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ABSTRACT

Direct and indirect effects of key species wetgligd in the aquatic community of
Emporda wetlands, a set of Mediterranean coastidnes and salt marshes with a food
web characterized by a low number of species. Udysthe importance of key species in
structuring these aquatic communities, two différtgpes of organisms were analyzed:
1) grazer zooplanktonic species, such as calarmiddadocerans, which may easily
become dominant in zooplanktonic assemblages (comes close to 100%); and 2) top
predators feeding on aquatic invertebrates, whiely achieve high, but monoespecific
densities of predator. In this latter case, we cammpghe effects of an invertebrate (a
jellyfish) and a vertebrate predator (a fish).

In the first part, the grazing effects of differedevelopmental stages of
zooplanktonic species are compared. The study ptteto check if exist a resource
partitioning among different developmental stagethe same species which could be a
strategy to reduce the intraspecific competitiondam resource limitations. Two
experiments were performed to describe and comiperegrazing effects of different
developmental stages of two species (the cala@athnipeda aquaedulcisind the
cladocerarDaphnia magngwhich dominate the zooplankton in different cdiwtis of
resources limitation: in oligotrophic conditionsegource limiting) and eutrophic
conditions (abundant resource).

The second part deals with the effects of top giid such as the jellyfishdessia
maeoticaand the fishAphanius iberuson the rest of the aquatic community. The
different biology and ecology of these top predarggests that their effects on aquatic
community could be different. Whil&. iberusmaintain long term stable populations in
permanent waters). maeoticapresents short term pulse appearances in temporary
semipermanent water bodies. Therefore, two moreergxents one evaluating
O .maecoticaeffects, and another analyziAgiberuseffects were performed.

All the experiments were carried out in the fialtd were located in different areas
of the Emproda wetlands (NE Iberian Peninsula). &kperiments ofC. aquaedulcis
and D. magnawere performed using microcosms whereas tanksnagbcosms were
used in the experiments @. maeoticaand A. iberus Different methodologies were
used to describe the effects of the four studiettiss on aquatic community. To analyse
the results, three approaches were used: taxonofuiggtional and size-based

approaches.
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Results obtained from the experiments wi@h aquaedulcisand D. magna
confirmed the hypothesis that calanoids have resoupartitioning among their
developmental stages, whereas different develomhetdges of daphnids have not.
Moreover, selective feeding behaviour @ aquaedulcisand non selective feeding
behaviour inD. magnawere found. Hence, in Mediterranean coastal wddam
situations of resource limitation, the selectiorfadd and resources partitioning among
developmental stages would allo®@. aquaedulcisto decrease the intraspecific
competition. In contrast, a strong intraespecificmpetence would exist among
developmental stages @&f. magna Thus,D. magnawould become dominant only in
eutrophic waters with continuous nutrient pulsdse high availability of resource
diminish the existence of intraspecific competeimteractions.

Results obtained from the two experiments with tiop predator species
(O. maeoticaandA. iberug showed that, although both species trigger ehicopascade
in plankton, these have different top-down effemmiscommunity. The top-down effects
observed irD. maeoticaexperiment are intense on zooplankton, but haveakveffect
on phytoplankton by means of trophic cascade. Hewsdtieir effects are expected to be
short in time due to their characteristic populagilodynamics. In contrasd,. iberushas
stronger and more persistent effects on planktooglankton and phytoplankton), as
well as in benthos and in water characterisé#icsberuseffects imply a trophic cascade
mainly related to body size, with a reduction af Bized invertebrates, an increase in
smaller sized zooplankters and a decrease in pytoplankton. Consequently, water
transparency and macrophyte biomass increase.

According to our results, they suggested thathiomteractions between species
of Mediterranean coastal wetlands may be a redufidaptation of these species in
habitats with large salinity fluctuations and logpgriods without nutrient inputs. In this
sense, similar resource partitioning than that ébum C. aquaedulciscould be also
attributed tcA. iberus because an ontogenetic shift of diet has beesribed previously
in A. iberus Therefore, the resource partitioning would allinese two species to have
stable populations in situations of resource staréfloreover, our results suggest a
possible mutualism interaction betwe@n iberusand macrophytes. The presence of
A. iberusin Mediterranean coastal wetlands would beneétghesence of macrophytes
decreasing the phytoplankton competence for ligitt mutrients, and macrophytes, at
their turn, would also beneficiat&. iberussince it provides him more refugee and

availability of resource. On the other hand, spedtieat inhabit in environments with

-12 -



Abstract B =

nutrient pulses (e.d>. magna or with bloom population dynamics (e@. maeoticy
would be characterized by high ingestion ratesedmgowth, and the use of the same
resource among their developmental stages thatdwvsuppose a strategy to exploit

resource.
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RESUMEN (en Castellano)

Se estudiaron los efectos directos e indirectosedpecies claves de una
comunidad acuatica en los humedales de 'Emporg&sgn un conjunto de marismas y
humedales costeros Mediterraneos caracterizadoseper una red trofica con un
namero bajo de especies. Para estudiar la impdatade estas especies en la
estructuracion de esta comunidad acuatica se aratizdos tipos diferentes de
organismos: 1) crustaceos zooplancténicos filtreslocomo calanoides y cladoceros,
que pueden ser especies dominantes en el zoopiauctminancias cerca del 100%); y
2) especiesop-predators(depredadores del nivel trofico mas alto de latréfica) que
pueden alcanzar densidades altas y llegar a cinseedn el Unico depredador de la
comunidad acuética. En este ultimo caso se congratas efectos de un invertebrado
(un cnidario) y un vertebrado (un pez ciprinodonid

En la primera parte se comparan los efectos ditdacion realizada por los
diferentes estadios de desarrollo de las espe@esodplancton. El estudio trata de
comprobar si existe una division del recurso ediferentes estadios de desarrollo de
una misma especie, la cual podria ser una estaateg permite reducir la competencia
intraespecifica en condiciones de limitacion deursg. Se hicieron dos experimentos
para describir y comparar los efectos de la fiifnacde los diferentes estadios de
desarrollo de dos especies (el calan@dé&nipeda aquaedulcig el cladocerdaphnia
magng que dominan el zooplancton en diferentes condésale limitacion de recurso:
en condiciones de oligotrofia (recurso limitado)cgndiciones de eutrofia (recurso
abundante).

La segunda parte se analizan los efectos deéogegredators el cnidarioOdessia
maeoticay el ciprinodontidoAphanius iberussobre el resto de la comunidad acuatica.
Su diferente biologia y ecologia sugeria que egtpspredatorstengan diferentes
efectos sobre la comunidad acuética. Asi, miemjuasA. iberusmantiene poblaciones
estables a lo largo del tiempo en aguas permanéht@saeoticgpresenta una dinamica
poblacional caracterizada por la formacion HOboms en aguas temporales y
semipermanentes. Por esta razon se hicieron dagimemtos, uno para estudiar los
efectos d€. maeoticay el otro para estudiar los efectosAlaberus

Todos los experimentos se realizaron en el campaliferentes areas de los
humedales del Emproda (NE de la Peninsula Ibéri€Caoncretamente, para los
experimentos d€. aquaedulcisy D. magnase utilizaron microcosmos, mientras que

para los experimentos @& maeoticay A. iberusse utilizaron tanques y mesocosmos.
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Para estudiar los efectos de estas cuatro espsecigdflizaron diferentes metodologias, y
los resultados se analizaron mediante tres apraxames: la taxondmica, la funcional y
la de tamanos.

Los resultados obtenidos en los experimentoCdaquaedulcisy D. magna
confirmaban la hipétesis de que los calanoidegtiama division del recurso entre sus
estadios de desarrollo, mientras que los cladéaerda tienen. Ademas, se observo un
comportamiento selectivo de la alimentaciorGde@quaedulciy un comportamiento no
selectivo en la alimentacion @ magna Asi, en los humedales costeros Mediterraneos
en situaciones de limitacion de recursos la saacdiferencial del alimento entre los
estadios de desarrollo permitiria @. aquaedulcis disminuir la competencia
intraspecifica. Por lo contrari®. magnatendria una fuerte competencia intraespecifica
entre sus estadios de desarrollo de tal forma @oessriadominante en aguas eutroficas
con entradas continuas de nutrientes donde lamiisipdad de recurso es alta.

Los resultados de los experimentosQlemaeoticay A. iberuspresentaban que,
aungue las dos especies desencadenaban cascdidas &0 el plancton, estas tienen
diferentes efectowp-downsobre la comunidad. Los efectog-downobservados en el
experimento deO. maeoticaeran intensos sobre el zooplancton ya que reducia
fuertemente su densidad, peré tenia un efecto dibilcascada trofica sobre el
fitoplancton. Sin embargo, es de esperar que |asosf sean cortos por su dinamica de
poblacional. Por lo contraridy. iberustiene unos efectos mas fuertes i persistenteg sobr
el plancton (zooplancton y fitoplancton) y tamb&obre el bentos y las caracteristicas
del agua. Los efectos dA. iberus implican una cascada trofica, principalmente
relacionada con el tamafio corporal, con una rednate los grandes invertebrados, un
incremento del zooplancton de tamafio pequeiio yisnainucién del picofitoplancton.
En consecuencia, la transparencia del agua y tadsisa de los macrofitos incrementan.

Segun los resultados de los distintos experimenéssos sugieren que las
interacciones tréficas entre especies de los hueedasteros Mediterraneos podrian
ser un resultado de la adaptacion de estas espenieambientes con grandes
fluctuaciones de salinidad y largos periodos sitmagia de nutrientes. En este sentido
una division del recurso similar a la encontrad&eaquaedulcigpodria ser atribuida a
A. iberusya que se le ha descrito diferentes dietas endistintas fases de su
crecimiento. De esta forma, la division del recypsomitiria a estas dos especies tener
poblaciones estables en situaciones de falta degsecAdemas, nuestros resultados

sugieren un posible mutualismo entte iberusy los macrofitos. La presencia de
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A.iberus en los humedales costeros Mediterraneos benddiciEr presencia de
macrofitos, ya que disminuye la competencia depféancton por la luz y los nutrientes
y, @ su vez, estos beneficiariadaiberusproporcionandole refugio y disponibilidad de
recurso. Por otra parte, las especies que hahitambientes con entrada de nutrientes
(por ejemploD. magnd o con dinamicas poblacionales caracterizadadapfmrmacion

de blooms(por ejempldO. maeoticy estarian especializadas en tasas de ingestam al
un rapido crecimiento y la utilizacién del mismeueso entre los distintos estadios de

desarrollo que les permitiria explotar el recurso.
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RESUM (en Catala)

S’han estudiat els efectes directes i indirectespacies claus de la comunitat
aquatica dels aiguamolls de 'Emporda, un conjuntrdiresmes i aiguamolls costaners
Mediterranis que es caracteritzen per tenir unesesatrofiques amb un nombre baix
d’espécies. Per estudiar la importancia d’'aquessggcies en l'estructuracié de la
comunitat aquatica, es van analitzar dos tipusgdimismes: 1) crustacis zooplanctonics
filtradors, com els calanoides o els cladocers, doeinen el zooplancton (amb
dominancies properes al 100%); i 2) espetopspredators(predadors del nivell trofic
més alt de la xarxa trofica) que poden assolir ithtssaltes i esdevenir I'inic predador.
En aquest darrer cas, es va comparar els efeates iaertebrat (un cnidari) i un
vertebrat (un peix ciprinodont) predador.

En la primera part, es va comparar els efectedadgtracio realitzada pels
diferents estadis de desenvolupament de les espBodplanctoniques. L'estudi tracta
de comprovar si existia una segregacio del recumse eels diferents estadis de
desenvolupament de la mateixa especie, la qualpmbda ser una estratégia per reduir
la competencia intraespecifica en condicions dédoid de recurs. Es van realitzar dos
experiments per descriure i comparar els efectda figracio dels diferents estadis de
desenvolupament de dos espécies (el calar@alanipeda aquaedulcis el cladocer
Daphnia magnaque dominen el zooplancton en condicions difereld limitacio de
recurs: en condicions oligotrofiques (recurs limitaen condicions eutrofiques (recurs
abundant).

En la segona part s’estudiava els efectes detamgredators com el cnidari
Odessia maeotica el ciprinodont Aphanius iberussobre la resta de la comunitat
aquatica. La diferent biologia i ecologia d’aquésis-predatorssuggereix que els seus
efectes sobre la comunitat podrien ser diferenenthé queA. iberusmanté poblacions
estables al llarg del temps en aigies permanéfismaeoticapresenta una dinamica
poblacional caracteritzada per la formacié deoms en aiglies temporanies o
semipermanents. Per aquesta ra0 es van realitzagxg@riments, un per a estudiar els
efectes de O. maeotica I'altre per a estudiar els efectefdiberus

Tots els experiments es van dur a terme en el aamgiferents arees de dels
aiguamolls de I'Emporda (NE de la Peninsula Ibgridan els experiments de
C. aquaedulcis D. magnaes van utilitzar microcosmos, mentre que en giements

d’O. maeotica d’A. iberuss'utilitzaren tancs i mesocosmos. Per descrilgefctes de

-17 -



Abstract £ -

les espécies estudiades es van utilitzar diferer@gdologies, i els resultats es van
analitzar mitjancant tres aproximacions: la taxoivara funcional i la de mides.

Els resultats obtinguts en els experimentsGdeaquaedulcis D. magnavan
confirmar la hipotesis que els calanoides tenensagmegacio del recurs entre els seus
estadis de desenvolupament, mentre que aquestagaer no és observada en els
cladocers. A més a més, es va observar Queagquaedulcisté un comportament
alimentari selectiu mentre que aquest no es vararsenD. magna Per tant, en
aiguamolls costaners Mediterranis en situaciondindiéacié de recurs, la seleccié de
l'aliment i la segregacid del recurs entre els dista@le desenvolupament permetria a
C. aquaedulcidisminuir la competéncia intraespecifica. En capls diferents estadis
de desenvolupament de Ia magnatindrien una forta competencia intraespecifica la
qual cosa restringiria la seva dominancia en aigi®fiques amb entrada continua de
nutrients on la disponibilitat del recurs fos alta.

Els resultats dels experiments amb tels-predators(O. maeoticai A. iberug
mostraven que, encara que les dos espécies deseimcasha cascada trofica en el
plancton, aquestes tenen efectep-down diferents sobre la comunitat. Els efectes
top-downobservats en I'experiment@. maeoticaeren intensos sobre el zooplancton ja
reduia fortament la seva densitat, pero teniafecteefeble per cascada tréfica sobre el
fitoplancton. Tot i aixi, és d’esperar que els sefiestes siguin curts en el temps degut a
la seva dinamica poblacional. En carivi,iberusté efectes més forts i persistents sobre
ambdues fraccions del plancton (zooplancton i Etogton), com també sobre el bentos
i sobre les caracteristiques de l'aigua. Els egedtelA. iberusimpliquen una cascada
trofica, relacionada principalment amb la grandaaaporal, amb una reduccié dels
grans invertebrats, un increment del zooplanctorméfa petita i una disminucio del
picofitoplancton. Consequentment, hi ha un incradnderla transparencia de l'aigua i de
la biomassa de macrofits.

Els resultats dels diferents experiments suggenegque les interaccions trofiques
entre les especies dels aiguamolls costaners Nediiie podrien ser un resultat de
'adaptacié d’aquestes especies a habitats amis ghactuacions de salinitat i llargs
periodes sense entrada de nutrients. Aixi, unaegagio del recurs semblant a la del
C. aquaedulcigpodria ser també atribuidafa iberusja que previament s’han descrit
canvis de dieta al llarg del seu creixement. Pa&r, ta segregacio de I'aliment permetria
a aquestes dos especies tenir poblacions est&bkEtiacions d’escassetat de recurs. A

mMés a mEs, els nostres resultats suggereixen gibfgomutualisme entrA. iberusi els
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macrofits. La presencia dA. iberus en els aiguamolls costaners Mediterranis
beneficiaria la presencia de macrofits disminuentdmpeténcia del fitoplancton per la
llum i els nutrients, i a la vegada, aquests berafen aA. iberus proporcionant-li
refugi i disponibilitat de recurs. Per altra banktes especies que habiten en ambients
amb entrada continua de nutrients (per exeniplemagnad o amb una dinamica
poblacional caracteritzada per la formaciébii@oms(com per exempl®. maeoticy,
serien especialitzades en taxes d’ingestio altes;reixement rapid i la utilitzacio del
mateix recurs entre els seus estadis de desenwadupajue els permetria explotar el

recurs.
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GENERAL INTRODUCITON
Food web functioning

“Food web is a map that describes which kindsrghnisms in a community eat
which other kinds” (Pimnet al, 1991).Organisms of this map are related by mean of
trophic interactionsvhich canbe controlled by resource (bottom-up) or by conggme
(top-down) affecting the structure of community @eeenet al, 1986). Bottom-up is
the control of community by resource availabilityhich producers’ (bottom levels of
food web) regulate the consumers (top levels ofl feeb) (White, 1978); whereas top-
down is the control of community by predation, whithe consumers regulate the
producers (Hairstonet al, 1960). These controls usually occur simultangousl
(McQueeret al, 1986; Rosemondt al, 1993; Osenberg & Mittelbach, 1996), although
only one control often dominates (Belovsky & Joei®95). For example, several
authors have suggested that in simple food welagl (fleeb with few species), top-down
effects are very strong (Strong, 1992; Polis & 8¢01996; Finke & Denno, 2004,
Shurinet al, 2006). Another example is that top-down can loe Key factor in the
regulation the food webs of aquatic ecosystemsK8tr 1992; Polis, 1999; Halaj &
Wise, 2001) by mean of direct (predation) and iexcti(trophic cascade) effects.

In aquatic ecosystems, a predator of the higheghic level (top predator) is often
considered as keystone species (Carpenter & Klict#93; Lampert & Sommer, 1997).
The keystone species is a species of high troghtasthat had the capacity of change
the species diversity predating and limiting theuratance of preys which would
otherwise monopolize resources in its trophic leWélus, it would affect competition
process preventing the appearance of species withllgperformance when competing
with the rest (Paine, 1966, 1969; Kerfoort & DeMAad®84).

Nevertheless, while this keystone effect is medtaally simple and intuitive, its
manifestation in natural communities is contextatefent and can be modulated by
predation, food web complexity and resource avditgl{Brose et al., 2005). Regarding
the predation effect, top predator can triggersophic cascade in ecosystem. Trophic
cascade hypothesis (Carpenteral, 1985, Carpenter & Kitchell, 1993) describes that
changes in each trophic level shows an opposifgorse in next trophic level because
top level preys on bottom level. For example, teerdase of carnivores allows increase
herbivores which reduce plants populations for ease of grazer. Additionally, the
presence of predator can have indirect effectsmuir@ament. In this sense, predator
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presence can change water characteristics as ityrbrddissolved nutrients in aquatic
ecosystems (Scheffer, 1992; Vamtial, 1997; Jeppesest al, 1999) and structure of
habitat (for example on macrophytes; Jeppegesl., 1990; van Donk & Gulati, 1995;
Mosset al, 1996). However, food web complexity has to Hdestainto account when
studying keystone effects, since it has been desdra buffering effect performed by
distant species if long chains are considered (8ird992; Schoener, 1993; Polis &
Strong, 1996). This “buffering” effect make diffitwo detect trophic cascades (Brage
al., 2005), due to either dampening effects in lohgis (Schoener, 1993; Menge,
1995), or to multiple pathways of effects with opjpe sign cancelling each other out
(Berlow, 1999). As a consequence, keystone effesteomplex food webs (both by
high species richness and connectance among themsaally difficult to predict,
because of the many potentially strong influendedistant species (Yodzis, 2000).

Competitive interaction related to resource avditghis another factor to consider
when studying food web structure. Under resouncesimhg conditions, the competence
for this resource has been suggested as one of faetiors affecting the food web
structure (Hairstoret al, 1960; Menge & Sutherland, 1976; Abrams al, 1995).
Competition is a type of indirect trophic interactidefined as a negative effect of one
species on the population growth rate or abundah@nother species (Strauss, 1991,
Wootton, 1994). It can occur that the two specmsmmete directly for resources (Holt,
1977). Nevertheless, two types of competition existerspecific (among different
species) and intraspecific (within the same spgcies reduced the competence and
maintain the coexistence of individuals of differen same species, different strategies
have been described, mainly focused on some kintesdurce partitioning: spatial,
temporal or diet (Schoener, 1974; Armstrong & Mc&=sh1980; Tilman & Pacala,
1993; Chesson, 2000). Although, resource partiigriias been often associated to a
strategy to avoid interspecies competition, it b@sn also reported as a strategy to avoid
intraspecific competition. For example, differentdy sizes of same species have
different diet (Schoener, 1974; Peters, 1983; DeskRo al, 2008). This intraspecific
competence may be strong in invertebrate commsritbeninated by one single species
and the resource partitioning among different stagay allow the dominant species to
reduce intraspecific competition (Werner & Gilliat984).
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Studying food webs: choosing appropriate methodolagal approach and suited
habitat

The use of size-based approaches is importantuidy sbf food webs because
provides complementary information to taxonomic &muctional-based approach. The
size-based approaches focus on the aggregatioheobriganisms according to their
individual body weight regardless of their taxonomn fact, Quifiones (1994),
Rodriguez (1994) and Gaedke (1995) suggested thefusiomass size distribution to
predict the trophic position of organisms in a faweb as simple method, relatively low
cost efficient ratio, and reproducible. The biomas= spectrum is a method widely
used to perform this approach and describes homdse of organisms is distributed
along size classes (Platt & Denman, 1977; Vidoetal, 1997). Nevertheless, this
method is often merely used as a descriptive taeltd the complexity of working with
non linear distributions characterising size sgeciio overcome this problem, a new
metric named “size diversity” has been recentlycdbed (Quintanat al, 2008). Size
diversity gives a unique value per size distributihich integrates the amplitude of the
size range and the evenness, that is, the reldisugbution of sizes along the size range.
Thus, it simplifies the comparison among samplé&ze 8iversity has also the advantage
of an intuitive interpretation of its ecological ameng as the concept of diversity is well
established (Quirogat al, 2005; Bruceet al, 2006; Quintanat al, 2008).

On the other hand, as it has been previouslydsthe manifestation of keystone
species effects in natural environments is condexiendent (Broset al, 2005). Thus,
is important to choose a suitable habitat to perftwod web studies. The suitability of
the habitat may relay on the interests of the st&dy example, when the interest focus
in detect keystone species effect trough trophscade, species poor habitat systems
seems especially interesting to study food webtfanmg. Short chains food webs may
prevent some damping and buffering effects obsemecbmplex food webs. In this
sense, Mediterranean coastal wetlands are espesiathble habitats, since due to the
large fluctuations of these systems (e.g. BrittorC&velly, 1993; Alvarez-Cobelast
al., 2005; Beklioglwet al., 2007) only well-adapted species can successhtigbit such
environments (Bambeat al, 1992; Boixet al, 2007), and so are species poor habitats
(Gray, 1974). Moreover, Mediterranean coastal weaare aquatic systems, free from
tidal influence whose hydrological regime is deterd by the occurrence of floods
caused by meteorological disturbances in autumn \&imder, and the process of

desiccation during summer (Stora & Arnoux, 1983jnfana, 2002). The hydrology of
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these systems are characterized by prolonged peabdonfinement, restricted water
inputs, a low flushing rate and high marine infloen(Guelorget & Perthuisot, 1983;
Trobajo et al, 2002). Thus, during these prolonged confinenpartods the external
nutrient inputs are scarce (Guelorget & Perthui$883; Quintanat al, 1998a) and so
bottom-up effects are not expected. Moreover, durthese confinement periods
resources availability decrease leading to sitaatiof resource partitioning to avoid
competition (Bruceet al, 2006) Therefore, these systems are especiadkyeisting to
study food web functioning because (1) are a ppecigs habitats, that may have short
long chains preventing buffering effects that appea complex food webs; (2) their
oligotrophic state allows to focus the studies ap-tlown effects; and (3) the low
resource availability also due to the oligotropsiate may facilitate to found resource

partitioning situations.

General hypothesis

It has been shown that under stable conditionsiartie absence of predators,
succession in zooplankton communities leads matolthe dominance of a single
species, due to the elimination of the inferior petitors (Rothhaupt, 1990). In fact,
zooplankton of salt marshes in confined periodsylch environmental conditions are
stable, is dominated by single specie of calan(@éntanaet al, 1998b; Frisclet al,
2006). Similarly, daphnids usually dominate the gankton community in eutrophic
freshwaters (McNaught's, 1975) especially in pesiaaf continuous nutrient pulses
(Schulzeet al, 1995). However, in both planktonic groups, daghrand calanoids, all
development stages coexist in situations when biieese organisms is highly dominant
(Boersma, 1995; Brucedt al, 2005a; 2006). Consequently, intraspecific coitipat
could play an important role in structuring zoopteom communities. To minimize this
kind of competition different sizes (i.e. developrhstage) may partition their resources,
for example, having different diet. The diet ana tbelective feeding in calanoids
copepods have been widely described (e.g. Richehat, 1980; Meyeret al, 2002).
Also, it has foundchanges of diet during development in various aathrspecies
(Mullin & Brooks, 1967; Paffenhofer & Lewis, 198Bonnet & Carlotti, 2001).
Accordingly, in Mediterranean coastal wetlands migirconfinement and oligotrophic
periods the dominance of a calanoid species bt different sizes (i.e. development
stages) has been reported (Quintabhal, 1998b; Brucett al, 2995; 2006). In these
situations resource partitioning could be interpaeds a strategy to avoid or, at least,
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minimized the intraspecific competition (Brucet al, 2005a, 2006).n contrast,
daphnids, which dominate in eutrophic environmefiacNaught's, 1975) were
described as omnivorous organis(esy. Gopheret al, 1974; Lampert, 1987; Jirgens,
1994) and non-selective grazer (e.g. Reynolds, 1B8yer, 1991), or as less selective
than copepods (DeMott, 1986). Moreover, differenoégiet among their different
development stages were not fouBdersma (1995). Therefore, we hypothesis that
zooplankonic grazer species whose stages feed ffaredit food resources would be
favoured under food limiting conditions, while tleoghat do not have resource
partitioning during ontogeny would be restricted nwore productive or fluctuant
environments, where resource competition betweertsa@nd juveniles will be less
likely.

Situations of intraespecific competence usuallgpea in Mediterranean coastal
wetlands with predator absence (Bruettal, 2005a, 2006). However, when top
predators are present, a weaker intraespecific etanpe would be expected and top-
down control would be better expressed. Nevertselifferent types of predators may
show a different predation role. In this sense, dtiterences in the main predator in
temporary and permanent lagoons of Mediterraneastab wetlands can imply a
different predation role between these two lagogpes. In temporary lagoons,
characterized by low fish densities, invertebratedptors can reach high densities (i.e.
jellyfish Odessia maeoticaQuintanaet al, 1998b), while in permanent lagoons
benthivorous fish have stable populations (Gar@datduet al, 1991; Badosat al,
2007). Jellyfish and planktivorous fish have beesaidibed as to top predators causing
direct and indirect changes in lower trophic lewal®ugh cascading effects (Kerfoot &
DeMott, 1984; Carpenter& Kitchell, 1993; Ogwet al, 2001; Pittet al, 2007).
However, jellyfish and fish have different biologgnd ecology. Therefore, our
hypothesis is that two top predators with differémblogy and ecology may have
different top-down effects on aquatic communitieghgimilar complexity.

Study approach and objectives

To study these hypotheses, different field expents were performed in a species
poor habitat such are the Mediterranean coastdbmds of Emporda wetlands (NE
Iberian Peninsula).

Thus, regarding the resource partitioning hypathesvo experiments using

microscosms were carried out with objectives otdlylescribe the feeding behaviour of
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a selective and a non selective zooplanktonic grapecies and (Il) to compare the
resource partitioning among developmental stageoti species. Calanoidalanipeda
agquaedulcisand cladoceraiaphnia magnawvere used as selective and non selective
species respectively. Experiment with aquaedulciswvas carried up in oligtorphic
environments, whereas experiment widh magnain eutrophic environments. In each
experiment, different objectives were proposed:
a) The first experimentCalanipedaexperiment, chapter 3) was performed in a
temporal lagoon in confined conditions during tduamn and spring with high
abundance of€. aquaedulcisWith this experiment is proposed to (1) charaseer
the feeding behaviour of the different developmiesiizges ofC. aquaedulcisand
(2) evaluate the possibility of food resource piaring among developmental
stages of this copepod.
This study has been published as a research article
Brucet, S., Compte, J., Boix, D., Lopez-Flores@intana, X. D., 2008. Feeding
of nauplii, copepodites and adults @falanipeda aquaedulcig€alanoida) in
Mediterranean salt marshes. Marine Ecology Progrésses 355, 183-191.
b) The second experimeriDgphnia experiment, chapter 4) was carried out in
different trophic conditions in a permanent frestewalagoon of wastewater
treatment plant with continuous nutrient inputseTdbjective of this experiment
were to check: (3) if a non-selective feeding orglansuch adD. magnamay
significantly modify the structure of a microbiabramunity through cascading
trophic interactions, and (4) if the different sizef D. magnahave a similar
feeding behaivour and consequently they will notehdifferent effects on the
microbial community.
This study has been published as a research article
Compte, J., Brucet, S., Gascon, S., Boix, D., Sald,6pez-Flores, R., Quintana,
X. D., 2009.Impact of different developmental stagedPaphnia magngStraus)
on the plankton community under different troploaditions. Hydrobiologia 635,
45-56.

On the other hand, top predator hypothesis wasdgsrforming two more field
experiments using tanks and mesocosms. The olgsativthese experiments were (I) to
describe the effects of invertebrate and vertebtape predator on plankton and/or

benthos and (ll) to compare their effects. In ttese, jellyfishO. maeoticaand fish
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Aphanius iberuswere used as invertebrate and vertebrate top tmsdaObjectives

proposed in each experiment were:
a) The first experimenJdessiaexperiment, chapter 5) was performed using tanks
in temporary lagoon in period of confinement andyaitophic conditions with
high abundances @. maeoticaObjectives were test th@. maeotica(5) cause a
strong direct effect on zooplankton by removing trafsthe plankton larger than
50 um; and (6) causes indirect cascading effects omiddmphic levels, including
small zooplankters, phytoplankton and bacteriag asnsequence of the depletion
of the large zooplankters.
This study has been published as a research article
Compte, J., Gascon, S., Quintana, X.D., Boix, Dpress. Top-predator effects of
jellyfish Odessia maeotican Mediterranean salt marshes. Marine Ecology
Progress Series.
b) The fourth experimen®Aphaniusexperiment, chapter 6 and 7) was carried out
in temporary lagoon where the endemic fishiberuswas added in mesocosms.
Objectives of this experiment were: (7) to comptre effects ofA. iberuson
zoobenthos and zooplankton (chapter 5), (8) tolckd@ect and indirect effects of
A. iberuson plankton (zoo- and phytoplankton) (chaptera@®y (9) to find effects
on macrophyte community by indirect effect of traptascade (chapter 6).
The study of chapter 6 has been submitted as arotsarticle:
Compte, J., Gascon, S., Quintana X.D., Boix, Dbn8tted. Fish predation effects
on benthos and plankton in a Mediterranean saltshar
The study of chapter 7 is in preparation as a rebeatticle:
Compte, J., Gascon, S., Quintana X.D., Boix, D.pieparation. Fish trophic

cascade effects in Mediterranean salt marsh
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STUDY SITE

The field experiments were conducted in diffedlagbons of Emporda wetlands in
the northeastern Iberian Peninsula (Figure 1). Ehworda wetlands are a series of
shallow coastal lagoons, with a Mediterranean hgdioal regime. They are
characterized by periods of flooding and nutriemputs and prolonged periods of
confinement, restricted water inputs, a low flughirate and high marine influence
(Quintanaet al, 2002; Trobajeet al, 2002).

The hydrological regime had high intra-/-inter-aah variability (Britton &
Crivelly, 1993; Alvarez-Cobelagt al, 2005; Bekliogluet al, 2007), but seasonal
patterns are not frequently observed in aquaticeriebrate dynamics of the
Mediterranean coastal marshes (Quintahal, 2006). In contrast, aquatic invertebrate
dynamics are primarily related to two hydrologicahditions: flooding and confinement
situations. In these sense, several studies headgimoted that the degree of flooding
and of confinement plays an important role in deiemg biological communities
(Guelorget & Perthuisot, 1983; Pérez-Ruzafa & Marct®92; Victor & Victor, 1997;
Bassetet al, 2006). Factors related to flooding and confinetseich as salinity, water
turnover, water permanence, and productivity; gahedetermine the composition and
structure of zooplankton communities (e.g. Quintataal, 1998b; Lam-Hoai &
Rougier, 2001; Bruceet al, 2005a), primary producers (e.g. Trobgb al, 2002;
Lopez-Floreset al, 2006; Reyest al, 2007) and the spatial distribution of benthic
communities (e.g. Santes$ al,, 1996; Gifreet al, 2002; Gascéet al., 2005).

The aquatic community of the Emporda wetlands

The aquatic community of the Emporda wetlands heenbwidely described in
previous studies. The zooplankton is primarily cosgd of jellyfish Qdessia
maeoticd, calanoids Calanipeda aquaedulcisand Eurytemora velo)x cyclopoids
(Diacyclops bicuspidatys harpacticoids copepodsCleptocampus confluentsand
rotifers @Brachionus plicatilisand Sinchaetasp.) (Quintanaet al, 1998b; Brucett al,
2005a). The phytoplankton is dominated by diatomsghoraspp., Navicula spp.),
dinoflagellates Glenodinium foliaceuinand haptophytes (Lopez-Floresal, in press).
The zoobenthonic fraction is composed of quiron@mi{@hironomus salinarius
polychaetas Nereis diversicolor, amphipods Gammarus aequicaufla ostracodes
(Cyprideis torosg and nematodes Diplolaimella sp., Monhystrella sp.,

Thalassomonhystersp. andPtycholaimellussp.) (Gascoret al, 2006; 2008)Ruppia
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cirrhosaandR. maritimaare the main macrophytes in these lagoons (G0; Gesti
et al, 2005). In permanent lagoodgyhanius iberusndPomatoschistus micro@se the
dominant fish species amtherina boyermndAnguilla anguillaare occasionally present
(Garcia-Berthowet al., 1991).

Experiments

TheCalanipedaexperiment was conducted at the La Pletera sakhmahere long
periods of confinement lead to scarcity of inorgamutrients and dominance of
heterotrophic nano- and microplankters (Lopez-Hae al, 2006) (Figure 1). The
OdessiaandAphaniusexperiments were performed in a temporary andtlghic salt
marsh lagoon (Quintanat al, 1998a), inside the reserve at the Emporda Walan
Natural Park. Théaphniaexperiment was performed in a wastewater treatrplamit
(hereafter WWTP) and a constructed wetland systéranourban area under heavy
pressure from tourism during vacation periods (Enafwava) situated in the Emporda
Wetlands Natural Park.

Wastewater treatment plant
(Daphnia experiment)

Temporary lagoon
(Odessia and Aphanius
experiments)

Girona L% ?

Barcelona
Temporary Iagoon

(Calanipeda experiment) \ﬂ

Mediterranean sea

Fig. 1. Map of study site which the different experimeauts showed.
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Chapter 3

Feeding of nauplii, copepodites and adults of
Calanipeda aquaedulcis (Calanoida) In

Mediterranean salt marshes

Brucet, S., Compte, J., Boix, D., Lopez-Flores, Ruintana, X. D. 2008. Feeding of
nauplii, copepodites and adults@&élanipeda aquaedulci&€Calanoida) in Mediterranean

salt marshes. Marine Ecology Progress Series 35191
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ABSTRACT: Feeding of the different developmental stageSalanipeda aquaedulcisn
natural particles (bacterio-, phyto- and microzamgton) was measured in a
Mediterranean salt marsh (Emporda wetlands, NEidbelPeninsula). Bottle incubations
were performed in the field both in autumn andrgpriThe results showed differences in
the diet of the different developmental stagestdugoth prey type and size. In general, the
size of the ingested prey increased with increasing of theC. aquaedulcistage. While
C. aquaedulcisadults had high ingestion rates and selectionfictaxits for large prey
(micro- and nanoplankton), nauplii preferentiallyonsumed smaller prey items
(picoplankton). Copepodites showed the widest gieg range, including pico-, nano- and
microplankton. Nevertheless, the lower size linait particle capture was similar for all
stages, i.e. between 1.7 and gm. Omnivory was observed in all stage<ofaquaedulcis
Heterotrophic prey (picoplankton, dinoflagellateisdaciliates) were the most ingested
items. The ability to partition the available foathong the different developmental stages
could represent an advantage in times of food #gdvecause it may reduce intraspecific
competition. This may explain how. aquaedulcisis able to predominate in the
zooplankton community for several weeks duringrgpand summer even in situations of

low food availability.

Key words: Feeding, Developmental stages, Ingestion, OmnivoBglectivity,
Zooplankton

INTRODUCTION

Due to their variations in size and bioenergetiedse during development,
copepods must change their diet ontogenetically frauplii to adult stages (Kleppel,
1993; Bonnet & Carlotti, 2001). Early stages invdsir resources in growth while
adults invest in reproduction. The morphology oé tleeding appendages in nauplii
differs from that of copepodites (Fernandez, 19@8), therefore, their capture of
particles is also likely to be differerlowever, there is little evidence regarding the
ontogeny of the composition of copepod diet in rat(but see Poulet, 1977), most
feeding studies concentrating on feeding and gseigctof adult stages. Research
regarding feeding strategies in juvenile stagestilsscarce, despite the fact that their
abundances may equal or exceed those of adultaturah populations (Calbett al,
2001).

-32 -



Feeding ofC. aquaedulcis ﬁ

Some laboratory studies have provided evidencerdega diet changes during
development in various calanoid species. For im&tarseveral authors have found
differences in particle size consumed by calan@mgepodites and adults (Mullin &
Brooks, 1967; Paffenhdfer & Lewis, 1989), while eth found different optimal prey
size and attributed it to differences in morpholajymouthparts at different ontogenic
stages (Fernandez, 1979; Bonnet & Carlotti, 200Bvertheless, other authors have
found similar selective behaviour and ingestiomsdbr all stages (Meyat al, 2002)
and concluded that copepod nauplii occupy the sterding niche as adult stages
(Conover, 1982).

Some authors have stated the need to undertakmdeexperiments in the field,
since results in the laboratory have been diffefesh what has been found in field
conditions (Donaghay & Small, 1979)he evidencdrom the few studies done using
naturally occurring particles and freshly captucegpepods show thaelective feeding
and diet in nature vary among naupliar, copepaatite adult stages (e.g. Poulet, 1977).
Such trophic niche segregation among developmestages favours copepod
populations in terms of feeding efficiency increasgraspecific competition decrease
and an increase of immature survival (Poulet, 19%@yeral copepods are known to be
omnivorous.Euryternora affinis,for instance, can ingest ciliates or detritus afi a®
algae (Berket al, 1977; Heinleet al, 1977). There is increasing evidence that mixed-
food diets are beneficial for copepod developmeny.(Stoecker & Egloff, 1987,
Kleppel, 1993; Bonnet & Carlotti, 2001), howevenformation about the relative
contribution of the different food sourcesitosituingestion is limited.

Calanipeda aquaedulcis common in brackish and estuarine waters (eugsBrt
& Defaye 1983). It regularly dominates the zooptankcommunity (e.g. Quintanat
al., 1998) and its developmental stages may coexisteveral weeks, especially during
spring and summer (Brucet al. 2006 and references therein). Sieaquaedulciss
often found in conditions of low productivity (Brefet al, 2006), resource partitioning
among stages may be a way to reduce intraspeafigpetition and maintain stable
populations over time. In this sense, a high ipeatic variability in amino acid
composition has been found @ aquaedulciswhich could indicate a gradual change in
diet during the life cycle of this copepod (Brucst al, 2005). However, to our
knowledge, nothing is known abo@t aquaedulci$eeding strategies.

The purpose of this study was to (1) characterize diet of the different

developmental stages Gf aquaedulcisand (2) evaluate the possibility of food resource
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partitioning among developmental stages of thisepod. The approach included using
naturally occurring food particles (bacterio-, ptvynd microzooplankton), to cover the
available diversity of food for the different despmental stages and to more closely

approximate natural feeding conditions.

MATERIALS AND METHODS

Experimental setup, feeding experiments and sampf@ocessing

The study was carried out in the Emporda wetlahds Iperian Peninsula), a set of
Mediterranean shallow coastal lagoons free fromal ficfluence and whose hydrological
regime is determined by the occurrence of floods umeteorological disturbances in
autumn and winter and the process of desiccationc@@et al, 2006). Samples were
taken in La Pletera salt marshes, where long cenfent periods lead to scarcity of
inorganic nutrients and dominance of heterotroptano- and microplankters (Lopez-
Floreset al, 2006). Expt 1 was carried out in the autumn @ber 2003) and Expt 2
in the spring (May 2004) in order to include mostgmtial pey types of. aquaedulcis
in these lagoons during two periods of differentisanmental conditions (flooding and
confinement) (L6épez-Florest al, 2006).

Copepods were collected using a plankton net (50mesh size). Twenty-two
Winkler bottleswere filled with 250 ml of ambient water filteredrough 50 um mesh,
and then different stages @f aquaedulcisvere addedWe checked that ciliates and
chain-forming diatoms were not retained in the ifiezs. Due to the difficulty in
separating live individuals of each stage we pentat the following grouping of stages:
nauplii (from NII to NVI); copepodites (from CI t6V); and adults. Size and biomass
ranges of each developmental stage are shown big Ty Subsequent to identification
under a microscope, nauplii, copepodites and ashdte separated into groups of 30, 6
and 2 ind., respectively, and pipetted into didtibottles. These proportions were
equivalent to the natural densities ©f aquaedulcisn these lagoons. We incubated 5
bottles for each group and 5 controls. The boittese incubated in the field for 24 h
under natural conditions of temperature and lightresponding to the sampling depth
(10 to 15 cm). Two bottles without copepods wexediimmediatelynmediately using
Lugol’s iodine. After the 24 h incubation, copepwodrtality was checked. The samples

were then fixed with Lugol’s iodine for microplamkt taxonomic identification and cell-
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counting with an inverted microscope, and storedlarkness prior to measurements.
Bacterioplankton and autotrophic pico- and nanoppiginkton samples were filtered
through 50 pum mesh, fixed with 1% paraformaldehgdé 0.05% glutaraldehyde (final
concentration) and immediately deep frozen in tiquitrogen and stored frozen at
-20°C. The abundance and biovolume were calculatéd a FACSCalibur flow
cytometer (BD Biosciences) with laser emitting 884m (see Lopez-Flores al, 2006

for protocol details).

Table 1.C. aquaedulcisMean and range of size and dry weight of theedgfit
developmental stages 6f aquaedulcisn this study. N = 25 for each stage.

Size (tim) Dry weight (19)
Stage Mean Range Mean Range
Nauplii 215 110-440 0.12 0.02-0.49
Copepodites 729 290-1750 1.71 0.02-10.2
Adults 1212 900-1900 4.71 2.38-12.3

For heterotrophic pico- and nanoplankton taxonomdientification and cell-
counting, 1 ml of sample fixed with glutaraldehystas mixed by inversion and left to
stain for 10 min with fluorochrome 4’-6-diamidineghenylindole (DAPI; final
concentration of 0.5 pg m). Then it was carefully filtered through a 0.2 um
polycarbonate filter (Millipore, Isopore membrankefs). Subsequently, filters were
mounted on a glass slide and examined by epifleere® microscopy with a UV
excitation filter block and 1000 oil immersion, and more than 300 ind. were
enumerated. By using this procedure, it was pasdibllocate and differentiate the
heterotrophic from the autotrophic pico- and naankton by visualizing the DAPI-
stained nuclei (blue) and the chlorophydlutofluorescence (red), respectively (Porter &
Feig, 1980).

Biovolumes of microplankton, nano- and picoplanktowere calculated from
measurements of linear dimensions of cells undeiirtherted microscope or by means
of cytometry using appropriate geometric formulékil¢brand et al, 1999). Carbon
biomass was estimated using the equations of LeeFuhrman (1987) for
bacterioplankton; Veritet al (1992) for picoplankton and nanoplankton; Men@erer
& Lessard (2000) for diatoms, chlorophytes and fliagellates; and Putt & Stoecker
(1989) for ciliates.
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Grazing coefficient, selectivity coefficient and igestion rate

The grazing coefficient, selectivity and ingestiate were calculated for each
planktonic food type and for each food size graapthe first approach, the potential
planktonic food was classified into food types adowg to taxonomy. We only used
food types that were abundant enough to calcutatgrazing coefficient, selectivity and
ingestion rates and discarded those food typesvibe¢ only occasionally present in
some replicas. In the second approach, the poltg@hiaktonic food was subdivided into
3 prey size groups following the accepted decadal dassification: picoplankton (0 to
2 um); nanoplankton (2 to 2Qm); and microplankton (20 to 50m). All prey size
groups were based on the longest linear dimensibpknktonic organisms.

Grazing coefficieng (d™) was calculated according to Frost (1972):
_ InCtll :tI:C0 with = In(i1 :L: Co

where u is the gross growth rate of food organisn@, and C, are the food
concentrations at the eng)(and at the beginnindof of the experiment in the controls,

and C; and C, are the food concentrations in treatments with pogs.

Selectivity W’) was calculated using the normalized selectivibefficient W’
defined by Vanderploeg & Scaria (1979) and modiaédr Vanderploegt al (1984):

g
gmax

whereg; is the grazing coefficient reached by a certairy ptass an@jmax is the grazing

W=

coefficient for the most preferred prey class /<< 1).

Similarly to the Katechakigt al (2004) procedure, &test was used to test
whether grazing coefficientg) were significantly different from 0, if sd)\’ values
were calculated. To test the possible effect gftiro cascade (Brogliet al, 2004), we
compared growth rates in control and experimentétlds (-test), so as to detect cases
in which prey growth in control bottles was sigo#ntly lower than in experimental
bottles, suggesting trophic cascade effects weskimg grazing.

Clearance ratE (ml ind™* d™ and ingestion rate(pgC ind-* d™) were calculated
using the equations of Frost (1972). Following Mgsard et al (1997), negative

clearance rates were interpreted as zero ingestion.
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RESULTS

Prey characteristics

Available food in the 2 experiments was relativdifferent (Table 2). In both
experiments picoplankton was composed of bactendgpbn, auto- (APF) and
heterotrophic (HPF) picoflagellates. The nanoplankbf Expt 1 included autotrophic
nanoflagellates (ANF; chrysophytaad cryptophytes) and chlorophytes and diatoms of
less than 2Qum in size. In Expt 2, nanoplankton included ANF draptophytes. The
microplankton of Expt 1 was composed of diatomdaviculasp., Nitzschiaspp.) and
chlorophytes between 20 and d® in size. In Expt 2, microplankton was composed of
autotrophic dinoflagellates (ADGlenodinium foliaceuin heterotrophic dinoflagellates
(HD; Oxyrrhismaring and ciliates $trombidiunsp.).

In Expt 1, small size preys were the most dominBacterioplankton, APF and
HPF were the most abundant prey in terms of nurablls and biomass (Table 2). In
Expt 2, the most abundant prey were bacterioplanktad APF in terms of numbers of
cells, and APF followed by HPF, ciliates, haptogsyand ANF in terms of biomass.

Ingestion rates

C. aquaedulcisshowed an omnivorous feeding strategy, with baags&nkton,
autotrophic and heterotrophic phytoplankton anghteis occurring in their diet (Figures
1 and 2). Individual clearance rates ranged fromnil. d™ for nauplii to 119 ml d for
adults (Table 3). In some cases, the high vartgbbetween replicates resulted in
clearance and ingestion rates higher than O butirgyacoefficients not significantly
different from O (Tables 3 and 4). Consequentlthalgh represented in Figures 1 and
2, we opted not to consider these ingestion ratése analyses.

In Expt 1 (Figure 1A), all developmental stages trar highest ingestion rates on
HPF (up to 0.141gC ind™* d™). Nauplii were the only stage that consumed APHenh
copepodites showed some ingestion of ANF and cplytes. The width of the prey
size spectra tended to increase with developmetdgk, with adults having the widest
prey size spectrum: apart from HPF, they showed ligh ingestion of ANF, diatoms
and chlorophytes.

In Expt 2 (Figure 1B), nauplii again presented maxin ingestion rates of HPF,

but copepodites and adults showed their maximurasiign rates for ciliates. Nauplii
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Table 2. Mean (range) of size, volume and carbon conterglidood types found in ambient water and offeesdfood in the experiments. The density and
percentage of biomass of each food type in théainibnditions are also shown. APF: autotrophicoflagellates; HPF: heterotrophic picoflagellate A
autotrophic nanoflagellates; AD: autotrophic diaggllates; HD: heterotrophic dinoflagellates. Goayeter; M: inverted microscopy; D: DAPI.

_88_

Size m) Volume (m?) Carbon ccl)ntent Initial delnsities Biomass
(pgC cell™) (cell mI™) percentage
Experiment Food type Methodology Mean Range Mean Range Mean Range Mean SE
Expt 1 BacterioplanktonC 0.73 0.58-0.88 0.22 0.10-0.35 0.08 0.04-0.11 2B17.20-16 25.1
APF C 1.9 15-22 36 1.92-5.89 1.7 0.9-2.7 3.47-1055-16 36.5
HPF D 2.0 1.7-21 4.1 2.6-4.99 2.0 1.2-2.3 2.32.9147 38.1
ANF C 57 5462 974 80.8-122 225 19.2-27.4 92.3 .306 0.16
Chlorophytes M 30 12-49 892 153-4.1330 125  24-538 1.45 0.30 0.02
Diatoms M 30 6-49 1.78-10 18-3.69-16 104  3-1.46.10 521 7.20 0.17
Expt 2 BacterioplanktonC 0.34 0.28-0.51 0.02 0.01-0.07 0.01  0.01-0.02 10271.08-16 0.73
APF C 26  24-27 88 6.9-9.9 4.2 3.2-4.7 9.39.m19.16 777
HPF D 2.0 1.7-21 4.2 2.6-4.9 2.0 1.2-2.3 1.71-1031-16  8.42
ANF C 5.9 55-6.4  109.9 89.3-134 25.0 20.3-29.7 6.f2182-16 2.37
Haptophytes  C 11.7 10.6-15.7 871.4 614-2.0110  148.4 110-307 347 15.1 4.36
AD M 23 11-35 6.12-70 611-2.18-1b 934  145-2.72-.10 60.2 0.00 0.55
HD M 24 17-33 2.96-10 1.68-186.22.16 522  333-973 60.2 0.00 0.40
Ciliate M 22 12-42 3.30-10 479-1.44.1% 1074 182-4.57-f0 360 46.5 5.44
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did not consume ciliates. Copepodites had the wipesy size spectrum indicated by
high ingestion rates for HPF, whereas adultsndidconsume HPF in this experiment.
All stages consumed AD and HD and none of the stagmsumed APF, ANF or
haptophytes. Indeed in most of these cases (Taklee3yrowth rate of APF, ANF and
haptophytes in the treatment bottles was signiflgdngher than in the control bottles.
Results of ingestion rates based on food size grédbmure 2A, B) showed that
adults consumed mainly large prey: the higheststige rates in both experiments were
for microplankton, and they also consumed nanoptankn Expt 1. Copepodites
showed the highest ingestion rates for picoplanktoboth experiments but, while in
Expt 1 they fed also on nanoplankton, in Expt &/thee microplankton. Nauplii preyed
on the smallest sizes (picoplankton) in Expt 2,levim Expt 1g was not significantly

different from O.
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O Nauplii £ Copepodites il Adults

Fig. 1. C. aquaedulcis.Mean ingestion rates of the different developmergtages of
C. aquaedulcisas a function of food type. (A) Expt 1, (B) Expt &ases in whichg was
significantly different from 0; APF: autotrophicquiflagellates; HPF: heterotrophic picoflagellates;
ANF: autotrophic nanoflagellates; AD: autotrophicinaflagellates; HD: heterotrophic
dinoflagellates; Error bars: +SE.
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Fig. 2. C. aquaedulcisMean ingestion rates in the different treatmesta dunction of food size
groups. (A) Expt 1, (B) Expt 2. *cases in whighvas significantly different from 0.

Selectivity

The W’ selective coefficients were different among nayplipepodites and adults
and also between the 2 experiments (Table 3). QuBEmpt 1, all stages showed
maximum selectivity coefficients for HPF. Adults darcopepodites had also high
selectivity coefficients for chlorophytes (betweah and 49um) and ANF. Adults also
selected diatoms. Nauplii selected HPF and to setesxtent, APF. In Expt 2, all stages
had higher selectivity coefficients for HD than f8PF and only nauplii and copepodites
showed some selection for HPF. Indeed, the mogenpeel prey for copepodites and
adults were HD while nauplii selected mainly ADli&es were selected by copepodites

and adults but not by the nauplii.
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When analyzingW’ coefficients by means of the food size groups @ab),
differences among copepod stages increased. In dogiariments, adults showed the
highest preference for microplankton and in Expihédy also selected nanoplankton.
Copepodites selected mainly nanoplankton but alempfankton in Expt 1 and
picoplankton and microplankton in Expt 2. Naupld ehot select any prey size in Expt 1
even though they showed a high selection for paxdbn in Expt 2.

Table 3.C. aquaedulcisMean (SE) grazing coefficiegt(d™), selectivity coefficientV’ and clearance rate(ml
ind. d™) for each food type and for each aquaedulcisievelopmental stage in both experiments. Onlyeslu
significantly different from 0 are indicated. *» 0.05; **p < 0.01.%Prey number in the control bottles is
significantly lower than in the experimental batigtest, p< 0.05), suggesting possible trophic cascade effects
Acronyms as in Table 2.

Nauplii Copepodites Adults
Experiment  Food types g W  F g W F g w  F
(™ (mlind. 7 d? (@™ (mlind. 7t d™ (d™ (mlind. > d™
Expt 1 Bacterioplankton 0 0 0 0 0 0 0 0 0
APF 0.13* 0.21 1.06 0 0 0 0 0 0
(0.04) (0.36)
HPF 0.60* 1.00 5.02 0.98** 1.00 50.2 (26.5) 0.95*1.00 119
(0.18) (1.57) (0.27) (0.04) (11.9)
ANF 0 0 0 0.67** 0.69 31.8(10.8) 0.42* 0.50 51.5
(0.15) (0.11) (18.3)
Diatoms 0 0 0 0 0 0 0.93* 0.97 86.2
(0.31) (22.8)
Chlorophytes 0 0 0 0.70*0.92 244 0.87* 0.96 70.0
(0.21) (7.38) (0.30) (22.2)
Expt 2 Bacterioplankton 0 0 0 0 0 0 0 0 0
APF 0 0 0 0 0 0 o 0 0
HPF 0.27* 0.31 3.93 0.43* 0.70 215 0 0 0
(0.04) (0.54) (0.11) (6.93)
ANF (0} 0 0 o) 0 0 () 0 0
Haptophytes 0? 0 0 (63 0 0 ) 0 0
AD 0.85* 1.00 10.7 0.48* 0.78 22.2 0.52* 0.89 635
(0.23) (2.90) (0.13) (8.81) (0.16) (20.9)
HD 0.64* 0.66 7.07 0.84* 1.00 28.0 0.84* 1.00 70.0
(0.26) (1.48) (0.00) (1.47) (0.00) (6.36)
Ciliates 0 0 0 0.35* 0.58 15.7 0.23* 0.38 25.2
(0.02) (1.37) (0.04) (4.48)
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Table 4. C. aquaedulcisMean (SE) grazing coefficiemj (d™), selectivity coefficienW’ and clearance rateé (ml
ind.™ d™) for each food size group and for eathaquaedulcisievelopmental stage in both experiments. Onlyaslu
significantly different from 0 are indicated. ¥ 0.05; **p < 0.01.%Prey number in the control bottles is significantly
lower than in the experimental bottlegést, p< 0.05), suggesting possible trophic cascade effects

Nauplii Copepodites Adults
Experiment Food size g w’ F g w  F g W F
groups (d? (mlind.td™d (@ (mind.2d™®  (d9 (mlind. 7t d™
Expt 1 Picoplankton 0 0 0 0.24* 0.03 13.86 0 0 0
(0.06) (6.27)
Nanoplankton 0 0 0 0.61* 1.00 31.79 0.42* 0.45 515
(0.14) (10.8) (0.11) (18.3)
Microplankton 0 0 0 0 0 0 0.92**1.00 312
(0.30) (64.1)
Expt 2 Picoplankton 0.25* 1.00 3.15 0.38* 1.00 18.68 0 0 0
(0.05) (0.60) (0.08) (5.07)
Nanoplankton ® 0 0 63 0 0 6) 0 0
Microplankton 0 0 0 0.36* 0.95 16.14 (1.87) 0.25* 1.00 27.7
(0.03) (0.04) (5.28)

DISCUSSION

Results of this study show that the diet@faquedulciss diverse, which is in
accordance with previous findings for other caldnapecies (Kleppel, 1993).
Furthermore, differences in the ingestion rateseofain prey between the 2 experiments
support the hypothesis of a flexible feeding bebawithat may be modified with
variability in the food environment. For example tihe presence of ciliates and HD and
AD, adults did not ingest HPF.

Omnivory was observed in all stages ©f aquaedulcis HPF were the most
ingested and one of the most preferred prey it€ilmtes were also ingested in large
guantities by copepodites and adults, and HD wefected by all stages. Previous
findings also reported that copepods can ingesited and HD at higher ratésan
phytoplankton, and may preferentially select themier (Stoecker & Egloff, 1987;
Sanders & Wickham, 1993; Nejstgaatdal, 1997). This fact has been attributed to the
high nutritional value of ciliates and heterotraphiiagellates since they can produce
essential copepod growth compounds (unsaturatgddeids and/or sterols) that are not

always found in phytoplankton (Oman & Runge, 1984) they are relatively rich in
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nitrogen and phosphorous (Sanders & Wickham, 19B39. mixture of phytoplankton
and ciliates has been found to be the most favteifab development, growth and egg
production for some copepods (Bonnet & CarlottQP) however, this is not always the
case, since the presence of ciliates and hetefotrafinoflagelates in the diet may
sometimes not provide copepods with an adequatsetiont for long-term survival
(Koski et al, 1998). Our results showed that in the absenceil@tes and HD,
C. aquaedulcisingested high amounts of HPF. However, when dffertypes of
heterotrophic prey were present, adultsCofaquaedulcigreferred ciliates and HD to
HPF, while copepodites ingested all 3 at similéesa

According to our results, none of the developmestabes ofC. aquaedulcis
significantly prey on bacteria. Usually, bacteratton was considered too small to be
efficiently ingested by most adult copepods, buaiphia of some species have been
shown to feed upon bacterioplankton (Turner & Test892) and some feeding on free-
living bacteria has been recorded in adults (Boakdulder, 1983).

In Expt 1, significant ingestion of APF and ANF wasorded, while in Expt 2 an
increase of these prey items in experimental lsotitgh respect to control ones was
observed. This could be due to trophic cascadectsffevhich have been observed in
other feeding behaviour studies dealing with theletsize spectrum (Brogliet al,
2004; Lopez-Floreset al, 2006). Grazing ofC. aquaedulcison ciliates and
dinoflagellates, both of which consume small p&tic(Broglio et al, 2004), could
result in a decrease in the grazing mortality ofFARNF and haptophytes with a
consequent increase in their growth rate. The ttaat the increase in APF, ANF and
haptophytes was only observed in Expt 2 when esiand dinoflagelates were present
supports this hypothesis.

This study shows differences in the diet of the ell@mental stages of
C. aquaedulciglue both to the size and type of prey. In genéhnal size of the ingested
prey increases with an increasing size of the dgweéntal stage, which is in
accordance with other studies (Poulet, 19Bg&rggreen et al, 1988). While
C. aquadulcisadults had high ingestion rates and selectionficgeits for large prey
(micro- and nanoplankton), nauplii preferentialgmoved small prey (picoplankton).
Copepodites showed the widest prey size range,udimgy pico-, nano- and
microplankton. Nevertheless, the lowest size liaficaptured particles was similar for
all stages (between 1.7 and 2uh), and is similar to what has been found for other

species: e.g. between 2 anduth for all developmental stages d@fcartia tonsa
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(Bergreernet al, 1988), 1lum for Eurytemora affiniscopepodites and adults (Burkill &
Kendall, 1982), 3um in Pseudodiaptomus marinusauplii and copepodites (Uye &
Kasahara, 1983) and 118n in Pseudocalanus minutuopepodites and adults (Poulet,
1977).

Studies dealing with the size spectra that eadest capable of capturing have
obtained contradictory results. Some authors hasted that nauplii are unable to
capture prey effectively at the extreme ends of dize spectrum (Fernandez, 1979;
Paffenhofer & Lewis, 1989) since they do not depetature feeding appendages until
copepodid stage Cl (Bjornberg, 1986). For examméeiplii of Eucalanussp. were not
able to capture small prey as efficiently as |latages (Paffenhofer & Lewis, 1989) and
nauplii of Calanus helgolandicusould not consume large diatoms that were fed upon
by adults (Mullin & Brooks, 1967). In contrast, mdiuof A. tonsawere more efficient
than adults in capturing small prey (Bergresral, 1988). Additionally, some studies
have documented ingestion of protozoan microplankip copepod nauplii (Fessenden
& Cowles, 1994). For example, nauplii Af tonsaand Eurytemoramay ingest ciliates
up to 40um (Stoecker & Egloff, 1987) and 36n (Merrell & Stoecker, 1998) in size,
respectively. According to our resultS, agueadulcisrauplii were not able to capture
larger prey (chlorophytes, diatoms and ciliatesjciwiwere readily consumed by adults,
but they did consume dinoflagellates between 11 3Bpin in size. Both copepodites
and adults ingested prey within the same range, 1. to 49um. Although it is
generally reported that copepods tend to be inefficfiltering particles smaller than 5
to 10um (e.g. Berggreeet al, 1988), several authors have documented a gnifi
ingestion of particles <qum by adults and copepodites (Boak & Goulder, 1983;
Nejstgaarcet al, 1997, Broglicet al, 2004). Nevertheless, the high preference follsma
cells found in copepodites and adults in this staghpears not to be previously
documented. It might be explained by the fact thatalready reported in other costal
waters (Gasparini & Castel, 1997), in the Empordalamds, the largest particles were
scarce compared to the large amount of smallercfest In such conditions, Richmai
al. (1977) demonstrated that copepods graze predonyr@ansmall size prey, probably
because they shift their grazing pressure to the wihere the peak concentration of
particles occurs (Poulet, 1977). This could expthm high ingestion of picoplankton in
Expt 1 where larger particles were almost non-erist

The differentC. aquaedulcidife stages showed a different selective behaviour

since the size of the selected prey increasedinatieasing size of the stage. According
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to our selectivity metrics, prey type also detemminselective behaviour since, in
general, all stages showed a preference for hedplot forms among preys of similar
size. These results would confirm the previousisgithat show that adult copepods are
able to select between patrticles of the same sgizedifferent nutritive value: plastic
beads versus phytoplankton (Fernandez, 1979)gfasting versus senescent cells or
different growing states of the same species (Keslal, 1998) or toxic versus non-
toxic strains of the same or similarly sized al@Barriff et al, 1995). In contrast, Meyer
et al (2002) showed similar selection behaviour amdages ofCalanusspp. and only
depending on size.

These differences in feeding among developmenagkest ofC. aquaedulcisnight
be related to the changes in the amino acid corposiuring the life cycle of this
copepod found in a previous study in the same lagdBrucetet al, 2005). Indeed,
several studies have shown a high variation iretamental composition during the life
cycle of calanoids (e.g. Carrilket al.,2001), which would agree with ontogenic changes
in their diet. On the other hand, the ability tatpi@n the available food among the
different developmental stages would representdyargage when food is scarce since
it reduces intraspecific competition. This couldtbe reason wh¢. aquaedulciss able
to dominate the zooplankton community for severakks during spring and summer
even in situations of low nutrient content (Quirga& al., 1998; Bruceet al, 2006 and
references therein). The dietary differences amibenglopmental stages have already
been described to be important for reducing coripetin environments where there is
a scarcity or high temporal variability of food oesces (Poulet, 1977).

In summary,C. aquaedulcisis feeding omnivorously on a wide spectrum of
natural food particles and its diet can changeutjnout ontogeny and also with food
availability. As previously reported for other cqoel species (e.g. Poulet, 1977), early
stages ofC. aquaedulciscan have feeding niches partially separated froenadults.
Hence, further studies should take into accountrttraspecific variability in the feeding
behaviour of copepod species in order to fully ustdad the mechanisms that structure

pelagic food webs.
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Chapter 4

Impact of different developmental stages of
Daphnia magna Straus on the plankton
community under different trophic conditions

Compte, J., Brucet, S., Gascoén, S., Boix, D., Shld,6pez-Flores, R., Quintana, X. D.,
2009. Impact of different developmental stagesDafphnia magna(Straus) on the
plankton community under different trophic conditso Hydrobiologia 635, 45-46.
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ABSTRACT: In situ 24-hour incubation experiments were perfedimto analyse the
grazing effects ofDaphnia magnaon a planktonic microbial communityThree field
grazing experiments under different nutrient comegions were carried out on treated
effluents of a wastewater treatment plant. Theiggpeffects of three differerd. magna
size classes (small (0.6 — 1.6 mm), medium (1.75-n2m) and large individuals (2.6 — 3.7
mm)) were compared. The different sizes classes diailar effects on the plankton
community. However, our results showed big diffeeshin effects among experiments.
Our findings suggest that, in spite Bf magnés non-selective feeding behaviour and the
fact that different developmental stages (i.esit®) had similar effects on the microbial
planktonic community, these effects can differ adew to the initial structure and
composition of the community and the resulting edsug trophic interactiondMoreover,
D. magnaeffects can be direct, through grazing (as isdhse with ciliates), or indirect

through trophic cascade interactions (as is the wéth bacteria).

Key words: Daphnig Feeding, Ingestion, Trophic cascade, Wastew&atpgenetic
diet shift.

INTRODUCTION

Many studies descrideaphniaspp.as a non-selective grazer (e.g. DeMott, 1988;
Freyer, 1991) with an omnivorous diet that feedsaamde range of particle types (e.g.
Lampert, 1987; Jurgens, 199Maphniaconsume a set of microorganisms integrated in
a complex microbial community, composed of sevespkcies and their trophic
interactions. ThusPaphnia as consumers have the potential to modify thetivela
abundances of species and, thereby, affect thaitrapteractions between them, as well
as the structure of the food web (Zollregral, 2003). These effects may be caused by
direct grazing, but also by indirect cascadingriextgons if theDaphniaremove smaller
grazers such as ciliates or heterotrophic flagedl@Muylaeret al, 2006).

Although the feeding ecology @iaphniahas been widely studied, there is some
controversy surrounding its possible effect on Iowephic levels, such as bacteria.
Some studies have determined that the filter meeha Daphnia magnas smaller than
1 um and that they can therefore potentially feed actdria (Geller & Miiller, 1981).
Conversely, other studies have concluded ditfaér species dbaphniado not consume

organisms smaller than idm (Brooks & Dodson, 1965) or are inefficient at wajmg
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bacteria-sized particles (Paee al, 1983; Sanderst al, 1989). Besides this possible
direct effect ofDaphnia on bacteria through feeding, indirect trophic ealec effects
have also been described (Zollretral., 2003). Knowledge of these direct or indirect
effects may be significant in wastewater managensemte the use ddaphniaspp. has
been considered as a promising tool for partiaieicgon in wastewater treatment plants
(Groot, 1998; Rosenkranz, 2001).

Evidence of the different trophic effects Dhphnia spp. on some zooplankton
communities with different body sizes is well knowa.g. Tessieret al, 2001).
However, these comparisons have usually been maohg wlifferent Daphnia spp.
(Tessieret al, 2001; DeMottet al, 2001), and few of them have compared a single
species at different developmental stages (e.qyBak Moss, 2004). The information
available on diet variation irDaphnia spp. at different developmental stages is
confusing. Vanni and Lampert (1992) found differembetween adults and juveniles of
Daphnia galeatain terms of their ability to efficiently assimi@Oocystissp., while
Boersma (1995) found overlap in the use of ressubsween adults and juveniles of
the same species. A microbial community’s finalusture and composition might
change depending on whether the effects of grdxyniipe different development stages
of Daphniaare similar or not.

We performed aim situ experimental approach to investigate the possfikrts
of D. magnaon a plankton microbial community. The study wasfqrened under
different trophic conditions and the effects of ttiéferent developmental stages of
D. magnawere compared. We hypothesise that even a nontiseldeeding organism
such asDaphnia may significantly modify the structure of a micralbcommunity
through cascading trophic interactions, which, dejpgg on the community’s initial
structure, will lead to different outcomes. Moreguié the different sizes ob. magna

have a similar diet, they will not have differefffieets on the microbial community.

MATERIALS AND METHODS

Study site
The study was performed at a wastewater treatplant (hereafter WWTP) and a
constructed wetland system in Empuriabrava (Empofd& Spain, 42°14'36"N,

3°6'29"E). Empuriabrava is an urban area under ygaessure from tourism during
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vacation periods. This WWTP (Fig. 1) was desigrettéat of 8750 rhday* of urban

wastewater (35000 equivalent inhabitants). Afteyaoic matter and nutrient reduction
in the treatment plant, which has extended aeratiod polishing lagoons, the
wastewater is circulated through a constructed amdtlsystem in order to reduce the

concentration of inorganic nutrients.

TP experiments

H > Treatment plant

Constructed
Wetland

system

f*f/ / y,

CWS experiment

Fig. 1. Sketch map of the Empuriabrava wastewater tredtmplant and constructed wetland system where the
different experiments were performed. Discontinuatrsws indicate the water flow.

Three grazing field experiments were performed eundifferent conditions
representative of the wide range of trophic condgiin a wastewater treatment system,
and in whichD. magnais the dominant zooplankton organism. The first aedond
experiments were carried out in the WWTP polisHagpons after secondary treatment.
The first (hereafter referred to as the TP1 expenthwas performed before the Easter
holidays (April 2006) when anthropic pressure oe #rea was lower (approximately
13000 inhabitants) and the second (hereafter exfetw as the TP2 experiment) was
performed after the Easter holidays when the pojmavas close to 20000 inhabitants.
The third experiment (hereafter referred to asGNéS experiment) was carried out in

the constructed wetland system in summer (Augu€®bP@uring the peak vacation
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period when there were approximately 39000 inhalstan the area (the number of
inhabitants was calculated using measured flonthenWWTP during the experiments,
and per capita mean daily water consumption inlGai@). In this way we were able to
ensure that the three experiments correspondddde tonditions typical of wastewater
treatment ecosystems whdbe magnais especially abundant: conditions immediately
after secondary treatment under low or high nutriead (the TP1 and TP2 experiments
respectively), and conditions characteristic obastructed wetland, where low organic

particle and high inorganic nutrient concentratiares expected (the CWS experiment).

Experimental set-up, feeding experiments and samplarocessing

Twenty-two Winkler bottles were filled with 250 noif wastewater previously
filtered through a 50 pm mesh, thereby assuringpteeence of planktonic assemblages
found in the field.D. magnawere collectedn situ (the constructed wetland system in
the CWS experiment and the treatment plant in fa@Xperiments) using a plankton net
(50 um mesh size). They were identified and sepdrahder a stereomicroscope into
three groups according to size: small individu@l§{1.6 mm; mean biomass per bottle:
84 pngC), medium individuals (1.7-2.5 mm; mean bissnger bottle: 201 pugC), and
large individuals (2.6-3.7 mm; mean biomass petld&aa249 pgC). We considered these
three size classes to be different developmengalest The cladoceran were pipetted
into experimental bottles in groups of eight snradividuals (smallbaphniatreatment),
four medium individuals (mediurBaphniatreatment), and two large individuals (large-
Daphnia treatment).These proportions are similar to those in otheziggaDaphnia
studies such as Gilbert (1989) and DeMtal (2001).

The experiment consisted of five bottles with Do magna(controls) and five
bottles for each treatment. Additionally, two bedtlwith noD. magnawere fixed
immediately at the beginning of the incubationsptovide the initial conditions. The
bottles were incubated in the field for 24 h undenditions of temperature and ligh,
naturally corresponding to the sampling depth (2@&ih). Dissolved inorganic nutrients
(ammonia, nitrite, nitrate and SRP) were analyzedhe WWTP laboratory. Water
temperature, electrical conductivity (B, pH and dissolved oxygen £0n % of
saturation) were measuredsitu for each experiment before incubation.

After 24 hours,D. magnamortality was checked. A high mortality rate was

observed (approximately 70%) in all the replicagh&f smallbaphniatreatment in the
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TP2 experiment. As a consequence, the results ndatawith this treatment were
disregarded and will not be discussed further.

Microplankton and large nanoplankton (>10 um) wiéxed with Lugol’s iodine
and stored under dark conditions until taxonomanidication and cell counting with an
inverted microscope (Utermohl, 1958). Bacterioptank pico- and nanophytoplankton
samples were obtained after filtering through a B mesh, fixing with 1%
paraformaldehyde and 0.05% glutaraldehyde (finateatration) and immediately deep
frozen in liquid nitrogen and stored at -20°C. Thabundance and biovolume were
obtained using a flow cytometer (FACScalibur of ®&cand Dickinson) with a laser
emitting at 488 nm (for details and method, seeelzéiploreset al., 2006).

The taxonomic identification and cell counting bkterotrophic pico- and
nanoplankton were carried out with a sample fixethvi% paraformaldehyde and
0.05% glutaraldehyde (final concentration), mixagdifversion and left to stain for 10
minutes with fluorochrome 4’-6-diamidino-2-phenylwie (DAPI; final concentration of
0.5 ug mt). After this, the stained sample was carefullyefitd through a 0.2 um
polycarbonate filter (Millipore, isopore membraiiéefs). The filters were then mounted
on a glass slide and examined by epifluorescenceostopy with a UV excitation filter
block at 1000x with oil immersion. More than 30@iwiduals were counted (Liet al,
2005). Using this procedure, it was possible toatecand differentiate between
heterotrophic from autotrophic pico- and nanoplankby visualizing the DAPI-stained
nuclei (blue) and the Cid autofluorescence (red) respectively (Porter & F&880).

Microplankton and large nanoplankton biovolumes rewecalculated from
measurements of the linear dimensions of cells wttie inverted microscope, using
appropriate geometric formulae (Ruttner-Kolisko,779 Hillebrand et al, 1999).
Amoebae and ciliate biovolumes were estimated lpycgpmation of the body shape to
geometric figures. Autotrophic nanoplankton and oplankton biovolumes were
calculated from flow cytometry measurements oflthear dimensions of cells using a
calibration curve as described elsewhere (O&taal, 1989; Chisholm, 1992; Rodriguez
et al, 2002; Lopez-Floregt al, 2006). Finally, the bacterioplankton biovolumeswa
calculated using the equation described in Gasdl Bel Giorgio (2000). Carbon
biomass was estimated using the equations of Le& Rnhrman (1987) for
bacterioplankton, and Veritgt al (1992) for picoplankton and nanoplankton. For

microplankton organisms, the equation of Mendenddend Lessard (2000) was used
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for diatoms and chlorophytes, while those of Strethn (1967), Putt and Stoecker
(1989) and Telesht al (1998) were used for protozoa, ciliates and eatifespectively.

Selectivity coefficient

To obtain the selectivity coefficient, the plankim organisms were classified two
approaches: 1) by size groups and 2) by organigmastyln the first approach, the
organisms were subdivided into three size groupsdecordance with the accepted
decadal size classification: picoplankton (Ou#n); nanoplankton (2-2Qum); and
microplankton (20-5Qum). All three size groups were based on the orgaeisongest
linear dimensions. In the second approach the sgenwere divided according to a
functional classification. Thus, pico- and nanogtan were identified according to an
autotrophic (presence of autofluorescent chlorap)asr heterotrophic (absence of
autofluorescent chloroplasts) strategy. Microplanktwas classified according to
taxonomy.

Selectivity \W') was calculated to analyse the preferences ofreifit size classes
of D. magnafor different organism types and different orgamisizes. The normalised
selectivity coefficienMW’ defined by Vanderploeg and Scavia (1979) and rnextidfter
by Vanderploegt al (1984) was used:

i
O max

whereg; is the grazing coefficient obtained for the orgamislass i) and gmax is the

W=

grazing coefficient for the most preferred organisitass (0¥'<l). The grazing
coefficientg (day') was calculated, in accordance with Frost (19%2),ascertain if a

D. magnatreatment feeds a certain organism type or amasgasize:

g= u——'nctll :t':c° with u=—|ni :1:(:0
Wherey is the instantaneous growth rate of the organjgra or size (day), C; andC
are the organism concentrations at the éndid at the beginnindof of the experiment
in the controls, andC;* and Co* are the organism concentrations in treatment$ wit

D. magna

Data analysis
In order to establish the effects Bf magnathe values obtained in the different

treatments were compared and tested (control, db@gdhnia mediumbaphnia and

-52 -



Impact ofD. magneaon plarkton n

largeDaphniatreatments) in each of the experiments (CWS, TRILT&2 experiment).
All the tests were performed using a multivariaggraach based on a Principal
Correspondence Analysis (PCA) coupled to betweensg analyses (Dolédec &
Chessel, 1989) considering plankton community siinec

For each experiment, each treatment (small-, mmediand largeDaphnia
treatment) was considered a group. The betweerpganalysis allowed us to obtain the
centroid of each treatment and the differences gni@atments were checked using an
available Monte-Carlo permutation test (999 unretstd permutations under reduced
model). The null hypothesis of this test stated tha relative proportion of plankton
species in biomass did not differ among groups.check the significance of the
D. magnaeffects, several additional analyses (PCA + betwgenp analysis) were
performed in each experiment as post-hoc testgaiiy out these multivariate post-hoc
tests, only samples and plankton assemblages edtludthe compared treatments were
used. Thus, six post-hoc tests were performed forheexperiment: controls.
smallDaphnia treatment; controls. mediumbaphnia treatment; controls. large-
Daphnia treatment; smalBaphnia treatment vs. mediumbaphnia treatment;
smallDaphnia treatmentvs. largeDaphnia treatment; mediundaphnia treatmentvs.
largeDaphnia treatment. The Dunn-Sidak procedure (I, where a is the
significance level for each test (0.05), was useddjust the significance level for each
test and decrease the Type | error (Quinn & Keo2@®2). All multivariate analyses
(the dudi.pca function) and the calculation of ti@efor each taxa (the inertia.dudi
function) were performed with the ade4 library (I@aet al, 2007) written in R

language.

RESULTS

Trophic conditions

The initial conditions of nutrient and planktoriomposition were different in the
three experiments. The TP2 experiment, carriechfiat the Easter vacation period, had
the highest concentrations of ammonia and SRP lantbtvest dissolved oxygen level.
The TP1 and CWS experiments had similar nutriemicentrations, but the CWS had
the highest dissolved oxygen level (Table 1). Thanlkton composition was also

different, depending on the trophic conditions ([€a).
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Table 1. Physical and chemical water conditions during ttiree
experiments

Experiment

CWs TP1 TP2
Temperature (°C) 24.9 17.2 17.3
Conductivity (mS crf) 1.59 2.05 1.06
pH 7.20 6.91 8.83
% O, 42.0 18.2 7.50
NH," (mg N M) 2.95 2.20 27.7
NO, (mg N ) 0.41 0.03 0.03
NO; (mg N ) 0.42 0.50 0.50
SRP (mg P} 3.13 2.54 7.90

Selectivity

Our results showed no main selectivity patternemthe different experiments and
D. magnasize were taken into account. TBe magnaselectivity coefficients W’)
changed according to the different potential presesent in the plankton communities
(Table 3). In the CWS experiment, high selectioreftoents were obtained for
autotrophic organismsSgenedesmusp. in all treatments, and euglenophytes in the
smallDaphnia treatment) and bacterioplankton in the mediDaphnia treatment.
Scenedesmusp. was the main prey item selected by small- large-Daphnia while
bacterioplankton was the main organism type sealesjfemediumbaphnia In the TP1
experiment bacterioplankton was the main organigme selected by alDaphniasizes.

In the TP2 experiment, there was a high selectioheberotrophic organisms (large
nanoflagellates (LNF), amoebae, ciliates ardanesp.) in medium- and largeaphnia
treatments, with Amoebae being the most selected.

Similarly to the results obtained with the orgamisype approach, selectivity
coefficients W’) were different betweeBaphniatreatments and experiments using the
organism size groups approach (Table 4). In the @®ffriment ndaphniasizes had
a selection by any size group (i.e. they did navsla positive grazing rate in any size
group). However, in the TP1 experiment, picoplanki@s the size group most selected
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Table 2. Mean values of size, initial densities and bion@sgentage of all organism types found in natuikew Minimum and maximum size values for size stacidard
error for initial densities are shown in brackef$iese values were calculated from initial samplesgend: APF: autotrophic picoflagellates; HPF: hatt@phic

picoflagellates; ANF: autotrophic nanoflagellatedyF: Heterotrophic nanoflagellates; LNF: large rigagellates. The method used for particle countinglso shown. C:
cytometer; M: inverted microscopy; D: DAPI. See Material and Methods sections for details.

CWS Experiment TP1 Experiment TP2 Experiment

_99_

Methodology Size m) I.nitial densities Biomass Ihitial densities Biomass Ihitial densities Biomass
(ind mlh percentage (ind ml™) percentage (ind ml™) percentage

Bacterioplankton C 0.50 (0.26-1.33) 1.18-1n08-16) 11.28 8.35-10 (4.56-18) 2.37 6.36-10(2.94-1) 0.18
APF C 1.76 (1.47-1.97) 1.55%(@.84-16) 38.21 - - - -
HPF D 2.00 (1.40-2.10) 3.0740 16.70 7.13.-19(2.14-16) 9.56 5.81-19(1.18-16) 1.10
ANF C 4.06 (2.70-7.27) 6.64-1(R21) 13.46 - - - -
HNF D 4.50 (3.84-4.54) 930 5.76 - - - -
LNF M 10.8 (4.89-22.0) - - 2.03.-1q88.3) 44.4 865 (203) 1.19
Cryptophytes M 11.8 (7.34-17.1) 162 (26.1) 2.21 - - - -
Chlorophytes Qocistyssp.) M 15.0 (7.34-34.2) 14.5 (2.90) 1.11 75.3@.0 3.24 388 (214) 0.37
Chlorophytes $cenedesmusp.) M 16.0 (2.90-48.9) 2.90 (0.00) 0.91 - - 8599) 0.01
Euglenophytes M 20.0 (12.2-48.9) 99.7 (18.6) 7.75 - - - -
Ciliates Gtrombidiunsp.) M 26.0 (12.2-48.9) 2.90 (0.00) 1.17 20.3@.0 17.6 425 (57.9) 5.48
Diatoms M 29.9 (9.78-48.9) 195 (24.6) 1.45 524.%) 1.46 220 (185) 0.09
Ciliates Suctoriasp.) M 30.5 (22.0-48.9) - - 5.79 (0.00) 3.56 - -
Ciliates undet sp. 1 M 30.7 (14.7-48.9) - - 43.4.6) 17.8 287 (43) 0.43
Amoebae undet. sp. M 32.3 (22.0-48.9) - - - - 6.8) 1.36
Ciliates undet. sp. 2 M 36.9 (26.9-48.9) - - - - J162.4) 20.81
Rotifer (Lecanesp.) M 41.6 (31.8-48.9) - - - - 37.6 (26.1) 68.98

- - 3.62:18 - 1.47-18 - 1.04-10

Total biomass (pgC i)
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by medium- and largBaphniawhile there was no selection by smakphnia In the
TP2 experiment, nanoplankton was the size groug sedscted by medium- and large-

Daphnig and microplankton was also highly selected inldinge Daphniatreatment.

Table 3. Selectivity coefficienWW’ for organism type selected in each treatment irthihee experiments.
W’=1, highest selection for an organism typé;=0, lowest selection for an organism type; —, feci®n.
LNF: large nanoflagellates. Results of the smaphniatreatment in TP2 experiment are not discussed

(see material and methods section).

Small-Daphnia Medium-Daphnia Large- Daphnia

treatment treatment treatment
Experiments Organism types w’ w’ w’
CWS Bacterioplankton - 1.00 -
Scendesmusp. 1.00 0.85 1.00
Euglenophytes 0.60 - -
TP1 Bacterioplankton 1.00 1.00 1.00
Suctoriasp. - - 0.11
TP2 LNF - 0.62 0.40
Oocistyssp. - 0.23 0.44
Amoebae - 1.00 1.00
Ciliate undet. sp.2 - - 0.56
Lecanesp. - 0.44 0.47

Table 4. Selectivity coefficientW’ for each size group selected in each treatmetgihiree experiments.
W’=1, highest selection for an organism typé;=0, lowest selection for an organism type; —, fect®n.

In CWS experiment there were no positive grazirtg tn any size group and, therefore there was not
selectivity by any food size group. Results of #mall-Daphniatreatment in TP2 experiment are not
discussed (see material and methods section).

SmallDaphnia Medium-Daphnia Large- Daphnia

treatment treatment treatment
Experiment Food size groups W’ w’ w’
TP1 Picoplankton - 1.00 1.00
TP2 Picoplankton - - -
Nanoplankton - 1.00 1.00
Microplankton - 0.55 0.99
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Community structure

The first two axes of the PCA in the CWS experitmexplained 49.46% of the
total variance. In this experiment, Blaphniatreatments had similar effects on plankton
structure, because the plankton communities of trhtments were significantly
different from the control, but not from each otl{€able 5 and Figure 2A). However,
these effects were weak because the differences mvarginal. InDaphniatreatments,
the community was dominated by cryptophytes, @fatliatoms and heterotrophic pico-
and nanoflagellates, while in the control the comityu was dominated by
bacterioplankton and autotrophic microplankt@cdnedesmusp., euglenophytes and
Oocystissp.).

In the TP1 experiment, the first two axes of theARRplained 56.48% of the total
variance. In this experiment rd. magnaeffect was detected, because no treatment
showed significant differences against the contredtment. However, the plankton
structure in the smaDaphniatreatment was marginally significantly differenbrn the
largeDaphniatreatment (Table 5). The larg@phniatreatment was characterised by a
higher abundance dDocystissp. and diatoms, whereas the sndphnia treatment
was characterised by a higher number of bactemégpda (Figure 2B).

The first two axes of the PCA in the TP2 experimelained 45.78% of the total
variance. In the medium- and larBaphniatreatments, the plankton structure showed
significant differences compared with the ones tbim the control but there were no
significant differences between the two treatmer(fBable 5). Picoplankton
(bacterioplankton and HPF), ciliates aBdenedesmusp. dominated in medium- and
largeDaphnia treatments, while LNF, diatom§ocystissp., amoeba antecanesp.
dominated in the control (Figure 2C).

Using the percentage of PCA inertia to identife thrganisms that showed the
highest variation during the experiments (thosdeigher inertia vaules), we observed
that the main effects @. magnawere detected at low trophic levels. In all expents,
bacterioplankton was the taxa with the highesttiagoercentage (30% in the CWS
experiment, 34% in the TP1 experiment and 28% m T2 experiment). Other
picoplankton (HPF and HNF) and nanoplankton (ANB &NF) organisms also had a
high inertia in all experiments (34% and 11% resigely in the CWS experiment, 22%
and 14% respectively in the TP1 experiment, and anth15% respectively in the TP2

experiment).
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Table 5. Results of Monte-Carlo permutation test for diéfer treatments!, p < 0.1 and **,p < 0.02
(significance level adjusted with the Dunn-Sidakqadure). Gss. S: controlvs. small-Daphniatreatment;

C vs. M: control vs. mediumDaphniatreatment; Gss. L: control vs. largeDaphnia treatment; S/s. M:
small-Daphnia treatmentvs. mediumBbaphnia treatment; Svs. L: smallDaphnia treatmentvs. large-
Daphnia treatment; Mvs. L: mediumbaphnia treatmentvs. largeDaphnia treatment. Results of the
small-Daphniatreatment in TP2 experiment are not showed neilisgussed (see material and methods
section).

Experiment Treatment Test p value
CWS experiment Cvs.S 0.086
Cvs.M 0.02T
Cvs.L 0.073
Svs.M 0.112
Svs.L 0.484
M vs.L 0.599
TP1 experiment Cvs.S 0.958
Cvs.M 0.109
Cvs.L 0.249
Svs.M 0.131
Svs.L 0.06T
M vs.L 0.817
TP2 experiment  Cvs.M 0.002**
Cvs.L 0.008**
M vs.L 0.598

Fig. 2. (next page)Principal Correspondence Analysis for three expent: CWS experiment (A), TP1
experiment (B) and TP2 experiment (C). 1: ordimatdtaxa of each experiment; 2: ordination of ske®p
analysed of each experiment. Different black suptcr(a or b) indicate significant differences for
Monte-Carlo permutation tegp<€0.1) among sample scores of the treatments ofirtt@nd second axis,
respectively. Amo: amoebae undet. sp.; ANF:. auphti® nanoflagellates; APF: autotrophic
picoflagellates; Bact: bacterioplankton; Cill: atks 1; Cil2: ciliate 2; Crypt: cryptophytes; Didiatoms;
Eugl: euglenophytes; HNF: heterotrophic nanofladel; HPF: heterotrophic picoflagellates; Leecane
sp.; LNF: large nanoflagellates; Oodyocystissp.; SceneScenedesmusp.; Stromb:Strombidiumsp.;
Suc: Suctoria sp. Control: Control; Large: Lardeaphnia treatment; Medium: MediurDaphnia
treatment; Small: SmalDaphniatreatment. In TP2 experiment, results of siaphniatreatment are
showed in figure, but they are not discussed (s&enial and methods section).
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DISCUSSION

Our results show that the effects @f magnaon aquatic communities depended
heavily on the initial structure of the microbiabramunity. Selectivity coefficients
changed based on the different potential preysepteis the plankton community, in
accordance with an omnivorous non-selective feedbielgaviour (e.g. DeMott, 1986;
Carotenuto & Lampert, 2004). Furthermore, the ntiab community structure that
resulted after treatments differed among the erpants.

Similar selectivity coefficients were found forethlifferent developmental stages
(i.e. sizes) oD. magnain each experiment, which is in accordance witvi@us studies
that found overlap in the use of resources betwadult and juvenile cladocerans
(Boersma, 1995). It has consistently been obsethat filter mesh sizes are almost
constant during daphnidody growth (Geller & Mduller, 1981), meaning thall a
developmental stages can potentially feed on sintdaa. Therefore, it would be
expected that if all sizes @f. magnashowed a similar feeding behaviour, their effects
on the microbial community would be similar. Ousults are in accordance with this
hypothesis. They show that particle compositiorerafireatments differed mainly
between control andaphnia treatments while there were not differences betwee
Daphniatreatments. In summary, the lack of differencesomgn D. magna
developmental stages suggests that the body siZBsraagnaare not important when
assessing the potential impactfofmagnagrazing on a microbial community.

Comparison of the PCA analyses showed differearesng experiments of the
grazing effects on some prey types. PCA coordinaitéise three experiments show that
bacterioplankton seemed to be greatly reduced éytasence dD. magnain the TP1
experiment (positive coordinates in axis 1), bwofaed byD. magnapresence in the
TP2 experiment (negative coordinates). The CWS raxieat showed intermediate
effects on bacterioplankton (intermediate coordigat Indirect trophic cascade
interactions appear to be the most plausible egpilam for these variations. The feeding
of Daphniaspp. on ciliates and heterotrophic flagellateg. (BlcMahon & Rigler, 1965;
Porteret al, 1979), both of which predate bacterioplanktorg.(¢Hall et al, 1993;
Christaki et al, 1999), could result in a decrease in the grazngrtality of
bacterioplankton, with a consequent increase iim themass. In additiorDaphniaspp.
can mechanically interfere with rotifers (Gilbert Stemberger, 1985; Gilbert, 1989),

which are also bacterioplankton consumers (Aga&iltNoges, 2005; Fiatkowska &
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Pajdak-Stos, 2008), and further contribute to @nei@se in bacterioplankton. In support
of this hypothesis, we found high selection coedfits for ciliates and rotifers in the
TP2 experiment, together with an increase in bemgknkton. The importance of
indirect effects via trophic cascade has alreaddnhmbserved in other feeding behavior
studies dealing with the entire size spectrum ahklon food webs (e.g. Jurgeetsal,
1994; Aueret al, 2004; Bruceet al, 2008).

The capacity ofDaphnia spp. to reduce biomass particles and increaser wate
transparency has been used to profgdaphnia as a biological treatment method for
improving water quality in wastewater treatmentg.(&ommetret al, 1986; Carpenter
and Kitchell, 1993). Further, Schreijet al. (2000) suggest that the consumption of
pathogen bacteridy Daphnia spp. could contribute to the disinfection of tezht
wastewater. However, our results suggest thatéheffects oD. magnaon wastewater
effluents could be strongly affected by the troptascade interactions of the planktonic
community in the effluent. Being the smallest oigamin the microbial community,
bacterioplankton biomass would most probably bentbst vulnerable to changes in the
trophic cascade. Thus, to better assess theirlppessse for disinfection purposes, apart
from their physical and chemical water propertigsis necessary to consider the
planktonic food web in whicaphniawill be acting. In accordance with our findings,
other authors have emphasised the importance aigiakto account the food web
structure when performing biological control assasce unexpected results can arise
(e.g. Matvevvet al, 2000; Radke & Kahl, 2002; Muylaest al, 2006). In conclusion,
our results show that a good knowledge of the pamk structure and potential
interactions in the microbial food web is necessamynderstand the effea$D. magna

on a microbial community.
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Chapter 5

Top-predator effects of jellyfish Odessia maeotica

In Mediterranean salt marshes

Compte, J., Gascoén, S., Quintana, X. D., Boix, ID.press. Top-predator effects of
jellyfish Odessia maeotican Mediterranean salt marshes. Marine Ecology rsx)

Series.
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ABSTRACT: Jellyfish can act as planktonic top predators, tadr effects may cause
drastic changes in the plankton structure of masing freshwater systems. However, the
top predator effects may not necessarily be theesampecies-poor habitats as they are in
species-rich habitats. The present study analyseeffects of the small lacunae jellyfish
Odessia maeotican a species-poor habitat, Mediterranean salt Inegrén the wetlands of
Emporda (NE Iberian Peninsula). A field experimemts carried out in March 2008 to
assess the direct and indirect effectDofmaeoticaon plankton composition. Our results
show that the presence ©f maeoticachanged the plankton composition through top-down
effects. Changes were strong in zooplankton, bec@usnaeoticacan suppress almost the
entire trophic level of large zooplankton (>50 pieak indirect effects on phytoplankton
composition were observed as well. Wi@nmaeoticavas present, changes in the relative
abundance of the phytoplankton species were fobot,there was no net increase in
phytoplankton biomass. Our results suggest thagetiveeak indirect effects may be the
result of trophic cascade effects coupled with diigotrophic conditions of these salt
marshes. Thus, trophic cascade effects lead t;enedse in ciliate biomass, and these
ciliates would feed on small algae (jellyfish—copdg-ciliates—small algae), while

oligotrophic conditions would prevent increasealifal biomass.

Keywords: Jellyfish, Odessia maeotica Top-down, Bottom-up, Brackish waters,

Trophic cascade, Food web

INTRODUCTION

Jellyfish are widespread in both marine and limsystems (e.g. Dumont, 1994),
and can act as planktonic top predators, causiregtdand indirect changes in lower
trophic levels, through cascading effects (Ogual, 2001, Pittet al, 2007). Predation
is the main direct effect on zooplankton (e.g. barsL987; Stibor & Tokle, 2008 mith
& Alexander, 2008), since jellyfish can feed on eppds (e.g. Dodson & Cooper, 1983;
Purcell et al, 1999; Costello & Colin, 2002), cladocerans (Davi855; Dodson &
Cooper, 1983; Purcell, 2003) and fish eggs (e.gcdMy 1985; Dumont, 1994). Indirect
effects may also appear, such as changes in thktprastructure of lower trophic levels
due to cascade effed{®Issonet al, 1992; Granéli & Turner, 2002; Stibet al, 2004).
In this regard, some studies have pointed out a@ne@ase of phytoplankton in the
presence of jellyfisiiLindahl & Hernroth, 1983; Jankowski & Ratte, 2001)
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The effects of a top predator are variable and nie¢gen the complexity of the
aquatic community (Polis & Strong, 1996; Stibetr al., 2004). Most studies on the
trophic role of jellyfish are carried out in marioe freshwater systems where medusae
act as top predators affecting the zooplankton. (eagson, 1987; Baird & Ulanowicz,
1989; Stibor & Tokle, 2003) and phytoplankton p@pigns (e.g. Huntley & Hobson,
1978; Riisgard, 1998). However, the jellyfish’s @ohs a top predator in simpler
communities may be different, since, as pointedlyutrong (1992), the effects of a
top predator in species-poor habitats would be erpeto be different than in species-
rich habitats. The large fluctuations in the s&inof brackish water systems (e.g.
Barnes, 1989) mean that only well-adapted spec@s successfully inhabit such
environments (Bambeet al, 1992; Boixet al, 2008). As a consequence, brackish
waters are especially interesting systems becapspredators can be studied in a poor-
species habitat.

Daan (1986) and Purcell & Nemazie (1992) suggegligible effects of jellyfish
controlling the plankton population in brackish teyss. However, the small jellyfish,
Odessia maeoticaOstroumoff, 1896) can dominate the plankton comitgum
Mediterranean salt marshes in situations of conier@ (low water turnover), reducing
the plankton species diversity and the copepod lptipas to only a few isolated
harpacticoids (Quintanat al, 1998b). Therefore, the top-predator behaviousrofll
jellyfish in brackish systems still needs to beitiked.

Despite the potential importance of jellyfish iretfood web structure, there are
relatively few experimental studies dealing witleitheffects on plankton communities.
This could be due to some intrinsic difficultiegttexist when studying these organisms
(e.g. unpredictable occurrences, tank size eff@asnen & Chia, 1993; Boeret al,
2008). Nevertheless, many of these experimentfctuliies are reduced when working
with small-sized medusae, which make small jellyfiespecially suitable for
experimental approaches. In this sense, recentriexgr@al studies carried out with
Craspedacusta sowerbia small freshwater jellyfish species (mean bahtbter: <20
mm), have successfully demonstrated its effecth(loltect and indirect) on a plankton
community (Jankowski, 2004; Jankowskial, 2005).

In the present study, we carried out a short-teehd £xperiment using tanks in a
Mediterranean brackish lagoon with the aim to fingdout if O. maeoticaacts as a top

predator, exhibiting direct and indirect control glankton communities. We compared
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plankton structures in the presence of jellyfislth those in their absence. Because
brackish habitats have simple communities, we wedlgect the top predator to exert a
strong effect. In order to establish the strendtthe effect, we simulated the strongest
possible effects of0. maeoticaby removing plankton organisms >50 pum (mainly
zooplankton taxa), since small jellyfish, such @s maeotica(e.g. Craspedacusta
sowerby), feed on organisms >50m (e.g. Dodson & Cooper, 1983; Dumont, 1994;
Spadinger & Maier, 1999). The hypotheses to bedestere tha©. maeotical) cause
a strong direct effect on zooplankton by removingstrof the plankton >50m and (2)
cause indirect cascading effects on lower tropéiels, including small zooplankters,

phytoplankton and bacteria, as a consequence afegpletion of the large zooplankters.

MATERIALS AND METHODS

Study site andO. maeotica

The study was carried out in the wetlands of Em@diE Iberian Peninsula), a
series of Mediterranean shallow coastal lagoonse firom tidal influence, whose
hydrological regime is determined by the occurresicBoods caused by meteorological
disturbances in autumn and winter, and the procdsdesiccation during summer
(Quintana, 2002). In these coastal lagoons, thdl getigfish O. maeotica(mean bell
diameter: 8 mm) has been captured in high densitiperiods of confinement and under
oligotrophic conditions (March to June) (Quintaetal, 1998b). This jellyfish is a
Hydrozoa of the Moerisiidae familywhich exhibits alternation of generations; sessile

polyps (asexual generation) and medusae (repragugéneration).

Stomach content

Prior to the experiment, the potential preyf maeoticawere identified in the
stomach contents of individuals captured in Mar@@722in the same salt marsh in which
the experiment was performed. Twenty-fi@e maeoticaindividuals were captured
using a net with a mesh size of 1.2 mm. Immediatétgy were fixed with 4%
formaldehyde solution and store@. maeoticastomachs were processed, identifying

and counting the preys items found in each stormatiy a stereomicroscope.
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Experimental design

Our experiment to study the effects@f maeoticaon plankton was carried out in
the field in March 2008, when the presence of paemprey for O. maeoticawas
detected. The lagoon was 60 cm deep and oligotrof@08 uM dissolved inorganic
nitrogen and 1.35 uM soluble reactive phosphoraus) was characterised by a
conductivity of 53.30 mS cthof conductivity. The dissolved oxygen at the stdrthe
experiment was 70%.

Five samples of 8 | of water were collected frore tagoon and processed to
provide information on the “initial conditions” ofhe plankton structure. Fifteen
hermetically closed transparent PVC tanks (8 | céypawere used in the experiment.
Five of them were filled with 8 | of lagoon wateritimout O. maeotica(hereafter
"control"). Another 5 tanks were filled with lagoowater, and 150. maeotica
individuals were added to each tank (hereaftedéssiatreatment”). This density of
O. maeoticavas similar to the maximum densities of medusaeoiedn these lagoons
(Quintanaet al, 1998b). The last 5 tanks were filled with lagowater previously
filtered through 50um mesh (hereafter “filtered treatment”) in ordersioulate the
strongest possible jellyfish effect, i.e. total gigssion of the large plankton trophic
level.

The tanks were placed in the lagoon and fixed ¢osédiment by strings and tent
pegs, and incubated for 72 h under the naturalitond of temperature (14 °C at initial
time of the experiment) and light at a depth otdQ5 cm. Finally 5 additional samples
of 8 | from the same lagoon (hereafter “lagoon”)yevéaken directly after incubation.
After the 72 h incubation, all individuals @i. maeoticawere found to be alive. They
were then sorted and fixed with 4% formaldehydeceiiftbiomass was estimated
measuring biovolume and converting it to dry wei@¥alley et al, 1989) to check that
predation pressure in all replica experiments viadla (ranging from 7.48 to 7.92 mg
cIY.

Zooplankton was obtained from the retained matdayafiltering the 8 | of water
through a 50um mesh and was immediately fixed with 4% formaldihyolution.
Taxonomic identification and counting of individealwere carried out using a
stereomicroscope and an inverted microscope. Bismaas estimated using the

equations of Malleyet al (1989) for Polychaeta larva and calanoids andopyids
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(nauplii, copepodites and adults); of Dumaaital (1975) for harpacticoid nauplii,
copepodites and adults; and of Teleshl (1998) for rotifers.

Microplankton and large nanoplankton between 5%h@dm in size were obtained
by filtering 125 ml of water through a %0n mesh and were then fixed in the field with
Lugol’s iodine and stored under dark conditiondlartalysis. Taxonomic identification
and cell-counting were performed using an invenedroscope (Utermohl, 1958).
Biovolumes were calculated from measurements ofitiear dimensions of cells under
the inverted microscope, using appropriate geomérmulae (Ruttner-Kolisko, 1977,
Hillebrandet al, 1999). Ciliate biovolume was estimated by appmation of the body
shape to geometric shapes. Biomass was estimategithe equations of Menden-Deuer
& Lessard (2000) for diatoms and chlorophytes ahdPutt & Stoecker (1989) for
ciliates.

Bacterioplankton and autotrophic pico- and nandgtam samples were obtained
by filtration through a 50 um mesh and were th&ediwith 1% paraformaldehyde and
0.05% glutaraldehyde (final concentration), immesliadeep frozen in liquid nitrogen
and stored at -20°C. Their abundance and biovolweee obtained using a flow
cytometer (FACScalibur from Becton and Dickinsorijhwaser emission at 488 nm (for
method details see Lépez-Flores al, 2006). The bacterioplankton biovolume was
calculated using the equation described in Gasde& Giorgio (2000). Autotrophic
pico- and nanoplankton biovolumes were calculateinf measurements of linear
dimensions of cells by means of cytometry througbahbration curve as described
elsewhere (Olsoret al, 1989; Rodriguezt al, 2002; Loépez-Florest al, 2006).
Biomass was estimated using the equations of LeeFdhrman (1987) for
bacterioplankton, and of Verigt al (1992) for picoplankton and nanoplankton.

To differentiate heterotrophic from autotrophic gicand nanoplankton, DAPI
(4’-6-diamidino-2-phenylindole) fixation was usedofter & Feig, 1980). The samples
were mixed by inversion and left to stain for 2hmiith the fluorochrome DAPI (final
concentration of 0.5 pug M). Then, they were carefully filtered through a Quéh
polycarbonate filter (Millipore, Isopore membranigefs), and the filters were mounted
on a glass slide and examined by epifluorescenceostopy with a UV excitation filter
block and 1000x oil immersion. At least 300 indivéds were enumerated per sample
(Liu et al, 2005). By visualizing the DAPI-stained nuclelu@) and the chlorophyk
autofluorescence (red) it was possible to locaté differentiate heterotrophic from
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autotrophic pico- and nanoplankton. Heterotrophao{pand nanoplankton biovolumes
were calculated from the measurements of the lid@aensions of cells taken under
epifluorescence microscopy, using appropriate gédendormulae. Biomass was
estimated using the equations of Vestyal (1992).

Some experiments have provided evidence that ictd#féects are better explained
if size discrimination of lower trophic levels isefformed (Stiboret al, 2004).
Therefore, to study the direct and indirect efferft®. maeotica3 planktonic organism
data sets were used: (1) data of mesozooplankton naicrozooplankton >50 pum
(hereafter “large plankton”), (2) data of pico-,npa and microplankton <50 pm
(hereafter “small plankton”) and (3) data of botroups (hereafter “small + large
plankton”).

Comparisons between treatments and fractions aflavgeto test the hypotheses
listed below, as well as those regarding the diedfects (on large zooplankton) and
indirect effects (on lower trophic levels; smakpkton) of jellyfish presence in brackish
environments:

Test 1 (tank effectsHypothesis—The enclosure of water in a hermeticelbged tank
does not cause any effect on plankton compositi@goon samples versus control
samples in final conditions were compared usingsthall + large plankton data set.
Test 2 (time effectsHypothesis—No changes in plankton assemblages xqrected
between initial and final conditions, because oyegiment covers a short time period
(72 h). Initial conditions versus control samplesrgvcompared using the small + large
plankton data set.

Test 3 (Odessia direct effects)ypothesis—The presence Of maeoticacauses strong
significant changes in large zooplankton organis@asntrol samples versu9dessia
treatmensamples were compared using the large planktonsgata

Test 4 (strong Odessia effects)ypothesis—O. maeoticaacts as a top predator in a
species-poor habitat causing an effect similarhe total suppression of the large
zooplankton Odessiatreatment versus filtered treatment samples wenepared using
small plankton data set.

Test 5 (Odessia indirect effectdjypothesis—The presence Q. maeoticacauses
changes in lower trophic levels by indirect casegdeffects. Control samples versus

Odessidreatment samples were compared using small plarddta sets.
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Data analysis

All tests were performed using a multivariate apio (considering plankton
structure) to check the effects @. maeoticaon the plankton community. Then, a
univariate approach (taking into account 5 comnyupérameters) was used to check if
jellyfish affects these parameters. In both approachesjdhsbs 0fO. maeoticaadded
in the course of the experiment was not considered.

The multivariate approach was based on a corregmmedanalysis (CA), coupled
with between-group analyses (DolédecChessel, 1989). The between-group analyses
allowed us to obtain the centroid of each groue. (@ach treatment) and to test the
differences among these groups. Differences amaongpg were checked using the
Monte-Carlo permutation test (999 unrestricted peations under the reduced model).
The null hypothesis of this test stated that thatinee proportion in biomass of plankton
taxa did not differ among groups (initial condit®pmagoon, controlDdessiaand filtered
treatments). This procedure was used to checkigndisance of the: (1) general effects
(using the small + large plankton data set) (2gdireffects (using the large plankton
data set) and (3) indirect effects (using the splalhkton data set).

Additionally, 5 post hoc tests were carried outaadong to the 5 hypotheses
previously described. Two of these post hoc test®ewerformed using the small + large
plankton data set and tested the differences beti@goon and control treatment
samples (tank effects) and between initial condg€i@nd control treatment samples
(time effects). Another post hoc test was carrietivath the large plankton data set and
tested the differences between control @dessiatreatment sampleO@essiadirect
effects). The last ones were carried out with ttmalk plankton data set and tested the
differences betwee®dessiaand filtered treatment samples (strdddessiaeffects), and
between control andOdessia treatment samplesOflessia indirect effects). The
significance between the groups compared in eash Ipoc test was assessed using
Monte-Carlo permutation tests (999 unrestricteseations under the reduced model).
All multivariate analyses were performed with agetkage (Dray & Dufour, 2007)
written in R language.

The community parameters used in the univariateroggh included species
diversity, size diversity, species richness, tbiamass and average body size. Species
diversity was measured using the Shannon-WieneaxxiriRielou, 1969) and calculated

using biomass abundance. Size diversity and avdradg size were calculated using
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the Kernel estimation (Quintared al, 2008). Finally, species richness and total b&sna
were also calculated. These 5 community parameters calculated considering the 3
organism data sets (large plankton, small plankiod small + large plankton) for
control, Odessiaand filtered treatments. Analyses of variance (AMQ\and Welch
statistics (when the assumption of variance homeigyewas violated) were used to test
for significant differences among treatments fa Shcommunity parameters calculated.
When a significant result was obtained in the ANQMWRAe Tukey post hoc multiple
comparison test was applied to identify which tmeetts were significantly different.
All ANOVA were performed using SPSS 15.

Relationship between Odessia maeoticaand plankton structure in natural
conditions

Available data onO. maeoticaand plankton abundances from a previous study
(Quintanaet al, 1998b) carried out from February to June (1989991) in the same
salt marshes allowed us to find out whether, untural conditions, increases in
O. maeoticadensities could be related to decreases of plarsdbondances. Correlations
betweenO. maeoticabiomass and zooplankton biomass or &lds a surrogate of the
biomass of primary producers biomass, were caledldity means of the Pearson

correlation coefficient.

RESULTS

Stomach content

The stomach content analysis showed that the di€.anaeoticawas mainly
composed of large zooplankton organisms (Tabl€a)anoid copepods at all stages of
their developmental were the most abundant prepdadn the stomach conteof O.
maeotica Although less represented, harpacticoids anderstivere also part of the.

maeoticadiet.

-70 -



vg"a’r
Top-predator effects @dessia maeotice® ’

Table 1. Odessia maeoticaStomach analyses of 25 individuals jellyfish caughtopen waters in
March 2007 in the same area where the experimeerts varried out during March 2008rey type is
given and the number @. maeoticastomachs in which they were found. Mean (SD) valoethe

number and size of individuals found in the stonsaate also shown.

Prey type N° of stomachs Number Size (um)
Adult Calanipeda aquaedulcis 11 2.45 (1.62) 1140 (280)
CopepoditeCalanipeda aquaedulcis 11 3.19 (2.29) 560 (140)
NaupliusCalanipeda aquaedulcis 10 3.90 (2.87) 210 (70)
Copepodite Harpacticoid 1 1 280
Brachionussp. 2 1.5(0.5) 110 (20)
Testudinellasp. 1 1 200

No prey 8 - -

Effects on plankton structure

Twenty-three taxa present in the small + large kitam data set of all treatments
were included in the CA (Figure 1A). The first 2eaxof the CA explained 78.57% of
the total variance: the first axis explained 61.7&9d the second axis explained 16.84%.
The first axis separated samples with real and lated effects of ou©O. maeotica
experiment (includingddessiaand filtered treatments) from those with@ut maeotica
experimental effects (initial conditions, lagoordazontrol) (Figure 1B). In these latter
treatments, the community was characterised bygaehi biomass of calanoids and
euglenophytes, while in treatments wi. maeoticaeffects the community was
characterised by higher biomass of smaller plankésm@ (i.e. ciliates, picoflagellates
and bacterioplankton) (see Appendix 1 of the finalchapter 5). The second axis
separates samples whef2 maeoticawas actually present (lagoon artddessia
treatment) from samples witho@. maeotica(initial conditions, control and filtered
treatments) (Figure 1B). WheD. maeoticawas present, a higher biomass of ciliates,
rotifers and chlorophytes characterised the plankimommunity, while when
O. maeoticawas absent, a higher biomass of harpacticoid cajsepautotrophic

picoplankton, diatoms and cryptophytes charactetiise plankton community.
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Fig. 1. Correspondence analysis for plankton taxa: otiinaof (A) the 23 taxa and (B) the 25 samples
analysed. APF: Autotrophic picoflagellates; ANF1lutétrophic nanoflagellates 1; ANF2: Autotrophic
nanoflagellates 2; ACal: adult calanoilufytemora velo)x AHarp: adult harpacticoidMesochrasp.);
Bact: bacterioplankton; BractBrachionussp.; Cil: ciliate; Chloro: chlorophytes; CCal: cqpoelite
calanoid; CCycl: copepodite cyclopoid; CHarp: copdife Harpacticoid; Crypt: cryptophytes; Diat:
diatoms Amphora sp., Navicula sp., Nitzschia sp.); Eugl: euglenophytes; Hapt: haptophytes; Hex:
Hexartra sp.; HPF: heterotrophic picoflagellates; NCal: raugalanoid; NCycl: nauplii cyclopoid;
NHarp: nauplii harpacitocid; Plarv: Polychaeta &y StromStrombidiumsp.

When the large plankton data sets were analysedfitst 2 axes of the CA
explained 79.54 % of the total variability obsen(étgure 2A). The first axis explained
47.02% and separated samples of simul@echaeoticaeffects (filtered treatment) from
the rest of the treatments (initial conditions,dag, control andOdessiatreatment)
(Figure 2 B). The second axis explained 32.52% aegarated samples with
O. maeoticaeffects Odessiaand filtered treatment) from samples with@itmaeotica
experimental effects (initial conditions, lagoordasontrol). The gradients observed on
both axes could be related to differences in zodytm body sizes. Th@®dessia
treatment was characterised as having only thelssbaooplankton taxa (rotifers and
nauplii of harpacticoids). Similarly, filtered titeaent samples were characterised by the
presence of small zooplankton, although some laggganisms were also present
(nauplii and copepodites of cyclopoids and adulipheticoids). On the other hand,
initial conditions, lagoon and control were chaesised by a high biomass of large

zooplankton (copepodites and adult of calanoidgp@hdix 1 of the final of chapter 5).
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Fig. 2. Correspondence analysis for large plankton (>50: pndination of (A) the 12 taxa and (B) the 25
samples analysed. ACal: adult calanditlifytemora velo)x AHarp: adult harpacticoidMesochrasp.);
Brach: Brachionussp.; Cil: ciliate; CCal: copepodite calanoid; CCycbpepodite cyclopoid; CHarp:
copepodite harpacticoid; Hekexartrhasp.; NCal: nauplii calanoide; NCycl: nauplii cyctode; NHarp:
nauplii harpacitocide; Plarv: Polychaeta larvae

Taking only the small plankton data set into acc¢ptire first 2 axes of the CA
explained 82.44% of the total variability obser&gure 3A). The first axis explained
59.63% and separated initial conditions sample® fittose of final conditions (i.e. taken
after 72 h: lagoon, controDdessiaand filtered treatments) (Figure 3B). The small
plankton from initial condition samples was chaeaised by a higher biomass of only
autotrophic organisms (euglenophytes, diatoms andtraphic picoflagellates), while
the one from the final conditions had a higher kass of other organisms such as
bacterioplankton, auto- and heterotrophic picoflaes and ciliates (Appendix 1 of the
final of chapter 5). The second axis explained 2% &f total variance and separated
samples withO. maeoticaexperimental effectsQdessiaand filtered treatments) from
samples withouD. maeoticaexperimental effects (lagoon and control) (FigBiB3. The
small fraction of the plankton community withddt maeoticaeffects was characterised
by higher biomass of bacterioplankton, auto- andero&ophic picoplankton and
autotrophic nano- and microplankton, while in thma#l fraction of the plankton
community withO. maeoticaexperimental effects was characterised by higi@nass

of ciliates and haptophytes.
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Fig. 3. Correspondence analysis for plankton small plankto50 um): ordination of (A) the 11 taxa and
(B) the 25 samples analysed. APF: autotrophic fageflates; ANF1: autotrophic nanoflagellates 1;
ANF2: autotrophic nanoflagellates 2; Bact: bactgldokton; Strom: Strombidium sp.; Chloro:
chlorophytes; Crypt: cryptophytes; Diat: diatom&mphora sp., Navicula sp., Nitzschia sp.); Eugl:
euglenophytes; Hapt: haptophytes; HPF: heterotoopiebflagellates.

Hypothesis testing

Testl:“tank effects

A tank effect was detected on the plankton strectbecause we obtained significant
differences between the lagoon treatment and tha&ralosamples (Monte-Carlo
permutation testp < 0.01). This could be explained by the presencenudll Odessia
maeoticadetected in the lagoon samples. In fact, lagoanpses were located in a
similar position todOdessiareatment samples (both were positive values ois 2xvhen
considering the small + large plankton data sejuie 1B). In contrast, no tank effect
was detected for any community parameters (Table 2)

Test 2:“time effects

As in Test 1, time effects on plankton structurereveletected, since a significant
difference was found between the initial conditi@msl control samples (Monte-Carlo
permutation testp = 0.02). On the other hand, no time effects wereatietefor any
community parameters (Table 2).

Test 3: “Odessia direct effects”

The between-group analyses performed with the lgigekton data set revealed
significant differences between the control and @dessiatreatment (Monte-Carlo
permutation testp = 0.01). In the control samples, there was a hig@mass of large

organisms (mainly calanoids) than in tBdessiatreatment samples (Figure 2A). Direct
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effects of O. maeoticawere also detected in community parameters (Tahlelotal
planktonic biomassH; ;= 282.65,p < 0.01) and average body siZe (= 14.64,p =
0.01) were significantly lower in the samples frone Odessiatreatment than in the
controls (Table 3).

Test 4. “Strong Odessia effects”

No significant differences were found in the sm@lihnkton data set (Monte-Carlo
permutation testp = 0.78) between th®dessiaand filtered treatments. Similarly, no
significant differences were found between @aessiaand the filtered treatments for
any community parameter (Table 2). These resultsvetl thatO. maeoticaexerts the
strongest possible effect on the plankton commursipce we did not find any
significant differences between tRElessiareatment samples and the samples in which
all organisms >50 pm had been artificially removed.

Test 5: “Odessia indirect effects”

The between-group analyses performed only withstnall plankton data set showed
significant differences between the control and @uessiatreatment samples (Monte-
Carlo permutation tesp = 0.03). In the control samples there was a higg@mass of
bacterioplankton, pico- and nanoplankton, whileéhe Odessiatreatment samples there
was a higher biomass of ciliates and haptophyteguf& 3A). However, significant
differences were not detected for any communityapeater (Table 2). Therefore, our
results showed significant but weak indirect effe€tO. maeoticapresence in lower

trophic levels, since it was only detected at themunity structure level.

-75 -



vg"a’r
Top-predator effects @dessia maeotice® ’

Table 2. Results of ANOVA for the different testsTest 1: tank effects; Test 2: time effects; test 3:
Odessiadirect effects; Test 4: Stror@dessiaeffects), Test 50dessiaindirect effects. Samples and data
sets used for each test are also indicated. p:dsiegsity; H: species diversityS. species richness; TB:
total biomass (ug m); BS: average body size (ug Hl (W): Welch test; ** p_<0.01 (after Bonferroni
correction).

Test Parameters df df, F p value
Test 1: Lagoon vLontrol i 1 4.61 0.68 0.45 (W)
(data set: small+large plankton) H 1 8 3.97 0.08

S 1 8 18.75 0.03

TB 1 8 1.85 0.21

Log BS 1 8 3.69 0.91
Test 2: Initial conditions vs. Control i 1 8 0.46 0.52
(data set: small+large plankton) H 1 8 451 0.06

S 1 8 0.93 0.37

TB 1 8 2.93 0.13

Log BS 1 8 0.19 0.68
Test 3:0dessiareatment vs. Control M 1 3.01 1.11 0.37 W
(data set: large plankton) H 1 3.05 0.02 0.89 W)

S 1 7 2.78 0.14

TB 1 7 282.65 < 0.01*

Log BS 1 7 14.64 0.01**
Test 4:0dessiareatment vs. filtered treatment p 1 8 0.01 0.96
(data set small+large plankton) H 1 8 0.13 0.73

S 1 8 231 0.17

TB 1 8 451 0.07

Log BS 1 8 0.62 0.45
Test 5: Odessiareatment vsControl i 1 8 0.27 0.62
(data set: small plankton) H 1 8 1.25 0.29

S 1 8 0.06 0.82

TB 1 8 2.25 0.17

Log BS 1 8 0.03 0.86
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Table 3. Mean (SD) values of community parameters of plamktor initial conditions, lagoon, control,
Odessiatreatment and filtered treatment, taking into actoplankton taxa. p: size diversitid: species
diversity; S species richness; TB: total biomass (ug)mBS: average body size (ug Hl Parameters with the
same superscript letter (a, b and c) do not dffiignificantly among treatmentp € 0.05, Tukey post hoc tests).

Data set Parameters Initial Lagoon Control Odessia Filtered
conditions treatment treatment
Small+large 0.91 (1.34f  1.42(0.37} 1.44(1.10f 1.80 (0.54f  1.78 (0.35}
plankton H 1.23 (0.15f 1.27(0.22f¢ 1.05(0.11} 1.36(0.12}  1.34(0.11f
S 12.20 (1.30} 15.20 (0.84f 13.20 (1.92} 11.80 (1.64} 13.60 (2.07}
B 147.27 204.00 190.33 24.27 19.04
(38.86)° (84.85)* (40.72)2 (4.57)2 (3.06)?
BS 1.39-10 2.20-10 3.82.10 8.88-10 4.41-10
(2.451F)*  (4.63-1)* (1.69-10)® (1.22.1F)*  (3.25-10)°?
Large n 2.46 (0.18} 258 (0.17} 2.29(0.09f 1.59 (0.31f  1.27 (0.01}
plankton H 0.79 (0.09F  1.02(0.12f 0.75(0.04f 0.62(0.48f  0.79 (0.52}
S 4.6 (0.89f  6.8(0.45f  5.00(1.22f 3.40 (1.14F}  4.80 (1.30}
B 125.46 192.16 175.20 3.95 0.38
(35.40)* (84.14)? (40.54)? (6.05)° (0.54)°
BS 0.60 (0.12§  0.47 (0.17f 0.88(0.09f% 0.32(0.31f  0.01 (0.01f
Small U 1.46 (2.02f 1.18(1.32f 1.03(2.14f 0.28 (2.38}  1.30 (1.46}
plankton H 0.93(0.03¢ 1.10(0.03f 1.15(0.06f 1.20 (0.08f  1.27 (0.03}
S 7.60 (0.55¢  8.40 (0.54f  8.00(1.87f  8.40 (0.89F  8.80 (0.84}
B 21.81 (6.24) 11.84(3.39f 15.14 (6.91} 20.32 (3.46] 18.67 (3.44}
BS 3.00-16 3.13-1C 1.72-1¢ 1.42-10 4.41-1C¢
(6.65-1F) 2  (1.77-10)* (3.47.1H)?* (1.19-1F)*  (6.18:10F)?

Relationship betweenO. maeoticaand plankton structure in natural conditions

A negative correlation was found in natural samgesta from 1989 to 1991,
Quintanaet al, 1998b) betwee®. maeoticbiomass and total zooplankton biomass (r =
-0.61,p = 0.03) and betweed. maeoticebiomass and chd-(r = -0.80,p < 0.05) (Figure
4A, 4C). Because our experimental results indichtg the biomass of ciliates was
higher when O. maeoticawas present, we also tested the correlation betwee
O. maeoticabiomass and ciliate biomass. According to ourltesin natural conditions,
this relationship also exists, and a positive datien (r = 0.61p = 0.05) between ciliate
biomass an®. maeoticebiomass was obtained (Figure 4Bpwever, some caution has
to be taken when interpreting this significant tesince it is influenced by the presence

of one extreme point. No correlation was found eetwO. maeoticabiomass and
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soluble reactive phosphorous (r = -04.8 0.56) or betwee®. maeoticabiomass and
dissolved inorganic nitrogen (r = 0.gb5= 0.86) (Figure 4D, E).
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Fig. 4. Relationship betwee®. maeoticabiomass and (A) zooplankton biomass, (B) the lbigar of
ciliate biomass, (C) the logarithm chlorophgll{D) soluble reactive phosphorous (SRP) and (€) th
logarithm of dissolved inorganic nitrogen (DIN) callated from field sample by Quintaagtal, (1998b).

DISCUSSION

The direct effects o0D. maeoticaare mainly focused on large zooplankton through
predation. The results of our experiments showeecaease in zooplankton biomass and
average body size in the presence(f maeotica These changes are related to a
decrease in calanoid biomass. Calanoids are thendatmorganisms in the experiment
in the absence of the medusae, but were almosntlaser 72 h of theDdessia
treatment. The field data support this finding,csirincreases irD. maeoticawere
significantly related to decreases in zooplanktaymass. Moreover, stomach content
analysis also supported the existence of a diféattanediated by predation. Our results

coincide with existing studies that also descrloe gredatory behaviour on zooplankton
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by other jellyfish species (e.g. Hanssral, 2005; Pittet al, 2008; Smith & Alexander
2008), confirming the top-predator role@f maeotican brackish ecosystems.

Although large jellyfish can control the planktoropulation (Behrends &
Schneider, 1995), smaller jellyfish species malttacontrol the plankton population if
copepod growth rates are higher than jellyfish igiazates on them (Daan, 1986;
Purcell, 1992). Thus, Purcedt al (1994) concluded that the control of the copepod
population was the result of a combination of d#fg factors such as predation, bottom-
up effects and physical effects. Similarly, an ekpental study performed with a
freshwater jellyfish specie€(aspedacusta sowerhiialso described a possible bottom-
up effect due to nutrient supplies (Jankowskial, 2005). Although, our experiments
showed copepod reduction values (98% depletionr d@f2eh of incubation) similar to
those observed by Jankowski al. (2005) (approx. 70 to 80% depletion after 48 h of
incubation), in our case the experiment was peréarmithout the addition of nutrients.
Moreover, in these brackish systerfts, maeoticapopulations appear in very specific
conditions of high values of salinity (30.7414£.29 mS cn), low dissolved inorganic
nitrogen (2.25 +1.05 uM) and a low nitrogen:phosphorus ratio (2:1%16); and when
these physical and chemical conditions chadyemaeoticapopulations disappear
(Quintanaet al, 1998a,b). Thus, the absence of nutrient inpuats tae low nutrient
concentration, especially of dissolved inorgantcagien, would make it difficult to have
a bottom-up effect.

Weak indirect effects on small plankton and the rob@l community were
detected at the structure and composition levetselheless, our result did not show a
significant increase of small autotrophic planktoomass. Previous studies reported
that the increase in total biomass of lower trodbiels (i.e. phytoplankton biomass)
was due to evidence of an indirect effect of jetlgf(e.g. Jankowski & Ratte, 2001). It
could happen that the duration of our experimens ¥z short to show significant
differences in total phytoplankton biomass. Howevemmilar experiments, also
performed with small jellyfish species, found difaces in phytoplankton biomass after
only 48 h (Jankowslet al, 2005), so 72 h should be sufficient time to obsgnificant
results. Therefore, the lack of an increase irtdked phytoplankton biomass in our study
may be related to (1) a trophic cascade effectaan(@) the oligotrophic conditions in

which O. maeoticaoccurs, which would not allow significant phytopikion increases
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(Lopez-Floreset al, 2006), even if phytoplankton grazers are sumaesIn our
opinion, the most plausible explanation would lm®mbination of these 2 processes.

Regarding the trophic cascade effect, several esudave described changes in
microplankton as being cascading trophic effectthanpresence of jellyfish, and their
top-down effect through several trophic levels (ePgt et al, 2007). For example,
Lindahl & Hernroth (1983), Jankowski & Ratte (20Cdd Jankowski (2004) showed
that phytoplankton blooms can appear when grazimgsspre by herbivorous
zooplankton is reduced as a result of heavy pregati@ssure by jellyfish. In our case,
whenO. maeoticavas present, we found an increase of the citembidiumsp. and
mixotrophic organisms (haptophytes and cryptophytesl a decrease of autotrophic
organisms (autotrophics picoflagellates, diatonmorophytes and euglenophytes) and
bacterioplankton. The increase of ciliates in thespnce of jellyfish could be explained
by an indirect effect, since jellyfish would prey ealanoids, which, in turn, prey on
heterotrophic plankton (Brucett al, 2008). Consequently, if calanoids are removed,
small heterotrophic organisms such as ciliates nmayease in density. Moreover,
ciliates can feed on bacterioplankton (e.g. Kis@&dingel, 2000) and autotrophic
organisms of pico- and nanoplankton (e.g. Christéldl, 1999). Therefore, an increase
of ciliates due to cascading trophic effects caalkb indicate high grazing pressure on
the phytoplankton and bacterioplankton communitgd,aherefore, no increases in the
biomass of these planktonic organisms would bectkde

On the other hand, previous studies reported hotviemti concentration via
bottom-up effects could alter the effect of tropbiscades (e.g. Danielsdotét al,
2007). For example, in marine systems with low ieatrinputs, Sommeet al (2002)
and Stiboret al (2004) described a trophic cascade effect sindldhe one reported in
our study (predator-copepods-ciliates-small alg&ell, this sequence changed when
there was higher nutrient availability, with thadl part ending with an increase in large
algae. Stiboret al (2004) related these differences to (1) low muiriconcentrations,
which frequently exclude larger algae; and (2) $ire-mediated predatory effect of
ciliates, which is higher on small algae than ibimslarger algae. As a consequence, they
conclude that a positive effect of top predatorsraalgal biomass is observed only in
mesocosms with enhanced nutrient loading, wheteare tare decreases in mesocosms
receiving zero nutrient loadings. In fact, our expental and field results agree with

those by Stiboet al. (2004), in which a negative effect on phytoplamkivas observed.
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Summarizing,O. maeoticaacts as top predator exerting top-down control on
zooplankton and over the rest of the plankton comityuthrough a trophic cascade
effect. WhenO. maeoticais present, the entire plankton community changesugh
direct effects large zooplankton decrease and girondirect effects ciliates increase
and autotrophic organisms decrease. Moreover, iir&st with previous studies in
which the changes observed in planktonic communitveéh the presence of jellyfish
species are explained by a combination of top-damd bottom-up controls (e.g.
Jankowskiet al, 2005), in our case, the observed direct andentieffects may be due
mainly to a top-down effect, sinc®. maeoticaappears only under oligotrophic
conditions, without any external nutrient input.t®on-up effects could also appear due
to excretion, mucus production and decomposition jafyfish in oligotrophic
environments (Pitet al, 2009). Nevertheless our results suggest a sttopgdown
effect of the jellyfish without any interaction Wit nutrient supplies. In fact,
Mediterranean brackish marshes are characterisedlbgs of nutrient inputs coinciding
with sudden flooding due to sea storms or inteag®all. After these pulses, the water
remains confined, with no other water inputs, lagdb a decrease in water level and an
increase in salinity due to evaporation (Quintabal, 1998a, Quintana 2002). In such
environments, physical factors such as floodingnsity determine pulse events and, in
turn, nutrient loadings during pulses. Our resugltiggest that these 2 environmental
situations (pulse and confinement) correspond thange in the successional process
associated with a change in the food web contrahaeism. Thus, the pulse situation
implies an allogenic succession when the food wdimitom-up controlled, whereas the
confinement situation implies an autogenic sucoessihen the food web is top-down
controlled (situations o®. maeoticadominance). Abrupt shifts in the food web control
mechanisms according to different environmentaliasibns have been reported
previously in brackish ecosystems (e.g. Peteeseh, 2008). Moreover, the existence of
allogenic succession after a resource pulse anddsierior substitution by an autogenic
process has been considered a general patterrh@r atjuatic ecosystems, such as

freshwater temporary ponds (e.g. Latel, 1989; Boixet al, 2004).
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Annex 1. Mean (SE) values of size, initial densities andniass of all organism types found in different tments. APF: autotrophic picoflagellates; ANF1:
autotrophic nanoflagellates 1; ANF2: autotrophiaafiagellates 2; HPF: heterotrophic picoflagellat®®: small plankton; LP: large plankton.

Initial conditions Lagoon Control Odessiareatment Filtered treatment
Data set Size Density Biomass Density Biomass Density Biomass Density Biomass Density Biomass
(um) (ind mlh (ind ml™h (ind ml™h (ind ml™h (ind ml™h
Bacterioplankton SP 0.38 8.78-16 0.07 1.24-16  0.08 1.43:10 0.10 1.28:10  0.09 1.29:10  0.08
(0.10) (5.80-16)  (0.04) (6.09-16) (0.04) (1.17-16) (0.08) (8.68-16) (0.06) (6.92:16) (0.05)
APF SP 1.95 3.09-16 6.62 3.67-16 6.83 3.72.16 7.05 6.03-16  10.05 47716 7.96
(0.12) (8.92:16)  (1.98) (5.98:16) (2.14) (7.66-16) (2.43) (1.88:16) (2.54) (1.25-16) (1.57)
HPF SP 2.01 7.14-18 0.01 9.92.1¢ 0.01 1.03-16 0.01 1.34-16 0.01 9.60-16 0.01
(0.32) (2.45:16)  (2.75-10° (5.80-16) (0.01) (6.39-16) (0.01) (7.72:16) (0.01) (4.11-16) (4.57-10)
ANF1 SP 3.76 1.37-16 1.72 1.19-16 1.81 2.30-16 2.93 2.95.16 3.75 3.58.16 4.42
(0.22) (3.62:10)  (0.48) (2.94-1d) (0.78) (8.30-1d) (1.16) (9.64-10) (1.04) (1.47-16) (1.34)
ANF2 SP 4.15 5.94.18 13.12 1.64-18 272 2.76.16 471 3.35.16 5.47 5.94.16 5.23
(0.31) (2.16-16)  (3.91) (6.22-1d) (0.89) (1.82:16) (3.66) (1.25-16) (1.18) (2.16:16) (1.53) =
Chlorophytes SP 8.70 4.02 1.30-1¢" 20.76 4.12.16¢ 4.02 2.10-10* 8.03 1.40.1¢" 12.05 2.18 -1¢ o
(1.78) (8.98) (2.91-10" (34.77) (7.65-10°) (8.98) (4.70-10) (17.96) (3.13-10%) (17.96)  (3.45-1() Té
Haptophytes SP 8.78 642.42 0.02 4.42-.18 0.16 57916 0.18 1.11-16 0.35 1.18:16 0.37 %
(2.59) (107.17) (0.01) (1.95-18) (0.09) (1.98-:16) (0.05) (7.67-16) (0.22) (1.67-18) (0.06) é
Cryptomonas SP 23.85 0.00 0.00 0.00 0.00 4.02 21610 4.02 1.48 -1¢ 8.03 2.29:1C¢° 8
(2.34) (8.98) (4.82:10° (8.98) (3.30:10% (11.00)  (3.20:10 é
Ciliates Gtrombidiumsp.) SP 2956  4.02 0.01 168.64  0.22 32.12 0.11 473.00 0.58 521.96  0.57 §
(13.65)  (8.98) (0.02) (126.64) (0.16) (30.44)  (0.16) (301.00) (0.28) (261.37) (0.35) o
Euglenophytes SP 55.32  48.18 0.21 0.00 0.00 4.02 0.03 0.00 0.00 4.02 0.00 3
(19.12)  (107.74) (0.48) (8.98) (0.06) (8.98) §
Diatoms (Anphorasp.,  SP 76.18  248.94 0.02 176.67  0.02 28.11 2.36:10° 76.29 0.01 256 0.02 °
Naviculasp.,Nitzchiasp.) (45.35)  (130.57) (0.02) (82.04)  (0.01) (33.59) (2.48-10° (16.80)  (0.01) (122.44) (0.01) ﬂ
Nauplis Harpacticoid LP 88.33 0.00 0.00 0.00 7.9.10 0.08 2.8.100 0.13 2.32.100 17.20 3.89 -1¢°
(16.22) (1.77-1¢) (0.11) (6.2:10°) (0.22) (4.03-10") (21.51) (4.20-10)
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Hexarthra sp.

Naupli Cyclopoid

Brachionussp.

Naupli Calanoid

Polychaeta larvae

Ciliates

Copepodit Harpacticoid

Copepodite Cyclopoid

Adult Harpacticoid

(Mesochrasp.)

Copepodite Calanoid

Adult Calanoid

(Eurytemora velox

LP

LP

LP

LP

LP

LP

LP

LP

LP

LP

LP

114.28 0.00
(29.92)
186.90(440.00
41)
189.40 0.05
(45.34)  (0.11)
0.02  37.65
(83.43)  (12.93)
270.78  0.45
(142.80) (0.21)
29500 0.20
(85.21)  (0.21)
323.00  0.00
(112.24)

446.50 0.00
(99.76)

537.80  0.00
(116.81)

717.48 41.60
(215.18)  (9.89)
1448.01 5.65
(99.67)  (3.38)

0.00

0.00

0.00

6.96
(3.29)
0.11
(0.16)
0.10
(0.13)
0.00

0.00
0.00
80.34
(31.78)

37.96
(14.87)

0.00

0.00

0.00

39.95
(10.06)
1.90
(0.68)
0.45
(0.21)
0.15
(0.14)
0.00

0.00

62.90
(28.54)
10.90
(5.23)

0.00

0.00

0.00

4.19
(1.21)
0.54
(0.15)
0.18
(0.10)
0.01
(0.01)
0.00

0.00

99.40
(46.99)
73.76

(34.97)

0.00

0.00

0.00

23.50
(1.24)
0.45
(0.27)
0.15
(0.22)
0.00

0.00
0.00

68.90

(15.81)

7.13
(4.31)

0.00

0.00

0.00

3.63
(0.45)
0.06
(0.05)
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Chapter 6

Fish predation effects on benthos and plankton in

a Mediterranean salt marsh

Compte, J., Gascon, S., Quintana, X. D., Boix,Submitted. Fish predation effects on

benthos and plankton in a Mediterranean salt marsh.
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ABSTRACT: Here we study how predation bgphanius iberus an endangered
cyprinodontic species, affects plankton and benttwamunity. A field experiment using
mesocosms in a Mediterranean salt marsh was camietb assess #. iberuseffects are
stronger on benthos or plankton. We observed wdfdcte of A. iberus on benthos,
possibly because they use macrophytes as a refogepredators. However, the presence
of A. iberusdecreased the abundance of large plankton, sugaramarids and jellyfish,
and increased the abundance of medium-sized plan&teh as harpacticoids and rotifers,
suggesting thaf. iberushas a visual predatory behavioi. iberuschanged the species
richness and diversity in benthos and species ceitipo and size distribution in plankton.

These results suggest tiatiberusis a keystone species.

Keywords: Aphanius iberus Keystone species, Field experiment, Coastal weda

Mesocosm

INTRODUCTION

Predation is a key factor shaping natural comnesi¢Sihet al, 1998) with an
important role structuring aquatic communities (tyn1979; Carpentegt al, 1985;
Jeppesewrt al, 2000). Fish predation reduces the biomass aikpba assemblages and
decreases the abundance of large-bodied speciesh(L}979; Vanni, 1987). Due to
indirect effects, the abundance of small-bodied plarikton increases (Brooks &
Dodson, 1965; Vanni, 1988; Carpenter & Kitchell939 Additionally, fish predation
can results in changes in the demography, morplaod behaviour of the planktonic
species (Gliwicz, 1990; Hansen & Jeppesen, 199biznet al, 1997; Moss, 1998).
Fish also prey on benthic organisms but in thisecdmeir effects are usually more
complex to asses because the presence of physiages can alter the interaction fish-
prey (Diehl, 1992). In these sense, the use of opdugttes as refugee for invertebrates to
avoid fish predation has been widely described D& Eklov, 1995; Schriveet al.,
1995; Paukert & Willis, 2003). Consequently, théeefls of fish predation may be less
evident in benthic than in planktonic assemblagpesause refugee decreases the fish
capture ability (Strayer, 1991). However, some fishprey on benthos, reducing both
biomass and density of benthos (Mittelbach, 198%hD 1992; Aarnio, 2000).

Moreover, recent works has suggested that wherprbeators are small-bodied fish,
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macrophytes do not offer a refuge for the benthesause these fish can also move and
live within the vegetation (Meerhoét al, 2007). Thus, it remains unknown whether a
small predatory fish will have a greater impactptemkton or on benthos.

To answer this question we performed a field expent, using of small fish
Aphanius iberugtotal length usually <5 cm, Garcia-Berthou & MaooeAmich, 1992).
Several characteristics make iberusan ideal target species for this study. Firsfly,
iberusis a cyprinodontic species endemic from the Mediteean coast of the Iberian
Peninsula, and it is considered in danger of etitngDoadrio, 2001). Consequently, it
would be of general interest to know which kindcbinges it would expect in aquatic
communities due to their extinction. Secondly, aistual distribution is reduced to
brackish and hyperhaline shallow waters in saltsimas and coastal lagoons, but there it
use to be the main fish species, with stable pojunis achieving high densities around
30 individuals rif (Garcia-Berthoet al, 1991; Badosat al, 2007). It means that its
effects might be not negligible. Thirdlg. iberusis a benthic species strongly related to
macrophyte mats (Moreno-Amiakt al, 1999, Rincoret al, 2002). This is especially
interesting when studying if macrophytes suppdugee to invertebrates in front small
fish predators. Finally, fish diet are very broaddadynamic as the result of the
variability and availability of larger prey (Eggers982).A. iberushave an omnivorous
behaviour with benthic (Vargas & de Sostoa, 1998addio, 2001; Rincoet al, 2002),
and planktonic prey (Alcaraz & Garcia-Berthou, 2P0OMence, it has the potential
ability to exploit both fractions of the aquatic ncounity, and so to impact both
fractions.

Using mesocosms, we investigated the effectseptlsence oA. iberuson both
benthic and planktonic invertebrate fractions. @ain objective is focussed on possible
changes in the benthic and planktonic fraction @ased to the fish presenc&phanius
iberushas traditionally been described as a benthicispeand consequently a stronger
effect on benthos is expected if macrophytes reallyreduce the capture ability of this

small fish.
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MATERIALS AND METHODS

Study site

The study site was a temporary oligotrophic sadirsh lagoon in the Emporda
wetlands (NE Iberian Peninsula). The Emporda wdHdaare a set of Mediterranean
shallow coastal lagoons free from tidal influenceheir hydrological regime is
determined by the occurrence of floods due to nmetegical disturbances in autumn
and winter and desiccation in summer (Quintahal, 1998a, Quintana, 2002). In the
wetlands, the zooplankton assemblage is composédyniay calanoids Calanipeda
aquaedulcisandEurytemora velo) cyclopoids Diacyclops bicuspidatysharpacticoids
(Cleptocampus confluentsand rotifers Brachionus plicaitlis and Synchaetaspp.)
(Quintana et al, 1998b; Brucetet al, 2005). The zoobenthos is dominated by
chironomids Chironomus salinarids polychaetes Nereis diversicolgr amphipods
(Gammarus aequicauglaostracods Qyprideis torosg harpacticoids Gleptocampus
confluenty and nematode®(plolaimella sp.,Monhystrellasp., Thalassomonhystersp.
and Ptycholaimellussp.) (Gascoret al, 2005; 2006; 2008)Aphanius iberusand
Pomatoschistus micropare the dominant fish in the permanent lagoon&mporda
wetlands; andAtherina boyeriand Anguilla anguillaare occasionally present (Garcia-
Berthou,et al, 1991).

Experimental design

The experiment was done in the field from Marchiviay 2006. We installed six
mesocosms (fibreglass cylinders; diameter: 1.2igh:..0 m) in the lagoon. To prevent
any exchange with the outside of mesocosms, eacdmagosm was 5 cm deep in the
sediment. To prevent predation by birds, the omgnwas covered by a net (2 cm of
mesh. We randomly assigned the mesocosms to da®dfeatments (fish presence and
fish absence) with three mesocosms for each trewtn@ne week after installation
(March), we added 20 adult femal&siberusfrom a nearby (up to 800 m) permanent
lagoon to each mesocosm for the “fish treatmentie A. iberusdensity within the
mesocosms was similar to densities in nearby pezntdagoons (Badosat al, 2007).
We limited our study to females because malesar#drial and spend a lot of energy
on defending their territory and on mating (Olivatétnaet al, 2007), which could
coincide with a non-feeding period (Wootton, 1998).obtain groups of 20 individuals

with similar size and biomass in each mesocosmsuted the total length of the fish.
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We estimated the biomass of each individusihg the equation of Verdiell-Cube@b

al. (2006). Fish biomass ranged from 2.63 to 3.34dd vas not significantly different
among the fish treatment mesocosms (ANOVAg/= 0.61;p = 0.54) assuring a similar
predation pressure per fish treatment mesocositmelmemaining three mesocosms, we
did not add any fish (“control treatment”). We maa&sl the macrophyte biomass within
each mesocosm to estimate the availability of reéud he average macrophyte biomass
in the mesocosms was 5.92 mgTrRuppiacirrhosawas the main macrophyte species
(96.45% of macrophyte biomass), abduprothamnium populosuwas also present
(3.55% of total macrophyte biomass). Significarfitedences among treatments were not
found in macrophyte biomass (ANOVA; = 7.36;p = 0.06) assuring a similar refugee
per mesocosm. AI. iberussurvived the duration of the experiment and weleased

at its conclusion.

Sampling procedure

Before fish addition, we determined the “initiainctitions” in each mesocosm. We
measured water characteristics as well as benttaomiglanktonic fractions. To control
the intra-mesocosms variability we took three samplfrom each mesocosm.
Additionally, we collected three samples from tlagdon (“lagoon”) to determine if
there is a possible mesocosm effect. Two monthres &fh addition we repeated the
sampling to obtain the “final conditions”. Samplesre stored, identified and counted
by means of the different methods described bellow.

Several water characteristics were measured (THbl&Vater temperature (°C),
electrical conductivity (E&), pH, and dissolved oxygen (%) were measureditu.
Dissolved inorganic nutrients (ammonia, nitrite,tratie, and soluble reactive
phosphorous) and total nutrients (total nitrogerd ghosphorous) were analyzed
following Grasshoffet al (1983). Water chlorophyl: was measured according to
Talling and Driver (1963).

We randomly collected three sediment samples pesosbsm. To obtain
population estimates from benthic organisms of a&gea of sizes (meio- to
macrobenthos), each sediment sample consisted ofcaptures: one with a core
(internal diameter = 5.2 cm) and the other withrabg(Ekman grab= 225c&n All
organisms captured in the sediment samples (corgraiy) were considered as the
benthonic fraction. Each core sample was taken Sleep in the sediment and sieved

through 500 pm mesh. To sort meiobenthos organighmes, sieved material was
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suspended in a sugar-water solution (1:1) for Ihe sugar suspension was filtered
through a sieve (5@m mesh-size), stained with rose Bengal, and predem 4%

formalin (modified from de Jonge & Bouwman, 197 Atiutaxonomic identification.

Three sugar extractions were successively carrigdper sample. We estimated the
population density (individuals per émusing the removal method for closed
populations (Seber, 1982). Macrobenthos organisers wbtained using an Ekman grab
(225 cnf). To identify the macrobenthic organisms, we sbiiee sediment obtained
from the Ekman grab (225 &rusing a 500 um mesh-size sieve, counted the nuaibe

animals, and preserved each animal in 4% formatti i1 was identified.

Table 1. Physical and chemical water characteristics ofidigeon
in the beginning and end of the experiment. Ghlahlorophylla;
NH,": Amonia; NG Nitrite; NO,®: Nitrate; OM: Organic matter;
SRP: soluble reactive phosphorous. 2 : under detelevel.

March May
Water level (cm) 55.55 22.11
Conductivity (mS cri) 37.02 49.87
Temperature (°C) 10.83 17.77
pH 7.68 9.08
Dissolved Oxygen (%) 120.69 97.53
OM (ppm) 11.15 24.00
Total nitrogen (mg1) 0.95 3.01
NH," (mg ') 0.03 <0.012
NO, (mg I') <0.012 <0.012
NOs(mg ') 0.01 0.01
SRP (mgT) <0.012 0.01
Total phosphorous (mg') 0.03 0.23
Chlaa (ug I 2.97 20.08

We obtained the planktonic fraction by filterind &f water trough a 5adm mesh-
size and the organisms retained was immediategdfixith 4% formaldehyde solution.
All individuals captured in these samples were @ered as planktonic fraction. We
counted and identified the plankton using a steremscope and an inverted
microscope.

We classified each benthic and planktonic specineethe species level when
possible, except for nematodes, microturbellaosfars, and ciliates that were identified
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to genera level. For data analysis, nematodes @pepods were grouped into functional
groups. Nematodes genera were grouped accordifegding behaviours following the
Weiser (1953) classification: selective depositdégs {Thalassomonhysterap. and
Monhystrella sp.), unselective deposit feeder§héristus sp.), epigrowth feeders
(Ptycholaimellussp., Dichromadora sp. andCalomicrolaimussp.) and omnivorous
and/or predatory nematodeSphaerolaimusp. andrictor sp.). Copepods were grouped
by development stages (nauplii, copepodites, andltsgdand by order: calanoids
(C. aquaedulciendE. veloy, cyclopoids D. bicuspidatusandHalicyclops rotundipes
and harpacticoids Qanuella perplexa Cletocampus confluensMesochra heldti
Mesochra lilljieborgj andNitocra spinipek

We measured 30 random individuals of each taxaenthos and plankton fraction
and estimated their biomass using the following atigns: Quintana (1995) for
gammarids; Smock (1980) for chironomids; Linton draghon (2000) for capitellids;
Lingegaard (1992) for gastropods; Johnston (1986)ostracods; Wieser (1960) and
Jensen (1983) for nematodes; Gradingeral (1999) and Nozaigt al (2001) for
turbellarians; Malleyet al (1989) for copepods, rotiferd@tholcasp.), and jellyfish;
Ruttner-Kolisko (1997) for rotifers; and Putt and&ker (1989) for ciliates.

Measured community parameters

We measured five community parameters for the Hierdnd the planktonic
fractions: species diversityHj, size diversity (1), species richnesy, (total biomass
(TB), and average body size (BS). Species divekgdy measured using the Shannon-
Wiener index (Pielou, 1969) and was calculated gidiiomass as abundance. Size
diversity and average body size were calculategiguisernel estimation (Quintare al,

2008). Total biomass was the sum of each organibmoieass in a sample.

Data analysis

We tested the possible effectsAgfhanius iberusand mesocosm on benthonic and
planktonic fractions separately. We used two apgrea to test these effects:
multivariate one when considering taxa matricesg amivariate one when using
community parameters. Finally, we used a varigpartitioning to compare the strength

of fish effects on benthonic and planktonic fracso
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a) Fish effect: multivariate approach

Using Canonical Correspondence Analysis (CCA)tegted how the presence of
Aphanius iberusaffected assemblage matrices using biomass as abhcmdiata. We
determined the significance of fish effects usiegtricted Monte-Carlo permutation
tests (499 restricted permutations for split-plesign). To allow the correct comparison
between treatments (repeated measures designkgsivected the permutations using a
split-plot design to restrict comparisons to thensamesocosm in initial and final
conditions. The null hypothesis of this test stdtet the relative proportion in biomass
of the analysed fraction (benthos or plankton) dodiffer between treatments (i.e. no
fish effect detected). To do so, the interactiotwieen fish and time was used as
explanatory variable (Lep$ & Smilauer, 2003). Tlkesponse variables were the log-
transformed taxa abundances expressed in biomalshtighally, using CANOCO 4.5
software (ter Braak & Smilauer, 2002), CorresporegeAnalyses (CA) were used for

illustrative purposes, to show the samples position

b) Fish effect: univariate approach

To analyze data with both fixed and random effewts used linear mixed-effects
(Ime) models with the “Ime” function found in ninmackage (Pinheir@t al, 2007)
wrote in R language (R 2.5.0; Development Core Teaf07). We estimated the
parameters for two fixed variables (treatment amde)} and an interaction term
(treatment per time). Similarly to the approachduse the multivariate analyses, we
used interaction term to asses the fish effectsc@visidered the interaction term rather
than the treatment variable, because the interat#ion also takes into account the time
changes due to “natural” succession processesd{iferences in the control treatment
between initial and final conditions). Thus, if ttrend observed in fish treatment is not
the same to the one observed in the control tredtmweuld mean that the changes
observed in fish treatment are not the same a®sltBerved on a “natural” succession
process (i.e. without fish presence). We took thsaeples per mesocosm and we
considered mesocoms as random effects in the médedsoid problems of spatial
pseudo-replication (Crawle, 2002). With Ime, weoalsed heteroscedastic models. To
fit these models, we used the ‘Varldent’ varianaection to allow for different variance
in each mesocosm. We determined if heteroscedasiile! fit the data with a likelihood
ratio test (Pinheiro & Bates, 2000). Finally, teeck if parameters were not significantly

different between treatments in initial condition®g also used Ime.
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c) Comparison between fish effect on plankton agthos

To determine whether the presenceAofiberusaffected planktonic or benthonic
fraction more, we employed a variation partitionteghnique using CANOCO 4.5. This
method divides the variation of species biomass daito independent components
(Borcardet al, 1992) decomposing the variation of dependentlbes in unique (or
pure) and shared (or joint) effects of a set ofljmters. To partition the variation, we
used partial regression and redundancy analysisidtiple dependent variables (taxa
matrices). We used two sets of explanatory varsabtene (including two dummy
variables indicating initial and final conditionmsples) and fish (including two dummy
variables indicating control and fish treatmentsigles). This allowed decomposing the
variation in the following components: (1) purehfisffect, (2) pure time effect, and (3)

shared effects (time+fish).

d) Mesocosm effect: multi and univariate approaches

We also analyzed mesocosm effect with CCA (muliate) and Ime models
(univariate) as described above. To determine #iemesocosm effect on assemblage
matrices, we compared the initial and final comas in lagoon and control samples
using CCA and Monte-Carlo permutation test (499triced permutations). To
determine if the changes in community parameteey ¢time (interaction mesocosm-
time) were significantly different between lagoondacontrol samples, we used Ime

models.

RESULTS

Mesocosm effects on community structure

We detected a mesocosm effect on the assemblageesadf benthic organisms
(Monte-Carlo permutation tesg = 2.22; p = 0.03). Only two benthic community
parameters, total biomads,(7;=5.78;p = 0.01) and average body siZe (= 9.28;p <
0.01), had a significant mesocosm effect. We dit otlzserve mesocosm effects on
plankton assemblage matrices (Monte-Carlo pernuutatest; F= 1.16; p= 0.27) or

planktonic community parameters.
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Fish effects on community structure

We did not find significant fish effects in thesamblage matrices of the benthonic
fraction (Monte-Carlo permutation test;= 1.35;p = 0.16), and the sample position in
CA plot of fish and control treatments are not dieaeparated in final conditions
(Figure 1).
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Fig. 1. Correspondence Analysis for benthos taxa. Opeslesir control treatment, initial
conditions; open squares: fish treatment, init@lditions; black circles: control treatment,
final conditions; black squares: fish treatmentafi conditions. ACal: calanoid adults;
ACyc: cyclopoid adults; AHar: harpacticoid adulBra: Brachionussp.; Cap: Capitellids;
CCal: calanoid copepodites; CHar: harpacticoid popées; Col:Colurella sp.; Cyp:
Cyprideis torosa Epi: Epigrowth feeder nematodes; Heiexarthrasp.; Hyd: Hydrobia
acutg Gam:Gammarus aequicauddic: Microturbellaria; NCal: calanoid nauplii; Ni:
harpacticoid nauplii; NotNotholcasp.; Omn: Omnivorous / predatoyr nematodes; Chi:
Chironomus salinariusRot: unidentified Rotifer; Sel: Selective depdsiéder nematodes;
Tes:Testudinellasp.; Uns: Unselective deposit feeder nematodes.

In contrast, we observed significant fish effeicighe plankton fraction (Monte-
Carlo permutation test = 15.19;p < 0.01). The CA plot discriminated three distinct
sample groups (Figure 2). The first cluster inctldetial samples from both treatments.

These samples were characterized by higher bioafasdanoids anéiexarthrasp. The
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second cluster included all control samples inlficenditions. These samples were
characterised by higher biomass of lar@eléssia maeoticand G. aequicaudpand

small organisms (ciliates). The third cluster intdd all samples from the fish treatment
in the final conditions. These samples had a higimnass of medium-sized organisms

(harpacticoids and rotifers).

o
- ]
[ ]
N H-
ar
AHar u
Tes
Bra
[ ]
CHar
o
'Ode
cl ° NCal®
o
G.am ccal
Hex‘a
ACal
<
S " " " "
-0.6 0.6

Fig. 2. Correspondence Analysis for plankton taxa. Opetled: control treatment, initial
conditions; open squares: fish treatment, init@lditions; black circles: control treatment,
final conditions; black squares: fish treatmentafi conditions. ACal: calanoid adults;
AHar: harpacticoid adults; Brarachionussp.; Cil: Ciliate; CCal: calanoid copepodites;
CHar: harpacticoid copepodites; Ga@ammarus aequicaugdlex: Hexarthrasp.; NCal:
calanoid nauplii; NHar: harpacticoid nauplii; Odgdessia maeotical es: Testudinellasp.

At initial conditions, neither benthic nor plankio community parameters were
significantly different between treatments. At theal conditions, the presence of
A. iberushad a significant effect (significant interactiarr) in for both benthonic and
planktonic fractions. In the benthonic fractiongsigs diversity, species richness and
total biomass increased in fish treatment, whermeasntrol treatment, species diversity

and specie richness decreased and the increastabbiomass was significantly lower
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in the control treatment (lower slope; Figure B)the planktonic fraction, size diversity
increased in control treatment and decreased mtfesatment, while species diversity

had a significantly stronger decrease in contrahthsh treatment (Figure 4).
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Fig. 4. Plankton community parameters with significanhfisne interaction. Mean and standard error of
control and fish treatments in initial and finahditions are shown. Dished lines are the evolutibparameters

in time in each treatment. Black squares: paranmeé&am in control treatment; White triangles: par@mmean

in fish treatment. Results of ANOVA for the fislmg interaction between control and fish treatmeifitsach
parameter are also shown.
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In the planktonic fraction, size diversity was rsfgcantly different between
treatments, whereas the average body size wasasitpdtween treatments. Thus is
explained because the most abundant size clabg isame in both treatments, but the
number of size classes was different among treasméfigure 5). In the control
treatment, the planktonic fraction had a wider mnfsizes (from size class 0.01 to 1.1)
with a higher abundance of smallest organisms @&ss 0.1; mainly corresponding to
ciliates). In fish treatment the plankton had aroxer range of sizes (from size class
0.01 to 0.2) but with higher relative abundancerregponding of harpacticoids
copepodits and rotifers (also size class 0.1).
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Fig. 5. Relationship between log-transformed body size tedt relative abundance per
treatment in planktonic fraction. Black bars: cohtreatment; white bars: fish treatment.

Comparison of relative importance of fish effects o benthos and plankton

Using variation partitioning, we determined thla¢ importance of fish and time
effects differ for the two fractions (Figure 6).Jather, fish and time variables explained
less than 20% of the variability in the benthomiaction. In contrast, they explained

more than 50% of the variability in the planktomfiaction. In benthonic fraction, fish
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effect had higher importance (10.04%) than tim@®4%). However, in the planktonic
fraction, time had higher importance (32.37%) tfiah (19.70%). Nevertheless, when
looking to the fish effect in both fractions, itmportance is higher in the planktonic
fraction (19.70%) than in the benthonic fractio®.(%), which supports results from

permutation test on the fraction matrices.
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Fig. 6. Variation partitioning used to determine the patage of variability explained by fish and
time variables. Each column shows the differenttriioation of the variable in the variation of
planktonic or benthonic fractions in the fish traaht samples. The different colours show the
factors that explain the variation. Black: variatiexplained by time effect; Grey: variation
explained by fish effect; grated pattern: variatexplained by shared effects (time and fish);
White: unexplained variation.

DISCUSSION

To generalize our results, we must account for taators. First, we observed a
mesocosm effect in the benthonic fraction, whemiapheterogeneity is noticeable in
the initial conditions. In contrast, no such difece was observed in the planktonic
fraction. Additionally, the variation partitionirgnalysis revealed a higher percentage of
unexplained variance in the benthonic fraction thplanktonic fraction. This
unexplained variance could be attributed to a highgatial heterogeneity in the
benthonic fraction, which is expected when comgpbenthonic organisms with more

motile plankton (Beisneet al, 2006). Second, we only used adult females in the
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experiments and changes on the diet among diffelevelopmental stages Af iberus
have been described (Alcaraz & Garcia-Berthou, ROV consider that the results of
this study could be different in natural conditiomdien all developmental stages
A. iberuspopulation are presents. Still, it is importanhtie that the effect found can be
exportable to natural conditions in periods withmilzance of adult fish, it means out of
the breeding season.

The strength of fish effects was different betwéle® benthonic and planktonic
fractions. These effects were more evident in tlaaktonic fraction, since it showed
differences on assemblage composition and commpaitgmeters, as well as a higher
percentage of variation explained by pure fish atffe In the absence of fish, we
observed high size diversity and low species ditsetsecause the planktonic fraction
was composed of a few species with very differemtysizes, such as lar@e maeotica
and G. aequicaudaand small ciliates. In contrast, in the presenicésb, we observed
that the size range of planktonic organisms wasadhbearized by the dominance of a
higher number of species with relatively similadipsizes (harpacticoids and rotifers).
Fish presence had a stronger effect on free swigpmivertebrates than on those more
related to substrate.

Fish effects may by due to direct but also to rexti effects. Both direct and
indirect effects are not rare fish predation stsdje.g. Mancinelliet al, 2002). In
indirect effects, competitive interactions may faw@smaller sized zooplankton over
larger ones if the latter are subjected to strorgedation pressures. In that sense,
several evidences have been reported (Brooks & @yd965; Vanni, 1988; Carpenter
& Kitchell, 1993). The absence @. maeoticain the fish treatment could have
presented another indirect effe€@l. maeoticais a top-predator in this system and can
exert a top-down control on the planktonic food veatentually arriving to suppress
copepods from the food web (Compteal, in press).

Direct effects may also occur sinGammarusis a prey ofA. iberus(Alcaraz &
Garcia-Berthou, 2007). We observed tBataequicaudachanged its spatial distribution
avoiding open waters, possibly as an adaptive defagainst fish predation. These
results are in line with previous studies that fbtimat an increase in habitat complexity
leads to a decrease of predation on gammarids (@®&reenberg, 1996). Furthermore,
in the presence of a predator, gammarids redude tihee in the water column and
remain within the benthos (Wudkevicht al, 1997, Kaldonskiet al, 2009).

Additionally, the increase in total benthic biomasshe presence &. iberusmay also
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be a consequence of an escape behaviour induc#tklpresence of fish, as has been
widely described in other aquatic environments.(€jgssem, 1990; Pijanowska, 1997,
Abjornssonet al, 2004). Taken together, these behaviours suglasvisual detection
of prey is important foA. iberus

Macrophytes may provide refuges from fish preduafior invertebrates to avoid
fish predation (Dielh, 1992; Jacobsehal, 1997), decreasing the predation ability of
fish (Diehl, 1988; Bean & Winfield, 1995; Tatrai @erzig, 1995). However, small fish
can manoeuvre within the vegetation reducing iteectiveness as a refuge for
invertebrates (Meerhott al, 2007). However, we observed few significant effemts
the benthic fraction, and a lack of changes onsite distribution, together with
invertebrate movements, as described before. Tresséts, could be interpreted as even
in the case of small fish predators associated midlsrophytes, the habitat complexity
provided by macrophytes represent a refuge forrielseates against a visual predatory
fish and may help to decrease the fish effectsreps

The classical definition describes that the kaystspecies is a species of high
trophic level that regulate species diversity ptedaand limiting the abundance of
preys that would otherwise monopolize resourcessirtrophic level. Thus, it would
affect competition process preventing the appearahspecies with a well performance
when competing with the rest (Paine 1966, 1969;fd¢et & DeMott, 1984). In
agreement with keystone species definitidn,iberusis a species of a higher trophic
level that has the capacity to change the specwessity. This designation is supported
by the higher species diversity and richness olesgreven in the benthonic fraction.
Furthermore, the presenceAfiberusdecreased the abundance of large organisms, such
as G. aequicaudaand O. maeoticaand increased of smaller organisms (harpacticoids
and rotifers), suggesting a trophic cascade eff€atpenteret al, 1985; Carpenter &
Kichell, 1993; Paceet al, 1999), that could affect the overall aquatic ocomity
structure, including both invertebrates and phyokton.
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Chapter 7

Fish trophic cascade effects in Mediterranean salt

marsh

Compte, J., Gascon, S., Quintana, X. D., Boix, D preparation. Fish trophic cascade

effects in Mediterranean salt marsh.
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ABSTRACT: Trophic cascade effects trigged by an endanger@dinpdontic species,
Aphanius iberusare studied. A field experiment using mesocosms Mediterranean salt
marsh was carried out to assesA.ifberushave indirect effects trough trophic cascade on
plankton and macrophytes. The iberus presence has effects on plankton structure
increasing the species diversity and decreasingigteediversity. Stable isotops allowed us
to differentiated two trophic levels in the studiémbd web. Nevertheless, our results
showed thatA. iberuspresence produces a larger trophic cascade asuitivbe expected
by the few trophic levels differentiated. The olveel trophic cascade could exist because
the interactions among organisms are mainly sipedd@ent and not trophic level
dependent. Additionally, and in contrast with owpectations, theA. iberus presence
supposes a smaller increase of phytoplankton trdumgbhic cascade effects. Moreover,
macrophytes biomass shows a smaller decrease tigamkserved one in absence of
A. iberus This fact suggests a possible co-evolutionAofiberusand the macrophyte

R. cirrhosawhich would benefice both organisms.

Keywords: Aphanius iberusStable isotops, Log ratios, Coastal wetlands, ddesm,
Phytoplankton

INTRODUCTION

Trophic interactions among organisms determinetmemunity structure (Kerfoot
& Lynch, 1987). According to their effects on thenmmunity two kind of trophic
interactions exist: direct and indirect (Schretzal,, 1997). Predation is an example of
direct trophic interaction (e.g. Siét al, 1985; Paine, 1992; Snydet al, 2005);
whereas trophic cascades are examples of indirees de.g. Rosenzweig, 1973;
Carpenteet al., 1985;Schmitz & Sutlle, 2000). Nevertheless, direct amtiriect trophic
interactions often occur simultaneously. For insganfish predation can trigger to
trophic cascade (Carpentetr al, 1985, Carpenter & Kitchell, 1993). Trophic casea
hypothesis describes that, changes in each trdpint shows an opposite response in
next trophic level because top level prey on bottevel. Therefore, the introduction or

disappearance of fish in lakes can have importamseguences in these environments.
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On the other hand, macrophytes play a key rolspecies trophic interactions
because can modulate the predator-prey relationsioyiding refugee to invertebrates
in order to avoid fish predation (Dielh, 1992; Jagenet al 1997; Meerhoffet al,
2007; Farinaet al, 2009). Consequently, the presence of macrophgteslated to a
decrease of the predator forage ability (Diehl, 89Bean and Winfield, 1995; Tatrai
and Herzig, 1995). Moreover, macrophytes can alsadbated with water turbidity.
Macrophytes and phytoplankton compete for nutriems light (Ozimeket al, 1990;
Sand-Jensen & Borum, 1991; Van Doekal, 1993), hence a negative relationship
between macrophytes and phytoplankton has beemnl f(ichefferet al, 1993; Scheffer
& Jeppesen, 1997). Additionally, macrophytes hdwe tapacity to reduce sediment
resuspension and thus also allow increases of waiesparency (Scheffet al, 1993;
Barko & James, 1998; James & Barko, 1990). In #Hasse, different studies have
described that macrophyte biomass increase duephytaplankton reduction as result
of trophic cascade originated by piscivorous fi3bappeseret al, 1990, van Donk &
Gulati, 1995; Moset al, 1996). Similarly, increase of water transpareresulting of a
trophic cascade effect for fish has been reportedrdenter, 1988; Scheffer, 1992,
Sgndergaardt al, 1997; Jeppesest al, 1999). Therefore, the presence of macrophytes
may imply a positive relationship with aquatic inebrates such as zooplankton
(refugee) and negative ones with phytoplankton (@etition). However, if trophic
cascade is triggered by planktivorous fish, a negatlationship between planktivorous
fish and macrophytes would be expected since, @&t fsight, an increase of
phytoplankton populations is expected due to tdecton of zooplankton organisms.

We performed a field experimental approach teesgtigate the possible effects of
small fish on plankton and macrophytes. The stu@dg \werformed with mesocosms
where the effects of fish on water characteristigignkton and macrophytes were
analysed Aphanius iberusvas the target fish species. iberusis a cyprinodontic fish
endemic of the Iberian Peninsula Mediterraneantca@d it is considered in danger of
extinction (Doadrio, 2001). In now-a-days, tle iberus distribution is reduced to
brackish and hyperhaline shallow waters in saltsimes and coastal lagoons where is the
main fish species with stable populations achieviigly densities (around 30 individuals
m? Garcia-Berthotet al 1991, Badosa@t al 2007). It is a benthic species strongly
related to macrophyte mats (Moreno-Amathal,, 1999, Rincoret al, 2002). Although
adults of A. iberushave an omnivorous diet mainly based of benthamganisms
(Vargas & de Sostoa, 1999; Doadrio, 2001; Rinetal, 2002) several studies suggest
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that diet ofA. iberusis more related with zooplanktonic organisms (Adza& Garcia-
Berthou, 2007). In this sense, a negative relatipnbetween their densities and size
diversity and planktonic organisms has been obsdeil®Badosaet al, 2007). We
hypothesized that the presence/ofiberuswould changes the structure of plankton
community through both direct (predation) and iadir(trophic cascade) effects causing
at the end an increase of phytoplankton and comeselyua decrease of macrophyte

biomass.

MATERIALS AND METHODS

Study site

The study was carried out in a temporary and tigdic salt marsh lagoon
located in the Emporda wetlands (NE Iberian Peé)s&mporda wetlands are a set of
Mediterranean shallow coastal lagoons free froral ficfluence and whose hydrological
regime is determined by the occurrence of floods umeteorological disturbances in
autumn and winter, and the process of desiccatimmg summer (Quintanat al,
1998a, Quintana, 2002). The zooplankton is comparadly by jellyfish Odessia
maeotica calanoids Calanipeda aquaedulcisand Eurytemora velok cyclopoids
(Diacyclops bicuspidatys harpacticoids copepodsCleptocampus confluentsand
rotifers Brachionus plicaitlisand Sinchaetaspp.) (Quintanat al, 1998b; Bruceet al,
2005). Phytoplankton is dominated by diatom&mphora spp., Navicula spp.),
dinoflagellates Glenodinium foliaceujn and haptophytes (Lopez-Flores, in press).
A. iberusandPomatoschistus microge the dominant fish in the permanent lagoons of
Emporda wetlands; althoughAtherina boyeriandAnguilla anguillacan be occasionally
present (Garcia-Berthoet al, 1991).R. cirrhosaand Ruppia maritimaare the main
macrophyte in these lagoons (Gesti, 2000; Gasl, 2005).

Experimental design

The experiment was done in the field along MarciayM2006. Six fibreglass
cylinders (diameter: 1.2 m; high: 1.0 m) were ifisthin the lagoon. To prevent any
exchange with the outside of mesocosms, each m&soeeas 5 cm deep in the
sediment. To prevent predation by birds, the omgnwas covered by a net (2 cm of
mesh. Two treatments (fish presence and fish ab¥emere assigned randomly to the
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mesocosms, with three mesocosms for each treatrierd. week after installation
(March), we added 20 adult femalés iberusfrom a nearby permanent lagoon were
added per mesocoms (hereafter “fish treatment”).tl@n other three mesocosms, no

fishes were added (hereafter “control treatment”).

Sampling procedure

Before fish addition, water characteristics aslwsl plankton and macrophytes
were sampled to provide ‘“initial conditions”. Allrganisms captured in the water
column samples, were considered plankton organishree samples were taken in each
mesocosm in order to control the intra-mesocosmasability. Three additional samples
of the lagoon out of the mesocosms were colleagatdvide possible mesocosm effect
(hereafter “lagoon”). Two months after fish additithe same sampling procedure was
repeated providing “final conditions”. At the endl tbe experiment, all individuals of
A. iberuswere alive and were captured and released. For detedls, see Comptt al
(submitted).

In order to establish the water characteristicajew level, water temperature,
electrical conductivity (Egs), pH and dissolved oxygen £{Gn % of saturation) were
measuredn situ. Dissolved inorganic nutrients (ammonia, nitritéirate and soluble
reactive phosphorous) total nutrients (total niémmgand phosphorous), organic matter
and water chlorophyl& were analyzed according to the methods of destiibb€ompte
et al (submitted).

Planktonic samples were collected, identified eodnted using different methods:
meso- and large microzooplankton (larger than ud@) following the methods of
described in Comptet al (submitted); and micro-, nano- and picoplanktemgller 50
um) according to the methods used in Cometeal (2009). Meso- and large
microzooplankton was identified to species leveewlpossible or else to genera level or
functional group. However, to data analysis copspwdre grouped to different stages
(nauplii, copepodits and adults) and to order leyehalanoid, cyclopoid and
harpacticoid). Micro-, nano- and picoplankton wedentified a level of functional
group. Thirty random organisms of each taxa werasmed and their biomass was
estimated using equations referenced in Bretedl (2008); Compteet al. (in press;
submitted).
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Three macrophytes samples were randomly takem @sirEkman grab (225 én
Plants were identified, separated from the sedipwiad to 60 °C during 48 hours and
weighted.

Stable isotopes

In order to analyze the trophic position of differ@rganisms of the pelagic food
web and macrophytes according to presenck. aberus samples of plankton, fish and
macrophytes were taken in each mesocosm at thefehd experiment.

Plankton was divided in different fractions aceongdto size: plankton larger than
500 pm(large mesozooplankon), plankton between 50 and|B@0(meso- and large
microzooplankton), plankton between 20 and 50 pmmal(lsmicroplankton), and smaller
than 20 um (nano- and picoplankton). Moreover, ldlam larger than 500 um was
separate taxonomically. Samples were obtainedrifijel0 | of water samples for
different filters: 500-, 50- and 20-um-mesh, ambfiy a pre-combusted (4%D; 4 h)
glass fibber filter (GF/F). Previously to filteresamples were stored in fridge at -8°C
during 12 hours to allow the organisms to emptyrtpats. Fibber filters (GF/F) were
acidified with HCI 1M. All samples were rinsed withstilled water and stored to at
-20°C until analysis.

Fish samples were obtained using a 20 cm diamgtened (mesh size: 1.7 mm)
and stored in fridge at -8°C during 12 hours tovalthe fish to empty their guts. After, a
sample of muscle tissue was extracted of each disth sorted at -20°C. To collect
macrophytes samples, a grab was used (Ekman graben®). Macrophytes were
separated by taxonomy and rinsed with distilledewatnd stored to at —20°C until
analysis.

To analyze carbon and nitrogen isotopic compositalhsamples were dried at
60°C between 24 and 72 hours. After, samples wambgenized through a mortar and
placed into preweighed tin boats for be analyzaedsdmples of plankton of <20 um,
fibber filter (GF/F) was separated of sample anchataum Oxide was added. Three
replicates per sample were analysed.

Isotopic analysis were carried out using a DeltaFDnigan MAT mass
spectrometer with a elemental analyzer Carlo EthahF1112, polarizer TC-EA, breath
bench and interface Conflo 1l Finnigan MAT (Barmeh, Spain). All estimates of
isotopic composition were based on at least twosonreanents and results are expressed

in 8 notation:
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81 = [(RsampéRstandard—1] x 1000
R="C/*C or ™N/N
wherel is the isotope of interest (eithEiC or 1*N) andR is the ratio of this isotope to
the lighter isotope (eithéfC or N). 8l is expressed as the permille (%o) deviation of
that sample from the recognised isotope standae# (Pee Belemnite fo8'*C and
atmospheric M for 5 °N). Typical precision for a single analysis wa® .%o for5'C
and_+0.3%o for5™N.

Data analysis

The possible effects &. iberusand mesocosm on water characteristics, plankton
and macrophytes were tested separately in eachmblgge. The effects on water
characteristics, community parameters of planktot macrophytes were analyzed by
mean of univariate approach (linear mixed-effectsdets; Ime), whereas effects on
assemblage matrices were analyzed using multieariapproach (Canonical
Correspondence Analysis; CCA) (see Congttal,, submitted; for more details).

To estimate the effects &f iberuson each planktonic group we used the log ratio
{In(NP+ /NP-)} of preys biomass in the presence filind absence (NP-) of predator
(A. iberug (hereatfter, prey log ratio). The prey log rasoai meta-analysis metric often
used in studies of trophic cascade (e.g. Osenéem., 1997; Hedge®t al, 1999).
Species with positive values are favoured by tiesgmce oA\. iberus whereas negative
log ratio values indicate the opposite. Values edimto O indicate that the species was
equal in fish treatments and control treatmentsaVad a time confounding effect due
to succesional community composition changes, @agples of control and fish
treatments in final conditions were used to cakeulag ratios.

The effects ofA. iberuson & >N and&™C were assessed also using linear mixed
effect models (Ime) where the mean of each sampleitagen and carbon isotope
signatures were compared between control andrigsltimhents. Moreover, the number of
trophic levels and position of each analysed foec{iTL) was estimated based on its
meand™°N using the model proposed by Caban and Rasmu$866)(in which:

TLeonsume™ 1 + 6 “Neonsumer 8 **Noaseiing / A
whered Npaseiineis the averagé >N of all collected primary consumers, as primary
consumers constitute a more suitable baseline tinas the trophic levels than
potential food sources (Cabana and Ramussen, 1896).the enrichment factor per
trophic level and following the general assumptiBeterson & Fry, 1987; Post, 2002),
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we accepted that'®N increase 3-4%. for each additional trophic leveé do isotopic

fractionation.

RESULTS

Mesocosm effects

No significant differences in water charactersstiexcept for conductivityH » =
26.96;p = 0.04) that was higher into mesocosms, were titein initial conditions
between lagoon and control treatment. Similarly, significant differences in
community structure, composition and community peaters were detected in initial
conditions. Moreover, macrophyte biomass was nghifscantly different between
lagoon and mesocosm in initial conditiong {E 0.24;p = 0.67).

Mesocosm effects were detected in final conditiandifferent levels from water
characteristics to planktonic community structured acomposition, but not for
macrophytes (b7 = 0.68;p = 0.522). Mesocosm effects were more evident itewa
characteristics (Figure 1). Conductivity, pH, sdéubreactive phosphorous and
chlorophyll-a had a significantly higher increase in mesocodrans in the lagoon; while
temperature, organic matter and total nitrogen pimasphorous had a lower increase.
Dissolved oxygen decreased in controls and incceaséagoon. Nitrite and ammonia
were under detection level. Regarding communitycstire and composition, mesocosm
effect were detected by means of the CCA (MontdeQagrmutation test= 11.29;p <
0.01). In contrast, community parameters did nawsleffects, with the exception of
total biomass that had a significantly higher iase in control treatment than lagoon
(ANOVA, F;16= 5.83;p=0.01).
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Fig 1. Water characteristics with significant interaoti@rm (treatment-time). Mean and standard error of
lagoon and control treatments in initial and finahditions are shown. Dashed lines show the ewwiwf
parameters in time in each treatment. Black squasrameter mean in lagoon; White triangles: patame
mean in control treatment. Results of ANOVA for tfigh-time interaction between control and fish
treatments of each parameter are also shownaCG&hlorophylla; OM: Organic matter; Total N: total
nitrogen; Total P: total phosphorous; SRP: Solubsetive phosphorous.

Fish effects on planktonic community structure

All mesocosm have similar planktonic communityusture and composition at
initial conditions (Figure 2). However, after twoonth fish presence effects were
detected since theesults of CCA analysis using all planktonic orgams showed
significant differences in the plankton structuretvizeen control and fish treatments
(Monte-Carlo permutation tesg = 5.97;p < 0.01). Therefore, three groups were
discriminated from the samples position: initiainges (control and fish treatments),
control treatment samples in final conditions amsh ftreatment samples in final
conditions (Figure 2). Planktonic structure in thiial conditions of both control and
fish treatments was characterised by higher bion@ssalanoids,Hexarthra sp.,
chlorophytes and crysophytes. Control samplesnal ftonditions were characterised by

a higher biomass of largest mesozooplankton spéOiemaeoticaandG. aequicaudp

- 108 -



Microplankton and nanoplankton were characterisgd hietero- and mixotrophic
organisms (ciliates, heterotrophic dinoflagelladesl haptophytes) and the picoplankton
by autotrophic picoflagellates (hereafter APF) &adterioplankton. In contrast, in fish
treatment samples in final conditions meso- andepiankton were characterized by a
higher biomass of harpacticoids, rotifefe$tudinellasp. andBrachionussp.) and auto-
and mixotrophic organisms (diatoms, euglenophyte$ autotrophic dinoflagellates);
nanoplankton by autotrophic nanoflagellates (héeeaANF); and picoplankton by
heterotrophic picoflagellates (hereafter HPF).

o. .
i

HPF CHar Chlor

ADF NCal AcCalfd,Hex
cyp Dt - CCal AMCrys
APF2 APF1 e

Hapt SCil

-1.0

-1.5 1.5

Fig. 2. Correspondence Analysis for plankton taxa. Opecled: control treatment, initial conditions;
open squares: fish treatment, initial conditionisick circles: control treatment, final conditiondack
squares: fish treatment, final conditions. ACalanaid adults; ADF: autotrophic dinoflagellates; &d4
harpacticoid adults; ANF1: autotrophic nanoflagelaundet. 1; ANF2: autotrophic nanoflagellatesaeind
2; APF1: autotrophic picoflagellates undet. 1; APFR&utotrophic picoflagellates undet. 2; Bact:
bacterioplankton; BraBrachionussp.; CCal: calanoid copepodites; CHar: harpacticoijgepodites; Chlo:
chlorophytes; Cryp: cryptophytes; Crys: crysophyi@iat: diatoms; Eugll: euglenophytes undet 1; Bugl
euglenophytes undet. 2; Ga®. aequicaudaHapt: haptophytes; HDF: heterotrophic dinoflagies;
Hex: Hexarthrasp.; HPF: heterotrophic picoflagellates; LCil: largliates; NCal: calanoid nauplii; NHar:
harpacitocid nauplii; Ode. maeoticaSCil: small ciliates; Testestudinellasp.

Results of prey log ratio analyses showed sinméaults to CCA since negative or
positive fish effects on each plankton organismaaded with high or low biomass of

these organisms in the CCA (Figure 3). Prey logosashowed groups of alternant
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positive and negative values when organisms werteeddy their size and trophic
strategy. The largest organisms suclGasequicaudaO. maeoticaand adult calanoids
(range size: from 1.14-iGo 3.59-16 um) had negative log ratios, therefore were
negatively affected by fish presence. The next sikerganisms (range size: from
1.07-16 to 7.87-186 um) had positive log ratios (calanoids copepodites harpacitoids
and some rotifers such @sstudinellasp. andBrachionussp.), being positively affected
by fish presence. Among the small micro- and naadkrs (range size: from 4.62 to
75.10 um) log ratios were positive or negative atiog to their trophic strategy.
Heterotrophic organisms (ciliates and heterotroplimoflagellates) had negative values,
while autotrophic organisms (autotrophic dinofldagels, euglenophytes, ANFs and
haptophytes) had positive values. The smallestnisgas (range size: from 0.40 to 3.38
pum) had negative log ratios (APFs and bacteriopank Finally, log ratios of
Hexarthrasp., diatoms, cryptophytes and HPF were close to 0

All mesocosms had similar community parametetsitral conditions. In contrast,
the analysis of the interaction term (between &g time factors) showed significant
results all community parameters measured. Thesptésence oA. iberuswas related
to a higher increase of species diversity and sgetchness, a lower increase average
body size and total biomass, and, finally, a deswe# size diversity than the observed

in control treatment (Figure 4).
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Fig. 3. Prey log ratio for each planktonic organism. Resitalues suggest that the presencé.oberus
had a positive effect on population density, whenmeegative values suggest that the presenée ilerus
had an adverse effect on plankton. Values nearindifate that plankton density was equal in treatts
and control treatments. The different planktonigamisms are ordered by size and their size mean} (U
and standard deviation (in brackets) are also dezdlun the organisms label. ACal: calanoid ad3F:
autotrophic dinoflagellates; AHar: harpacticoid kstUANF1: autotrophic nanoflagellates undet. 1;FZ
autotrophic nanoflagellates undet. 2; APF1: aupdtio picoflagellates undet. 1; APF2: autotrophic
picoflagellates undet. 2; Bact: bacterioplanktora:Brachionussp.; CCal: calanoid copepodites; CHar:
harpacticoid copepodites; Cryp: cryptophytes; Didiatoms; Eugll: euglenophytes undet 1; Eugl2:
euglenophytes undet. 2; Gad. aequicaudaHapt: haptophytes; HDF: heterotrophic dinoflagtel;
Hex: Hexarthrasp.; HPF: heterotrophic picoflagellates; LCil: largjliates; NCal: calanoid nauplii; NHar:
harpacitocid nauplii; Ode. maeoticaSCil: small ciliates; Testestudinellasp.
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Fig. 4. Plankton community parameters with significanterattion term (treatment-time). Mean and
standard error of control and fish treatments itiahand final conditions are shown. Dashed lishsw
the evolution of parameters in time in each treatimBlack squares: parameter mean in control treatm
White triangles: parameter mean in fish treatmétgsults of ANOVA for the fish-time interaction
between control and fish treatments of each pamaee also shown.

Effects on macrophytes and water characteristics

In initial conditions, all water charactersiticgl chot have significant differences
between control and fish treatments with the exoapof total phsophoroud( 4=
13.05; p = 0.02) which in control treatments was higherntha fish treatments.
Significant effects ofA. iberuson the evolution of some water characteristicsewer
detected (Figure 5). In fish treatments, chlorophyhnd total nutrients (total nitrogen
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and phosphorus) had a higher increase in congatrtrent than in fish ones. Moreover,
pH had a lower increase in control treatment than énes whereas dissolved oxigen
had higher decrease in control treamtment thaisim dnes. No significant differences
were found in the other water characteristics a®ly and nitrite and amonia

concentration remain under the detection leveloth btreatments.
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Fig. 5. Water characteristics and macrophytes biomass sigthificant interaction term (treatment-time).
Mean and standard error of control and fish treatmé initial and final conditions are shown. Dagh
lines show the evolution of parameters in timedntetreatment. Black squares: parameter mean tnaton
treatment; White triangles: parameter mean in figatment. Results of ANOVA for the fish-time
interaction between control and fish treatmentsawfh parameter are also shown. Total N: Total gtno
P: Total phosphorus; Clat-Chlorophylla.
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Two species of macrophytes were identifi&d:cirrhosa and Laprothamnimum
populosumrepresenting 96.45% and 3.55% of macrophyte tmtahass, respectively.
Significant differences between control and figkatments in initial conditions were not
detected K14 = 1.05; p =0.36). However, the interaction fish-time of nwgunyte
biomass was significantly different between con&mdl fish treatments samples (Figure
5). The reduction of macrophytes biomass was higheontrol treatment than in fish

treatment.

Stable isotope composition of different aquatic orgnisms

In the isotope composition analyse, 8&C or §*°N of plankton smaller 20 pm
fraction was not measured since his concentragomam under the detection level in
both treatments. Significant differences betweentrob and fish treatments in the
relationships between tt3°C or &N values of fractions were not found in any fractio
(Figure 6). Nevertheless, two carbon sources wdferentiated in isotope analyses:
macrophytes R. cirrhosaand L. papulosu with high values o%'C, and plankton
smaller 500 um with low values 8tC. To note the high*N of R. cirrhosaobserved
in both treatmentD. maeotican control treatment and. iberusin fish treatmenhas
similar 8*°N.

To estimate the number of trophic levels, the m&aN of plankton between 20
and 50 um was considered &SN baseline since the most primary consumers of
plankton are in sized between 1 and 50 um (LopemBét al, in press). Unfortunately,
fraction smaller than 20 pym was not measured and was not be used as baseline.
Two trophic levels were differentiates in controldafish treatments (Figure 6). In both
treatments, plankton smaller than 500 um Bng@apulosumwere in first trophic level
andR. cirrhosawas in the second trophic level. In control treztir©. maeoticavere
also in the second trophic level, whereas, in fisatment this position was occupied by
A. iberus G. aequicaudawas the only organism that showed a change itroghic
position according to fish presence. Thus, in antreatmentG. aequicaudawas
positioned at the first trophic level whereas shftreatment was at the second trophic

level.
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DISCUSSION

Classical trophic cascade hypothesis (Carpeasttat, 1985, Carpenter & Kitchell,
1993) describes four trophic levels in lakes (psmus fish — planktivorous fish —
zooplankton — phytoplankton). However, in our peldgod web only two trophic levels
were detected by mean of stable isotopes analjisegdllyfish — zoo/phytoplankton).
In contrast, using log ratios, a large trophic edscwas observed. This fact point to that
the pelagic food web of a Mediterranean salt mdwah complex trophic interactions
with many interactions between organisms. In tleisse, many organisms of this food
web have an omnivore diet (e.g. Kleppel, 1993; Ketlal, 2002; Bruceet al, 2008) or
are mixotrophs (e.g. Stoecker, 1998; Floderal, 2006, Unreinet al, 2007) which
would not allow differentiate different trophic let¢. Consequently, the trophic cascade
effects observed may responds to size dependettme behaviour of the organisms.
Only the range of body size of microplankton wagd#d in different levels according
to their trophic strategy (heterotrophic and awipitic). This division may be explained
by the feed preference of mesozooplankton (manlpepods) on heterotrophic
organisms since previous studies have found thpepmmds can ingest ciliates and
heterotrophic dinoflagellates at higher rates tipawytoplankton (Stoecker & Egloff,
1987; Sanders & Wickham, 1993; Nejstgaerdl, 1997; Bruceet al, 2008).

Trophic cascade based on body size would alscaexfe differences found in
community parameters. The decrease of size diyeisid the low increase of average
body size and total biomass in presencé.oiberuscan be attributed to a reduction of
large-bodied specie®O( maeoticaG. aequicaudaand calanoid adult) and increase of
small-bodied zooplankton species of zooplanktorrpéeticoids and rotifers). Similar
changes in size structure of plankton with the gmes of size selective predators have
been reported in other studies (Brooks & Dodsor§519.ynch, 1979, Carpenter &
Kitchell, 1993). Moreover, the higher increase @kede diversity and richness in
presence oA. iberuscan be explained by the elimination of possibtgdanvertebrate
predators a®. maeoticaandG. aequicaudavhich its potential predation could explain
the reduction of small zooplankton organisms (MatiKeal, 1997; Kellyet al, 2002;
Compteet al, in press).

Our experiment was made using only the aduliberus Nevertheless, differences
of diet among adult and juvenik. iberusindividuals and among habitats have been
reported (Alcaraz & Garcia-Berthou, 2007). Juverfigh selects small organisms of

water column while adult fish selects large orgarsisof benthos. Therefore, different

- 116 -



effects on plankton caused by different sizé\ofberusare expected and the results of
the study could be different in natural conditiongh all developmental stages of
A. iberus However, it is important to note that the effémtind in this study can be
similar to natural conditions in periods with domnte of adult fish, and so out of the
breeding season. On the other hand, we detectedcoras effect in our experiment,
because water characteristics and plankton steistithin mesocosms were different
from those of the lagoons. Nevertheless, wateradhearistics and plankton structure
within mesocosms were similar to the observed oimesperiods of maximum
confinement described in this salt marsh (Quintahal, 1998a; 1998b). Thus, our
experiment would explain how. iberusadults can structure the plankton especially in
conditions of maximum confinement.

Phytoplankton and macrophytes had different sowtecarbon since latter
contained a higher proportidfiC than phytoplankton. This difference can be rellate
the thickness of the boundary water layer, whidec$ the diffusion of nutrients into
the cells and causes fractionation of heavy is@qpeance, 1995; Ravest al 2002;
Bodeet al, 2006). This difference of carbon isotope sigrais used as a procedure for
distinguishing between benthic and planktonic femadirces for coastal animals (e.g.
Hobson, 1993; Hobsoat al, 1994; France, 1995). In this sense, in our peléwpd
web, phytoplankton appeared to be the main sour@arbon. On the other hand, the
results of stable isotope analyses showed Rhatirrhosahas values 08N similar to
top predatorsA. iberusand O. maeotica Salt marshes are environments with high
denitrification rates (Kaplaat al, 1979; Valiela, 1984; Thompsat al, 1995; Ericsson
et al, 2003) and this process increase ¢ of substrate (Delwiche & Steyn, 1970;
Sheareret al, 1974; Kendall, 1998). MoreovdRuppiasp. has epiphytes algae in their
blades and bacteria in their roof which can fixagen inorganic (Flores-Verduga al,
1988; Currinet al, 1990) and thus, can increase the concentratiof!Nb in these
organisms (Henn & Chapela, 2001; Spriggsl, 2003). Therefore, these both process
could be the causing of high valuesstIN of R. chirrosa

Although macrophytes were not involved in the geldood web, a significant
smaller decrease of its biomass in presence ofwWah found in our experiment. This
smaller decrease could be explained for indirefeices of the observed trophic cascade.
A smaller increase of chlorophydlwas detected in fish treatment because there was a
lower density of APF in final conditions respectdontrol treatment (mean in control
treatment 2-10ind I'; mean in fish treatment 3.69°ld ). The small increase of
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chlorophyll-a can be attributed to trophic cascade effectd.aberussince its presence
coincide with an increase of APF predators. Thellsmerease of chlorophyl& and
total nutrients in water would also help to inceeasater transparency and can favour to
maintain a higher macrophyte biomass, since thepetence for light and nutrients
would decrease (Ozime#t al, 1990; Sand-Jensen & Borum, 1991; Van Dentlal,
1993; Sfrisoet al, 2003). Thus, in contrast with the observed e¢ffecf some
planktivorous fish (Brett and Goldman, 1997; Jeppes al, 2003),A. iberushas slight
positive effects on macrophytes slowing macrophgtemass reduction.

The above results could also be seen a mutuaéiatianship since the presence of
macrophytes would suppose also advantage# faberusproviding him with refugee
and food supply (Moreno-Amiclet al, 1999; Alcarazet al, 2007). Mediterranean
coastal wetlands are habitats with large envirortadefiuctuations (e.g. Britton &
Crivelly, 1993; Alvarez-Cobelast al, 2005; Bekliogluet al, 2007) characterized by
periods of flooding and nutrients inputs and prgkxch periods of confinement, restricted
water inputs, a low flushing rate and high salinfyuelorget & Perthuisot, 1983;
Trobajo et al, 2002).In these conditions, only well-adapted species sartessfully
inhabit such environments (Bambet al, 1992; Boixet al, 2007) asA. iberusand
R. cirrhosa(Verhoeven, 1979; Sanz-Brau, 1985; Moreno-Amathal, 1999; Gestet
al., 2005; Oliva-Paterna, 2006; Oliva-Patemtaal, 2009). In this sense, our results
suggest a possible strategy betw@eiberusandR. cirrhosato overcome these adverse
conditions. This strategy could understand as am@ie of co-evolution but based on a
mutualism relationship betweeA. iberus and R. cirrhosa both organisms are

reciprocally beneficiated.
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GENERAL DISCUSSION

Resource partitioning in Mediterranean coastal wetinds

The first hypothesis of this study proposed tlesource partitioning among the
developmental stages of the dominant zooplankt@tiep was a strategy to avoid the
intraspecific competition in environments with resme limitation. The results of the
experiments Calanipedaand Daphnia experiments) showed that dominant species of
zooplankton in environments with resource limitatibad a partial segregation of
resource among their developmental stages. Howedwm resources were not limited,
the resource partitioning was not observed amongldpmental stages of dominant
zooplanktonic species.

In accordance with previous studies (e.g. Klepd€l93; Calbetet al, 2006;
Stemberger & Miller, 1998), the results revealedtt@alanipeda aquaedulcignd
Daphnia magnavere omnivorous and could change their feedingabielar depending
on resource availability. Howeve€. aquaedulcignainly selected heterotrophic prey,
whereasD. magnadid not have a defined pattern of selectivity. Hedective feeding
behaviour in most copepods (e.g. Richnedral, 1980; Meyeret al, 2002), besides a
non-selective one in daphnids (DeMott, 1988b; Fel291), had been widely reported.

Mediterranean coastal wetlands have periods ofimemient with high salinity and
low nutrient inputs (Quintanat al, 1998a). During this situation of confinemente th
resource availability becomes limiting. In theseditions, some calanoid copepods, such
as Eurytemora veloxand C. aquaedulcis maintain stable populations, leading to a
monospecific zooplankton community (Brucet al, 2006), although a strong
intraespecific competence is expected under thiesiinig conditions. Brucetet al
(2005a) suggested the existence of food selectmhrasource partitioning among the
different developmental stages of these calanoiduladions as a strategy to avoid
intraspecific competition. They argued that spatad temporal segregation among
stages would not affect intraspecific competiticatduse all stages coexist in time and
space. TheCalanipedaexperiment showed that nauplii, copepodites, andtadave
partially different diet and selectivity accordiig food types and food sizes. These
results agree with the described niche segregdteiween young and adult copepods
(Mullin & Brooks, 1967; Poulet, 1977). Thus, theobsegregation as a type of resource
partitioning, allows toC. aquaedulcismaintain stable populations in confinement

situations with low resources availability. Althdugot directly shownE. veloxlikely
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had similar dietary segregation over its ontogdrgsed on indirect evidence, such as
ontogenic changes in amino acid composition (Bratat, 2005b).

In contrast, in environments with high food aburmgndaphnids are benefited
because they have higher ingestion rates than @d&iiMcNaught, 1975; Richman &
Dodson, 1983; Schulzet al, 1995). These conditions with high resource abwdity
would lead to a weak intraspecific competition,ueidg the need for spatial-temporal
segregation and resource partitioning (Brueteal, 2006). The results did not indicate
resource partitioning in amorig. magnastages, supporting the hypothesis that species
adapted to situations of high resource availabitlty not have resource partitioning
among development stages.

Top-down and top predators in Mediterranean coastaivetlands

The second hypothesis of this study proposed dligtish and fish have strong but
different top-down effects on aquatic communitiédVediterranean coastal wetlands.
The results of the experiment®dessiaand Aphaniusexperiments) revealed that top-
down and trophic cascade had an important roleercontrol of aquatic communities of
these environments. However, their effects werkediht according to the top predator.

Odessia maeotichad strong top-down effects on the community. Havetheir
effects may be temporary since high densitie® ofmaeoticaare present in the medusa
stage for a few weeks in oligotrophic confinemeonditions (Quintanat al 1998b).
According to these experimental results and thos® forevious studies (Quintaed al
1998b),0. maeoticagreatly reduced medium-sized zooplankton (copepodsrotifers)
directly through predation. Additionally, there wandirect effects from trophic cascades
that explained both the increase of small zooptamKtiliates) and weak changes found
in phytoplankton withD. maeoticgresence.

Aphanius iberudad a very different effect on the aquatic comryjrsince their
diet is based mainly on benthonic organisms (Va&d3e Sostoa, 1999; Alcaraz &
Garcia-Berthotet al, 2007), wherea®. maeoticahas a planktonic diet. Additionally,
A. iberusmaintain dense and stable populations (GarciathBeet al, 1991; Moreno-
Amich et al, 1999; Badosat al, 2007). In contrast t@. maeoticaA. iberusreduced
the abundance of large-sized invertebrates, suchGasimarus aquicaudaand
O. maeoticaand increased the abundance of medium-sized aokipih (copepods and
rotifers). As a result of trophic cascade effeittalso reduced the abundance of ciliates,

dinoflagellates and autotrophic picoflagellatese3dA. iberus effects differed from
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those caused by other planktivorous species, whos#ation on zooplankton increases
phytoplankton density and, in turn, in water tuityide.g. Arcifaet al, 1986, Jeppesen
et al, 1997; Jeppesest al, 1998).

The presence dh. iberuswas also associated with changes to water andhaent
characteristics. Results obtained in Aghaniusexperiment showed that the presence of
fish increased water transparency and slowed mhgtefbiomass decrease. This slow
decrease in macrophyte biomass could suppose srageof refugee for benthos when
fish was present (Dielh, 1992; Jacobseml, 1997; Meerhofet al, 2007b) explaining
the weak effect oA. iberuson zoobenthos.

Although O. maeoticaandA. iberushave different effects on aquatic community,
both species can be considered a keystone spexsed bn how their presence affected
the structure of aquatic community (Paine, 196691 ¥Xerfoort & DeMott, 1984). In
absence of these predators (e.g. temporary lagoomsgpods and daphnids can
substitute folO. maeoticaandA. iberusas the role of the keystone species by affecting

the dynamics of the microbial community.

Trophic adaptations of the organisms to fluctuatingenvironments

Mediterranean coastal wetlands are characterizedatye fluctuations in the
salinity (e.g. Barnes, 1989) and long periods withautrient inputs (e.g. Quintaeaal,
1998a). This means that only well-adapted specms successfully inhabit such
environments (Bambeet al, 1992; Boixet al, 2007). This, organisms have several
strategies that allows them to successfully inhdbg kind of systems. Some of these
strategies can be related to trophic interactions.

For example,D. magna maintains stable populations in environments with
continuous pulses of nutrients (e.g. Schudkzal, 1995), wherea®. maeoticanhabits
environments of specific conditions of salinity amdyotrophy with high abundance of
its potential preys, but its populations are nabk during a long time period (Quintana
et al, 1998b). The high ingestion rates known@omagna(McNaught, 1975; Richman
& Dodson, 1983) may exploit the abundant resoumethe stable environments. We
also observed high ingestion ratesOn maeotica which may allow for fast growth
when their resources are abundant but unstable. skfategy of fast growth is not rare,
since is a usual strategy in cnidarians (Boetoal, 2008) and other organisms of
fluctuating environments as snails of intertidahedZeldiset al, 1979). In contrast this

strategy do not allow the species to persist duantpng period of time, since no
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resource partitioning is observed and so all thiges and/or developmental stages feeds
on the same resource until its finish.

On the other handC. aquaedulcisand A. iberus have stable populations in
temporary and permanent lagoons of the Mediterrane@astal wetlands (Garcia-
Berthou et al, 1991; Quintanaet al, 1998b; Badosat al, 2007). In these stable
conditions during confinement, resource partitignoetween developmental stages may
have evolved as a strategy to overcome resourd&tiom. Such dietary segregation
among developmental stages in copepods reducedetiom in environments with
limited resources or high temporal variability (Ry 1977). FurthermoreA. iberus
reproduce in spring (Fernandez-Delgadal, 1988; Vargas & De Sostoa, 1997; Oliva-
Paternaet al, 2009), coinciding with the confinement periodstlte coastal lagoons
(Quintanaet al, 1998a; 1998b). As a result, the highest derditg. iberusoccurs in
periods of low resource availability. However, diffnces on the diet as well as on
habitat selection betweeA. iberus adults and juveniles exist (Alcaraz & Garcia-
Berthou, 2007). Juvenile fish selects small orgasi®f water column, while adult fish
selects large organisms of benthos. AlthoughApkeaniusexperiment only included.
iberus adults, the results likely reflect the dietary egmtion among development
stages, because the presence of adults increasedbtindance of small planktonic
species that dominate the juvenile diet. Such artetic shifts in diet are common in
fish (Persson & Greenberg 1990; Egglestbal., 1998).

In addition to dietary segregatiod,. iberus may maintain populations in the
resource-limited Mediterranean coastal wetlands dwstablishing a mutualistic
relationship with macrophytR. cirrhosa Macrophytes compete with phytoplankton for
nutrients and light (Ozimekt al, 1990; San-Jensen & Borum, 1991; Van Denlal,
1993). Consequently, . iberusreduces small phytoplankton abundances by trophic
cascade effects, macrophytes benefit from decreasmgetition for light and nutrients.
R. cirrhosaincreases prey availability f&. iberus(Alcarazet al, 2008) and acts as a
refuge from bird predation (Moreno-Amiokt al, 1999). Such mutualisms between
animals and aquatic plants are common. For exarnimepresence of bivalves, which
reduce epiphytes and phytoplankton, benefitted apduytes in salt marshes (Bertness
1984; Peterson & Heck (2001a,b). In return, macytgsh provide bivalves with
increased food sources and a refuge from predatadditionally, in marine
environments, Hayet al (2004) suggest that seagrasses provide refugeshoand

macroinvertebrates, whereas the latter consumgihypeis on the seagrass blades.
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Organisms’ trophic adaptations to Mediterranedhmarsh also could be related
to the food webs characteristics of this environmm@mnivore diet is common among
the key species (e.g. Kleppel, 1993; Kadtyal, 2002) and mixotrophy is often reported
(e.g. Stoecker, 1998; Flodet al, 2006, Unreiret al, 2007). Therefore, many trophic
interactions are established among organisms, wdniehdifficult to assign to different
trophic levels. In agreement our results pointettioat the food web of Emporda coastal
wetlands is relatively short (with two trophic lés)ebut with complex trophic cascade

effects because trophic interactions would be gaside depended.

Food web control in Mediterranean coastal wetlands

The results of this study suggest that changeshm duccessional process of
Mediterranean coastal wetlands associated with gdgarin the food web control
mechanisms could be related to two different emwirental situations: nutrient pulse
and aquatic confinement. Physical factors, suctioasling intensity, determined pulse
events and, in turn, nutrient loadings pulses (Guget & Perthuisot, 1983; Quintaea
al., 1998a). The frequency and intensity of floodmglrological periods differentiates
the periods of sudden flooding and confinementqoisti In sudden flooding, the nutrient
inputs are due to sea storms or intense rainfallcdnfinement, there are not water
inputs, leading to a decrease in water level anthemease in salinity due to evaporation
(Quintanaet al, 1998a, Quintana, 2002). During the pulse siwmsti there is an
allogenic succession and the food web is controbbgdbottom-up mechanisms. In
contrast, confinement periods are characterizedutggenic succession and top-down
controls on the food web. Changes in environmeotalditions can result in abrupt
shifts in food web control mechanisms in brackislosystems (e.g. Peterseh al,
2008). Allogenic succession after a resource patgkthe posterior substitution by an
autogenic process has been considered a genetatnpat other aquatic ecosystems,
such as freshwater temporary ponds (e.g. letled, 1989, Boixet al, 2004).
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GENERAL CONCLUSIONS

1. Resource partitioning among different developwaerstages were noticed for
planktonic grazers that characteristically appéarsligotrophic situations on Emporda
salt marshes under confinement conditions (Eaanipeda aquaeduldisin contrast,

planktonic grazer that characteristically appears more eutrophic lagoons with
continuous nutrient pulses (e@aphnia magnpdid not show resource partitioning

among different developmental stages.

2. C. aquaedulcishad omnivore and selective diet. However, differéevelopmental
stages showed different diet, which were mainhatesl to size and type of prey. In
general, prey size increased with an increasing gizhe developmental stages. Thus,
nauplii and copepodites showed high ingestion rated selection coefficients for
hetrotrophic picoflagellates, whereas adults haghdri ingestion rate and selection

coefficients for heterotrophic dinoflagellates.

3. The effects oD. magnaon aquatic communities mainly depended on thealnit
structure of the microbial community. Therefordgstvity coefficients changed based
on the different potential preys in the planktonmoounity, in accordance with
omnivorous non selective feeding behaviour. Moreove significant differences
among developmental stages were found either irestngn rates or in selective
coefficients.

4. Top predators effects were strong in Empordastabavetlands. Both direct and
indirect effects were detected independently of gogdator species studied. However,
according to the top predator type (vertebrate iandrtebrate) different responses of

aquatic community were observed.

5. Effects of jellyfishOdessia maeoticas top predator were intense, because their
direct effects were not significantly different fnothose observed after artificially
removed zooplankton. However, their indirect eecin phytoplankton were less
evident, because a trophic cascade increasedesilibpulations that, at their turn,

preyed on phytoplankton.
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6. The presence of fish. iberustriggers high trophic cascade effects on planktbich
respond to size dependent predation behaviour ef atganisms. In contrast with

O. maeoticathis effect was detectable even in phytoplankton.

7. A. iberus predation effects were stronger on zooplanktom thaobenthos, since

zoobenthos can use macrophytes as refuge in aréeotd fish predation.

8. A. iberuspresence reduced the increase of phytoplanktositgewhich competes
with macrophytes for light and nutrients. Therefarecrophytes were benefit by fish,
and their turn, provide refugee and resource dvisitla to fish, thus suggesting a

mutualism relationship.
9. The studied food web of Emporda coastal wethaag relatively short (only two

trophic levels were detected). Nevertheless, coxmplephic cascade effects existed

because trophic interactions were mainly size dépen

-127 -



General conclusion = -

CONCLUSIONES GENERALES (en Castellano)

1. Una division del recuso entre diferentes estad® desarrollo de una misma especie
se observd en organismos filtradores planctonicos gparecen en situaciones de
oligotrofia en las marismas de I'Emporda durantecehfinamiento (por ejemplo
Calanipeda aquaedulgis Por el contrario, organismos filtradores planaos que
aparecen en lagunas mas eutroficas con entradéisuamde nutrientes (por ejemplo

Daphnia magnano presentaban division del recurso entre sasliest de desarrollo.

2. C. aquaedulcigenia una dieta omnivora y selectiva. Sin embargo diferentes
estadios de desarrollo presentaban diferente glietastaba relacionada con el tamafio y
el tipo de presa. En general, el tamafo de lasapreerementaba con el tamafio del
estadio de desarrollo. De esta forma, los nauglios copepoditos presentaban una tasa
de ingestion y coeficiente de seleccion altos mw picoflagelados heterotroficos,
mientras que los adultos tenian una tasa de idgegttoeficiente de seleccion altos por

los dinoflagelados heteroétrofos.

3. Los efectos dB. magnasobre la comunidad acuética dependian principdbramla

estructura inicial de la comunidad microbiana. Alsis coeficientes de seleccion
cambiaban segun las diferentes presas potencialda eomunidad planctonica de
acuerdo con su comportamiento omnivoro y no sgkechdemas, no se encontraron
diferencias significativas ni en las tasas de itigesni en los coeficientes de seleccidon

entre sus estadios de desarrollo.

4. Los efectos de lomp-predators(depredadores del nivel trofico méas alto de la red
trofica) eran fuertes en los humedales costerobEaeporda. Los efectos directos e
indirectos fueron detectados independientemente ladeespecie detop-predator
estudiada. Sin embargo, segun el tipotajepredator (vertebrado e invertebrado) se

observaron respuestas diferentes de la comuniadeidicer.
5. Los efectos de la medu®alessia maeoticaomotop-predatoreran intensos ya que

sus efectos no eran significativamente diferengekosl observados después de retirar el

zooplancton artificialmente. Sin embargo, sus efedhdirectos sobre el fitoplancton
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eran menos evidentes porque la cascada troficgengraba. maeoticancrementaba
las poblaciones de ciliados que se alimentabartajgancton.

6. La presencia del pe¥phanius iberuslesencadenaba una cascada trofica con efectos
intensos sobre el plancton basada en el tamafiosderjanismos. A diferencia de la
O. maeoticaestos efectos eran detectados en el fitoplancton.

7. La depredacion da&. iberusera mas fuerte en el zooplankton que en el zoobeyat
qgue éste Ultimo podria usar los macrofitos comagief para evitar la depredaciéon de
A .iberus

8. Se observo un menor incremento de la densidddogéancton, competidor con los
macrofitos por la luz y los nutrientes, con la presa deA. iberus Como consecuencia,
los macréfitos eran beneficiados por el pez y, eeln estos Ultimos proporcionaban al

pez refugio y disponibilidad de recurso, sugirienda relacion de mutualismo.
9. La red tréfica estudiada en los humedales dgddeda era relativamente corta (con

solo dos niveles tréficos detectados). Aun asistexiuna compleja cascada tréfica ya

que las interacciones troficas dependian del tardafios organismos.
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CONCLUSIONS GENERALS (en Catala)

1. Una segregacio del recurs entre els estadisedendolupament es va observar en
organismes planctonics filtradors que apareixensinacions d’oligotrofia en les
maresmes de I'Emporda en condicions de confinafeent per exemple €alanipeda
agquaedulciy En canvi, organismes filtradors planctonics gpareixen en llacunes més
eutrofiques amb entrades continues de nutrienta (Er exempléaphnia magnano

presentaven segregacio del recurs entre els seksede desenvolupament.

2. C. aquaedulcigenia una dieta omnivora i selectiva. Tot i aelg seus estadis de

desenvolupament presentaven una dieta diferertioakda amb la grandaria i el tipus
de presa. En general, la grandaria de la presamartava amb la grandaria de I'estadi
de desenvolupament. D’aquesta forma, els naupdis icopepodits presentaven unes
taxes d’ingestio i coeficients de selecci6é altsspatoflagel-lats heterotrofics, mentre
que els adults tenien una taxa d’ingestid i coeficide selecci6 més alts pels

dinoflagel-lats heterotrofics.

3. Els efectes de IB. magnasobre la comunitat aquatica depenien principalnaent
I'estructura inicial de la comunitat microbiana.r Rant, els coeficients de selecci6
canviaven segons les preses potencials en la ctahusguatica, d’acord amb el
comportament omnivor i no selectiu deDamagna A més a més, no es van trobar
diferencies en les taxes d’'ingestio i els coefitsete seleccid dels diferents estadis de

desenvolupament.

4. Els efectes del®p-predators(predadors del nivell trofic més alt de la xarw@ita)
eren forts en els aiguamolls costaners de 'Empdidavan detectar efectes directes i
indirectes independentment de I'espeti@-predator estudiada. Tot i aixi, es van

observar diferents respostes de la comunitat aguati funcio del tipus de to predator.

5. Els efectes de Ddessia maeoticaom a top-predatoreren intensos ja que els seus
efectes directes no eren significativament diferemhb els observats després de retirar
el zooplancton artificialment. Tot i aixi, els efeg indirectes sobre el fitoplancton eren
poc evidents ja que per efectes de cascada tioficamentaven les poblacions de ciliats

que s’alimentaven de fitoplancton.

- 130 -



General conclusion = -

6. La preséncia &. iberusdesencadenava cascada trofica important sobriarettpn
basada en la predacid segons la grandaria corgelalorganismes. A diferéncia de

I’ O. maeoticaels efectes eren detectas en el fitoplancton.

7. Els efectes de la predacié dA.liberuseren més forts en el zooplancton que en el
zoobentos, ja que aquest Ultim podria utilitzarrecrofits per evitar la depredacié de

I'A. iberus

8. Quan IA. iberusera present, es va observar una reduccio dediiment de la densitat
de fitoplancton el qual competia per la llum i elgrients amb els macrofits. Per tant, els
macrofits eren beneficiats pel peix, i a la vegaagests proporcionaven refugi i

disponibilitat de refugi al peix, la qual cosa seigg un relacio de mutualisme.

9. La xarxa trofica estudiada ens els aiguamolsacers de I'Emporda era relativament
curta (amb nomeés dos nivells trofics detectats) iTaixi, existia una xarxa trofica
complexa ja que les interaccions trofiques erenedepts de la grandaria dels

organismes.
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APPENDIX 1

Organism types found in lagoons in different expents. CACalanipedaexperiment; DADaphniaexperiment; ODOdessiaexperiment; AP:
Aphaniusexperiment. W: weight (ug); DWA: dry weight ash JugW: fresh weight (1g); V: volume according tdleforandet al, 1999 (ur);
Vc: volume calculated by cytometer (f)mVn: Volume according to Warwick & Price, 19791); L = large longitude or diameter (mm); a:
small longitude (mm); * volume estimated by appmoation of the body shape to geometric figures.

aolpuadd

D

Taxa Experiments Weight Reference
Bacterioplankton CA, DA, OD, AP W = (Vc-350) Lee & Fuhrman (1987)
Autotrophic picoflagellates (APF) CA, DA, OD, AP W = (Vc-470) Verityet al (1992)
Heterotrophic picoflagellates (HPF) CA, DA, OfR W = (Vc-470) Veritet al (1992)
Autotrophic nanoflagellates (ANF) CA, DA, AP ¥0.433- (V%) Verity et al (1992)
Phylum Tubulinea
Order Tubulinea
Family Amoebidae undet. ssp. DA W = 0.437-108¥ Strathman (1967)
V = ((((n/6)-(&)-L)-0.29)/0.42)+%/6)-(&)-L)*
Phylum: Cryptophyta
Class Cryptophyceae
Order Cryptomonadales
Family Scarabaeoidea
Chryptomonasp. OD AP W =0.216%°** V = (1/6) (&) -L Menden-Duer & Lessard (2000)
Chryptophyte undet. ssp. DA W = 0.218%? V = (n/6)-(d)-L Menden-Duer & Lessard (2000) .
Phylum: Heterokontophyta
Class Crysophyceae undet. ssp. CA, AP W = 02E8 V = (n 6)-(&)-L

Menden-Duer & Lessard (2000), &1
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Phylum: Hatpophyta

CA, OD, AP

W =0.216-%%% V = (1 /6)-(&)-L

Menden-Duer & Lessard (2000)

Phylum Chlorophyta
Class Chlorophyceae
Order Chlorococcales
Family Scenedesmaceae
Scenedesmusp.
Class Trebouxiophyceae
Order Chlorellales
Family Oocystaceae
Oocistyssp.
Chlorophyte undet. ssp.

DA

DA
CA, OD, AP

W =0.216-8%°
W =0.216-8°%*
W = 0.276%

Menden-Duer & Lessard (2000)

Menden-Duer & Lessard (2000)
Menden-Duer & Lessard (2000)

Phylum: Euglenozoa
Class Euglenophyceae
Order Euglenales
Family Euglenaceae
Trachelomonasp.
Euglenophyte undet. ssp.

AP
DA, OD, AP

W =0.21632 V = (n /6)-L-&
W = 0.998% vV =n/12-L-a-(L+a)

Menden-Duer & Lessard (2000)
Menden-Duer & Lessard (2000)

Phylum Heterokontophyta
Class Bacillariophyceae
Order Naviculales
Family Naviculaceae
Naviculasp. 1
Naviculasp. 2

CA, DA, OD, AP
CA, DA

W = 0.288N", V = (n /4)-L-&
W =0.2888%% V = (n /4)-L-&

Menden-Duer & Lessard (2000)
Menden-Duer & Lessard (2000)
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Order Bacillariales
Family Bacillariaceae

Nitzschia closterium CA, OD, AP W = 0.288-%#'% v = (1/2).L-& Menden-Duer & Lessard (2000)
Nitzschia pellucida CA, DA W =0.288-V®% V = (1/2)-L-4 Menden-Duer & Lessard (2000)
Nitzschiasp. 1 CA W = 0.288%% v = (1/2)-L-& Menden-Duer & Lessard (2000)
Nitzschiasp. 2 DA, OD, AP W = 0.288%N" v = (1/2).L-& Menden-Duer & Lessard (2000)
Nitzschiasp. 3 DA, AP W =0.288%"% v = (1/2)-L-& Menden-Duer & Lessard (2000)
Nitzschiasp. 4 DA W =0.2888%% Vv = (1/2)-L-4 Menden-Duer & Lessard (2000)

Order Rhopalodiales
Family: Rhopalodiaceae
Rhopalodia constricta DA W = 0.288-V®" V= ((4/6)x-&-L)/1080 Menden-Duer & Lessard (2000)
Order Thalassiophysales
Family: Catenulaceae
Amphorasp. 1 CA W = 0.2883% V= ((4/6)x-&-L)/1080 Menden-Duer & Lessard (2000)
Amphorasp. 2 oD, AP W = 0.288N: V= ((4/6)x-&-L)/1080 Menden-Duer & Lessard (2000)
Order Centrales
Family Chaetocerotaceae
Chaetocerosp. CA W =0.2888P' V = (n /4)-L-& Menden-Duer & Lessard (2000)

Phylum Myzozoa
Class Dinophyceae
Order Peridiniales
Family Peridiniaceae
Glenodiniumsp. CA, AP W = 0.760% V = (n /6)-L-& Menden-Duer & Lessard (2000)
Order Gymnodiniales
Family Gymnodiniaceae

Gymnodiniunsp. AP W =0.760%% V = (1 /6)-L-& Menden-Duer & Lessard (2000)
Family Pronoctilucaceae
Oxyrrhis marina CA, AP W =0.760-V%% V = ( /6)-L-& Menden-Duer & Lessard (2000) =
Autotrophic Dinoflagellate undet. ssp. 1 CA, AP W =0.760-V#¢ V = (1 /6)-L-& Menden-Duer & Lessard (2000) 3
Autotrophic Dinoflagellate undet. ssp. 2 CA, AP W =0.760-V*#2 V = (z /6)-L-& Menden-Duer & Lessard (2000) 2
(o]
D




- 997 -

Division Charophyceae
Class Charophyceae
Order Charales
Family Characeae

Lamprothamnium papulosum AP

W= Dried to 60 °C during 24 hours and weighte

Division Magnoliophyta
Class Liliopsida
Order Najadales
Family Ruppiaceae
Ruppiasp.

AP

W = Dried to 60 °C during 24 hours amighted

Phylum Ciliophora
Class Ciliatea
Order Oligotrichida
Family Strombidiidae
Strombidiunsp.
Class Phyllopharyngea

Suctoria undet. ssp.

Ciliate undet. ssp. 1
Ciliate undet. ssp. 2
Ciliate undet. ssp. 3
Ciliate undet. ssp. 4

oD, AP

DA
DA
DA, OD, AP
CA, DA, AP
AP

W =0.19:V; V =(/6)-(&)-L

W =0.19-V; V = (1)
W =0.19-V; V&/8)-L-&
W = 0.19-V=\(e /12)-1%(a+L)
W = 0.19-VE\r /12)-1%-(a+L)
W = 0.19-V; Vi 12)-1*(a+L)

Putt & Stoecker (1989)

Putt & Stoecker (1989)
Putt & Stoecker (1989)
Putt & Stoecker (1989)
Putt & Stoecker (1989)
Putt & Stoecker (1989)
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Phylum Rotifera
Class Rotatoria
Order Ploimida
Family Lecanidae

Lecanesp. DA, AP
Family Brachionidae

Brachionussp. OD, AP

Notholcasp. AP
Family Colurellidae

Colurellasp. AP

Order Gnesiotrocha
Family Testudinellidae

W =0.19:V; V =(6)-(&)-L

W = 36.4-L{e3.64-L-(3
W = 5.46-f)-a+0.29-E

W =12.38-f)-a+1.38-£

Putt & Stoecker (1989)

Ruttner-Kolisko (1977)
Malleyet al (1989)

Ruttner-Kolisko (1997)

Testudinellasp. AP W =7.28-f.a Ruttner-Kolisko (1977)

Family Hexarthridae
Hexarthrasp. OD AP W =24.22-Lqa Ruttner-Kolisko (1977)
Rotifera undet. ssp. 1 AP W = 7.28)(a Ruttner-Kolisko (1977)

Phylum Cnidaria
Class Hydrozoa
Order Anthomedusae

Family Moerisiidae

Odessia maeotica OD, AP w=018.21 Malleyet al (1989)

=Saolpuaddy
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Phylum Nematoda
Class Nematoda
Order Enoplida
Family Oncholaimidae

Oncholaimussp AP DW = 0.25-FW; FW = 1.13-Vn; Vn = 530%L Wieser (1960); Jensen (1983)
Order Monhysterida
Family Monhysteridae
Monhystrellasp. AP FW = 1.13-V; DW = 0.25-FW; Vn = 530%L-aVieser (1960); Jensen (1983)
Thalassomonhystesp. AP W = 1.13-V; DW = 0.25-FW; Vn = 5304.-a Wieser (1960); Jensen (1983)
Family Sphaerolaimidae
Sphaerolaimusp. AP FW = 1.13-V; DW = 0.25-FW; Vn = 530°L-aVieser (1960); Jensen (1983)
Family Xyalidae
Theristussp. AP FW = 1.13-V; DW = 0.25-FW; Vn = 530%L-aVieser (1960); Jensen (1983)
Order Rhabditida
Family Neodiplogastridae
Fictor sp. AP FW = 1.13-V; DW = 0.25-FW; Vn = 530%L-aVieser (1960); Jensen (1983)
Order Chromadorida
Family Chromadoridae
Dicrhomadorasp. AP FW = 1.13-V; DW = 0.25-FW; Vn = 530%L-aVieser (1960); Jensen (1983)
Ptycholaimellusp. AP FW = 1.13-V; DW = 0.25-FW; Vn = 530%L-aVieser (1960); Jensen (1983)
Family Microlaimidae
Calomicrolaimussp. AP FW = 1.13-V; DW = 0.25-FW, Vn = 530%_-aNieser (1960); Jensen (1983)
Phylum Platyhelminthes
Class Turbellaria
Microtruberrari undet. ssp. 1 AP DW = 5-FRW= 1070-V; V = 0.785-rL* Wieser (1960); Jensen (1983)
Microtruberrari undet. ssp. 2 AP DW = 5-FW: FWG70-V; V = 0.785-@L* Wieser (1960); Jensen (1983)
Microtruberrari undet. ssp. 3 AP DW = 5-FW; FWG70-V; V = 0.785-@L* Wieser (1960); Jensen (1983)
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Phylum Annelida
Class Polychaeta
Order Capitellida
Family Capitellidae
Capitellasp.
Polychaeta larvae undet. ssp.

AP
oD

DW = 0.558%%%

Linton & Taghon (2000)

Phylum Mollusca
Class Gastropoda
Order Neotaenioglossa
Family Hydrobiidae
Hydrobia acuta

AP

DWA = 27.3-B49%

Lingegaard (1992)

Phylum Arthropoda
Class Copepoda
Order Calanoida
Family Temoridae
Eurytemora velox
Family Pseudodiaptomidae
Calanipeda aquaedulcis
Order Harpacticoida
Family Canuellidae
Canuella perplexa
Family Cletodidae
Cletocamptus confluens
Family Canthocamptidae
Mesochra lilljeborgii
Mesochra heldti
Family Ameiridae
Nitocra spinipes
Harpacticoidaundet. ssp.

OD, AP

CA, AP

AP
AP

AP
AP

AP
oD

W = &°°%8-2 195.|nL

W = &%%82 195.InL

W = %1542 034-InL
W = 85542 034-InL

W = &5554.2 034-InL
W = 842 ,034-InL

W = %1542 034-InL
W 2842 0343InL

Malleyet al (1989)

Malleyet al (1989)

Malleyet al (1989)
Malleyet al (1989)

Malleyet al (1989)
Malleyet al (1989)

Malleyet al (1989)
Malleyet al (1989)
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Order Cyclopoida
Family Cyclopidae
Halicyclops rotundipes
Diacyclops bicuspidatus
Cyclopoida undet. ssp.
Class Malacostraca
Order Amphipoda
Family Gammaridae
Gammarus aequicauda
Class Euentomata
Order Diptera
Family Chironomidae
Chironomus salinarius
Class Ostracoda
Order Podocopida
Family Cytheroidea
Cyprideis torosa
Class Branchiopoda
Order Diplostraca
Family Daphniidae
Daphnia magna

AP
AP
oD

AP

AP

AP

DA

W = &5554.2 034-InL
W = 842 .034-InL
W = &5554.2 034-InL

W = (&1%%%2.721.InL)-16

W= (€>27%%2.32.InL)-1000

DW = 28.42.t8

W = €4%%3,1932-InL

Malleyet al (1989)
Malleyet al (1989)
Malleyet al (1989)

Quintana (1995)

Smock (1980)

Johnston (1995)

Botrelét al (1976)

Phylum Chordata
Class Actinopterygii
Order Cyprinodontiformes
Family Cyprinodontidae
Aphanius iberus

AP

W =10g(0.01673) + 2.981-logL

Verdiell-Culoezt al (2006)
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APPENDIX 2

Photos of the study.

1. Calanipedaand Daphniaexperiments.

Photo 1.Pletera lagoon where
Calanipedaexperiment was carried up.

Photo 2.Bottles incubating
in Daphniaexperiment.

Photo 3.Processing samples
in laboratory.
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2. Odessiaexperiment.

Photo 4.Lagoon of Alt Emporda
wetlands wher®. maeoticavas
captured.

Photo 5.Tanks and material
used inOdessiaexperiment.

3. A. iberusexperiment.

:

Photo 6.Connectada and the mesocosms
of Aphaniusexperiment.

-172 -



Appendice:%?;‘_;:_ﬂ_;ﬁ

Photo 7.Water transparency. In left control mesocosm anight fish mesocosm.

Photo 8.Working in the
capture of samples.

Photo 9.Cleaning the sediment samples.
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