chanious etal,
1980a), However, it 1s also possible that Tarebio gromfens feeds on
a high proportion of plant detrtus. This component, alchough of
autotrophic origin, may not be detected with peailable Buorometric
techmigues, as plant material decomposes rapidly in water and
photosynchetic pigments are degraded to non-fluorescent end
otz (Lewida ef al, 1998, Cony of al, 20027, This punceas is
i eneed by mulniple faciees and may take bevween ene and thiee
dags. Lnfortanately, it was oot prssible ro eatahlish at whicl stage
ol degradation the plant defnitus was when it was consumed
(Riamchi eral, 1985 Louda ot al, 1098 ), 10 is also suggested that 7.
granifera i3 not dependent an MPE for fond and may therefore feed
solely on detriras of MPR resourtees are low, Stable isofape studics
are needed o Bridge this gap in our knowledge,

5. Conclusion

Estimating the impact of invasre spedes on ecosystem
reseITees Teouites @ multiple method approach, in order 1o ahtain
imfarmanan an it namire, patem and magmitode (Ross of al, 2005;
Ciménez et al., 2006). Tield experiments with small spatial and
temporal scales, which provide quantitative estimates of tmpact,
an simply be repeated at several sites and several times i order to
estimate Jarger scale mpacts { Boss etal., 2003 L This study presents
onee such field experiment as an altemative o other move classical
approaches | Cowan and Peckarsky, 19900 Results show that Tarebia
maniers can ubilize lavge amounts of tdcigphytobenthes in addi-
tion Lo detritus and can potentially cause sipnificant top-down and
rascading effecrs o the consysten, A combination of the ech-
picpues peported in rhis study with others, such as the gur diy mass
techmigue (Criste, 2007 and refevences thereind, is necded novali-
date these results |Clozer et al, 20000, Simultanecus studies on
stable isotopes and community strucre and dynamics would
provide much needed infermation on T gianiferas impact on
gatuarine and freshwater ecosystems.
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Stable Isotope Evidence for Dietary Overlap between
Alien and Native Gastropods in Coastal Lakes of
Northern KwaZulu-Natal, South Africa
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Abstract

Background: Tarebia granifera (Lamarck, 1822) is originally from South-East Asia, but has been introduced and become
invasive in many tropical and subtropical parts of the world. In South Africa, T. granifera is rapidly invading an increasing
number of coastal lakes and estuaries, often reaching very high population densities and dominating shallow water benthic
invertebrate assemblages. An assessment of the feeding dynamics of T. granifera has raised questions about potential
ecological impacts, specifically in terms of its dietary overlap with native gastropods.

Methodology/Principal Findings: A stable isotope mixing model was used together with gut content analysis to estimate
the diet of T. granifera and native gastropod populations in three different coastal lakes. Population density, available
biomass of food and salinity were measured along transects placed over T. granifera patches. An index of isotopic (stable
isotopes) dietary overlap (IDO, %) aided in interpreting interactions between gastropods. The diet of T. granifera was
variable, including contributions from microphytobenthos, filamentous algae (Cladophora sp.), detritus and sedimentary
organic matter. IDO was significant (>>60%) between T. granifera and each of the following gastropods: Haminoea natalensis
(Krauss, 1848), Bulinus natalensis (Kuster, 1841) and Melanoides tuberculata (Miller, 1774). However, food did not appear to
be limiting. Salinity influenced gastropod spatial overlap. Tarebia granifera may only displace native gastropods, such as
Assiminea cf. ovata (Krauss, 1848), under salinity conditions below 20. Ecosystem-level impacts are also discussed.

Conclusion/Significance: The generalist diet of T. granifera may certainly contribute to its successful establishment.
However, although competition for resources may take place under certain salinity conditions and if food is limiting, there
appear to be other mechanisms at work, through which T. granifera displaces native gastropods. Complementary stable
isotope and gut content analysis can provide helpful ecological insights, contributing to monitoring efforts and guiding
further invasive species research,
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Introduction

Alien invasive species (AIS
However, quantify
complexity of ecological interactions [1,2]. Stable isotope analysis

can cause disruptions to ecosystems.

mng their mpacts is |)|‘u|||('ln;||il‘ due 1o the
is a powerful quantitative tool for detecting and tracking changes
i trophic structure and ecosystem processes (energy flows) caused
by abiotic and biotic interactions [3]. The combmation of stable

isotopes with other techniques is very useful for assessing
interactions between several organisms and contributes towards
a better understanding of how an ecosystem can be allected by
1 5.

native and non-native  species |-

Stable  isotope  analysis

. wh
iy [6]. Stable

isotope and gut content analyses are complementary, provide

provides a time-inte
gut content analysis

ed view ol ecological proc
e

ras

als snapshots of feeding ac

insight into diets and wophic dynamics in ecosystems [7,8] and
have successfully been used in several studies addressing the
impacts of AIS on aquatic ecosystems [8-12]. Although compa-

@ PLoS ONE | www.plosone.org

rable studies on gastropods are lacking, numerous studies have
been published on invasive gastropods such as Pomacea canalieulata

(Lamarck, 1822) (prosol ranch, Ampull w) |13-15] and
Potamaopyrgus antipodarum (Gray, 1843) (prosobranch, Hydrobiidae)
[16,17], some of which involved stable isotope techniques [18,19].

Tarehia granifera (Lamarck, 1822) (prosobranch, Thiaridae) is a
non-native nvasive gastropod originally from South-East Asia.
This AIS is reported from many tropical and sub-tropical areas ot
North and South America and Afvica [20-24]. Tarebia granifera was
aceidentally mtroduced in South Africa, probably in the 1990s via
the aquarium trade [24]. This is reported as one of the most recent
introductions of non-native gastropod into South Alrican natural

nments, where it has quickly  become  invasive and
widespread, particularly in the KwaZulu-Natal and Mpumalanga
provinces [24.25]. Tarebia granifera is parthenogenetic and ovovi-
viparous, giving birth 1o live juveniles and  often  reaching
population densities of over 1000 ind. m g |26]. Tarebut granyfera
has been successfully used as a biological control of schistosomiasis
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gastropod species, which provided a better resolution of results
[56].Sources that were not found in the gut content analysis and/
or had minor contributions (<5%) in the trial mixing models were
omitted from the final mixing models. Isotopic dietary overlap
(IDO, %) between species j and &k was then calculated with the
following equation based on Schoener’s Index [57,58]:

n
IDOy = |~ minp; P | x 100
1

where p is the SIAR mean contribution of source 7 resulting from
the final mixing models run for subjects j and & respectively, and n
is the total number of different resources used by both jand & IDO
values have an absolute limit of 100%, which indicates complete
overlap, and values exceeding 60% were considered to indicate
significant dietary overlap [57].

Normality and equality of variance of stable isotope data were
confirmed, and analysis of variance (ANOVA) was used for
comparisons between locations and times. Pearson correlation was
used to assess relationships between availability of food, gastropod
abundance and diet. A t-test wa

ed to compare trophic position
between 7. granifera and native gastropods. A linear regression was
used to assess the relationship between gut content and stable
Its. Analyses were done with the statistical pa

isotope 1
SPSS ver:

on 19 for Windows.

Results

Spatial overlap and resource availability

Tarebia granifera exhibited a patchy distribution and tended to be
concentrated in shallow water (depth <1 m). Transects revealed
spatial overlap between 7. granifera and H tale g. 2A),
Assiminea cf. ovata (Fig. 3A and 4A), Bulinus natalensis (Fig. 5A) and

24
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Melanoides tuberculata (Fig. 6A) at respective sampling sites in the
three lakes of Maputaland (Fig. 1). Tarebia granifera was found
together with native gastropods in a total of 10 of the 20 transect
points sampled. Of the 10 transect points where these gastropods
were found together, 7 were at the edge of the 7. granifera patch
(transect points | and 4). Haminoea natalensis was the only native
gastropod not to be found in the middle (transect points 2 and 3) of
a T. granifera patch.

Gastropod  densities as well as available microphytobenthic
(MPB) biomass varied within transects (Fig. 2A 6A: Table
S1).Generally, native gastropods had lower population densities
when compared to 7. granifera (Table S1). However, Assiminea cf.
ovata was found in densities greater than 7. granifera at Catalina Bay
in 2009 (Table S1). MPB biomass was available as a food source to
gastropods at all sites, although its biomass was variable (Table
S1). MPB biomass was not significantly correlated with gastropod
densities (Table 1), despite being positively correlated with
gastropod MPB diets (Table 1). Native gastropod MPB diet was
strongly positively correlated with 7. granifera MPB diet; however,
it was negatively correlated with 7. granifera density (Table 1).

Gastropod diets

Gut content analysis revealed that microalgae and detritus were
ingested by all gastropods (Table 2). Filamentous algae were also
found in the guts of most gastropods (Table 2): their occurrence
was 89.17% in T. granifera and 92% in native gastropods. Sand
particles were only found in the guts of H. natalensis, B. natalensis,
and in smaller amounts in 7. granifera adults (shell height =10 mm)
and M. tuberculata (Table 2). Distinctive remains of meiofauna were
not found in gut contents. Macrophytes and fringing vegetation
such as reeds, sedges and grz excluded as potential food
sources as their presence was not detected in the gut.

Statistical analyses revealed that T. granifera 8'°C and 3'°N
signatures differed significantly between locations and between

L) A B
T. granifera
E s000 & Lo , 8
T 2500
£ .
¥ Cladophora s| T. granifera
= - H. natalensis 8“N a ! g@ 1.02
g 100 . 4 SOM F— (1.92)
£ . - (%o) —y H. matal;r(wsig4 )
N 1
E 1000 MPB 2 - T '
gn 500 DTR MPB
| 04
" 2 3 4 22 20 -18 -16 -14 -12
Transect 3°C (%o)
100 .
331:: c - T. granifera £ D H. natalensis
S0 = s |
-8 . & 5 | i- .
22 b ] ! & 2 ] ]
x , [ | T E [ [ I
MPB DTR  Cladophorasp.  SOM MPB DTR  Cadophorasp.  SOM
Sources Sources

Figure 2. Gastropods, food sources and diets in Catalina Bay,

2007. (A) Four-point 6 m transect showing gastropod densities and

microphytobenthic (MPB) biomass (as chl-a concentration). (B) Carbon and nitrogen stable isotope signatures of gastropods (number in brackets:
trophic position) and their potential food sources; such as detritus (DTR) and sedimentary organic matter (SOM). SIAR boxplots show the proportional
contribution (%) of different food sources to the diet of (C) Tarebia granifera and (D) Haminoea natalensis. Samples were collected in a freshwater
seepage area of Catalina Bay in June 2007. Salinity ranged from 16 to 32. The water level of the South Lake rose due to the March 2007 mouth breach,
after which the freshwater ponds associated with seepage areas along the eastern shores were flooded by seawater.

doi:10.1371/journal.pone.0031897.9002
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Population Structure of an Invasive Parthenogenetic
Gastropod in Coastal Lakes and Estuaries of Northern
KwaZulu-Natal, South Africa

Melson A, F. Miranda®, Renzo Perissinotto, Christopher €. Appleton

wrhacl of Bialagical are Corsenation woiences. Unuerty of Kaasatal westalls Carmpue, 2urmar, Saurt africa

Abstract

Backgrovnd: Estuaries and coastal lakes receive little attertion despite being heavily invaded by non-indigenous irvasive
species (NS I these stuations, studies of population dynamics ininvaded habitats can provide valuable insights into how
MIS irteract with new environments, Torebio granifere is a prosobranch gastropod from south-gast Asa which has invaded
cther sub-ropical pars of the world, This study addresses whether o simall nuemiber of kay environmental faclors influences
gastropad cammunities, and specifically bow the population density and size structure of T granifera were influsnced by
envitanmental change in estuaries and coastal lakes in southemn Africa,

Meathodology Prircipa Fincimgs: T, grooifera's density, mumbser of brooded juvaniles and sze strociure ware rgasured at
she 51, Lucia Estuary, Maohareleni Estuary, Lake Sihaya and Lake Nhlanga, Size structure was classified according o shell
height (5H. All dissected individuals were found to be female and free from mematede infection, Salinity, water depth,
sermperature, and pH were the maln factars carrelated with papulation densing of gastropod cammunities. T, granifera nften
reached densities well aver 1000 ind, m % displacing indigencus gastrapads and Becaming a dominant companent of the
benthic comrmunity. T granifens successfully invaded estuaries despite frequent exposure to high salinity and desiceation,
which could together aliminate =37 of te population. The persistence of T granifers was ensured due to its high
fecundity and the emironmental folerance of large adults (2030 mm 5H] which carded an average of 1587125 50
bronded juveniles. Repear inroducrions were not essential for the success of this parthenoganetic IS

Conclusion Significance: Thera is a need for a broader study on the reproductive biology of T, granifera (induding the
previously averdnoked "hrood pouch emnlogy”l, which afferts population dynamics and may be relevant to other
partenogenstic M, such as Melanoides fubercuioto and Potamopyrgus antipodarm.
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ABSTRACT

Background: The distinction between natural and human-induced ecological changes at various
spatial and temporal scales is an important step in the assessment of potential human impacts on
ecosystems. Methods for the analysis of multivariate data in complex Before/After-
Control/Impact (BACI) and After-Control/Impact (ACI) designs have only recently been
developed. These methods have not yet been applied in assessing non-native invasive species
(NIS) impact. The primary aim of this study is to find whether the variability of shallow water
assemblages at putative impact locations differs significantly from natural variability.
Methodology/Principal Findings: Distance-based permutational multivariable analysis of
variance (PERMANOVA) of both BACI and ACI designs provides evidence for significant
differences in benthic assemblage variability between impact and control locations, in the
context of both putative Tarebia granifera invasion and drought intensification impacts.
Drought was intensified due to water abstraction and appears to result in an increase in the
multivariate variability of assemblages. However, the impact of the gastropod T. granifera
appears to lead to a decrease in multivariate variability of assemblages. This NIS may decrease
variability by dominating and stabilizing assemblages in a variety of habitats, and persisting
despite adverse conditions caused by droughts.

Conclusion/Significance: When attempting to detect environmental impacts, the presence of
NIS should be taken into account since they may confound results by affecting “natural”
variability. Novel BACI and ACI designs, such as those employed in this study should be
considered in integrated approaches, combining multiple methods to assess both environmental

and invasive species impacts.
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Introduction

Non-native invasive species (NIS) have the potential to cause ecological impacts by changing
native assemblages [1]. There are however several challenges in the assessment of the
ecological impacts of successful NIS [2,3]. In most cases, there is a lack of pre-impact data on
native assemblages. NIS are often well established before they are detected in an ecosystem, so
significant impacts may have already taken place. Also, successful invasions often occur in
ecosystems under a variety of other human-induced stresses, such as pollution and water
abstraction. It is difficult to distinguish between natural changes in assemblage variability and
human-induced ecological changes [3], particularly in ecosystems that are highly variable.

There are many approaches for detecting changes in ecological variability at various
spatial and temporal scales after a disturbance [4]. In terms of sampling design, the
Before/After-Control/Impact (BACI) and its modifications and improvements have been widely
used in the field of environmental impact assessment to differentiate between the effects of
human impacts and natural variability [5,6]. In this approach, there is usually only one impact
location (e.g. due to an outfall event) and multiple control locations, so data are analyzed with
asymmetrical analysis of variance [7]. A putative impact can be detected as a significant
statistical difference between the impacted and control locations from before to after the
disturbance [5].

The application of these BACI designs in the assessment of invasion impact has been
discounted largely because of limitations in establishing a before impact baseline for
comparison, thus increasing uncertainty in the method [8]. However, BACI type designs can be
modified and applied even if no data have been collected before a putative impact. Although it
is not possible to establish cause-effect relationships between putative impacts and changes in
assemblages with these After-Control/Impact (ACI) designs, they do detect consistent
differences between impact locations and control locations. Taking this limitation into account,
several environmental impact studies have successfully used ACI designs to characterize
potential effects of human activities on natural systems [9-11].

Until recently, analyses of BACI and ACI designs were restricted to the use of data on
indicator species or other univariate measures. However, whole assemblages are more sensitive
to human-induced stress and their data are more useful for assessing putative impacts [12]. Non-
parametric multivariate methods such as ANOSIM have been developed and widely used over

the past decade to analyze whole assemblage data [12]. Although ANOSIM is very useful in
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many ecological applications, it does not allow tests of multivariate interactions and thus cannot
be used to analyze complex BACI and ACI designs. Methods for the analysis of multivariate
data in complex BACI and ACI designs have only recently been developed and successfully
applied to assess environmental impacts [13-16]. However, these methods have not yet been
specifically applied in assessing NIS invasion impact.

The iSimangaliso Wetland Park is an UNESCO World Heritage Site in north-eastern
South Africa. The Kosi Lakes, Lake Sibaya and the St. Lucia Estuary are Ramsar Wetlands of
International Importance within iSimangaliso (Fig. 1). All of these locations have recently been
invaded by Tarebia granifera, a non-native gastropod that can reach densities of 20000 ind.m~,
displace other species and become a dominant component of shallow water invertebrate
assemblages [17]. T. granifera was accidentally introduced in South Africa via the aquarium
trade and was discovered for the first time in the St. Lucia Estuary in 2005 [18,19]. This NIS
has since spread and invaded increasing numbers of estuaries and lakes, but its ecological
impacts are largely unknown [18,20]. Despite the elevated conservation status of the St. Lucia
Estuary, its freshwater supply has been constrained for many decades, and most recently, this
has led to the intensification of a drought which started in 2001 [21,22]. Although the St. Lucia
Estuary is known to undergo wet and dry cycles spanning four to ten years [23], the current
drought is unprecedented in the history of the system. The benthic invertebrate assemblages of
the St. Lucia Estuary are very variable and reported to recover after droughts in the past [24].
However, recent studies report that the current intensified drought causes significant detrimental
effects on benthic assemblages [25-27].

In this study, multivariate methods (PERMANOVA) are applied in analyses of
assemblage data in response to BACI and ACI designs. The aims are: (1) to find whether
variability at putative impact locations differs significantly from natural variability, both in the
context of a putative T. granifera invasion impact and a drought intensification impact; and (2)

to assess these putative impacts with the aid of complementary multivariate analysis.



44 Chapter 5

32°30'E 32°40°'E  32°50°E

Kosi Lakes
r27°00°S

v
Lake Nhlange

SOUTH
AFRICA

/

/

Lake Sibaya /

J\t‘;ﬁ / 27°20°E -

,f

Mgobozeleni

Estuary
INDIAN
St. Lucia Estuarine OCEAN
Complex A
k /7 Lake Bhangazi South
Dead Tree Bay
'{ 28°10°E -
_4,‘ \ Catalina Bay
‘5}; Esengeni

b2 Dukuduku Pond
0510 20 30 40
- km

Figure 1. Map of the study area. Sampling locations within the iSimangaliso Wetland Park are

indicated by arrow and dot.



45 Chapter 5

Materials and Methods

Ethics Statement
All necessary permits were obtained from the iSimangaliso Wetland Park Authority for the
described field studies at each location, under a Research Agreement for the project titled

"Climate Change and the Management of KZN estuaries: St Lucia Estuary".

BACI design

Abundance data (ind.m™) were collected at 6 randomly chosen locations: Lake Nhlange
(LN), Lake Sibaya (LS), Mgobozeleni Estuary (M), Lake Bhangazi (LB), Dead Tree Bay (DT)
and Catalina bay (C), which comprise the estuaries and coastal lakes of iSimangaliso Wetland
Park (Fig. 1). Twelve sampling times (n = 3 replicates per location) were randomly chosen: 6
pre-2001 “Before” and 6 post-2001 “After” times. For the “After” scenario, samples were
collected with a Zabalocki-type Ekman grab (grab area = 0.0235 m’, three grabs per sample).
Analogous grab data from the literature were used for the “Before” scenario [24,25,28-30]. Data
were not always available for all locations at the same sampling time. Data were analysed in
terms of a putative Tarebia granifera invasion impact where LN, LS, M and C are impact and
LB and DT are control locations. The same data were also analysed in terms of drought
intensification impact where DT and C are impact and LN, LS, M and LB are control locations.
Multivariate analyses were based on 36 taxa. Of these, 19 were identified as species, 4 to genus
level, 1 to family, 8 to order, 3 to sub-class and 1 to class. Taxa were classified in a manner that
promotes consistency across the data and in accordance with the principle of taxonomic
sufficiency [31,32].

Distance-based permutational multivariate analysis of variance (PERMANOVA[14])
was used to analyze the multivariate assemblage data and test for significant differences
between data collected at times “Before” and “After”, at control and impact locations. The
model therefore consisted of three factors: Before versus After (BA), Location (L) (impacts and
controls locations, n = 3 replicates) and Time (twelve levels, random, nested in BA x L). The
Location term was partitioned into three portions: controls versus impacts (CI), among controls
(C) and among impacts (I) (Tables 1 and 2). The interaction term BA % L was divided into BA
x CI, BA x C and BA x I. Time (BA x L) was divided into Time (BAxC) and Time (BAXI).
Each term in the analysis was coded as a design matrix using the program XMATRIX.exe [33]
and tested individually with the appropriate denominator and relevant permutable units using
the computer program DISTLM.exe [34]. All analyses were done on untransformed data [7].

Denominators for pseudo-F ratios were identified following the logic of asymmetrical designs
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[5]. Each term in the analysis was tested using 4999 random permutations of the appropriate
units [35]. If there were not enough permutable units to get a reasonable test by permutation, P-
values were computed using a Monte Carlo random sample from the asymptotic permutation
distribution [36]. An a priori significance level of o = 0.10 was used for interpreting statistical
results [37].

To visualize multivariate patterns, non-metric multidimensional scaling (nMDS)
ordinations were performed using PRIMER v.6 [12,38] on the basis of a Bray-Curtis
dissimilarity matrix calculated from untransformed data. The CLUSTER routine [38] was used
to compute group-average clustering at a Bray-Curtis dissimilarity level of 80%, superimposed
over the nMDS ordinations.

The multivariate average dispersion index among groups of control and impact
locations before and after putative impacts was computed using PRIMER’s MVDISP routine
[38,39], which indicated the level of variability among groups, measured using the Bray-Curtis
dissimilarity.

Finally, PRIMER’s SIMPER routine [38] was used to identify the percentage
contribution that each taxon made to the measures of the Bray-Curtis dissimilarity within groups

of control and impact locations before and after putative impacts.

ACI design

Abundance data (ind.m™) were collected at 3 random sites within 8 randomly chosen
locations: Lake Nhlange (LN), Lake Sibaya (LS), Mgobozeleni Estuary (M), Lake Bhangazi
(LB), Dead Tree Bay (DT), Catalina Bay (C), Esengeni (E) and Dukuduku Pond (D) (Fig. 1).
Samples were collected in November 2009 (n = 3 replicates per site) with an Ekman grab (grab
area = 0.0235 m’, three grabs per sample). Data were analysed in terms of a putative T.
granifera invasion impact where LN, LS, M and C are impact and LB, DT, E and D are control
locations. The same data were also analysed in terms of a drought intensification impact where
DT, C and E are impact and LN, LS, M, LB and D are control locations. Multivariate analyses
were based on 28 taxa. Of these, 15 were identified to species level, 2 to genus, 1 to family, 7 to
order, 2 to sub-class and 1 to class.

PERMANOVA was used to analyze multivariate assemblage data and test for
significant differences between control and impact locations. The model consisted of two
factors: Location (impact and control locations) and Site (three levels, random, nested in
Location), with 3 replicates. The Location (L) term was partitioned into three portions: controls

versus impacts (CI), among controls (C) and among impacts (I) (Tables 5 and 6). The term Site
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(L) was divided into S (C) and S (I). The residual variation was divided into two parts: residual
variability for observations among I (Res I) and residual variability for observations among C
(Res C) (Tables 5 and 6).

Additional analyses (nMDS, CLUSTER, MVDISP and SIMPER) were done using
methods described above for BACI design, although the focus of ACI design was on groups of

sites and locations.

Results
BACI analysis

Results There are significant BAXCI interactions in terms of both Tarebia granifera invasion
and drought intensification impacts (at o = 0.1, Table 1 and 2). In both impact contexts, there is
a significant BAXI interaction (Table 1 and 2). This indicates that on average, variability in
assemblages differs significantly between putatively impacted locations before and after the
impact. The BAXC interaction is not significant in terms of the drought intensification impact
(Table 2), so control locations do not differ significantly before and after impact. In contrast,
BAXC is significant in terms of the T. granifera invasion impact (Table 1).

The nMDS plots of location centroids before and after putative impacts support the
findings of the PERMANOVA analyses (Fig. 2). All impact locations after the putative impact
of T. granifera are clustered together in Fig. 2A. Locations before the drought intensification
impact are clustered into two groups: one containing Catalina Bay and Esengeni (the putatively
impacted sites), the other containing lakes Nhlange, Sibaya and Bhangazi (Fig. 2B). After the
putative drought intensification, Esengeni becomes an independently clustered group and
Catalina Bay becomes clustered with Lake Nhlange, Lake Sibaya and Mgobozeleni (Fig. 2B).

Sites impacted by T. granifera have the lowest value of multivariate dispersion index
(Fig. 3A), suggesting an effect of decreased variability in the structure of assemblages. In
contrast, sites impacted by drought intensification have the highest value of multivariate
dispersion index (Fig. 3B). Notably, before the impact, those sites exhibited a lower value of
multivariate dispersion index (Fig. 3B).

More taxa contributed to the average Bray-Curtis dissimilarity within groups before the
putative T. granifera invasion impact, both at control and impact locations (groups BC and BI),
than after (groups AC and Al) (Table 3). After the putative impact, T. granifera contributed
98.5% to the average Bray-Curtis dissimilarity at impacted locations (group Al) (Table 3). The
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indigenous gastropod Assiminea cf. ovata made notable contributions to assemblages during the
period before the putative impact (groups BC and BI) (Table 3). A. cf. ovata and copepods
contributed the most to the average Bray-Curtis dissimilarity of assemblages at impact locations
before the putative drought intensification impact (group BI), whereas after the impact, T.

granifera and polychaetes made the greatest contributions (group Al) (Table 4).

Table 1. BACI design addressing putative Tarebia granifera invasion impact. Asymmetrical
PERMANOVA based on Bray-Curtis dissimilarities of untransformed multivariate data (36
taxa). Each test was done using 4999 permutations and the term used as the denominator for the
calculation of pseudo-F is shown in the Fyeom column. The dataset is unbalanced as not all
locations were sampled during times before the putative impact. P-values given in italics were

obtained using 4999 Monte Carlo samples from the asymptotic permutation distribution.

Sources of variation df SS MS F P Fdenom Permutable
units

Before vs. After = BA 1 53522.66 53522.66

Location=L 5 134473.7 26894.74

Controls vs. Impacts 1 57942.2 57942.2

=ClI

Among Controls = C 1 42536.14 42536.14

Among Impacts = | 3 33995.38 11331.79

BAxL 5 88695.22 17739.04

BAxCI 1 23504.12 23504.12 103  0.0152  Time (BAXL) 72 Time
(BAXL) cells

BAxC 1 25888.41 25888.41 2.8 0.0278  Time (BAxC) 24 Time

(BAXC) cells

BAXx| 3 41685.87 13895.29 25 0.0054  Time (BAXI) 48 Time
(BAXI) cells

Time (BAxL) 32 7283115  2275.97
Time (BAXC) 10 9388829  9388.83
Time (BAxI) 20 1124036  5620.18

Residual 58 107490.1 1853.28
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Table 2. BACI design addressing putative drought intensification impact. Asymmetrical
PERMANOVA based on Bray-Curtis dissimilarities of untransformed multivariate data (36
taxa). Each test was done using 4999 permutations and the term used as the denominator for the
calculation of pseudo-F is shown in the Fyeom column. The dataset is unbalanced as not all
locations were sampled during times before the putative impact. P-values given in italics were

obtained using 4999 Monte Carlo samples from the asymptotic permutation distribution.

Sources of variation df SS MS F P Fdenom Permutable
units

Location=L 105556.3 21111.26

Among Controls=C 83234.6 2774487

BAXxL 5 115140.1 23028.02

39301.22 13100.41 2.8 04052  Time (BAXC) 60 Time (BAXC)

cells

Time (BAXL) 147771.1 4617.85

Time (BAXxI) 10 51619.23 5161.92
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Figure 2. Non-metric multidimensional scaling (hnMDS) of BACI design data. nMDS plots
are based on a Bray-Curtis dissimilarity measure of centroids representing each location
sampled in the context of a putative Tarebia granifera invasion impact (A) and a putative
drought intensification impact (B). Shaded centroids (both circles and triangles) indicate
putative impact locations, unshaded centroids indicate control locations. Triangles represent
data collected before the putative impact, circles represent data collected after putative impact.
Group-average clustering at a Bray-Curtis dissimilarity level of 80% is superimposed. Locations
are Lake Nhlange (LN), Lake Sibaya (LS), Mgobozeleni Estuary (M), Lake Bhangazi (LB),
Catalina Bay (C) and Esengeni (E).
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Figure 3. Average multivariate dispersion index of BACI design. Represented are data from
groups of control and impact locations before (BC, BI) and after (AC, Al) the putative impact of
Tarebia granifera invasion (A) and drought intensification (B). Shaded columns indicate actual

putatively impacted locations (Al).
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Table 3. Abundance contribution of taxa in BACI design addressing putative Tarebia granifera
invasion impact. Average abundance (ind.m?) of taxa contributing to Bray-Curtis dissimilarities
(untransformed data) within groups of control and impact locations before (BC, BI) and after
(AC, AJ) the putative impact of T. granifera invasion.

Group Taxa Av. Abund Contrib % Cum. %

Chironomid larvae 178.9 29.9 29.9

Copepods 10200.6 19.5 71.1

W
O

Melanoides tuberculata 42.5 88.1

“

Oligochaetes 196.1 19.1 57.2

Polychaetes 231.3 6.8 77.7

Apseudes digitalis 594.3 4.4 88.3

AC

Polychaetes 25.3 429 89.1

Al
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Table 4. Abundance contribution of taxa in BACI design addressing putative drought
intensification impact. Average abundance (ind.m?) of taxa contributing to Bray-Curtis
dissimilarities (untransformed data) within groups of control and impact locations before (BC,
BI) and after (AC, Al) the putative impact of drought intensification.

Group Taxa Av. Abund Contrib % Cum. %

Chironomid larvae 216.9 48.8 48.83

Caridina nilotica 80.3 4.6 81.26

Palaemon concinnus 0.8 3.3 89.01

Bl

Copepods 10752.7 18.4 93.95

Tarebia granifera 4750.5 86.5 86.45

T. granifera 2278.7 34.7 89.03
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ACI analysis

In the context of the putative T. granifera invasion impact, variability in assemblages
differ significantly (at o = 0.1) between control and impacted locations (the term CI is
statistically significant in Table 5). There are significant differences amongst control locations
(term C is statistically significant in Table 5), but not among impacted locations (term I is not
significant in Table 5). In the context of putative drought intensification impact, terms CI and its
repartitions, C and I, were all significant (Table 6). This indicates that, on average, the
variability of assemblages differed statistically between control and impacted locations, and also
among sites of both control and impacted locations (Table 6).

In the T. granifera invasion impact nMDS plot, all impacted site centroids (with the
exception of the single outlier M;) are clustered together (Fig. 4A). In the drought
intensification impact nMDS plot, most centroids are clustered into two large groups (Fig. 4B).
Both of these clusters contain control and impacted centroids; however, impacted centroids tend
to be positioned at the top of the ordination space (Fig. 4B).

Putatively impacted and control locations have wide ranges of multivariate dispersion
index values irrespective of the impact context (Fig. 5). Lake Bhangazi has the lowest
multivariate dispersion index, whereas Mgobozeleni and Catalina Bay have the highest (Fig. 5).

Only 3 taxa typified the average Bray-Curtis dissimilarity within control and putative
impact locations: T. granifera, the freshwater shrimp Caridina nilotica and polychaetes (Table
7). In the context of T. granifera invasion, this species contributed 98.2% to the average Bray-
Curtis dissimilarity within assemblages at impacted locations (Table 7). In the context of
drought intensification, T. granifera made notable contributions to assemblages in control and
impacted locations (74.9% and 12.3% respectively) (Table 7). The greatest contribution to
assemblages in locations impacted by drought intensification was by polychaetes (86.3%)

(Table 7).
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Table 5. ACI design addressing putative Tarebia granifera invasion impact. Symmetrical
PERMANOVA based on Bray-Curtis dissimilarities of untransformed multivariate data (28
taxa). Each test was done using 4999 permutations and the term used as the denominator for the

calculation of pseudo-F is shown in the Fyepom column.

Sources of variation df SS MS F P Fdenom Permutable

units

Controls vs. Impacts 96415.28 96415.28 . Site (L) 24 Site (L)
=ClI cells

Among Impacts = | 3 24830 8276.67 1.7 0.1102  Site() 12 Site (1)

cells

Site (C) 1114.64 . 36 raw data

units

Residual 48 14975.72 311.99

Res | 24 8041.30 335.05
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Table 6. ACI design addressing putative drought intensification impact. Asymmetrical
PERMANOVA based on Bray-Curtis dissimilarities of untransformed multivariate data (28
taxa). Each test was done using 4999 permutations and the term used as the denominator for the

calculation of pseudo-F is shown in the Fyepom column.

Sources of variation df SS MS F P Fdenom Permutable
units

Controls vs. Impacts 1 39022.78 39022.78 . Site (L) 24 Site (L)
=ClI cells

Among Impacts = | 2 37877.65 18938.82 52 0.0036 Site(D) 9 Site (I)

cells

Site (C) 25836.43 2583.64 . 45 raw data

units

Residual 14975.72

Res | 18 5674.56 315.25
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Figure 4. Non-metric multidimensional scaling (nMDS) of ACI design data. nMDS plots
are based on a Bray-Curtis dissimilarity measure of centroids representing sites within locations
sampled in the context of a putative Tarebia granifera invasion impact (A) and a putative
drought intensification impact (B).Shaded centroids indicate putative impact sites, unshaded
centroids indicate control sites. Group-average clustering at a Bray-Curtis dissimilarity level of
80% is superimposed. Sites are numbered from 1 to 3 and locations are Lake Nhlange (LN),
Lake Sibaya (LS), Mgobozeleni Estuary (M), Lake Bhangazi (LB), Dead Tree Bay (DT),
Catalina Bay (C), Esengeni (E) and Dukuduku Pond (D).
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Figure 5. Average multivariate dispersion index of ACI design. Represented are data
collected at impact locations (shaded columns) and control locations (unshaded columns) in the
context of the putative impact of Tarebia granifera invasion (A) and drought intensification (B).
Locations are Lake Nhlange (LN), Lake Sibaya (LS), Mgobozeleni Estuary (M), Lake Bhangazi
(LB), Dead Tree Bay (DT), Catalina Bay (C), Esengeni (E) and Dukuduku Pond (D).
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Table 7. Abundance contribution of taxa in ACI design. Average abundance (ind.m?) of taxa
contributing to Bray-Curtis dissimilarities (untransformed data) within groups of control (C) and
impact locations (I) in the context of putative Tarebia granifera invasion and drought

intensification impacts.

Group Taxa Av. Abund Contrib % Cum. %
C

Caridina nilotica 30.2 13.6 94.9

6087.1 98.2 98.2

Tarebia granifera

Caridina nilotica 31.34 13.4 88.3

T. granifera 12.3 98.6
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Discussion

A multiple PERMANOVA model approach was adopted in this study to overcome the
weaknesses of single models and increase confidence in the detection of differences in
assemblage variability between control locations and locations associated with putative impacts.
A single dataset was used to detect both putative impacts, first with a BACI model which
included data that were compatible but not purposely collected for this type of analysis, and then
with an ACI model with spatial data only. Testing the same dataset for more than one putative
impact is not an unreasonable procedure because control and impact terms are set a priory and
depend on our perception [1]. Therefore, this approach may potentially enable detection of
several disturbances, although it becomes confounded in cases where more disturbances and
complex interactions are present. It may also only be effective in detecting large scale sustained
(“press”) impacts [5]. In this study, fine scale interactions between locations and times could not
be addressed because the BACI model is unbalanced and the ACI model does not include
replicates over time. Logistical constraints also did not allow for more robust sampling over
wider spatial ranges, so these analyses are limited to shallow waters (< 2 metre depth) by the
shore. However, shallow water shores are important habitats, particularly in the St. Lucia
Estuary, because they provide refugia for salt sensitive assemblages and may play an important
role in the recovery of the ecosystems after droughts [40].

The data used in this study are descriptive, so the findings cannot be used to infer what
processes caused or are causing differences in assemblages between control and impact
locations. There are many potential mechanisms that can cause changes in assemblages exposed
to a drought or invasive species. Addressing these mechanisms would require detailed
experimental manipulations. Therefore, only tentative ideas and general hypotheses are
discussed below.

Additional multivariate analyses are necessary to interpret the results of the BACI and
ACI PERMANOVA models. In the BACI analysis of drought intensification, a non-significant
BAXC term indicates that the variability of assemblages did not change in the absence of this
impact. However, BAXC was significant in the BACI analysis of T. granifera impact. The
nMDS in Fig. 2 show that before the drought intensification, Esengeni and Catalina Bay which
are estuarine sites were clustered together, whereas freshwater lake sites Lake Nhlange, Lake
Sibaya and Lake Bhangazi formed another cluster. As expected, freshwater locations were
typified by freshwater taxa and estuarine location by euryhaline species such as Assiminea cf.
ovata (Fig. 4, groups BC and BI). As a result of the current drought, the environmental

conditions at impacted locations changed remarkably. This is particularly evident at Catalina
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Bay where freshwater ponds form in groundwater seepage sites, whereas in other sites
hypersaline conditions or complete desiccation occurs due to evaporative water losses [41]. T.
granifera, despite being able to persist in salt water, thrives in freshwater habitats [19],
including those that exist at Catalina Bay because of the drought [19]. Human induced
environmental stresses can interact with NIS and influence their impact on native assemblages
[3]. The intensified drought modified the habitat in unprecedented ways in the St. Lucia Estuary
and may have created suitable conditions for the establishment and spread of T. granifera [17].

The presence of a simultaneous drought impact on assemblages would explain why
their variability changed in the context of the BACI analysis of T. granifera impact. It should
also be noted that the impact of the drought affects the whole St. Lucia Estuary, whereas the
impact of T. granifera appears to be limited to the South Lake of the system [19]. When
examining the BACI data, the drought appears to have resulted in an increase in the multivariate
variability of assemblages (Fig. 3B). In environmental impact assessment, an increase in
multivariate variability is often associated with stress [39]. However, the T. granifera impact
actually appears to result in a decrease in multivariate variability of assemblages (Fig. 3A). Both
impacts appear to result in a reduction in the number of taxa that typify assemblages (Tables 3
and 4), indicating a reduction in biodiversity. The drought may increase variability in native
taxa through various mechanisms involving habitat modification and favoring different groups
of taxa at different times and places. However, T. granifera may decrease variability by
dominating and stabilizing assemblages in a variety of habitats, and persisting despite adverse
conditions caused by the drought. This would also explain the results of the T. granifera impact
from ACI analysis, where significant differences among control locations but not among impact
locations were obtained (Table 5). The nMDS and SIMPER analyses clearly indicate that
locations invaded by T. granifera become dominated by this NIS (Fig. 2 and 4, Tables 3, 4 and
7).

Simultaneous impacts could also explain the general pattern in the ACI analyses. In this
dataset, it becomes difficult to analyze multivariate variability because of the wide ranges of
multivariate dispersion involved (Fig. 5). Locations that were not impacted by either drought or
T. granifera (e.g. Lake Bhangazi, an isolated freshwater lake) exhibit a lower variability
compared to estuarine locations, which are naturally very variable [42] and are also affected by
one or both impact types (Mgobozeleni Estuary and Catalina Bay). This makes potential
differences between disturbed and control locations harder to detect [9]. Although other studies
have clearly reported that the current drought has significant impacts on benthic assemblages

[25-27], the ACI drought PERMANOVA analysis, on its own would not be useful in detecting
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the drought impact. This is because, despite the small clue illustrated by the nMDS in fig. 4B,
which suggests otherwise, both control and impact terms in the actual analysis are significant.
This confounding result is likely due to the combination of high variability and the dominant
presence of T. granifera in the dataset (Table 7). When attempting to detect environmental
impacts, the presence of NIS in assemblages should be taken into account since they may

confound results by affecting “natural” variability.

Conclusion

This study contributes towards the difficult task of separating natural changes in
assemblage variability from human-induced ecological changes, which is of particular
importance in protected areas such as the St. Lucia Estuary [22].

The impacts of both drought intensification and T. granifera can be detected at the St.
Lucia Estuary. Fortunately, management actions have been put in place and some studies
indicate that assemblages may recover after the current drought. However, the dominant
presence of T. granifera in freshwater refugia and its reported displacement of indigenous
gastropods such as A. cf. ovata are of concern [17]. In addition, it may be impossible to
eradicate this NIS from the iSimangaliso Park [17]. Empirical approaches are needed to address
the specific mechanisms and extent of the ecological impact of T. granifera [43], before any
action is considered. Ongoing data collection is important as it may eventually allow further,
more rigorous analyses of invasion impacts, which would support the current adaptive
management strategy [8,44,45].

Manipulative experiments using BACI designs have been successfully used at smaller
scales to assess relationships between invasive species and other human impacts [46]. This
study proposes that multivariate analyses of BACI and ACI designs can be useful in addressing
and providing insights into impacts at large spatial and temporal scales, where manipulative
experiments are not feasible. Therefore, BACI and ACI designs should be considered in
integrated approaches combining multiple methods to assess both environmental and invasive

species impacts.
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Conclusions and recommendations for further research

Estuaries and coastal lakes across the world are being invaded with increasing
frequency by non-indigenous invasive species (NIS), which are widely reported as having
negative ecological impacts (Cohen & Carlton 1998; Grosholz 2002). In South Africa,
knowledge of aquatic invasive species has increased over the past two decades, focusing on
prominent NIS, such as the water hyacinth Eichhornia crassipes, fish such as bass and trout, as
well as invertebrates such as the mussel Mytilus galloprovincialis, the crab Carcinus maenas
and the snail Physa acuta (Moosa 2000). However, there is a lack of studies on the ecological
consequences of invasive aquatic invertebrates in coastal lakes and estuaries. These
consequences may include loss of native biodiversity, biotic homogenization, and changes to the
properties of the invaded habitat (Davis 2009). Efforts should focus on preventing introduction,
but in most cases the invader is not noticed until it is already established. At this stage,
knowledge about the invading species is essential in considering whether and how to implement
control measures (Buckley 2008).

The St. Lucia Estuary is currently experiencing a severe drought, with below average
rainfall persisting since 2002. Drought conditions have been exacerbated by the canalization of
the Mfolozi River, and the subsequent diversion of its freshwater away from St. Lucia
(Whitfield & Taylor 2009). Estuary water levels have become very low and a reversed salinity
gradient has developed, with hypersaline conditions prevailing in the northern regions of the
lake. The result is that pelagic communities are currently undergoing major losses in
biodiversity and dominance shifts, with species adapted to extreme conditions being favored in
the system (Cyrus et al. 2011). But is the St. Lucia Estuary more susceptible to invasion under
these conditions? Invasibility is influenced by dynamic biotic and abiotic events and processes.
As these change, so will the environment invasibility (Davis 2009). Environments also don’t
behave as uniform entities. Resource fluctuations occur at different times and to different
extents in different areas within a single environment. Even at a particular point in time, a
particular environment will manifest different invasibilities in different places throughout the
environment. Fluctuating resource availability theory states that pulses of resources are expected
to increase the invasibility of an environment (Davis et al. 2000). This is because fluctuating
availability of limiting resources in space and time leads to fluctuation in the intensity of
competition, thus probably preventing competitive exclusion from occurring (Davis et al. 2000).
During periods of drought and low water level and associated high salinity, freshwater seeps
from sand dune aquifers on to the eastern shores of the South Lake of St. Lucia. The distribution

of these freshwater seepage areas is heterogeneous. Freshwater ponds may form depending on
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the supply of rainwater and some of these ponds are at times flooded by saline South Lake
waters. Salt-sensitive biota can take refuge and persist in these areas and then recolonize the
system when conditions become favorable again (Taylor et al. 2006). Ironically, these brackish
and freshwater habitats along the eastern shores of South Lake are susceptible to invasion by
Tarebia granifera and Aplexa marmorata. Tarebia granifera acclimates, persists and may
spread repeatedly even after saltwater wipes out most of the population (Chapter 4). The St.
Lucia Estuary as a whole may therefore be more invasible because of these seepage areas.

Possible mechanisms that affect invasions are changes in community composition,
ecosystem processes and propagule supply. Disturbances are discrete events in time that may
affect the mechanisms of invasion. It is possible that disturbance facilitate invasion in the St.
Lucia Estuary, however, disturbance is not a mechanism in itself. The current drought of St.
Lucia is being intensified due to human disturbances which reduce the flow of freshwater into
the system (Cyrus et al. 2011). The alteration of flow regime caused when a dam is built or
when water is diverted to be used in agriculture or for urban consumption has been associated
with the establishment of NIS elsewhere in the world (Schreiber et al. 2003). Although
disturbances are generally thought to promote invasion, this is not a fundamental principle in
ecology. Disturbances can create opportunities for NIS and natives alike and, in fact, native
species may actually outperform NIS given the right environmental conditions (Winsome et al
2006; Chapter 4). It is also possible that severe disturbance events prevent the establishment or
spread of some alien species (Lockwood et al. 2007).

It is important to remember that invasibility depends on the biological characteristics of
the invading species (Lodge 1993). Some of the most significant characteristics for the
successful establishment of NIS are abundance, environmental tolerance and developmental
mode. These not only explain patterns of invasion success but can also be used for predictions
of invasion success in different ecosystems (Miller et al. 2007). Intense disturbances such as
flooding by hypersaline South Lake water or desiccation can prevent alien species from
establishing and persisting. However, T. granifera is able to persist due to its remarkable mode
of reproduction and environmental tolerance. As illustrated in Fig. 3 in Chapter 4, T. granifera
is a generalist able to tolerate a variety of environmental conditions. By producing extremely
large populations and displacing native species in the different lakes and estuaries of
iSimangaliso, T. granifera is also affecting benthic invertebrate assemblage composition, as
indicated by Fig. 4A in Chapter 5. The degree to which T. granifera affects benthic assemblages

can be high enough that the NIS itself can be considered a disturbance. Human intensification of
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drought and T. granifera invasion may therefore interact and result in biotic homogenization of
shallow water benthic assemblages across lakes and estuaries in iSimangaliso.

Due to its parthenogenetic trait, T. granifera is able to start a population with only one
viable organism. The successful invasion of new aquatic habitats by small and frequently
bottlenecked populations of NIS, despite their low genetic diversity, and hence low evolutionary
potential associated with high risk of extinction, constitutes a “genetic paradox” in biological
invasions (Roman & Darling 2007). Yet, asexual reproduction is well represented in NIS
(Roman & Darling 2007). In particular, parthenogenetic populations with “general purpose”
genotypes have the advantages of several mechanisms to overcome the challenges of low
genetic diversity and variable environments (Chapter 4 and references therein). Tarebia
granifera tends to fit the criteria for a generalist rather than a locally adapted clonal lineage
(morph), however further studies are needed to specifically address this (Drown et al. 2011).
Tarebia granifera is not an ancient clonal lineage: on an evolutionary time scale, it is in fact a
relatively young species estimated to be around 6.8 Ma old (Genner et al. 2007). On such a time
scale, sexual reproduction may be necessary for the survival of the species (Griffiths & Butlin
1995; Samadi et al. 1999) and there is evidence of the presence of males in invasive T. granifera
populations (Chaniotis et al. 1980). However, as males are apparently not functional (Chaniotis
et al. 1980), other as yet unexplained genetic mechanisms may be at work to prevent extinction.
Tarebia granifera has been placed within a Melanoides-dominated sub-clade (Myers et al.
2000). Melanoides tuberculata, a well studied freshwater NIS native to Africa (Samadi et al.
1999; Myers et al. 2000; Rocha-Miranda & Martins-Silva 2006; Genner et al. 2007), shares
many life-history characteristics with T. granifera (Facon et al. 2008).

Species invasiveness and community invasibility can and should be considered together
(Heger & Trepl 2003). This may be achieved by addressing two seemingly contradictory
hypotheses: (1) that phylogenetic relatedness between alien and native species promotes
naturalization because of niche-adaptation, (2) but can at the same time hinder naturalization
because of niche overlap. These hypotheses were proposed by Darwin and constitute Darwin’s
naturalization conundrum (Thuiller et al. 2010 and references therein). Tarebia granifera is
phylogenetically similar to M. tuberculata and may therefore establish itself in niches similar to
those occupied by the latter species. However, T. granifera also has extensive niche overlap
with M. tuberculata. Yet, it is T. granifera that establishes and apparently displaces M.
tuberculata at Lake Sibaya where food is limiting (Chapter 4). This is undoubtedly because T.
granifera has additional and/or enhanced characteristics which make it a superior invader under

specific environmental conditions (Shea & Chesson 2002).
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This thesis presents research that contributes valuable knowledge about a recently
introduced NIS which has become successful in South Africa. Experimental and descriptive
methodologies are employed in several studies, which together form an integrated approach to
address the invasion of T. granifera in the iSimangaliso Wetland Park. New insights and
techniques are also presented as modest contributions to scientific knowledge in the general
field of ecology.

The lethal tolerance limits of T. granifera to the wide ranges of salinities and
temperatures of the St. Lucia Estuary were determined with laboratory experiments (Chapter 1).
A novel in situ method of estimating ingestion rate via gut fluorometric analyses, coupled with
gut carbon analyses was applied to this gastropod (Chapter 2). Feeding impact on benthic
microalgae in different parts of iSimangaliso was then estimated (Chapter 2). Following this, a
stable isotope study coupled with gut content analyses was conducted, involving different
populations of T. granifera, other sympatric gastropods and all potential food sources in three
coastal lakes of the iSimangaliso Park (Chapter 3). An isotopic dietary overlap index (IDO, %)
was developed to characterize potential competition for food resources between gastropod
species (Chapter 3). The stable isotope study also served to track ecosystem-level changes over
time. Tarebia granifera may persist in estuaries due to its high fecundity and density, as well as
the wider environmental tolerance of larger adults which carried more brooded juveniles, thus
increasing fitness (Chapter 4). Multiple introductions were not essential for the success of this
parthenogenetic NIS. Finally, the Before/After-Control/Impact (BACI) logic was used in a
multivariate approach to separate human perturbations from natural spatio-temporal variability
displayed by communities, and to further separate perturbations due to NIS (Chapter 5).

Ongoing research into the state of biodiversity and invasive species is of critical
importance for the conservation of protected areas. Future research could focus on invertebrate
biodiversity and conservation by further developing the investigation of invasive gastropods and
addressing their ecological impacts in coastal lakes and estuaries of South Africa. This research
may be most critical and timely in the iSimangaliso Wetland Park and could be specifically
addressed as follows.

1) Conduct a review and update of the current aquatic gastropod biodiversity of
iSimangaliso following the guidelines set in previous studies (Appleton 1980; Herbert 1998).
This work would involve gathering specific information about gastropod species diversity and
their relationship with the environment. This includes an assessment of the biogeographical

range expansions of tropical species, the introduction of non-native invasive species and even
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the suitability of some species, such as the nerite Septaria lineata, as indicators of ecosystem
health.

2) Run an empirical study addressing competitive interactions between native and
invasive gastropods, both in the laboratory (Giovanelli et al. 2002, 2003; Gomez et al. 1990;
Madsen 1979) and using in situ caged experiments (Schreiber et al. 2002; Underwood 1978).

3) Apply newly developed population viability analyses (Andersen 2005; Miller & Lacy
2005) to T. granifera, to gain insight into its population and invasion dynamics (in terms of
propagule pressure and fitness) in different water bodies within iSimangaliso. This modeling
approach would predict under which environmental conditions and at which water bodies T.
granifera populations may persist or crash (Andersen 2005).

4) Directly address the impact of T. granifera on the biodiversity of iSimangaliso’s
shallow water benthic assemblages, by applying structured sampling designs which can be
analysed with recently developed uni- and multivariate methods (Anderson 2001; Terlizzi et al.
2005a). These methods include measures of taxonomic relatedness, which complement

conventionally used indices of biodiversity (Terlizzi et al. 2005b).
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