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“It/is not the strongest of the species: that survives, hermost intelligent

that survives//Itis'the one thatis the most,adaptable to.change.”

Charles /Darwin

Ao Zé... que ja ndo é.
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“Sinee the Age of-Explarationcbegangthere has been.adrastic brepohi
biogeagraphicrbarriers/that/previously:had isolated the:contindsitdh for
millions of years. IWerare:onowedeveloping waowhele: newn,casmopolitan
assemblageo/of,,organismscracross: thessurfacerof /the, Banth lange
conseguencesonot:only - forethe:functioningeof s ecosystems/ufoalsoe

future evolutionary tiajectary/of life.”

Harold Mooney.and:-Elsa Cleland(2001)
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ABSTRACT

The main objective of the present thesis was taritnre to the improvement of the knowledge
about red swamp crayfishPocambarus clark), an exotic invasive species in Iberian
Peninsula.

The main conclusions of this thesis were:
» Population density had a significant negative eftecjuvenile crayfish growth;

* A learning coefficient was determined that can mievan useful tool to evaluate and

compare the learning capabilities of different line@ater predators;

» M. salmoidegevealed prey switching towar@s clarkii and this may be an indication

of its potential for population regulation in cresyf recently invaded areas;

* Population density significantly affected underwd®e clarkii dispersal. Other factors

involved were the water temperature and perioth@fday;

» One of the main factors inducir®y clarkii overland dispersal was the drainage of the
study area. Other variables that significantly ueficed the overland dispersal f

clarkii were the temperature, relative humidity and théopeof the day.



“Bach invasion /has.a eeftain/degree ofespecificitys, Yetcgeneraliies
emergingyielding-encouraginginsightsdnteshowinvasionsoperate:and how
they /mayrbe»besti/dddressed by seonsenvation:managerscand»policymakers.
Although copplicated» by ceconamicycsociakd andipoliticalceoncerns, 1AS

policy decisions:must/alse be based onclear,scientific reasoning.”

Jeb Byers-et/al.(2002)



RESUMO

DISPERSA0 E REGULACAO POPULACIONAL DO LAGOSTIM-VERMELHO-DA-

LOUISIANA (PROCAMBARUS CLARKII)

O obijetivo principal da presente tese foi contrilpsira o aumento do conhecimento acerca do
lagostim-vermelho-da-LouisianaPocambarus clark), uma espécie al6ctone invasora ha

Peninsula Ibérica.
As principais conclusfes da presente tese foram;

» A densidade populacional teve um efeito negatigaifcativo sobre o crescimento de

lagostins juvenis;

» Foi proposto um coeficiente de aprendizagem que podstituir uma ferramenta Util
para avaliar e comparar as capacidades de aprgadizde diferentes predadores

aquaticos;

» O achigad demonstrou apreserneey-switchingsobre oP. clarkii, e este facto pode ser
indicador do seu potencial para regular populag@elagostim em areas recentemente

invadidas;

* A densidade populacional teve um efeito significatobre a disperséo d clarkii

dentro de agua;

» A drenagem da area de estudo constituiu um dosijpais despoletadores da dispersédo
terrestre do lagostim. A temperatura, a humidadktiva e o periodo do dia foram
outras variaveis ambientais que influenciaram &ativamente a dispersao terrestre
doP. clarkii.
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CHAPTER 1

General Introduction

“Nowadays we/live in: averyrexplosive morlod,/antd while/we may not
know where onwhen:the-next:outhurst/ will be weimight hopedoviysof

stoppingiitoratanysate damping down jtsdfarce.”

ChavllesiElton (1968)
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1. Introduction

The invasion of habitats by exotic species posesabithe major threats to biodiversity
(Vitouseket al. 1997). Human activities are amongst the main reagamthe alterations of the
natural range of species by the artificial trangtmn of many species from their natural
distribution ranges, where they may establish aak hsubstantial ecological effects on the
native species communities (Maekal. 2000; Clavero and Garcia-Berthou 2005; Stigall(201
In the past decades, it has become clear to stiem@nd policy-makers that the deliberated or
accidental introduction of species (microbes, fumdants and animals, including genetically
modified organisms) into new areas outside theiivaageographic distribution is one of the
main drivers of biodiversity change (Satal. 2000). This is particularly true when the effect
of the breakdown of isolating barriers between baggaphical provinces is cumulative with the
shrinking of the natural areas that accommodatd gjlecies (Rosenzweig 2001). The native
distribution of the species changed, and the wohla@hged accordingly (Mooney and Cleland
2001). Changes in the natural distribution of sgechould not, in general, be viewed as
abnormal events since they may be considered a oaplace in nature, often occurring over
the course of geological times in association witmate change (Graumlich and Davis 1993;
Lodge 1993). Only stochastic evengsg( associated with unusual climatic conditions sugh a
storms) may induce the natural dispersal of spdoidmbitats previously beyond their natural
dispersal capabilities (Maclsaatal. 2001). Nevertheless, human actions are more fréguel
can have wider impacts. Those impacts have greathgased the spatial and temporal rate at
which species disperse and the distances theyl.tBByd¢hese means exotic species are able to
accomplish in a few decades something that could haver been accomplished by the means
of natural events alone (Lodge 1993). The Worlgladal and an increasingly higher number of
people are, nowadays, traveling faster and farthed, more goods and materials are being
traded among nations and continents (Pimegttel. 2002), creating what could be called as a
New Pangaedor some species (McKinney 2005). All these fastoombined have facilitated
the introduction and expansion of non-indigenougciEs (NIS) in several ecosystems
(Vitouseket al. 1997) and it is estimated that over 480,000 Ni&Hzeen introduced (Pimentel
et al.2002).

Invasive NIS are a global concern, sometimes migipalth issues and frequently
having irreversible consequences on natural ecasgstNIS can alter ecosystems by changing
the roles of indigenous species (IS), disruptingl@ionary processes and causing significant
changes in species abundance (®#lal. 2000; Williams 2001; Lodge and Shrader-Frechette
2003). Ultimately IS will be less capable to resisd will decline, while invasive NIS will
thrive (McKinney 2005). Their impact may be contsly increasing over time, even when

their introduction ceases. Impacts of NIS spediediaverse and, in fact, several introduced NIS
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can be beneficial to humans. Species such as wdr@at, rice, plantation forests, domestic
chicken, cattle, among others, provide now more 926 of the world’s food supply (Ewet

al. 1999, Pimentedt al. 2002). Many NIS cause minimal environmental impastpredicted by
the often cited tens rule. It states that approteiyal 0% of the imported species will escape or
be introduced in the wild, 10% of which will estishl themselves and 10% of the established
NIS will become damaging pests (Williamson and€Fitt996). Not all NIS have deleterious
effects and the same species may have signifidtette in some areas and negligible ones in
others (Byerset al. 2002). For example, it is currently accepted tbithate change can
exacerbate the establishment and range expansioamy invasive NIS (Thomaet al. 2003;
Hellmannet al. 2008). The proportion of the introduced NIS thah cause problems can be
rather small, but their impact can be very seridlisese species spread from the point of
introduction and are often able to dominate IS patpens and communities (Kolar and Lodge
2001). They may profoundly and adversely affectigadous species, ecosystem processes,
economic interests, and public health (Ricciatdal. 1998). In one word, they may turn out to
be invasive(Lockwood et al. 2007). The costs they inflict form a hidden but rous tax on
many goods and services and the damages they asséien irrevocable. Biological invaders
act as biological pollutants that, unlike chemicaéproduce and spread autonomously, over

great distances, and can adapt to changing consli{®herardi 2007).

Crayfish are a group of invaders outside their veatjeographic distribution with
particularly important ecological effects (Holdi@002). Freshwater crayfish are an important
component of the aquatic fauna, frequently being ldrgest invertebrate predator in their
habitats. They are considered both key-specieseanglystem engineers (Statze¢ral. 2003;
Creed and Reed 2004). Crayfish have been introdweeldiwide by deliberated translocations
and stocking for diverse reasons such as econandmests, aquaculture production, biological
control, reduction of aquatic vegetation and aqumarhobbyists (Holdich and LowerdQ88;
Henttonen and Hunner 1999; Holdich 2002). Invasirsgy/fish largest sphere of action are the
European inland waters, where a considerable rieduof native crayfish population occurred
in the 19" century mostly due to crayfish plague, an infecticaused by the oomycete
Aphanomyces astadHoldich and Lowery 1988; Holdich 2002). There aeveral other
negative factors affecting native crayfish popwiasi —e.g. habitat alterations, water pollution,
habitat and shelter losses, genetic pollution,othiction of non-indigenous crayfish and
subsequent competition with non-native speciegjgiren, overfishing (Gutiérrez-Yurritet al.
1999; Aquiloniet al.2010). In addition, climate alterations also negdy affect native crayfish
populations (Diéguez-Uribeondo 2006). One reasanttie introduction of non-indigenous
crayfish in Europe was the crayfish plague restssastitutes for indigenous crayfish that
should repopulate depleted benthic habitats. Umfattely, the risks and threats associated with

S
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such non-native crayfish species introductions iBuropean freshwater ecosystems were
generally not previously accessed and, in mosts¢case now beyond control (Holdigh al.
1999a).

Once established, invasive crayfish species cadicat@ indigenous crayfish and
reduce populations of food items such as fish,rgpetls, algae, and macrophytes, which can
have cascading trophic effects elsewhere in theystem (Holdich 2002). Furthermore, the
indigenous crayfish species can be displaced tlhradigect competition for the resources
available and other interactions with non-invasivayfish species (Gherardi 2006). Sympatric
crayfish species compete for limited resources saghood, shelter and space and larger
crayfish routinely win competitive interactions Wwismaller crayfish species (Momot 1984).
Invasive non-indigenous crayfish species are vesll vequipped for competition with
indigenous crayfish species due to several intricharacteristicse(g. early maturation, high
fecundity, high growth rate and higher levels ofivaly and aggressiveness) (Lindqgvist and
Huner 1999). They show high tolerance towards engrenvironmental conditions (including
chemical pollution, high temperatures, and drougim)l resistance to parasites and diseases
(Scalici and Gherardi 2007). In addition to the legwal effects of invasive non-indigenous
crayfish introduced into Europe, some species (Orconectes limosusRafinesque 1817;
Pacifastacus leniusculu®ana 1852Procambarus clarkjiGirard 1852) are known to carry the
crayfish plague pathogeAghanomyces asta&ichikora) and function as vectors of the disease
to the indigenous crayfish population (Vogt 1999jdich 2003).

The spread of non-indigenous crayfish speciestemefore amongst the most important
threats for indigenous crayfish species in Eurdfigdderet al.2006) and the Iberian Peninsula
is no exception. It is also important to noticettte Iberian Peninsula is included in one of the
two main centres of biodiversity in the Mediterraneregion hotspot of biodiversity (Médalil
and Quézel 1999). For this reason, improving thedityuof the information about invasive non-
indigenous crayfish species.§. distribution, life cycle, ecology) is of extremeportance to
properly access their invasive potential and dgvelifective management strategies to control
and/or supress their continuously spreading, utiiyacontributing to the conservation of the

native crayfish species (Aquiloat al.2010).

2. Meet the red swamp crayfish Procambarus clarkii, Girard 1852)

The red swamp crayfistrocambarus clarkiiis a relatively large — mean total length
averaging 12-13 cm (Anastacéd al. 2009) and up to a maximum of 19 cm (Correia 1965)
Portuguese populations — burrowing, temperate Wasdr crayfish species. Its native

distribution is comprised between north-eastern ibtexand south-central USA (Hobbs 1989).
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From its natural rangé®. clarkii was successfully introduced into the western asteen USA
(Hobbset al. 1989; McClainet al. 2006). This species has also been widely introdiic®ther
countries and its current distribution comprisésantinents, except Australia and the Antarctic
(Hobbs 1989; Campos and Rodriguez-Almaraz 1992diktolet al. 1999b; Rodriguez and
Suarez 2001; Campos 2005; Gherardi 2006; Hadiand Harli@glu 2006; Wizenret al. 2008).

Its translocation has been mainly motivated foraagiture purposes because this species is a
popular dining delicacye(g.in the USA) (Gherardi 2006; McClaigt al. 2006). Additionally,
attempts have been made to Bselarkii as a biological control organism in Africa sint@as
been experimentally demonstrated that this crayfpkcies is an active predator of the

schistosome transmitting snails (Hofldhal. 1991; Mkojiet al. 1999a,b).

The success oP. clarkii introductions is attributable, as mentioned befrwremany
other invasive non-indigenous crayfish speciedatbors such as its resistance to the crayfish
plague, itsR- reproductive strategy that comprises a shortHigery, high plasticity and high
fecundity rate, tolerance to extreme environmeaotalditions €.g. brackish water conditions,
high temperatures, dry periods, and low dissolvegyen environments) and its ability to use a
wide spectrum of food (Paglianti and Gherardi 200dmpos 2005; Gherardi 2006; ISSG 2007;
Scaliciet al. 2009). Taking into account the previously menttbeeological characteristicB,
clarkii is considered one of the most plastic specieb@btder Decapoda (Lodgs al. 1998;
Campos 2005; ISSG 2007). Likewise, it is also labkeon as a keystone species that might
modify the nature of native plants and animal comities (Correia 2001; ISSG 2007; Correia
and Anastacio 2008).

The first record oP. clarkii in Europe was registered in the Iberian Peninsuld73,
in the Guadiana river basin — province of Badagog] in 1974, in the Guadalquivir river basin
— near Sevilla, where it was introduced for aquacelpurposes (Habsburgo-Lorena 1978). In
less than 20 years from this first introductionwrgopulations of. clarkii have been reported
in at least 13 European countries (Figure 1) (S@rysseet al.2006).

In Portugal, the red swamp crayfish was reportadtiie first time by Ramos and
Pereira (1981) in the Guadiana River basin (souatf®artugal) and resulted from the natural
expansion of Spanish populations (Correia 1993bgeSthen, the Portuguese population® of
clarkii have increased very quickly due to the abundaricamm, shallow wetlands and
agricultural areas (Correia 1995) combined with #wological plasticity of the species
(Gherardi 2006)P. clarkii severe impacts on ecosystem structure and biciliyend on rice
cultures have been extensively documented.(Anastacio and Marques 1997; Gutiérrez-
Yurrita et al. 1998; Anastaci@t al. 2000; Anastaci@t al. 2005a,b; Cruzt al. 2006; Cruz and
Rebelo 2007). Nowadays it has a wide distributiorthie country, where it seems to be well

adapted to water reservoirs and wetlands such cas fields (Correia 1993a,b; Ilhéu and
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Bernardo 1993a,b). In both countries (Spain anduBal), soon after introduction, crayfish
populations increased without control (Habsburgoeba 1978; Correia, 1993b). Although it is
considered an invasive species in Eurdpeclarkii is already widespread and dominant — a
stage V invasive species according to ColauttiMadlsaac (2004) — and should be considered
as being already naturalized, at least in the dipeReninsula (Garcia-Berthai al. 2007).
Unfortunately the Mediterranean region, housing ynandemic species, has been especially
susceptible to species invasions and Portugueskeweter ecosystems have suffered numerous
successful introductions (Cruz and Rebelo 2007eiRiband Collares-Pereira 2010; Rebeto

al. 2010). Although the ecological impacts of theseoitictions are still poorly documented,

they have been implicated in the decline of ndftigshwater fauna (Cabrat al. 2006).

3

. confirmed presence

Figure 1. Current distribution oProcambarus clarkiin Europe. Portugal, Spain, France and Italy have
the majority of the populations (adapted from Se@tpssett al. 2006).

Its intense burrowing inflicts structural damagesthe banks of rivers and lakes
(Barbaresiet al. 2004b) and causes water bioturbation leading t@duction in primary
productivity (Gherardi 2007)P. clarkii is an important pest in rice fields because it rdgst
levees and consumes young rice plants (Sommer atain@n 1983; Grigarick 1984; Sommer
1984; Correia 1993b; Anastacio and Marques 1994skatioet al. 2000). It is well known
that, just after its introduction, when populaticare rapidly growingP. clarkii has dramatic
effects on the community by depleting all food smgravailable because of its voracity and
ability to shift its diet (Huner and Barr 1991; éiln and Bernardo 1993a,b; Gutiérrez-Yurgta

K@
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al. 1998). Nevertheless, it is possible to increaseptiofits of rice-farmers by double cropping
rice (Oryza sativa and red swamp crayfish as it has been done intpsn the USA (Chien
and Avault 1980; McClairet al. 2006). Like in other placeB. clarkii introduction in Portugal
became a problem for rice farmers (Anastacio andgss 1997; Anastaciet al. 2005a,b). To
prevent damage to rice crops, farmers tried to ieéite crayfish by means of xenobiotic
chemicals. This had a strong negative effect inetméronment and did not solve the problem.
In fact, once introduced into favourable habit&tsclarkii is difficult to eliminate (Holdich and
Lowery 1988). A better solution could be the usemiyfish as a food resource, which would
control the size of crayfish populations, with mgitaneous socio economical profit (Chien and
Avault 1980; McClainet al. 2006). Nevertheless, caution should be taken sihogan
accumulate heavy metals (Gheraatlial. 2002a) and toxins from microalgae (Tricariebal.
2008).

P. clarkii outcompetes indigenous crayfish specieg.(Astropotamobius pallipgs
being dominant in aggressive interactions (Gherartil Cioni 2004) and transmitting the
oomyceteAphanomyces asta¢Diéguez-Uribeondo and Sdderhél 1993). Due twatscious
feeding habits and high densities achievéd clarkii is today recognized to be a cause of
biodiversity loss in the invaded water bodies (€m@rrand Anastacio 2008). It causes the local
extinction of various species of molluscs, fish,phiibians and hydrophytes (Cret al. 2006;
Gherardiet al. 2001; Renai and Gherardi 2004; Gherardi and Atapiéxe 2007). There is a
negative relationship betwedd. clarkii abundance and the distribution and abundance of
floating leaved and submerged aquatic plants (Harpal. 2002) as well as a so-callsgecial
relationship with water hyacinthE{chornia crassipgsbeing associated with the significant
reduction of this macrophyte in the water bodiess{ér and Harper 2006)he consequences of
the introduction ofP. clarkii on Portuguese riverine and aquatic communitiesstitepoorly
understood, although some studies have documestealé as a prey of diverse avian, mammal
and fish (see Godinho and Ferreira 1994; Beja 198962orreia 2001) and also its trophic
preferences (llhéu and Bernardo 1993b; Foster dat&rS1995; Ilhéu and Bernardo 1995;
Gutiérrez-Yurritaet al. 1999; Anastaciet al. 2011). It is important to mention thiat clarkii is
an important component of the diet of endangereteanblematic species in Portugal, such as
the otter Luttra luttra) and the white storkJiconia ciconig (Beja 1996a,b; Correia 2001).

3. In this thesis

Since Charles Elton (1958) seminal book, ecolodistge tried to predict and control
the distribution and spread of non-indigenous &®ecit seems that a key factor regulating
species invasion is opportunity: the more freqyeaitid persistently a foreign plant or animal is

exposed to a new environment, the better are itss @d invading it (Davis 2009). Several

A0
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studies modelled the distribution and the deletevieffects of non-indigenous crayfish species
on ecosystems, however such studies often reqtiras a large amount of quantitative
information is available. Understanding the spatiatl temporal distribution of species, and
invasive species in particular, requires profoundwdedge of the limiting factors (biotic and

abiotic) regulating species distribution (Davis 200

Understanding the environmental factors determinittge establishment and
colonization of new areas by the invasive popuretiis a crucial issue in the study of biological
invasions. Knowledge of these variables and theéofacdetermining them can be used to
elaborate risk assessment maps for other invagigeies, in order to define high-risk areas
susceptible to invasion. In fact, an important apph to prevent further invasions is predicting
the potential outcome of introductions on the bas$ite knowledge of ecological requirements
of potential invaders. Because of the severityhef impacts of biological invasions and the
difficulty of eradicating an exotic species oncehds established, it is pivotal to develop

prospective work allowing the detection of invasiam their initial stages (Zalket al. 2000).

Crayfish growth is affected by several variableshsas: water temperature, water
quality, food availability, light intensity, photepod, crayfish length and density, among others
(e.g-McClainet al. 1992; Nystrom 1994; Gutiérrez-Yurrita and Del Ol@@04; Paglianti and
Gherardi 2004). The negative effect of crowding iar,other terms, population density, on
growth has been previously reported (Lutz and WsltE986; Jarboe and Romaire 1995).
However, in these studies the highest densitieedesere rarely above 20 individuals?m
Thus, there is a lack of knowledge on the respofised swamp crayfish to population density
at higher densities and further research is neededder to quantify and determine the extent
of such effects, in spite of food availability. $Hinowledge is especially relevant for juvenile
production facilities because it helps to undemtdre reactions of crayfish to overcrowding.
The determination of growth parameters is alsovegiefor the management of wild population,
especially in invaded areas. The density regulabbrgrowth is a form of intra-specific
population regulation. There is a lack of knowledgethe response of red swamp crayfish,
particularly of the early stages of development, population density under controlled
laboratory conditions at high densities and a latwoy experiment was conducted in order to

determine and quantify such effects (Chapter 2).

Learning abilities are fundamental for survival amdany ecosystem, prey animals are
required to learn to recognize certain predatorgscaf potential predators. This has been
demonstrated, for example, in fish (Karplet al. 2006; Siebecket al. 2009), damselflies
(Chiverset al. 1996; Wisenderet al. 1997) and crayfish (Hazlett and Schoolmaster 1998)
Invasive crayfish exhibit a high degree of plagfian learning to reduce predation risk (Hazlett

2000), and some species (€dyconectes virilisandP. clarkii) seem to learn to avoid predation
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quicker than native species (Gheraedial. 2002b; Hazlettet al. 2002). This characteristic
constitutes an important adaptive advantage whesding a new habitat (Acquistapageal.
2003). Learning to quickly recognize new prey itesils also substantially increase the invader
predator fitness. Crustaceans are important pred@omany ecosystems and their learning
plasticity has been demonstrated both on crabsd@&uet al. 2008) and invasive crayfish. In
fact, invasive crayfish have the ability to readilyitch to new prey items in contrast to native
crayfish species (Gherardt al. 2001). The plasticity of crayfish for learning recognize new
prey may provide important insights about the ptiésuccess of a species when invading new
habitats. Several studies have reported evidendeaofing in a variety of arthropod species
(Papaj and Prokopy 1989; Dukas 2008; Ishii and am2010), however, the application of
equations and mathematical modelling to the legrprocesses is not common. A study was
conducted to determine whether prior experiendeentes the success rate of prey capture and
to estimate and mathematically explain the learrdogve of P. clarkii as a naive predator
(Chapter 3).

When an area is recently invaded, the invader cdtezounters other invasive species
already established and the invasion process isrébalt of the inter-specific interaction
between both native and non-native species. Adtampt to manage invasive species studies
focusing on invasive species in both natural antdnized ecosystems have been carried out
(Simon and Townsend 2003). There are some stub@ms #he inter-specific consumption and
influence of P. clarkii on aquatic biocenoses (Correia 2002, 2003; Coretial. 2005;
Anastacioet al.2011) but not much information is available abdwt &ffects of other predators
(e.g. fish) overP. clarkii populations. As stated above fBr clarkii learning also plays an
important role when considering fish predators (s et al. 2006; Siebeclet al. 2009). An
experiment was conducted (Apendix 1) with the dbjecof determine the effect of learning
time on the predation &. clarkii by the largemouth basklicropterus salmoidgsa non-native

invasive fish predator in the Iberian Peninsularial waters (Godinho and Ferreira 1998).

Prey-switching in predators, which attack severalspecies, can potentially stabilize
prey populations numbers (Murdoch 1975; Nilsson12@®alomino-Bearet al. 2006). When
switching occurs, the number of attacks upon aispeis disproportionally large when the
species is abundant relative to other prey andralgptionally small when the species is
relatively rare. Although several other factor nb&yinvolved in prey population regulatica .
prey and predator size, environmental conditiod)is process may be important when
considering the regulation of invasive crayfish@eg. Detailed information and mathematical
approaches to the interspecific relation betwieeolarkii and other invasive species are scarce,
particularly regarding prey switching among itshfigredators. Understanding of switching in

natural systems will requires detailed researdh®fbehavioural mechanisms in the response of
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predator preference to changes in prey densitygibrand Matsuda 2004). This is important to
provide new insights on the processes and mecharo$rimvasion and its effects on invaded
aquatic biocenoses (Mar@i al. 2002). Attempts were conducted to access the aaucer of
prey switching in a system with three invasive sgg&dnvolvingP. clarkii and two fish species,

Micropterus salmoideand mosquitofishGambusia holbrooki(Apendix 2).

There are several different marking methods subwssused in mark-recapture
experiments, each of them with its advantages aisdddantages e(g. visible implant
elastomers, visible implant alphanumeric tags,oeliemetry, uropod clipping among others)
(Abrahamsson 1965; Guan 1997; Guan and Wiles 1@%erardi and Barbaresi 2000;
Robinsonet al. 2000; Bubbet al. 2002; Gherardet al. 2004; Bubbet al. 2006; Clark and
Kershner 2006; Mazlum 2007; Kuhlmaehal. 2008). The choice of the technique to be used
will depend on the theoretic and management quedhe behaviour of the species, the habitat
it inhabits and the available resources (economt lagistic constraints). During the present
research a simple, cheap and effective (for oueatiljes) marking method was developed
(Chapter 4). This method made it easier to proceih several field and laboratory work

programmes described in this thesis.

The identification of the initial locus of invasiven-indigenous species and their route
of invasion is of great theoretical and practicaportance (Wilsoret al. 1999; Kreiseret al.
2000). Migration and dispersibmay be critical, not only for the continuity ofetipropagule
pressure, but also as an important source of geratiation necessary for the adaptative
evolution (Etterson and Shaw 2001) of the invagiwpulation. Crustacean dispersal behaviour
evolved for the displacement of the animal in sp#trnkind 1983). Although the world-wide
spread ofP. clarkii is mainly attributed to human introductions (Ghdrat al. 2006), the rapid
and widespread expansion of the species, followgstablishment, is the result of its active
dispersal capabilities. The ability to dispersertaral enables a freshwater species to colonize
new water bodies in the neighbourhood and it issmthatP. clarkii has the ability to exit the
water and move overland (Penn 1943; Holdich 20@2biet al. 2005; Cruz and Rebelo 2007,
Chucholl 2011)P. clarkii can resist drought by burrowing until the next yageason (Huner
and Barr 1991) or use overland dispersion to mo\eelarger pool or one with more favourable
conditions (Penn 1943; Aquilonet al. 2005). P. clarkii population dynamics is well
documented in the Iberian Peninsula (Correia 1®895@utiérrez-Yurritaet al. 1999; Ligas
2007; Gherardi 2006; Alcorl@t al. 2008; Anastaciocet al. 2009) and some studies have
explored its underwater dispersal abilities (Ghdirand Barbaresi 2000; Gherasti al. 2000;

Aquiloni et al. 2005) Nevertheless, little is known abdutclarkii ability to disperse overland

Y In the context of this thesis dispersal is consideas the active or passive spreading of indiv&lamay from
others €.g.from an existing populations or form their iniclatation). Migration, on the other hand, is arnvecand
directional movement of large numbers of individulabm one location to anothékgwnsend 2008
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and colonize new freshwater areas and the factwavied in its overland dispersal remains
unclear and not quantified. Some studies were adrduin order to characteriZe. clarkii
overland dispersion and determine the main enviemat triggers involved (Chapter 5,
Chapter 6 and Apendix 3).

ConsideringP. clarkii plasticity and invasive potential, particularly high resistance to
adverse conditions and behavioural adaptations,siiiecies provides an excellent opportunity
to analyse how behaviour contributes to its invagiotential in European ecosystems. One of
the objectives of this thesis was to identify thetbrs involved irP. clarkii's seasonal overland
dispersion, so that in the future, more efficiergdictions of the spread in invaded areas can be
obtained and more effective management or expiloitds possible. It has also been reported
that crayfish behaviour changes with populationsdgr(Bovbjerg and Stephen 1975; Holdich
2002) and some studies.q. Bovbjerg 1959) support the hypothesis that craytiaderwater
dispersion increases with population density. Apegiment was set to determine whether

density influence®. clarkii underwater movement (Apendix 5).

The crayfish aquaculture industry of the USA isaked primarily in Louisiana where
over 1,100 producers cultivate procambarid crayfislover 70,000 ha, producing in excess of
44,000 metric tons worth over $100 million USD aalhy(LCES 2009). The sole method used
for harvest of procambarid crayfish from aquacetponds in the Southern USA is the baited
wire-mesh trap. Baited trap efficiency is dependsnia number of variables, such as crayfish
density, bait type, trap soak interval, and envinental factors. However, the efficiency of the
standard trapping protocol to remove harvest sizgffish from a population has not been
thoroughly examined. Baited traps are often usedetermine crayfish population parameters
and the trap efficiency may significantly influenite results os such assessments (Acosta and
Perry 2000). On the course of the present thesie sitemps were conducted to determine the
capture rate and efficacy of baited traps in Lauiai production systems (Chapter 5, Apendix 3
and Apendix 4).

Detailed data regarding the inter- and intra-spegibpulation regulatory mechanisms,
migratory ability, seasonal migrations and displerksarning abilities and interaction with
sympatric predators are missing fer clarkii. The increase of the knowledge about invasive
species is crucial to develop detailed and morerate models in order to manage the existing
populations and provide tools that may contribote ffuture predictor of the impacts of these
species in nature. In the present thesis detailtaimation abouf. clarkii was collected in
order to contribute to increase the knowledge mhggrthis invasive species. Ultimately, this
information can be integrated in mathematical medeht would contribute significantly to the

understanding of the invasiveness of crayfish ggedihese could also be used to manage the
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existing naturalized populations, to control ordice future suitable areas and to minimize the

impacts in non-indigenous species in the ecosyatahin the economy.

The main objectives of the research within thisithevere:

» Evaluate intra-specific population regulation, ngmthe importance of population
density on growth and survival of young of the yParclarkii, and to understand the
effects of density on both the period between nsoaittd the length increment between

moults without food limitation;

» Determine crayfish learning abilities, in termstlo¢ir capacity to learn how to prey on

new preys;

» Evaluate the possibility of inter-specific poputatiregulation, namely the influence of
learning onP.clarkii capture rate by the largemouth baskcfopterus salmoidgsand

the occurrence of prey-switching in a three invasipecies system.

 Study and characterizé. clarkii dispersion, particularly the post-reproductive
dispersion and determine the environmental triggevslved in P. clarkii overland

dispersal;

» Determine the effects of population densityRorclarkii underwater activity;
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Effects of density on growth and survival of juvenile red swamp
crayfish, Procambarus clarkii (Girard), reared under laboratory
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EFFECTS OF DENSITY ON GROWTH AND SURVIVAL OF JUVENIL E RED
SWAMP CRAYFISH, PROCAMBARUS CLARKII (GIRARD ), REARED UNDER

LABORATORY CONDITIONS

Ricardo Oliveira Ramalho?, Alexandra Marcal Correia® and Pedro Manuel Anastaci®

4IMAR - Instituto do Mar,
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1269-102 Lisboa, Portugal

Abstract

The aim of this study was to quantify the impor&raf population density on the
growth and survival of juvenile red swamp crayfi$hocambarus clarkii(Girard), and to
understand the effects of density on both the gdsgiween moults and the increment per moult
at high densities without food limitation. A labtoey experiment was performed to determine
growth and survival of juvenile crayfish at fiverdities (20, 40, 60, 80 and100 crayfisH)m
Density clearly affected crayfish growth. The impatdensity on final weight was higher than
on total length increase, growth rate and finagter(FL) (by decreasing order of effect). When
comparing minimum and maximum densities, we obskthat FL suffered a 34% reduction.
Number of moults, mean intermoult period (IP) andvival were not significantly affected by
density. Our results indicated that the IP andpseentage of increment per moult are affected
by the size of crayfish before moult and we prowedgations for these relations. Our findings
are relevant both for crayfish aquaculture manageraed for the management of wild or

harvested rice-field crayfish populations.

Keywaords: crayfish; Procambarus clarkii; densitypgith; survival; juvenile
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Introduction

The red swamp crayfishPfocambarus clarkji Girard 1852) was first reported in
southern Portugal by Ramos and Pereira (1981)eiiGiiladiana River basin. Nowadays it has a
wide distribution in the centre and south of therdoy, where it seems to be well adapted to
reservoirs and wetlands such as rice fields (Cart803a,b; Ilhéu and Bernardo 1993a,b). The
red swamp crayfish is an important pest in rickd§ieof California and Portugal (Sommer and
Goldman 1983; Grigarick 1984; Sommer 1984; Corfi€l@3b; Anastacio and Marques 1997;
Anastacioet al. 2000). Nevertheless, it is possible to increase pofits of rice-farmers by
double cropping riceryza sativa and red swamp crayfish (Chien and Avault 198Q). T
exploit the red swamp crayfish in a sustainable meamnd also to control their population it is

essential to understand the ecophysiology of theniles.

Crayfish growth is affected by several variableghsas water temperature, water
quality, food availability, light intensity, photepod, crayfish length and density, among others
(e.g.-McClainet al. 1992; Nystrom 1994; Gutiérrez-Yurrita and Del OI2@04; Paglianti and
Gherardi 2004). Huneat al. (1974) reported the negative effect of crowdinggoowth in spite
of food availability. Several outdoor studies shdvikat red swamp crayfish exhibit density-
dependent growth (Hunest al. 1974; Lutz and Wolters 1986; Jarboe and Romair@5;19
McClain 1995a,b,c). However, in these studies ighdst densities tested were rarely above 20
individuals . Thus, there is a lack of knowledge on the respaisred swamp crayfish to
population density under controlled laboratory dtods at higher densities. This knowledge is
especially relevant for juvenile production fa@d because it helps to understand the reactions
of crayfish to overcrowding. Normal field densitiaserage from 0.13 to 3.8 crayfish?m
(Correia and Bandeira 2004). Romage al. (1978) reported field stunted populations for
densities above 12 crayfishnand some authors indicate stocking densities pfagmately
0.13 to 0.6 crayfish thfor optimal crayfish production in ponds (de leeBmne and Romaire
1990; McClairet al. 2006) and rice fields (Chien and Avault 1980).

Growth in crustaceans, including freshwater créwyfidstacoidea), is confined by the
exoskeleton. In order to increase in size, fresawatayfish must moult (Hammonet al.
2006). Moulting is a growth process in crustaceensvhich the old exoskeleton is shed,
allowing stretching and increase in size of the Igesgcreted one (Bauer 2002). Some authors
have reported that the reduced growth of crayfistieu the effect of high densities and small
size containers is due to increased intermoulbdsrand decreased increment per moult (Aiken
and Waddy 1978 in Goyert and Avault 1979). Howditde is known about these effects on
crayfish growth.

30 N\



Chapter 2 - Effects of density on growth of red swamp crayfish

The aims of this study were to evaluate the impmeéeof population density on growth
and survival of juvenile red swamp crayfish, andinaerstand the effects of density on both the

period between moults and the length increment detwnoults without food limitation.

Methods

A 129 days laboratory experiment was performecdchaeerage (+ Standard Deviation =
SD) temperature of 19.8 £1.99 °C and a photoparfd®/12 (L/D) with non-limiting food. We
used 25 aerated polyethylene reservoirs with abotrea of 0.05 f(22.5x22.5x10cm), filled
with 2.5 | of dechlorinated tap water, replaced kiyeThe calcium concentration during the
experimental trial averaged 153+1.88 p.p.m, whighadequate for the survival of crayfish
during the moult €.g. Oliveira and Fabido 1998). Dissolved oxygen andvpéte recorded
every three days. The NEN concentration in the water was evaluated evasetweeks by the
4500-NQ" E. Cadmium Reduction Method (Clesoetrial. 1998).

Juvenile red swamp crayfish were caught on a naedge channel near Salvaterra de
Magos (Portugal) using a dip net (Imm mesh sizegyfSh were fed carrots (Anastaab al.
2005) and pelleted food (40% proteins, 2% fibb&%s,fat, 10% ashes and 7% humidity) during
a two week acclimatization period in a large corgai The protein and lipid contents of this
diet were adequate for crayfish requirements (@bvend Fabido 1998; Jovet al 1999;
Gutiérrez-Yurrita and Del Olmo 2004). After the Boatization period, 75 juvenile red swamp
crayfish with an average carapace length of 8.84&Inm and a mean fresh weight of
0.037+0.006 g, were selected for the experimentmacked in the polyethylene reservoirs. The
experimental design consisted of five treatmentle\densities) with five replicates each.
Densities were: one, two, three, four and five fisétyper reservoir or the equivalent to 20, 40,
60, 80 and 100 crayfish Trespectively. Each crayfish was marked with dedént colour,
using nail enamel (O’Neilet al. 1993), in order to unequivocally identify it. Tieewere no
statistically significant length differences betwedensity levels at the beginning of the
experiment (RE-WAY ANOVA: F=1.596;P>0.05). Crayfish were fed dailgd libitum with
carrots and pellet food on a 50:50 ratio. Remains faeces were removed on a daily basis.
Exuviaewere always left in the aquariums aféedysisso that crayfish could ingest them. Dead
individuals were removed immediately from the systnd replaced with new ones of similar
size (x 1 mm) in order to maintain density levadeigtant. Replacement crayfishes were kept in
0.25 nf containers at a density higher than 100 iridl Mo shelters were provided so that we
could take conclusions based solely on the effedeasity. Every time a moult occurred and
after the carapace became hard, we measured carigpath (length from the tip of rostrum to

the posterior margin at the dorsal midline, heeraféferred simply as CL) to the nearest 0.01
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mm using a digital calliper. The animal was markegdin and released in the original reservoir
as soon as possible to minimize disturbance. Jiegewiere observed daily, during the 129 days
trial, in order to register the occurrence of msulbumber of days between each moult
(intermoult period — IP), growth and mortality. Tfiest record of IP was not included in the
statistical analysis. There were no significantedénces between males and females for any of
the variables and therefore data from both sexes weoled and analyzed together. Growth
rates were expressed as the increase in crayfigthiéCarmona-Osaldset al. 2004a,b; Mazlum
and Eversole 2005).

We calculated survival, total length increase (Tlgjowth rate (GR), increment per

moult (IM) and percentage of increment per moult\Yeas follows:

Survival (%) = 100 * ((initial number of crayfishrumber of deaths)/initial number of
crayfish)

Total Length Increase (mm) = (final length — initiength)
Growth Rate (mm d&y = ((final length — initial length)/time)
Increment per Moult (mm) = length after moult —démbefore moult

% of Increment per Moult = 100 * ((length after nfioa length before moult)/length
before moult)

All calculations of length increase were based anfinal length (FL) was determined
by converting CL at the end of the experimentaltto total length (length from the tip of
rostrum to the end of telson) using the followinmiation (Adao 1991):

Total length (mm) = 0.310912 + 1.89845 * CL (m{p0.98;P<0.001)

We determined fresh weight from carapace lengtimfm) using the following equation
(Paglianti and Gherardi 2004):

Fresh weight (g) = (112.7 * €37 4/1000

This fresh weight was only used for comparison wétsults from other authors.

=

N

et
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Several functional relations were estimated by stdjg a non-linear regression line to
the data using the Quasi-Newton estimation metmothe case of the final length a power non-
linear regression was adjusted. For growth rate %ndf increment per moult the equations
were modified from Edwardst al. (1989). In the case of IP the equation was madlifiem
Brewer (1994).

Statistical analysis was performed with SPSS varsl@. Survival results were
compared applying a G-test for goodness-of-fit.irksted FL and final fresh weight (FW)
results were analysed usingoalE-WAY ANOVA and the remaining variables were analysed
using a multivariate analysis of varianceAMbvA). A TWO-WAY ANOVA was performed in
order to analyse the effects of density and camjfagth (independent variables) on IM, %IM
and IP. In this analysis data were divided into Glx classes of 4mm each, from <9.5mm to
>25.5mm. The differences between groups were detedrwith thePOSFHOC TUKEY TEST
(Zar 1996). In order to meetN®VA and MANOVA assumptions FW, IM, %IM and IP were

submitted to a logarithmic transformation.

Results

During the experimental trial, dissolved oxygenraged (+SD) 6.41+1.35 mg' [(65-
75% of saturation), pH averaged 7.80+0.31 and-MOaveraged 2.05+0.26 mg.IThere were
no statistical differences between treatments igsalved oxygen@dNE-wAY ANOVA: F=0.854;
df=4; P>0.05), pH ONE-WAY ANOVA: F=1.021; df=4P>0.05) and N@-N (ONE-WAY ANOVA:
F=0.956; df=4>0.05).

At the end of the experiment the highest averagéanated Final Length (FL),
58.37+5.13 mm, was obtained for the group withlthveest density, 20 ind ) and the lowest
FL was 38.69+2.11 mm at 80 ind”nfa 33.71% FL reduction). From 20 to 40 ind me
observed a 20.78% reduction and from 20 irid tm 100 ind rif the reduction in FL was
29.52%. The estimated final length decreased mighinicrease of density (Figure DNE-WAY
ANOVA showed significant differences in FL between dgrgioups (F=5.246; df=4?<0.001)
and the post-hoc Tukey test showed significanediffices in FL between the lowest densities,
20 and 40 ind /i, and 60, 80 and 100 indniFigure 1).

Figure 1 shows individual values of FL and thedwling equation was fitted to the

data:

Final Length (mm) = 107.23 * Density?*"*
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Figure 1. Individual values of final length in relation tensity. An equation was fitted to the data
resulting on the line shown on the figure. Finaigth is based on total length. Tukey’s non-sigaifitty
different groups have the same superscip0(05).

The r value obtained for this non-linear regressias 0.44 (n=74; p<0.001). The curve
shows a rapid decrease of FL from 20 to 40 irnland a slow but constant decrease with
densities higher than 40 ind’m

The highest average estimated final fresh weig)(F7.23+1.72 g) was also obtained
with the group at the lowest density, (20 ind)rand the lowest FW (1.89+0.27 g) was at 80 ind
m? which corresponds to a 73.86% reduction (TableFtdm 20 ind rif to 40 ind nf we
observed a 56.29% FW reduction and from 20 to hél0n? the reduction in FW was 70.26%.
The increase on density caused a decrease on testiRslV. A ONE-WAY ANOVA showed
significant differences in estimated FW betweerugso(F=5.445; df=4P<0.001) and the post-
hoc Tukey test showed significant differences in B#tween the lowest densities, (20 and 40
ind m?) and the highest densities (60 ind,r80 ind nfand 100 ind.f (Table 1).

Significant differences were obtained for the thvadables analyzed (MiovA: Wilk's
Lambda=0.624; F=2.906; df=1.12<0.001) and individual RovAs showed that density
significantly affected TLI (F=5.906; df=1.4£<0.001), GR (F=4.808; df=1.47<0.01) and NM
(F=3.208; df=1.4P<0.05). The post-hoc Tukey test showed differertmta/een some groups.
As density increased mean TLI declined and siganfiaifferences in TLI were found between
the groups 20/40 ind fand 60/80/100 ind ™ (Figure 2A). The highest mean TLI was
27.17+5.20 mm and the minimum was 11.53+4.61 m@0aind 80 ind rfrespectively, which
means a 57.56% TLI reduction. For the average Ggu(€ 3) we found a reduction from the
lowest to highest density, with a maximum of 0.1820mm day} and a minimum of 0.12+0.01
mm day" at 20 and 100 ind Frespectively (a 36.84% GR reduction). Average Niy(gre
2B) decreased with density with a maximum of 7.881lmoults and a minimum of 6.2+1.40
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moults at 20 and 80 ind"mNM decreased from the lowest density to 80 ing but increased
again at the highest density, 100 ind,rand the relation between NM and density was not

statistically significant.

24 - A 9 4 B
T 221
£ - 3 4
= 20 s
1 18 - 4
= 14- 6 4
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20 40 60 80 100 20 40 60 80 100
. . -2 . . E
Density (crayfishm™) Density (crayfish m?)

Figure 2. Mean values ofA — Total length increase (TLIB — Number of moults (NM). Vertical bars
represent standard error. Tukey’s not significadtfferent groups are encircle®X0.05). Values of TLI
are based on measured carapace length.

Figure 3 shows individual values of GR plotted aghidensity and the following

equation was fitted to the data:

GR (mm/day) = 0.195 * Exp (-0.0455 * Density) + /8

The r value obtained for this non-linear regressuas 0.48 (n=74P<0.001).

GR (mm day™)

0 20 40 60 80 100 120

Density (crayfish m'z)

Figure 3. Individual values of growth rates (GR) in relatimndensity. An equation was fitted to the data
resulting on the line shown on the figure. Tukeptn-significantly different groups have the same
superscript>0.05).
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Table 1 summarizes the mean individual values riereément per moult (IM), % of
increment per moult (%IM), intermoult period (IPhda survival. Survival did not differ
significantly between groups (GsT. G=7.314; df =4; n=75P=0.120). Nevertheless, there
was an apparent reduction in crayfish survival fittwn lowest to the highest density, except for
the density of 60 ind iwhich presented the lowest value (26.67%) (TableThe highest
survival was at 20 ind 1(80%) and at this density only one individual di&tis was probably
due to an unsuccessful moult. The majority of tkatds were due to cannibalism and many
individuals were found with chelipeds missing priordeath. At least 24.4% of the mortality

occurred during or on the 3 days after moulting 46F% of the dead crayfish were eaten.

Table 1. Mean values for individual final fresh weight (FWicrement per moult (IM), percentage of
increment per moult (%IM), intermoult period (IPhcasurvival at the end of the experiment. IM and
%IM results are based on measured carapace |Iehgjey’s not significantly different groups have the
same superscripP¢e0.05). IM and %IM results are based on measureapgaae Length. Tukey’s not
significantly different groups have the same sug@rs (P>0.05). SE, standard error. D, number of dead
individuals at the end of the experiment.

Density FW (9) IM (mm) %IM IP (days) Survival

Individuals m? Ind. per
Mean SE Mean SE Mean SE Mean SE

container
20 1 7.23 172 27% 018 1553 1.09 1333 087 80 1
40 2 3.16° 0.66 2.18 0.11 13.95 0.79 13.46 0.74 50 5
60 3 2.20° 035 1.77 0.07 12.74 0.56 15.52 0.67 27 11
80 4 1.89° 027 18% 008 1412 069 1579 075 50 10
100 5 215 025 1.74 0.06 13.06 0.51 15.02 0.54 28 18

Average IM and %IM decreased with density from @®0 ind nf, increased at 80 ind
m? and decreased at 100 ind ifTable 1). Mean IP increased from the lowest dgnsi80 ind
m?, and decreased slightly at 100 ind (Table 1). The total average IP was 14.96+0.3%day
A Two-WAY MANOVA (on the effect of density and carapace lengthhatnhoment of moult
over IM, % IM and IP) showed that these factors bahe effect over the variables (Table 2).
ANOVA showed that density significantly affected IM &#dM but not IP and that CL at the
moment of moult affected significantly IM, %IM ari@ (Table 2). No significant effects were
found regarding the interaction of the two factonsthe three dependent variables (Table 2). A
Tukey post-hoc test showed differences betweenitge2® ind ni* and 40, 60, 80 and 100 ind
m? (p<0.001) and between density 40 and 100 (p<GdShe effect of density on IM but did

not show any differences between density group%ddd and IP.

36 N\
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Regarding the effect of CL at the moment of mothle post-hoc Tukey test showed
differences between class <9.5 mm and 25.5 mm &5b>mm (p<0.05), 13.5 mm and 21.5,
25.5 mm and <25.5 mm (p<0.001) and between clags rhth and 25.5 mm and >25.5 mm
(p<0.01) for IM, %IM (Figure 4) and IP (Figure 5n what concerns %IM and IP the
differences were found essentially between the $vwlensity and the densities above, in the
case of the factadensity and between the lowest classes of carapace [€adttand 13.5 mm)

and classes above (>17.5 mm) in the case afalepace length

Table 2. Statistical testsT(vo-wAY MANOVA and TWO-WAY ANOVA'S) for the effects of density and
carapace length (CL) at the moment of moult overititrement per moult (IM), % increment per moult
(%IM) and intermoult period (IP). Bold charactenslicate statistical significance= 0.05. MS — mean
squares.

Wilk's

Effects Lambda dad F P
Density 0.924 12 2.271 0.008
MANOVA CL 0.100 15 81.699 <0.001
Density vs CL 0.880 54  0.824 0.813
Density vs IM 4 3.34 0.011
Density vs %IM 4 2.69 0.031
Density vs IP 4 2.05 0.087
ANOVA CLvs IM 5 3.54 <0.001
CL vs %IM 5 4.87 <0.001
CLvs IP 5 3.54 0.004

Figure 4 shows %IM plotted against carapace leagitthe moment of moult and the

following equation was fitted to the data:

%IM = 45 * Exp (-0.1728 * CL) + 8.734

The r value obtained for this non-linear regressuas 0.48 (n=483<0.001).
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Figure 4. Individual values of percentage of increment peulnin relation to carapace length at the
moment of moult. An equation was fitted to the dasulting on the line shown on the figure. Tukey’s
non-significantly different groups have the samgesacript P>0.05).

Figure 5 shows IP plotted against carapace lengtinea moment of moult and the

following equation was fitted to the data:

IP (days) = 14.736/(1 + €281 -0357"CYy 4 2 243

The r value obtained for this non-linear regressiag 0.36 (N=373<0.001).
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Figure 5. Individual values of intermoult period in relatitm carapace length at the moment of moult. An
equation was fitted to the data resulting on time Ishown on the figure. Tukey’s non-significantly
different groups have the same superscip0(05).
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Discussion

Density had a profound effect on crayfish growthithiAthe exception of survival and
intermoult period all the variables analysed weagmificantly affected by density. As density
increased mean estimated final length, estimated fieight, total length increase and growth
rate decreased. Growth suffered a reduction ranigorg about 34%, in the case of estimated
final length, to 74% in the case of the calculdiedl weight. We can say that the impact of
stocking density is likely to be higher on estintafinal weight than it is on total length
increase, growth rate and estimated final lengthddcreasing order of effect). Some authors
(Lutz and Wolters 1986) reported a similar reductom mean final length (31.7%) when the
density was increased from 1 to 16 indf in a field study. Clarlet al. (1975) reported a
reduction of 14.3% on crayfish mean final lengthewtlensity doubled from 3.1 to 6.2 indm
and McClain (1995b) reported a 62% reduction cdlfweight when density increased from 2
to 18 ind nf. However, these references have reduced compgyadiiice in the present study
we used very small juveniles (0.037g) to cover antyestage of crayfish growth before maturity
was achieved. In the studies mentioned above tiialiweights ranged from 0.1g to 0.23g
(Clark et al. 1975 and Lutz and Wolters 1986, respectively). fihal weights attained at the
lower densities were as higher as 21g and 20.4glark et al. (1975) and Lutz and Wolters
(1986) respectively indicating that in these stadie period of growth studied covered a period
of crayfish maturity. Avaultet al. (1975) suggested overpopulation as a cause ofirggun
(growth cessation at a small market size) and thiadangs are corroborated by others for red
swamp crayfish€.g. Romaireet al. 1978; McClain 1995a,b,c). Other crayfish speciesh as
Cherax quadricarinatu¢Barki and Karplus 2000; Jones and Ruscoe 2008g&wset al. 2006),
Cherax destructor(Mills and McCloud 1983; Naranjo-Paramet al. 2004), Pacifastacus
leniusculus(Nystrom 1994; Savolainest al. 2004) Procambarus llamagiCarmona-Osaldet
al. 2004a) also exhibit density-dependent growth. dot ffor C. destructorsome authors
reported a 28.5% reduction in growth when densiag Wncreased from 10 to 20 ind?rand
33% when it was increased from 10 to 30 ind (Mills and McCloud 1983). WithC.
guadricarinatusJones and Ruscoe (2000) reported a reduction.6%@ih growth when density
was increased from 3 to 15 ind’mand growth rate was also significantly affectgddensity.
These findings, supported by the results obtaindtie present study, demonstrate that density
clearly affects crayfish growth. However, aboveeatain density the effect seems to loose
strength or to stabilize, and in the present sthidyoccurred above 40 crayfish’nThe lack of
significant differences between densities highemtd0 ind rif in mean final length, final
weight, growth rate and total length increase ssigginat this density sets a limit. Nevertheless,
it is possible that at even much higher densities ©urve behaviours may arise driven by

factors such as.g.pure space limitation.
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The decline in growth with increasing stocking dees can be attributed to
behavioural factors (increased social interactiand antagonism) food availability, territorial
restrictions and possibly deteriorated water comutit due to increased organic wastes (Goyert
and Avault 1979; Chien and Avault 1983; Jones andcBe 2000; Savolainest al. 2003;
Karplus and Barki 2004). Social interactions maguae growth (Karplus and Barki 2004), and
this can be explained because individuals probapgnd more energy in agonistic behaviors
(Gutiérrez-Yurritaet al. 1998; Gutiérrez-Yurrita and Montes 2001). Goyerd @vault (1978)
in an experiment with crayfish stocked at 10 andmtDm? found higher growth and lower
mortality at high densities when shelters were pled. The authors hypothesized that these
results are caused by a shift from antagonistjzassive behaviours at higher densities, and this
also occurs with the crayfisBrconectes viriligBovbjerg and Stephen 1975) and with lobsters
(Squires 1970).

In this study food was supplied! libitumand protein contents were considered enough
to supply crayfish requirements (Oliveira and Fab#98; Gutiérrez-Yurrita and Montes 2001;
Gutiérrez-Yurrita and Del Olmo 2004) and decreamenibalism. Moreover, water conditions
were uniform for all treatments, pH and N® mean values were between acceptable values
for freshwater crayfish (de la Bretonne and Roma®80; Camargo and Ward 1995; Jensen
1996; Oliveira and Fabido 1998; Camargaal. 2005). We recorded the highest growth in the
20 ind n¥ treatment. In this treatment crayfish were deptifrem social interaction, because
each aquarium was occupied only by one crayfislis Téinforces the idea that behavioural
factors were determinant for the decreased crayfistwth at high densities. Other crayfish
species described as less aggressive, such aawettayfish C. quadricarinatuy also exhibit
density dependent growth and survival (Gedelteal. 1993; Jones and Ruscoe 2000). Besides
aggression, other non-aggressive interactiers,chemical and visual signs, dominant status
(Karplus and Barki 2004; Bergman and Moore 2005tkBat al. 2006), may still involve
significant expenditure of energy and interruptidrieeding. However, no specific research has

been made about the effects of behavioural interabn crayfish growth.

The mean period between moults observed in thdyqita. 15 days) was in accordance
with intermoult periods obtained by other authdrsm 10 to 14 days for a median CL ranging
from 20 to 30 mm (Huneet al. 1974; Huner and Avault 1976; Huner 1984) and I3sdar a
median CL of 14.0 mm (Bauer 2002). Reduced growtbray crayfish may be due to a longer
intermoult period and/or smaller increments in gfower moult (Aiken and Waddy in Goyert
and Avault 1979). In the present study the intertnpariod wasn'’t significantly affected by
density, but we observed an apparent increase amnmtermoult period from around 13 to 16
days when density was increased from 20 to 100miidNevertheless, both increment per

moult and % of increment per moult were signifitamtffected by density. Mean intermoult
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period appears to be a direct non-linear functibbaaly size (Thorp and Wineriter 1981) and
some authors also found positive correlations betwimtermoult period and crayfish size
(Bauer 2002). The results of our work revealed buih intermoult period and % of increment
per moult are affected by the size of crayfish ptiomoult. The lack of significant differences
between treatments above 17.5 mm in carapace lategtionstrates the fact that there is a
stronger modification of these variables in thelyeatages of crayfish growth. Our results
indicate that besides density, the increase ofrimaalt period and reduced growth with increase
of crayfish size are important factors concernimg ¢valuation of overall crayfish growth and

that it should be considered in similar studieswker further research is needed in this area.

Survival was not significantly affected by densibyt there was a notorious decrease
from 80 to 28% at 20 and 100 ind’mespectively. This high survival recorded for thevest
density treatment is in accordance with survivalte (70 to 100%) obtained by other authors
at densities varying from 1 to 20 ind°nHuneret al. 1974; Lutz and Wolters 1986; McClain
1995b,c). Crayfish vulnerability during the moudirperiod (Thorp and Wineriter 1981;
Gutiérrez-Yurrita and Montes 2001) becomes momvegit with juvenile crayfish which have a
higher moulting frequency. During this period cialgf are more vulnerable to the strong
intraspecific pressure to occupy a refuge. In faoine authors observed that, under high-
density production systemse. conditions similar to our experiment, intermouinspecifics
that touched recent postmoult animals attemptechtmibalize them (O’Neilet al. 1993; O’
Neill et al. 1995; Hartman and O’Neill 1999).

It is possible to maintain juvenile crayfish of bagenders at densities of 40 ind®m
using proper food supply, with mortalities belowdd@nd reasonable mean final length and
weight. If the goal is the production of marketabiee crayfishes, higher densities will reduce
survival, final length and weight but probably wiiicrease crayfish yield per area. The usual
solution is to furnish a proper food supply andptovide proper shelter to decrease density

effects on these variables.

The conclusions of this study are relevant for thanagement of both crayfish
production and wild crayfish populations. We predda set of equations relating density to
several growth variables. These equations are goriant contribution for the available
mathematical models of crayfish growth and popatatlynamics (Anastaciet al. 1999a,b,c;
Nielsenet al. 1999). With these improved models, crayfish (ce+trayfish) farmers may be

able to optimise their production.
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CRAYFISH LEARNING ABILITIES : HOW DOES FAMILIARIZATION PERIOD

AFFECTS THE CAPTURE RATE OF A NEW PREY ITEM ?

Ricardo Oliveira Ramalho and Pedro Manuel Anastacio

IMAR - Instituto do Mar
c/o Departamento de Paisagem, Ambiente e Ordenament
Universidade de Evora, Rua Rom&o Ramalho n° 59,
7000 — 671 Evora, Portugal.

Abstract

This study explores the effect of the length ofrié@y period on capture rate of a
previously unfamiliar prey by an invasive freshwateayfish Procambarus clark)i. Juvenile
crayfish were subjected to different periods of taoh (learning period) with a larvae prey
(Chaoborussp.). The length of the learning period signifitaraffected the number of prey
consumed by the predator. Our results indicatetbi®haive crayfish require less than 12 hours
to learn to maximize capture rate of this prey. Téarning coefficient, adopted in the present
study, may be useful in exploring predation capiddsl of alien species in newly invaded
habitats.

Keywords: learning in crustaceans; Chaoborus spwvda; Procambarus clarkii;

learning coefficient; biological invasions
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Introduction

Learning abilities are fundamental for survival aimdany ecosystem, prey animals are
required to learn to recognize certain predatorgscaf potential predators. This has been
demonstrated, for example, in fish (Karples al. 2006; Siebecket al. 2009), damselflies
(Chiverset al. 1996; Wisenderet al. 1997) and crayfish (Hazlett and Schoolmaster 1998)
Invasive crayfish exhibit a high degree of plasfidn learning to reduce predation risk (Hazlett
2000), and some speciasd.Orconectes virilisandP. clarkii) seem to learn to avoid predation
quicker than native species that are not expanttieig range (Gherardit al. 2002; Hazletet
al. 2002). This characteristic constitutes an adapgideantage when invading a new habitat
(Acquistapaceet al. 2003). Crustaceans are important predators in neangystems and their
learning plasticity has been demonstrated both rabsc(Roudezt al. 2008) and invasive
crayfish. In fact, invasive crayfish have the dpilto readily switch to new prey items in
contrast to native crayfish species (Gheraidal. 2001). The plasticity of crayfish for learning
to recognize new prey may provide important insgiitout the potential success of a species

when invading new habitats.

The red swamp crayfishP{ocambarus clarkiGirard, 1852) (Crustacea: Decapoda), is
a successful invader worldwide and its currentritgtion comprises all continents, except
Australia and the Antarctic (Hobles$ al. 1989; Campos 2005; Gherardi 2006). Invasive specie
are in fact a global concern, sometimes raisingdtinéssues and frequently having irreversible
conseqguences on natural ecosystems. Invaders sraptdecosystem processes by altering their
structure and function, can reduce biological diitgrof native species, and are one of the most
important contributors of extinction (Sakt al. 2000; Williams 2001; Lodge and Shrader-
Frechette 2003). Crayfish invasions may have alsimeous impact on different trophic levels
by interfering with species from distinct functibngroups, such as plants, fishes and
invertebrates (Cruet al. 2006; Gherardi and Acquistapace 2007; Correiafarabtacio 2008).
Plant material, particularly vegetal detritus asdaxiated microbiota, is the major component
of adult crayfish diet with aquatic macroinvertabgarepresenting a lower contribution to its
level of dietary intake (Avault and Brunson 1990@g¢Ll et al. 2002). In contrast, juveniles are
more carnivorous than adults, preying mostly orechdarvae with reduced or no swimming
behaviour (Correia 2002; Correia 2003).

Chaoboruslarvae, a natural prey item of crayfish are theatig life stage of the
terrestrial phantom midge, a non-biting fly simitara mosquito. They are important members
of freshwater food webs worldwide aade a key primary carnivore in lakes ranging frdrma t
tropics to high temperate latitudes, being oftentiajor invertebrate predators of zooplankton
in lakes and ponds (Bezerra-Neto and Pinto-Coelli2R These larvae can cause shifts in the

size structure of zooplankton communities and elat@ some prey species (Lencioni and

A0
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Wilhlem 2006; Sell 2006 Chaoborusspecies an®. clarkii are sympatric in both the crayfish’s
native habitat and invaded habitats (Borkent 18&Xendonk 2002), therefor€haoborusmay
provide an appropriate test organism for obserléagned predatory responseRn clarkii, a

noted invader.

Learning is common in invertebrates, but is alkel)i to be frequent in invertebrate
species with relatively simple nervous systems.r&hare several references in literature
reporting evidence of learning in a variety of esffod species (Papaj and Prokopy 1989; Dukas
2008; Ishii and Yamada 2010), however, the apptinabf equations and mathematical
modelling to the learning processes is not comnirayvious studies on the crayfish learning
related to predation activity report to teearch-imagdormation and explored the learning of
predation cues (as a prey) (Hazlett 2000; Renai Ghdrardi 2004). The originality of the
present study relies on the approach to the legralnility of crayfish as a naive predator and
the attempt to explain mathematically its learnimgve. The objective of this study was
therefore to (1) determine whether prior experiemrcendividual P. clarkii influences the
success rate of prey capture and (2) determinetiaematical expression of the learning ability
of P. clarkii that could be used in future comparative studi@&syfish are able to form a
recognizablesearch imag€Renai and Gherardi 2004) of a new prey item ¢wvee, as a result
of either visual and/or chemical perceptual changbis recognizable search image allows for a
faster detection and an increased capacity to aphe prey over items encountered for the
first time. Therefore we hypothesized that an iasegl time of contact by crayfish with a new
prey (learning time) will significantly increasestBubsequent prey capture rate. This hypothesis
was tested under laboratory conditions usingatural predator-prey association but with

completelynaivepredatory individuals.

Methods

OvigerousProcambarus clarkifemales were collected from rice fields near Sakra
de Magos, Portugal (39°2'N, 8°44'W). These femalese reared individually in the laboratory
and early detached juveniles were removed fronr timeithers and reared in tanks (0.25 m
floor area)P. clarkii juveniles were fed on a daily basis with carrétsgstécioet al.2005) and
pelleted food (40% proteins, 2% fibres, 5% fat, 188les and 7% water) and were kept under a
photoperiod of 12/12 (Light/Dark). The protein dimld contents of this diet met the nutrient
requirements of crayfish (Jovet al. 1999). Forty juveniles, 18.80 mm (x1.80 s.d.) mean

carapace length, were randomly selected for therexpntal trial.

Forty five aquaria (22.5x22.5x10.0 cm), each with 8f dechlorinated tap water (6 cm

of water depth) and covered with a wire cloth (1 mesh size) were stocked with crayfish and
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maintained at 18.0 °C (1.8 s.d.). A photoperio@4hours of daylight was used, which would
maximize thetime of contact between the predator and pifegm now on simply referred as
learning period. No shelters were provided. Experimental indiglduwere acclimated for 15
days under the feeding regime described above,veré starved for 24 hours prior the
beginning of the experiment. The experimental designsisted of seven learning periods, in
which individual crayfish were exposed to theiryp(€haoborudarvae) for the first time for a
period of 72, 48, 24, 12, 3, 2 hours or 1 hour.lE@meatment was replicated five times. Two
controls with five replicates each were also usmtk containing crayfish with no previous
contact with the prey (0 hours of learning periadil another containing prey but no crayfish.
The control with only larvae was important to detere if missing larvae at the end of the trials
was due to crayfish consumption or to other extefaators. At the beginning of the
experiment, fiftyChaoborussp. larvae (amtfa premium live, AL-003), 3.5 mm (1.5 s.d.) total
length, were added to each aquarium. This numbes determined from preliminary
observations, under similar experimental conditiotgt indicated a maximum number of
captures and consumption of about 45 per crayfigine hour. For the 72 and 48 h treatment all
larvae were removed at the end of each 24 h panddeplaced with 50 new larvae to maintain
a more constant density of larvae. At the end ehdaarning period, remaining larvae were
removed and, after a resting period of 3 h, 50 lswae were added and the larvae consumed
by individual crayfish during a 1 h test period weecorded. All treatments were initiated

simultaneously and were randomly assigned to thiesta

Statistical analysis was performed with SPSS vardi (SPSS Inc. Chicago, lllinais,
USA). An ANOVA was used to test for differences among the nuroberey captured by
crayfish subjected to each learning period. Thd-pos Tukey test (Zar 1996) was applied to
determine which pairs of treatment levels diffef@d0.05).

The non-linear Mitscherlich equation (Haefner 19@&uation 1) was adjusted to the
data using the Quasi-Newton method. This is a ngctiar hyperbola in which the maximum is
approached gradually and it was widely used bothutrient dynamics and agriculture
production modelling (Mitscherlich 1909, Harmssmal. 2001; Nijlandet al. 2008) and also in
the study of fish feeding rates (Gasthal. 1984) but wasn't used in past predation experiment

(1) The Mitscherlich equatior€ = k(1 — €™

In this particular case& is the number of consumé&haoborus larvae, Ts the learning
period (hours), parametds is the theoretical maximum number Ghaoboruslarvae that

crayfish can consume abdvas considered a learning coefficient.
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The time required by an individual crayfish to mtthalf of the theoretical maximum
prey consumption (half of the learning periofkg), was determined by solving the linear form
of equation 1 (equation 2) in orderTpgiven that C equals 50% of the valuekdgquation 3).
The learning coefficientb) could then be determined by equation 4 which imply a

rearranged form of equation 3.
(2) Linear form of equation In(k — C) = In(k) — bT
(3) Tso=—1In(0.5)/b

(4) b =1In(0.5/T)

Results

During both the learning period and the test perodyfish remained relatively inactive
prior to the introduction of the larvae in the agaaWwhen larvae were placed into the aquaria
with P. clarkii, the crayfish almost immediately started to adyigearch for the prey. Crayfish
were observed raising their body, trying to getseloto the water surface where larvae stayed
most of the time. Some crayfish adopted a sit-and-predation strategy, while others were
often observed actively searching for the larvaee Tapture process was very quick, taking
only a few seconds for the crayfish to detect aapture the larvae, but often the phantom

midge larvae reacted with a rapid response and a#ecto escape before consumption.

During the test period there was no mortality af @haoborussp. larvae in control
aquaria without crayfish and larvae did not metgrhose to the adult stage. The red swamp
crayfish consumed 33.38 larvae (+2.48 s.e.), ona@eée during the 1 hour experimental period.
Only three individuals (one from a 12 h, one fror2dah and one from the 48 h learning period
treatments) consumed all the larvae within the dst period. The highest average prey
consumption (46.20 larvae/crayfish +1.82 s.e.) waxorded for the 24 h treatment and the
minimum average prey consumption (1.80 larvae/ishyf0.96 s.e.) occurred in the control or
0 h treatment (Table 1pNE-WAY ANOVA showed that learning period significantly affected
successful prey capture (F=25.902; df%0.001) and the post-hoc Tukey test showed no
significant differencesR<0.05) between the control (0 h) and up to 2 heafrding period
treatment (Figure 1). The post-hoc Tukey test shiowgnificant differences between the
shorter learning periods (0 to 3 h) and revealedigoificant differencesR>0.05) between the
learning treatments above 3 h (Figure 1). It i® alorthy to note the lack of significant
differences in larvae consumption between crayfigh no learning period (control) and those

with a 1 h learning period (Figure 1).
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Results of the post-hoc Tukey test:
Controlvs. 1h: P=0.793

Control vs. 2h: P<0.01

Control vs. 3h: P<0.05

Control vs. 12h: P<0.01

Control vs. 24h: P<0.01

Control vs. 48h: P<0.001

Control vs. 72h: P<0.001
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Figure 1. Number ofChaoborussp. larvae consumed by crayfish submitted to wéffe learning period
treatments. The line represents the equation thatfilted to the data. Results refer to one hoysre§
consumption 3 hours after crayfish were submittedeven different learning periods (1, 2 3, 12,481,
and 72 hours in contact witiChaoborus prey). Control: crayfish without previous contagith
Chaoborusprey,i.e. 0 hours of learning. Results of the Tukey post-lmutiple comparisons test for the
control treatment group are presented. a) no $ogmfly (P<0.05) different groups. Other non-
significantly different groups are learning perilvs. 3h and 2h vs. 12h.

Figure 1 shows consumption data for each treatniemeél together with the
parameterized equation (1) for the fitted curveisTurve represents ahwvalue of 0.82 (n=39;
P<0.001) and the theoretical maximum prey consumpic= 43.265) was reached at the 48 h
learning period treatment, although the observegiimam prey consumption was reached at
the 12 h of learning period treatment (Figure e humber of successful prey captured per
hour increased rapidly from 1 to 12 hours of leagrperiod and the learning coefficieb) (vas
0.369. During the experimental trial, crayfish frd, 24, 48 and 72 hours of learning period
treatments consumed, on average, 42.20 larvae i) within the 1 h test period. This
represents an average consumption rate of 0.72dger minute (£0.03 s.e.), with a maximum
of 0.83 larvae min-1 and a minimum of 0.50 larvam-in The learning time required for

crayfish to attain half of the theoretical maximpney consumption (T50) was 1.9 hours.
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Discussion

This study demonstrates that red swamp crayfiskd aegery short period (less than 12
hours) to learn to identify a new food item and immaze their efficiency at capturing and
utilizing a new and previously not encountered piteyn. When dealing with spatial and
temporal variability of prey species, predators naggimize their capture rates if they are
flexible and have behavioural plasticity (Stephenal. 2007in Ishii and Yamada 2010). The
learning plasticity and memory skills Bf clarkii have been reported as an adaptive advantage
of this invasive crayfish species when invadingesv thabitat (Gherardit al. 2002; Hazletiet
al. 2003). We consider that our findings reinforce idhea thatP. clarkii is capable of readily
utilizing new and unknown prey items (Renai and 1@rai 2004) which may partially account

for the worldwide success of this invader.

In our experiments crayfish quickly identifi&€haoborussp. as a potential prey and
started to actively search for it. This behavioasvgimilar to that observed in other crustaceans
(Collins 1998) and in fact, the effects Bfocambarus clarkiover soft bodied metazoan (such
as Chaoborussp. larvae) communities were demonstrated in previstudies (Mikojiet al.
1999; Correiaet al. 2008). In our studyR. clarkii soon combined the active search of prey with
a sit-and-wait strategy such as described duriedaiion of amphibian larvae (Gherareli.al.
2001). Feeding behaviour in crustaceans is trighesechemical, mechanical and visual prey
cues (Derbyet al. 2001). The quick predatory responsdotlarkii to the new prey item in this
experiment may be explained by the visual (Tuthild Johnsen 2006; Corredd al. 2007)
and/or mechanical response to @leaoborudarvae movements (Renai and Gherardi 2004), or
to a chemical cue given off by the larvae (HazlE#94; Hazlett 2000). Although other
mechanisms or cues may have been involved in stafdiod search response, it is possible that
the quick response of crayfish towards the new preyg mostly due to chemical cues.
Crustaceans are likely to respond to the strongt@suli received from the prey (Hughes and
Seed 1995) and it is probable that the water coimigiithe prey used in the experimental trials
had high concentration @haoborusolfactory cues. It is important to notice that exmental
crayfish had no previous contact with living macagic prey. For this reason, one of the
hypotheses to explain the prompt predatory respbypszayfish may be the fact that clarkii
andChaoborussp. are sympatric species and such associatieraraady imprinted as a result
of co-evolution. This could indicate th&t clarkii is notgeneticallynaive toChaoborudarvae,

but further studies should be addressed to cléri§/question.

Since the predatory response Bf clarkii to the new prey item was almost
instantaneous, the differences in the amount ceghtduring the test period could be due to
differences in learned attack and/or prey handtinge before consumption. The experience

gained by a predator in approaching its prey carddagsive on whether that predator will
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proceed or abort an attack and whether that attétbe successful (Mascar6 and Seed 2001).
An increase in attack efficiency or effectiveneas heen suggested to be related to the length of
the learning period in arthropods (Lawtehal. 1974). The results of the present study indicate
that 1 hour learning period is not enough for dekyto significantly improve capture success,
but in contrast, a 2 h learning period produceigjaificant association (Figure 1) with increased
consumption of prey by naive. clarkii. These results are in accordance with Hazdetal.
(2002), which concluded that two hours of trainprgduced significant evidence of memory of
the learned association, when tested just oneaday.Procambarus clarkiivas also reported as
being able to retain new learned associations fiotou3 weeks after 24 h periods of training
(Hazlettet al. 2002). Similar retention time for food associaiqnp to three weeks) have been
reported for other crayfish species such Ggonectes virilis O. rusticusand Cambarus
rubustus (Hazlett 1994), whereas lobsterddofnarus americanys remembered social
interactions for at least two weeks (Karavanich ateima 1998). Coviclet al. (1981) also
reported on the benefits of a familiarization psxevith new preyQorbiculd) by crayfish. In
the present study, crayfish apparently remembenedidarned association for at least three
hours (the resting period) but no further effortsrevmade to determine crayfish duration of

memory retention.

Prey behaviour, size and mobility seem to deterrtiveeimpact crayfish can have on
prey populations (Stenroth and Nystrom 2003). Retance, active macroinvertebrate predators
and sediment-living prey may be more difficult tmpture for crayfish than large slow-moving
herbivores (Nystronmet al 1999; Stenrothet al. 2003). This appears to be the case with
Chaoboruslarvae, which are active zooplankton predators amémnportant food item for fish
(Bezerra-Neto and Pinto-Coelho 2002; Lencioni andhdm 2006; Garcia and Mittelbach
2008).P. clarkii had some difficulty capturing them in the begimniof this study, but soon
learned effective strategies for doing so. Nevdei® it is important to point out that laboratory
conditions cannot completely reflect the compleeliactions between predators and predatory
behavior ofP. clarkii in the wild. The size of the experimental contaimay change predator-
prey interactions (McCarthy and Dickey 2002) altjlou-ernandegt al. (1999) argues that
these interactions are not necessarily affectedletfield conditions, the effects of crayfish
over their prey may be substantially different doghe existence of a large number of inter-
and intra-specific interactions and also due toirenmental complexities caused by factors
such as water turbidity, presence of substrategte¢ign and/or refuges (Anasta@bal. 2005;
Correiaet al. 2005).

This experiment did not attempt to uncover the dyag mechanisms for the ability of
crayfish to learn. Questions remain as to whetherléarning period affected the crayfish’s

success rate of capture or finding the prey, ondbeir eagerness to look for prey. Further
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research should be addressed to clarify these emieggestions. New experimental studies are
required in order to fully evaluate the crayfiskéarning ability for predation under different
environmental conditions and influences of learmegod required for successful predation on
other new prey items. We propose that the learoowfficient, as used in this study, is a good
indicator for assessing the ability of a predatoleirn to utilize new prey items in its diet. This
coefficient should be useful for future comparistwetween the learning abilities of predators
and the interaction with different types of preynipatric and allopatric), especially when

dealing with invasive species.

Acknowledgments

This work was funded the National Foundation foeSce and Technology (FCT) by a
PhD grant (SFRH/BD/19373/2004), the project POCSHERI6862/2002 and by FEDER.
Thanks are due to Dr. W. Ray McClain for the manpsaeview and comments before

submission.

References

ACQUISTAPACE P., HAZLETT B.A. AND GHERARDI F. (2003). Unsuccessful predation and learning of

predator cues by crayfisliournal of Crustacean Biolod®8, 364 — 370.

ANASTACIO P.M., PARENTE V.S. AND CORREIA A.M. (2005). Crayfish effects on seeds and seedling

identification and quantification of damag&eshwater Biologyp0, 697 — 704.

AVAULT J.W. AND BRUNSON M.W. (1990). Crawfish forage and feeding systeReviews in Aquatic
Sciences, 1 — 10.

BERENDONKT.U. (2002). Distribution and ecology of phantondge larvae in Southern France and Italy
(Diptera: Chaoboridae¥tudia Dipterologice®, 1 — 4.

BEZERRANETO J.F. AND PINTO-COELHO R.M. (2002). The influence of th€haoborus brasiliensis
(Theobald, 1901) (Diptera, Chaoboridae) larvaeéhan 2zooplankton vertical distribution at Nado
Lagoon, Belo Horizonte, state of Minas Gerais, Brafkcta Scientiarum - Biological Sciences
24, 337 — 344,

BORKENTA. (1981). The distribution and habitat preferencethe Chaoboridae (Culicomorpha: Diptera)
of the Holarctic RegiornCanadian Journal of Zoology9, 122 — 133.

CAamPOS M.R. (2005).Procambarus (Scapulicambarus) clarKisirard, 1852), (Crustacea: Decapoda:
Cambaridae). Una langostilla no nativa en Colombi@mdemia Colombiana de Ciencias exactas
Fisicas y Naturale411, 295 — 302.



Chapter 3 - Crayfish learning abilities

CHIVERS D.P., WISENDEN B.D. AND SMITH R.J. (1996). Damselfly larvae learn to recognizedptors

from chemical cues in the predator’s diehimal Behavioub2, 315 — 320.

CoLLINS H.P. (1998). Laboratory evaluation of the freshwagieawn, Macrobrachium borellij as a

predator of mosquito larvafquatic Science&0, 22 — 27.

CoRREIAA.M (2002). Niche breadth and trophic diversityedéing behaviour of the red swamp crayfish
(Procambarus clark)i towards environmental availability of aquatic m@overtebrates in a rice
field (Portugal) Acta Oecologic®3, 421 — 429.

CORREIA A.M. (2003). Food choice by the introduced crayfidfocambarus clarkii Annales Zoologici
Fennici40, 517 — 528.

CORREIA A.M., BANDEIRA N. AND ANASTACIO P.M. (2005). Predator-prey interactionsRrbcambarus
clarkii with aquatic macroinvertebrates in single and iplgtprey systemdActa Oecologic&8,
337 —343.

CORREIA A.M., BANDEIRA N. AND ANASTACIO P.M. (2007). Influence of chemical and visual stinii
food-search behaviour of Procambarus clarkii urdear conditionsMarine and Freshwater
Behaviour and Physiologd0, 189 — 194.

CoRREIAA.M. AND ANASTACIO P.M. (2008.) Shifts in aquatic macroinvertebratedbiersity associated

with the presence and size of an alien crayfstnlogical Resesear@s, 729 — 734.

CovicH A.P., DYE L.L. AND MATTICE J.S. (1981). Crayfish predation on corbicula uniddoratory
conditions.The American Midland Naturalist Journa05, 181 — 188.

CRrRuUz M.J.,REBELO R. AND CRESPOE.G. (2006). Effects of an introduced crayfiBtnpcambarus clarkii
on the distribution of south-western Iberian amgib in their breeding habitatscography20,
329 —338.

DERBY C.D., STEULLET P.,HORNERA.J. AND CATE H.S. (2001). The sensory basis of feeding behaviour
in the Caribbean spiny lobsteRanulirus argus Marine and Freshwater Behaviour and
Physiology52, 1339 — 1350.

Dukas R. (2008). Evolutionary biology of insect learnidginual Review of Entomolo&g, 145 — 160.

FERNANDES T.F., HuxHAM M. AND PIPERB S.R. (1999). Predator caging experiments: a testhef

importance of scalelournal of Experimental Marine Biology and Ecoldfl, 137 — 154.

GARCIA E.A. AND MITTELBACH G.G. (2008). Regional coexistence and local dondaan Chaoborus

species sorting along a predation gradiEoblogy89, 1703 — 1713.

GHERARDI F., RENAI B. AND CORTI C. (2001). Crayfish predation on tadpoles: A corgumar between a
native @ustropotamobius pallipgsand an alien speciesProcambarus clark)i Bulletin
Frangaise de la Peche et Pisciculti8él, 659 — 668.

GHERARDI F., ACQUISTAPACEP.,HAZLETT B. AND WHISSONG. (2002). Behavioural responses to alarm
odours in indigenous and non-indigenous crayfigtigs: a case study from Western Australia.

Marine and Freshwater ResearbB, 93 — 98.

a0
60 &

==



Chapter 3 - Crayfish learning abilities

GHERARDI F. (2006). Crayfish invading Europe: the case stafly’rocambarus clarkii Marine and
Freshwater Behaviour and Physiolog9, 175 — 191.

GHERARDI F. AND ACQUISTAPACEP. (2007). Invasive crayfish in Europe: the impattrocambarus

clarkii on the littoral community of a Mediterranean lakeeshwater Biologyp2, 1249 — 1259.

GHOsH S.K., MANDAL B.K. AND BORTHAKUR D.N. (1984). Effects of feeding rates on productam

common carp and water quality in paddycum fishureltAquaculture40, 97 — 101.

HAEFNER J.W. (1996) Modeling Biological System®rinciples and Aplications. ITP - Chapman & Hall,
New York.

HARMSENK., MATAR A.E., SAXENA M.C. AND SiLiIM S.N.(2001). Yield response to phosphorus fertilizer
in a wheat-lentil rotation in a Mediterranean eamiment.Netherlands Journal of Agricultural
Sciencet9, 385 — 404.

HAZLETT B.A. (1994). Crayfish feeding responses to Zebra Musdefgend on microorganisms and
learning.Journal of Chemical Ecologd0, 2623 — 2630.

HAZLETT B.A. AND SCHOOLMASTER D.R. (1998). Responses of cambarid crayfish to predattmur.
Journal of Chemical Ecologg4, 1757 — 1770.

HAZLETT B.A. (2000). Information use by an invading speciesindaders respond more o alarm odours

than native speciediological Invasion®, 289 — 294.

HAZLETT B.A., ACQUISTAPACE P. AND GHERARDI F. (2002). Differences in Memory Capabilities in

Invasive and Native Crayfisournal of Crustacean Biolog®2, 439 — 448.

HAZLETT B.A., BURBA A., GHERARDI F. AND ACQUISTAPACE P. (2003). Invasive species use broader

range of predation-risk cues than native spe@asogical Invasions, 223 — 228.

HoBBsH.H., JAss.JP.AND HUNER J.V.(1989). A review of global crayfish introductionstivparticular

emphasis on two North American species (Decapodaib@ridae)Crustaceand6, 229 — 316.

HUGHES R.N. AND SEED R. (1995). Behavioural mechanisms of prey selectiorcriabs. Journal of
Experimental Marine Biology and Ecolo93 225 — 238.

[LHEU M., GUILHERME P.AND BERNARDOJ.M. (2002). Impact of the red swamp crayfiffrgcambarus
clarkii) on aquatic invertebrate and macrophyte assendilagecase study in the south of

Portugal Verhandlungen Internationale Vereinigung Limnologg: 144 — 147.

ISHII'Y. AND SHIMADA M. (2010). The effect of learning and search imagepredator-prey interactions.
Population Ecology?2, 27 — 35.

JOVER M., FERNANDEZ-CARMONA J., DEL Rio M.C. AND SOLER M. (1999). Effect of feeding cooked-
extruded diets, containing different levels of piof lipid and carbohydrate on growth of red

swamp crayfisiProcambarus clarkiiAquaculturel78 127 — 137.

KARAVANICH C. AND ATEMA J.(1998). Individual recognition and memory in lobyst@minanceAnimal
Behaviour56, 1553 — 1560.

& 61



Chapter 3 - Crayfish learning abilities

KARPLUS I., KATZENSTEIN R. AND GOREN M. (2006). Predator recognition and social facilitatiof
predator avoidance in coral reef fiBlascyllus marginatuguveniles.Marine Ecology Progress
Series319, 215 — 223.

LAWTON J.H.,BEDDINGTON J.R.AND BONSERR. (1974). Switching in invertebrate predatorin: Usher,
M.B.,Williamson, M.H. (Eds.) Ecological Stabilit¢hapman and Hall, London, pp. 141 — 158.

LENCIONI M. AND WILHLEM D.F.M. (2006). Prey Selection bghaoborusin the field and laboratoryhe
Journal of Young Investigatold®(4): http://www.jyi.org/research/re.php?id=777

LODGE D.M. AND SHRADER-FRECHETTE K. (2003). Nonindigenous Species: Ecological Explamati
Environmental Ethics, and Public Poliggonservation Biology7, 31 — 37.

MCcCARTHY T.M. AND DICKEY B.F. (2002). Chemically mediated effects of injured pogybehavior of
both prey and predatoBehaviourl39, 585 — 602.

MASCAROM. AND SEED R. (2001). Choice of prey size and specie€arcinus maenagl.) feeding on
four bivalves of contrasting shell morphologiydrobiologia449, 159 — 170.

MikoJI G.M , BoycE T.G., MUNGAI B.N., COPELAND R.S., HOFKIN B.V. AND LOKER E.S. (1999).
Predation of aquatic stages #éhopheles gambiady the Louisiana red swamp crayfish

(Procambarus clark)i Journal of the AmericarMosquito ControlAssociationl5, 69 — 71.

MITSCHERLICHE.A. (1909). Des Gesetz des Minimums und das Gelestabnehmended Bodenertrages.
Landwirsch Jahrt8, 537 — 552.

NIJLANDL G.O., SCHOULS J. AND GOUDRIAAN J. (2008). Integrating the production functionsLafbig,
Michaelis-Menten, Mitscherlich and Liebscher intmeosystem dynamics modeNJAS -
Wageningen Journal of Life Scienéss 199 — 224,

NYSTROMP.,BRONMARK C. AND GRANELI W. (1999). Influence of an exotic and a native Gislyspecies
on a littoral benthic communitikos85, 545 — 553.

PapPAJD.R. AND PROKOPY R.J. (1989). Ecological and evolutionary aspectkafning in phytophagous

insects Annual Review of Entomolo@y, 315 — 350.

RENAI B. AND GHERARDI F. (2004). Predatory efficiency of crayfish: comipan between indigenous and

non-indigenous specieBiological Invasions, 89 — 99.

RouDEZ R.J.,GLOVER T. AND WEISS J.S. (2008). Learning in an invasive and a natired@tory crab.
Biological Invasionsl0, 1191 — 1196.

SaLA O.E.,CHAPIN F.S.,ARMESTO J.J.,BERLOW E., BLOOMFIELD J., DIRZO R., HUBER-SANNWALD E.,
HUENNEKE L., JACKSON R., KINzIG A., LEEMANS R., LODGE D.M., MOONEY H.A., OESTERHELD
M., POFFN.L., SYKES M.T., WALKER B.H., WALKER M. AND WALL D.H. (2000). Biodiversity
scenarios for the year 2108cience287, 1770 — 1774.

SELL A.F. (2006). A trophic cascade wi@haoborus:population dynamics of ex-ephippial generations of

Daphnia.Archiv fur Hydrobiologiel 67, 115 — 134.

7

62 N4

\\

S



Chapter 3 - Crayfish learning abilities

SIEBECK U.E., LITHERLAND L. AND WALLIS G.M. (2009). Shape learning and discriminationdafrfish.
Journal of Experimental Biolog¥12,2113 — 2119.

STENROTHP.AND NYSTROMP. (2003). Exotic crayfish in a brown water streaififects on juvenile trout,
invertebrates and algaereshwater Biologyl8,466 — 475.

TUTHILL J.C.AND JOHNSENS. (2006). Polarization sensitivity in the red svpaanayfishProcambarus
clarkii enhances the detection of moving transparent tshjéournal of Experimental Biology
209,1612 — 1616.

WiLLiaMS C.E. (2001). Review: Biological Invasions and GloBhange: What Might the Future Bring?
Ecology82, 1498 — 1499.

WISENDEN B.D., CHIVERS D.P. AND SMITH R.J. (1997). Learned recognition of predation risk
Enallagma damselfly larvae (Odonata, Zygoptera)then basis of chemical cuedournal of
Chemical Ecologp3, 137 — 151.

ZAR J.H. (1996)Biostatistical Analysis3 edition. Prentice Hall, NewJersey, USA.



Chapter 3 - Crayfish learning abilities

64



CHAPTER 4

An effective and simple method of marking crayfish

This chaptenwagpublished:in:

RamalhoR.O.yMcClaint\W.Rnand Anastacio’P(M./ (2010)./An:effective ang simpl
methed-ohmarking,erayfishFreshwater.Crayfish 17, 57— 60.



Chapter 4 - An effective and simple method of marking crayfish

66



Chapter 4 - An effective and simple method of marking crayfish
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Abstract

An experiment was conducted to evaluate the effectéiss and applicability of an
external, non-invasive crayfish marking technigee population or production studies. A
general-use permanent marker (DyRetiTW Dymon, Olathe, Kansas, USA) suitable for unde
water use and with an oil based ink, was tested.rilarker was applied on the wet carapace of
red swamp crayfishRrocambarus clark)i, which were kept for 14 days in open- and closgd-

cages in simulated crayfish production ponds.

There was no significant degradation of the testeaks at the end of the 14-day
experimental trial, except from natural fouling aid accumulation. Marked and non-marked
crayfish averaged less than 4.5% and 7.0% mortaégpectively, suggesting that this marking
technique is not directly harmful to crayfish. Ipem-top cages an increase (38%) in missing
marked crayfish was observed, possibly caused égapion. In closed-top cages less than 3%
crayfish were missing but it was inconclusive wieetthe bright markings contributed to the

predation in the open-top trial.

This technique appears to be an excellent tookémveniently marking crayfish for
indoor or outdoor studies where moulting is notestpd. It produces a durable mark, can be
applied directly on wet or dry surfaces, dries 57335 seconds and there are several different
colour and mark combinations possible. This teammiglso seems promising for marking other

aguatic organisms.

Keywords: crustacean; marking technique; permanmatrker; red swamp crayfish;
Procambarus clarkii
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Introduction

Research on crayfish growth, density, producti@mputation dynamics, migration and
dispersal often requires marking of the animalsembsure traceability (Hasteiet al. 2001,
Nowicki et al. 2008). Several marking methods have been emplioyecyfish research. These
include external visual marks applied directly e xoskeleton such as external plastic tags
(Gherardiet al. 2000), painting with fluorescent paint (Brandt échreck 1975) or with nalil
enamel (O’'Neillet al. 1993; Ramalhet al. 2008), clipping or punching holes in the telson or
uropods (Guan 1997; Guan and Wiles 1999; Towital. 2003; Nowickiet al. 2008) and
branding with a soldering iron (Abrahamsson 196&iiBet al. 2008; Kuhlmanret al. 2008).
More invasive techniques have also been used sudfjexting ink (Black 1963) and injecting
visible implant elastomers (Jergt al. 2001; Arceet al. 2003; Brownet al. 2003; Clark and
Kershner 2006; Mazlum 2007). Advanced marking temes require the use of additional
equipment to detect the tag’'s position and/or teadag’s information. Some examples of these
are the use of microchips — Passive Integratedspamders — (Wiles and Guan 1993; Bbb
al. 2002a), coded wire tags (Isely and Eversole 1898jb and Huggler 2001; Graaf 2007) and
radio transmitters (Gherardi and Barbaresi 200@ifmnet al. 2000; Bubket al. 2002b; Bubb
et al. 2004; Aquiloniet al. 2005).

For effective tagging, tags should be easily reaaipie, should not disrupt crayfish
behaviour, and should have a minimum duration efekperiment. One of the major problems
encountered when tagging or using external markersrayfish is the loss of the mark or tags
after moulting (Brandt and Schreck 1975; Guan 1%¥7erardiet al. 2000; Jerryet al. 2001,
Bubb et al. 2006; Frisch and Hobbs 2006). Some marking tect@siqnay interfere with the
organism’s behaviour (Guan 1997) or movement, aag aiso influence growth rates (Guan
1997; Brownet al. 2003) or mortality (Brandt and Schreck 1975; GU&97; Brownet al.
2003).

The objective of this study was to evaluate theaifeness and applicability of an
external, non-invasive marking technique on crawfier future use in field and laboratory
experiments. A general-use permanent waterprookenaiDykent, BRITE-MARK®, ITW
Dymon, Olathe, Kansas, USA) with an oil based igswested.

Material and Methods

In an experimental crayfish production pond in Ceyy Louisiana, two sets of 12
cylindrical metal wire cages, 0.5°thottom surface (McClain 1995), were placed ima,lieach
separated by approximately 1 meter. Each cage hédeanet bottom and a 10 cm wide metal

band on the inside upper portion of the cage teeurecrayfish escape. One set of cages was

A0
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maintained with open-tops (open-top trial) and ditker set consisted of cages that were
covered with 0.5 cm square mesh (closed-top trialing the two experimental trial periods
water depth was held at approximately 30 cm, pH &8, average water temperature was
21.5+0.65 (+SE) °C and early morning dissolved exygveraged 0.84+0.07 mj |

For each trial, 72 mature red swamp crayfBroCambarus clarkji Girard) (35.93+1.58
grams) were captured from adjacent production pamib used as experimental individuals.
Crayfish were randomly assigned to one of threekimgrtreatments, with each treatment
equally represented in every cage, and crayfiste pkrced in the cages at one of three densities
(6, 12 or 18 crayfish ). Sex ratio in each cage was approximately 1:1 eaah marker by
density factor was replicated with four cages pat.tOne third of the crayfish in each cage was
not marked (control group), one third was markedhencarapace with a general use permanent
marker (Dykerfi, BRITE-MARK® FAMILY, ITW Dymon, Olathe, Kansas, USA), from now
on simply referred as Dykem marker, and one thiag warked on the carapace with common
fingernail paint. In this last case, the carapaae to be cleaned and dried prior to marking and
the required five to ten minutes to thoroughly dmhereas with the Dykem marker it was
applied to the wet carapace without further prefgama The Dykem marker is xylene free, is
inexpensive, produces a durable mark, can be apgirectly on wet or dry surfaces, dries in
25-35 seconds and there are many different coledmaark combinations available. All marks
were applied to the dorsal and/or lateral sidesth®f carapace in various colours and

configurations.

The cages were examined after 1, 4, 7, 10 and yglated condition of crayfish and the
condition/erosion of the mark was noted. Individuavere considered EAD only when
remains were found, otherwise absent crayfish werssidered as being IBBING. Practical

survival was determined as follows:
Survival (%) = ((total crayfish — BaD crayfish — MssINGcrayfish)/total crayfish)*100

Statistical analysis was performed using SPSS amréd.0 software (SPSS 2005).
Because data did not fulfil the assumptions of npzstametric statistics, the non-parametric
MANN-WHITNEY and KRUSKAL WALLIS tests were used. Data from both trials were poafeti

analysed for the main effects of mark type.
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Results and Discussion

Throughout the experiment all marked crayfish apgebao be in good health and
exhibited no signs of sickness or abnormal behavidoth marking technigques (Dykem marker
and fingernail paint) proved to be suitable for irsstudies with crayfish, or other crustaceans,
that involve population dynamics, aquaculture aritd yopulation management, survival,
ecology, or migration and dispersal of individudiecause these methods did not appear to
harm the animal. Both the Dykem marker and theeiingil marks showed no significant signhs
of erosion during the study. The marks remaineddod condition, and only algae and dirt

accumulation contributed to reduced brightnessbystudy end.

By the end of the experiment (14 days), five (6.94%yfish where found dead in the
closed-top trial, and only one died (1.39%) in tpen-top trial. Mortality averaged less than
7% for all treatments and no significant differemeeere found between marking techniques for
either trial (MANN-WHITNEY: U=574.50; n=6P>0.05) (Figure 1).

mDykem® Marker
100 -

d)
90 a) —I— oControl
80 -
70 4 + <)
60 -
50 A
40
30 A
20 A e) f)
10 A ?
o] o Wil ah

Survival | Dead | Missing Survival | Dead | Missing

OFingernail Paint

Percentage (%)

Open-Top Cages Covered-Top Cages

Figure 1. Average percentages for practical survival, deati raissing crayfish at the end of the 14 day
experimental trials for both the open- and coveamgreages with each marking treatment. Verticasbar
represent standard error. aRSKAL-WALLIS; x*=2.152; df=2;P>0.05. b) KRUSKAL-WALLIS; X*=2.000;
df=2; P>0.05. c) KRUSKAL-WALLIS; x?=1.886; df=2;P>0.05. d) KRUSKAL-WALLIS; x*=1.825; df=2;
P>0.05. e) KRUSKAL-WALLIS; X°=0.377; df=2;P>0.05. f) KRUSKAL-WALLIS; x?=2.121; df=2;P>0.05.

The open-top trial had a significant lower averggeactical survival of 58.33+6.88%
while the closed-top trial ended with an averagevigal of 91.20+3.15% (MNN-WHITNEY:
U=356.50; n=111;P<0.001). No indications of cannibalism were detgctduring the
experiments but this cannot be ruled out complealyvivalin this study was quantified using

the original number of crayfish minus the obsergséd and missing individuals. For this

b
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reason and due to the lack of differences betweenwo trials in the number of deaths, there

was an inverse relationship between the numbeligding crayfish and the resulting survival.

There were significant differences observed forsinig individuals between the closed-
and open-top trials (MNN-WHITNEY: U=316.50; n=29;P<0.001). While bright colour
markings may improve recognition by researchersoime situations the use of highly visible
marks may distort research results. Though notifggnt, crayfish with paint markings
(40.74+6.98%; 26 individuals) were recorded as imigén higher numbers than non-marked
individuals (2.78+£1.56%; 2 individuals) in the ogtp trial (Figure 1). The increase of
approximately 38% in missing marked crayfish frame topen-top trial (over those from the
closed-top trial) could be a consequence of preday birds or other predators. During the
experiment some crayfish predatory birds were oleseat the cages but there was no way to
determine the extent, if any, they had on the cag@igliduals. Another possible explanation for
the increased percentage of missing crayfish inofen-top trial is that crayfish may have
found a way to escape from the open-top cages. @&wperimental crayfish (marked with

Dykem paint) were captured outside the cages iacadi experimental ponds.

While the cause for the missing crayfish is noadiedeterminable, it is plausible that
enhanced visual detection by predators due todleicand/or size/location of the marks may
have contributed to increased predation in theinenfent of the cages. In this experiment the
crayfish were marked with a large round mark on doesal surface of the carapace. An
alternative approach could be to mark the crayifish less visible site, such as on the ventral
side. This may only be a concern in ponds withrcleater and/or scarce vegetatiore.(high
visibility locations). We believe the location dfet mark would be irrelevant in locations where
predators are absent, such as under laboratorytiomsdand of little concern in locations where
dense vegetatiore(g. rice fields and marshes) and turbid waters with lgsibility are the

norm.

The Dykem markers were used in other parallel meckpture studies with excellent
results and several marked crayfish were recaptupetb three months after release without
noticeable marking degradation. Two marked femal@® recaptured in that trial after 131 and
150 days and were carrying young crayfish (unpbblis results). This reinforces the
presumption that the Dykem marking technique allowviduals to continue their normal life
cycle without being affected. In the case of thexdke recaptured 131 days after release, the
mark had an estimated degradation of less than Ib%e case of the female recaptured after
150 days the mark was identifiable but was mora thd% eroded. However, these crayfish
subjected their marks to extreme conditions of pautlre and subsequent burrowing, as they

were excavated from burrows during the dry per@hbiving the production season.
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This practical marking technique seems to be mastlde for short term mark-
recapture studies, and also seems promising fotanglterm studies if the intermoult period is
expected to be long. Furthermore, it may be waled when there is the need for different
marks. The markers are available in 14 differefbwos and several combinations can be easily
created €.g.by using dots, stripes, letters, symbols, etc.pliag to wet carapaces (in contrast
to fingernail paint) and the animals immediatelgased in water without ill effects to the mark.
This technique clearly has the potential to be usedther crustacean species and other macro

invertebrates with calcified exoskeletons.
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CAPTURE RATE AND CRAYFISH MOVEMENTS AMONG EXPERIMENT AL

CRAYFISH PRODUCTION PONDS

Ricardo Oliveira Ramalho®* and William Ray McClain®

4MAR - Institute of Marine Research
c/o Departamento de Paisagem, Ambiente e Ordenament
Universidade de Evora, Rua Rom&o Ramalho n° 59,
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Abstract

Crayfish cultured in the Southern USA are harvest#dly by baited wire mesh traps at
trap densities ranging from 16 to 50 traps.hBew data exist regarding the efficiency with
which these traps remove crayfish from the hartéstpopulation. This information is key to
accurately implementing several management steseagi crayfish aquaculture. Therefore this
study was undertaken to ascertain capture ratey wsimark/recapture technique with mature,
non-molting, individuals in small experimental dial ponds. Only about 50% of the marked
population of crayfish was captured over time withited traps, and only about 40% were
captured in the pond of release. Most of the madkayfish (39.7%), or 0.8% per trap lift, were
caught within the first week following release, araptures of marked crayfish rarely occurred
after 3 weeks from the release date. Crayfish mevenmto adjacent ponds (likely by moving
over land) occurred, but no marked crayfish werntbat a distance of more than two ponds
from their release site. In conclusion, the efficig of baited wire mesh traps at capturing the

population of market-size individuals may not begasat as many culturists assume. Further
research is need in this area.

Key words: Crayfish; crayfish capture; harvest; rament; Procambarus clarkii;
trapping efficiency



Chapter 5 - Capture rate and crayfish movements

Introduction

The crayfish aquaculture industry of the USA isaked primarily in Louisiana where
over 1,100 producers cultivate procambarid crayfislover 70,000 ha, producing in excess of
44,000 metric tons worth over $100 million USD aalhyi(LCES 2009). Crayfish are cultivated
in mono-cropping systems, where crayfish is thee stlop harvested, and in multi-crop

rotational systems where rice is produced in agiditd crayfish (McClain 2005).

The sole method used for harvest of procambarigfistafrom aquaculture ponds in the
Southern USA is the baited wire-mesh trap. Thedstethtrap currently in use today is the 3-
funnel, pyramid-shape trap constructed of PVC-abdi® mm (0.75 inch) or 22 mm (0.875
inch) square mesh welded wire. In general, the neffitient trap density in forage-based
production systems is from 25 to 49 trap$,hailizing a 3- or 4-day per week harvest schedule
Optimum trap density is primarily based on crayijppulation — with the higher trap densities

recommended for the higher population densitiesMdin et al. 2007).

Efficacy of the baited trap is dependent on a nundfevariables, such as crayfish
density, bait type, trap soak interval, and enwimental factors. However, the efficiency for
which the standard trapping protocol can removedsdrsize crayfish from a population has not
been thoroughly examined. In one limited studynf@ioet al. 2008), capture rate of marked
crayfish over a short (6-day) interval in a commarcrayfish pond was examined and, while
conditions were representative of commercial opamatin the region, those findings were

considered preliminary and limited.

Movement patterns d®rocambarus clarkiiGirard are well documented (Gheraedlial.
2000, 2002; Barbaresit al. 2004), but the extent to which individuals moveaind out of
production ponds, which can confound harvestingcieficy studies, is largely unknown.
Therefore, the objectives of this study were tovigle additional data regarding the harvest
efficiency of marked crayfish in small experimerpahds over an extended period of time and

to examine crayfish movement patterns among comtigiuearthen levee ponds.

Material and Methods

Mark and recapture trials, using the Louisiana se@dmp crayfish . clarkii), were
conducted at the Rice Research Station, Louisiatae SJniversity Agricultural Center,
Crowley, Louisiana, USA. A system of earthen pomgss managed to simulate a typical
commercial rice-crayfish field rotational croppistyategy and consisted of two sets of six
contiguous 0.4 ha (surface area) experimental psegarated by a water supply channel or
lateral (0.36 ha) that provided water by gravityflto individual ponds (Figure 1). The ponds

had a levee height of approximately 0.41 m and badth of 3.7 m. Water depth in the ponds
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was 0.3 m. Each pond was fitted with inflow andflowt pipes of 30 cm diameter and all
interior ends of inflow pipes were held off the pamottom and near the water surface with a
tension line to minimize free movement of crayfimtween ponds and the water supply lateral.
Rice was planted in April of 2006, harvested in t8efber 2006, and the rice stubble was
subsequently reflooded in October 2006 and manéayed crayfish crop until drained in June
2007.

The experimental ponds were also used to exam@eftacts of supplemental stocking
of hatchlings (during autumn) on annual yield iseparate study. Low correlations (r = 0.26)
were observed for supplemental stocking and anyield (mean yield = 218 kg ha-1) in that
study, and it was assumed that the supplemeniltisgpstudy had little, if any, impact on the
mark/recapture study. Data were separately maedaior each respective study, and this article

constitutes the report for the mark/recapture study.

A total of 489 crayfish (246 mature males and 248ure females) were marked and
released on 10 occasions from 2 April to 14 Jur@ 20For each event, crayfish were captured
from the research ponds, marked, and releasedm&tio 3 h of their capture. All crayfish
released were judged to be sexually mature basé&wwon | ischial hooks of males and various
secondary sexual characteristics for females (ldbldnd Lowery 1988). Crayfish were marked
with a long lasting waterproof marker (DykEmBRITE-MARK®, ITW Dymon, Olathe,
Kansas, USA) using a combination of marker colderg yellow, red, white, and blue) and
identifying marks €.g.dots, circles, and stripes) placed on the donsdllateral surfaces of the
carapace (Ramalh@t al. 2010). The colour and graphic symbols used alloveegy
identification as to date and location of relea&eleases occurred within the interior of three
random ponds (A-2, A-5, and B-1; Figure 1).

Harvesting method employed was consistent with ceraial crayfish operations and
consisted of baited wire-mesh traps emptied by Baat 4 days per week after a 24- or 48-h
baited soak duration (Romaire 1995). Harvests wereducted both in all ponds and in the
central water supply lateral from 3 April until d6ne 2007. For the purpose of this study, the
water supply lateral was treated as an adjacerd fmeach and all other 0.4 ha ponds because
of its contiguous nature to each pond (Figure tgpTdensity generally consisted of 40 traps ha
! with the exception that 55 traps havere used in the water supply lateral and 9 autuiti
traps were placed in the vicinity of the releasmtmn in respective release ponds, but only for
the first 24 h. All other harvest efforts were astent across all ponds on each harvest day and
all trap-lifts were accounted for in the cumulatikarvest results. Bait used was one of the
commercially available formulated crayfish baitsc®ain et al. 2007), and bait type was

consistent across all ponds each day.
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Figure 1. Schematic representation of the pond system wingestudy was conducted. All ponds (A-1
to A-6 and B-1 to B-6) were 0.4 ha in size (56 xrif@ and the central lateral area consisted on Ba36
(357 x 10 m). The two large circles represent fawaker inlets and arrows represent water flow dioac
into and out of ponds. Release locations are septed by the small circles in ponds B-1, A-2, Arsl

For each marked crayfish retrieved in a baited, titagp mark identifier and colour were
noted and associated with date and pond of rel€zegured marked crayfish were removed
from the population. Data parameters included recaprates, locations, lapsed time after
release, crayfish gender, and cumulative harvdettgf(.e. total trap lifts) from release to
recapture. Data were analysed using SPSS versiOnsdftware (SPSS 2005) and means were
considered to be significantly different @=0.05. Non-normal data were subjected to non-

parametric tests (Tanner 1970; Zar 1996).

Results and Discussion

Results of the mark/recapture efforts are summdvigerelease date and release pond
in Table 1. By the end of the crayfish harvestiagson, a total of 240 marked crayfish, out of
the 489 released, or 49.1%, were recaptured. Raeapates for individual release events
ranged from 21 to 71% (Table 1). Others have reporecapture rates of marked crayfish
below 10% (Robinsoet al. 2000, Byron and Wilson 2001). The reason for Hrgd range in
recapture rate in this study is unknown. Sinceasseevents occurred from early April to mid-

June and all harvesting was suspended on 26 Jiffezedtial cumulative harvest effortsd.
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total trap-lifts) for the various release eventsuteed. Nonetheless, there was no apparent trend
in capture rate as related to cumulative harvdsttefiollowing release. Seemingly, recapture
rate was independent of the intensity of harveftrief at least within the ranges of harvest

effort examined in this study.

Regardless of the total harvest effort, on averager half of the marked crayfish
released were never captured during the study ¢heffew marked crayfish (n=13) were
observed at pond draining and two (including ormadie with hatchlings) were found from a
sample of burrows excavated several months lates. CRuse for the low capture rate was not
determinable. A number of possible causes coul@ lcawntributed to the low returns, including
natural mortality, mortality from predators, escapemigration from the ponds, attrition as a
result of burrow occupations, or the low capturte ias simply due to the inefficiencies of the

passive system of trap harvesting.

While natural and predator-induced mortalities barsubstantial in open ponds (Huner
1994), Ramalhcet al. (2010) found no evidence that this marking techeigvas directly
harmful. Nevertheless, it cannot be ruled out timtlgat depredation rate may have been higher

for the population of marked individuals.

Escape of marked crawfish from ponds via the dpies is possible, but little water
outflow occurred during the study period and nokedrcrayfish were observed in the shallow
perimeter ditch surrounding the pond complex. Sewidence was provided by this study for
possible migrations out of the pond. While 82.5%thafse crayfish recaptured (or 39.9% of
those released) were captured within the same paatdthey were released into, 17.5% were
captured outside of the release pond. Fifteen peafehose ultimately captured were caught in
a pond adjacent to the release pond, and 2.5% captered two ponds over from the ponds in
which they were released. However, no marked @hyfiere retrieved further than two ponds
away. The most plausible explanation for crayfiaptares outside of the release pond was that

individuals simply exited the water and crossed @re or two levees to enter other ponds.

Although crayfish could have moved from one pondatmther via the central water
supply lateral by navigating through the waterdnflpipes (Figure 1), this seems less likely
because the pipe ends were raised and maintaineat aear the water surface, such that
crayfish would have had to leave the pond bottotherter the pipe near the water/air surface.
If this was the most plausible means of crayfishvemoents, the majority of crayfish found
outside of the pond of their release would notl{ikeave been concentrated in adjacent ponds.
Once in the water supply lateral, crayfish wouldéhbeen free to move into any pond some
distance from their release location, and no csayfere captured during this study more than

two ponds over from where they were released. Thexeoverland travel is the most likely

< x‘r:
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means of crayfish migration from one pond to ano#re this suggests that some could have
exited the pond system via the perimeter leveesdlls Exiting the water is a behaviour that
increases the risk of predation in crayfish, balyfish have been known to exit bodies of water
and travel overland (Penn 1943; Cruz and Rebelo7;2@hucholl 2011; Ramalho 2011,
unpublished data), and this is a common occurrémcadult P. clarkii during the spring or
early summer in the southern USA (Penn 1943).

Table 1. Summary of release and captures of marked craydisth associated harvest effort (cumulative
number of trap-lifts per pond) by release event.f:Nnumber of individuals; s.e. = standard errdiotal
harvesting effort represents the cumulative trép-lvithin the pond of release following each rekea
event.? Represents mean percentage of crayfish recaptyrgoid category and in total, regardless of
category” Represents percentage of total crayfish recaptuygubnd category.

Total Hzf\t/aelst Tc;tal Crayfizh Re(é;?))tlﬂrs:d in Re(é;?))tlﬂrs:d in Rec;r)?z::: Two
Pond Release Crayfish Effort® ecapture Release Pond  Adjacent Pond Ponds Over
o Re:\T ised Ii;;ag(-er N %,’\Itiy N.o Ey;’\lboy N.o %,’\Itiy N.o O/‘l’ﬁy
Pond ‘ ' ‘ '
B-1 02 Apr 53 656 19 35.9 16 30.2 2 3.8 1 1.9
A-5 19 Apr 60 605 32 53.3 15 25.0 16 26.7 1 1.7
A-2 18 May 60 372 37 61.7 36 60.0 1 1.7 0 0
A-5 18 May 60 356 29 48.3 23 38.3 5 8.3 1 1.7
A-2 06 June 80 203 29 36.3 27 33.8 1 1.3 1 1.3
A-5 06 June 80 203 46 57.5 43 53.8 3 3.8 0 0
A-2 07 June 24 187 17 70.8 15 62.5 2 8.3 0 0
A-5 07 June 24 242 5 20.8 20.8 0 0 0 0
A-2 14 June 24 105 13 54.2 375 4 16.7 0 0
A-5 14 June 24 105 13 54.2 375 2 8.3 2 8.3
Total (Mean) 489 240 (493 198 (39.9 36 (7.9) 6 (1.8)
g‘;g;;ﬂtrae' | —~ 88 150 -~ 28
s.e. 461 452 2.60 0.80

While little evidence exists for a large attritiofi marked crayfish in the harvestable
population as a result of burrowing by marked imdlrals, burrowing could account for some
degree of reduction in retrieval rates in this gtutlhas been observed that females occupy the
majority of burrows constructed around commerciayfish ponds (Gonul 1995; McClain
2010). The overall proportion of males and femaftesecaptured crayfish in this study was
statistically significant (Chi-Squarey’=7.135; df=1; p=0.008) with 55.3% of the total
recaptures being male and 42.8% being female. Td@opion of males to females by relative
location of recapture was not significantly diffietr€Figure 2). Though burrow occupation was

probably not the major cause for overall low reecgvates it could be one of the explanations
for the lower recapture rate of females.
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Figure 2. Proportions of recaptured crayfish, by gender rddgtive location of capture. Vertical bars
represent the confidence limits (+x95%).

Most of the marked crayfish were caught within first week following release
(39.7%, n=194, Table 2) and these were capturdd avitaverage cumulative harvest effort of
51 trap-lifts per pond (trap density = 40-55"haRecapture rates were drastically diminished
after one week post-release and recapture rarelyried after 3 weeks from the release event
(Table 2). Because all marked crayfish in this gtugtre judged to be sexually mature upon
release, and it is generally assumed that mouptiodabilities for sexually mature individuals
during the latter part of the season in aquaculpoeds is low (Suko 1970; Huner 1994),
moulting is not suspected as the primary reasontHerlow rate of capture after release.
However, the assumption of a seasonal terminal hmaiusexual maturity ifP. clarkii under

pond culture conditions may need to be examinectrolmsely.

At peak density of marked crayfish in this studg. (within one week following release)
the capture rate of marked individuals was 39.7% wimean of 51 trap lifts (Table 2) or 0.8%
per trap lift. This was substantially greater thihat observed in a preliminary mark/recapture
trial conducted in a commercial pond where theptoe rate of mature marked crayfish within
a week following release was only 0.02% per trétp(Ramalhoet al. 2008). However, in that
study the trap density (16 trapshavas much lower than the mean trap density ofdg@stha
in this study. Relative density of marked crayfighs also substantially different between the
two studies, but Doret al. (2005) observed that a passive system of samflmdaited traps)

captured increasingly smaller proportions of crslyfis crayfish density increased.
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Table 2. Capture rates of marked crayfish in relation toetipassed after release (in weeks). Average
harvesting effortsife. number of trap-lifts per pond) were derived byragéng the total trapping effort
respective of the number of weeks observed for ealdase event. N.° = number of crayfish; Cum =
cumulative percentagé.Mean harvesting effort represents the average eumbtrap-lifts across all
fields by week after release.

Applicable Mean. Crayfish Recaptured Crayfish Recaptured Crayfish
Weeks Harvesting . . . Recaptured
Number of 1 in Release Pond in Adjacent Pond
aflter Release TEfforlt_ft . . Two Ponds (?:ver
Release  Events (p;‘go'n j) Ne % | Ne % TN T
1 10 51 167 342 342 25 5.1 5.1 2 04 04
2 10 99 28 5.7 39.9 9 1.8 7.0 1 02 0.6
3 8 151 2 0.4 40.3 1 0.2 7.2 1 0.2 0.8
4 4 179 1 0.2 40.5 0 0.0 7.2 1 02 1.0
5 4 237 0 0 40.5 0 0.0 7.2 0 0 1.0
6 4 284 0 0 40.5 1 0.2 7.4 0 0 1.0
7 2 323 0 0 40.5 0 0 7.4 0 0 1.0
8 2 378 0 0 40.5 0 0 7.4 0 0 1.0
9 2 434 0 0 40.5 0 0 7.4 1 02 1.2
10 2 498 0 0 40.5 0 0 7.4 0 1.2
11 1 554 0 0 40.5 0 0 7.4 0 0 1.2
12 1 618 0 0 40.5 0 0 7.4 0 0 1.2
Total 198 405 36 7.4 6 12 -

In conclusion, this study, although preliminary,sheevealed some interesting and
possibly important aspects of crayfish harvestingnevealed to date. First, it has shown that
the current harvesting technique of baited wirehmegps may not be as effective or efficient as
some have assumed. Under the conditions of thidystwhich were generally typical of
commercial culture in Louisiana, the mark/recaptaehnique indicated that less than 50% of
the population of harvestable crayfish was captureelr time. Moreover, when considering
crayfish captured solely within the confines of gaathen pond of release (albeit small ponds of
0.4 ha), only about 40% of the harvestable popuiativas taken with baited traps. The
implication of these observations is not good néwsthose crayfish producers that routinely
release the smaller, less desirable, crayfish fterharvest with intentions of recapturing them
later at a larger, more valuable, size for markée low return or recapture rate may not be
conducive for maximum profits in some cases, egfigonvith declining prices as the season
progresses (McClaiet al. 2007). Another important insight gleaned from thed®servations
deals with the intrinsic dynamics associated wityfish movements in, and around, crayfish
ponds. These findings document to some extentriygepsity for crayfish to move out of and
into habitats, likely as a result of some overl&nadel. This emphasizes the potential for the red
swamp crayfish to colonize suitable neighbouringita#s, whether they are nearby crayfish

ponds, flood-irrigated agricultural land, or seivsitecological habitats. Additional research is
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warranted for the use of mark/recapture techniguesbjectives dealing with crayfish

aquaculture, as well as aspects relating to ctagi®logy.
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FACTORS INDUCING INVASIVE CRAYFISH (PROCAMBARUS CLARKII)

OVERLAND DISPERSION
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c/o Departamento de Paisagem, Ambiente e Ordenament
Universidade de Evora, Rua Rom&o Ramalho n° 59,
7000 — 671 Evora, Portugal.

Abstract

The ability for overland dispersion in some frestewanvertebrates can provide an
important advantage over other species when colmninew water bodies. The red swamp
crayfish Procambarus clark)i is a widespread freshwater invader with knownl@gioal and
economic impacts which has been observed to dispamsriand. The major aim of this study
was to collect detailed information about the festimvolved on the overland dispersionkaf
clarkii. During a 12 month period the numbersFofclarkii out of water in a rice cultivation
system in Portugal were monitored. Data was gathexgarding the preferential time period for
overland dispersal, the population structure indlamd in the water, the direction of the
movement, and the relation between environmenté@bigs and the number of crayfish out of
water. One of the main factors inducing crayfistertand dispersal was the drainage of the
study area and the number of crayfish dispersirgrland was inversely correlated with the
water level in the rice pads. Overland dispersiaas wnly observed immediately after the
drainage of the study area and occurred until tha was reflooded due to heavy rain events.
77% of the individuals dispersing overland wereesbsd during a maximum of 35 days after
the drainage of the study area. During the postidge period, the number of crayfish
dispersing overland was positively correlated wtiecipitation. Other variables significantly
affecting the overland dispersal of crayfish wene temperature, relative humidity and the
period of the dayP. clarkii overland dispersal was only observed when theageerelative
humidity was above 70% and 99% of the total créyéispersing overland were observed when
the rice pads water level was below 6 cm. Overldisgpersion was observed for a range of
water temperatures between 16.3 and 24.2°C. Appeirly 50% of the overland dispersing
individuals were recorded during the dusk/night glimg period, 30% were recorded during the
sunrise period and less than 20% were recordedgltine afternoon. Crayfish were observed

moving overland at a maximum speed of 90 .although not significantly moving in a
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particular direction. We found significant diffe@s in the structure of the population in the
water and out of the water, with a higher propaortidd mature individuals dispersing overland.
Approximately 82% of the crayfish registered ovedavere mature, with 4.5% of the mature
females carrying eggs and 8.1% transporting jueenilhe results of the present study can be
of high importance considering the urge to properbnage the invasive crayfish populations in

Europe, and considering that new legislation istpédrmulated on this matter.

Keywords: Iberian Peninsula; invasive species; tamat dispersion; red swamp

crayfish; Procambarus clarkii
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Introduction

Many crayfish species have become establisheddeutbieir natural range through
various mechanisms, as by natural dispersion, estatlescape from holding facilities and by
deliberate introductions (Ligas 2007). Native tatheeastern Mexico and south-central USA,
red swamp crayfishRfocambarus clarkiiGirard, 1852) is howadays one of the world’'s most
successful invasive species (Huner and Avault 1&H&rardi and Holdich 1999; Holdiet al.
2009; DAISIE 2010). Its spread throughout the woitd mainly attributed to human
introductions (Gherardi and Holdich 1999; Ghera@D6). Following its establishment, the
rapid and widespread expansion of this specigheisesult of its active dispersal capabilities.
Several traits of its life historye(g polytrophism, rapid growth, high fecundity andehse
resistance) make its commercial cultivation (or leitation) feasible but also improve the
success rate of its invasions (Huner and Lindgl@85; Lindgvist and Huner 1999; Holdich
2002). In PortugalProcambarus clarkiwas introduced in the late 1970's (Ramos and Rerei
1981) and since then it has invaded all river asiowever, its world distribution has been
continuously increasing and extensive areas atk astailable for invasion (Capinha and
Anastacio 2011; Capintet al. 2010).P. clarkii is primarily adapted to life in habitats that have
alternating dry and wet periods (Huner and Barr1}9%his species spends most of its life in
open water and burrowing activity may occur in e to environmental extremes, such as to
avoid desiccation (Huner and Barr 1991; McClain ®0kut may also occur during the late
stages of reproduction (Hobbs 1981; Blakewaddal. 1993; McClain and Romaire 2004;
Gherardi 2006).

As invasive species are often confronted with aglvemvironmental conditions in the
invaded areas, the key to their success involvesthey are able to cope with them. Overland
dispersal in freshwater crayfish species can, @t, fae considered a successful behavioural
adaptation to face adverse environmental condititthean provide an important advantage
when invading new areas, or when the freshwateitdtab unpredictable with alternating dry
and wet periods. However, this behavioural adaptadiso seems to be energetically expensive
and can impose severe risks to the survival oflamdrdispersing individuals, such as increased

risk of desiccation and predatioag.by birds and mammals).

Even though some studies have investig&edlarkii underwater dispersal abilities
(Gherardi and Barbaresi 2000; Gheragdal. 2000; Aquiloniet al. 2005), little is known about
its overland dispersal capabilitig®. clarkii has the ability to exit the water and move ovetlan
(Penn 1943; Holdich 2002; Kerlmt al. 2005; Cruz and Rebelo 2007; Chucholl 2011) but the
factors involved in this behaviour remain unclead aot quantified. Cruz and Rebelo (2007)
found that overland dispersion was a common phenomeontributing to the colonization of

temporary or permanent ponds. These authors alsodfohat the distance to a source of
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crayfish was the main predictor for the probabitifycrayfish presence in these habitats. In spite

of this, the causes and the conditions for overtdingersal were never studied.

The ability to move overland and the conditionstfoe occurrence of the phenomenon
may in fact be extremely relevant fBr clarkii invasiveness, especially in what concerns the
speed of the invasion front. Some general hypothabeut crayfish overland dispersal have
been placed although these were never tested.(R848) and Viosca (1939) mentioned a post-
reproductive migration of mature males and femabepoor shape but often carrying eggs.
Females carrying eggs or juveniles may benefit fomerland dispersion particularly if they can
find a better habitat patch. Huner and Barr (199M0gested that when heavy rains follow dry
periods, the cement-hard burrow plugs are softermeking it easier for buried crayfish to
escape. As the rain water recedes, crayfish motle itvand great numbers may be observed
crossing fields or even roads. A third explanatias that in several lentic waters inhabited by
this species, where water stagnation is not unusio@lorganic content of swamp and marsh
soils is very high and microbial decomposition tesaa high biological oxygen demand. When
water flow is restricted this demand increases enagfish move overland, possibly seeking
more acceptable living conditions (Gherardi 200%¥inal, and simpler, explanation was that
individuals may exit the water to overcome obstdte their natural movemene.§. dams)
(Kerby et al. 2005).

The main objective of this study was to determime factors involved in red swamp
crayfish seasonal overland dispersion. This isuaial topic in the study of biological invasions
and should allow both a timely control and an adégjunanagement of the natural ecosystem.
Moreover, this issue is particularly relevant ie gtudied area, since new legislation regarding
invasive species is being prepared. This legisiatidl facilitate state managed programs that
aim to identify and prioritise exotic invasive sypsc pathways and implement control or
eradication programs for priority species under Eh@opean Union biodiversity strategy to
2020 (EU 2011).

Methods

This study was conducted in the Tagus river Baginan experimental rice research
station (COTArroz — Centro Operativo e Tecnologmo Arroz), within Paul de Magos,
Portugal (38° 58'W, 8° 45'W). Paul de Magos ixa @ryza sativa production area of 700 ha
(Figure 1). In this region, rice production is chaterized by a continuously flooded spring —
summer crop which development and growth is styoidluenced by the water level (Correia
1995a). Water was supplied to the rice fields frdmeira de Magos by a pumping station and

the main function of the adjacent drainage chanmalsto capture overflow and drainage water
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from the rice fields. Fields are prepared for ealtion in March—April, sown in April-May and

harvested in September—October. Water level irritteepads is maintained between 20 and 30
cm during most of the rice growth period to contagjuatic weeds and animal pests. In the
adjacent areas of this marsh there are pine aralygtigs production areas, among agriculture
and urban areas. The hydrological cycle of theystuda is almost completely dependent on the
rice culture practices. With the exception of a krmpariod in winter, when occasional flood

events may occur due to intense precipitation,pitesence/absence of water in the drainage

channels is artificially regulated according to tlee cultivation needs.

~

Legend:
- = = Experimental transects
e Salvaterra de Magos county

Portuguese main rivers
JL  Weather station

Figure 1. The study area at the national, regional and looatext.

Overland dispersion (movements outside of the WwatdP. clarkii was monitored over
the course of one year, from March 2006 until A@A07. During this period, 46 visits to the

study area were conducted with a minimum frequeriavery two weeks, during periods with

,\;
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and without precipitation. An effort was conductedorder to visit the experimental area

whenever precipitation occurred.

Overland Dispersal Experimental Protocol

We set up two sets of four transects each (Figlirdcdch set corresponded to non-
paved roads around the rice pad (Figure 1). A wital25 meters were monitored (510 meters
surrounding one rice pad and 715 m surroundingther rice pad). On each visit, all transects
were checked by one observer at three differenbgeiof the day, early morning (7 — 9 a.m.),
afternoon (1 — 3 p.m.) and at dusk/night (7 — 9.p.@n rainy days, sampling started just after
the rain stopped or was substantially reduced. dtiszrver walked on the centre of the road,
covering a width of 1 meter (0.5 meters to eachk sidthe observer) registering all the crayfish
observed (moving or standing outside of water).De@yfish or exhibiting evident signs of

predation were not recorded.

For each individual, we recorded the following dafander, state of maturation (form |
male, mature female, form Il male and immature fiejpafresh weight (using a portable
balance; +0.01g) and carapace length (CL) — distémen the tip of the rostrum to the end of
the carapace — (using a digital calliper; +0.01 mAl) females carrying eggs or hatchlings
attached to the abdomen were registered. Monitvestects were classified according to the
type of surface cover in terms of the resistanceei®® movement by individual crayfish. The 3
categories were: (1) open transect; (2) transedts umiform and sparse vegetation; and (3)
transects with a dense line (25-30 cm wide) of teggm in the middle only, due to utilization
by agriculture vehicles. The general direction laf trayfish movement was also recorded as

movingalongthe transect acrossingthe transect.

Whenever a group of crayfish were observed exifiiregwater, on a spot, at frequencies
above 5 ind.mifl, we named this a@verland Dispersal EveftODE). The ODE location was
registered with the help of a handheld GPS (G&nBPSMAP 60) and the following
parameters were recorded: number of crayfish exitire water during a period of 5 minutes,
composition of the dispersing population (genddates of maturation), direction of the

movement, and general characteristics of the it

Between 29 — 24" September 2006 an attempt was made to track thement of
individual P. clarkii dispersing overland. From 9 a.m. to 4 p.m., 5Qviddals, exiting the
water drainage channel, were marked on the doasapace with Dykefhmarkers (Ramalhet
al. 2009). The marking process was executed as quaklypossible, fresh weight and CL
immediately determined and the individuals wereaséd at the same position and location

where they were collected. The path of each indaidvas followed by one observer. The
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position, distance and direction of the movemeneath individual were recorded every 5
minutes during a maximum of one hour, from a lawatihat did not disturb the crayfish. The
exact location was recorded every 5 minutes usisgal coloured flag and after the terminus
of the experimental period (generally after theivitial returned to the water channel or the
observer lost visual contact) the distance andctiine of travel at each 5 min interval was
registered and the average speed of crayfish maveowerland was determined. During the
experimental period we also occasionally recordetkworthy observations in relation to

crayfish behaviour.

Characterization of the resident crayfish populatio

To access the characteristics of tRe clarkii resident population, relative density
(individuals.trap.hout) in the water drainage channels was determinec dortnight basis
using crayfish traps baited with fresh sardinese@@er and Romaire 2010). Crayfish density in
the rice pads was not evaluated due to rice ctilbwarestrictions. Regular sampling of the
drainage ditches was also performed with a handtipldet (65 cm x 40 cm frame; 3 mm mesh
size) to monitor the presence/absence of juvemiléise population. However, juvenile crayfish
densities were not determined since crayfish omdridispersal was observed only on adults. In
the laboratory, each adult specimen was weightethéonearest 0.001 g, and the CL was
measured to the nearest 0.01 mm, using a digitigdera For individuals with a CL longer than
13 mm, gender and state of maturation was veriigdhe presence of developed gonopodia
(Suko 1953; Guerra and Nifio 1996).

Physical characterization of the Study Site

Environmental variables were recorded in a permameteorological station located in
the study area (Figure 1). The meteorological atatiecorded continuously the following
parameters: air temperature (£0.01 °C), leaf wetr(@sl0), air relative humidity (%) and
precipitation (+0.1 mm). Two ONSETHobo water temp pro data logger (0.2 °C) onettta
in the main water channel and the other buried raGirc the soil of a rice pad, recorded the
water and soil temperature, respectively, every rBhutes. Water dissolved oxygen,
conductivity and pH were recorded, with a portailelti-parametric probe (WTWmultiline
F-set P4), in both rice pads and drainage chanreh¢h visit to the field. The water depth (rice

pads and drainage channels) was also registertieelmbserver during every visit to the field.
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Data analysis

Data were compiled and analysed using the SPS$oret3.0 software (SPSS Inc.,
Chicago, IL, USA). Parametric and non-parametrigistics were used (McDonald 2009; Zar
1996). Because crayfish overland dispersal was rebdeonly between 21/09/2006 and
16/11/2006, and the study area was completely 8damh 29/11/2006, the relation between the
number of crayfish moving overland and the envirental variables: daily precipitation,
relative air humidity and days after drainage @ study area, were determined for the period
14/09 to 29/11/2006, except when otherwise stated.

Values of the environmental variables (H@H and water conductivity) collected in the
rice pads and drainage channels were compared bpsve a Wilcoxon signed ranks test in
which the pairs consisted of the values of thealde at both rice pads and drainage channels at
each date. The maturation state/gender proporabesayfish observed moving overland were
compared for significant differences with the prdjpms of the crayfish resident population
captured in the drainage channels using a Chi-sqtest of independence, and a post-hoc
analysis based on the standard residuals (convertadz-score) was used to determine which
groups were significantly different. The size oé tetandardized residuals (converted to a z-
score) were compared to the critical values (+6)L®at corresponded to anof 0.05. To
compare the number of crayfish moving overland ueithe period of the day a Friedman test
was used followed by a post-hoc analysis with Witno signed-rank tests, with a Bonferroni
correction applied resulting in a significance leset atP<0.017. Differences between overland
dispersing crayfish gender/state of maturation veeeessed using the non-parametric Kruskal-
Wallis test followed by the Tamhane’s T2 post-hestt When analysing the average speed of
crayfish moving overlandss transect type the non-parametric Kruskal-Wallist twas used
followed by the Tamhane’s T2 post-hoc test. Diffees between number of crayfish moving

alongor crossingeach transect type were determined by means iobanial test.

To determine the influence of the variables analys® the crayfish overland dispersal,
the number of crayfish moving overland was orgatilzg classes of each variables. Variables
were divided in the following classes: water leuglrice pads and water level in drainage
channels — 10 cm classes; days after drainageudf sirea — 20 days classes; relative air
humidity — 5% classes; water temperature and spiperature — 2°C classes. The median and
the 25% and 75% percentiles of each variable el@ss determined and the results plotted. For
each variable, a median test was applied to determhthere were significant differences in the

proportions of the classes £0.05).

98 N\



Chapter 6 - Factors inducing P. clarkii overland dispersion

Results
Environmental Variables

We found no statistical differences between ricdspand drainage channels water
regarding the following variables: dissolved oxyd®x®,) (Z= -0.674, n=41P>0.05), pH (Z= -
0.474, n=41P>0.05) and conductivity (Z= -0.497, n=4R>0.05). Average values of DQvere
4.92 mg.t (+1.18 s.e., min: 1.53 m¢,|max: 7.05 mg}) — approx. 55+14 % — average pH was
6.98 (+0.46, min: 6.17, max: 7.54) and average uotidty was 736.24 p. cth(+197.65 s.e.,
min: 521.33 us cih max: 1063.86 us.ch.

Total precipitation varied on a monthly basis. Tihest rainy months where December,
November and October of 2006 and the driest mowdre July-06, August-06 and March-07
(Figure 2). January of 2007 was the coldest morith an average air temperature of 8.5 °C
(min: =1.0 °C; max: 15.1 °C) (Figure 2). The lowast temperature was registered during
December 2006 (—1.7 °C) and the highest was registe July 2006 (31.6 °C) (Figure 2).

The hydrological cycle of the study area was alnestusively regulated by the rice
culture practices. However, high rain events hasigaificant influence on the water level
recorded both in the rice pads and drainage chanineluding the seasonal floods of the whole
study area (Table 1, Figure 3A). The hydrologyhef study area was divided in two phades:
Constant water level, artificially regulated duritige rice culture (April — September) with an
average water depth of roughly 50 cm and 29 cmgdrminage channels and rice pads,
respectively (Table 1)2 — Irregular water level, characterized by drainaehe area and
consequent abrupt water level reduction. This @ratterized by a progressive hydrological
stress interrupted by the high sporadic precipitagéivents that constituted an important input of
water, especially during the hot and dry summer th®r{Table 1). During this period the
average depth of the drainage channels was redo@t43 cm (£3.99 s.e; min: 0 cm; max: 75
cm, when all the experimental area was completebyded) and reduced to 7.74 cm (x2.30 s.e.)
in the rice pads. However, if the rainiest months ot taken into account, the mean water
depth is reduced to approximately 11 cm and 1.45ircrdrainage channel and rice pads,

respectively (Figure 3B).
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Figure 2. Total monthly precipitation and monthly average t@mperature during the study period.
Vertical bars represent standard errors.

Water and soil temperature were strongly correlandth air temperature (water
temperature: r=0.94P<0.001 / soil temperature: r=0.96<0.001). Overall average water
temperature was 18.64 °C (+0.27 s.e.), varying faomaximum of 25.71 °C (£0.27 s.e.) in July,
to a minimum of 10.64 °C (x0.24 s.e.) in Januargh{@ 1). The maximum water temperature
recorded was 29.24 °C in August and the minimum4v@8 °C in January. Overall average soil
temperature was 17.79 °C (+0.30 s.e.), varying feomaximum average temperature of 25.68
°C (£0.17 s.e.), in August, and a minimum of 9.C7(20.26 s.e.) in January (Table 1). The
maximum soil temperature recorded was 33.03 °Quip dnd the minimum was 5.64 °C in
January. It is worth to be noted that during theigae comprised between September and
November ie. when overland crayfish dispersal was recorded)difierence between the
maximum and minimum daily temperature of both wated soil increased (Figure 3C and
Figure 3D). This phenomenon started immediatelgratihe drainage of the study area and

finished after the seasonal flooding, (Figure 3@ Bigure 3D).

Overall average air relative humidity (RH) was 8% (+1.04 s.e.), ranging from a
maximum average RH of 87.40 % (x4.21 s.e.), in Maver, and a minimum of 22.75 %
(£19.48 s.e.) in December (Table 1). With the ekioapof December, average RH varied
between 65% and 87% and a strong variability wasrdeed on a daily basis. The leaf wetness
index (LW) recorded varied on a daily basis fromnmamimum of 0, during daytime, to a

maximum of 10, especially during the night.

During the period from 13/09/2006 to 16/11/2008ydphotoperiod decreased steadily,
from 752.8 minutes (12.5h) to 600.5 min. (10.0b¥pectively.
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Chapter 6 - Factors inducing P. clarkii overland dispersion

Table 1. Water depth, water and soil temperature and veldtumidity recorded in the study area. The
rice culture stages are shown. An asterisk marksnttonths when crayfish overland dispersal was
observed. s.e. — standard error.

Month Wat&rnl;)evel Water Level . Water . Soll Ali-rl Rgl;tive
Rice Culture Stage ;en;r Drainage Riégnll)ads emg%r)ature emg%')ature u&l})lty
channels
Min  Max | Min  Max |Mean se. | Mean se. | Mean  s.e.
. Rice sown Apr. 06 50 51 30 31 18.92 0.25 17.03 0.28 76.28 91.3
. Fields flooded May 06 49 52 29 31 21.18 0.31 20.45 0.48 65.06 1.41
Jun. 06 49 51 29 30 23.99 0.21 22.60 0.27 7052 317
. Fields flooded Jul. 06 49 48 28 29 25.71 0.27 25.00 0.38 68.60 90.9
Aug. 06 48 48 27 28 24.03 0.21 25.68 0.17 6598 514

. Field drainage started 13/09/06 Sep. 06* 0 27 0 27 22.28 0.27 22.50 0.53 74.67 1.51
. Rice harvesting Oct. 06* 2 50 0 15 19.83 0.18 18.62 0.13 82.15 1.28
. Drainage channels “open”. Nov. 06* 2 75 0 55 17.39 0.26 16.20 0.32 87.40 0.77

Fields and drainage channelsDec. 06 60 75 35 55 11.72 0.37 10.34 0.48 2275 035

“dry” except when Jan. 07 17 60 0 35 10.64 0.24 9.79 0.26 70.05 5.04

precipitation occurred. Feb. 07 14 14 0 1 12.74 0.21 11.84 0.32 86.07 0.90
. Soil preparation Mar. 07 14 20 0 0 14.94 0.2:IJ 13.03 0.1|2 72.86 1.64
Total Average 18.64+0.27 17.79+0.30 69.99+1.04
Average during artificial flooding: April — 49.58+0.36 28.67+0.45
September
Average after fields drainage: September — March .A4243.99 7.74+2.30

Characterization of the resident crayfish populatio

During the period between September and Decemli#Zd@8 the first record of juvenile
crayfish individuals was in 03/11/2006 with an age of 4.37 juv.f, a mean CL of 8.59 mm
(x0.69 s.e.) and a mean fresh weight of 0.17 g3(#@8.e.). During this period no other captures
of juvenile crayfish occurred in the regular dig-reamplings. We estimate that only one

recruitment event occurred during the period cosgatibetween mid-October and November.

The average®. clarkii relative density varied from 0.64 ind.trap.ho@April 2006) to
10.03 ind.trap.hour* (July 2006), the maximum recorded during the expental period. From
July to the end of August crayfish relative densicreased steadily to 3.3 ind.ffapur™.
From the last week of August to the first week ep@mber the density increased again to 7.5
ind.trap.hout'. Between September to December the relative deofkthe crayfish population
in the drainage ditches decreased from 7.5 torid3rap*.hour* (Figure 3E). During the same
period, the crayfish population in the drainagetbts was dominated by Form | males (50.5 %
of the captured crayfish), followed by mature feesal22.2 %). The form Il males and
immature females represented only between 12.1 §cl&rR2 %, respectively, of the crayfish

captured with the baited traps (Figure 4).
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It's important to mention that, during the periadidwing the drainage of the study
area, between September and November, due to #istiodd decrease of the water levels in
drainage channels and rice pads, crayfish werergddeto gather at high densities in the
shallower areas that preserved water for a longdog. These areas were mainly depressions

on the drainage channels and cement boxes withdnirtigation system. Frequently, these
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Chapter 6 - Factors inducing P. clarkii overland dispersion

locations did not allow for crayfish escape andidis usual to observe very high densitieg(

hundreds of ind.f) trapped inside.

Crayfish overland dispersion

During the whole experimental period, crayfish wenty observed dispersing overland
after the rice fields were drained, between 21/08&2and 16/11/2006. Local farmers confirmed
the first observation of crayfish overland dispéisahe 13/09/2006. This was the first report of
overland movements for the season at the studead drwas concomitant with the drainage of
the study area and with a precipitation event steated at the end of the afternoon (5 p.m.). The
first events of crayfish overland dispersion ocedrrafter a period of 21 days without
precipitation. During the field work, the longesiripd without precipitation (43 days), occurred
from 03/07/2006 to 13/08/2006 and despite someigitation (2.2 mm.iff) between 14 and
16/08/2006 no crayfish were recorded dispersingland. The last event of crayfish overland
dispersion was coincident with the first peak afrhprecipitation (102.2 mm.fin one day —
16/11/2006) which resulted on the reestablishménbe normal water height on the drainage

channels.

A total of 2345 individuals were registered dispggoverland between 21/09/2006 and
16/11/2006. Approximately 82% of the crayfish régied dispersing overland were mature
individuals while 18% were immature crayfish (Figud). The maturation state/gender
proportions observed dispersing overland were miffefrom the proportions observed in the
drainage channelg®114.426; df=3;P<0.001). The standard residuals of the Chi-squese t
(converted to a z-score) were smaller than thecalitvalue (-1.96) for all the maturation
state/gender groups, from which we may state thahe group proportions moving overland
differ from the ones in the drainage channels. Basgethe analysis of the standard residuals we
may state that the proportion of Form | males, Firmales and immature females involved in
overland dispersion are significantly smaller thilhe correspondent proportion present in the
drainage channels, while the proportion of materaedles registered dispersing overland were
significantly higher than the correspondent prdparpresent in the drainage channels (Figure
4). Of the total number of mature females obsemiggersing overland, 32 females (4.55%)
were carrying eggs and 57 (8.11%) were transpojtingniles. Most of the eggs carried by the
dispersing females presented a dark brown colouth®crayfish dispersing overland, Form |
males presented the highest average fresh weigtq2@ £0.42 s.e.) and immature females the

lowest average fresh weight (11.59 g +0.62 s.apl@ 2).
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60
O Crayfish captured in drainage channels

s0 Crayfish dispersing overland
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Maturation state/Gender

Figure 4. Proportion of crayfish captured in the drainagarciels (resident population sampled with
baited traps) and the proportion of crayfish registl dispersing overland, ordered by gender ane sfa
maturation. Vertical bars represent 95% confiddimis.

Table 2 Average crayfish fresh weight recorded for theyfish resident in the drainage channels and for
the crayfish observed dispersing overland. Tukay significantly different groups have the sameelett
superscript. FW — fresh weight. s.e. — standaraf err

maturation/Gender Drainage channels Moving overland
Average FW (g) s.e. Average FW (g) s.e.

Form | males 27.24 0.37 22.47 0.42

Mature females 23.58 0.52 18.89 0.38
Form Il males 15.03 0.58 11.61 0.75
Immature females 19.92 0.57 11.59 0.62

Figure 5 shows the average number of crayfish ebdedispersing overland in relation
to the period of the day. There was a statisticgitipificant difference in the number of crayfish
dispersing overland among periods of the day (Fmaultesty’=19.520; df=2P<0.001). There
was no significant differences between the numibeverland dispersing individuals recorded
during the sunrise and the afternoon period (Wibtosigned rank test: Z=-1.374; df=1;
P=0.169). Half (50.33%) of the overland dispersimglividuals were recorded during the
dusk/night period while only 19.18% were recordedrty the afternoon and these two groups
were statistically different (Wilcoxon signed ratalst: Z=-3.582; df=1P<0.001). 30.49% of the
overland dispersing individuals were registeredmduthe sunrise period and this group was
significantly different from the dusk/night perig@/ilcoxon signed rank test: Z=-2.839; df=1,
P<0.01). Regarding the afternoon period, 91.9% duhe total crayfish observed in overland
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Chapter 6 - Factors inducing P. clarkii overland dispersion

dispersion were registered in days when some ptatign occurred during the afternoon (at

least 0.4 mm of precipitation).

It's important to mention that some crayfish disieg overland were registered in 6
days without precipitation. From the total crayfiglgistered moving overland in these six days
without precipitation (n=233), 82.8% were during tlusk/night sampling period, 12.0% during
the sunrise period and only 5.2% during the aftenngampling period. It is worth to be noted
that, in these six days, the crayfish were obsedisgdersing overland during the afternoon
period on a unique event (07/11/2006). During tdyg, the RH was always above 70% (while
in the other five days the minimum RH was nevervab83%) and the average LW was 6.3,
opposed to the other 5 days when the average L\Walmas/s 0 during the afternoon sampling
period. In sum, the 07/11/2006 sampling day waoggy and moist day, with lower air
temperatures, in comparison to the other five dagisout precipitation, with a maximum air
temperature during the afternoon sampling perio2ilog°C.

9 - 655

OTotal crayfish
Mature crayfish
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OImmature crayfish
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Figure 5. Average number of crayfish observed dispersingrlamd versus the sampling period and
crayfish state of maturation. Vertical bars repn¢siee standard error of the mean.

In all sampling periods (sunrise, afternoon andkéhight), the average number of
mature individuals was higher than the average mwnoll immature individuals (Figure 5).
With the exception of the afternoon period, therage number of form | males was higher than
the average number of females. The number of afaydispersing overland differed among
gender/state of maturation (Kruskal Wal$=18.303; df=3;P<0.01), and the Tamhane’s T2
post-hoc test showed no statistically significaiffedences between the number of mature
crayfish (males vs females) but revealed statidficagnificant differences between form |
males and both Form 1P&0.01) males and immature femal&s(.01). Tamhane’s T2 post-
hoc test showed statistically significant differeadetween mature females and form Il males
(P<0.01) and immature femaleR<0.01).
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Chapter 6 - Factors inducing P. clarkii overland dispersion

The number of crayfish registered dispersing owerlevas inversely related with the
water level in the rice pads (Pearson Correlatimiek= -0.303; n=482<0.05). In fact 94.6% of
the total crayfish dispersing overland were obs#whben the rice pads water lever was below 6
cm. The remaining 5.4% of the dispersing overlarayftsh were observed on a single event
when the rice pads water level was 15 cm (Figurg 8&.1% of the total dispersing overland
crayfish were observed when the drainage ditchésravel was below 6 cm. 54.2% of the
crayfish dispersing overland were observed whem#tier level was comprised between 5 and
25 cm) (Figure 6B). The medians of the numbendividual crayfish dispersing overland were
not the same across the water levels in the rids Psledian Testy’=21.057; df=5;P<0.01)
and were also not the same across the water lévelse drainage ditches (Median Test:
¥*=20.691; df=6P<0.01). Crayfish overland dispersion was relatetth wie drainage of the rice
pads since we only observed crayfish dispersinglawve after this event took place. Most of
the crayfish dispersing overland (77.1%) were olEgduring a maximum of 35 days after the
fields have been drained, and 41.3% were obsenved a maximum of 25 days after this event
(Figure 6C). The medians of the number of crayfisdpersing overland were not the same
across the number of days after the drainage o$timdy area (Median Teg*=22.000; df=9;
P<0.01). Crayfish were only observed dispersing lavel when the average RH was above
70%. 99% of the total crayfish were recorded disiper overland when the average RH was
between 75 and 90 % (Figure 6D). The medians ofhtimber of crayfish dispersing overland
were not the same across the RH classes (Medianyte24.438; df=11P<0.05). In respect to
water temperature, crayfish were observed dispgreirerland only when this variable was
comprised between 16.34 and 24.17 °C. 66.2 % ofatad crayfish were observed dispersing
overland when the average water temperature waprised between 20 and 22 °C (Figure 6E)
and the medians of the number of crayfish movingobthe water were not the same across the
average water temperature classes (Median Fei1.374; df=8;P<0.001). Crayfish overland
dispersion was recorded only when the minimum waitperature was higher than 15.1°C.
94.5% of the total individuals recorded were obedrwhen the minimum soil temperature was
comprised between 18 and 22°C (Figure 6F) and tdians of the number of crayfish moving
out of the water were not the same across the g&esail temperature classes (Median Test:
x*=50.736; df=11P<0.001).

During the experimental period we observed two peazfkcrayfish overland dispersal
and the phenomenon seems to be highly relatedraithevents (Figure 2A). In fact, there is a
significant relation between the number of crayfiggistered moving overland and daily

precipitation (F=0.65;P<0.001) and the linear regression line is showRigure 7.

106 &



g

Crayfish moving overland
0
3

250

200

Crayfish moving overland

50 {]

60

50

40

30

20

Crayfish moving overland

10

Chapter 6 - Factors inducing P. clarkii overland dispersion

80

Water temperature (°C)

700
A = Median B " = Median
i
--=-=75% Percentile 600 --=-=75% Percentile
....... 25% Percentile --====-25% Percentile
i
= 500
=
o
>
)
50
2 400
68 2
5
= 300
Z
=
>
£
© 200
16 100
0 - .
20 30 40 50 10 20 30 40 50 60 70
Water level in the rice pad (cm) Water level in the drainage channels (cm)
180
C —— Median D —— Median
--=-=75% Percentile 160 === 75% Percentile
....... 25% Percentile -===---25% Percentile
= 140
=
K]
S120
-
)
1345 2100
H >
=]
4 E 80
955 * =
\ Z
U]
= 60
-
o
40
- ' 20
""""" ~10.5
0
50 100 150 200 20 40 60
Days after drainage of study area Air relative humidity (%)
60
E —— Median F Median
------- 25% Percentile -------25% Percentile
S
--=-=75% Percentile 0 --=75% Percentile
©
=
_._‘!
5 40
-
e
50
]
2 30
£
=
Z
<
= 20
L
]
10 ] v
;354
Z 0 /’\
5 10 15 25 30 5 10 15 20 25

Soil temperature (°C)

30

Figure 6. Number of crayfish observed dispersing overlandelation with: A — water level in the rice
pads; B — water level in the drainage ditches; @mber of days after the beginning of the drainafge
the study area; D — air relative humidity; E — wamperature and F — soil temperature (20 cm depth

After the fields were drained, and during some qukrafter the heavy rains, large

numbers of crayfish were observed moving upflowribgithese events, water was frequently

observed flowing out of the rice pads trough snthtiinage openings and crayfish were

observed exiting the water at the location whertewaras flowing with more intensity. Even
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when no previous heavy rains were observed, itfre@gient to observe crayfish moving in the
opposite direction of the water flow. In some casgayfish were observed using crayfish
burrows todetouraround the strong water flow, moving in large nensbupstream, lining up to

use the burrow channel. It was also frequent t@mescrayfish following path lines, using the

paths others had used to detour obstacles or tiegeta
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y =8.696x + 29.853
2 =0.65

Crayfish moving overland
w
=
=]

0 10 20 30 40 50 60 70

Precipitation (mm.m2)
Figure 7. Number of crayfish observed dispersing overlanckiation with daily precipitation. The value
corresponding to day 16/11/2006 was consideredutlien(precipitation higher than 102 mni‘n Only
data referring to the period between 13/09/2006281t1/2006 are included.

Between 21/09 and 16/11/2006 four ODE locationsewegistered and a total of six
ODE events were observed and recorded. A maximurh28f crayfish were registered in a
single ODE event (ODE 1), with a total of 24.6 mih™ and the densities of the population
dispersing overland were up to 25.7 ind.rfTable 4). The recorded ODE events were
coincident with the days when the largest numbearra§fish was observed dispersing overland
(23/09/2006, 10/10/2006 and 25/10/2006). ODE 1 ahdlocations presented similar
characteristics, considering that they were therepm end of a drainage channel. At these
locations crayfish were observed climbing the dialls of the channel, near the water entry
points. The ODE 2 and 3 were located at a cornexr k€e pad, with the only difference that
ODE 3 consisted of an exit point of the water frtme rice pad and ODE 2 consisted of an
upper corner of the rice pad. No significant difeces were observed between the ODE
crayfish population structure and crayfish movingrand. All these events occurred in rainy

days, with total precipitation comprised from 16 to 61 mm.i\ (Table 4).
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Table 4.Overland dispersal events (ODESs) observed andaeddrom 13/09 to 16/11/2006.

Density of
S Frequency of ]
) Precipitation ) overland moving
ODE id Date ) exits from water ]
(mm.m™) ] - population
(ind.min™) ) )
(ind.m™)
23-09-2006 16.6 18.5 17.6
ODE 1
20-10-2006 61 24.6 25.7
ODE 2 20-10-2006 61 5.0 6.2
ODE 3 20-10-2006 61 6.1 5.4
20-10-2006 61 16.4 17.1
ODE 4
25-10-2006 43.8 10.3 11.6

When analysing crayfish movement in relation to th@&nsect characteristics we
observed that there were no significant differefmetsveen crayfish moving along or crossing
the clean transects (Binomial test: N=14850.05) (Figure 8). Results indicated that the
proportions of crayfish moving along the transewtl &rossing the transects were not equal
either for both transects with sparse or uniformetation (Binomial test: N=55<0.001) and
transects with obstacles in the middle (Binomiat:t&l=906;P<0.001) (Figure 8). At transects
with obstacles in the middle the majority of thaydish (72.69 %) were observed moving along
the obstacle. We observed that crayfish don't lsapeeferential movement direction, but rather

move in a random direction, changing it when figdém obstacle in the way.

Regarding the sample of 50 crayfish followed by tharking procedure, individuals
appeared to maintain the general direction they thefdre being marked, in general moving
away from the point of origin. Crayfish were obgsivmoving at a maximum speed of 1.48
m.min*, (i.e. 90 m.hY). Form | males presented the highest average j0e&@l m.mirt +0.12
s.e.) and differences between Form | males, mafemmles and immature crayfish were
significant (Kruskal-Wallis testy’=10.593; df=2;P<0.01). Two experimental crayfish were
observed during 50 min, and a total of 11 crayfisre observed during a minimum of 20
minutes. A total of 38 crayfish were observed meng to the drainage channel (place of
origin), after moving overland, on average, 8.5er®tThe maximum distance a crayfish was
observed moving overland was 21.4 meters. Oneithaiv was observed struggling during 25
minutes with the dense vegetation located at tiereef the study area, and it was the only
individual to be observed to completely overcome dbstacle. All the other individuals that
were observed in the same situation changed thement direction. One mature female was

observed burying in the adjacent rice pad, aftessing the dirt road.
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Figure 8. Proportion of crayfish moving overland across long the transect for 3 degreesre$istance
to crayfish movement (N=1596). Vertical bars repra®95% confidence limits.

Table 5. Data obtained from monitoring 50 crayfish movingedand. Avg. = Average; CL = Carapace
length; FW = Fresh weight; s.e. = Standard error.

Avg. CL (mm)  Avg. FW (g) Avg. Speed (m.mift) +s.e.

Form | Males 21 42.72+1.73 22.59+2.15 0.77+0.12 0.97+0.07 0.28330
Mature Females 19 45.24+1.27 19.37+2.15 0.34+0.07 0.62+0.09 0.0830
Immature 10 38.49+1.10 13.24+0.75 0.25+0.05 0.42+0.10 0.1840

Discussion

In the present studyy. clarkii dispersed overland only within specific environtaén
conditions and overland dispersal occurred afterdifainage of the rice fields. It is important to
notice that the drainage of the study area tookepthuring the summer season, right after the air
temperature reached the annual maximum, after langed period without precipitation and
when the crayfish densities in the drainage chawvere the highest recorded. In this afea,
clarkii shows several spawning/recruitment events dutiegyear (Correia 1995a,b; Anastécio
et al. 2009). In fact, we found that overland dispersabwoincident with one of the annual
spawning peaks since the first record of juvenilesurred in early November and some of the
overland dispersing females were carrying eggsjawehiles. There was also a significantly
higher proportion of mature individuals overlandarthin the water and this could be an
indication that overland dispersal is related witle reproductive cycle. In fact, there are

indications that the bulk of crayfish recruitmemt Portuguese rice fields and freshwater
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marshes generally occurs during the autumn (Anastied Marques 1995; Correia 1995a,b;
Correia and Bandeira 2004) after the first periofigin. Similar results have been referred by
other authors for Spain and Italy (Gutiérrez-Yaret al. 1999; Ligas 2007; Gherardi 2006;
Alcorlo et al. 2008). However, several factors indicate thathalgh a post-reproductive
dispersal event could partially explain this pheeaon, reproduction may not be the principal
factor inducing crayfish to disperse overlaRdclarkii has several recruitment events in Paul de
Magos during an annual cycle (Anastaetaal. 2009) but no crayfish overland dispersion was
observed except during the period between SepteamaeNovember. At this location, previous
studies by Anastacie@t al. (2009) showed that this period follows a peak loé female
maturation index and presents the highest propwtad Form | males. The dispersal of large
numbers of Form | males (almost 43% of the poputgtcould be explained as an opportunity
to find new mates and increase the reproductivecessc Nevertheless, the presence of
immature individuals, representing 18% of the iidlnals dispersing overland, makes less sense
from a reproductive point of view. The fact thamabkt 20% of the overland dispersing
populations was composed of immature individualsisguing and must be an indication of
another strong reason, besides reproduction, fayfish to exit the water. Moreover, in
Louisiana crayfish production ponds, the major @ recruitment occur in autumn after the
ponds are reflooded (McClain 2010), but overlanspbéisal ofP. clarkii, is not frequently
observed in these areas (McClain W.R., personahuamcation). The overland dispersion was
coincident with the reproductive onsetRf clarkii in the study area. Between September and
October, there is a reduction in the proportiorfeshales in the population (Anastaa al.
2009), preceded by a peak of the female maturatibex (Guerra and Nifio 1996; Alcoré al.
2008; Anastaciet al. 2009). This is compatible with a tendency for matfemales to spend
most of the time in burrows (Anastacéd al. 2009) and may be particularly relevant for the
survival of females carrying eggs and juvenilesrégucing the risks of desiccation and intra-
and inter-specific predation (Holdich 2002). Morenyn this area, the maximum proportion of
form | males in the population is high from Septemtn January (Anastacet al. 2009). Only
13% of the females recorded dispersing overlandevearrying eggs or juveniles, but the
remaining mature females could be previously feated and ready to spawn in burrows.
clarkii females that disperse overland may therefore emhénecspecies invasibility since they
may eventualy release their offspring in a moreotmable habitat patch and/or at a new

uncolonized suitable area.

Our results provided insights about the environmleebnditions favourable té.
clarkii overland dispersal. This phenomenon is highlyteelavith the drainage of the rice
fields, considering that almost 80% of the overldispersing individuals were recorded during

the first 35 days after the drainage of the studdaaConsequently, overland dispersion is
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inversely related with the water level. The reduttof water levels to nearly zero should
increase individuals stress and induce burrowingabieur or should alternatively lead to
overland dispersion. Other authors have reportatl dhayfish activity (underwater) increases
with the variation of the water level. Hazlettal. (1979) reported that drops in water level of 5-
26 cm caused increased activity, and levels rat&28 cm caused decreased activity of the
stream-dwellingOrconectes virilis although dispersion was not induced. The hydiokdgnd
intra-specific stress in the study area may bettigger for the crayfish overland dispersal,
although crayfish are expected to burrow when wlaterls drop. The drainage of the rice fields
should constitute an extreme alteration in the thalsonditions of the resident population, just
as in a temporary freshwater marsh (Correia 199%@x Mediterranean temporary stream
(Aquiloni et al 2005).P. clarkii population density in the drainage channels, attithe of the
drainage of the study area, was the maximum redodiging the study period. With the
reduction of the water level it is expected th&t ithira-specific stress increases greatly because
crayfish are confined to small areas, with higrelswof intra-specific interactions at poor water
quality conditions (Gherardi 2002). Although pogida densities decreased gradually from
September to December we hypothesize that the &asgiability was a limiting factor and the
resident crayfish population must have been subditio a gradually increasing stress,
aggravated by the input of individuals coming frooe pads to the drainage channels.Since the
conditions were gradually becoming aggravatd.(eduction of water availability, increasing
populations densities and intra-specific stressdemleasing of water quality), exiting the water
could constitute a strategy to increase survivancks, assuming that overland dispersing

individuals could find an area with more suitabbaditions.

An overland dispersal strategy may be adaptivesfavival in seasonal wetlands,
although it could carry an increased risk in teafisurvival. Survival in burrows during the dry
season can be an effective strategy for surviviregadverse conditions in disturbed habitats
with long hydro-periods. On other hand, survivalbimrrows can be dramatically reduced in
disturbed habitats with short hydro-periods, wheeground water level may fall more than 1
meter (Acosta and Perry 2001). Considering thaviddal crayfish have no way to predict the
duration of the dry period, the overland dispesgtedtegy could increase greatly the survival
chances of a burrowing species when facing an alohgnge in the habitat conditions. Based
on these assumptions we suggest that overlandrsiisgecrayfish are responding to an abrupt
change in the habitat conditions, posing seriovsatis to its survival, and a proportion of the
resident population exit the water searching foasea with more suitable habit&td. higher
water levels, lower population densities, moreahlé@ areas for burrowing). This is valid also
from the reproduction point of view, consideringathfemales carrying their brood could

increase the survival of their progeny if they aske them in a more suitable habitat.
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Approximately half of the crayfish dispersing ot were registered during the night
sampling period. Crayfish activity is higher durittie night although it may also be active
during the daytime (Gherardi and Barbaresi 200Cer@&tdiet al. 2000; Aquiloniet al. 2005).
Higher nocturnal underwater decapod activity isallguconsidered adaptive, being associated
with lower predation risk from diurnal predatoesd. birds and fishes) (Aquiloret al. 2005)
although in Portugal there are also some noctwreffish predatorse(g. mammals) (Beja
1996a,b). While predation may also play an impdntale in overland dispersal (it was frequent
to observe heavy bird predation over dispersingviddals), it is our opinion that the major
factors involved in the nocturnal overland dispansare related to the favourable values of the
environmental variables (higher dew, fog and motkBt enhance crayfish survival. This
assumption is supported by the high percentagendividuals dispersing overland in the
sunrise/morning period, that also generally gath#rs more favourable environmental
conditions for the overland dispersion and by thet fthat the majority of the individuals

dispersing during the afternoon period were obgkwleen precipitation events occurred.

Overland dispersal dP. clarkii occurred only when the temperature was comprised
between 16 and 24°C. Approximately 65% of the tatayfish dispersing overland were
observed when the water temperature was comprigédebn 20 and 22 °CR. clarkii
underwater activity is positively related with watemperature (Gherarét al. 2000; Gherardi
and Barbaresi 2000; Barbaresi and Gherardi 200Liléwj et al. 2005). On the other hand
higher air temperatures can also reduce significanayfish survival out of water (Anastaco
al. 2010) because high temperatures increase cragéisttcation rates. Survival time in dry
conditions depends on relative humidity, tempegrtand individual size (Anastaciet al.
2010). Laboratory experiments have shown tRatclarkii can survive from 150 minutes
(juveniles) to 990 minutes (adults) under dry ctinds ranging from 16 to 24 °C and 44 to 53%
of relative humidity. The results of the presendstindicate thaP. clarkii overland dispersion
is influenced by the relative humidity and thaisiinot expected to occur when this variable is
below 50%. In fact, crayfish overland dispersatiasre likely to occur when relative humidity
exceeds 75%. The only observation Pf clarkii overland dispersal during the afternoon
occurred when the relative humidity was higher t#@@%6 €.9.heavy fog) and the leaf wetness
index was relatively high (considering that it mrmally zero during the afternoon). Overland
crayfish dispersal during days without precipitafimccurred mainly during the night and
during the sunrise period, when the relative hutyidr the leaf wetness index are usually high.
Leaf wetness may be a good indicator of the crhay@iserland dispersal occurrence and it
measures the wetness of the plants leafs due topjia¢ion, dew and fog (Sivertsen 2005).
Crayfish may function as &af, staying wet and surviving out of water with theoger

environmental conditions. Crayfish may also stay when crossing wet vegetation. If the
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environmental conditions are advergeg(strong and direct sun light, incidence of dry wind
high air temperatures and absence of precipitafmg,or dew) crayfish would dry out very
quickly as soon as they exit the water. We susgpettcrayfish are equipped with a mechanism
to evaluate the environmental conditions out of water and have adapted its behaviour in
order to use the opportunity to disperse overlancoionize new areas or to find more suitable
areas to increase their survival chances. This wetlydefined environmental window could be

the key for the successfil clarkii overland dispersal.

As a freshwater crustacedh, clarkii respiratory system is highly dependent on water to
function properly. Rain events and air humidity napw crayfish to exit the water and keep
the gills properly wet, at levels that allow thespiatory exchanges (Holdiokt al. 2002).
Crayfish have their gills protected by the exoesgfoe which provides extra protection during
the periods of overland dispersion as long as bae the necessary humidity. Although most
data in the literature is merely anecdotal, Pe®48) reported the®. clarkii overland dispersal
occurred during or after heavy rain stornhs. fact, its overland movements seem to be
associated with heavy rains after dry periodsngpfiooding and low dissolved oxygen in the
water (Holdich 2002). Our study clearly showed asoaiation between the number of crayfish

out of water and the amount of precipitation.

Overland dispersal events (ODEs) were associatéd tive terminal ends of drainage
channels and the intersection of drainage chanvele the water was confluent, creating rifles.
These locations generally constituted an obstaxlthé crayfish movement, especially when
water within drainage channels was falling intopkrechannels or when the water flow was too
strong. At these locatior®. clarkii was observed climbing the dirt walls or even udingows
to overcome obstacles, such as a small dirt wdkrger anthropogenic structuresd. damns)
(Acosta and Perry 2001).In rice field aréasclarkii was found up to 200 meters away from the
water (Ramalho R.O., personal observation) but elewe that the species is able to cross
much larger distances overland. This may lead ukitd thatP. clarkii have an objective of
finding new suitable areas to colonize and not $irsiply to overcome obstacles to water flow.
Nevertheless, by dispersing in the opposite wahefwvater flow they may increase the chances
of finding new areas to colonize (Bruxelesal 2005) and reaching areas with more suitable

environmental conditions for crayfish survival, fi@rlarly, more water availability.

Concluding remarks

We determined the main factors that induce crayfishexit the water and the
environmental conditions that restrict the crayfsterland dispersal. Crustacean migration and
dispersal can be viewed as a specific adaptati@ndas in which changes in habitat quality in

%)
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different locations occur asynchronously so thaveneent allows the exploitation of temporary
resources as they arise (Dingle and Drake 2007)cafms dispersal under variable
environmental conditions cannot be explained bypmechanisms (Herrnkind 1983) and this
paper intended to determine which variables whevelved inP. clarkii overland dispersion.
Overland dispersal may be an ancestral reminisceinbecapods evolutive history (Bliss 1968)
being intrinsically related with reproduction.§. search for new mates, juvenile recruitment).
Decapods have evolved to adapt to inland freshwatgironments and also to the terrestrial
environment, but the overland dispersal only tapémce under restricted environmental
conditions, generally during the night and in dewth precipitation and high relative humidity
(Herrnkind 1983). These environmental conditionsenmgarified in the present study for red
swamp crayfishProcambarus clarkiiln our opinion the overland dispersionRafclarkii is the
result of several factors thatishindividuals to exit the water. Reproduction issésted above,
one of the factors. Mature males may take the dppity to find new mating females and
increase their reproductive success. Reproducéi@les, especially ovigerous individuals or
females carrying their brood, may release theismfhg in a not colonized watershed, or
simply, in a habitat with more suitable environnargonditions than the ones they inhabited
previously. This is reinforced by the fact that foldgy is fundamental for the timing of release
of the young and recruitment frequently occursraftater inputs into the systerng( after dry
periods) (Gutierrez-Yurritaet al. 1999; Alcorloet al. 2008; Anastécieet al. 2009). Because
water is limiting the system, crayfish can onlyr@juce and grow during a certain period and
therefore the population adapts to these conditibhe capacity to leave the water and conduct
overland dispersion events will definitely contibuo the success &. clarkii when invading
new areas and may give this invasive species aediiide advantage over other freshwater

species competing for the invasion of the samentmtdies.

It is our opinion that the major triggering factdos P. clarkii overland dispersion are:
hydric stress and population density streegy.(driven from the increase of individual
interactions). In spite of this, overland dispensiof P. clarkii only occurs when certain
environmental conditions are met. From the resfithe present study we concluded that the
required environmental conditions are precipitgtibigh air humidity (high leaf wetness
associated with the occurrence of fog and dew)vaaigr temperature between 16 and 24°C.
There are also strong indications tRatclarkii overland dispersion is related with the crayfish
reproduction cycle, however, further studies areemssary to confirm it. Although there is a
generally more nocturnal pattern of activity of #pecies, we believe that the preference for the
nocturnal overland dispersal Bf clarkii may be intrinsically related with the gatheringtioé

necessary environmental conditions for this phemameo occur.
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The results of the present study could be of highartance considering the urge to
properly manage the invasive crayfish populationg&urope (Holdich 2002; Gherardi 2006),
and considering that new legislation is being fdated on this matter (Genovesi 2007; EU
2011). Any mechanism for containing the spreachefdpecies by isolating water bodies, must
take into account this species strong capabilitglisperse overland. It was frequent to observe
females carrying eggs or juveniles moving overland these can easily be the founders of new
invading populations. Our results may be especiadiievant considering the modelling
techniques that are being used to access the ®ffié@tvasive crayfish species and to predict
their invasion patterns (Mara al. 2002; Capinh&t al. 2010).
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CHAPTER 7

General Discussion

“The need/fornmere-deseatichishiould:not becasuallyinvoked: asaneexcus

for inaction.”

Daniel Sinmberloff (2003)
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1. General Discussion

The red swamp crayfisiPfocambarus clark)i has been extensively studied both in its
native and invaded areas (Huner and Barr 1991é@8ag-Yurritaet al. 1999; Gherardi 2006;
Gherardi 2007). However, detailed and quantitatiata regarding the inter- and intra-specific
population regulatory mechanisms, migration angbetisal, learning abilities and interaction
with sympatric predators are missing forclarkii. In this thesis detailed information abdut
clarkii was collected in order to increase the knowledgthisfinvasive species. The research
focused on some aspects Bf clarkii intra- and inter-specific population regulationdaon
clarifying some uncertainties in its ability to onlze new areas, namely: density dependent
growth, the learning abilities of this crayfish wheonfronted with new prey, its predators
learning abilities and the dispersal capabilitiéstiee species, especially regarding overland

dispersion.

Growth in crustaceans is confined by the exoskelattd, in order to increase in size,
freshwater crayfish must mouR. clarkii growth is affected by several environmental vdeiab
(e.g. water temperature, water quality, food availapiliight intensity, photoperiod, among
others — McClairet al. 1992; Nystrom 1994; Gutiérrez-Yurrita and Del Ol2@04; Paglianti
and Gherardi 2004). The reduced growth of craydistier the effect of high densities and small
size containers was reported (Hueeml. 1974) and several outdoor studies demonstrated that
P. clarkii exhibit density-dependent growth (Lutz and WoltE986; Jarboe and Romaire 1995;
McClain 1995a,b,c). Some authors have reportedttigateduced growth of crayfish under the
effect of high densities and small size containgrsharacterized by larger intermoult periods
and decreased increment per moult (Goyert and AJ&®19). A laboratory study (Chapter 2)
was conducted in order to quantify the effectsadipation density o®. clarkii early stages of
growth and covering a wide range of population dgngathering results on a maximum
relative density of 100 ind.f During a 129 days laboratory trial this study destrated that
density had a profound effect on young of the yaclarkii growth. With the exception of
survival and intermoult period all the variablesalgsed were significantly affected by
population density. As density increased mean eséichfinal length, estimated final weight,
total length increase and growth rate decreasemvtBrsuffered a reduction ranging from about
34%, in the case of estimated final length, to 14%e case of the estimated final weight. This
study showed that the impact of stocking densitikedy to be higher on estimated final weight
than it is on total length increase, growth ratd astimated final length (by decreasing order of
effect). The results obtained were in accordandk ather studies (Clar&t al. 1975; Lutz and
Wolters 1986; McClairet al. 1995a,b,c) in which the influence of populatiomsiey over the
P. clarkii growth were also observed. However, these refesehave reduced comparability

since in the present study we used very high deagitomparing to the densities used on other
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studies, with a maximum of 20 ind¥nand very small juveniles (0.037 g). The resulitamed
are also with accordance with studies conducteotioger crayfish specieg §.Carmona-Osalde
et al. 2004a,b; Naranjo-Paranat al. 2004; Rodgert al. 2006). The inverse relation between
P. clarkii population density and juvenile growth may alsastibute an important factor in its
population regulation. Although this relation wast explored in this study, its conclusions
indicate a possible density-dependent populatignlagion mechanism d?. clarkii. Crayfish
under high population densities may take more timeach maturity or reach maturity at lower
individual sizes. This could have implications witther life history characteristics such as the
reproductive success (Celada al. 2006; Carmona-Osaldet al. 2004a). For instance, it is
known that larger crayfish females have more agddsi eggs (Barki and Karplus 2000) which
may lead to an increased reproductive successeThetors should be taken into account when
accessing newly invaded areas or when managingisiigyopulations. The conclusions of this
study are relevant for the management of both stayfroduction and wild crayfish populations
and a set of equations relating density to sevgravth variables were determined. These
equations could be an important contribution f& éivailable mathematical models of crayfish
growth and population dynamics (Anastaetoal. 1999a,b,c; Nielsert al. 1999) but can also

be useful for models of crayfigfopulation dispersion.

It was demonstrated th&rocambarus clarkineed a very short period (less than 12
hours) to learn to identify a new food item (phantonidge larvae -Chaoborussp.) and
maximize its efficiency at capturing and utiliziig Chapter 3). When dealing with spatial and
temporal variability of prey species, predators noggimize their capture rates if they have
behavioural plasticity (Stephems al. 2007). The learning plasticity and memory skilfsRo
clarkii have been reported as an adaptive advantage ofinvésive crayfish species when
invading a new habitat (Gherareli al. 2002; Hazletet al. 2003). We consider that our findings
reinforce the idea tha. clarkii is capable of readily utilizing new and unknowreypitems
(Renai and Gherardi 2004) which may partially actofor the worldwide success of this
invader. However, under field conditions, the effeof crayfish over their prey may be
substantially different due to the existence ofaegé number of inter- and intra-specific
interactions and also due to environmental compéicaused by factors such as water
turbidity, presence of substrate, vegetation andffuges (Anastéciet al. 2005; Correizet al.
2005). This experiment did not attempt to uncoterunderlying mechanisms for the ability of
crayfish to learn. Several questions remain, suehwhether the learning period affected
crayfish success rate of capturing or of finding threy and further research should be
addressed to clarify these emergent questions. quat®n and a learning coefficient were

determined. This coefficient should be useful fatufe comparisons between the learning
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abilities of predators and the interaction withfetiént types of prey (sympatric and allopatric),

especially when dealing with invasive species.

A similar experiment (Appendix 1) to the previouseowas set up to determine the
effects of learning time on the predationRofclarkii by a non-native invasive fish predator in
the Iberian Peninsula inland waters, the largembats Micropterus salmoidggGodinho and
Ferreira 1998). The results indicated that ndlesalmoidesneeded at least 96 hours to
maximizeP. clarkii capture rate revealing that it is a flexible ptedaln recently invaded areas

M. salmoidegan quickly learn to prey on new and unfamiliagypitems.

An attempt to determine whethé. salmoidesould have a role iR. clarkii population
regulation was conducted (Appendix 2). In the thpexys system set Ud. salmoidegevealed
a preference for mosquito fisls@mbusia holbrooki consumption when this was the most
abundant prey. However, whén clarkii proportion in the microcosmos was greater than 60%
M. salmoideswitched its preference fro@®. holbrookito crayfish. Prey-switching in predators,
which attack several prey species, can potentstéypilize the numbers in prey populations
(Murdoch 1975; Nilsson 2001; Palomino-Beztral. 2006). When switching occurs, the number
of attacks upon a species is disproportionally danghen the species is abundant relative to
other prey and disproportionally small when the cegge is relatively rare. Our results
demonstrated tha¥l. salmoidegrey consumption is dependent on prey availabiftyhough
several other factors may be involved in prey papoh regulationd.g.prey and predator size,
environmental conditions, prey handling times, pted attack rates, prey behaviour and space
occupancy) (Savino and Stein 1989; Elliot 2006) msults indicate thatl. salmoidesmay

play an important role iR. clarkii population regulation.

During the progress of the studies included inte fhmesent thesis, the need for a
marking method that could be cheap, easy to exeantk effective for the forthcoming
experiments, emerged. Therefore, commercial, pegntarvater resistant markers were tested
in the crayfish hard shell (Chapter 4). At the efdhe 14 days experimental trial no negative
effects of the marking technique on the test cehyfvas observed. The technique tested appears
to be an excellent tool for conveniently markingydish for indoor or outdoor studies when
moulting is not expected. It produces a durablekmean be applied directly on wet or dry
surfaces, dries in 25-35 seconds and there areadelifferent colour and mark combinations
possible. This technique was applied with successur own mark-recapture experiments on

crayfish dispersal and seemed very promising faking other aquatic organisms.

Mark-recapture techniques have been extensivelg tesebtain information regarding
biological organisms, namely on their ecology, are distribution and movement patterns.

However, these techniques are strongly affectethéycatch efficiency. It has been shown that
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the currently most used crayfish harvesting teamnigonsisting of baited wire-mesh traps, may
not be as effective or efficient as some crayfaimiers assume (Chapter 5; Appendix 3). Under
the conditions of this study, which were generdjlgical of commercial crayfisloulture in
Louisiana, the mark/recapture technique indicateat tess than 50% of the population of
harvestable crayfish was captured over time. ThigeBment pointed out some important
insights related with the intrinsic dynamicskafclarkii populations in typical production ponds
not revealed up to date. After the release on émére of the pond crayfish spread through the
area of the pond and were recaptured each dayefdrthm the release point. On the sixth day
P. clarkii were recaptured at a maximum distance of approgim&70 m from the release
point. An average of 53.445.5 m.dayf underwater travel speed was recorded. These
experiments showed that, even under farming camdticrayfish disperse overland, which
could partially explain the reduced recapture raieis emphasizes the potential for the red
swamp crayfish to colonize suitable neighbourinbitadés, whether these are nearby crayfish
ponds, flood-irrigated agricultural land, or sensitecological habitats. These results provided
also important insights td®. clarkii commercial production. The implications of these
observations are not good news for those crayfiedyzers that routinely release the smaller,
less desirable, crayfish from the harvest withititention of recapturing them later at a larger,
more valuable, size for market (Appendix 4). The leturn or recapture rate may not be
conducive for maximum profits in some cases, egfigonvith declining prices as the season
progresses (McClaiet al. 2007). Another important insight gleaned from thebservations
deals with the intrinsic dynamics associated withyfish movements in, and around, crayfish
production ponds. These findings document to saxtenethe propensity for crayfish to move
out of and into habitats, likely as a result of somwverland travel. This emphasizes the potential
for the red swamp crayfish to colonize suitableghbouring habitats, whether they are nearby

crayfish ponds, flood-irrigated agricultural lamd,sensitive ecological habitats.

An experiment was conducted to determine the effetP. clarkii population density
on crayfish underwater dispersal (Appendix 5). Témults of this experiment demonstrated that
population density affected both mean total distamed mean individual velocity attained by
crayfish at the end of the experiment. Crayfishtkapthe highest densities achieved higher
velocities (2.89+1.11 m3 and moved further (114.12+42.67 m) than thosd képhe lowest
densities (2.38+1.09 nits/s 77.55+31.79 m). Crayfish gender, water tempeeaand period of
the day significantly affected crayfish averageoe#l. The results were in accordance with
other obtained under natural conditioresg( Gherardi and Barbaresi 2000; Gheraetlial.
2000). The most significant conclusion of this expent was the determination of the relation

betweerP. clarkii population density and its locomotory speed.
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The study of overland dispersal behaviouPirclarkii is of interest to the ever growing
discipline of biological invasions, especially wheonsidering the use of computer models to
predict, manage and prevent the spread of invagieeies. The new modelling techniques are
of great use but often require detailed and integranformation about the complex biological
systems they aim to predict, revealing the needrfore and more detailed information. Our
results (Chapter 6) provided important insightsutlthe main factors involved iR. clarkii
overland dispersion and are, as far as we know,fitke detailed quantification of this

phenomenon.

Crustacean migration and dispersal can be vieweal ggecific adaptation to areas in
which changes in habitat quality in different looas occur asynchronously so that movement
allows a succession of temporary resources to p&iead as they arise (Dingle and Drake
2007). Decapods dispersal under variable envirotetheonditions cannot be explained by
simple mechanisms (Herrnkind 1983) and we deteminihe main factors that induce crayfish
to exit the water and the environmental conditithve restrictP. clarkii overland dispersal in
Portugal (Chapter 6). Decapods have evolved totadamland freshwater environments and
also to the terrestrial environment, but the ovetldispersal only takes place under restricted
environmental conditions, generally during the highd in days with precipitation and high
humidity levels (Bliss 1968). Although overland piéssal may be an ancestral reminiscence of
the Crustaceans evolutive history (Herrnkind 1983png intrinsically related with reproduction
(e.g. search for new mates, juvenile recruitment), im opinion overland dispersion d?.
clarkii is the result of several factors tipatshindividuals to exit the water. Reproduction is one
of the factors for overland dispersal. Mature matey take the opportunity to find new mating
females and increase their reproductive succegstoBective females, especially ovigerous
individuals or females carrying their brood, mayease their offspring in a watershed not
colonized, or simply, in a habitat with more suleaknvironmental conditions than the ones
inhabited previouslyd.g. lower densities, higher water height or stableew#tvels). This is
reinforced by the fact that hydrology is fundana¢fior the timing of release of the young and
recruitment frequently occurs after water inputsoithe systemif. after dry periods)
(Gutierrez-Yurritaet al. 1999; Alcorlo et al. 2008). Because water is limiting the system,
crayfish can only reproduce and grow during a cerperiod and therefore the population
adapts to these conditions. The capacity to leheewater and conduct overland dispersion
events will definitely contribute to the succesdotclarkii when invading new areas and gives
this invasive species an incredible advantage foeshwater species competing for the invasion

of the same water bodies.
It is our opinion that the major triggering factafsP. clarkii overland dispersion are: 1)

hydric stress — the alteration of the hydrologicgtle, either by naturale(g. temporary

< x‘u

& 127



Chapter 7 - General Discussion

freshwater habitats) or anthropogenic factagy.(rice cultivated fields) and 2) individual
crayfish stress — driven from the increase of iilial interactions. Overland migration Bf
clarkii only occurs when certain environmental conditions met. From the results of the
present study (Chapter 6) we concluded that then mavironmental factors involved are: 1)
precipitation; 2) high air humidity (high leaf wess associated with the occurrence of fog and
dew) and 3) water temperature between 16 and 248@ugh there are strong indications that
P. clarkii overland dispersion is related with the reprodectiycle, further studies are
necessary to confirm whether reproduction is deteant or not for the overland dispersion to
take place. We believe that the preference fomtbee intense nocturnal activity & clarkii
dispersing overland may be more intrinsically redatwith the gathering of the necessary
environmental conditions to this phenomenon ocathiar than a strategy to reduce the risk of

predation.

As an active dispersePR. clarkii act as a biological pollutant that, unlike chenscal
reproduce and spread autonomously over great desaand can adapt to changing conditions
(Gherardi 2007). The ability d?. clarkii to autonomously spread overland increases grdatly i
invasive potential of new suitable areas that fhec®s could only reach with external help,
such as human transportation and release (Guti¥ug#a et al. 1999; Gherardi 2006) or by
other animal vectors, such as birds (Ferrataal. 2009; Ferreira 2010). The behavioural
adaptations to avoid desiccating conditions andfber adverse environmental conditions that
may constitute a threat to the crayfish survivalldobe more important than physiological
mechanisms to reduce water loss (Morritt and Spit@8) and the present study is in

agreement with this point of view.

Understanding the environmental factors determirtimg establishment of invasive
populations is a crucial issue in the study ofdijidal invasions (Capinha and Anastacio 2011)
and the present study provided an important insapioiutP. clarkii dispersion. The results of
the present study can also be of high importancsidering the urge to properly manage the
invasive crayfish populations in Europe (Holdich020 Gherardi 2006), and considering that
new legislation is being formulated on this maf@enovesi 2007; EU 2011). Our results may
be especially relevant considering the modellirdhméques that are being used to access the
effects of invasive crayfish species and to pretheir invasion patterns (Maraet al. 2002;
Capinhaet al. 2010).

Natural areas and environment managers are cwyreatifronted with a bewildering
array of potential sources of information on invaphon-indigenous species. At the same time,
environmental managers often lack sufficiently coshgnsive tools to assess current and likely
impacts of these (Simberloff 2003; Simberleffal. 2010) as well as the probabilities and dates

of invasion at each site, in order to prioritizentol or mitigation measures. Priorities need to
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be set at all scales, from management of localrveseto national and international policy
decisions. Ultimately, the availability of quantitee data will make scientists able to generalize,
and even predict, which species and/or which anéasnost likely be invasive and/or invaded
(Parkeret al. 1999).

2. Major Conclusions

As the major conclusions of this thesis | wouleklik list:

» Density has a significant effect on crayfish growttivenileP. clarkii submitted to
the higher densities treatments experience higloetality and grow less than those
maintained at lower densities (a growth reductibomto 74% on total weight and

34% on total lenght was registered).

» Crayfish (Procambarus clark)i need a very short period (less than 12 hours) to
learn to identify a new food item (phantom midgevd® —Chaoborussp.) and
maximize their efficiency at capturing and utiligim new and previously not

encountered prey item.

* A mathematical expression, includinglearning coefficientwas determined and
should provide a useful tool to evaluate and comphe learning capabilities of

different freshwater predators with special emphsinvasive species.

» Largemouth bassMicropterus salmoidgs an invasive exotic fish in Iberian
Peninsula, has a quick learning curve when dealitig new preys, in this casp,

clarkii.

* M. salmoidesrevealed prey switching toward3. clarkii and this may be an
indication of its potential for population regulati in areas recently invaded by
crayfish.

* The harvesting technique of baited wire-mesh tnagay not be as effective or
efficient as have been assumed. Under the conditodrihe present study, which
were generally typical of commercial culture in isana, the mark/recapture
technique indicated that less than 50% of the @djau of harvestable crayfish was

captured over time.

* Population density has a significant effect oveayfish underwater dispersal.
Mature P. clarkii females moved faster than mature makesclarkii underwater
dispersal is dependent also from environmentabbtes such as water temperature

and period of the day.
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* One of the main factors inducify clarkii overland dispersion was the drainage of

the study area, and consequent stress increase ddident individuals.

e The main environmental factors involved in the ¢sed dispersion were

precipitation, temperature, relative humidity ahd period of the day.
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APPENDIX 1

Naive fish learning abilities: how does learning period affects
the capture rate of a new prey item?

This appendixisisceonsisted of unpublished. fresults cpresented- at tbeirigl international

meeting:

Ramalho/R.Oqzand Anastacio .M (2010). :Naive fish:learning abilities:dhow does
learning perviod w@affects/theqpapture rate ofrannew,prey: itemdpgean
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NAIVE FISH LEARNING ABILITIES : HOW DOES LEARNING PERIOD AFFECTS

THE CAPTURE RATE OF A NEW PREY ITEM ?

Ricardo O. Ramalho and Pedro M. Anastacio

IMAR — Institute of Marine Research
c/o Departamento de Paisagem, Ambiente e Ordenament
Universidade de Evora, Rua Rom&o Ramalho n° 59,
7000 — 671 Evora, Portugal.

Abstract

The learning abilities of an invasive fish (largarntto black bass:Micropterus
salmoidesLacepede 1802) when dealing with a new crustapeanitem (red swamp crayfish:
Procambarus clarkijiGirard 1852) were studied. Both predator and areyinvasive species in
Iberian Peninsula and were naive to one anothteedieginning of the experiment. Largemouth
Black Bass (LBB) were submitted to four differemripds of contact with juvenile crayfishes

and prey consumption was recorded.

We found significant differences between learniegigrls both for consumed crayfish
fresh weight and for number of individuals. LBB mitied to four days of learning period
preyed more crayfish than the control group (5.758%/s 0.40+0.54 crayfishes respectively).
Our results indicate that LBB have a four daysneway period when switching to new food
items. These results showed that naive predacishussf such as largemouth black bass, have a
fast learning curve having the potential to easitiapt to new preys in a recently invaded
habitat. We consider the results are relevant bmttmanagement and modelling of LBB and

crayfish populations.

Keywords: learning; Micropterus salmoides; Procamism clarkii; naive fish;
predation success
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NAIVE FISH LEARNING ABILITIES:
how does learning period affects the capture rate
of a new prey item?

Appendix 1 - Naive fish learning abilities

4 READ THE POSTER IN 1 MINUTE!

| R. 0. Ramalho! and P. M. Anastacio?

,1. The purpose of the present study was to determine the
effect of the learning time on prey capture success by the
introduced Largemouth Bass ( Micropterus salmoides) (LMB);

2. Twenty Largemouth Bass were submitted to four different
periods of contact with Red-Swamp Crayfish (Procambarus
clarkii), namely: 0, 24, 48, and 96 hours;

3. During the experimental trial 10 juvenile crayfish were left
during 8 hours in the aquarium together with LMB submitted
to previously referred learning periods;

4. There were significant differences between learning
periods both for Crayfish fresh weight consumed and for the
number of individuals consumed by Largemouth Bass;

5. Our results indicate that LMB have a four days learning
period when switching to new food items.

¥ =0,0003x + 0,0082
R?=0,7065

y =-0,0006x” +0,1102x + 0,5347
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Figure 2. Mean Red-Swamp Crayfish Fresh
Weight consumption per gram of LargeMouth
Black Bass (“®*AYFW,,,) after different learning
periods. © = Control. Groups with the same
(Post-

Figure 1. Individual LargeMouth Black Bass

i of Red Crayfish after
different learning periods. Ind Individuals.
© = Control. Groups with the same superscript
are non statistically different (Post-hoc Tukey
test: p>0.05).

are non
hoc Tukey test: p>0.05).

Figure 3. Mean Red-Swamp
Crayfish Fresh Weight
consumption per gram of
LargeMouth Black Bass and
Mean Maggots Fresh Weight
Consumption per gram of LMB.
Shaded area represents the
fish control, corr di
to the Maggots consumption
per gram of Crayfish in the
absence of the LMB and it's
only here for visual comparison
purposes. Vertical bars
represents standard error. © =
Control. Groups with the same
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4™ RESULTS and DISCUSSION

A one-way ANOVA showed that learning period significantly
affects successful prey capture (F=10.564; df=3; p<0.01). The
number of crayfish preyed seems to increase rapidly with the
learning time. A non linear regression (p<0.001) indicates that
the maximum efficiency was attained after 96 hours of contact
with the prey (Figure 1). Number of maggots consumed was, as
expected, NOT significantly affected by the four different
treatments (ANOVA: F=1.758; df=3; p>0.05).

Learning period significantly affected crayfish Fresh Weight
consumed per gram of LMB (“RAYFW, ,g) (MANOVA: F=15.244;
df=3; p<0.001) and a post-hoc Tukey test found significant
differences between treatments (Figure 2). As expected learning
period with crayfish prey did not affect the fresh weight
consumption of maggots per gram of LMB (MFW,yz) (MANOVA:
F=0.910; df=3; p>0.05).

In the no fish controls NO crayfish died or where predated by
their conspecifics. In this control 65% of the Larvae where found
with signs of crayfish predation, but in the presence of LMB only
2% of all the larvae showed the same signs. This fact seems to
be the result of differences of behaviour and/or space occupation
by crayfish in the presence of a potential predator. An interesting
result was the fact that in the no-fish tanks the consumption of
Maggots per gram of Crayfish was relatively high comparing with
the MFW ys and even comparing with the total fresh weigh
consumed per gram of fish (RAYFW, g + MFW yg) (Figure 3).

These results suggest that as a new invader LMB has a very
plastic behaviour and a quick learning pattern when preying on
new food items.

Acknowledgements - This work was funded by FCT by a PhD

Grant (SFRH/BD/19373/2004), project POCTI/BSE/46862/2002 and by
FEDER.

We used 25 plastic aquariums (55x45x40cm), each with 62 litres of de-
chlorinated tap water, at 19.15+0.45 °C, pH was 8.08+0.16, dissolved oxygen was
8.25+0.50 mg/l and photoperiod was 12h light/12h dark. Artificial vegetation
(20cm high and 30cm wide) was placed inside each aquarium. Twenty LargeMouth
Black Bass (Micropterus salmoides) (LMB), with an average initial fresh weigh of
21.60x7.31 g and average total length of 12.67+1.62 mm, were caught in a private
dam devoid of Red-S p Crayfish (Pr barus clarkii). LMB individuals were fed
maggots (domestic-fly larvae) during a three weeks acclimatization period and were
starved 24 hours prior to the experiment.

The experimental design consisted of four treatment levels (learning time),
namely: 96, 48, 24 and 0 (control) hours of previous fish contact with crayfish and
one additional control without fish to account for crayfish predation on maggots. All
treatment levels had five replicates.

At the start of the experiment, ten maggots (0.79 = 0.06 g of fresh weight) and
ten crayfish (10.72+1.68 mm of carapace length and 2.19 + 0.58 g of fresh weight)
where added to each aquarium. The experiment lasted eight hours, during daylight.
At the end of the experiment the number and weight of the remaining prey were
quantified in order to calculate consumption. A correction index was applied in order
to obtain predation on the maggots exclusively due to the LMB.

At the end we obtained data on Crayfish Fresh Weight consumption per gram of
LMB (CRAYFW, s), Maggots Fresh Weight consumption per gram of LMB (MFW_yg) and
in the non-fish control Maggots Fresh Weight consumption per gram of Crayfish
(MFWcray). Data were analysed using an ANOVA to test for differences among the
number of prey captured by LMB at each treatment level and a MANOVA was used to
compare the SRAYFW, s and MFW, yg. A post-hoc Tukey test was applied to determine
which pairs of treatment levels differed.
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APPENDIX 2

Predatory relations between three invasive species in Iberian
Peninsula: does prey-switching occur?

This appendixisiscoonsisted’ of unpublished. results cpresentede at ibwirigl international

meeting:

Ramalho /R.O.candi/Anastacio \P.M20(2010).cRredatary: relations coetween three
invasive sspeciesinin/hlberian’cReninsulaiocdoeseprey-switching.,8ccur
BIOLIEF — World Conferenceom;Bielogicallnvasions/and £cosystem
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PREDATORY RELATIONS BETWEEN THREE INVASIVE SPECIES | N IBERIAN

PENINSULA : DOES PREY-SWITCHING OCCUR ?

Ricardo Ramalho and Pedro Anastacio

IMAR — Institute of Marine Research
c/o Departamento de Paisagem, Ambiente e Ordenament
Universidade de Evora, Rua Rom&o Ramalho n° 59,
7000 — 671 Evora, Portugal.

Abstract

Prey switching in predators which attack severalympecies can potentially stabilize
prey populations. This study was an attempt to ssc@eedator-prey relationships between an
invasive generalist predator, the largemouth blzds Micropterus salmoided.acepéde 1802)
and two invasive preys, the red swamp crayfBro¢ambarus clarkji Girard 1852) and the
mosquitofish Gambusia holbrookiGirard 1859). The question we attempted to answa:
given that largemouth bass consume both preys whesented alone, does it switch from a

prey that becomes rare to another which becomes almrndant?

Assuming the preference of largemouth black basssquitofish and also assuming a
null hypothesis that - in case of no switching greportion of prey in diet should not differ
from the expected consumption - the results indi¢hat largemouth black baswitchedits
preference to crayfish when it became the most @dminprey. It is therefore our opinion that

largemouth black bass has a potential for limirayfish populations.

Keywords: Micropterus salmoides; Procambarus clarkGambusia holbrooki;

predation; prey switching
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PREDATORY RELATIONS BETWEEN THREE INVASIVE SPECIES IN
IBERIAN PENINSULA: DOES PREY-SWITCHING OCCUR?

#™ THE POSTER IN A SNAP!

1. “Switching” in predators which attack several prey species potentially
can stabilize the numbers in prey populations. When switching occurs,
the number of attacks upon a species is disproportionally large when the
species is abundant relative to other prey, and disproportionally small
when the species is relatively rare. In the simplest case, the two prey
would be attacked at the same rate and the expected ratio in the diet
should be the ratio in the environment (given) and the expected
consumption curve has a slope 1 (c=1).

2. Largemouth black bass (Micropterus salmoides) was exposed to different

proportions of two usual prey items in its diet, red swamp crayfish

(Procambarus clarkii) and mosquitofish (Gambusia hoolbroki).

Five different prey density combinations were created: 100% crayfish,

70% crayfish/30% mosquitofish, 50/50%, 30% crayfish/70%

_ mosquitofish, 100% mosquitofish.

4, Largemouth black bass presented a stronger preference for mosquitofish
than for crayfish. However the results indicated that largemouth black
bass “switched” its preference to crayfish when it became the most
abundant prey. It is therefore our opinion that largemouth black bass
has a potential for limiting crayfish populations.

©

w

1.00
Figure 1. - Proportion of crayfish
in largemouth black bass diet
under different prey density
treatments, in a two prey system
(crayfish & mosquitofish). Full
line represents the non-linear
equation fitted to the data.
Dashed line represent the
expected crayfish proportion in
diet if no switching occurred.
Total prey available (n) = 12
individuals (crayfish +
mosquitofish).
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#™ METHODS

We used 25 plastic tanks (50x40x40cm), each with 10 litres of de-chlorinated tap water, at 20.15£0.02 °C (£SE), pH

was 8.34+0.01, dissolved oxygen was 8.62+0.02 mg.l"! and photoperiod was 12h light/ 12h dark. Two sets of artificial
vegetation (20cm high and 30cm wide) were placed inside each aquarium attached to the bottom. Twenty Largemouth
Black Bass (Micropterus salmoides) (LMB), with an average initial fresh weigh of 22.! %tl 369 (tSE) and average total
length of 128.08+3.60 mm, were caught in a private dam in south-center of | near LMB individuals were
fed juvenile red swamp ( clarkii) and during a two weeks
acclimatization period and were starved 24 hours prior to the experiment. Juvenile red swamp crayfish (average fresh
weight: 0.098+0.004 g; average total length: 16.18+0.09 mm) were caught in rice fields irrigation ditches and
mosquitofish (average fresh weight: 0.109+0.003 g; average total length: u 040. 10mm) were aptm-d in a small

ptmdnurmunwmmmm loﬂlpr'ymlubmmndtnﬂunmmom
design of five levels (proportion of prey items -vallabh) n-mdy 100% crayfish,

70/30'/0 (9 crayfish/ 3 mosquitofish), 50/50%, 30/70% (3 crayfish/ 9 mosquitofish), 100% fish. Each treatment
consisted of one LMB and 12 prey individuals at the respective prey proportions. An additional control group, with 12
mvﬁahunmquhoﬁlh-ndmmn,wummmmforﬂn yfish, All

treatment levels had four replicates. The experiment started one hour after lights on and lasted 1 hour. Prey items were
weighted prior to the experiment and the nmnlnlng mylunlmmlwnunmdddnupﬁrlmﬁnl The
consumed prey fresh weight was No y was at the control group (12 crayfish, 12
mosquitofish and no LMB) and no evi of were seen b: crayfish and mosquitofish. We assumed
that all the predation results could be attributed to LMB. Relative Prey Consumption (RPC) was determined dividing
total fresh weight of prey consumed by LMB fresh weight.
Proportion of crayfish in diet (PD.) was determined as follows: PDc = Number of consumed crayfish/total number of

prey consumed
ANOVA was used to diffe

R.O0. Ramalho! and P.M. Anastacio?

IMAR - Institute of Marine Research
c/o. Ecology Department
University of Evora

Rua Romédo Ramalho, n.° 59

7000-671 Evora, Portugal JERSZ,
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@ RESULTS and DISCUSSION

Average relative prey consumption (RPC) was 0.039+0.003 (g of prey/g
of LMB), average total prey consumption was 8.33+0.31 individuals.h?
(crayfish + mosquitofish) and no significant differences were found
between treatment groups for either variable (p>0.05) (Table I). Each
largemouth black bass consumed, on average, 0.81+0.06 grams of prey
fresh weight (crayfish + mosquitofish).

Table I — Average total prey and ive prey at each
treatment Average (tSE) total prey consumption refers to total of individ d
(crayfish h) per | h black bass.
Average Total Prey Average Relative Prey
Treatment
Consumption (Ind.h™?) Consumption
100% Crayfish 9.33+0.67 0.031+0.001
""" 70%crayfis/
8.00+£0.70 0.030+0.003
30% mosquitofish
50/50% 7.67+0.67 0.043+0.005
©30%crayfish/
7.75%0.75 0.047+0.009
70% mosquitofish
100% mosquitofish | 9.00:0.58 0.047+0.005
S Total 8.33:031 0.039:0.003

The estimated c values in our experiment were 0.78 for crayfish and
1.22 for mosquitofish, indicating a preference of LMB to consume
mosquitofish. When crayfish was less available, LMB consumed more
mosquitofish than expected, but when crayfish was 70% of the available
prey it was consumed more than expected. This relationship is well
described by a sigmoid (S-shaped) curve (Figure 1). The non-linear
equation applied to the data had a r2 of 0.96 which is a better fit than a
linear regression (r2=0.86). We estimate prey switching from
mosquitofish to crayfish to occur only when crayfish proportion is greater
than 0.6 (Figure 1).

It seems that consumption of prey items by LMB is dependent on prey

availability. We expected that crayfish would be more difficult and costly
to catch. In fact visual observations during the experiment revealed that
crayfish were able to find shelters and seemed successfully hidden under
the artificial vegetation provided, while mosquitofish remained in the
water column, swimming around, trying to avoid the LMB.
Even under these laboratory experimental conditions, on small
microcosms, largemouth black bass apparently presented a shift in its
predatory behavior, capturing hidden crayfish when confronted with low
densities of mosquitofish. These conclusions should be taken with special
attention because there are several factors, not taken into account in this
analysis, such as prey handling times, predator attack rates (Elliott, 2004;
2006) and prey behavior and space occupancy (Savino & Stein, 1989).

Acknowledgements - This work was funded by FCT by a PhD Grant (SFRH/BD/19373/2004), project POCTI/BSE/46862/2002 and by FEDER

‘When ooccurs, the number of successful attacks
nm-mhdlwmmlwwmﬂnmhumMum nlnlvamoth.rpnv and dispi y small
when the species is relatively rare. Prey switching is also known as y oras
apostatic selection (Greenwood & Elton, 1979). The is typi y by an S-shaped curve showing
that the most abundant prey is and suffers the g of The null can be

written as P,/P,=cN,/N,, where P,/P, is the ratio of the !wo qxpocud In diet, N,/N, inh- ratio of the prey in the
environment (given) and c is a p ( doch, , 1989; Oaten & Murdoch, 1975). The value of ¢ could
be used as an o'ln o'u fornchpnysp.dn,undunhdmnnlmdbn.donm
average consumption of each prey at the treatment where both preys are equally represented (50/50%) (Oaten &
Murdod\ 1975). A non linear equation (y=a/(1+Exp(b-c*X), adapted from Holling (1959), was fitted to the data.
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APPENDIX 3

Preliminary assessments of capture rate and crawfish
movement in a commercial crawfish pond

This appendix\was:publishied in:

Ramalho/R.O.yMcClainfW.Rnand,Sonniet 3230¢2009). Rreliminaty. assessments of
capture rate;and erayndish movementinaseommercial crawfish. porid: 101st
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PRELIMINARY ASSESSMENTS OFCAPTURE RATE AND CRAWFISH

MOVEMENT INA COMMERCIAL CRAWFISH POND

Ricardo O. Ramalhd, William R. McClain ® and John J. Sonnie?

4MAR - Institute of Marine Research
c/o Departamento de Paisagem, Ambiente e Ordenament
Universidade de Evora, Rua Rom&o Ramalho n° 59,
7000 — 671 Evora, Portugal

PRice Research Station, Louisiana State UniversisicAltural Center,
1373 Caffey Road, Rayne, LA 70578, USA.

Introduction

Crawfish farmers rely solely on baited wire-meshp$ to harvest crawfish. Unlike
seining with nets, which is a more effective anficeint means of harvesting foodfishes and
baitfishes, crawfish farmers are relegated to #eeaf baited traps for several reasons: (1) thick
stands of vegetationi.¢. cultivated food resource) in ponds impede seinevdsding; (2)
harvestable crawfish are recruited in variable nemalinto the trappable population over 4 to 6
months; (3) only large, hard-shelled crawfish amgeted for capture and traps are designed to
select for size and prevent harvest of recentlytedohnimals and (4) baited traps are currently
the only practical option in large and irregulaagld ponds that are dominant in the industry.
The efficiency of baited traps to remove markee sinimals from the population is unknown
however. The standard square-mesh pyramid tramlyrused in the crawfish aquaculture
industry is the most efficient trap adopted to datel research has shown that a trap density of
10 to 20 traps per acre, depending on crawfish lptipn density, is usually the most cost
efficient. Yet the efficiency of which this type s§stem can capture marketable crawfish from a

population of market size individuals has been jyodocumented.

Notwithstanding, one management strategy to inertdaes average size of crawfish sold
relies on the release of smaller crawfish backéopond with hopes of recapturing them later at
a larger, more valuable size. This theory assumlessed crawfish will continue to grow and
their recapture rate later, at a larger size, slify the effort and expense. This strategy has
increased in popularity in recent years with theréased demand by buyers for larger crawfish

and fewer opportunities for markets willing to gotcthe smaller individuals.
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Therefore, this study was initiated to gain someliminary information regarding
capture efficiency of baited traps using crawfishttwere marked and released within a single
pond, with their recapture rate documented ovenaatsnterval. A secondary objective under
these efforts was to examine the dispersal and ment patterns of marked crawfish from the

time they were released until their recapture.

Location: A commercial crawfish pond in Acadia Parish, seaist of Crowley,
Louisiana.

Date: Last week of May 2007.

Pond Description The field was employed in a typical rice-crawfisbld rotational
strategy where a rice crop was realized in 200ovied by a crawfish crop that was being

harvested during the spring of 2007. The field wasghly U-shaped and approximately 28
acres in size (Figure 1).

i

Legend
Release point
EX)Field Area
Number of Traps (n)

0 375 75 150 Meters

Figure 1. Representation of the shape and orientationeo€timmercial pond used for the mark/recapture

study, and depiction of the number and placementaffish traps. The release site for marked cigwfi
is also depicted.

Crawfish: A random sample of crawfish (470) captured on dlag of release was
marked and released (within 2 hours) as a groupeatlesignated release site. Crawfish were

%)
152 Qg

&k



Appendix 3 - Preliminary assessments of capture rate and crayfish movement

released in the same pond they were captured incraivfish were red swamp crawfish
(Procambarus clark)i and consisted of 73 mature males (avg. wt. 2),.62y mature females

(avg. wt. 22.4 g), 149 immature females (avg. Bt61g), and 121 immature males (avg. wt.
17.4 g).

Marking Technique: A general-use permanent waterproof marker (DykeBRITE-
MARK®, ITW Dymon, Olathe, Kansas, USA) was used to nadwfish on the dorsal and
lateral surfaces of the carapace with a large, Wblite line. The mark started on one side of the
carapace and ran across the top and down the sitheersuch that marked animals could be
easily spotted in a group of crawfish when capturedmatter their orientation. The Dykem
marker did not require a dry carapace and was tuagplied to each individual. This marker

was previously determined to work well for such useesearch.

Release Point All marked crawfish were released at a designai@dt in the field,

which was somewhat central to the two long axighefpond (Figure 1).

Harvesting Protocot Harvesting method employed was that typically dusa
commercial ponds. Traps were accessed via a hycaliylpowered boat traveling down each
lane of traps and all traps were check, emptied,rabaited on days 1, 2, 3, 4 and 6 following

the release of marked crawfish.

Trap Density: 184 (3/4-inch square mesh) pyramid traps (abotraygs/A) randomly

distributed in parallel trapping lanes covering hmafshe field area (Figure 1).
Bait: Manufactured bait: Cajun World (Purina Mills, In&t. Louis, MO)

Data: Two persons examined the emptied catch from éi@ghand marked crawfish
were collected and location of the catch was fldgderawfish gender, state of maturation,
weight, and cephalothorax length was recorded.abis and direction travelled from the
release point to the capture location was noted raomdinal rate of travel (meters/day) was

calculated based on days since release.

Statistical Analysis Data was subjected toN&VA or MANOVA for determination of
significant differences between sex/maturity gro@gral rate of travel data was transformed and

subjected to a logarithmic regression.

Comments When marked crawfish (200 mature and 270 immatweze released at a
central location in the 28-acre pond and all trafikin the pond were subsequently run almost
daily for one week, the results provided us sompoirtant data regarding the dispersal and
capture rate of marketable size crawfish under ceroi@l aquaculture conditions. Within the
first three days of harvest after release of thekashcrawfish, the recapture rate averaged 3.2%

per day; after which it decreased to only 1.2% g&y (Table 1). Some percentage of the
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Appendix 3 - Preliminary assessments of capture rate and crayfish movement

immature crawfish could be expected to molt aftelease and their recapture could go
unnoticed. Indeed, the recapture percentage foraitoma crawfish over the 6-day period was
substantially less than with matures (Table 2). Eloav, at best, the rate of capture for mature
(non-molting) crawfish totaled 20% (on average)rabe course of 5 harvest days or 4% per
day. When all marked crawfish are considered, kel tecapture rate was only 11.50e (54
marked crawfish recaptured) or 2.3% per day. Algionatural mortality was not measured in
this study, it was not expected to be great duethe care and considerations in
handling/marking and short duration of the studyhefefore, based on this study, the
preliminary data suggests that the capture rateafpopulation of market size crawfish will
range between 2.3 and 4.0% per day, given the cocmtheonditions of culturei.¢. pond type,

trap density, season, forage biomass, etc.) irsthidy.

Table 1. Number (N) and percentage (%) of marked crawfestaptured during the 6-day experimental
period. Daily percentage of recaptures is baseadjusted numbers of marked crawfish remaining. [mM
= mature males; mF = mature females; iM = immatoades; iF = immature females]

Adjusted Total . .
mM mF iM iF
Day Number of Recaptured
Marked Crawfish N % N % N % N % N %
1 470 15 3.19 4 5.48 9 7.09 1 0.83 1 0.67
2 455 14 3.08 3 4.35 8 6.78 3 2.50 0 0.00
3 441 15 3.40 3 4.55 7 6.36 1 0.85 4 2.70
4 426 6 1.41 1 1.59 4 3.88 1 0.86 0 0.00
6 420 4 0.95 1 161 0 0.00 3 261 0 0.00
Average
(54) 115 (12) 22.2 (28) 51.9 9) 17.7 (5) 9.3
(Total)

Table 2 Average weight (Wt.) and number (N) of released secaptured crawfish, and percentage (%)
recaptured by maturity/gender. [mM = mature maiek;= mature females; iM = immature males; iF =
immature females]

) Released Individuals Recaptured Individuals Recapte Rate
Maturity/Gender
Wt. (g) N Wt. (9) N %
mM 21.64 73 24.29 12 16.44
mF 22.44 127 25.34 28 22.05
iM 17.35 121 21.33 9 7.44
iF 15.64 149 15.72 5 3.36
Average (Total) 18.9 (470) 23.5 (54) 115

Released crawfish dispersed in all directions basedthe location of recaptured

individuals. Marked crawfish were captured inakas of the pond and within 4 days, several
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Appendix 3 - Preliminary assessments of capture rate and crayfish movement

individuals had been captured at the extreme mositp of the pond. On average, those
captured on day 4 were found in traps 272 metar@4d yards) from the release point (Table
3). Average dispersion speed was 53.4 meters/daynfionm 3.2 meters/day; maximum 167.4
meters/day), and average nominal distance travaliitirecapture was 134.8 meters (minimum
14.6; maximum 538.6). Figure 3 shows the greatabdiiy in distance captured from the

release point, and also depicts a general treeddinnominal rate of travel.

In conclusion, these results indicate that crawfish very mobile and can spread
quickly, utilizing large areas of suitable habitatso, based on the observed rate of capture in
this study, it appears that baited traps are naffigent as is often thought. Many farmers
view baited traps asiagnetsattracting any crawfish that wonder within a agrtradius of the
trap, but these results do not bear this out. Wittapture rate of between 2.3 and 4% of the
population of marked crawfish per day in this stualyd the fact that some crawfish obviously
passed baited traps before being captured, onerdarconclude that trap harvesting is far less

efficient than perceived by many.
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Figure 2. Individual values of nominal distance travellattiucaptured by day after release, with a line
best fit to the data to depict the general trend.
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Appendix 3 - Preliminary assessments of capture rate and crayfish movement

Table 3. Average distance travelled in meters (m) and nahriate of travel (m/day) based on location of
captured marked crawfish in relation to release. siData is arranged by days following release and
maturity/gender of captured crawfish. [nM = matmrales; mF = mature females; iM = immature males;
iF = immature females; SE = standard error, a measivariance]. Values with the same superscript i
reference to distance travelled by day represegtsfisant differences according to Tukey post-tiest
(P<0.05).

Distance Travelled Nominal Rate of Travel
m SE m/day SE
1 53.712" 12.01 53.71 12.01
2 95.43 19.86 47.71 9.93
Day 3 166.84° 30.74 55.62 10.25
4 27219 65.50 68.05 16.38
6 250.65 129.47 41.77 21.78
Average 134.8 18.1 534 55
mM 81.15 25.34 33.98 7.68
Gender mF 127.41 24.52 54.30 6.83
iM 227.12 59.51 73.32 18.13
iF 128.01 52.87 59.01 23,71
Average 140.9 55.2
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APPENDIX 4

Assessing the efficacy of releasing crawfish back to the pond for
further growth

This appendix:\was:published in:
McClain W R. sSennier.J.d»ant:RamalhoR.0./ (2011):sAssessingithe efficacy
of releasing cerawfishhhacko tordheopond: far fustherogrowthy. Lanisi
Agriculture Magazine. / Louisiana 1/Agticulturer yExperimental:.:Station.

Louisiana State Wniversity:BatomRouge Lsouisigna,Summer /2041 I1ssue.
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ASSESSING THE EFFICACY OF RELEASING CRAWFISH BACK TO THE POND
FOR FURTHER GROWTH

W. Ray McClain?, John J. Sonnief and Ricardo O. Ramalhd

®Rice Research Station
Louisiana State University Agricultural Center
1373 Caffey Road
Rayne, Louisiana 70578

PIMAR - Institute of Marine Research
Departamento de Paisagem, Ambiente e Ordenamento
Universidade de Evora
Evora, Portugal.

The United States crawfish aquaculture industiargely located in Louisiana, where
some 1,200 farmers produce in excess of 110 mipmmds of procambarid crawfish annually
from about 184,000 acres of ponds. Less than 20a@@@ional acres is devoted to crawfish
farming in a handful of other southern states, lbutisiana crawfish farmers often have to
compete with a native crawfish fishery, mainly frahre Atchafalaya River basin. A large
majority of the annual crawfish production is maeckeas live or whole-boiled crawfish, with
less than 20% processed for the tail meat. Lardgemas of live crawfish are delivered to
metropolitan areas within and outside of Louisiasach as Baton Rouge, New Orleans,
Shreveport, Little Rock, Dallas, Houston, Mobilackison, Memphis, and Atlanta. Marketing
issues for live crawfish include significant vaitat in sizes, with the larger crawfish being the

most valuable.

Although size grading of crawfish is initially acoplished by the mesh size of the
wire-mesh traps, further grading is sometimes a@lisihred by large volume dealers at dock-
side, but there are logistical and cost issues thithadditional step in handling. Some crawfish
farmers have begun employing a culling (gradingrapon on the boat at the time crawfish are

emptied from traps.

Harvesting boats are fitted with a bar grader thi#lteffectively cull smaller crawfish
from the catch and allow those to immediately reeethe pond. The retained crawfish are more
uniform in size (Figure 1) and are easier to setlduse of the greater appeal with buyers. The
common assumption is that the culled crawfish mdume growth and will be recaptured later

at a larger, more valuable size.
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This practice of using on-boarc
graders (Figure 2) has increase¢
dramatically in recent years, and ofte
renders further grading at dock-siz
unnecessary. However, the efficacy ' |
this practice is largely unknown becau:
the rate of recapture has not be
determined. Frankly, little is knowr

about the efficiency of trap harvesting i

general as a means of removing crawfi

from the population once they reac Figure 1. Representative example of one of several
types of on-board graders designed to cull smalisgs

of crawfish from the catch in commercial aquacwtur
ponds. Photo by Ray McClain.

market size. Therefore, a series of stud
was conducted at the LSU AgCenter

Rice Research Station to estimate the
percentage of recapture and to bet
understand aspects of trap harvesting
well as crawfish movements within th

pond.

A mark/recapture technique wa
used in a small commercial crawfis
pond, and subsequently in th

experimental pond complex of the Ric

Research Station, to ascertain captt

efficiency rates using baited trap: Figure 2. Photo showing the culled or graded small
crawfish being returned immediately to the pond for

Captured crawfish were marked with further growthPhoto by Ray McClait

long lasting  water-proof  marker

(Dykem®, BRITE-MARK® FAMILY, ITW Dymon, Olathe, Kasas) and released back into
the pond within two hours of their capture. Boldrksawere made on the carapace of crawfish
that could be quickly and easily observed from asdloangle or from either side of the
individual as they were emptied from traps (Fig®e Various colors and/or markings
distinguished the date and/or site of release. &uent trap catches were observed for marked
individuals, which were noted for date and locatibrcapture.
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Appendix 4 - Efficacy of releasing crayfish back to the pond for further growth

The initial trial was conducted ir
a 28-acre commercial crawfish pon
where 200 mature and 270 immatu
individuals were marked and released
a central location in the pond. Th
subsequent harvest was monitored 1
one week, and only 54 marke
individuals (11.5%) were recoverec &

While there was a possibility tha

molting occurred in some immatur
Figure 3. Typical mark placed on crawfish using a

long-lasting waterproof marker prior to its reledsek
recapture for mature (non-molting tg the pond in the mark-recapture study. PhotodiynJ

individuals was noted at 20% — still Sonnier

individuals (.e. lost marks), the rate of

low recovery. Some crawfish traveled un
to 589 yards, surely passing baited tra|
before being recaptured, although ti
average distance traveled befo
recapture was 147 yards. Trap spaci
typically ranges between 50 and 70 fe

between traps.

Trials 2 and 3 were conducted i
a contiguous arrangement of small
acre) experimental ponds whareature-
only crawfish (489 crawfish for trial 2
and 200 crawfish for trial 3) were
released in selected ponds, and recaptt
were monitored from the entire pon
complex. Those trials lasted for 9 - 1
weeks with an average total recaptu ;
rate of 49 and 45%, respectively. C
those crawfish recaptured, 83 and 97
(for trials 2 and 3, respectively) wer

caught from the same pond they we _ o
Figure 4. Random marked crawfish were maintained in

cages (A) under the same environmental conditiens a
captured in adjacent ponds, indicatir in trial 3 (B) to ascertain natural mortality ovére
duration of he trial. Photo by John Sonni

released into. Most of the others we

some movement across a leve
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Appendix 4 - Efficacy of releasing crayfish back to the pond for further growth

Recapture rates were greatest within the first 2kseof capture, with very few crawfish

recaptures occurring after 4 weeks.

For trial 3, recaptured crawfish were marked witllifierent identifier and released
after each capture. Also for that trial, additionarked crawfish were held in cages within the
ponds from the beginning of the trial to estimagtural mortality in the marked population
during the experiment (Figure 4A and 4B). While 46%the crawfish released in trial 3 were
captured only once, 17% were captured twice, andwe¥e captured 3 times. Adjusted for

natural mortality, the recovery rate for first timezaptures remained below 50% (at 49.5%).

Precise causes for the consistent low recoverg {lemn 50%) in these trials are unclear,
but such factors as natural and predator-inducedaiity, attrition from the pond population
due to burrowing, and individuals exiting the pcame@ likely contributing factors. However,
these results also seemingly illustrate the inigfficy with which baited crawfish traps remove

market-size individuals from the pond population.

In conclusion, based on the results of this stitdyppears that only half (or less) of the
crawfish released back to the pond are ever recaptilhese findings do not bode well for the
practice of releasing less-desired sizes of crémifiack to the pond with the expectation of
recapturing them later at a larger, more valuaizle. Vith recovery rates below 50%, one has
to closely examine the economics of such a practit¢hus, it may be far better to sell all

crawfish at the point of first capture, even ibaver price is received for the smaller size grades.

In addition to market-economic considerations, éheray be a biological reason to
avoid releasing crawfish back to the pond onceuwragdt Those crawfish would only compete
with other, yet un-harvested crawfish for food asmhce. That would only exacerbate the
problem of overcrowding if pond populations wergthiand food resources were scarce —

contributing to reduced growth and lower production
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APPENDIX 5

Invasive crayfish dispersal: the effect of population density

This appendixisiscoonsisted’ of unpublished. results cpresentede at. tbwirigl international

meeting:

Ramalho/R.0.¢ Gapinha GnandAnastacio’P.M. (2040)sinvasive crayfish-dispersal:
the effectoofppopulationcdensity.-NEQBIOT A /Biclogical:lnvasiana
Changing Werld. /Baster Gommunication Gopenhagen:»Renmalk -14
17" of September.
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| NVASIVE CRAYFISH DISPERSAL . THE EFFECT OF POPULATION DENSITY

Ricardo O. Ramalho, César Capinha and Pedro M. And4cio

IMAR — Institute of Marine Research
c/o Departamento de Paisagem, Ambiente e Ordenament
Universidade de Evora, Rua Rom&o Ramalho n° 59,
7000 — 671 Evora, Portugal.

Abstract

The spreading of the invasive crayfiBnocambarus clarkiithroughout the world is
attributed to human introductions, however, thedamd widespread diffusion of the species
following its establishment is the result of itsersal capabilities. Introduced in Portugal in the
late 1970s, the red swamp crayfish has invaded maaatgr bodies, giving rise to breeding
populations that now altered freshwater ecosysté&mainderstanding of the spatial behaviour
of this crayfish could be the baseline for futugsgarch aimed at control and management. This
study aimed to provide further information for tbemprehension of the invasive potential of
this crayfish by underlining some factors that doaffect crayfish dispersal ability such as

population density and other external co-variables.

Crayfish (54.45+3.80 mm mean cephalotorax lengtk,ratio approximately 1:1) were
submitted to an outdoor experiment in an experialdnigation ditch. Five densities, 1, 5, 10,
15 and 20 individuals, previously confined for fidays in 0.25 mtanks, were released in the
centre of the ditch at five different periods oétbay and the position of each crayfish was

recorded every five minutes. Each density was caf@d five times.

Density affected both mean total distance and niedividual velocity attained by
crayfish at the end of the experiment (ANCOW2s0.001). Crayfish kept at the higher density
achieved higher velocities (2.89+1.11 ).and went further (114.12+42.67 m) than those kept
at the lowest density (2.38+1.09 fh.gs 77.55+31.79 m) (Figure 1). Crayfish gender,ewat
temperature and period of the day significantleetiéd crayfish average velocity (ANCOVA,;
P<0.05).

These results are relevant both for aquaculturefananodeling crayfish population

dynamics.
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INVASIVE CRAYFISH DISPERSAL:

THE EFFECT OF POPULATION DENSITY

READ THE POSTER IN 1 MINUTE!

1. This study aimed to provide further information for the
comprehension of the invasive potential of Procambarus
clarkii by underlining some factors that could affect crayfish
dispersal ability such as population density and other external
co-variables;

2. Adult crayfish (Procambarus clarkii) were acclimatized to 5
population densities (4, 20, 40, 60 and 80 ind./m2). Acclimatized
crayfish were released in a linear channel and individual
speed and total distance were recorded;

3. Population density affected both average individual
velocity and average total distance attained by crayfish at the
end of the experiment;

4. Other variables that significantly affected crayfish average
velocity: gender, water temperature and period of the day.

Average Velocity Average Velocity c)
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Velocity (m/min)
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Figure 1. - Average Velocity versus Figure 2. - Average Velocity versus
different density treatments. Vertical | | different Period of Day treatments.
bars represent standard errors. | | Vertical bars represent standard
Superscript values stands for average | | errors. Average temperature is

Total Distance in meters. represented.
Table 1. -
Parameter Tzr; I::asr:;n df SM::'"e F Sig. ANCOVA (Analysis
q S of Covariance)
Period of Day results for the
0.077 1 0.077 | 4.643 <0.05 -
(Covariate) Average Velocity.
Null hypothesis
Water T t A
ater Temperature 0636 1 | o063 |38255| <0.001 | rejectedata<0.05.
(Covariate)
Fresh Weight 0.023 1 | 0023 | 1414 | 0236
(Covariate)
Density 0.314 4 0.079 | 4.725 <0.01
Gender 0.092 1 0.092 5.524 <0.05
Density*Gender 0.037 4 0.009 | 0.561 0.691
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RESULTS and DISCUSSION

The ANCOVA showed that average velocity was
significantly affected by crayfish density (Table 1). Crayfish
submitted to higher densities moved faster, and traveled
longer distances than crayfish kept at lower densities (Figure
1).

Crayfish gender also influenced the average velocity, this
result could be due to weight differences between males and
females (T-test; t=-2.503; df=253; p<0.05), however
ANCOVA didn’t show significant influence of crayfish weight,
as a covariate, on average velocity.

External covariates analyzed (Period of the Day and Water
Temperature) significantly affected crayfish average velocity
under water (Table 1). Females also moved faster than males
at different periods of the day and the maximum velocity
attained at Noon (Figure 2). Average velocity seems to follow
the daily water temperature variation (Pearson
Correlation=0.441; p<0.001) (Figure 2).

There are other external factors involved such as: light
intensity and light direction2.

Other author also reported high peaks of locomotory
activity during daylight in the absence of shelters!3.

Results are within the range of other research!: e.g. 0.1 —
4.25 km per day

The results of the present study confirms the high invasive
potential of Procambarus clarkii, and provides insights about
the importance of population density on the dispersal of this
invasive species.

An understanding of the spatial behaviour of this crayfish
could be the baseline for future research aimed at more
effective population control and management.
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DENSITY ACCLIMATIZATION:

Adult, intermolt and mature red-swamp-crayfish (Procambarus clarkii),
average cara ace length 54.45+0.24 mrn +SE) & average fresh weight
(FW) 47.68%0. ?e Males ?3 .7610. 983 ‘emales (47. 3211 03g),

+ Were kept well days in 5 m2 polye! h lene tan! s at five
different densities: 1, 5, 10, 15 and 20 individuals nk, corresponding
to theoric densities of 4, 20, 40, 60 and 80 ind./m respectlvely and a sex
ratio of approximately 1:1 gmale :female);

+ Plastic aquariums filled 70 litres of aged tagowater, artificially aerated;

+ Light regime 14h Light/10h Dark sumllar natural light regime and no
shelters were provided;

+ At least five replicates of each density were conducted.

PHYSICO-CHEMICAL CONDITIONS:

+ Average water PH =8.20+0.13 (ANOVA: F=0.554; df=4; p>0.05);

+ Dissolved 0, was >85% at all treatments due to algae production;

+ Water temperature varied from a minimum of 15.8 °C at the morning
treatment and a maximum of 21.9 °C at the afternoon treatment (ANOVA:
F=122.316; df=4; p<0.001).

EXPERIMENTAL DESIGN:

Experiment conducted at ex rlmental irrigation channel with 130 m
length and a static “crystal clear” water column, 35cm high and 30 cm
wide. No shelters were provided. The channel was marked every 20 cm;

+ Each crayfish was individually marked with a permanent waterproof pamt,

« After a period of 15 min of acclimatization and relax, in the center of the
channel, the density acclimatized crayfish were released;

+ The posntlons of each crayfish, in the channel, were recorded every 5 min
during the experimental period (1hour);

« Crayfish released at five different erlods of the day (Sunrise; Morning;
Mid-Day (Solar); Afternoon and DusJ with 5 replicates each;

+ Water temperature, PH and Dissolve gen were recordeJ

« Average Speed and Total Distance were determined.
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