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ABSTRACT

This study investigated the defensive responses of Juvenile signal c ia y fi^  
{Pou^astacus leniusculm. Dana) to two putative predators, perch (Perea JhwiatBIs, L.) 
and eel (Ar^fuflki angtdlla, L ). and attempted to determine the im portant» t f  diretzt and 
indirect predatory effects on the distribution of newly independent juvenile crayfish in 
a Swedtsh ptmcL

Eels are thought to be more detrim ental to crayfish populations than perch. 
Experiments using juvenile crayfish did not support th is assertion. Visual and 
chemical stim uli elicited crayfish avoidance behaviour. This was most marked when 
both stim uli were presented together. Both predators elicited sim ilar avoidance 
behaviour. Crayfish were less active by day. spending more time under shelter. Shelter 
provided by vegetation and substrata reduced crayfish mortality. Crayfish also avoided 
small non-predatoiy fish {Leucaspius deUneatus. Heckel). It is suggested that these fish 
indirectly increased crayfish m ortality. Adult crayfish increased juvenile crayfish 
m ortality but caused juveniles to be more active by day than at night. These responses 
illustrate the conflicting demands on crayfish defensive behaviour in  m ulti-predator 
environments.

Mechanical and visual stim uli elicited evasive behaviour. Crayfish evaded 
predatory strikes by perch and eels. The response to eels was delayed. Perch chased 
fleeing crayfish, and caught more crayfish than eels, which never chased prey. 
In itia lly , perch preyed on juvenile crayfish more rapidly than eels. Despite having 
distinct foraging behaviours, perch and eels produced sim ilar crayfish m ortalities. If  
eels are more detrimental than perch to crayfish populations, this may be a  result of 

f  differences in  size selective predation. The in itia l distribution of newly independent
crayfish in  a Swedish pond was influenced by the distribution of gravid female 
crayfish. Perch preyed on juvenile crayfish but were not a m ajor factor determining 
crayfish distribution. Intraspecific competition and invertebrate predation may have 
had a greater effect. Crayfish populations may be influenced by perch predation on 
yearling crayfish.
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Individual variability in the assessment of predation risk by juvenile crayfish.

To Mum and Dad, 
fo r being there, whatever the crisis.
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INTRODUCTION



CHAPTER 1.

1.0 INTRODUCTION

The follow ing w ork describes a study of the Im pact o f fish  predation on new ly 
independent ju ve n ile  signa l crayfish. Pacifastacus lentusculus (Dana), and o f the 
m echanism s o f defence used by juven ile  signal crayfish to  avoid predation. Juvenile 
crayfish  were used in  th is  study fo r two reasons. F irs tly , th ^ r are the m ost vulnerable 
to  predation (Momot et a l., 1978) and as a resu lt, they should possess the most m arked 
defences against predation. S tein &  M ^n u s o n  (1976) and S tein (1977) showed th a t 
avoidance behaviour was more m arked in  sm aller, m ore vu lnerable age c lo s e s  o f 
c rayfish . Secondly, ju ven ile  crayfish  were a m a n ia b le  size and could be used in  
labora tory in te ractions w ith  re la tive ly sm all predators. "Die study is  com prised o f fo u r 
parts: the In troduction , Part I. P art II and the F ina l Discussion.

P art I investigates 1) the defensive behaviour o f ju ve n ile  signal crayfish  in  
response to  two predators w ith  d iffe ren t foraging strategies, and 2) the mechanism s 
unde rly ing  the detection o f d iffe ren t predators. W h ils t an ti-p reda to r behaviour has 
been reported extensively in  single predator-single prey systems, re la tive ly little  w ork 
has been done on prey behaviour in  response to more than one predator.

Predators can lim it prey populations d irectly  through predation, o r in d ire c tly  
by in fluencing habitat use and grow th o f prey (Stein. 1979; S ih. 1987). The w ork in  
P art II o f th is  thesis was conducted at Sim ontorp Aquaculture A.B., Sweden (Fig. 1.1), 
and used experim ental investigations and fie ld  studies to address two questions: 1) 
how does predation influence crayfish ha b ita t use and thereby grow th rates? 2) how 
s ig n ifica n t is  predation as a source o f crayfish m o rta lity  in  nature? The fie ld  studies 
were conducted in  Rôgle pond 3. w hich contained an exploited population o f crayfish , 
perch and pike, bu t no eels.

From  the lite ra tu re , perch {Perea JUwiattlis L.) and eels {AnguiUa angialla  L.) 
were indicated to be two of the p rinc ipa l predators o f crayfish in  Europe (Svârdson, 
1972; Kossakowski. 1973; D ehli, 1981: Appelberg, 1987). The scope o f Part I o f the 
pro ject was lim ited  to studying the in te ractions of these two predators w ith  crayfish . 
Eels are considered to have a greater im pact on crayfish  popu lations than perch 
(Svârdson, 1972; Svârdson et al., 1991). although the evidence is circum stantia l. Th is 
provided the theore tica l basis fo r P art I o f th is  study. I f  eels are more successful 
predators o f crayfish than perch, then it  should be possible to predict differences in  the 
foraging activity of the predators th a t m ight cause th is . It was the aim  of th is  part o f the 
study to  test the follow ing predictions:

1) Eels m igh t reach a size class th a t allows them  to prey on size classes o f
crayfish th a t are larger than those available to perch.
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Figure 1.1. A map of Skâne, southern Sweden, showing Simontorp Aquaculture A.B., where 
experimental work was carried out, and Rôgle ponds, where field experiments were 
conducted. Perch used in the experimental work were caught from two lakes, Vombsjôn and 
Sdvdesjdn.



2) Eels m ay prey on la rger size classes o f crayfish because, un like  perch, eels are 
no t restricted to  choosing prey sm aller than th e ir gape size,
3) Eels m ay have a preference fo r crayfish over o ther prey.
4) Eels forage p rlnc lp a lty  by chem oreceptlon and th is  m ay enable eels to  detect 
prey more easily than perch i f  the prey are hidden under shelter.
5) Eels m ay bu rrow  in to  some substra ta  and th is  m ay enable eels to  catch 
hidden prey m ore easily.
6) Eels move slow ly w h ils t foraging, thu s they m ay be be tte r able to approach 
crayfish w ith o u t detection or w ith o u t e lic itin g  a response.

D u ring  the early stages o f th is  p a rt o f the study, no su itab le  fie ld  sites were 
loca ted  in  w h ich  eel and perch p re d a tio n  o f c ra y fis h  co u ld  be m on ito re d  
sim ultaneously. Also, eels behaved inconsistently in  the laboratory. Thus, i t  was not 
possib le to  co llect data on the  size se lec tiv ity  o f eels fo r c rayfish  prey o r on the 
seasonality o f eel predation on crayfish . For th is  reason, the em phasis o f th is  p a rt o f 
the pro ject was sh ifted  tow ards understand ing the m echanism s co n tro llin g  defence 
against predators by crayfish . From  th is  Imowledge, pred ictions could be made about 
the type o f predator to  w hich crayfish are m ost vulnerable (Webb, 1986).

P art I o f th is  thesis consists o f Chapters 2 to  4. In  Chapter 2, investigations were 
made in to  the effect o f perch and eels on ju ven ile  crayfish  su rv iva l and a c tiv ity , the 
effect o f a lte rna tive  prey on predation o f ju ven ile  crayfish by eels, eind the effect o f 
h a b ita t com plexity on ju ve n ile  crayfish  su rv iva l and a c tiv ity  in  response to  the 
presence o f perch and eels. Chapter 3 describes investigations in to  the s tim u li deriving 
from  perch and eels th a t cause avoidance behaviour in  ju ven ile  crayfish . Chapter 4 
describes experim ents designed to  determ ine the predatory s tim u li th a t cause evasive 
behaviour in  ju ven ile  crayfish , and relates th is  to predator-prey encounters between 
crayfish and perch o r eels. Thus predictions 3 to 6 are addressed in  Part 1.

P art II o f the thesis consists o f Chapters 5 and 6. In  chapter 5, juven ile  crayfish 
h a b ita t selection behaviour was ejcamined in  response to  d iffe re n t w a te r depths and 
substra ta . The h a b ita t preferences were related to  ju ve n ile  crayfish  su rv iva l and 
d is trib u tio n  in  response to  perch preda tion  in  a Swedish pond. The role o f gravid 
fem ales (egg-bearing fem ales) in  de te rm in ing  young-o f-the-year (YOY) crayfish  
d is trib u tio n  and surviva l was also considered. Chapter 6 describes the effect o f aquatic 
vegetation on ju ven ile  crayfish h a b ita t selection, and re lates th is  to  the d is trib u tio n , 
surviva l and grow th o f ju ven ile  crayfish in  response to fish  and a d u lt crayfish.

The resu lts o f Parts I and II are discussed together in  Chapter 7, w hich places the 
an ti-p re da to r behaviour o f ju ve n ile  P. leniuscuLus in  the context o f the ecological 
facto rs w h ich  co n tro l ju ve n ile  crayfish  d is trib u tio n  and su rv iva l. The fo llow ing 
sections o f the in tro du ction  give an overview o f predation on crayfish  populations and 
o f the anti-predator defences used by crayfish.



1.1 PREDATION ON CRATFfêH

Throughout th e ir life  span. crayAsh are subject to  predation by m any predators 
(Hogger, 1988 fo r review ). A fte r th e ir firs t summers grow th, crayfish are no longer 
available as pr«y to invertebrate predators o r to many species o f predacious fish , one o f 
th e ir m ain defences against predation being a rap id grow th rate in  th e ir early years 
(Momot et a l.. 1978). A fte r th is  tim e, o f the freshwater fish, o n ^  pike (Esoxr lucius L.), 
perch (P. JluviatUis) and eel (A. anguUld^ are pu tative crayfish  predators in  Europe 
(Svâitison, 1972: D ehli, 1981: McFadden &  F a irlq r, 1984a &  b). O ther m ^o r predators 
are m ink, MusteUx vison Schreber (Burgess &  E ider, 1980: W ard et a l., 1986), otters, 
Lutra httra  L. (Mcfadden &  Fairley, 1984a), and herons, Ardea dnerea L. (Hogger, 1988 
fo r review).

In  introduced populations and in  n a tu ra l populations, P. îentusculus surviva l 
du ring  the two years between independence from  the female to m a tu rity  is  between 10 
to 25% (Shim izu &  Goldman, 1983: Fûrst, 1977 cited by FJâlling & F û is t, 1988). The 
effects o f predation during these two years are uncertain. Momot (1967) showed tha t in a 
popu lation o f crayfish {Orœnectes v irilis  Hagen), firs t year juven ile  m orta lities due to 
b rook tro u t {Salveltnus fon tina lis  M itch ill) predation accounted fo r on ly 3% o f the 
to ta l m o rta lity  during June to  January and 16% during January to May. T rou t over 229 
m m  to ta l length took on ly firs t year juven iles. Extrapolations o f the resu lts o f enclosed 
predation experim ents to  the w ild  ind ica te th a t predation rates by aeschnld nym phs 
cou ld account fo r up to 75 to  1CKB6 o f juven ile  crayfish (O. vbHis) m o rta lity  in  the firs t 
weeks o f independence (Dye fit Jones. 1975). W itzig et al. (1986) Ind icated th a t 
d ra go n fly  nym phs [Aruax Junius) m ay no t be of the rig h t size a t the rig h t tim e to 
coincide w ith  the hatch o f Procambams c la rk ii (G irard), ju ven ile s  in  extensive ly 
m anaged populations. Gydemo et a l. (1990) showed th a t dragonfly larvae (Aeschna  
grand is ) preda tion on new ly hatched crayfish  (Astacus astacus  L.) was severe, 
independent o f the hatching tim e.

Despite the apparently high p roportion  o f ju ven ile  crayfish lo s t as a re su lt o f 
predation by fish  and dragonfly nym phs, it  was concluded by M om ot &  Gowing (1977) 
th a t these predators "eat crayfish th a t w ould die anyway", and th a t a t norm al densities, 
these predators do not con tro l crayfish  popu lation size or p ro du ctiv ity . In  pond 
experim ents, s ix ty  days a fte r hatching, the abundance o f young-of-the-year (YOY) P. 
le n iuscu lus  d id  no t d iffe r between ponds w ith  and w ith o u t perch (Appelberg fit 
Odelstrôm , 1988), despite perch being known predators of juven ile  crayfish (Jacobsen, 
1977: Dehli. 1981).

Mom ot et al. (1978) state th a t fo r a predator to have a negative effect on crayfish 
popu lation size, predation w ill be concentrated on the larger size classes and especialty 
on fem ales con tribu ting  to  the brood stock. Predation by perch was suggested as an 
im p o rtan t facto r preventing the noble crayfish , A. astacus popu lation recovering in



Swedish la ites th a t had been lim ed to neutralise the effects o f ac id ifica tion  (Appelberg, 
1987; 1990). The abundance o f juven ile  crayfish was lim ited  in  these lalces, b u t it  was 
n o t Im own w hether poor YOY densities were a resu lt o f predatory m o rta lity  o r o f 
negative effects on YOY a c tiv ity  and growth. Perch and roach [Rutilus n itilu s  L.) have 
been shown to reduce YOY A. astacus surviva l in  pond experim ents (Svensson, 1992). 
Also, predation by largem outh bass (Micropterus salmoides Lacépède) has been shown 
to  lim it crayfish  popu lations in  N. Am erica, although the a va ila b ility  o f cover and 
vegetation were also im portant (Taub, 1972; R ickett, 1974; Saild &  Tash, 1979).

Mean crayfish size may be regulated through predation by trou t, pilce, perch and 
eel in  the C lare R iver system  in  Counties Galway and Mayo (McFadden &  Fairley, 
1984a). O tte r sp ra in ts  from  d iffe ren t pa rts o f the system corresponding to  areas 
dom inated by tro u t, pike and perch, and eel populations contained the rem ains o f 
crayfish o f d iffe rent mean size, suggesting th a t otters were preying on d iffe rent sizes o f 
crayfish  in  the d iffe rent areas. I t  was assumed tha t the mean size o f crayfish in  the 
sp ra in ts  was an in d ica tio n  o f the mean size o f crayfish available to  o tte rs in  the 
d iffe re n t ha b ita ts . The exp lanation p u t forw ard is  th a t fis h  exert size selective 
predation on adu lt crayfish populations giving rise to increased mean crayfish size in  
ce rta in  areas. The mean size of consumed crayfish in  the spra in ts rose from  the tro u t 
stream  h a b ita t to  the p ike /pe rch  hab ita ts to the p rinc ip a lly  eel hab ita t. Th is w ould 
indica te tha t, w h ils t pike and perch m ay talce sm all adu lt crayfish, eels are able to talte 
la rge r sizes. The p roportion  o f sp ra in ts  conta in ing crayfish fe ll s ig n ifica n tly  where 
eels were abundant in d ica ting  th a t crayfish populations were reduced, possib ly as a 
re su lt o f eel predation, although th is  site was at the m outh o f the rive r system  where 
environm ental conditions m ight conceivably produce s im ila r results.

1.2 PREDATION ON CRAYFBH BY EELS

O f the predatory fish  species id en tified  as im portan t predators o f crayfish  
populations, eels are suggested to be the m ost destructive (Svardson, 1972; Fûrst, 1977; 
Svârdson et a l., 1991). The evidence fo r th is  has been largely c ircum stan tia l. That o f 
Mcfadden &  Fairley (1984a &  b) has already been discussed.

F u rth e r evidence comes from  Sweden where Svardson (1972) analysed la lte  
surveys and fisherm en's records fo r 1,671 lalces w ith  regard to popu lation trends in  
eels, the native crayfish A. astacus and the introduced signal crayfish P. leniusculus. 
He found th a t there was an h isto rica l a llopatiy fo r eels and A. astacus. Eels were found 
in  the western and crayfish in  the eastern parts o f southern Sweden. Both crayfish and 
eels in h a b it s im ila r lalce types, and when such lalces were analysed fo r sym patiy, th is  
was found to be less frequent than w ould occur by chance. H igh yields o f e ithe r eel or 
crayfish  could only be obtained in  cases o f a llopatiy, whereas moderate yie lds o f both 
could be achieved in  cases o f sym patiy.



I t  was also suggested th a t eels were the m ost Im portant biological lim itin g  factor 
o f P. leniusculus population grow th in  44 unsuccessful stoclcing attem pts in  Swedish 
lalces (Fûrst, 1977). Data from  a study where 1000juven ile crayfish were released in to  a

4000 m2 pond contain ing dense aquatic vegetation and abundant predators, in c lud ing  
perch and eel, suggests th a t o ther factors m ay m itigate the im pact o f preda tion on 
crayfish populations. The pond was drained after one year and 33% o f the crayfish were 
recovered, a lthough surviva l was probably higher (B rink, 1977). This surviva l rate is  
com parable to  others where predation is  no t though t to  be a s ig n ifica n t problem  
(Hogger, 1986). Also, there is evidence th a t crayfish population size increased in  an 
area o f Lalce H jalm aren where the eel population also increased (Svardson et a l., 1991).

Predation by eels on crayfish has been demonstrated in  several studies. Facey & 
LaBar (1981) found crayfish [Orconectes spp) in  26% o f Am erican eel [Anguilla rostrata 
LeSueur) stom achs analysed, compared to 26% fo r fish  and 43% fo r insects. Insects 
were more im portan t in  term s of volum e in  sm aller eels and fish  were more im portan t 
in  larger eels. C rayfish were eaten in  equal num bers by a ll sizes o f eel. No in fo rm ation  
is  given on the size classes o f crayfish tha t were eaten, however, there was a s ign ificant 
re la tio n s h ip  between the  size o f the p redom inant food and eel size. C rayfish  
[Austropotamobius pallipes  Lereboullet) were also found in  26% o f eel stom achs in  a 
s tud y on E ng lish rive rs  (H artley, 1948). In  general, however, the im portance o f 
predatory m o rta lity  due to  eels compared to other causes o f m o rta lity  has no t been 
stud ied experim entally.

1.3 EEL FORAGING BEHAVIOUR

I f  eels are o f m ajor im portance as crayfish predators, certa in  questions arise 
concern ing the na ture  o f th is  predation. Why are crayfish more vulnerable to eel 
predation? A t w hat p o in t in  the life  cycle o f crayfish do eels exert th e ir m ajor 
predatory effect ? Is it  directed at the recru itm ent o f juveniles in to  the brood stock o r a t 
the brood stock itself? As m entioned above (Section 1.0), if  eels are the m ost destructive 
predators o f crayfish populations, then testable predictions can be made about the 
possible advantages th a t eels have over o ther predators. These p red ictions are 
expanded below.

(1) Size.
I f  eels grow to  sizes th a t a llow  them  to feed on crayfish o f greater sizes than  

other predators such as perch, they w ould be able to prey on a greater proportion o f the 
brood stock. The relative ja w  m orphologies and body sizes o f the predators w ould then 
be o f m ajor im portance. Perch are restricted in  the size of crayfish they m ay eat. There 
is a corre lation between size o f predator and of prey, b u t usua lly perch feed on crayfish 
less than 70 mm in  length, often only talcing 70 mm  crayfish during th e ir m ou lt when



the carapace is  soft (Dehli, 1981), Pike are probably restricted less, as they can talce 
prey fish  of up to h a lf o f th e ir own body weight (M oriarty, 1978), and can grow to sizes 
in  excess of 50 cm long, plus pike have broad jaws w ith  a large gape (Wheeler, 1978).

Eels typ ica lly  have two phenotypes w ith  respect to ja w  m orphology (Deedler, 
1970; Tesch, 1977). T h in and broad headed eels from  the same hab ita t have been shown 
to  have d iffe ren t diets, the form er p rin c ip a lly  feeding on sm all invertebrates and the 
la tte r on fish . Th is was shown in  cases where broad headed eels were of greater length 
than th in  headed (Tesch. 1977) and when body lengths were the same fo r the two types 
(Lammens &  V isser, 1989). The la tte r study also Indicated th a t the m outh w id th  o f 
in d iv id u a l eels could change in  re la tion  to the types of prey available. When sm all prey 
item s became scarce there was an increase in  average ja w  w id th  o f eels and a 
corresponding increase in  the num ber o f fish  eaten. The change in  ja w  size was thought 
to occur in  ind iv idu a l eels, between seasons, as food ava ilab ility  changed. It therefore 
seems, th a t larger eels (w ith lengths o f 40 cm upwards), w hich are more often broad 
headed, are better adapted to feeding on larger prey item s for a given body length of eel.

(2) No gape lim ita tio n s  when foraging.
Eels can feed on prey larger than can be swallowed whole. This may allow eels to 

prey on a greater proportion o f a crayfish population. Facey &  LaBar (1981) found tha t 
when a ll eel size classes were considered, the re lative sizes of prey and predator were 
related. Beum er (1979) did not fin d  th is  to be so, ind ica ting th a t eels have the a b ility  to 
feed on prey item s w ith  sizes unrelated to gape. Three m ethods of feeding in  an gu illid  
eels were iden tified  by Helfm an and C lark (1986) w h ich allow  predation on a greater 
d ive rs ity  o f food item s. These were (a) Ine rtia l sucking, (b) brealdng soft-bodied item s by 
p u llin g  and shaking, and (c) dism em bering firm  m ateria l by grasping and spinn ing. 
Eels have been observed to a ttack and shalce crayfish, causing chelae to be lo s t before 
ingestion (Behrendt, 1987) and ro ta tio na l feeding was observed in  a 25 to 30 cm eel 
when feeding on a recently m oulted dead crayfish of over 10 cm to ta l length (pers. obs.). 
This has also been reported in  eels feeding on m itten  crabs [Eriocheir sinensis M ilne- 
Edwards) on the R iver Elbe. Crab legs w ith  g ill lam ellae attached were found in  eel 
stom achs, ind ica ting  attacks w ith  ro ta tiona l feeding. O nly eels greater than 40 cm in  
length appeared to prey on these crabs (Ladiges, 1936 cited by Tesch, 1977).

(3) A  preference for crayfish over other prey types.
Eels are extrem ely varied in  th e ir choice o f diets (Deedler, 1970; Sinha &  Jones, 

1975). There appears to  be an im portan t change from  feeding on sm all invertebrates to 
larger prey item s such as fish , m olluscs and Crustacea when eels reach approxim ately 
40 cm in  length (Tesch, 1977). The d ie t o f sm aller eels varies between diffe rent habita ts 
(S inha &  Jones, 1975; Tesch, 1977; M oriarty, 1978). This m ay be a resu lt o f prey 
abundance. Eel d iets often change depending on prey a va ila b ility  and com petition 
between other fish predators (Lammens et al., 1985), although there is  also a suggestion 
o f some se lectivity (Tesch, 1977). The choice o f larger prey item s available to eels w ill be



lim ited  in  m ost habita ts. Data on the d ie t o f South A frican eels showed th a t 10 to  20 cm 
long in d iv idu a ls  ate no th ing b u t insect larvae (Jubb, 1961 cited by Tesch, 1977), Eels 
over 20 cm  included fish  and Crustacea in  th e ir diet, especially freshw ater crabs (Genus 
Potamon). The p roportion  of these increased in  the d ie t o f 50 to 60 cm eels w ith  the 
crabs com prising the largest proportion  o f the d ie t o f 60 to 70 cm eels. T h is indicates 
th a t crayfish  m ay become a preferred prey item  in  larger eels, although, eel d iets are 
often dicta ted by prey ava ilab ility . Eels o f a ll sizes have been Imown to  feed extensively 
on dense patches of Cladocera (Schiemenz, 1910 cited by Deedler, 1970; Tesch, 1977).

(4) The a b ility  to detect prey using chemoreceptlon.
Eels forage p rin c ip a lly  by chem oreceptlon (Deedler, 1970), b u t m ay also use 

vision, although the v isua l system in  yellow  eels is  not w ell adapted fo r d iu rn a l vis ion  
(Tesch, 1977 fo r review). Chem oreceptlon would be advantageous in  detecting hidden 
prey. C rayfish have been shown to reduce activ ity  levels when in  the presence of v isua l 
fish  predators (S tein, 1977; S tein &  M agnuson, 1976; H am rin, 1987; Appelberg & 
O delstrôm , 1988). Therefore, the a b ility  to  fin d  hidden crayfish m ay increase the 
im pact o f eels on crayfish populations. Predatory fish  talce larger crayfish when the 
la tte r are post-m oult (Stein, 1977; D ehli, 1981). Chemoreceptlon may enable predators 
to  detect m ou ltin g  o r post-m oult crayfish  m ore easily, again th is  m ay be o f great 
significance in  term s o f the num ber and size o f crayfish available to eels.

(5) The a b ility  to burrow  in to  certa in  substra ta to find  crayfish.
T h is is  related to chem oreceptive foraging. Foraging eels nose around stones 

often tu rn in g  them  over when searching fo r prey. It is  also postula ted by M oria rty  
(1978) th a t eels th rive  because they are able to catch food organism s th a t other more 
active "round" fish  cannot find .

(6) The effect o f foraging behaviour.
I f  the s tim u li causing evasive behaviour in  crayfish are related to the size and 

speed o f the approaching predator, as shown fo r fish  (D ill, 1974a; Webb, 1982), then 
crayfish  m ay react less v io len tly  to  approaching eels by com parison to perch, as eels 
are sm alle r in  cross-section. A lso the approach and s trike  behaviours o f the two 
predators may d iffe r. Eels in  the Severn estuary between 19 and 60 cm long were found 
to feed p rin c ip a lly  on the decapod Crangon vulgaris  (Fabricius) and the m ysid 
Neomysis integer (Leach) during  spring and summer, whereas flounders (Platichthys 
flesus  L.) did not. The in a b ility  o f flounders to feed on C. vulgaris was due to  a dash 
cha racteristic in  th e ir a ttack invoking a qu ick evasive reaction. O bservations on eels 
showed th a t th e ir approach was usu a lly  slow and th a t th is  ra re ly  caused an escape 
response, so fa c ilita tin g  capture (Moore &  Moore, 1976a &  b). Eels also tend to  be 
noctu rna l. I f  crayfish  evasive behaviour is  less effic ient w ith o u t v isu a l s tim u li, then 
eels m ay capture prey more easily than perch, which are crepuscular.



1 .4  FORAGING BEHAVIOUR IN RESPONSE TO VISUAL AND CHEMICAL STIMULI

A fundam ental factor determ ining the relative ris k  o f crayfish to perch and eel 
p re d a tio n , is  how the c rite ria  fo r prey selection d iffe r between v is u a l and 
chem oreceptive foragers. G enerally, rates of predation are dependent upon the 
v u ln e ra b ility  o f the prey. Prey density, size and predator hunger a ll re s u lt in  an 
increase in  feeding rate o f rainbow  tro u t Onchorhynchus m ykiss  W albaum  (Ware, 
1972). In  th is  study, it  was concluded th a t the diets o f v isua lly  foraging fish  were more 
closely related to the physical and behavioural properties o f prey than to prey densities 
o r biom ass. V isual foraging is  in fluenced by the com plexity o f the substra tum  (Ware, 
loc. c it.). O ther physical properties such as water tem perature and tu rb id ity  have also 
been shown to  a lte r predator se lectiv ity (Moore &  Moore, 1976b; Growl, 1989). Ware 
(1973) concluded tha t in  benthic food chains, the m ain determ inants o f the ris k  o f prey 
to  predation by a visual predator were prey activity, exposure, density and size.

B rew er &  W arbu rton  (1992) found th a t the m ain c rite ria  lim itin g  the 
a va ila b ility  o f benth ic prey to a chemoreceptive forager, the golden lined  w h itin g  
[S illago analis  W hiteley), in  a com plex hab ita t, were prey accessib ility , m ob ility , 
m orphologr and energy content. Prey size did not influence predator selectivity.

Invertebrate predators d iffe r in  th e ir a b ility  to prey upon invertebrate prey 
species (Jeffries, 1988). A  s im ila r effect has also been shown between fish  w h ich feed 
v isu a lly  and fish  w h ich use chem oreceptlon (Moore &  Moore, 1976a &  b). Eels and 
flounder differed in  th e ir ab ilitie s  to  catch C. vulgaris. Th is was due to differences in  
the foraging behaviour o f the two predators and the m ob ility  o f the prey. T h is study 
also concluded th a t eels w ould feed pre ferentia lly on benthos ra the r than  fish  when 
h igh  concentrations o f benthos were available, due to the re la tive im m o b ility  o f the 
benthic prey.

Chem ical s tim u li are not specific to  ind iv idua l invertebrate prey species. As a 
resu lt, bullheads Ictalurus nebulosus and I. natalis (LeSueur) in  Lalce O ntario , w hich 
fed using chem oreception, were m a in ly  generalist and oppertun istic foragers (Keast, 
1985). C erta in  m orpholog ica l features were also found to  d iffe r between these 
bullheads and centrarchids from  the same lake. Bullheads had sm aller eyes and larger 
m ouths relative to th e ir body size, w ith  the exception o f the m outh to body size ra tio  o f 
largem outh bass (M. salmoides]. Sm aller eyes lim ited visual acuity, b u t larger m ouths 
gave bullheads an increased surface area w ith  which to detect and acquire prey due to 
gusta tory sensation. This also fac ilita ted  the capture of larger prey item s. Th is was 
dem onstrated in  older I. natalis w hich selectively fed on fish  and crayfish, a d ie t w hich 
also provided a h igher average ca lo rific  value than diets com prising o ther benthos. 
These m orphological differences also apply to a comparison o f eels and perch. The d ie t 
s h ift o f o lder I. natalis resembles th a t o f o lder/larger eels (Tesch, 1977).
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1.5 DEFENCE AGAINST PREDATION BY CRAYFISH

"Behavioural responses of a prey should be a specific, d irect fun ction  o f th e ir 
vu ln e ra b ility  to  a p a rticu la r predator. And the sensory m echanism s fo r assessing the 
degree o f po tentia l danger should be w ell developed fo r prey w hich exh ib it complex, 
reactive anti-predator patterns of behaviour" (Stein 1979).

Defence against p reda tion  can be viewed in  term s o f prey in te rru p tin g  a 
sequence o f s ix  stages of predator behaviour associated w ith  increasing predation risk : 
encounter, detection, iden tifica tion , approach, subjugation, and consum ption (Endler, 
1991). I f  th is  behavioural sequence is  in terrupted early, then the ris k  of death to  the 
prey and the energetic costs o f the defence employed by the prey are reduced. C rayfish 
possess tra its  to counter predation a t these various stages.

Encounter - crayfish behave so as to appear rare to predators. In  response to  
d iu rn a l fis h  predators, c rayfish  show m ic ro d is trib u tio n a l h a b ita t s h ifts  and an 
increase in  nocturna l a c tiv ity  (Stein &  Magnuson, 1976: H am rin, 1987; Appelberg &  
O delstrôm , 1988). These responses lim it crayfish exposure to v isua lly  foraging fish  b u t 
m ay re s u lt in  resource enhancem ent fo r fish  th a t forage noctum a lly . C rayfish also 
detect and react to the scent o f predators and of disturbed prey (Hazlett, 1985; 1990; 
Appelberg, pers. comm.). Th is should enable crayfish to detect predators over greater 
distances than they can be detected by visual predators.

D etection - crayfish  have cryp tic  co louration w hich m atches the p reva iling  
sub s tra tum  (Kôksal, 1988). Young P. cla rk ii can ra p id ly  approxim ate to  th e ir 
bacltground through physiological colour changes (Beingesser &  Copp, 1985). O lder P. 
clarlcii undergo slower and more perm anent colour changes.

Approach - a fte r o rien ta ting  towards an approaching predator, crayfish  m ay 
react by rap id  escape sw im m ing towards cover or m ay engage in  a defensive chelae 
d isp lay (m eral spread), where the body is  orientated tow ards the predator w ith  the 
an te rio r o f the carapace raised and the chelae spread above the carapace. The display 
position and the tendancy to  d isplay d iffe r between species (Hayes, 1977; Reeve, pers. 
com m .). The co lou ra tion  o f the underside o f the chelae of signal c rayfish  (P. 
leniusculus ) is  b righ t red, w h ich is  h igh ly visible in  freshw ater and therefore s ta rtlin g  
to predators. The m eral spread is easily induced in  th is  species un like  A. pallipes, in  
which the underside of the chelae are less brigh t (Reeve, pers. comm.).

The tendancy to flee, and the mode of (ligh t change w ith  crayfish body size and 
the stage o f development. Stein (1977) found tha t young O. propinquus swam fu rth e r in  
escape and term inated escape sw im m ing by h iding more often than did adults. A du lts 
term inated escape more often by in itia tin g  a defensive display. The tendancy to flee 
ra the r than display changes w ith  age. Early in  the post-em bryonic phase, crayfish
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evasive behaviour Is In flexib le, b u t a t a size of 3 to 4 cm the behaviour becomes more 
p las tic  (Toler &  Fricke, 1985). Lang et al. (1977) showed th a t d iffe re n tia l grow th o f 
neurones to  the chelae and abdomen caused lobsters to display more and escape less 
w ith  age.

S ub ju ga tio n  - c ra y fish  possess m orpho log ica l tra its  to  p reven t be ing 
successfully handled and consum ed by predators. They possess a hard exoskeleton 
con ta in ing  spiked protruberances on the carapace and lim b segments, p a rticu la rly  the 
chelae. The lim bs are also autotom ous (Holdich &  Reeve, 1988; H irvonen, 1992). 
A lthough chelae are functiona l in  predator defence, Stein (1976) suggested tha t large 
chelae were m ore lik e ly  to have evolved in  response to the pressures o f agonistic 
in te ractions and m ating in  O. propinquus, than in  response to predation pressure.

In  the fo llow ing w ork, defensive behaviour was categorised in to  avoidance and 
evasive behaviour (Weihs &  Webb, 1984). Avoidance behaviour is the movement o f the 
prey in  order to reduce the like lihood  o f detection and a ttack by a predator. Evasive 
behaviour is  the movement o f the prey in  response to an attacldng predator. Avoidance 
responses are generally flexib le  b u t evasive behaviour is lilcely to  be more specialised 
and fixed (S ill, 1987; Endler, 1991). C rayfish avoidance behaviour has been described 
above. The fo llow ing section describes evasive behaviour in  more detail.

1.6 T'HE EVASIVE RESPONSE OF CRAYFISH

Evasive behaviour consists o f two d is tin c t reactions. F irs tly , the s ta rtle  
response and secondly, the escape response (Bennet, 1984). The sta rtle  response is  
h igh ly  stereotyped, b u t both th is  and the escape response may vary, depending on the 
strength and abruptness of the detected stim ulus. These responses can also be m odified 
by ha b itua tion , sensitisa tion and prey m otivation (Wine & Krasne, 1972; D ill, 1974b; 
ICrasne &  W ine, 1984). S tein (1977) showed th a t crayfish evasive behaviour changed 
w ith  c ra y fish  age, size, and stage o f developm ent. These factors affected the 
v u ln e ra b ility  o f crayfish to  predation.

The s ta rtle  response m ay no t necessarily lead to escape. Instead it  m ay be 
fo llow ed by o the r defensive behaviours such as fin  ra is in g  in  percids o r head 
w ithd raw a l in  angu illid s  (Eaton &  Racket, 1984). Depending on the severity o f the 
s tim u li and the degree o f danger, sta rtled  crayfish m ay respond by w alldng baclrwards 
away from  the th rea t, by ra is ing  th e ir chelae in  a defensive posture, o r by escape 
sw im m ing powered by repeated ta il-flip s  (Stein, 1977; Beall et a l„ 1990).

C rayfish s ta rtle  responses are m ediated by two g ian t axons, the m edial g ian t 
ajcon (MG fibre) and the la te ra l g ian t axon (LG fibre), (Wine &  Krasne, 1972; Krasne & 
W ine, 1984). The escape response is  mediated by non-giant axons. The g ian t fibres are
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fired  in  response to ab rup t v isua l o r m echanical s tim u li, and have a reaction latency of 
3-7 ms. Escape movements occur a fte r 10 ms. This allows little  tim e fo r the evaluation 
o f the nature o r location o f the th rea t, m aldng th is  reaction h igh ly stereotyped (Krasne 
&  W ine, loc. c it.). S tim u la tio n  o f MG fib res drives crayfish away from  an an te rio r 
threa t. LG fibres move the abdomen up and away from  a posterior threat. These fibres 
do no t a llow  orientated locom otion, and subsequent escape is  driven by non-g ian t 
fib res, w h ich are triggered by the g ian t fibres and the threaten ing s tim u li (Bennet, 
1984). N on-giant fib re  ta il-flip s  are less stereotyped and can be directed to areas of 
safety (Krasne &Wine, 1984). These responses occur 50 to 500 ms after the in itia l startle  
s tim u lu s  (Krasne &  W ine, loc. c it.), and probably in itia te  a fte r the flexion  of the ta il 
du ring  the g ian t fib re  m ediated sta rtle  response (Davey &  M acm illan, 1991).

1.7 GENERAL STATISTICAL METHODS

In  the fo llow ing w ork (Chapters 2 to 6), the m a jo rity o f the s ta tis tica l analyses 
are nonparam etric. Due to the sm all sample sizes, the m ajority o f the data d id no t meet 
the c rite ria  ju s tify in g  the use o f param etric tests. The Student's T -test and One-way 
and Two-way ANOVAS were used to  test fo r differences in  the size and w eight 
d is trib u tio n s  o f two, o r m ore than two crayfish samples respectively. These data 
fu lfille d  the c rite ria  allow ing param etric analysis (Siegel &  Castellan, 1988).

The follow ing tests were used when data were ord ina l or in te rva l and could not 
be tested using param etric m ethods. M ann-W hitney and K ruslta l-W allis tests were 
used to  tes t fo r differences between two o r more than two independent sam ples 
respectively. The W ilcoxon and Friedm an tests were used to test fo r differences between 
tw o o r m ore than  tw o dependent sam ples respectively. The Spearman rank-o rde r 
co rre la tio n  coe ffic ien t was used to  tes t fo r associations between two independent 
samples. F isher exact and Chi-square tests were used to test between two independent 
groups when the data was measured using discrete categories (frequencies: Siegel & 
Castellan, loc. c it.). Equivalent tests drawn from  Meddis (1984) were also employed. In  
add ition  to these, 2 x 2  facto ria l analyses were used to test the sim ultaneous effects o f 
two independent variab les and th e ir m u tua lly  in teractive effect upon a dependent 
variable (Meddis, loc. c it.). Nonspecific (two-tailed) alternative hypotheses were used in  
a ll the tests.
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CHAPTER 2

2 .0  EI2. AND PERCH PREDATION ON JUVENllE P. lENlDSCDLOS.

2.1 SUMMARY

^ p e rim e n ts  were conducted to  compare the im pact o f eel (A. angiÆcù and 
perch (P. JUwiatOis) on ju ven ile  signal crayfish (P. leniusculus) m o rta lity  in  hab ita ts  o f 
d iffe ring  com plodty. The effect o f a lte rna tive prey on ju ven ile  crayfish  m o rta lify  due 
to  eel predation was also investigated.

Juvenile  crayfish a c tiv ity  decreased in  response to  she lte r ava ila b ility  and fish  
predators. J u v e n ile  were m ost active a t n igh t. A ctively feeding perch and eels caused 
s im ila r behaviou ra l changes in  ju v e n ile  c rayfish . I t  is  suggested th a t s tim u li 
cha racteristic o f foraging a c tiv ify  affected th is , as crayfish behaviour d id  no t change 
in  réponse  to  eels tha t d id no t feed.

I t  was hypothœ ised th a t crayfish w ould be more vulnerable to  eel than  to  perch 
predation as a rœ u lt o f the a b ility  o f eels to  use scent to detect prey, and th e ir a b ility  to  
bu rrow  fo r h idden prey. Th is was no t the case. Perch and eels increased ju ven ile  
crayfish  m o rta lity  to  a s im ila r extent over a two week period, although perch reduced 
Juvenile crayfish  num bers m ore rap id ly . Perch preda tion was least successful on 
substra ta  w h ich provided the m ost shelter. Eels d id  no t feed on Caxnmarus (spp) in  
preference to  juven ile  crayfW r

The im pact o f eel and perch preda tion on the su rv iva l o f ju ven ile  crayfish  is  
discussed. I t  is  suggested th a t perch m ay have a stronger im pact than  eels on the 
m o rta lity  o f new ly independent juven ile  crayfish.
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2 .2  GENERAL INTRODUCTION

B oth eel and perch prey on crayfish (Svârdson. 1972: D ehli, 1981), b u t th e ir 
forag ing strategies are m arkedly d iffe rent. Eels usually forage using chem oreceptlon 
and are p rim a rily  noctu rna l (Deedler, 1970). Perch are visual foragers and are mainly 
crepuscu lar (D isler &  Sm irnov, 1977: H am rin, 1987). Fish predators have been shown 
to  m odify the activ ity  and substra ta selection o f crayfish prey (Stein &  M agnuson. 1976: 
S tein. 1977). Perch have been shown to reduce A. astacus and P. lenîiL^nâus a c tiv ity  
(H am rin. loc. c it.: ^ p e lb e rg  &  Odelstrôm . 1988). Defensive behaviour is stim ula ted by 
d is tin c t predatory cues w h ich m ay be exhib ited to d iffe ring  degrees in  the foraging 
behaviour o f d iffe rent predators (Webb, 1982). Perch and eels m ay produce d iffe ren t 
defensive behaviour in crayfish prey, and as a resu lt, may be more o r less successful 
a t capturing crayfish.

Predators d iffe r in  th e ir a b ility  to catch certa in  species o f prey (Moore &  Moore. 
1974a &  b: Jeffries, 1988). In  the form er stud ies, eels were m ore successful tha n  
flounder a t cap tu ring  C. vulgaris because o f th e ir slower approach speed. Juven ile  
cray fish  su rv iva l im proves in  h a b ita ts  w ith  good she lter a va ila b ility , even in  the 
absence o f predators (Mason, 1979). More com plex hab ita ts reduce preda tion by 
ra inbow  tro u t (O. mykiss) on invertebrate prey (Ware, 1973) and also reduce predation 
by sm a llm ou th  bass (Micropterus dolomieui Lacépède) on ju v e n ile  c ra y fish , 
Orconectes propinquus G irard (Stein &  Magnuson, 1976). In  a s itua tion  where she lter 
is  read ily  available to crayfish prey, predators w ith  d iffe ring predation strategies m ay 
be more o r less e ffic ie n t a t cap tu ring  crayfish . As shelter becomes m ore com plex, 
differences in  predatory success m ay become more apparent. This was dem onstrated by 
D iehl (1988). Increased vegetation cover reduced the predatory success o f perch feeding 
on chlronom id larvae bu t reduced the success o f roach and bream to a greater extent.

P redatory fish  such as sm allm outh bass, reduce crayfish  a c tiv ity  (S tein &  
M agnuson, 1976: H am rin, 1987: Appelberg &  Odelstrôm, 1988). C rayfish spend more 
tim e hidden under shelter. I f  eels cause a s im ila r reaction in  crayfish, then the a b ility  
o f eels to  forage using chem oreception m ay be advantageous in  cap tu ring  crayfish  
hidden under shelter. Such crayfish would be largely inaccessible to v isu a lly  foraging 
perch. The fo llow ing experiments investigated the im pact o f eel predation on ju ven ile  
(0+) crayfish  in  com parison to perch predation. Tests were made on the effect o f 
su b s tra tu m  com plexity on ju v e n ile  crayfish  a c tiv ity  and m o rta lity  due to  bo th  
predators (Experim ent 2.4, 2.5 &  2.6). It was hypothesised tha t the a b ility  o f eels to react 
to  scent w ould allow  them  to feed on a greater num ber of juvenile crayfish than perch 
could.

The relative vu ln e ra b ility  o f prey species is  often a factor governing apparent 
p reda to r preferences (Peckarsky, 1984). In  the presence o f an alternative more
vulnerable prey, predation on a less vulnerable prey can be reduced (Jeffries, 1988). Eels
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showed no preference fo r Asellus  (spp) or ju ven ile  P. leniusculus when they were 
presented together, although eel feeding behaviour was lim ited  (Hart et al. unpublished). 
B eh av iou ra l observations suggested th a t A se llu s  were less responsive to  an 
approaching eel and were, therefore, more vulnerable to eel predation. Populations of 
Gammarus (spp) and juven ile  P. leniusculus co-exist in  the litto ra l m arg ins o f ponds 
w h ich are extensively managed by S im ontorp Aquaculture A.B. Thus Gammarus are a 
po ten tia l a lte rnative prey to P. leniusculus juven iles fo r predatory fish  in  these ponds. 
The effect o f Gammarus on ju ven ile  P. leniusculus m orta lity  due to eel predation was 
investigated in  Experim ent 2.4 below.
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2 .3  GENERAL MATERIALS AND METHODS

E xperim ental anim als
Perch and eels were caught In  nets by fisherm an from  VombsjOn and 

SOvdesjôn, two lakes in  Skâne, southern Sweden (Fig 1.1), and were stored, p rio r to  the

experim ents, in  tanks a t tem peratures o f between 11 and 12 °C. In  Experim ent 2.5, fish  
were placed in  the experim ental tanks w ith ou t food, one week p rio r to the in troduction  
o f crayfish . Fish used in  Experim ents 2.4 and 2.6 were kept in  the hold ing tanks fo r 7 to  
10 days, before being placed in  the experim ental tanks at the s ta rt o f the experiments. 
F ish  used in  E xperim ent 2 .6  were fish  recovered from  E xperim ent 2.4 w h ich had 
active ly  fed on ju ve n ile  crayfish . T hroughout the course o f these experim ents, 
problem s were encountered w ith  fungal in fections o f the perch, in  pa rticu la r, b u t also o f 
the eels. F ish were on ly used i f  they appeared healthy on v isua l Inspection. When 
experim ental fish  became infected they were im m ediately replaced from  the hold ing 
fish  stocks. Eels were between 33.6 and 45.1 cm to ta l length (mean 39.3 cm) and perch 
were between 13.3 and 19.2 cm fork lengths (mean 15.9 cm).

Newly independent juven ile  signal crayfish (P. leniusculus) were available from  
an indoor ha tche iy  a t S im ontorp A quacu lture A.B. from  M ay to  J u ly  1990. A  
representative sample o f crayfish used in  E ^e rim e n ts  2.4 and 2.5 measured between
8.0  and 10.7 m m  to ta l length (from  the ta il to the rostrum  tip . m ean=9.7, S.D.mO.6. 
n=18). C rayfish used in  Experim ent 2 .6  were taken from  the survivors o f Experim ent 
2.5. A  representative sample o f crayfish used in  Experim ent 2.6 measured between 11.1 
to  17.2 m m  to ta l length (m ean-13.4, S.D.=1.6, n=48). Gammarus used in  Experim ent
2 .4  were collected from  ponds and a stream  a t S im ontorp A quacu ltu re  A B . A 
representative sample o f these Gammarus were between 7.4 and 12.9 mm  to ta l length 
(ta il to  head, m ean* 10.3, S.D.= 1.3. n=51). Vernier callipers were used fo r a ll length 
measurements.

C rayfish and Gammarus were fed a standard quan tity  o f Artem ia  and algal 
suspension every o ther day during  the experiments. One extra feed o f e ithe r shredded 
po tato o r fish  was given a t the weekends. A ll tanks were situa ted  indoors under 
a rtific ia l ligh tin g . A  12:12 lig h t:d a rk  regime was used w ith  no sim u la tion  of dawn or 
dusk. Lights came on at 07.00 hours and off at 19.00 hours.
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Experiment 3.4: ACTIVITY AND SURVIVAL IN  RESPONSE TO EELS AND PERCH, AND 
THE INFLUENCE OF AN ALTERNATIVE PREY SPECIES

2.4.1 INTRODUCTION

T h is  experim ent was a p re lim ina ry  investigation in to  preda tion  o f ju ve n ile  
crayfish  by eels and perch. The m ain objective was to establish c rite ria  fo r fu rth e r 
experim ents o f th is  type. The fu rth e r specific objectives of th is  experim ent were 1) to 
compare the predatory m o rta lity  o f crayfish due to eel and perch predation, in  the 
sho rt term  (i.e. 14 days), in  a laboratory s itua tion , 2) to determ ine w hether eels affect 
crayfish  a c tiv ity  in  the same way as has been dem onstrated fo r perch, and 3) To 
determ ine w hether the presence o f an alternative prey species alters the Im pact o f eels 
on crayfish m orta lity .

2.4.2 MATERIALS AND METHODS

F our replicates o f fou r treatm ents were ru n  sim ultaneously in  16 tanks. The 
tanks were constructed from  concrete channels lined by b lack p lastic sheets. F our 
lines o f fou r tanlcs were used, each 1.5 x  5 m, filled  to a depth of 30 cm. In  the firs t three 
treatm ents, 400 newly independent crayfish were placed in  each tan k w ith  e ithe r 1) no 
predator, 2) one perch o r 3) one eel. In  the fou rth  treatm ent 200 crayfish  and 200

Gammarus were placed in  each tan k  w ith  one eel. This approxim ated to 53 p rey/m ^ of 
ta n k  floo r. Prey were placed in  the tanks eight days before the predators were 
in troducted. Tanks had separate Inflows and outflows and contained one cen tra lly

placed fish  shelter made from  a length o f p lastic drainpipe (Fig. 2.1). Two 0.25-m 2 
quadrats and two a rtific ia l crayfish  shelters were placed a t 0.5 m and a t 1.5 m 
respectively, e ither side o f the fish  shelters. Q uadrats were formed from  p lastic frames 
1 cm w ide, la id  on the tan k  floo r. C rayfish shelters were constructed using 50 
corrugated p lastic  cylinders (5 cm diam eter by 3 cm long) contained in  a 50 x  25 cm 
p lastic  mesh sack (mesh size 6 x 4  mm). A ll food was added to the tanks over the 
quadrats. Tanks were supplied from  the same ground w ater source. The w ater was 
m a in ly  rec ircu la te d  w ith  a sm a ll add itiona l in flow . The w ater tem perature was 
m ainta ined by con tro lling  the a ir tem perature in  the experim ental ha ll, and varied

between 13.1 to 13.9 °C.

C rayfish activ ity  was measured In  two ways: 1) the num ber of exposed crayfish

were counted at 09.30 and 21.30 hours, in  a 4.5 area o f tank floo r between the 
crayfish hides (excluding the quadrats), 2) the num ber of crayfish tha t were in  or on 
the a rtific ia l hides at 09.00 and 21.00 h were counted . A ll measurements were made at
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Figure 2.1. Tank design used in Experiment 2.4.
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in te rva ls  th roughout the e ight days p rio r to  the addition o f the fish  and the subsequent 
14 days o f the experiment.

A t the end o f the 14 days, du ring  w hteh crayfish were exposed to  predatory flah 
(except in  contro ls), fish  were removed and the crayfish rem aining in  each ta n k  were 
counted. Throughout the 14 days o f the experim ent, observations were made on the 
a c tiv ity  o f each fish , p rio r to  each count o f crayfish activ ity . F ish faeces were collected 
and analysed fo r rem ains o f crayfish and Gammarus.

2.4.3 RESULTS

In  the la s t week o f the experim ent, one con tro l ta n k  began to  leak. I t  was not 
possible to  repa ir th is  ta n k  and it  is  assumed th a t crayfish escaped and th a t th is  was 
the cause o f the apparently poor 'su rv iva l' crayfish from  th is  ta n k  CTable 2.1). As a 
re s u lt o f th is , the data from  th is  ta n k  were no t included in  the fo llow ing analyses, 
despite the fac t th a t p rio r to  the leak there appeared to  be no difference in  crayfish 
behaviour between th is  and the o ther con tro l tanks.

Table 2.1. Numbers (and percentages) of crayfish and Gammarus surviving in each 
treatment replicate in Experiment 2.4._________________________________________

Predator treatment Number of treatment replicates

1 2 3 4

Control (no predator) t18 (4.5) 226 (56.5) 125 (31.2) 238 (59.5)

Perch 23 (5.7) 25 (6.2) 44 (11.0) 16 (4.0)

Eel 11 (2.7) 230 (57.5) 32 (8.0) 151 (37.7)

Eel (with alternative prey)

Crayfish surviving 74 (37.0) 10 (5.0) 134 (67.0) 6 (3.0)

Gammarus surviving 6 (3.0) 0 (0.0) 114 (57.0) 2 (1.0)

Total prey surviving 80 (20.0) 10 (2.5) 244 (61.0) a (2.0)

t  tank leaked and was excluded from the analyses.

A t the end o f the experim ent, it  was also evident th a t some o f the eels had no t fed to  
a great extent and one had no t fed a t a ll. Th is was indicated by the num bers o f surviving 
Juveniles in  these tanks and was verified by the faecal anatyses (Table 2.2). As a r ^ u lt ,  
i t  was no t possible to  s ta tis tic a lly  te s t the effects o f eels on crayfish  s u rv ira l and 
behaviour. Instead com parisons have been made from  v isua l inspections o f the data.
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Table 2.2. Cumulative counts of the number of juvenile crayfish estimated to have been 
eaten by perch and eels. Estimates virere made from the remains of crayfish eyestalks 
and chelae found in the fish faeces collected from each tank.

Treatment
(Predator)

Day of experiment on which faeces were collected Total
surviving
prey2 4 6 8 10 12 End

Perch 0 54 96 113 118 121 121 23
0 51 65 85 91 91 91 25
0 37 66 66 75 81 87 44
0 36 82 90 90 90 96 16

Eel 2 23 37 51 86 116 116 11
0 0 0 0 0 0 10 230
0 0 16 28 54 73 101 32
0 0 1 1 10 23 35 151

Eel 0 17 23 23 23 23 23 74
(+ alternative 0 29 55 76 78 81 81 10
prey) 0 0 0 0 0 0 0 134

0 18 41 73 86 90 97 6

Crayfish* S urv iva l
Throughout the experim ent, counts were made o f the num bers o f crayfish and

Gammarus «rposed on 4.5 m2 o f the ta n k  floo r and o f the num bers using the shelters. 
These counts were made over periods o f 24 hours. The data from  these counts were 
summed fo r emzh 24 -hour period to  estim ate prey surviva l du ring  the experim ent (Fig. 
2J2h

Due to  the v a ria b ility  in  eel feeding behaviour, ne ithe r eel predation, no r an 
a lte rna tive  prey were shown to  affect Juvenile crayfish surviva l. W hen eels d id  feed. 
Juvenile crayfish  su rv iva l was s im ila r when crayfish were the sole p rty  and when 
Gammarus were presrait (Table 2.1). Gammarus were rare ly seen in  the open tan k  o r in  
the  she lte rs. The estim ates o f su rv iva l in  the ta n k  where the  eel d id  n o t feed 
underestim ated the actua l surviva l (Fig. 2.2), The estim ates o f su rv iva l in  tanks where 
eels d id  feed were more accurate.

The fo llow ing  analyses concern on ly  the  th ree  trea tm e n ts  w ith o u t 
Gammarus as an a lte rnative prey. In  an overall com parison, crayfish  surv iva l d id  no t 
d iffe r between treatm ents. W hen da ta from  the eel tanks were removed from  the 
analysis, perch were shown to  reduce the fin a l crayfish  su rv iva l by com parison to  
con tro ls (W ilcoxon-M arm -W hitney test. W x=18, m=3, n=4, PcO.05; Fig. 2.3).

A  com parison o f the estim ates o f Juvenile su rv ira l made on the la s t day o f 
the experim ent w ith  the fin a l counts (i.e. the num ber o f crayfish th a t were found in  the 
whole ta n k  a t the end o f the experim ent) ind ica te th a t these estim ates were like ty  to
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Figure 2.2. Mean numbers of juvenile crayfish (light cross-hatching) and Gammarus 
(dark cross-hatching) surviving on successive days of Experiment 2.4, a) when eels 
fed (n=3), and b) when eels did not feed (n=1). Survival estimates were calculated 
from the number of juveniles exposed on 4.5 m2 of tank floor and in shelters at 09.00 
h on consecutive days. Final counts were the number of prey found in the whole tank at 
the end of the experiment.
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Figure 2.3. Mean numbers of crayfish (± 1 S.E.) surviving on successive days in 
control tanks (n=3), with perch »  (n=4), with eels that fed — (n=2),
and with eels that hardly fed —O — (n=2). Survival estimates are calculated from the 
number of juveniles exposed on 4.5 m2 of tank floor and in shelters at 09.00 h on 
consecutive days. Final counts were the number of crayfish found in the whole tank at 
the end of the experiment.
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Figure 2.4. Mean number (± 1 S.E.) of crayfish in shelters at 09.00 hours throughout 
Experiment 2.4 in control tanks (n=3), with perch (n=4), with eels that
fed — (n=2),  and with eels that hardly fed - o -  (n=2).
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underestim ate the actua l su rv iva l o f ju ve n ile  crayfish  in  con tro l tanks and in  tanks 
where eels were not feeding. This is  like ly , as p a rt o f the ta n k  floo r was no t used fo r the 
ca lcu la tion . The estim ate o f crayfish surviva l was more accurate in  tanlcs where fish  
fed. A lthough the ac tu a l su rv iva l o f ju ven ile s  was lik e ly  to  be greater tha n  the 
estim ates made from  the 24-hour counts, the data do h ig h lig h t trends in  prey surviva l 
unde r the d iffe re n t predator trea tm ents. Perch reduced the su rv iva l o f ju ve n ile  
crayfish , as d id  eels when they fed w e ll. S im ila r num bers o f crayfish survived in  .the 
contro ls and in  tanlss where eels d id  no t feed w ell.

C rayfish A c tiv ity
C rayfish tended to  show a preference fo r the shelters neeirest the w ater in le t. 

T h is effect was shown by K losterm an &  G oldm an (1983). For the purposes o f the 
present experim ent, the num bers o f crayfish in  the two shelters per ta n k  were pooled. 
The to ta l num ber o f crayfish  using shelters a t 09.00 hours d iffered th roughou t the 
e^cperiment, w ith in  perch tanks (K ruslia l-W a llis  test, H=16.5, df=4, n=20, p<0.01), and 
w ith in  the contro ls (K ruslcal-W allis test, H=12.8, df=4, n = I5 , p<0.025; F ig 2.4). The 
to ta l num ber o f crayfish  per she lte r increased in  response to  the add ition  o f perch 
between 28 June and 3 Ju ly  (W ilcoxon-M ann-W hitney test; Wx=10, m=4, n -4 , p<0.025), 
and was greater in  perch tanks than in  con tro l tanlcs on the 3 J u ly  (W ilcoxon-M ann- 
W hitney test; Wx=6, m=3, n=4, p<0.05). Shelter use did no t increase in  con tro l tanks. 
A fte r the in itia l increase on the 3 Ju ly , the to ta l num ber o f juven iles in  the shelters in  
tanlcs contain ing perch declined th roughout the ejq)erim ent. The num ber o f crayfish 
in  the shelters in  the contro l tanlcs also declined w ith  tim e.

P rio r to  the add ition  o f perch, there was no difference in  the proportion  o f the 
estim ated num ber o f surviving crayfish th a t were using shelters between treatm ents a t
09.00 o r 21.00 hours (Fig. 2.5a &  b). Two days a fte r crayfish  were exposed to  perch, 
p ro po rtiona lly  more crayfish  were found in  the shelters in  these tanks tha n  in  the 
con tro l tanlcs w ith ou t perch (W ilcoxon-M ann-W hitney test; 09.00 h, W x=6, m=3, n=4, 
p<0.05; 21.00 h, Wx=6, m=3, n=4. p<0.05). These differences persisted throughout the 
experim ent. A  com parative study o f crayfish behaviour in  response to  eels showed tha t 
when eels fed, crayfish behaviour m irrored the responses shown to  perch. W hen eels 
d id  no t feed, crayfish behaviour resembled th a t shown in  the contro ls.

F ish  A c tiv ity
B oth perch and eels were more active a t n ig h t (Fig. 2.6). Perch were more active than 
eels ju s t before dawn and du ring  the day. Eels retreated in to  th e ir shelters as dawn 
approached whereas perch were a t th e ir m ost active a t th is  tim e. Eels were m ost active 
earlier in  the n igh t.
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Figure 2.5. Mean percentage (± 1 S.E.) of the estimated number of surviving crayfish 
that were found in shelters a) at 09.00 h, and b) at 21.00 h in control tanks —o —
(n=3), with perch (n=4), with eels that fed (n=2), and with eels
that hardly fed - O -  (n=2). Survival estimates were calculated from the number
of juveniles exposed on 4.5 m2 of tank floor and in shelters at 09.00 h and 21.00 h on 
consecutive days. Final counts were calculated from the number of prey found in the 
whole tank at the end of the experiment.

26



100 -

i 80 -
Q .
Xe ■

w
60 -

40 -
■

c
s
S

20 - 

0-

lights on lights off

09.30 13.30 17.30 21.30 01.30 05.30
Time of day (hours)

Figure 2.6. Mean percentage (± 1 S.E.) of eels (light cross-hatching) and perch 
(dark cross-hatching) exposed at each time period, counted on eight days at 09.00 h and 
21.00 h and on four days for the other time periods, throughout Experiment 2.4.
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Ë^iperim mt 2.5. i m  EFFECT OF SHELTER AVAILABILITY ON THE SURVIVAL AND 
ACTIVITY OF JUVOHLE CRAYFISH KŒOSED TO PERCH AND

2.5.1 INTRODUCTION

In  Experim ent 2.4, both perch and eels preyed upon Juvenile crayfish , b u t no 
difference in  predatory m o rta lity  o f ju ve n ile  crayfish  was detected. The fo llow ing 
experim ent was designed firs tly , to  tes t w hether predation on ju ve n ile  crayfish  by 
perch and eels differed w ith  respect to  substra ta o f d iffe ring  com plexity, and secondly, 
to  s tudy m ore closely the behaviour o f ju ven ile  crayfish in  response to  these predators. 
I t  was hypothesised th a t eels w ould cause greater ju ven ile  crayfish  m o rta lity  than  
perch when crayfish had access to  movable shelter. U nlike perch, eels should be able 
to  detœ t and capture hidden crayfish by using chemical cues and burrow ing behaviour.

2.5.2 MATERIALS AND M EraO DS

A  3 X 3 facto ria l test design was used involving three predator treatm ents and 
three substra tum  treatm ents (Table 2.3).

Table 2.3 Combinations of predator and substrata treatments in Experiment 2.5.

Substratum Predator

None Perch Eel

None(Bare tank)

Pebbles

Bricks

The d iffe ring  substra ta offered crayfish three levels o f she lter: no shelter,
lim ite d  movable she lter (pebbles), and lim ited  immovable she lter (bricks). The pebble

substratum  consisted of 100 pebbles with irregular surfaces and a mean area of 6.3 c n ^

(range 5.5 to 8.2 cm^) and a mean height o f 1.5 cm (range 0.9 to 2.1 cm; n=25). placed at 
regu lar in te rva ls on the tank floo r. This represented cover fo r the crayfish  th a t could 
be moved by a predator. The b ric k  substra tum  consisted o f 6 b u ild in g  b ricks  spaced 
evenly on the ta n k  floor, each w ith  23 a ir holes w ith in  w hich crayfish could shelter. 
This represented lim ited  im m ovable shelter. (Fig. 2.7).

Eighteen l-m ^  tanks were used, each w ith  a separate w ater inlet and outle t, A
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Part of a grid of 100 pebbles

Figure 2.7. Tank designs used In Experiment 2.5 showing substrata treatments: a) no 
substratum, b) pebbles, and c) bricks.

29



dra inp ipe fish  she lter was placed by the ou tle t in  each tanlc. Two adjacent lines o f 9 
tanks were used. Each line  was fed by a separate recircu la ting  w ate r system. The w ater

tem perature varied between 15.7 to 17.1 °C . Tanks in  line  A  were fille d  to  a depth o f 45 
cm  and in  lin e  B to  30 cm . Each lin e  was used to  rep lica te  each o f the n ine 
experim ental treatm ents, w h ich ran  fo r 19 days. Tanlss were then  reset and used fo r a 
fu rth e r 19 days, g iving a to ta l o f 4 replicates o f each treatm ent. In  an attem pt to  ensure 
th a t eels fed, fish  were allowed to  acclim atise in  the tanlss fo r 1 week p rio r to  the 
in tro du ction  o f crayfish. One hundred new ly independent crayfish were placed in  each 
ta n k  w ith  e ither one perch, one eel o r no predators. This represented a density o f 100

in d iv id u a ls /m ^. New crayfish were used in  each replicate. Two con tro l treatm ents had 
on ly 75 crayfish  per tank. Therefore, su rv iva l and a c tiv ity  da ta are presented as a 
percentage o f the o rig ina l num ber o f crayfish placed in  each tank.

Counts o f the num ber o f crayfish exposed (i.e visible) were made every two hours 
fo r two 24 -hour periods per week, in  each week o f the ercperiment. A t the end o f the 
experim ent, fish  were removed and the num bers o f surv iv ing  crayfish  in  each tan k  
were counted.

F ish a c tiv ity  was observed a t 2 -h ou rly  in te rva ls  in  a 24 -hour period, tw ice a 
week fo r the week p rio r to  the in tro du c tion  o f the crayfish, and the two weeks o f the 
experim ent. The activ ities o f the fish  were classified in to  4 categories:
(a) inactive w ith in  the she lter
(b) in  the shelter w ith  head exposed
(c) ejsposed, b u t inactive, on the ta n lt floo r
(d) active ly sw im m ing.

The c lassifica tions were sim ple and were designed to  ind ica te  movem ent and 
foraging ac tiv ity  in  the test fish . Throughout the experim ent, fish  faeces were collected 
and analysed fo r crayfish rem ains.

2.5.3 RESULTS

C rayfish D ispersal
Crayfish were Introduced a t 13.30 hours and had spread to  a ll com ers o f m ost of 

the tanlcs after 10 m inutes. No predatory ac tiv ity  was observed u n til 18.45 when m ost o f 
the perch moved ou t o f th e ir hides and became active. Th is continued a fte r the ligh ts  
were tu rned  o ff a t 19.00 h . O nly tw o eels showed a c tiv ity  d u rin g  th is  tim e, nosing 
around th e ir hides and causing ta il-flip  escape responses in  crayfish  a t a distance o f 2 
to  3 cm.
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C rayfish S urviva l
In  a two-vm y nonparam etric ANOVA (M eddis. 1984). an overall difference was 

found in  crayfish  surv iva l between treatm ents (H»28.3, df=8. n=36, p<0.01; Fig 2.8). 
O verall, su rv iva l was in fluenced by fish  (H=23.4 d f*2 , n»36, p<0.001) b u t no t affected 
by substra tum . Ind iv id u a l pa irw ise com parisons o f crayfish  su rv iva l in  response to  
perch, eels and contro ls, indicated th a t both eels (p<0.01) and perch (p<0.001) reduced 
crayfish  surviva l by com parison to  contro ls. In  a n a lj^ s  o f the effect o f substra tum  on 
crayfish  su rv iva l w ith in  each p re da to r trea tm ent, there w as an in d ica tio n  th a t 
surviva l varied w ith  substra tum  when perch were present (H«7.01, df=2, n=12, p<0.05). 
A lthough  in d iv id u a l pa irw ise com parisons fa iled  to  show a d iffe rence in  su rv iva l 
between in d iv id u a l sub s tra ta , su rv iva l appeared to  be im proved on the  b ric k  
substra tum  t y  com parison w ith  contro ls w ith  no substratum  (Fig. 2.8).

Faecal analyses indicated th a t predation by s ix  o f the 12 eels was re la tive ly low  
(% b le 2.4). W hen eels fed w e ll, they produced s im ila r levels o f crayfish  m o rta lity  to  
those produced by perch. Due to  the in d iv id u a l va ria b ility  in  feeding behaviour, the 
su rv iva l o f crayfish  exposed to  eels was m ore variab le  than  fo r c rayfish  exposed to  
perch o r no predators. As a re su lt, no difference in  predatory m o rta lity  was evident 
between eels and perch feeding on any substra tum , a lthough perch in itia lly  reduced 
crayfish num bers more rap id ly  than  eels (Fig. 2.9).

Table 2.4. The number of crayfish found in faeces and the number surviving in each 
tank containing perch or eels In Experiment 2.5.

Number of fish 
1 2 3 4 5 6 7 8 9 10 1 1 12

Crayfish In eel faeces 1 2 3 4 6 9 15 18 18 21 37 46

Crayfish surviving in 
eel tanks

94 81 58 85 68 71 4 1 20 0 2 0

Crayfish in perch 
faeces

11 17 20 21 21 22 23 23 23 35 38 39

Crayfish surviving in 
perch tanks

11 0 20 0 8 8 0 5 0 0 1 0

C rayfish  A c tiv ity
C onsecutive readings o f c ra y fish  a c tiv ity  w ith  tim e  are no t independent 

sam pling po in ts, as the same in d iv id u a ls  were being observed a t each tim e period. 
Therefore, tw o representative tim e periods were chosen to  s ta tis tic a lly  analyse 
differences in  crayfish  ac tiv ity : one in  the m iddle o f the day a t 13.00 hours and the 
other in  the m iddle o f the n igh t a t 01.00 hours. The effects o f substra ta  and predators 
on crayfish ac tiv ity  were analysed a t each tim e period fo r the firs t and second week o f

the experim ent, using a two-way nonparam etrto ANOVA (Meddis. 1984; Table 2.5).
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Table 2.5. Results of a two-way ANOVA testing ttie determinants of crayfish activity for 
two time periods over the two weeks of Experiment 2.5. Values of H are given in the
table. Significance levels are *p<0.05, ••p<0.025, ***p<0.01. ••**p<o.ooi.

Time period Treatment variables

Overall Effect of 
effect (dfaS) Predator (df«2)

Effect of
Sustratum (df=2)

Week 1 0115 h 22.9 17.1 5.1
(night) p<0.08

1315 h 21.4 16.9 3.5
(day) ns

Week 2 0115 h 26.7 16.9 1.9
(night) ns

1315 h 21.3 20.4 0.5
(day) ns

Predator treatm ents s ign ifica n tly  affected the num bers o f crayfish exposed on 
the ta n k  floo r, in  both tim e periods, over both weeks (F%. 2.9). In  the firs t week, perch 
reduced the num ber o f crayfish exposed (Pairwise com parison w ith  con tro ls a t n igh t. 
p<0.001: by day, p<0.01). D uring the second week o f the experiment, both eels and perch 
reduced the num bers o f crayfish exposed at n igh t (Pairwise com parison with contro ls 
fo r perch, p<0.001: fo r eels, p<0.025) and by day ( Pairwise com parison w ith  contro ls 
fo r perch, p<0.001: fo r eels. p<0.05).

The pa tte rns o f crayfish a c tiv ity  in  response to  eels appeared s im ila r to  those 
produced by perch, although fewer crajdish were exposed on a ll substra ta in  response to  
perch (Fig. 2.9 b  &  c). Th is was probably a resu lt o f the rap id  predation o f ju ven ile  
crayfish  by the perch In the firs t 24 hours o f the experim ent, before they had found 
shelter. By the second week o f the experiment, no crayfish were found exposed in tanks 
w ith  perch. C rayfish showed a d is tin c t preference fo r no c tu rna l a c tiv ity  in  a ll 
treatm ents, a lthough th is  pa tte rn  was less d is tin c t when b ricks  were available as 
shelter (Fig. 2.9). S im ila r ac tiv ity  patterns existed in  contro l tanks between week 1 and 
week 2 o f the experim ent (Fig. 2.10). D uring the second week, crayfish activ ity  between 
treatm ents was less d is tin c t in  the eel tanks by com parison to  week 1. although the 
preference fo r noctu rna l ac tiv ity  rem ained.

Com parisons o f crayfish ac tiv ity  between substrata treatm ents, b u t w ith in  each 
preda to r trea tm ent, ind ica ted th a t in  con tro l tanks (no predators) a t 01.00 hours, 
ac tiv ity  differed w ith  respect to  substratum  (week 1. H=7.01. df=2. n=12. p<0.05: week 2. 
H=8.00. df=2. n=12. p<0.025; Fig 2.9a &  2 .10a). Fewer crayfish were exposed when bricks 
form ed the substra tum  than when there was no substra tum  (pairwise com parisons 
between b ric k  and no shelter: week 1. p<0.05. week 2, p<0.025). C rayfish activity was
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Figure 2.9. Mean number of crayfish exposed on the tank floors in Experiment 2.5 in: 
a) control tanks, b) eel tanks, and c) perch tanks, with no shelter O  , with pebbles 

#  , and with bricks O  . Counts were made every two hours on days two and three
of the experiment, starting at 09.15 hours on day two.
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Figure 2.10. Mean number of crayfish exposed on tfie tank floors in Experiment 2.5 in:
a) control tanks, b) eel tanks, with no shelter O  , with pebbles #  , and with 
bricks □  . Counts were made every two hours on days nine and ten of the experiment, 
starting at 09.15 hours on day nine.
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sim ilar  w h en  n o  sh e lter  an d  pebble su b stra ta  w ere available. T he relatively  low  
n um ber o f crayfish visib le in  th e control tan k s w ith  no substratum , su g g ests  th at these  
crayfish  were sheltering u n d er th e drainpipe fish  b e l t e r .  F ish  sh elters  w ere p laced in  
control ta n k s to  control for th e effect o f th ese  sh elters  in  tanka co n ta in ing fish . No 
d ifferences in  crayfish  activity w ere found in  control ta n k s  a t 1 3 .0 0  h ou rs or in  perch  
or eel tanka for either tim e period.

F ish  Activity
The activity of perch an d  ee ls  differed in  type and  m agnitude, a lthough th e diel 

p attern s w ere sim ilar. B oth  w ere m ore active a t n igh t (Fig. 2 .1 1 ). Perch w ere m ore 
active th an  ee ls  over all tim e periods. E els  exposed  a t n igh t w ere likely to  have been  

foraging. However, ee ls  w ere often in  their sh elters w ith  their h ea d s exposed, a  position  
from w hich  th ey  w ere a lso  see n  to  feed. Perch foraging w a s n ot observed b u t w a s  only  
likely  to  occur in  th e open  w ater. It w a s  d ifficu lt to  determ ine w h eth er perch were 
actively sw im m ing during the n ight or w hether they w ere resting before being disturbed  
b y  th e observer. The fact th a t perch w ere apparently nocturnal is  probably a  resu lt of 
light escap in g  from an  algal cu ltu re p resen t in  the tan k  room. It w a s  n ot p ossib le to 
m a sk  th is  totally.

100 -, lights off
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Figure 2.11. Average percentage of a) eels (light cross-hatching) and b) perch (dark 
cross-hatching) exposed in the tanks at each time period, measured from 6 counts made 
over the 3 weeks of Experiment 2.5
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Bxperiment 2.6. JUVI2«DLB C R A Tf^H  MORTALIIT DOB TO EBL AND FEECH
PREDATION.

2.6.1 INTRODUCTION

C rayfish  m o rta lity  as a re su lt o f eel and perch preda tion  d id  no t d iffe r in  
Experim ent 2.5. Thus the hypothesis th a t eels would be more successful predators o f 
juven ile  crayfish than perch was not supported. This hypothesis was based on the fact 
th a t eels can forage using chem oreception and can also burrow  fo r prey, and th a t this 
m ay have allowed eels to  catch crayfish which were inaccessible to  perch. Thus, e ither 
eels were no t using scent to  detect crayfish, or if  they were, th is  d id  not give them  an 
advantage when preying on crayfish. Three fæ to is  w ith in  the design o f Ebcperiment 2.5 
m ay have masked a ben iflc ia l effect o f chemoreceptive foraging if  such an effect existed:

1) c rayfish  m ay have been h igh ly  v is ib le  to  perch due to  the paucity  o f cover 
afforded by the pebble substratum .
2) the h igh  preda tion ra te  by perch on crayfish  in  the firs t 24 hours o f the 
experim ent, before they had found shelter, and
3) the in d iv id u a l v a ria b iliiy  in  eel feeding behaviour.

In  the fo llow ing  experim ent, the above hypothesis was re-tested using  an 
experim ental design w hich attem pted to remove the factors described above. A  more 
sub s tan tia l pebble substra tum  was provided, crayfish were allowed to  settle  in  the 
tan ks p rio r to  the in tro d u c tio n  o f the fish , and eels were on ly used i f  they  had 
previously fed w e ll in  Experim ents 2.4 and 2.5.

2.6.2 MATERIALS AND METHODS

Twelve l-m ^  tanks were used to  give fou r replicates o f three treatm ents. Nine 
tanks were on one recircu la ting  w ater system, the other three were on another. Tanks 
had th e ir own in le ts  and ou tle ts  and were fille d  to  a depth o f 30 cm. The w ater

tem perature was 12.8 to  14.8 °C. Tanks had one h a lf o f the bottom  area covered to a

depth o f approxim ately 3 a n  by pebbles, o f mean area 5.6 cm^ (range 4.4 to 7.1 cm^) and 
mean he ight 1.4 cm (range 0.8 to 2.0 cm; n=25). A  drainpipe fish  she lter was placed by 
each ta n k  ou tle t. Forty Juvenile crayfish were placed in  each tank. A fte r five days 
e ither one perch, one eel o r no predato iy fish  were placed in  the respective tanks.

C rayfish ac tiv ity  was measured by cormting the num ber o f crayfish exposed in  
the ta n k  a t 06.00. 08.00. 12.00. 18.00, 20.00 and 24.00 hours on three occasions: 1) 
before the in troduction  o f the fish  (day 0). 2) one day after the in troduction  o f the fish 
(day 1). and 3) a t the end o f the experiment (day 6). Crayfish present In each tank at the
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end o f the experim o it were counted.

O bservations on the a c tiv ity  o f the fish  were made before the crayfish  ac tiv ity  
counts and the activ ities were classified as in  Experim ent 2.5.

2.6.3 RESULTS

C rayfish  S u rv iva l
C rayfish su rv iva l d iffe red between trea tm ents (K ruska l-W allis  Test. H=8.06. 

df=2. n=12. p<0.025; Fig. 2.12). Cr% rfish su rv iva l was reduced by perch (pairw ise 
com parison between perch and con tro l tanks. p<0.05). A lthough eels appeared to  reduce 
crayfish  surv iva l, no difference was found between crayfish su rv iva l in  eel tanks and 
e ithe r perch o r con tro l tanks.

40
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10

I   .......... I " ■ I
Control Eels Perch

Predator treatment

Figure 2.12. Mean numbers (± 1 S.E.) of crayfish surviving with each treatment in 
Experiment 2.6.
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Figure 2.13. Mean numbers crayfish exposed on ttie tank floor on day 0 #  . day 1 
□  , and day 6 ■  . W Experiment 2.6 In a) control tanlœ, b) tanks with eels, and

c) tanks with perch.
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C rayfish A c tiv ity
Tv/o representative tim e periods were chosen fo r the s ta tis tica l analyses o f the 

num ber o f crayfish ocposed (12.(X) and 24.00 hours). C rayfish a c tiv ity  d id  not d iffe r 
between treatm ents a t 12.00 hours p rio r to the in troduction  o f the fish  (Fig. 2.13), A fte r 
one day, the num ber o f crayfish exposed fe ll in  response to  fis h  (K ruskal-W allis test, 
Hs9.6, dfs2, n=12, p<0.025). In  a pairw ise comparison, the presence o f perch reduced the 
num ber o f crayfish  exposed (p<0.025; Fig. 2.13c). A  s im ila r b u t sm aller effect was 
produced by the eels, although th is  was no t s ig n ifica n t (p>0.05; Fig. 2.13b). These 
differences in  crayfish exposure persisted a fte r 6 days (ICruslcal-W allls test, H=9.6, df=2, 
n -1 2 , p<0.025). Perch reduced the num ber o f ejcposed crayfish  (pairw ise com parison 
w ith  contro ls, p<0.025) and eels produced a s im ila r resu lt. These pa tte rns were also 
s im ila r a t 24.00 hours.

Fewer crayfish were exposed in  response to perch a t 12.00 hours on day 1 and 
day 6 o f the experim ent (K ruslcal-W allis test. H=10.5, df=2, n=12, p<0.01; pairw ise 
com parison between Day 0 and day 1 and day 0 and day 6, p<0.025). Also, fewer crayfish 
were exposed on day 6 in  response to  eels (K ruska l-W allis test, H=8.3, df=2, n=12, 
p<0.025; pairw ise com parison between day 0 and day 6, p<0.025). S im ila r trends were 
again evident a t 24.00 hours (Fig. 2.13).

W hen expressing the num ber o f crayfish exposed in  each tanlc on the last day o f 
the experim ent (day 6) a t 20.00 hours as a percentage of the to ta l num ber o f crayfish 
su rv iv ing  a t the end o f the experim ent, p ropo rtiona lly  fewer crayfish  were active in  
response to  perch (K ruska l-W a llis  tes t, H =8.0, df=2, n=12. p<0.025; pa irw ise 
com parison between perch and con tro l tanks. p<0.05; Fig. 2.14). A  s im ila r trend was 
evident fo r crayfish exposed to  eels b u t th is  was no t s ign ificant (p>0.05).

F ish  A c tiv ity
B oth perch and eels were more active a t n igh t, with perch being more active than 

eels (Fig. 2.15). M ost perch a c tiv ity  was outside the she lte rs w h ils t eels spent 
p ropo rtiona lly more tim e in  the shelters w ith  th e ir heads exposed. Eels were not active 
a t a ll on day 6. possib ly as a re su lt o f a decline in  forag ing a c tiv ity  o r exploratory 
behaviour. Perch activ ity  was s im ila r on day one and day s ix  (Fig. 2.15).
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Figure 2.14. The percentage of the surviving crayfish which were exposed on the tank 
floor at a) 08.00 hours 0  , and b) 20.00 hours E  , on the penultimate day of 
Experiment 2.16. Values are means (± 1 S.E.) for each treatment.
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Figure 2.15. Mean percentage of fish exposed in the water column at each time period 
on day 1 and day 6 of Experiment 2.6. Columns refer to fish exposed on day 1: perch 

H  , and eels E  . Lines refer to fish exposed on day 6: perch , and eels - B - .
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2 .7  GBSmtAL D S SC l^ lO N

Eel and perch predation in c re ^e d  Juvenile crayfish m o rta lity  over a 1 to  2 week 
period. In  a ll three experim ents, crayfish m orta lities  due to  both predators were 
s im ila r. This was true  even when crayfish had access to abundant she lter (Experim ent 
2.6). Thus the hypothesis tha t eels would be more successful predators o f crayfish was 
rejected. E ither eels were not using scent to locate prey, or eels were using scent, b u t th is  
d id  no t a llow  them  to capture crayfish more easily than perch. It is  suggested th a t the 
second exp lanation is  more like ly . Eels are known to  feed on benth ic prey using 
chem oreception (Deedler, 1970; Tesch, 1977). and the foraging behaviour o f eels feeding 
on ju ven ile  crayfish in  Chapter 4 (below) closely resembled the chemoreceptive foraging 
behaviour o f Am erican eels described by Helfm an &  C lark (1986).

Experim ent 2.5. illu s tra te d  a difference in  the foraging behaviours o f eels and 
perch. Perch preyed rap id ly  on juven ile  crayfish before they found shelter. Conversely, 
eels allowed crayfish exposure to pass w ith ou t penalty o f heavy predation. Thte m ay be 
p a rtly  a re su lt o f the re lative in a c tiv ity  o f the eels as indicated from  the observaüotfâ 
on the dispersal o f crayfish after th e ir in troduction  in to  the tanks in  Experim ent 2.5. 
I t  m ay also be. th a t differences in  foraging behaviour caused the differences in  
predation rates. The faecal analyses in  Ebcperiment 2.4 indicated th a t perch preyed 
m ore rap id ly  on juven ile  crayfteh than eels w hich fed well.

D ieh l (1988) found tha t in  an experim ental situa tion , perch reduced num bers o f 
chironom id larvae more rap id ly than roach or bream. This was a re su lt o f the perch 
being able to  feed by sight, whereas roach and bream fed by s iftin g  chironom ids from  
ingested s ilt, a lthough roach fed by s igh t du ring  the day. Over the course o f the 
experim ent, roach, bream  and perch a ll took s im ila r num bers o f prey, suggesting tha t, 
although perch rap id ly  consumed large num bers o f prey, capture rate qu ick ly  declined 
w ith  declin ing prey density. Bream and roach fed at a lower in tens ity  b u t m aintained a 
m ore constant capture rate, even a t low prey densities. The evidence from  th is  example 
and from  Experim ent 2.5 su ^e s ts  th a t when juven iles are firs t released, they m ay be 
more vulnerable to v isua l predators u n til they fin d  shelter. T h is  means th a t had prey 
densities been m an ta lned  a t the o rig ina l level in  Experim ent 2.5. then perch would 
have been more successful predators o f crayfish  tha n  eels. A lso, in  natural 
popu la tions, where new ly released ju ven ile  crayfish w ill be found in  large num bers 
over a la rger area, perch m ay consume more juven ile  crayfish more qu ickly than eels.

C erta in aspects o f the experim ental design may have facilita ted  perch predation 
in  the tanks where it  w ould not norm ally occur in  the fie ld . F irs tly , the illum ina tion  
from  the algal cu ltu re  du ring  the s im u la tion  o f n igh t m ay have rendered crayfish 
v is ib le  to  perch at a tim e when they are na tu ra lly  active and when they w ould not 
no rm ally be detected. In  response to perch, juven ile  A. astacus become increasingly 
noctu rna l (Ham rln. 1987). Such anti-predator behaviour w ill have evolved if  nocturnal
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a c tiv ity  benefitted surviva l. Perch are p rim a rily  d iu rn a l or crepuscu lar in  th e ir feeding 
behaviour (D ialer &  Sm irnov, 1977), b u t in  a ll three o f the above experim ents, perch 
were more active a t n igh t. A  second facto r like ty to  influence predation rates by perch 
is  the  re la tive ly  h igh  a c tiv ity  levels shown by new ly independent ju ve n ile  crayfish  
(Doroshenko, 1979). In  ercperiments w ith o u t predators, the m otive a c tiv ity  o f new ly 
released juven ile  A . astacus was high u n til they reached the end o f stage III (prior to  the 
th ird  m oult). D u ring  th is  period, juven iles spent a lo t o f tim e essploring the biotope.

T h ird ly , in  Experim ent 2.4, the mean surv iva l o f crayfish in  the con tro l tanks 
was on ly 49%. T h is suggests th a t the feeding regim e and she lte r provided fo r the 
juven iles were no t su ffic ien t. S urvival rates o f 18 to  47% have been achieved a fte r 80

days under stocM ng densities o f 130/m ^ w ith  varying feeding regim es and substra ta  
(Mason, 1979). A  lack o f she lter stim ulates crayfish ac tiv ity  (W estin &  Gydemo, 1988). 
T h is  w ould also be a lik e ly  re su lt o f poor food ava ila b ility . R elative ly poor substrata, 
poor feeding regim es, h igh  stocldng densities and the restric ted  area offered by the 
experim enta l tan ks , w ill tend to  increase ju v e n ile  c ra y fish  a c tiv ity  and th e ir 
vu ln e ra b ility  to  v isua l detection and predation by perch.

Juvenile  crayfish exhib ited a preference fo r noctu rna l a c tiv ity  even in  con tro l 
tan ks , a lthough i t  is  conceivable th a t c rayfish  were reacting  to  chem ical s tim u li 
recircu la ted from  tanks conta in ing fish  (Hazlett, 1985; 1990; Appelberg, pers. comm.). 
H am rin  (1987) found th a t ju ven ile  A . astacus were m ain ly crepuscu lar, b u t became 
more nocturna l in  the presence o f perch. Such a preference has been shown in  juven ile  
P. lentuscuhis by Appelberg &  Odelstrôm  (1988) and has been shown to  persist in  adults 
(Abraham sson, 1983). In  ^ p é rim e n t 2.5, crayfish ac tiv ity  was reduced on the b ric k  
substa tum  b u t n o t on the pebble substra tum  in  con tro l tanlcs (w ith  no predators). 
Mason (1979) and W estin &  Gydemo (1988) found th a t locom oto iy a c tiv ity  declined in  
the presence o f shelter compared w ith  no shelter. Th is suggests th a t in  Experim ent 2.5, 
the pebble substra tum  offered no m ore she lter than was available in  tanlcs w hich had 
bare floors, as crayfish ac tiv ity  was s im ila r in  these tanks.

In  Experim ent 2.6, crayfish  responded to  both perch and eels by increasing 
th e ir use o f shelter, p a rticu la rly  by day. This indicates avoidance o f v isua l predators 
to  be a strong selective pressure acting on juven ile  crayfish behaviour. An increased 
use o f shelter by juven iles under the th re a t o f predation m ay have been driven by two 
m echanism s. F irs tly , p reda tion  w ill be directed tow ards exposed crayfish , th u s  
increasing the p roportion  o f su rviv ing  crayfish  in  the shelters. Secondly, crayfish 
m od ify th e ir d is trib u tio n  when faced w ith  the th rea t o f predation by increasing th e ir 
use o f she lter-provid ing substra ta  (Stein &  Magnuson, 1976). I t  was no t possible to  
iso late these causes, b u t evidence supports the suggestion th a t both were operating. In  
E xperim ent 2.4, th is  was dem onstrated firs tly , by the steady increase in  the proportion 
o f crayfish  in  the shelters th roughou t the experim ent in  response to  perch, w h ils t the 
to ta l num ber o f su rv iv ing  crayfish  declined. Secondly, the  num ber o f c rayfish
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occupying the shelters increased two days after the in troduction  o f perch bu t d id not 
change in  contro l tanlcs w ith  no predators.

In  Experim ent 2.5, b rick  shelters appeared to enhance crayfish survival when 
the predators were perch. A s im ila r pa tte rn was evident when eels were present, b u t it  
was n o t possible to  say w hether the la ck o f effective preda tion in  the e e l/b ric k  
trea tm ent was due to eels not feeding, or, due to eels being unable to  catch crayfish. 
Good she lte r can enhance ju ven ile  crayfish surv iva l when no predators are present 
(Mason, 1979) as locom oto iy a c tiv ity  and aggressive encounters fa ll w ith  increasing 
she lte r a va ila b ility  (C apelli &  H am ilton , 1984), however, there was no ind ica tion  o f 
increased su rv iva l w ith  increased she lte r in  con tro l treatm ents (no predators) in  
E xperim ent 2.5.

C rayfish behaviour appeared to d iffe r between s itua tions when eels fed w ell and 
those when eel feeding was poor, although the data Is lim ited. The presence of eels alone' 
d id  n o t appear to  s tim u la te  avoidance behaviour. T h is suggests th a t s tim u li 
characteristic o f predation and not o f predatory fish  per se, induce defensive behaviour, 
a lthough predator scent alone has been shown to stim ulate avoidance behaviour In  A. 
astacus (Appelberg, pers. comm.). In  Experim ent 2.6, crayfish exposure data suggests 
th a t e ithe r perch predation was again rap id, or th a t crayfish avoidance behaviour was 
more m arked in  response to perch than In  response to eels. Perch were more active 
than  eels and th is  m igh t account fo r an increased avoidance response if  fish  ac tiv ity  
were a measure o f predatory threa t. The m agnitude o f the behavioural response should 
m atch the predation ris k  (Endler, 1991). The s tim u li th a t e lic it defensive behaviour in  
crayfish are Investigated are Chapters 3 and 4.

Locally dense ju ven ile  crayfish populations occur when juven ile  crayfish firs t 
become independent. A t th is  tim e exp lo ratory behaviour w ill be a t a m axim um  
(Doroshenko, 1979). Under such conditions in  Experim ents 2.5, perch were in itia lly  
more de trim enta l to  crayfish surviva l than eels. In  crayfish populations, m o rta lity  
rates are usu a lly  h ighest in  ju ve n ile  crayfish  and age-specific m o rta lity  regulates 
po pu la tio n  sizes to  w ith in  qu ite  sm all lim its  w h ich are often constra ined by the 
ha b ita t (Momot, 1984). Momot (1967) found th a t brook tro u t preyed upon newly hatched 
O. virilis  b u t concluded th a t th is  was not an im portan t population contro l mechanism. 
However, Appelberg (1990) suggests th a t h igh  densities o f perch m ay lim it the 
abundance of newly hatched YOY A. astacus in  some Swedish laites.

Perch are largely restricted in  the size o f crayfish they can consume and ra re ly  
ta lte  crayfish  greater than  70 cm long o ther tha n  so ft m ou lts (D ehli, 1981). P. 
leniusculus  reach m a tu rity  in  an Am erican rive r a fte r 2 years (Shim izu &  Goldman 
1985), The size a t m a tu rity  Is 30.5 m m  carapace length fo r m ales and 32 mm fo r 
fem ales, corresponding to  to ta l lengths o f about 70 cm. Thus perch are m a in ly  
res tric ted  to preying on juven ile  crayfish. Perch less than 20 cm seldom feed on 1-f-
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crayfish  and predation on young-of-the-year (YOY) crayfish  is  alm ost exclusively by 
sm all perch (Dehli, loc, c it.). Therefore, if  perch regulate crayfish  popu la tion  size, 
then  th is  is  lik e ly  to  occur when preda tion is  directed a t new ly independent young, 
p a rticu la rly  in  the firs t few days o f independence. H igh re lative and absolute densities 
w ould render juven ile  crayfish vulnerable to  bo th eel and perch predation a t th is  tim e. 
F ish and crayfish tend to  make up p ropo rtiona lly  more o f the d ie t o f la rger eels (Tesch, 
1977). T h is suggests th a t eels m ay regulate crayfish  popu la tions as a re s u lt o f 
predation on the brood stocks.

A n  im p o rta n t fa c to r governing preda tion  is  p reda to r se lectiv ity , w h ich  is  
dependent on re lative prey abundance and vu ln e ra b ility  as w e ll as predator behaviour 
(Ware, 1973; Moore &  Moore, 1976a &  b). H a rt e t al. (unpublished) suggest th a t Aselhis 
are m ore vulnerable to  eel predation tha n  juven ile  crayfish due to  the re la tive ly  poor 
avoidance response o f A s e llu s . F lounder feeding on G am m aru s  and Asellus  
approached both prey from  s im ila r distances and at s im ila r speeds (Moore and Moore 
1976a). F lounder had a 100% capture success o f Asetlus b u t only 80% o f Gammarus due 
to  the la tte r having a m ore m otile  escape response. E nvironm ental cond itions were 
also im portan t in  con tro lling  search success. Gammarus in  the Severn E stuary were 
less vulnerable to  predation when sheltering in  weed (Moore and Moore, 1976b). Their 
re la tive ly  sm all size com pared to  o the r prey also rendered them  less vu lnerable to 
predation.

In  Experim ent 2.4, Gammarus were less often found in  the shelters o r on the 
ta n k  flo o r than ju ven ile  crayfish . Instead, they m ay have found she lter by rem aining 
in  contact w ith  the tan k  w a lls. A lso, very few Gammarus were found in  eel faeces. It 
was n o t possib le to  determ ine w ith  any degree o f c e rta in ly  w hether G am m arus  
m o rta lity  was due to  eel predation o r to  o ther factors. A  com parison o f the ra tio  o f 
surviv ing  Gammarus to  crayfish in  tanks w ith  eels th a t fed (0:10, 3:6, 6:74) and in  the 
tanlc where the eel d id  not feed (114:134), suggests eel predation was a facto r governing 
Gammarus m o rta lity , however, there was no evidence to  suggest th a t eels preferred 
Gammarus to  juven ile  crayfish.

I t  is  noted th a t certa in  problem s exist w ith  the w ork described above. F irs t and 
forem ost, was the low  num ber o f replicates per treatm ent and the resu ltan t lim ita tion s 
in  the power and confidence o f the s ta tis tica l analyses. A  problem  th a t was d iffic u lt to 
tacM e was the va ria b ility  o f eel feeding behaviour. More replicates and a longer period 
o f acclim atisation to the tanks m ay have countered th is  to  some extent. I t  was decided 
th a t in  fu tu re , more productive w ork could be done by lim itin g  the use o f eels in  the 
labora tory to a more passive role. A  detailed loiow ledge o f eel prey se lectiv ity  w ith  
respect to  species and size w ould provide a clearer in s igh t in to  w hether eels regulate 
crayfish populations, and i f  so, w hat m echanism s underfy th is . I t  was no t possible to 
fin d  suitable fie ld  sites where the d iets o f perch and eels could be compared. Therefore, 
the follow ing w o rk studied the possible differences th a t foraging eels and perch invoke
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in  crayfish avoidance and evasive behaviour, and the consequences o f th is  fo r crayfish 
surviva l.





CHAPTERS

3.0 THE BEHAVIOURAL RESFOI«SES OP JUVENILE SKH«AL CRAYFISH. P. 
LEmaSCULXJS t o  s tim u li f ro m  PERCH a n d  e e ls .

3.1 SUMMARY

Experim ents were designed to  determ ine the re la tive  im portance o f chem ical 
and v is u a l s tim u li in  e lic itin g  p reda to r avoidance behaviou r In  Juvenile signa l 
crayfish . P. îerüjusculus.

C rayfish placed in  v isu a l a n d /o r chem ical contact w ith  one o f tw o predators 
exh ib ited m arked avoidance behaviour, spending less tim e w a lk ing  and clim b ing and 
m ore tim e w ith in  shelters. The com bined effects o f both v isu a l and chem ical s tim u li 
Increased crayfish  b e lte r  use and reduced w a lking  and clim b ing ac tiv ity  to  a greater 
degree than e ither stim u lus w hen presented alone.

C rayfish exhib ited avoidance behaviour In  response to  chem ical s tim u li du ring  
periods o f lig h t and darkness. V isu a l de tection o f p redators e lic ited  avoidance 
behaviour during the day. I t  is  suggests th a t the behavioural response o f P. leniuscuhis 
to  chem ical s tim u li reduces the lilre lihood o f being detected by v isu a l predators, and 
th a t chem ical s tim u li low er the response thresho ld  fo r avoidance behaviour in  
c rayfish  reacting to  v isu a l s tim u li. The adap tlv ity  o f using chem ical cues to  detect 
predators is  emphasised
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3 .2  INTRODUCTION

B ehaviour against predation can be categorised as e ither avoidance or evasive 
behaviour (Weihs &  Webb, 1984: S ih. 1987). Evasive behaviour occurs a fte r prey have 
encountered predators. Avoidance behaviour by prey occurs before an encounter w ith  a 
predator, and reduces the rate o i encounters between predators and prey.

Avoidance behaviours w h ich brh%  about cha ng e  in  m icrohab ita t selection and 
tem poral sh ifts  in  ac tiv ity  have been dem onstrated in  crayfish  when in  the presence o f 
crepuscular predators (Stein &  Magnuson, 1976: Stein. 1977; H am rin, 1987; Appelberg 
&  Odelstrôm , 1988). In  freshw ater systems, chem ical s tim u li associated w ith  predators 
have been shown to  cause avoidance behaviour in  prey (Petranka et a l„  1987; Alexander 
&  Covich, 1991). V isua l, chem ica l and ta c tile  s tim u li e lic it aspects o f defensive 
behaviour in crayfish (Wine &  Krasne, 1982; Hazlett. 1985).

Perch, P. JluviatU is  and eels, A . angu illa  are know n to  prey on crayfish  
(Svârdson, 1972; D eh li, 1981; Hogger. 1988 fo r review). Each species has a d iffe ren t 
foraging strategy. A ng u illid  eete are noctu rna l and forage using chem oreception (Edel. 
1975; Tesch, 1977). The mean stom ach fu llness o f Anguilla australis  (Richardson) was 
shown to  increase th roughout the n igh t (Ifyan, 1984). Perch are d iu rn a l o r crepuscular 
predators and forage v isu a lly  (D isler &  Sm irnov, 1977). I t  is  possible th a t crayfish  
respond to  d iffe rent predatory s tim u li associated w ith  the separate foraging techniques 
o f perch and eels. V isua l s tim u li should be im portan t fo r the detection o f d iu rn a l 
predators such as perch, A  re lia iK e  on chem oreception o r m echanoreception m ight be 
expected fo r the detection o f noctu rna l predators such as eels. Th is w ould be a like ly  
p roduct o f the levels o f illu m in a tio n  present when each predator forages. C rayfish o f 
the Genus Orconectes respond to  the loss o f v isua l s tim u li a t n igh t w ith  com pensatory 
increases in  the use o f m echanoreceptive organs such as the antennae and chelae 
(B ruski &  Dunham . 1987; S m ith &  Dunham . 1990). No s im ila r increase was found in  
the use o f the antennules, a m ajor site o f chemoreception. The purpose o f the follow ing 
experim ents was to  determ ine the im portance o f v is u a l and chem ical s tim u li, 
ch a ra c te ris tic  o f eels and perch, in  in itia tin g  defensive behaviour in  the signa l 
crayfish , P. leniusculus.

The predators were presented to  the prey under conditions s im u la ting  nocturna l 
and d iu rn a l lig h t levels. Predators and p rq r were physica lly isolated so as to  m inim ise 
the chances o f crayfish detecting predators by means o f m echanoreception. Under 
these experim ental con d itions i t  was hypothesised th a t i f  chem ical s tim u li were 
im p o rta n t in  de term in ing defensive behaviour in  crayfish , such behaviour should 
occur under conditions o f bo th lig h t and darkness. I f  v isu a l s tim u li were im portan t, 
two resu lts  w ould be expected. F irs tly , defen^ve behaviour should on ly be observed in  
the lig h t. Secondly, defensive behaviour should be m ore m arked in  response to  an 
increase in  the frequency o f v isu a l disturbances i f  the la tte r is  a m easure o f po tentia l
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danger (Sih. 1987).

n ie  fo llow ing experim ents describe the changes in  behaviour observed in  
crayfish in  response to perch and eels during four tim e periods in  the diel cycle.

3.3 MATERIALS AMD METHODS

E xperim enta l an im als
Juvenile crayfish were obtained from  a crayfish farm  near G illingham . Dorset, 

E ngland, and were stored in  aquaria  and fed pa rt-bo iled  potato. C rayfish ranged 
between 16.3 to  23.5 m m  carapace leng th . Eels and perch were obtained by 
e lectro fish ing  in  the R iver W elland. Leicestershire and in  a pond near W alling ford,

O xfordshire. A ll fish  were stored in  a 4 m ^ arena tank. The to ta l lengths o f eels ranged 
betwæen 40 to 60 cm. The perch ranged between 15 to 20 cm to ta l length.

Experim ental Design
C rayfish were plmzed in d iv id u a lly  into 12 litre  aquaria and were subjected to 

one o f fo u r treatm ents arranged in  a 2 x  2 facto ria l design, based on the presence o r 
absence o f visua l and chem ical contact between predator and prey (Table 3.1).

Table 3.1. Description of the experimental design for Experiments 3.1 and 3.2 (X= no 
stimulus, V =  stimulus).

Presentation of stimuli 

Predator;

EEL (Experiment 3.1) PERCH (Experiment 3.2)

Tank Aquarium Treatment Description Visual chemical visual chemical

AandC a 1 CONTAOL
NO STIMULI

X X X X

b 2 VISUAL &
CHEMICAL
STIMULI

V V l̂ V

B and D a 3 CHEMICAL
STIMUU
ONLY

X V X V

b 4 VISUAL
STIMULI
ONLY

V X V X
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Two 12 -litre  aquaria, fille d  to  a depth o f 18 cm, were placed adjacent to  each 
o ther inside each o f fo u r 250 litre  tanks. These tanks were fille d  to  a depth o f 15 cm. 
For Experim ent 3.1, fo u r eels were rotated between the test tanlcs. In  Experim ent 3.2, 
the eels were replaced by fo u r perch. A  single tank, con ta in ing  two aquaria, was 
observed on each day o f an experiment. O bservations were made on each ta n k  in  
ro ta tion . In  the tanlcs, the aquaria were subjected to  pa irs o f treatm ents, as set ou t in  
Table 1. E ight replicates o f each o f the fo u r treatm ents were perform ed. In itia lly , each 
c rayfish  was used tw ice, once in  each o f tw o d iffe re n t treatm ents. In  some cases 
replicates had to  be repeated. In  Ejcperlm ent 3.1, 22 crayfish were used in  32 replicates 
of the 4 treatm ents. In  Ejcperiment 3.2, 21 crayfish were used.

In  treatm ents where the predator and the prey were to  be in  v isu a l contact, the 
aquaria were transparent. The aquaria sides were covered w ith  b lack p lastic  sheeting 
in  treatm ents w ith  no v isu a l contact between predator and prey. W ater was circu la ted 
between the aquaria and the tanlcs in  the treatm ents where predator and prey were to be 
in  chem ical contact. W here no chem ical contact was required, w a te r was circu la ted 
w ith in  each aquarium . A ll ta n k  and aquarium  bottom s were covered w ith  sand. Each 
aquarium  was fitte d  w ith  two pieces o f p las tic  tub ing  (2 cm diam eter by 4 cm long) 
w h ich  the crayfish  cou ld  enter fo r she lte r. To provide food fo r the crayfish , each 
aquarium  was also supplied w ith  part-bo iled  potato in  excess. W ater tem perature in  
the tanks during the experim ent was 7 to  9 °C. The tanlc room operated on an 8.5:15.5 
lightzdark regime. The ligh ts  came on a t 09.30 hours and were tu rned o ff a t 18.00 hours. 
The ligh ts  d id no t fade in  o r out.

E xperim ental Procedure
The fo llow ing procedure was used in  the preparation and observation o f each 

tank. The w ater in  each aquarium  was replaced and aerated fo r 24 hours. The crayfish 
were then placed in  the aquaria 48 hours before observations began. The w ater 
c ircu la tio n  pum ps were started 24 hours before observations began. On the day o f each 
experim ental tr ia l, crayfish  were observed fo r 30 m inutes over 4 tim e periods: pre
dawn (08.45 h), post-daw n (09.45 h), pre -dusk (17.15 h) and post-dusk(18.15 h). In  
Experim ent 3.1, eels were placed in  the tanks 15 m inutes before the s ta rt o f the pre
dawn and pre-dusk observation periods so as to  ensure th a t they were active throughout 
a ll fo u r periods o f observation. In  tr ia ls  conducted p rio r to  th is  experim ent, eels 
became inactive when le ft in  the tanks fo r long periods o f tim e. In  Experim ent 3.2, 
perch were also placed in to  the tanks 15 m inutes p rio r to  the pre-dawn and pre-dusk 
observation periods.

Tanlc w ater was no t changed between replicates. W ater th a t had been occupied 
by a predator 48 hours previous^, was pum ped in to  aquaria th a t were to  be treated w ith  
preda to r scent 24 hours p rio r to  the new predators being placed in  the tanks. As a 
re su lt, the crayfish  in  these aquaria  were in  contact w ith  o ld predator w a te r fo r 24 
hours p rio r to  the onset o f the experim ent. The In troduction  o f the predator in to  the

50



tanks thus constituted a fresh in p u t o f predator scent.

C rayfish B ehaviour
O bservations o f c rayfish  a c tiv ity  were made using  b la ck  and w h ite  video 

recording equipm ent sensitive to  in fra red  lig h t. C rayfish were film ed fo r fo u r periods 
o f h a lf an ho u r as indicated above. These tim es were chosen fo r two reasons. F irs tly , to 
ensure th a t the predators were active w h ils t film ing . Secondly, crayfish  change th e ir 
a c tiv ity  in  response to  the changes in  lig h t in te n s ity  associated w ith  dawn and dusk 
(H am rin, 1987). Therefore, any behaviou ra l changes associated w ith  p reda to r 
avoidance should have been discern ib le w ith in  these tim e periods. The videos were 
analysed and crayfish  behaviour was noted every 30 seconds fo r each 30-m inu te  
film in g  period. The fo llow ing  categories o f c rayfish  behaviour were observed in  
p re lim ina ry  tria ls :

a) A ctiv itie s  inside she lter 
H idden - no pa rt o f crayfish visib le .
W ithdraw n - chelae vis ib le  b u t m ostly inside the shelter.
B locking - tip  o f ros trum  v is ib le  inside  the she lter. Chelae crossed in  fro n t o f the 

carapace at the hide edge o r held to the side o f the carapace w ith in  the shelter. 
G uarding - carapace visible. Chelae held to  the side o f the carapace outside the shelter or 

held across the fro n t o f the carapace outside the shelter.
V isib le  - carapace and ta il outside the shelter. C rayfish rem aining in  contact w ith  the 

she lte r.
Investigating - crayfish m oving in  o r ou t o f she lter head firs t (i.e. chelae and carapace 

firs t).
M oving - crayfish advancing o r re trea ting  from  a position inside the shelter.

b) A ctiv itie s outside shelter.
Inactive - crayfish exposed b u t resting  in  the com er of the ta n li or in  a com er between 

the hide and tan k  w a ll.
W allcing - w alldng forw ard.
W alldng baclrwards.
C lim bing - clim bing ta n k  sides or w ater c ircu la tio n  tubes.
Excavation - crayfish m oving sand substra tum  w ith  chelae.
Feeding.
M aintenance - crayfish a t rest b u t chelae o r w alldng legs in  m otion.
O rien ta tion  - changing d irection  between w alldng and clim bing.
S tillness - resting between w alldng o r clim bing.
E ncounter - an encounter was recorded whenever a crayfish orientated towards a fish . 

W hen the crayfish were exposed, an encounter resulted in  the crayfish adopting a 
con fron ta tiona l posture. T h is is  n o t described as aggressive o r defensive because 
th is  posture was adopted regardless o f w hether i t  was followed by an advance or 
re trea t.
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In  the experim ental tria ls , on ly  a sm a ll num ber o f the above behaviours 
occurred w ith  regu la rity  during  the periods o f observation. As a resu lt, some categories 
were combined fo r the purpose o f the analyses. These categories are lis ted  below:

Defensive she lter use = crayfish  were w ithdraw n inside a she lter and were e ithe r no t 
v is ib le  or the tip  o f th e ir rostrum  and chelae were v isib le  w ith in  the shelter.

Active she lte r use - crayfish  were p a rtly  exposed outside a she lte r w ith  e ithe r th e ir 
carapace o r carapace and ta il v isib le .

Total she lter use - includes both defensive and active shelter use.

W alldng - forw ard w alldng in  the open tank.

C lim bing - clim bing the ta n k  sides o r w ater c ircu la tion  tubes.

A nalysis o f Behaviour
C ounts were made o f the num ber o f 30-second observations in  w h ich  each 

behaviour occurred. These counts were expressed as a percentage o f the to ta l num ber o f 
30-second observations made d u rin g  the 30 m inutes o f film in g . W ith in  each tim e 
period, the in fluences o f v isu a l and chem ical s tim u li on crayfish  behaviour were 
analysed using a 2 x  2 factoria l, non-param etric anatysis o f variance by ranlcs (Meddis, 
1984). The W ilcoxon Signed-Rank tes t was used to  determ ine the effect o f changes in  
lig h t in te n s ity  on crayfish behaviour (Siegel &  Castellan, 1988). The resu lts  fo r each 
crayfish were paired w ith in  treatm ents and across the fo llow ing tim e periods: a) pre
dawn versus post-daw n and b) pre -dusk versus post-dusk. The n u ll hypothesis 
employed fo r these analyses was th a t ne ithe r treatm ent no r lig h t cond itions affected 
crayfish  behaviour. Nonspecific (tw o-tailed) a lte rnative hypotheses were employed in  
alt^tB .
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Table 3.2. The results of the 2 x 2 factorial analyses showing the effect of chemical and 
visual stimuli on crayfish behaviour for each period of observation in Experiment 3.1, 
(with eels as the predator). Values of H, and assrxiiated probability values, (p<0.1) 
are given in the body of the table. Figures in brackets denote the direction of the 
behavioural change.

Predator : EEL Test employed

Time period 
and
Behaviour

Overall 
effect of 
treatments 
(df.3,
n=8)

Effect of 
visual 
stimuli 
(df=1, 

n=16,16)

Effect of
chemical
stimuli
(df=1,
n=16,16)

Interaction 
effect 
of stimuli 
(df=1)

(a) PRE-DAWN 
In shelter H value 

P
8.07

<0.05
ns 4.39 (+) 

<0.05
3.54

<0.1

Walking H value 
P

11.36
<0.025

ns 5.49 (-)  
<0.025

4.86
<0.05

Climbing H value 
P

8.72
<0.05

ns 7.34 (.)
<0.01

ns

(b) POST-DAWN 
In shelter H value 

P
ns ns 4.46 (+) 

<0.05
ns

Walking H value 
P

ns ns ns ns

Ciimbing H value 
P

ns ns 3.19 (-) 
=0.07

ns

(0) PRE-DUSK 
In shelter H value 

P
11.08
<0.025

2.73 (+) 
=0.09

4.13 (+) 
<0.05

4.21
<0.05

Walking H value 
P

8.17
<0.05

ns 3.02 (-) 
=0.078

4.95
<0.05

Climbing H value 
P

ns ns 2.92 (-) 
=0.083

ns

(d) POST-DUSK 
In shelter H value 

P
ns ns ns ns

Walking H value 
P

ns ns ns ns

Climbing H value 
P

ns 5.09 (+) 
<0.025

ns ns
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Table 3.3. The results of the 2 x 2 factorial analyses showing the effect of chemical and 
visual stimuli on crayfish behaviour for each period of observation in Experiment 3.2, 
(with perch as the predator). Values of H, and associated probability values, (p<0.1) 
are given in the body of the table. Figures in brackets denote the direction of the 
behavioural change.

Predator : PERCH Test employed

Time period 
and
Behaviour

Overall 
effect of 
treatments 
(df-3,
n=8)

Effect of 
visual 
stimuli 
(df=1, 

n=16,16)

Effect of
chemical
stimuli
(df=1,
n=16,16)

Interaction 
effect 
of stimuli 
(df=1)

(a) PRE-DAWN 
In shelter H value 

P
7.94

<0.05
ns 6.31 (+) 

<0.025
ns

Walking H value 
P

ns ns 5.32 (-)
<0.025

ns

Climbing H value 
P

ns ns 5.56 (-) 
<0.025

ns

(b) POST-DAWN 
In shelter H value 

P
7.07

=0.68
ns 5.52 (+) 

<0.025
ns

Walking H value 
P.

ns ns ns ns

Climbing H value 
P

ns ns 4.49 (-) 
=0.05

ns

(c) PRE-DUSK 
In shelter H value 

P
9.35

<0.025
4.78 (+) 

<0.05
3.74 (+) 

<0.05
ns

Walking H value 
P

6.64
=0.083

4.42 (-)  
<0.05

ns ns

Climbing H value 
P

ns ns 3.61 (-) 
=0.054

ns

(d) POST-DUSK 
In shelter H value 

P
ns ns ns ns

Walking H value 
P

ns ns ns ns

Climbing H value 
P

ns ns ns ns

54



3 .4  RESULTS

Crayfish Behaviour In  Response To Predatory S tim u li
D u ring  the pre-dawn, post-dawn and pre-dusk periods, crayfish spent moi% 

tim e in  shelters in  response to the scent o f both eels and perch (Tables 3.2 and 3.3). 
O ften the increase in  she lter use was accompanied by a reduction  in  walking and 
c lim b ing  a c tiv ity , a lthough th is  was no t always the case. Behavioural responses o f 
crayfish to  fish  scent were m ost m arked where the fish  could also be seen (Figs. 3.1 and 
3.2). V isua l s tim u li in fluenced crayfish behaviour m ost strong ly du ring  the pre-dusk 
period. C rayfish spent more tim e w ith in  sheltera and walked less in  response to seeing 
perch (H=4.8 and 4.4 repectively, d f= l, m=16, n»16, P<0.05). "Diere was a s im ila r trend 
in  response to  eels bu t this was not sign ificant (p>0.05).

C rayfish behaviour appeared to  be influenced more by seeing eels than by seeing 
perch. A lthough it  was not possible to test th is  . it  may have been a consequence o f the 
greater a c tiv ity  o f the eels. This is  indicated by the predator-prey encounter data (Table 
3.4). Encounters were on ly detected in  those treatm ents in  w hich fish  could be seen 
by the crayfish . Fifteen o f 22 crayfish encountered eels a to ta l o f 77 tim es. E ight o f 
21 crayfish encountered perch a to ta l o f nine tim es. There was a clear difference in 
crayfish  behaviour between treatm ents. W here the crayfish could see and sm ell the 
eels, the m a jo rity  o f the encounters occurred w h ils t the crayfish were in  the shelters. 
Where the eels could only be seen, the crayfish were m ost often exposed. Th is was

true in  the lig h t (Chi^ *16.9. n*48, p<0.001) and the dark (Chi^=10.1, n=29, pcO.Ol).

Table 3.4. The total number of visual encounters between juvenile crayfish and the flsh 
predators In Experiment 3.1 and 3.2. Figures In brackets denote the number of 
Individual crayfish responsible for the total number of encounters shown.

Predator Treatment

Light Intensity: 

Light Dark

Crayfish position Crayfish position

In shelter Exposed In shelter Exposed

Eel Visual and 
chemical stimuli

9 (5) 0 (0) 13 (5) 4 (2)

Visual stimuli 
only

10 (5) 29 (7) 2 (2) 10 (4)

Perch Visual and 
chemical stimuli

2 (2) 1 (1) 0 (0) 2 (2)

Visual stimuli 2 (2) 1 (1) 0 (0) 1 (1)
only
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Predator stimuli presented

Figure 3.1. The percentage of time spent by crayfish a) in shelters, b) walking, and 
c) climbing in each 30-minute observation period in Experiment 3.1, (with eels as the 
predator). Values are means, (±1 S.E.) of the percentage of 30-second counts spent in 
each behaviour. Time periods are pre-dawn ■  , post-dawn □  , pre-dusk E l, and 
post-dusk ■  Asterisks denote levels of significance for Wilcoxon pair-wise
comparisons between adjacent time periods (*p<0.05: **p<0,025; ***p<0.01).
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Figure 3.2. The percentage of time spent by crayfish a) in shelters, b) walking , and 
c) climbing in each 30-minute observation period in Bcperiment 3.2, ( perch as the 
predator). Values are means, (± 1 S.E.) of the percentage of 30-second counts spent in 
each behaviour. Time periods are pre-dawn ■  , post-dawn E  , pre-dusk E l, and 
post-dusk ■  Asterisks denote levels of significance for Wilcoxon pair-wise

comparisons between adjacent time periods (*p<0.05; **p<0.025; ***p<0.01).
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C rayfish d id  no t orientate specifica lly to  the head o f the eels. They often 
reacted to  the movem ent o f the ta il as i t  passed by. These data also ind ica te  th a t 
crayfish  were able to  see predators du ring  the dark, possib ly because red lig h t was 
em itted by the in fra red lam ps.

A fte r dusk, crayfish  behaviour d id  no t a lte r in  response to  seeing a n d /o r 
sm elling the fish , w ith  the ercception o f clim b ing behaviour in  response to  seeing eels 
(H=5.1, d f= l, m =16, n=16, p<0.025). C lim bing ac tiv ity  occurred more tha n  tw ice as 
frequen tly  in  the two treatm ents where crayfish  could see eels, and m ay have been 
influenced by the fact th a t these aquaria had clear sides (Fig. 3.1c). I t  m ay be th a t the 
c rayfish  cou ld perceive the  ta n k  beyond the confines o f the  aquaria  in  these 
trea tm ents and th a t th is  in fluenced th e ir attem pts to  c lim b  ou t o f the aquaria. A 
s im ila r trend in  clim bing behaviour was evident in  response to  perch, b u t th is  was not 
s ign ifican t (p>0.05; Fig. 3.2c}.

C rayfish Behaviour in  the Shelters
G enerally, crayfish  d id  not show a preference fo r any class o f behaviour when 

they were inside the shelters. Some crayfish th a t could see and sm ell eels took up 
'defensive' positions m ore frequen tly  d u rin g  the  two periods of lig h t b u t these 
d ifferences were n o t s ig n ifica n t (W ilcoxon S igned-Rank tes t, p>0.05; F ig. 3.3). 
C rayfish w hich could see and sm ell perch took up more 'active' shelter positions

du rin g  the two periods o f darkness (W ilcoxon S igned-ï^m k test; pre-dawn, T+=28,

n=7, p<0.05; post duslc, T+=27, n=7, p<0.05).

C rayfish Behaviour In  Response To Changes In  Illu m ina tion
In  con tro l treatm ents, crayfish  behaviour was no t in fluenced by changes in  

illu m in a tio n  except th a t crayfish spent less tim e w alldng a fte r dawn in  Experim ent 3.2 
(Table 3.5 and 3.6). C rayfish behaviour d id  no t a lte r a t dawn when crayfish could sm ell 
the fish . M ost crayfish  were already w ith in  shelters p rio r to  dawn and rem ained so 
after dawn. Again, there was one exception. C rayfish th a t could sm ell b u t no t see perch 
spent less tim e w a lking a fte r dawn, although th is  was no t s ig n ifica n t (p>0.05). A fte r 
dusk, crayfish  th a t could sm ell fish  became m uch more active, spending less tim e in  
shelters and more tim e w alldng and clim bing (Table 3.5 and 3.6).

C rayfish th a t could on ly see eels spent less tim e w a lking and more tim e under 
she lter a fte r dawn. C rayfish also spent less tim e w alldng in  response to  seeing perch 
(Fig. 3.1). A fte r duslc, crayfish th a t could on ly see perch became more active (Fig. 3.2). 
No s im ila r change in  behaviour occurred in  response to  seeing eels.
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Figure 3.3. The behaviour of crayfish when using shelters in Experiments 3.1 and 3.2 
in the treatment with chemical and visual stimuli present. Values are means, (± 1 S.E.) 
of the percentage of 30-second counts spent in each behaviour. Time periods are pre
dawn ■  , post-dawn E  , pre-dusk Ei , and post-dusk ■  . Leveis of
significance for Wilcoxon pair-wise comparisons between each time period are: 
^p<0.1, *p<0.05).
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Table 3.5. The results of Wilcoxon Signed-rank analyses showing the effect of the 
change in light intensify at dawn on Juvenile crayfish behaviour for each treatment in 
Experiment 3.1 and 3.2. Values of T+, sample sizes and associated probability values, 
(p<0.1) are given in the body of the table. Figures in brackets denote the direction of 
the behavioural change.

Time period: Pre-dawn v Post-dawn

Predator : EEL PERCH

Treatment Behaviour T+ P N effect T+ p N effect

Control. Shelter use ns 3 ns 4
No stimuli

Walking ns 4 36 <0.01 8 (-)

Clinging ns 3 ns 7

Visual + Shelter use ns 4 ns 8
Chenrucal
Stimuli Walldng ns 3 ns 7

Qimbing ns 2 ns 3

Cherrvcal Shelter use ns 3 ns 4
stimuli
only. Walking ns 4 15 <0.07 5 (-)

Clinging ns 1 ns 4

Visual Shelter use ns 5 ns 5
stimuli
only. Walking 28 <0.025 7 (-) 21 <0.05 6 (-)

Climbing 21 <0.05 6 (-) ns 7
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Table 3.6. The results of Wilcoxon Signed-rank analyses showing the effect of the 
change In light intensity at dusk on juvenile crayfish behaviour for each treatment in 
Experiment 3.1 and 3.2. Values of T+, sample sizes and associated probability values, 
(p<0.1) are given in the body of the table. Figures in brackete denote the direction of 
the beha\rioural change.

Time period Pre-dusk v Post-dusk

Predator. EEL PERCH

Treatment Behaviour T+ P N effect T+ P N effect

Control. Shelter use ns 3 ns 6
No stimuli

Walking ns 6 ns 7

ClBTbing ns 5 ns 7

Visual + Shelter use 36 <0.01 8 (-) 36 <0.01 8 (•)
Chemical
Stimuli Walking 28 <0.025 7 (+) 36 <0.01 8 (+)

Climbing 21 <0.05 6 (+) 21 <0.05 6 (+)

CherTNcal Shelter use ns 4 ns 4
stimuli
only. Walking 28 <0.025 7 (+) 28 <0.025 7 (+)

Clirrfcing 28 <0.025 7 (+) 21 <0.05 6 (+)

Visual Shelter use ns 6 27 <0.05 7 (-)
stimuli
only. Walking ns 7 25 <0.08 7 (+)

Climbing ns 8 27 <0.05 7 w
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8.B  DI6CDS6ION

Predators behaved in  a s im ila r m anner in  the two experim ents and crayfish  
responded s im ila rly  to  both eels and perch. The tim e spent in  the shelters appears to 
be the best ind ica tor o f the defensive state o f the crayfish, as they reduced the chance 
o f v isu a l detection by a predator. The use o f cover by crayfish to  m in im ise detection 
has been shown by Stein &  Magnuson (1976) and Appelberg &  Odelstrom  (1988). The 
use o f shelter by P. lerduscubjs in  these experiments is  thus interpreted to be an 
avoidance response. W alldng and clim b ing are m ost lllce ly to  occur in  the absence o f a 
predatory threa t.

C rayfish (A. astacus) tend to  be more active a t n ig h t, p a rtic u la rly  in  the 
presence o f a crepuscular predator (Ham rin, 1987). In  th is  study, changes in  lig h t 
in te n s ity  exerted on ly  a weals in fluence on crayfish  behaviour in  the con tro l 
treatm ents. Over the firs t three tim e periods, crayfish behaviour changed in  response 
to  predator scent, confirm ing previous studies (Hazlett, 1985: Appelberg, pers. comm.). 
C rayfish showed th e ir m ost m arked changes in  behaviour in  response to  both seeing 
and sm elling the fish . These crayfish spent m ore tim e in  shelters before dawn and 
du ring  the day. A fte r dusk there was a sw itch to  locom otaiy activ ity . T h is behaviour 
corresponded to the loss o f the dawn and the enhancement o f the dusk pealcs in  
locom ota iy ac tiv ity  found in  A. astacus in  response to  the presence o f perch (Ham rin, 
1987).

I t  was hypothesised th a t v isua l s tim u li w ould on ly cause crayfish to  show 
defensive behaviour in  the lig h t. T h is proved to  be the case in  treatm ents where only 
v isu a l s tim u li were presented. Due to  the experim ental design, there was litt le  
difference in  the behaviour o f the two predator species in  the tanks. Perch were 
expected to  be more active than eels, thus provid ing a stronger visua l stim u lus to  the 
crayfish . The encounter data shows the opposite was true , however, and we observed 
no conclusive evidence to  support the hypothesis th a t an increased frequency of 
visual disturbance w ould produce a stronger avoidance response in  crayfish.

I f  c rayfish  detect predators chem ica lly, they should show  behavioura l 
responses in  both the lig h t and dark. Th is proved to  be the case. Before dawn, 
crayfish  increased th e ir use o f the she lters in  response to  preda to r scent. Th is 
behaviour persisted during the post-dawn and pre-dusk periods. As a resu lt, crayfish 
th a t could sm ell the predators showed no change in  she lter use in  response to  dawn. 
W here crayfish occur sym patricly w ith  crepuscular predators, reducing exposure p rio r 
to  dawn should be selected fo r, as th is  in te rru p ts  the cha in  o f predator-prey 
in te ractions before a dangerous v isu a l encounter can occur (Endler, 1991). I t  also 
enables crayfish to  m on ito r the h a b ita t from  w ith in  a she lter thu s reducing exposure 
to  predators. Such an effect was dem onstrated by the behavioural differences between 
the crayfish tha t could both see and sm ell eels and those th a t could only see eels. The
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crayfish  in  chem ical contact w ith  eels were m ost often w ith in  th e ir shelters when a 
v isua l encounter took place.

Rem aining stationary in  a confined space m ay not be a successful s tra te ^  fo r 
avoiding predation from  predators such as eels th a t feed by chemoreception. Capture 
m igh t even be made easier. Thus the increase in  w a lking and clim bing by crayfish in  
response to the reduction in  lig h t levels a fte r dusk m ay reduce the chances o f being 
eaten by nocturna l predators. A  fu rth e r re su lt o f the increased movement Is th a t it  
m ay increase the chances o f crayfish m oving to habita ts where there is a sm aller 
r is k  o f predation. C rayfish m ight be expected to commence feeding im m ediately 
du ring  the dusk ac tiv ity  peaJt a fte r a period o f reduced d iu rn a l ac tiv ity . The 
crayfish , however, spent the m a jo rity  o f the post-dusk period e ithe r c lim b ing  o r 
w a lk in g .

Crustaceans are sensitive to th e ir chem ical environm ent (Ache, 1982). The. 
source o f chem ical in fo rm ation  on the p ro x im ity  o f predators m ay be the predators 
them selves o r th e ir prey. Prey m ay release alarm  chem icals as a resu lt o f physica l 
damage in flic te d  by a predator, or disturbance chem icals as a resu lt o f being d isturbed 
by a predator (Hazlett, 1985: Petranlca et a l., 1987: Alexander &  Covich, 1991). A larm  
chem icals are often low  m olecular w eight hydrocarbons w hich d iffe r between species 
(Carr, 1988 fo r review). F ish o f the superorder O stariophysi, posses an alarm  chem ical 
system  and m ay learn to respond to other chem icals associated w ith  the release o f 
alarm  chem icals. One such chem ical stim u lus Is the scent o f the predator (S m itli, 1992 
fo r review). H azlett (1990) suggested th a t crayfish (O. v tilis ) respond to conspecific 
d isturbance signals com prised of am m onia released from  the g ills , and pheromones 
released from  the green gland in  the excretory system . W h ils t th e ir behavioural 
responses to  conspecific d isturbance chem icals were greater in  m agnitude, crayfish 
also responded to disturbance chem icals produced by d ifferent taxa, includ ing the leech 
M acrobdella decora and the da rte r Etheostoma exile. T h is  suggests th a t some 
com ponent o f the d isturbance chem icals, probably am m onia, was common to the 
d iffe re n t taxa. In  the present study, crayfish responded to the predators scent, 
although it  was not possible to determ ine the nature of the chem icals which produced 
the response.

C rayfish m ust obtain chem ical in fo rm ation  from  w ater w h ich is  by na ture  a 
tu rb u la n t m edium . Hence chem ical concentrations w ill be patchy. By extension. 
In fo rm a tion  transfe r w ill be d iscontinuous and add itiona l sensory in fo rm ation  is 
often required to improve search efficiency (Atema, 1988). This is  like ly  to be the case 
fo r predator detection by crayfish. In  the present study, an in te raction  of v isua l and 
chem ical s tim u li produced a greater behavioural reaction in  crayfish than d id  e ithe r 
s tim u lus alone. Such an effect has also been shown in  the cyprin id  fish, Leucaspius 
deiineatus (Heckel) (Rüppell &  Gosswein, 1979) and in  crayfish , whose la tency o f 
response to  v isua l s tim u li declined a fte r being exposed to  d isturbance chem icals
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(H azlett, 1990). I t  is  suggested th a t, in  the present study, chem ical perception of 
predators lowered the threshold o f the crayfish avoidance behaviour in  response to 
v isua l s tim u li. This w ould m alte evolutionary sense. Behavioural responses should be 
related to  the degree o f th rea t (Stein, 1979). I f  it  is  assumed th a t chem ical s tim u li act 
over tem poral and spa tia l ranges greater than those o f v isua l s tim u li, then chem ical 
detection o f a predator should predispose prey to  adopt defensive behaviour before a 
v isu a l encounter. The distance between predator and prey m ust be reduced fo r a 
v isu a l encounter to  occur. This w ill represent a more dangerous s itua tion  fo r m any 
po tentia l prey species and so the behavioural response should be greater.





CHAPTER 4 .

4 .0  EVASIVE BEHAVIOUR OF JUVENILE SIGNAL CRAYFISH. P . LBNIUSCULUS.

4.1 SUMMARY

T h is study investigated the s tim u li w h ich e lic it evasive behaviour in  Juvenile P. 
leniusculus. Juvenile crayfish  were exposed to  sim ulated attacks by m odel predators 
possessing d iffe ren t features. Evasive behaviour was found to  be h ig h ly  in d iv id u a l. 
B oth m echanical and v isu a l cues produced fiin c tio rm l erosive responses although 
ne ithe r the  size and ^ a p e  o f the m odel p r« ia to rs . nor the presence o f conspicuous eye 
patte rns affected th is  behaviour.

V isu a l and chem ical s tim u li w arn ing crayfish  o f the presence o f a predator, 
reduced the  d u ra tio n  o f subsequent escape responses. I t  is  suggested th a t a lerted 
crayfish  'assessed' ris k  m ore qu ick ly  tha n  crayfish w h ich were surp rised by an attack, 
and th a t the m odel predators d id  no t possess su ffic ie n t s tim u li to  m a in ta in  escape 
sw im m ing m  a le rt crayfish. Th is was supported by the fac t th a t crayfish  swam less fa r 
in  escape when the m odel predators were v isu a lly  conspicuous b y  com parison to  less 
conspicuous models.

The a d a p tiv ity  o f c ra y fish  evasive behaviou r in  response to  v is u a l and 
m echanical s tim u li is discussed w ith  respect to  the p ro b a b iliiy  o f surv iv ing  predatory 
attacks by d iu rn a l and noctu rna l predators. T h is is  related to  observations on crayfish 
avoidance behaviour in  response to  eels and perch. I t  is  su^es ted  th a t perch are better 
able to  catch crayfish tha n  eels, as a re su lt o f th e ir a b ility  to  chase fleeing prey. I t  is 
also suggested th a t the preference o f crayfish fo r nocturna l a c tiv ity  is  the m ost adaptive 
predator avoidance behaviour, as th is  exposes crayfish to  l^ s  dangerous predators, and 
crayfish possess a functiona l evasive response to  com bat th is  risk .
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4 .2  GENERAL mTRODUCTIOM

The purpose o f th is  s tudy was to  determ ine 1) the  im portance o f v isu a l, 
chem ica l and m echan ica l s tim u li in  e lic itin g  evasive behaviou r in  ju v e n ile  P, 
leniusculus  2) to  re late th is  to  the like lihood  o f successful evasion o f perch and eel 
predators by juven ile  crayfish and 3) to  discuss the im p lica tions th is  has fo r crayfish 
populations in  the  wüd.

P redation can be an im p o rta n t fac to r co n tro llin g  prey popu la tions (Endler, 
1986; S ih, 1987), includ ing crayfish (Taub, 1972; Stein, 1977; Saild & Tash, 1979). Once 
predators have encountered prey, the  ensuing in te ractio ns are usu a lly  rap id  and 
energetically costly (Endler, 1991). Prey m ust recognise a preda to r a t a distance in  
order to  a llow  tim e to  execute a successful escape. The tim in g  o f the flig h t is  c ritica l. 
Fleeing too early o r too la te  could prove fa ta l.

The crayfish  evasive response consists o f an in itia l ta il-flip  (startle  response) 
m ediated by g ian t axons, followed by truncated ta il-fiip s  (escape response) used in  
continuous swim m ing (Wine &  Krasne, 1972; Webb, 1979). The in itia l flexion  o f the 
abdomen is  stereotyped, b u t the fo llow ing abdom inal extension is  subject to  sensory 
m odifica tion, as are the subsequent ta il-flip s  used in  escape sw im m ing (Krasne &  W ine, 
1984; Davey &  M cm lllan , 1991). Davey &  M acm illan (loc. c it.) found th a t in d iv idu a l 
crayfish (Cherax destructor) produced th e ir own characteristic tra jecto ries of flig h t.

The sensory channels used to  detect predators should m atch closely the type of 
in fo rm a tio n  m ost ind ica tive  o f a preda to ry a ttack, and shou ld  be expected to  be 
fu n c tio n a l in  response to  the  m ost dangerous predator (Endler, 1986). W ith in  a 
h a b ita t, crayfish  m ust defend them selves against num erous predators w ith  various 
predation strategies (Hogger, 1988), and therefore, m ight be expected to  respond to  more 
general predatory s tim u li. Perch and eels are know n to  be im p o rtan t predators o f 
c ra y fish , and bo th  preda to rs can be lim itin g  to  th e  developm ent o f c ray fish  
populations (Svârdson, 1972; D ehli, 1981; Appelberg, 1987). Perch forage using m ain ly 
v isu a l cues (D is le r &  Sm irnov, 1977) and are c re p u scu la r/d iu rn a l in  th e ir feeding 
hab its  (Thorpe, 1977). Eels forage p rin c ip a lly  by using chem oreception (Tesch, 1977) 
and feed m ain ly a t n igh t (Ryan, 1984).

C rayfish use v isu a l, chem ical and m echanical s tim u li in  socia l in te ractions 
and a t least v isu a l and chem ical s tim u li in  predator detection (Tierney &  D unham , 
1984; S m ith &  Dunham , 1990; H azlett, 1990). The sensitiv ity  o f crayfish  {Procambanis 
sim ulans) to  v isu a l, chem ical and m echanical d isturbances was dem onstrated by 
Larim er (1964). C rayfish scaphognathite beats arrested in  response to  these s tim u li, 
and i t  was suggested th a t these responses were an in teg ra l pa rt o f predator-defence 
behaviour.
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I t  was shown in  (Chapter 3) th a t v isua l and chem ical s tim u li affected crayfish 
avoidance behaviour. H azle tt (1990), us ing  O. virUis, showed th a t exposure to 
d istu rbance chem icals from  conspecifics resu lted  in  a reduction  in  the la tency of 
reaction  to  threa ten ing v isu a l s tim u li and to  chem ical s tim u li associated w ith  food. 
S m ith  &  Dunham  (1990), have shown th a t sensory deprivation o f one effector organ 
resu lts  in  com pensatory changes in  the use o f other effector organs. The use o f various 
system s o f predator detection w ould be o f great value when preda to r behaviours are 
varied.

Because crayfish predators are active by day and n igh t, crayfish should possess 
systems o f predator detection th a t function  in  both sets o f conditions. The difference in  
lig h t q u a lity  ind ica tes th a t m echanoreception should compensate fo r the loss o f the 
v isu a l system a t n igh t. B oth v isu a l and m echanical s tim u li Induce a ta il-flip  s ta rtle  
response in  crayfish (Krasne &  W ine, 1972). Fast s ta rt escapes in  teleost fish  m ay be in  
response to  single, often v isua l s tim u li, o r to  several s tim u li (Eaton &  Hacket. 1984 fo r 
review). Sound, m echanical v ib ra tions and electric fie lds m ay also be involved.

A lthough the s truc tu re  o f teleost flsh  and crayfish eyes are m arkedly d iffe rent, 
the v isu a l c rite ria  governing escape responses to  v isu a l s tim u li should be s im ila r. 
C rayfish have been shown to  react to  the ve rtica l edges of m oving shapes by orien ta ting 
tow ards them . They also responded m ore ra p id ly  to  la rge r objects (Gordan, 1971). 
C rayfish also e xh ib it a greater defensive response when con fronted by preda to r 
movement (G arrison, 1976). F ish prey have been shown to  in itia te  flig h t when the rate 
o f change o f the angle subtended by the predator a t the prey's eye reaches a c ritic a l 
threshold value (D ill, 1974a). This v isua l stim u lus 1) acts as a key stim u lus th a t can be 
associated w ith  num erous d iffe ren t predators 2) can be processed qu ick ly , and 3) 
allow s the reactive distance o f the prey to  be sensitive to  the  preda to r's size and 
velocity. The shape of the approaching predator also affects the escape response of fish  
prey (Webb, 1982). Fathead m innow s IPimephcdes promelas) exh ib ited  a h igher 
response threshold fo r flig h t when confronted by predators w ith  a round as opposed to 
an e llip tica l cross-section. Round-bodied tige r m usliy  ( Esox spp.) caused fewer escape 
responses and were also m ore successful a t cap turing  prey th a t exhib ited an escape 
response.

Movements o f fish  produce mass movements of w ater and also cause v ib ra tiona l 
disturbances w ith in  the w ater (Weise, 1988). F ish m oving rap id ly  are preceded by fast 
pressure pulses o f w ater w h ich are detectable by other fish  a t distances o f 2-3 body 
lengths (Gray &  Denton, 1991). The m echanosensoiy ^ s te m  o f crayfish is  s im ila r in  
design to  the la te ra l line  system o f teleost fish , and should provide in fo rm ation  on the 
d irection o f movement and the, na ture o f a signal source (Weise, loc. c it.).

T h is s tudy investigated the  fle x ib ility  o f the evasive reaction  o f ju ve n ile  
crayfish  in  response to  d iffe ren t p reda to iy s tim u li. E lem ents o f a predatory a ttack



were sim ulated using m odel predators. C rayfish evaded an a ttack ing  predator by 
sw im m ing backwards, propelled by a rap id  series o f ta il-flip s . Aspects o f th is  evasive 
reaction were used to  determ ine the im portance o f visua l, m echcuiical and chem ical 
s tim u li in  e lic itin g  flig h t. The dynam ics o f the flig h t reaction in  response to  m odel 
p reda to rs (Sections 4.3 to  4.11) were re la ted  to  the outcom e o f experim enta l 
in te ra c tio n s  between ju ve n ile  crayfish  and tw o predators w ith  d iffe re n t forag ing 
strategies, the European perch and the European eel (Section 4.12).



4 .3  GENERAL MATERIALS AND METHODS

Experim ents 4.3 to  4.11 were conducted in  a p lastic ta n k  1.5 m  long by 1.0 m  
w ide, divided t y  a p a rtitio n  in to  a ho ld ing  area and a test arena ( F ^ r e  4.1). The 
ho ld ing  area contained a transparen t p las tic  ho ld ing  cham ber in  w h ich  in d iv id u a l 
crayfish were contained p rio r to  an experim ental tria l. Removal o f a rubber bung a t the 
bottom  o f the ho ld ing cham ber allowed the crayfish to  enter a second cham ber w ith  a 
s lop ing bottom . T h is cham ber directed the  crayfish  th ro v^h  a p a rtitio n  door in to  a 
p lastic walkway, w h ich was situa ted on the floo r o f the test arena.

The firs t ho ld ing  cham ber was used in  the in itia l tw o experim ents (4.4 &  4.5), 
however, problem s were encountered in  ge tting crayfish to  enter the walkway. A  new 
system  was subsequently employed w ith in  the test arena. A  cham ber w ith  a s lid in g  
floo r was placed over the walkway. Forty-e ight hours before each experim ent, crayfish 
were stored in  aquaria adjacent to  the experim ental tanks. Forty-five  m inutes before 
each experim ental tria l, a  c ra y fi^  was removed from  an aquaria and was plaœ d in  the 
ho ld ing  cham ber in  the experim ental tank. C rayfish were released in to  the p las tic  
walkway in  the test arena by rem oving the s lid ing  floo r panel.

The p lastic walkway was made from  a 5 cm deep, 1 m  length o f house gutte ring , 
whose side w a lls sloped from  a w id th  o f 10.5 cm  at the top to 7 cm  a t its  base. C rayfish 
entering the walkway were directed along its  length by the vm lls. A t the fa r end o f the 
walkway a m odel predator was suspended on a 1 m  long plexiglass rod, supported from  
above by a plexiglass tro lle y  w hich was powered using a pu lley and w eight system. The 
use o f plexiglass fo r these objects was designed to  render them  inv is ib le  to  the crayfish 
eye. The tro lley  was housed on a supporting fram e upon w hich i t  cou ld move along the 
leng th o f the test arena. The fram e supporting the tro lle y  and w eights was Isolated 
from  the  ta n k  to  m in im ise  the transm iss ion  o f v ib ra tio n a l d istu rbance  from  the 
tro lley 's  movement to  the test arena. In  order to  fu rth e r m in im ise the transm ission of 
vib ra tions, pads o f paper were inserted between the floo r and the tro lley  fram e.

W hen crayfish  had w alked to  a predeterm ined p o in t along the w alkway, the 
w eight was released and the tro lle y  was propelled forw ard. In itia lly , the m ovement o f 
the t r o lly  was arrested a fte r 40 cm  by two rubber clad sleepers. For Experim ent 4.10 
the sleepers were removed and the m odel predator was b rough t to  res t by fric tio n a l 
fotc^.

The test arena was l i t  by two 60 -w a tt lig h ts  w h ich gave an illu m in a tio n  o f 6

m icroeinsteins c m * 2  sec ^. The w ater tem perature was 15 °C in  both the test arena and 
the crayfish  storage tanks. The crayfish  were kep t under a  10:14 llg h ttd a rk  lig h t 
regim e.
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Figure 4.1. a) the top view, and b) the side view of the apparatus used in 
experiments testing the evasive response of juvenile crayfish. The figure shows 
the modified crayfish holding chamber used in Experiments 4.6 to 4.10.
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In  a ll eicpeiim ents, the  fo llow ing behavioural variab les were recorded fo r each 
tr ia l:  1) W alldng Speed. T h is  was m easured as the average w alldng speed o f each
crayfish  along the walkway, tow ards the m odel predator. I f  w a lldng and observation 
o f the  environm ent (i.e. vig ilance) were m u tu a lly  exclusive a c tiv itie s , the n  th is  
m easurem ent should give an in d ica tio n  o f the state o f alertness o f crayfish . Slower 
average w a lking speeds could be an ind ica tion  th a t crayfish were spending more tim e 
observing the  environm ent fo r a po ten tia l th rea t. T h is could the n  affect crayfish  
behaviour in  response to  the experim ental tria ls .

2) Model predator velocity. Th is was the average speed o f the m odel predator 
over a predeterm ined distance from  its  s ta rtin g  po in t. T h is  was m easured fo r each 
s im u la ted  a tta ck  and varied  to  a sm a ll degree between experim ental tr ia ls  (See 
experim ents described below). The distance the m odel predators trave lled was also 
a ltered fo r d iffe ren t experim ents. As a re su lt, d iffe ren t m odel predator speeds were 
m easured in  each experim ent, however, m odel p reda to r speed was no t used as a 
trea tm ent variab le e ither w ith in  o r between experim ents.

3) S topping D istance. The distance from  the advancing m odel preda to r a t 
w h ich crayfish stopped w alking. (i.e. perceptive distance).

4) Reaction Distance. The distance from  the advancing m odel predator a t w hich 
crayfish  in itia te d  a ta ü -flip  evasive response.

5) Swim m ing speed. The speed o f the baclcward flig h t o f crayfish , measured 
over the firs t 5 to  15 cm  o f the sw im m ing response. The distance varied depending on 
how fa r crayfish  swam. I f  crayfish  on ly swam a sho rt distance (-1 0  cm), then  only a 
sm all p a rt o f th is  distance involved powered sw im m ing. The rest involved crayfish 
cru is ing  to  a stop w ith  the ta il extended. Therefore, to  get a be tte r estim ate o f escape 
speed, th is  was on ly measured w h ils t crayfish were actively swim m ing.

6) Swim m ing D istance. The to ta l distance travelled by crayfish du ring  the ta ll- 
f lip  evasive response.

C rayfish behaviour was recorded using a Panasonic video recorder and camera. 
The recording speed o f th is  equipm ent was 50 fram es per second. A  b u ilt in  stopwatch 
allowed behavioural events to  be tim ed to  1 /1 0  th  o f a second. T im ings to  l/5 0 th  o f a 
second were made by counting the ind iv idu a l fram es passing w ith in  1 /1 0  th  o f a second 
on a video screen. Measurem ents o f distance were made by reference to  0.5 cm wide, 
b lack and w h ite  striped m arkings w h ich were draw n along the length o f the crayfish 
walkway. D istances were m easured a t the an te rio r tip  o f the rostrum  on the cephalo- 
thorajc. C rayfish  were obtained from  farm ed supp lies a t R iversdale Farm , near 
GÜÜngham, Dorset and Kingcombe Crayfish, near Beanfim ter, Dorset, England.
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bcperim ent 4.4. THE EFFECT OF PREDATOR SHAPE ON THE EVASIVE BBAHAVIOUR
OF JUVENILES.

4.4.1 INTRODUCTION

The shape o f the approaching predator affected the escape response o f fathead 
m innow s. P. promelas (Webb, 1982). They exhib ited a h igher response threshold fo r 
flig h t when confronted by predators w ith  a round as opposed to an e llip tica l cross-
section. Round-bodied tiger m u ^  (Esox spp.) caused fewer escape responses and were
also more successful a t capturing p i^  tha t exhibited an escape response.

T h is experim ent was designed to  determ ine whether predator shape influenced 
cray fish  evasive behaviour. F our preda to r silhouettes were accelerated tow ards 
Juvenile crayfish . These models provided a basis fo r determ ining w hether vertica l o r 
ho rizon ta l predator dim ensions affect the reaction threshold o f ju ven ile  crayfish . The 
fo u r predator models were:

1) the transparent plexiglass rod, (th is was used to m ount the predator models
and constituted a control),
2) a c ircu la r shape 3 cm in  diameter,
3) an e llip tica l shape 3 cm wide and 7 cm  ta ll,
4) an e llip tica l shape 7 cm wide and 3 cm ta ll.

4.4.2 MATERIALS AND METHODS

In  th is  experim ent, it was necessary to  prevent crayfish  from  detecting the 
transm ission o f m echanical waves, produced by the movement o f the model predator 
th rough the water. To th is  end, the model predator and plexiglass rod were contained 
w ith in  a square-sided glass aquarium , 30 cm wide and 45 cm long. To ensure tha t the 
p reda to r m odels were visible to  crayfish th rough the glass, the ligh ts  were s itua ted 
above the aquarium  w hich was also fille d  w ith  water. Care was also taken to  prevent 
the  p re da to r m odel from  h ittin g  the glass and thu s g iv ing  rise  to  m echanical 
d istu ibances.

C rayfish between 32.8 and 44.6 mm  in  total length (mean 38.4 m m, S.D.=4.0) 
were used in  the experim ent. C rayfish were released into the test arena ind iv idua lly , 
and when th q r had walked along the walkway to a point 5 cm from  the glass side o f the 
aquarium , the weight attached to the plexiglass rod was released and the predator 
m odel accelerated towards the crayfish. The tr ia l was repeated if  a crayfish failed to  
w a lk along the walkway a fte r 15 m inutes o r if  It clim bed ou t o f the walkway. A fte r 
three fa ilu res, crayfish were replaced in the storage tank and were not tested fu rth e r 
th a t day.
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Five tria ls  were conducted on each day. C rayfish lOrconectes species) release 
chem ical alarm  signals in  response to  a preda to iy th rea t (Hazlett, 1990). As there was a 
po ss ib ility  th a t P. leniusculus m ight also release alarm  chem icals, the firs t tr ia l per 
day was used as a con tro l to  ensure th a t these chem icals w ould be present in  a ll the 
subsequent tr ia ls  o f each day. As a re su lt o f the  need fo r five  tr ia ls  a day, five 
experim ental treatm ents were used in  Ehcperiment 4.4 (Table 4.1).

Table 4.1. Visual stimuli used in experimental treatments in Experiment 4.4.

Treatment Abbreviated name Description of treatment

1 Scent control A vertically extended elliptical model, 7 cm tall and 
3 cm wide. This was used in the first trial of each 
day to control for the possible production of 
disturbance chemicals by crayfish.

2 Visual control No predator model was attached to the end of the 
plexiglass rod used to carry the models in the other 
tria ls .

3 Circular model A circular predator model 3 cm in diameter.

4 Vertical model A vertically extended elliptical model, 7 cm tall and 
3 cm wide.

5 Horizontal model A horizontally extended elliptical model, 7 cm wide 
and 3 cm tall.

Five crayfish were tested on five consecutive days before being replaced by a 
second set o f five crayfish. C rayfish and treatm ents were rota ted w ith  respect to  the 
tim e o f the day th a t they were used. W here possible, each crayfish was exposed once to 
each treatm ent. D uring the course o f the experim ent, 39 tria ls  were recorded fo r the 
five  treatm ents using a to ta l o f ten  crayfish . The resu lts  were analysed to  te s t fo r 
between-treatm ent differences in  the frequency o f evasive responses and the dynam ics 
o f crayfish  evasive behaviour.

4.4.3 RESULTS AND DISCUSSION

Fifteen o f 39 tria ls  produced a crayfish  ta ll-flip  escape response. In  a ll o f the 
tria ls , crayfish  stopped w a lk ing  in  response to  e ithe r a preda to r m odel o r the 
plexiglass rod. Table 4.2 shows the num ber o f tria ls  per treatm ent and the num ber of 
evasive reactions recorded per treatm ent. T ria ls  were lo s t in  some instances due to  
crayfish escaping from , o r fa llin g  to  waUc along the walkway.
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Table 4.2. Treatments In Experiment 4.4 in which the crayfish showed an evasive 
reaction. The percentage of trials for each treatment that elicited a reaction are given In 
brackets.

T reatment Description Stimulus presented Number of trials Evasive responses

1 control for scent vertical model 8 6 (75)

2 visual control plexiglass rod 8 0 ( 0)

3 visual circular model 7 3 (43)

4 visual vertical model 7 3 (43)

5 visual horizontal model 9 3 (33)

Total 39 15 —

Table 4.3. Reaction variables measured for crayfish exhibiting evasive behaviour in 
response to each model predator treatment. Values are means with standard errors in 
brackets. Evasive reaction variables are pooled for the 3 model predator shapes.

T reatment Reaction Variables

Walking 
speed (cm/s)

Predator 
speed (cm/s)

Stopping Reaction 
distance (cm) distance (cm)

Swimming 
speed (cm/s)

Scent control 
(1st trial/day)

2.4 (0.4) 38.5 (1.8) 23.1 (2.8) 6.8 (0.8) 55.8 (6.0)

Visual control 2.8 (0.6) 37.3 (1.5) 27.2 (2.1) -------- . . .

Circular model 1.8 (0.3) 40.1 (1.6) 21.8 (3.7) -

Vertical model 2.9 (0.3) 39.5 (0.9) 25.1 (1 .7 )- — 12.6 (2.9) 60.1 (3.0)

Horizontal
model

2.3 (0.5) 40.6 (1.8) 19.8 (4.4) -

C rayfish behaviour in  the firs t tr ia l o f each day d id  no t d iffe r from  crayfish  
behaviou r in  th e  subsequent tr ia ls  o f the  day. T h is  in d ica ted  th a t d istu rbance 
chem icals were e ithe r no t released o r th a t they were released b u t had no effect on 
c ra y fi^  behaviour. A lso, the frequency o f the evasive réponse  d id  no t d iffe r between 
the  firs t and subsequent tria ls  o f each day a) when onfy the data from  the vertlca lty  
extended predator m odel are included in  the analysis, and b) when data from  a ll the 
m odel predator shapes were included in  the analysis (Fisher’s Exact test; p>0.05, n = l5 .
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and p>0.05. n=39 respectively).

No differences were found in  w a lk in g  speed, m odel p reda to r ve loc ity  or 
stopping distance between treatm ents (Table 4.3). The frequency o f ta ll- flip  reactions 
was s ig n ifica n tly  greater in  the three treatm ents w ith  m odel predators than  fo r the 
v isu a l con tro l treatm ent, w ith  on ly the plexig lass rod (F isher’s Exact Test. p<0.05, 
n=31). Th is was also the case when readings from  the m itia l tr ia l o f each day were 
com bined w ith  the o ther m odel p reda to r treatm ents (F isher's E xact test. p<0.025. 
n=39).

W alking speeds and stopping distances were s im ila r fo r crayfish  w h ich showed 
an evasive response and fo r those w h ich  d id  not. The data fo r the v isu a l con tro l tria ls  
were excluded from  th is  a n a ^ is .

Table 4.4. Days on which each crayfish exhibited an evasive response in Experiment 4.4. 
Treatments involved are given in the body of the table in brackets.

Crayfish Trial number/crayfish 
1 2 3 4 5

Reactions per 
crayfish

Trials per 
crayfish

1 0 4

2 V (3) V (1) 2 4

3 V (1) 1 2

4 V (5) 1 4

5 V (4) 1 3

6 V ( n V (3) V ( 9 3 5

7 0 5

8 V (3) V ( n 2 4

9 V ( 4 V (1) 2 4

10 ^ (5) V (4) 3 4

Total reactions 3 4 5 2 1 15

Total trials 5 8 9 10 7 39

% reactions per trial 60 SO 56 20 14

To investigate fu rth e r the  possib le determ inants o f the  crayfish  evasive 
reaction, the data was inspected fo r an effect o f e ither c r^ rfis h  orien ta tion  a t the tim e 
the  m odel predator began to  move, o r h a b itu a tio n  to  the sim u la ted predator attacks

75



w ith  each tr ia l (Table 4.4). Evasive reactions were spread across ind iv idua l crayfish 
and no pa tte rn  was evident ■with respect to crayfish orientation, despite the po ssib ility  
o f the crayfish being to one side o f the wallcway and also o f facing s ligh tly  away from  
the approaching predator m odel. The fac t th a t on ly 3 o f the 15 evasive reactions 
occurred on the la s t two days o f the experim ent indicates th a t crayfish m ay have 
habituated to the test apparatus.

The fac t th a t crayfish d id  no t exh ib it evasive behaviour in  response to  a ll o f the 
sim ulated predator attaclcs, suggests th a t e ithe r v isua l s tim u li alone represent a weals 
th re a t to  c rayfish , o r th a t p reda to r m odels possessed too few v isu a l 'p reda to r' 
characteristics to  e lic it evasive behaviour consistently. This m ay have been a re su lt o f 
reflected lig h t from  the side o f the aquarium  preventing crayfish  from  seeing the 
advancing model predator clearly. This is  unlilsely, as 50% o f the attacks did e lic it an 
evasive response. As a re su lt o f lim ita tion s on the num ber o f crayfish available fo r the 
fo llow ing experim ents and o f the tim e available to conduct the experim ents, it  was' 
im portan t to be able to e lic it evasive responses in  crayfish consistently. Therefore, the 
fo llow ing  experim ent attem pted to determ ine w hether im p o rta n t releasing s tim u li 
were m issing from  the sim ulated predator attacks described above.
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Ezpesimrait 4.S TSE EOIÆ OF MECHANICAL 8TIM HLI IN  EUCITINQ EVASIVE
BEHAVIOUR.

4.5.1 INTRODUCTION

In  the  previous experim ent (E xperim ent 4.4), c rayfish  exh ib ited  evasive 
behaviour in  on ly -50%  o f the sim ulated predator attacks in  response to  v isu a l 
s tim u li. S im ultaneous perception o f several s tim u li can produce a greater behavioural 
response than perception o f a single s tim u lus in  iso lation. Rûppell &  Gôsswein (1979) 
found th a t pike isolated behind glass fa iled to  produce the same degree o f shoaling in  
the cyp rln id  Leucaspius detineatus Heckel as a free swim m ing pike. Chem ical a n d /o r 
m echanical cues were also Im portant. I t  was the aim  o f th is  experim ent to  determ ine 
w hether m echanical s tim u li, produced by a m odel predator advancing th rough  the 
w ate r tow ards crayfish , were im portan t in  e lic itin g  crayfish evasive behaviour when 
visua l s tim u li were also present.

4.5.2 MATERIALS AND METHODS

The experim ental procedure fo r th is  experim ent was as described fo r 
E xperim ent 4.4. Six treatm ents were used in  Experim ent 4,5. These are detailed in 
(Table 4.5). An e llip tic a l m odel 7 cm  ta ll and 3 cm w ide was used as a v isu a l 
representation o f a predator. For the treatm ents w ith o u t m echanical s tim u li, the 
preda to r model o r plexiglass rod were contained w ith in  a glass aquarium , as 
described above (Experim ent 4.4). W hen m echanical s tim u li were requ ired, the 
aquarium  was removed. Five tria ls  were conducted per day. The firs t tr ia l o f each day 
was used to  conto l fo r the possible release o f alarm  chem icals in to  the test arena by 
s ta rtled  crayfish . Two treatm ents were used to con tro l fo r the effect o f a larm  signals 
(Table 4.5). These were used in the firs t tria ls  o f a lte rnate days throughout the 
experim ent.

Twelve crayfish, between 34.2 to 44.5 m m  in  total length (mean 39.5 mm, 
S.D.=2.7), were used in  49 tria ls  o f the s ix  experim ental treatm ents. Each ind iv idu a l 
crayfish  was used in  five tria ls  except fo r five cases. Four o f these were a re su lt o f two 
crayfish  escaping from  the storage aquaria. These crayfish were replaced by new 
in d iv id u a ls . The fifth  case was a re su lt o f one crayfish persisten tly fa ilin g  to  w a lk  
along the walkway du ring  it ’s fin a l tria l.

77



Table 4.5. Treatments used in Experiment 4.5. Model predators and crayfish were 
isolated by glass in the visual only treatments. Treatments 1 and 2 were always 
performed as the first trial per day (alternately) to control for the possible production 
of disturbance chemicals.

Treatment Description Predatory
available

mechanical

stimuli

visual

Modelpredator
i5ed

1 Visual control for the 
possible production of 
disturbance chemicals

no yes vertical ellipse

2 Mechanical+visual control 
for the possible production 
of disturbance chemicals

yes yes vertical ellipse

3 Only visual stimuli no yes vertical ellipse

4 Visual only control no no none (plexiglass 
rod only)

5 Mechanical + visual 
stimuli

yes yes vertical ellipse

6 mechanical + visual 
control

yes no none (plexiglass 
rod only)

4.5.3 RESULTS AND DISCUSSION

O f the 49 tria ls , 26 resu lted to  a crayfish ta ll-flip  evasive response. Table 4.6 
gives de ta ils o f the num ber o f tria ls  and reactions per treatm ent. As to  Experim ent 
4.4. crayfish stopped w a lM i^  to  response to  a ll o f the trea tm m ts.

Evasive behaviour d id  n o t d iffe r between trea tm ents b u t m odel p reda to r 
velocity d id  (K ruscal-W allis. H=15.74, n=47. df=5, p<0.01; Table 4.7). There was no 
difference In  the  frequency o f evasive reactions o r in  cray fish  evasive behaviour 
between the  firs t and the  subsequent tr ia ls  o f each day. in d ic a tin g  th a t e ith e r 
disturbance chon lca ls were no t produced by startled  crayfish, o r they were produced b u t 
d id no t effect arayfish behaviour. As a re su lt o f th is , data fi-om the firs t tr ia ls  o f each 
day were com bined w ith  the corresponding data firom the subsequent tria ls  (treatm ents 
1 and 3. and treatm ents 2 and 5 were com bined). These pa irs  o f treatm ents w ill be 
referred to  as v isua l and m echanical + v isu a l treatm ents below.
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Table 4.6. Treatments in Experiment 4.5 In which crayfish showed an evasive reaction 
together with the percentage of trials per treatment eliciting a reaction. Figures in 
brackets denote trials for which data was pooled in subsequent analyses.

Treatment Description Stirmilus
presented

Numbered
trials

Evasive
responses (%)

1(a) visual control for scent VBual 5 2 40

2(b) mechanical+ visual 
control for scent

mechanical
•fvisual

4 3 75

3(a) Visual only visual 10 6 60

4 Visual only control none 10 2 20

5(b) Mechanical + visial mechank^l
■«-visual

10 9 90

6 Mechanical +visual 
control

mechanical 10 4 40

Total 49 26 -

Model predator velocities were on average 3 cm /sec greater in  the m echanical 
+ v isu a l treatm ents than In  the v isua l treatm ents (M ann-W hltney U test. U=*58. m= 14. 
n=15. p<0.05). Model preda to r ve locities were also greater In  treatm ents where an 
evasive reaction occurred tha n  In  treatm ents where crayfish  fa iled  to  react (M ann- 
W hltney U Test. U * 164.5. m =22. n=25. pc0.05). The frequency o f evasive reactions 
tended to  be greater when m echanical and vteual s tim u li were presented together than 
when v isua l s tim u li were presented alone (Fisher's Exact tœ t. p=0.068. n=29).

Because m ore evasive reactions occurred in  response to  m echanical + v isua l 
s tim u li, and these treatm ents had faster model predator velocities, a test was conducted 
on the  trea tm ents w ith  on ly  v isu a l s tim u li to  ascerta in w hether m odel predator 
ve locity was a causal facto r e lic itin g  an evasive response. Model predator velocities 
were compared fo r those tria ls  in  w h ich a response occurred and those in  w hich it  d id 
no t. No difference was found between these two categories (M eddls R ank Analysis. 
H=1.918. m =13. n=17. p>0.1). To fu rth e r test the effect o f m odel predator velocity on 
the evasive reaction, the reaction frequencies o f the treatm ents us ing the vertica l, 
e llip tic a l models in  Experim ent 4.4 (treatm ents 1 and 4) were compared to  those in  
E xperim ent 4 .5 (treatm ents 1 and 3). The experim ental procedures fo r these 
treatm ents were Identica l «ccept th a t ta rge t speeds in  the firs t experim ent were 6 
cm /sec greater (M ann-W hitney U Test. U=33.5. m =15. n=15. p<0.01). Despite th is , the
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frequenqr o f evasive responses d id  no t d iffe r between the tw o experim ents (C h i^test. 

Chl2=0. n=30, p>0.1).

Table 4.7. The reaction variables measured for crayfish evasive responses exhibited in each 
treatment. Values are means with standard errors in brackets. The two controls for the

Treatment Reaction Variables

Walking
speed
(cm/sec)

Predator
speed
(cm/sec)

Stopping
distance
(cm)

Reaction
distance
(cm)

Swimming
speed
(cm/sec)

Swimmmg
distance
(cm)

Visual scent control 2.7 36.3 28.0 18.7 57.5 11.0
(0.5) (1.6) (4.0) (9.7) (7.5) (2.0)

Visual + mechanical 2.2 37.4 27.5 11.1 62.3 28.8
scent control (1.2) (1.4) (2.0) (1.9) (2.9) (10.7)

Vteual only 1.6 34.6 22.2 8.4 56.7 30.8
(0.3) p a ) (3.1) (1.9) (3.9) (8.6)

Visual control 1.8 31.9 22.1 12.0 62.8 9.7
(0.4) (1.0) (3.2) (1.5) (2.1) (Oil

Mechanical + Visual 2.4 37.2 19.2 8.8 57.1 26.8
(0.5) p a ) (2.3) (1.8) (3.8) (6.0)

Mechanical + visual 2.6 35.6 20.4 17.7 54.7 31.2
œntrol (0.3) (1.0) (2.4) (4.8) (1.5) (10.9)

A lthough m odel predator velocities were variable, they are no t considered to  
have affected crayfish  reaction behaviour o r the frequency o f reaction  in  the  above 
analysis. Instead, the greater reaction frequency In  response to  m echanical + v isua l 
s tim u li in  Ebgerlm ent 4.5 is  considered to  be a response to  m echanical s tim u li. 
Thte w ould suggest th a t m echanical s tim u li offered additiona l, pe rtinen t in fo rm ation  
on the na ture  o f the a ttack ing  m odel p reda to r tha n  th a t w h ich  was available from  
v isu a l s tim u li. In  order to  determ ine w hether m echanical and v isu a l s tim u li In te ract 
in  some way to  e lic it m ore evasive responses tha n  e ith e r s tim u lu s  alone, a fu rth e r 
experim ental treatm ent should have been used th a t presented onty m echan iW  s tim u li 
to  crayfish. T h is was not done in  the above experim ent, b u t an  experim ent is  described 
below (Experim ent 4.8) in  w h ich the behaviour o f c rzy fW i is  recorded in  response to  
e ithe r m echanical o r m echanical + v isu a l s tim u li.

The differences in  m odel predator velocity m ay be due to  a system atic e rro r in  
the reading o f the distances and tim es fo r the different treatm ents. The presence of 
the  glass aquarium  in  the  v isu a l trea tm ents m eant m odel p reda to r ve loc ity  was 
measured over 20 cm and not 25 cm  as in  the m echanical treatm ents. This was due to
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the glass s lig h tly  obscuring the model predator from  the video cam era In  the form er 
case. I f  the weight, and hence model predator were s till accelerating from  the 20 cm  to 
the 25 cm m ark, th is  may have caused the readings over the shorter distance to  produce 
a sm aller estim ate o f model predator velocity.

S ig n ifica n tly  m ore evasive reactions occurred in  response to  m echanical 
trea tm ents com pared to  the m echanical con tro l (Fischer E xact test. p=0.028. n»24). 
A lthough there were more reactions in  the v isua l treatm ents by com parison to  the 
visua l contro ls th is  was not sign ificant (Fischer E m ct test. p>0.1). It is  clear th a t in  
some cases, crayfish  reacted to  both v isua l and m echanical s tim u li produced by the 
p le x lg lg ^  pole in  the contro l treatm ents.

Table 4.8. Showing the days on whfch each cmyfkh exhibited an evasive response in Experiment 
4.5. The treatments involved are given in the body of the Wale in brackets.

Crayfish Trial number/crayfish 
1 2 3 4 5

Reactions per 
crayfish

Trials per 
crayfish

1 V(1) 1 1

2 V(4) V(6) V(3) 3 5

3 V(5) V(1) 2 3

4 0 4

S V(3) V(5) 2 5

6 V(3) 1 4

7 V(4) V(5) 2 2

8 V(8) V(3) V(2) V(3) 4 5

9 V(3) V(5) 2 5

10 V(5) V(6) V(3) V(2) 4 5

11 V(2) V(6) V(5) 3 5

12 V(5) V(5) 2 5

Total reactions 7 7 5 4 3 26

total trials 12 11 10 a 8 49

% reactions per trial SB 64 50 50 37

The evasive reactions were spread between the crayfish although one crayfish 
showed no evasive reactions a t a ll fTable 4.8). Inspection o f the behavioura l data 
suggested th a t there were in d iv id u a l differences in  c ray fish  evasive behaviour, 
however, there were In su ffic ie n t reactions from  in d iv id u a l c rayfish  to  test th is .
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B eh aviou ra l d iffe rences between in d iv id u a l c ra y fish  m ay have obscured any 
differences in  reaction to  the various treatm ents. Th is was exam ined In  Experim ent 
4.6.
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Experiment 4.6. THE EFFECTS OF PREDATOR SEE AND V IS IB ILU T ON THE  
EVASIVE RESPONSE.

4.6.1 INTRODUCTION

The tw o previous experim ents attem pted to determ ine the  in fluence o f 
p reda to r shape and m echanical s tim u li on the ctynamlcs o f the crayfish  evasive 
reaction . Th is reaction was shown no t to  vary w ith  predator m odel shape b u t was 
triggered more frequen tly in  response to  m echanical and v isu a l s tim u li com bined 
than  to  v isua l s tim u li alone. One factor Involved In  the fa ilu re  to  detect differences 
In  crayfish behaviour in  response to d iffe rent treatm ents m ay be Ind iv idua l va ria tion  
in  evasive behaviour.

The follow ing experim ent was designed to  test 1) the effects o f predator size 
and v is ib ility  on the crayfish  avoidance response and 2) the v a ria b ility  o f the 
evasive response between ind iv idu a l crayfish. To m axim ise the frequency o f the escape 
responses crayfish in  the fo llow ing experim ents were placed in  both m echanical and 
visual contact w ith  the model predators.

4.6.2 MATERIALS AND METHODS

The experim ental apparatus was essentially as described fo r Experim ents 4.4 
and 4.5. C erta in m odifications were made to the design. To prevent shadows being 
cast by the plexiglass tro lley, the ligh ts were relocated under the tro lley. The 
m ethod o f In troducing the crayfish Into the test arena was also altered. The ho ld ing 
cham ber was relocated on top o f the walkway Inside the test arena (Fig. 4.1). The 
new cham ber consisted of a sm all p lastic container separated from  the walkway by a 
s lid in g  trap  door on its underside. In order to  release the crayfish In to  the test 
w alkw ay the trap  door was opened and the crayfish dropped through in to  the 
w alkway. The reason fo r changing th is  m echanism  was to reduce the chances o f 
crayfish escaping from  the walkway by climbing up the angle formed by the pa rtitio n  
and walkway walls. The new design prevented this.

C rayfish were subjected to  fou r treatm ents. These consisted o f com binations o f 
a large o r sm all target moved against a w hite o r b lack background, as set ou t in  Table 
4.9. Both targets were vertica lly extended ellipses. The sm all target was 3 cm wide by 7 
cm ta ll and the large target was 6 cm wide by 14 cm ta ll. The targets were b lack and 
th e ir v is ib ility  to  crayfish was altered by placing a b lack o r w hite bac% round behind 
them .

Ten crayfish were used ranging from  30.6 to 46.8 mm  to ta l length (mean 38.8

83



m m. S.D.=5.5). Each crayfish was in itia lly  subjected to  each o f the fo u r treatm ents. 
One crayfish received one extra tr ia l and five o f the crayfish were each subjected to  a 
fu rth e r fou r tria ls  to  test fo r in d iv idu a l differences in  evasive behaviour (Table 4.10).

Table 4.9. A description of the experimental treatments used to test the effect of predator 
visibility and size on crayf ish evasive behaviour.

Treatment Description Model predator 
size

Bækground
colour

Triais Responses

1 Large conspicmus 
model predator

large white 15 15

2 Small conspicuous 
model predator

srrmU white 15 15

3 Large inconspicuous 
model predator

large black 16 16

4 Small inconspicuous 
model predator

small black 15 15

Table 4.10. Showing the number of trials per treatment recieved by each crayfish. All trials 
produced an evasive response in the crayfish. Crayfish 1-5 were used to test for individual 
differences in evasive behaviour.

Crayfish Predator model treatment Total

large
conspicuous

smaD
conspicuous

large
inconspicuous

smaB
inconspicuous

1 3 3 1 1 8

2 3 2 1 2 8

3 1 2 3 2 8

4 1 1 3 3 8

5 2 2 2 2 8

6 1 1 1 1 4

7 1 1 1 1 4

8 1 1 1 1 4

9 2 1 1 1 5

10 1 1 1 1 4
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Five tria ls  were conducted per day due to the po ss ib ility  th a t crayfish w ould 
produce disturbance chem icals and tha t th is  w ould cause crayfish behaviour between 
the firs t and the subsequent tria ls  o f each day to  d iffer. The resu lts were analysed to 
determ ine if  th is  was the case.

4.6.3 RESULTS AND DISCUSSION

The ten crayfish showed an evasive reaction In a ll o f the 61 tria ls  to w hich 
they were subjected. C rayfish behaviour did not d iffe r between tr ia l one and the 
subsequent tria ls  o f each day. In  the fu rthe r analyses, the data for tria l one of each day 
were included w ith  the respective data from  the other tria ls .

The evasive behaviour o f each crayfish was compared to determ ine the extent o f 
the in d iv id u a l varia tion . In itia lly  th is  com parison was conducted on the firs t set o f 4 
tria ls  fo r each crayfish and an overall difference was found In  the w a lking speed, 
reaction  distance and the sw im m ing speed o f the crayfish  {R ruskal-W allls test; 
wallclng speed, df=9, n=40, H=22.29, p<0.01; reaction distance df=9, n=41, H=21.85, 
p<0.01; and sw im m ing speed, df=9, n=41, H=21.23, p<0.02; Fig. 4.2). As on ly fou r 
rep licates per crayfish were available, five o f the crayfish were tested fo r a fu rth e r fou r 
tria ls . Using the data fo r these five crayfish, no differences were found in  w a lk ing  
speed o r swim m ing speed (Kruslm l-W allls test. df=4, n=40, H=5.478, p>0.1; and df=4, 
n=40, H=5.962, p> 0 .1 respectively). There were differences in  reaction distance 
(K ruskal-W allis test, df=4, n=40, H= 16.54, P<0.01), and swim m ing distance (K ruskal- 
W allis test, df=4, N=40, H= 11.65, p<0.05).

The five crayfish  used in  the last analysis did no t receive exactly the same 
num ber o f attacks from  the fou r experim ental treatm ents (Table 4.10). It was assumed 
fo r the purpose o f th is  analysis th a t treatm ent had no affect on crayfish evasive 
behaviour. This assum ption proved inva lid  w ith  respect to the distance crayfish swam 
in  response to conspicuous and inconspicuous model predators (see below). Therefore, 
th is  analysis can only be used as an Ind ication th a t in d iv idu a l crayfish m ay vary in  
th e ir response to predator attacks.

In  the lig h t o f the possible differences In  the evasive responses of in d iv idu a l 
crayfish , betw een-treatm ent com parisons o f the crayfish reaction dynam ics were 
analysed using the W ilcoxon signed-rank test. O nly the firs t evasive response o f each 
crayfish  to each treatm ent were used in  these analyses. Results fo r each treatm ent 
were paired fo r each crayfish. There was no overall effect o f the fo u r model predator 
trea tm ents on crayfish  evasive behaviour (Friedm an's Rank analysis). D ata were 
grouped and the groups were tested ind iv idua lly  fo r an effect o f e ither model predator 
size or v is ib ility .



As crayfish were exposed to  each treatm ent, then when data were com bined to  
test fo r an effect o f e ithe r large versus sm all, o r conspicuous versus inconspicuous 
predator m odels, the test used data from  each crayfish more tha n  once w ith in  each test 
category. Hence the data po in ts were not s tric tly  independent and measurem ents o f the 
reactions o f each crayfish were averaged w ith in  each category. No effects were detected 
except th a t crayfish tended to  sw im  fu rth e r in  escape when the  m odel predators were 
less v is ib le , i.e. moved against the b lack baclsground (W ilcoxon pairw ise com parison,

T*’=47, n=10, p<0.05). F igure 4.3 shows the  mean sw im m ing distances o f crayfish 
recorded fo r each in d iv idu a l treatm ent.
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Figure 4.2. The mean values (± 1 S.E.) of reaction variables for the evasive responses 
of individual crayfish to simulated predator attacks. Reaction variables are a) walking 
speed, b) stopping distance, c) reaction distance, d) swimming speed, and e) swimming 
distance. (Number of trials (n) =8 for crayfish 1 to 5, n=4 for crayfish 6 to 8, & 10, 
and n=5 for crayfish 9).
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(c) Reaction distance
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Figure 4.2. (continued)
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Figure 4.3. The mean swimming distances (± 1 S.E.) of crayfish responding to four 
simulated predator treatments.

89



Experiment 4.7. INDIVIDUAI, VARIABILITY m  THE EVASIVE BEHAVIOUR OF
JUVEIHLES.

4.7.1 INTRODUCTION

E xperim ent 4 .6 illu s tra te d  in d iv id u a l va ria tio n  in  the c ray fish  evasive 
response. Stein (1977) showed tha t the escape behaviour in  O. propinqmts depended on 
in d iv id u a l body size, age and sex. In  general, younger sm aller crayfish swam shorte r 
distances and more often term inated th e ir flig h t w ith  an attem pt to hide. Also, males 
swam more slow ly than females o f comparable size. This was due to  differences in  tlie  
abdom inal m orphologies o f the sexes. The aim  o f th is  experim ent was to determ ine 
w hether body or chelae size, sex, o r m orphological damage accounted fo r the ind iv idu a l 
v a ria b ilily  in  crayfish evasive behaviour dem onstrated in  Experim ent 4.6.

4.7.2 MATERIALS AND METHODS

Using the apparatus described previously (Section 4.1.3), 57 crayfish, 35 females 
and 21 males, were exposed to a sim ulated predator a ttack once. The predator model 
was a ve rtica l ellipse, 14 cm ta ll by 6 cm wide. This was moved against a w hite 
background. C rayfish were released from  the holding cham ber in to  the test arena after 
45 m inutes acclim atisation, by rem oving a slid ing  floor panel. C rayfish were allowed 
to w a lk to a po in t 55 cm along the wallcway, w hich was 40 cm from  the model predator, 
before the model was accelerated towards the crayfish. I f  crayfish had fa iled to move 
along the wallcway after 15 m inutes they were removed from  the arena and replaced in  
the ho ld ing  cham ber fo r a fu rth e r 30 m inutes. T ria ls on in d iv id u a l crayfish  were 
repeated u n til an escape response was recorded.

The fo llow ing m orpholog ica l in fo rm a tio n  was recorded fo r each m ale and 
fem ale crayfish : to ta l body length (from  the tip  o f the rostrum  to  the te lson tip ),
m axim um  chelae length (from  the tip  o f the propodus to the ju n c tio n  of the propodus 
and the carpus), and chelae to body length ra tios (Table 4.11). The incidence o f chelae 
loss or regeneration, and antennal loss or damage were also recorded.
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Figure 4.4. Differences in a) walking speed, and b) stopping distance □  , and
reaction distance #  , between those crayfish showing an escape response in their first 
trial and those responding in repeated Mais. Values are means (± 1 S.E.).
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Table 4.11. Morphological data collected from crayfish used in Experiment 4.7.

Measurement Sex Mean S.D. N

Total Length male 36.8 4.8 21
female 34.6 5.4 35

Chelae length male 10.8 1.7 21
female 9.8 1.9 35

Chelae:total length ratio male 0.29 0.01 21
female 0.28 0.02 35

E
&

I
I

20 1

•  B

30 40 5020
Total body length (mm)

Figure 4.5. The relationship between total body length and maximum chelae length. 
Data is included for all female □  , and male #  , crayfish.
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4.7.3 RESULTS AND DISCUSSION

Flfty-stoc o f the 57 crayfish exhib ited an evasive respone to  the  m odel predator. 
Seventeen crayfish required repeated tria ls . C rayfish in  repeated tria ls  w alked faster 
and stopped w a lk ing  closer to  the advancing m odel predator tha n  crayfish  w h ich  d id

no t require  a repeat tr ia l (W ficoxon-M ann-W hitney test; walking speed, U=81.5, C hi^

convers ion= 4 .51 , m =17, n=40 , p<0 .01 ; s topp ing  d is ta nce , U =71.5 , C h i^

conversion=3.14, m=14, n=26, p<0.01; Fig. 4.4a, b). Repeated tria ls  were required not

because crayfish fa iled  to  react to  the m odel predator, b u t because they fa iled  to  walls

along the wallcway in  the previous tr ia l. Repeating a tr ia l altered crayish behaviour

and fo r th is  reason behavioura l data from  the repeated tria ls  were excluded from

fu rth e r analyses o f crayfish evasive behaviour.

The effect o f crayfish m o rp h o lo ^  on evasive behaviour

M orphological data were collected fo r 56 crayfish . The evasive behaviour o f 

crayfish  th a t had I) m issing o r damaged chelae, or 2) damaged antennae, d id  no t d iffe r 

from  the behaviour o f crayfish th a t had no damage (M ann-W hitney test, p>0.1)

M axim um  chelae length was positive ly corre lated w ith  to ta l body length (Fig.

4.5). Using data from  a ll o f the crayfish, m ales tended to  be larger th a n  females w ith  a

difference in  m ean leng th o f ~2 m m  (W ilcoxon-M ann-W hitney te s t; U=259, C h i^ 
conversions 1.84, m =21, n=35, p<0.07. Table 4.11). M ales had longer chelae tha n

fem ales (W ilcoxon-M ann-W hitney test; U=243.5, C h i^ conversion=2.10, m =21, n=35. 
p<0.05), b u t there was no difference in  chelaezbody length ra tio . These trends were 
s im ila r fo r those crayfish  w h ich reacted to  the model predator in  th e ir firs t tr ia l, b u t 
these were no t s ign ificant (p>0.05). Evasive behaviour d id  no t d iffe r between the sexes.

There was an ind ica tion  th a t la rger crayfish swam faster and th a t crayfish w ith  
a greater chelae:body leng th  ra tio  stopped w a lk ing  closer to  th e  advancing m odel

p re d a to r (Spearm an's R ank C o rre la tio n , bo th  sexes com bined, R =0.37, C h i^

conversion=2.19, n=37, p<0.05; and R=0.50, C hi^ conversion=2.44, n=25, p<0.025 
respectively: Figs. 4.6a, b). In  some cases, data on stopping distance and sw im m ing
speed were no t available.

C rayfish evasive behaviour
The frequency d is trib u tio n s  o f the  five  m easurem ents o f c rayfish  evasive 

behaviour are presented in  Figure 4.7. W alking speeds were skewed towards slower
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Figure 4.6. The relationship between a) total body lengtti and swimming speed, and b) 
the chelae:total length ratio and stopping distance of crayfish reacting to the model 
predator in their first trial.
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Figure 4.7. Frequency distribution patterns of crayfish escape response variables 
measured for crayfish in Experiment (4.7), only including data from crayfish which 
exhibited an escape response in their first trial. Frequency distributions are: a) 
average crayfish walking speed, b) the distance from the advancing model predator at 
which crayfish stopped walking, c) the distance from the advancing model predator at 
which crayfish initiated a tail-flip evasive response, d) the average backward 
swimming speed of crayfish during the evasive response, and e) the distance swam by 
crayfish during the escape response.
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ve loc ities, w h ils t stopp ing and rea ction  d istances were skewed tow ards la rge r 
d istances. Swim m ing speeds appeared to  be no rm a lly  d is trib u te d  w h ils t no clear 
pa tte rn  was evident fo r sw im m ing distances. The peak a t the longer distances was an 
a rtifa c t o f the spa tia l constra in ts o f the  test arena. C rayfish reaching th is  p o in t could 
sw im  no fu rthe r.

C rayfish  sw im m ing distances were corre la ted w ith  re a c tion  distance and 

sw im m ing speed (Spearman’s R anlr C orrelation, R=0.49, C h i^ conversion=2.85, n=36, 

p<0.005; and R=0.67, C h i^ conversion=3.99, n=36, p<0.001 respectively: Fig. 4.8a, b). 

Measurem ents o f sw im m ing speed fo r crayfish w h ich on ly swam a short distance (~ 10 
cm) tended to  be biased by the fact th a t crayfish were already decelerating during  pa rt o f 
these m easurements. C rayfish sw im m ing longer distances (>10 cm) exh ib ited repeated 
ta ilflip s  and m aintained a h igh speed throughou t the measurem ent period.

The re la tionsh ip  between reaction distance and sw im m ing distance m ay reflect 
in d iv id u a l v a ria b ility  in  r is k  assessment, w h ich  m anifests its e lf in  bo th  behaviours, 
i.e . crayfish th a t perceive more ris k  w ill tend to  react earlie r and also to  prolong th e ir 
escape. The re la tionsh ip  m ay also be a d irec t re su lt o f d iffe re n tia l p u rs u it tim es. 
C rayfish th a t reacted early to  the m odel predator were also 'chased' fo r longer, as the 
m odel predators trave lled  a constant distance. Increased p u rs u it tim e  m ay have 
increased the perceived th rea t, w hich caused crayfish to  swim  fu rth e r in  escape.

Crayfteh were between 36 to  40 cm from  the m odel predator as i t  began to  move. 
C rayfish th a t had already stopped w a lk ing  when the m odel p reda to r began to  move 
were fu rth e r from  the m odel predator tha n  crayfish  th a t were s t ill w a lldng at th is

p o in t in  tim e (W ilcoxon-M arm -W hitney test: U=87, C hi^ conversion=2.45, m =14, n=24, 
p<0.025). A lso, crayfish w h ich were already sta tionary when the m odel predator was 
accelerated towards them  in itia te d  a ta il- flip  response a t a greater distance from  the 
m odel predator (i.e. earlier) than  crayfish th a t were w a lking when the  m odel predator

began to  move (W ilcoxon-M ann-W hitney test: U=97.5, C h i^ conversion=2.13, m =14, 
n=24, p<0.05: Fig. 4.9). A  lücely cause o f th is  difference is  the tim e required to  stop 
w alldng and react to  the advancing model. A lthough sw im m ing distances were s im ila r 
between crayfish w h ich stopped before and a fte r the  movement o f the m odel predator, 
crayfish th a t had stopped p rio r to  the movement o f the m odel predator m igh t bias the 
positive re la tionsh ip  found between reaction distance and sw im m ing distance, as these 
crayfish  were fu rthe rest from  the m odel predator as it  began to  move. For th is  reason 
the  re la tionsh ip  between reaction and sw im m ing distances was re-exam ined inc lud ing  
on ly  those crayfish  w h ich  were w a lldng as the m odel p reda to r began to  move. The 
re la tionsh ip  persisted, b u t it  was less strong (Spearman's Ranlc C orre la tion , R=0.46,

C hi^ conversion=2.19, n=23, p<0.05).
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Figure 4.8. The relationship between a) reaction distance and swimming distance, and
b) swimming speed and swimming distance, Including data from crayfish that were 
already stopped when the model predator began to move. Data was only used from 
crayfish which reacted to the model predator on their first trial.
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Figure 4.9. The reaction distances of crayfish which stopped walking 1) prior to, and
2) after the mcdel predator began to move. Values are means (± 1 S.E.).
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Experiment 4.8 . THE IMPORTANCE OF MECHANICAL STIMULI IN  ELICITING  
EVASIVE BEHAVIOUR.

4.8.1 INTRODUCTION

C rayfish o f the Genus Orconectes Increase th e ir use o f m echanosensoiy organs 
such as the chelae and antennae a t n igh t (B rusld &  Dunham , 1987; Sm ith &  Dunham , 
1990). In  the absence o f lig h t, m echanical s tim u li should be an im portan t determ inant 
o f c rayfish  evasive behaviour. I t  was the aim  o f th is  experim ent to  determ ine how 
crayfish evasive behaviour differed between day and n igh t. An attem pt was made to 
film  crayfish  evasive responses using in fra red  lig h ts  and in fra red -sensitive  video 
equipm ent. The in frared lam ps also produced visib le red lig h t and i t  was decided th a t 
th is  m ig h t provide crayfish  w ith  too m uch v isu a l in fo rm a tio n . Therefore, b lin d  
c ra y fish  were tested aga inst sighted crayfish  to  determ ine the im portance o f 
m echanical s tim u li in  e lic itin g  evasive behaviour in  crayfish.

I t  was hypothesised 1) tha t, as no visib le  in fo rm ation  was available to b lin d  
crayfish , then b lin d  crayfish  w ould react la te r to an approaching preda to r than 
sighted crayfish , assum ing th a t v isua l in form ation acts over a greater distance than 
m echanical in fo rm ation , and 2) th a t i f  v isua l cues m odify escape sw im m ing, then 
b lin d  crayfish should sw im  fu rth e r in  escape, as it  is  adaptive to  overestim ate ra the r 
than underestim ate the danger o f being captured (Bouskila &  B lum stein, 1992).

4.8.2 MATERIALS AND METHODS

T h irty -n in e  crayfish were used in  th is  experim ent. C rayfish were divided in to  
two groups and each crayfish was exposed to two sim ulated predator attacks, using an 
e llip tic a l p reda to r m odel 14 cm ta ll by 6 cm w ide, advancing against a w h ite  
background. When crayfish had reached a po in t 35 cm from  the m odel predator , the 
model was accelerated towards them.

The firs t experim ental tria ls  took place between 9 to 20 December 1991. A fte r 
the in itia l tr ia l, the to ta l body lengths and carapace lengths o f each crayfish  were 
recorded and crayfish were m arked on the carapace w ith  one o f three coloured paints, 
so th a t in d iv id u a ls  could be iden tified . Nineteen crayfish  (the second group) were 
tem po ra rily  b linded by encasing th e ir eye sta lks and eyes in  p las tic  cement. Th is 
allow ed eye s ta lk  m ovem ent b u t prevented lig h t penetra tion . These crayfish  la te r 
m oulted, leaving the p lastic cement eye caps w ith  the exuviae. To contro l fo r the effects 
o f handling, the firs t group o f crayfish were treated in  a corresponding m anner to those 
th a t were blinded, bu t no p lastic cement was adm inistered. C rayfish were then exposed 
to  a sim ulated predator a ttack fo r a second time between 7 to 16 January 1992. Group 1
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crayfish  (sighted) were between 31.1 to  46.6 m m  to ta l length (mean=35.1, S.D.=4.0), 
group 2 crayfish  (blind) were between 27.9 to  39.1 m m  to ta l leng th (M ean=35.6, 
S.D.=2.9).

In  between the two tr ia l periods, some crayfish m oulted and were excluded from  
fu rth e r use. Thus on ly 13 sighted and 16 b lin d  crayfish ejcperienced two m odel predator 
attaclss. C rayfish evasive behaviour was compared between groups and w ith in  tria ls  
and also w ith in  groups and between tria ls . A  to ta l o f 65 evasive responses were 
recorded from  68 tria ls . Three crayfish from  the firs t group d id  no t exh ib it an evasive 
respone in  th e ir firs t tr ia l.

4.8.3 RESULTS AND DISCUSSION

In  general, crayfish  behaviour d id  n o t d iffe r between the tw o crayfish  groups 
p rio r to  one group being blinded. There was an ind ica tion  th a t the second group (which 
were to  be blinded) swam fu rth e r du ring  the evasive response (W ilcoxon-M ann-W hitney

Test. C hi^ conversion^ 1.68. m=17. n=19. p<0.1; Fig. 4.10). C rayfish from  the second 
group showed a m arked difference in  evasive behaviour a fte r they had been blinded. In  
pa irw ise com parisons o f in d iv id u a l c rayfish  behaviour before and a fte r b lin d in g , 
b lin d  crayfish  w alked faster, stopped and in itia te d  a ta ll- flip  response closer to  the 
m odel predator, and swam less fa r a t a slower speed (W ilcoxon Signed R ank test;

w a lk ing  speed. C hi^ conversions 1.78. n=16, p<0.08; stopping distance. T+=33. n=8,

p<0,05; reaction distance. C hi^ conversions3.41, n=16. p<0.001; sw im m ing speed,

T*'=78, n=13, p<0.025; swimming distance. T+=97.5. n=15. p<0.05; Fig. 4.10).

C rayfish from  group one. w h ich were no t b linded in itia te d  evasive responses 
fu rth e r from  the m odel p reda to r in  th e ir second tr ia l by com parison to  th e ir firs t

(W ilcoxon Signed Rank test; reaction distance. T^sSS. n ^ ii ,  p<0.025; Fig. 4.10b). In  a 
com parison o f crayfish evasive behaviour between b lin d  and sighted crayfish in  th e ir 
second tria ls , b lin d  crayfish w alked faster, stopped and reacted to  the m odel predator 
la te r, and swam less fa r tha n  sighted crayfish  (W ilcoxon-M ann-W hitney test; w a lking

speed. C h i^ conversion=2.46. rn=13. n=16. p<0.025; stopp ing  d istance , C h i^

conversion=2.07. m=12, n s i4 . p<0.05; reaction distance. C hi^ conversion-3.73. m=13,

n=16. p<0.001; sw im m ing distance, C hi^ conversion-1.88, m =12, n=16, p<0.07; Fig. 
4.10).

The distance a fte r stopping a t w h ich b lin d  crayfish in itia te d  an escape response 

increased by com parison to  sighted crayfish both w ith in  group 2 (W ilcoxon test; T^36, 

n=8, p<0.01) and across groups (W ilcoxon-M ann-W hitney test; C hi^ conversion=3.01,
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Rgure 4.10. Crayfish escape reaction variables for two groups of crayfish, each 
exposed to two simulated predator attacks. Group 1 were sighted throughout. Group 2 
were blinded after the first trial. The reaction variables are: a) walking speed, b) 
stopping distance 0  , and reaction distance □  , c) swimming speed , and d)
swimming distance. Values are means (± 1 S.E.). The following levels of significance 
are indicated: *p<0.05; **p<0.025; ••*p<0.01; •***p<0.001. Bold lines — — ,
represent between group comparisons (Mann-Whitney test) light lines ----------- ,
represent within group comparisons (Wilcoxon test).
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m=12, n=14. p<0.001; Fig. 4.11). However, sighted crayfish from  group 1 reacted more

qu ickly a fte r stopping in  th e ir second tr ia l (W ilcoxon test; 1 ^2 6 ,, n=7, p<0.05) b u t group 
1 crayfish  reacted less qu ick ly  a fte r stopping tha n  group 2 crayfish , before the la tte r

were b linded (W ilcoxon-M ann-W hitney test; Chi^ conversions 1.97, m = ll,  n=12, p<0.05; 
Fig. 4.11).

These resu lts  illu s tra te  the im portance o f v isua l s tim u li in  m ediating an early 
evasive response to  an approaching predator, and in  m a in ta in in g  bouts o f escape 
sw im m ing. The mean reaction distance o f b lin d  crayfish (6 cm) was, on average, 10 to 
15 cm 's shorte r than th a t o f sighted crayfish. The shorte r stopping distances of b lin d  
crayfish in  response to  the m odel predator indicates th a t v isua l predator detection has 
an early w arn ing function . The fab t th a t, on average, b lin d  crayfish  on ly stopped 
w alldng 5 cm la te r than sighted crayfish suggests th a t m echanical s tim u li, acting over 
distances o f approxim ately 25 cm  also serve as an early w a rn ing  o f an im pending 
a ttack. These m echanical s tim u li are lilce ly to  be o f a v ib ra tio n a l na ture  s im ila r to 
those produced by the m otion o f locom otary appendages o f fish  (Wiese, 1988). The 
red uc tio n  in  the  reaction :stopp ing  distance ra tio  in  b lin d  crayfish  suggests th a t 
d irec tio na l m echanical s tim u li cha racteristic o f w ater movem ent Induced an escape 
response in  the crayfish , b u t th a t th is  s tim u lu s  acted over a sho rte r distance than 
visua l s tim u li.

The greater sw im m ing distance o f sighted crayfish m ay no t sim ply be a resu lt o f 
the presence o f visual s tim u li per se. Th is m ay also be explained by the fact th a t sighted 
crayfish  were reacting ea rlie r to  the m odel p redator and were, therefore, effectively 
'pursued ' fo r a greater distance than  b lin d  crayfish w h ich reacted la te r, because the 
m odel predator travelled a fin ite  distance from  a pre-set s ta rting  po in t.
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Figure 4.11. The reactionistopping distance ratio for crayfish reacting to two simulated 
predator attacks. Group 1 were sighted throughout. Group 2 were blinded after the first 
trial. Values are means (± 1 S.E.). The following levels of significance are indicated: 
•p<0.05; **p<0.025; ***p<0.01; ****p<0.001. Bold lines — — , represent
between group comparisons (Mann-Whitney test) light lines ------------, represent within
group comparisons (Wilcoxon test).
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E K pedm em t4.9. THE EFFECT OF PREDATOR SCENT AND VISUAL FEATURES ON
EVASIVE BEHAVIOUR.

4.9.1 INTRODUCTION

T h is  experim ent was designed to  determ ine how pre da to r scent and 
d is ting u ish in g  v isu a l features affect crayfish evasive behaviour. C rayfish avoidance 
behaviour was shown to Increase In  response to seeing and sm elling a predator (Chapter
3). Also, G arrison (1976) showed th a t P. clarkii Increased defensive behaviour In  
response to sim ulated predator eyes. The response measured was ton ic Im m obility, 
w h ich was Induced by pressure on the carapace. A lthough such recognition on ly 
occurred over re lative ly short distances, th is  experim ent was designed to  test w hether 
P. leniuscuius may also be able to detect specific threatening features o f a predator.

In  E xperim ent 4.6, crayfish  swam sho rte r distances In  response to  m odel 
predators w ith  a lower contrast to the background. This suggests th a t the h igh ly visib le 
m odel predator posed less th rea t than a less d is tin c t one, and th a t to  the crayfish, the 
m odel predators d id no t closely resemble real predators. Therefore, crayfish were 
exposed to  sim ulated predator attaclcs by e ith e r a p la in  m odel predator, o r one 
con ta in ing  an exaggerated eye pa tte rn . These m odel predators were presented to 
crayfish In  the presence or absence o f perch scent. It was hypothesised th a t I f  the eye 
s tim u lu s  and perch scent represented th rea ten ing s tim u li, and hence a greater 
predatory th rea t, then crayfish evasive behaviour w ould be more m arked In response 
to  these s tim u li. I t  was predicted th a t the greater response w ould m anifest Its e lf by 
crayfish sw im m ing fu rth e r from  and possibly reacting earlie r to the advancing model 
predator.

4.9.2 MATERIALS AND METHODS

Two m odel predators were used In  th is  experim ent. B oth were ve rtica lly  
extended ellipses 7 cm ta ll by 3 cm wide. One was p la in  black, the other had two eyes 
painted on It 1.5 cm apart. The eyes were 17 mm in  diam eter and contained a p u p il 5 
m m  In  diam eter surrounded by an orange liis . These two m odels were presented to  
crayfish e ither In  the presence or absence of perch scent in  a 2 x  2 factoria l design (Table 
4.12). Perch scent was presented using live perch constra ined behind an opaque 
p a rtitio n  In  the test arena. The ta n k  w ater was common to the arena and the perch 
cham ber, and was circu la ted between the two du ring  experim ental tria ls . W hen no 
scent was required, perch were removed from  the hold ing cham ber, and the tank was 
em ptied and re filled  w ith  fresh tap water. This was aerated fo r 48 hours p rio r to 
recom m encing experim ental tria ls .
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Twelve crayfish between 29.7 and 38.0 mm to ta l length (mean 34.5 m m. S.D=3.0) 
were exposed to  each o f the fo u r treatm ents, w ith  the exception th a t one crayfish  was 
exposed to  only three treatm ents and two crayfish were only exposed to  two treatm ents. 
These exceptions were due to  crayfish  fa ilin g  to  w a lk along the w alkw ay in  the test 
arena in  these tria ls . In  order to  m axim ise the effect o f the v isua l s tim u li, crayfish were 
allowed to  w a lk to  w ith in  20 cm o f the m odel predator before i t  was aœ elerated towards 
the crayfish . Forty-five evasive responses were recorded fo r the twelve crayfteh.

Table 4.12. The 2 x 2  factorial design of four treatments testing the effects of predator 
scent and visual stimuli on the crayfish escape response.

Visual stimulus Chemical stimulus

Perch scent:
Present Absent

Plain black model predator: Eye stimulus absent

Eye stimulus present

4.9.3 RESULTS

U sing Friedm an's 2-w ay ANOVA (Siegel &  C astellan. 1988) crayfish  evasive 
behaviour was not found to  d iffe r between the fou r treatm ents (Table 4.13).

Table 4.13. Escape behaviour of crayfish in response to each model predator treatment. 
Values are means. Standard errors are given in brackets.

Reaction Variables Treatment

No scent + No scent + Scent + Scent +
Plain model Eye stimulus Plain model Eye stimulus

Walking speed 1.36 1.2 1.2 0.9
(0 .2 ) (0 .2 ) (0 .3 ) (1 .0 )

Stopping distance 17.4 15.5 16.6 13.7
(1 .4 ) (1 .4 ) (1 .1 ) (1 .7 )

Reaction distance 11.5 8.9 12.5 9.9
(1 .4 ) (1 .3 ) (1 . 3 ) (1 .4 )

Swimming speed 57.0 53.8 48.6 56.0
(2 .1 ) (3 .3 ) (3 .2 ) (2 .0 )

Swimming distance 41.1 43.1 24.5 34.3
(4 .8 ) (9 .0 ) (7 .3 ) (6 .9 )

107



Results were then grouped to  tes t fo r an effect o f e ithe r eye stim u lus or scent on 
crayfish  evasive behaviour. In d iv id u a l c rayfish  were ezcposed to  fo u r trea tm ents. 
Therefore, group ing the categories (i.e. scent versus no scent) w ou ld  use data from  
in d iv id u a l crayfish  tw ice w ith in  each te s t category. These sam ple po in ts  were no t 
independent, and therefore, the  two pa ired m easurem ents o f swim m ing distance fo r 
each crayfish  per category were averaged. C rayfish swam fu rth e r in  response to  a 
sim ulated predatory a ttack w hen they could no t smeU perch (W icoxon signed ra n k  test,

T*-=58, n = ll,  p<0.025).
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E xperim ent 4 .1 0 . THE EFFECTS OF PREDATOR DISTANCE AND ORIENTATION
MOVEMENTS ON THE EVASIVE BEHAVIOUR OF JUVENILE CRAYFISH.

4.10.1 INTRODUCTION

In  E xperim ent 4.7, crayfish  w hich were sta tionary p rio r to  the s ta rt o f a 
s im ulated predator a ttack In itia ted  an evasive response at a greater distance from  the 
m odel p reda to r than crayfish w hich were w a lking as the a ttack began. S topping in  
response to  a predator's orien ta tion  movement m ight prepare crayfish fo r an earlie r 
evasive response. I t  was hypothesised th a t crayfish w ould react earlie r to a sim ulated 
predator a ttack th a t was preceded by an orientation movement.

Prey being attacked from  a shorter distance are like ly  to  be more vulnerable to 
capture. Therefore, they m ight be expected to react more strongly. C rayfish reaction 
distances w ill tend to  be shorte r in  response to a closer predatory a ttack. I t  was 
hypothesised th a t the subsequent escape behaviour would be more m arked. Under the 
experim enta l cond itions used below, th is  w ould mean th a t, given equal preda to r 
p u rsu it distances, crayfish should swim fu rthe r In  response to a closer attack.

In  previous experim ents, sw im m ing distance was corre lated w ith  reaction 
distance. This m ay have been due to an increase In  the distance over w hich crayfish 
were pursued If  they reacted early to a sim ulated predator a ttack. To elim inate th is  
po ss ib ility  In  the follow ing experiment, an attem pt was made to standardise the to ta l 
distance travelled by the predator model from  each of two s ta rting  distances, so th a t 
once crayfish  had reacted to an advancing model predator, they were pursued over an 
equal distance.

4.10.2 MATERIALS AND METHODS

The original experiment was designed to test the effects o f an attack by a close (6 
cm) and m ore d is ta n t (18 cm) m odel predator, and the effect o f predator model 
o rien ta tion  movements on crayfish evasive behaviour. These effects were to be tested 
using a 2 X 2 factoria l design (Table 4.14). Several problem s were encountered during 
the tria ls . F irs tly , some crayfish appeared to respond to m echanical s tim u li ra th e r 
than v isu a l s tim u li when attacked from  a distance of 6 cm w ith  no preceding predator 
o rie n ta tio n  movem ent, and so, a fte r ten tria ls , th is  trea tm ent was d iscontinued. 
Secondly, crayfish failed to  stop w alldng In response to the orien ta ting model predator 
18 cm  away. Therefore, crayfish  behaviour was no t expected to  d iffe r between 
treatm ents -with and w ith ou t the orien ta tion movement a t th is  distance and the non 
-o rien ta tion  tria ls  from  18 cm were also discontinued. T h ird ly , a num ber o f crayfish 
m oulted du rin g  the experim ent. T h is lim ited  the num ber o f crayfish , and the tim e
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Figure 4.12. Schematic view of Experiment 4.10 showing the relative 
positions of crayfish and the model predator for a 'close attack*, a) The
model predator faced 90* away from the crayfish before they reached point 
X. b) when crayfish reached point X, the model predator was orientated 
towards the crayfish and accelerated forwards in a simulated attack. The 
model predator was set at point Y for a close attack (from 6 cm) and at point 
Z for a distant attack (from 18 cm).
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available to  conduct th is  experim ent. Therefore, crayfish  behaviour was on ly tested in  
response to  an orien ta ting model predator attacldng from  e ither 6 o r 18 cm.

N ine crayfish  were exposed to  each trea tm ent and 18 evasive responses were 
recorded. The crasdish m easured between 32.6 and 43.1 m m  to ta l length (mean=37.3 
m m , S.D.=3.3). The experim ental apparatus is  described above (Section 4.3), however in  
th is  experim ent, the tro lle y  carrying the model predator was allowed to  come to  rest as 
a resu lt o f fric tio n a l forces ra the r tha n  using sleepers to  arrest its  m otion.

The m odel predator faced 90° away from  advancing crayfish and was orientated 
tow ards crayfish  when they reached a predeterm ined po in t along the w alkw ay. The 
m odel predator consisted o f a 3-dim ensionaI contoured head w ith  an e llip tic a l cross 
section, 7cm ta ll by 3 cm w ide, w ith  a 15 cm long b lack p lastic s trip  shaped Iflce a perch 
body extended behind the head. Im m ediately a fte r the o rien ta tion  m ovem ent the 
m odel preda to r was accelerated tow ards crayfish from  each o f the required distances 
(Fig. 4.12).

Table 4.14. The proposed 2 x 2  factorial design of four treatments testing the effects of 
attack distance (i.e. the distance between the model predator and the crayfish at the 
beginning of the attack) and predator orientation movements on crayfish evasive 
behaviour.

Attack distance Predator orientation movement

Present Absent

Near (6 cm) 

Far (18 cm)

4.10.3 RESULTS AND DISCUSSION

C rayfish stopped w alldng in  response to  an o rien ta tion  movem ent 6 cm  away, 
b u t no t to  one 18 cm away. C rayfish in itia te d  ta ü -flip  evasive responses to  sim ulated 
a tta c te  from  bo th  distances. C rayfish reacted ea rlie r (i.e. fu rth e r from  the  m odel

predator) to  d is tan t attacks and also swam fu rthe r. (W ilcoxon Signed Ranis test; T"^=45, 
n=9, p<0.01, fo r bo th; Fig. 4.13). The respective predator p u rs u it distances fo r the two 
a ttack distances are given in  Table 4.15.

M odel predators on average travelled 8.5 cm fu rth e r du ring  a d is ta n t a ttack.
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T h is difference was on ly 4 cm  I f  the distance a t w h ich  crayfish  in itia te d  an evasive 
response was used as a measure. I t  is  concluded th a t th is  sm all difference In  p u ia u it 
d istances Is u n lik e ly  to  have caused the la rge d lffe re iK es in  crayfish  sw im m ing 
distances found in  response to  the d ifferent a ttack distances. Instead it  Is suggested th a t 
th is  was a resu lt o f the degree o f th rea t pm deved by crayfish.

Table 4.15. Distances travelled by the model predator during simulated attacks on 
crayfish, and the corresponding crayfish evasive behaviours. Values are all in cm's. 
Standard errors are in brackets.

Distance Measured Treatment

Close attack (6 cm) Distant attack (18 cm)

Average distance travelled by model 
predator throughout the simulated 
attack until coming to rest.

26.0 (0.3) 34.5 (0.3)

Mean model predator speed (cm/sec) 31.1 (1.8) 30.0 (0.8)

Average distance travelled by model 
predator after crayfish had stopped 
walking

26.0 (0.3) 32.0 (0.7)

Average distance travelled by model 
predator after crayfish had reacted

25.0 (0.8) 29.0 (0.7)

Mean crayfish stopping distance 5.9 (0.7) 12.2 (1.1)

Mean crayfish reaction distance 4.2 (0.5) 9.0 (0.6)

Mean crayfish swimming distance 16.7 (4.7) 47.7 (3.6)

Table 4.16 shows data fi*om the experim ental tria ls  com paring crayfish evasive 
behaviour In  response to  a close preda to r a tta ck  e ithe r w ith  o r w ith o u t a preceding 
o rie n ta tio n  m ovem ent. V isu a l inspection  o f the  data ind ica tes a greater reaction  
distance b u t a reduced sw im m ing distance in  response to  an o rien ta tion  m ovement. 
The fo rm er re su lt lends support the  hypothesis th a t responding to  an o rien ta tion  
m ovement allows crayfish  to  in itia te  an escape rép on se  earlie r. C rayfish no t e^CMsed 
to  an o rien ta tion  movement probably reacted la te r as a resu lt o f having to  stop w a lking 
p rio r to  In itia tin g  ta ll- fiip  sw im m ing.
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The hypothesis th a t crayfish w ould sw im  greater d^tances in  response to  a close 
a ttack was not supported. Indeed the reverse was true . One com plicating factor was tha t 
c rayfish  d id  no t respond to  a d is ta n t o rien ta tion  movement. Therefore, they were not 
pre-wam ed o f an Im pending a ttack as were crayfish on ly 6  cm  from  the m odel predator. 
A  s im ila rity  exists between the  crayfish  responses to  d is ta n t a ttacks and to  close 
attacks w h ich were no t preceded by an o rien ta tion  m o ve n o it. In  bo th  cases, c ra y fi^  
swam fu rth e r th a n  when an a ttack  was preceded by an o rie n ta tio n  m ovanent. A  
com m on facto r between these treatm ents was th a t crayfish were w a lk ing  as the a ttack 
began. Therefore, there was an element o f surprise in  these attEKdks. I t  Is p o s ^ le  th a t 
the absence o f a w arn ing signal prevented crayfish  from  assessing the nature o f the 
predatory th rea t before being attacked. A  sudden attack m igh t be expected to  produce a 
m ore v io le n t escape response. I t  is  suggested th a t the  o rien ta tion  movem ent allowed 
crayfish  to  assess the  na tu re  o f the  th re a t and th a t th is  m od ified  th e ir e v ^ v e  
behaviour.

Table 4.16. Individual crayfish behaviour in response to simulated predator attacks 
from a distance of 6 cm. Missing values are a result of: fthe evasive response preceding 
the movement of the model predator, and * of the crayfish failing to walk along the 
walkway.___________________________________________________________________

Crayfish Reaction distance (cm) Swimming distance (cm)

predator orientation 
Yes No

predator orientation 
Yes No

I t 3.0 NA 30.0 130.0

2 4.5 1.0 28.0 83.0

3 * NA 0.5 NA 35.0

4 6.0 1.5 9.0 55.0
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4 .1 1  GENERAL DISCUSSION

A lthough the m echanics o f the crayfish  s ta rtle  response are extensive ly 
reported (Krasne &  W ine, 1984), the v a ria b ility  o f crayfish  evasive behaviour in  
response to  varying predatory th rea ts is no t w ell documented. The m agnitude o f a 
p o ten tia l prey's evasive behaviour should vary w ith  the degree o f th re a t (Stein, 1979; 
S ih, 1987). Predator-prey in teractions progress along a series of stages leading from  an 
encounter to e ither consum ption o f the prey or to prey escape (Endler, 1991). The series 
o f experim ents described above dealt solely w ith  the predator approach and attack. As 
p reda to r and prey are in  close p ro x im ity  during  th is  stage, the a rray o f evasive 
responses available to prey are lim ited  and escape often involves fleeing.

The fundam ental questions posed in  the above experim ents were firs tly , w hat 
s tim u li e lic it the evasive response in  the crayfish? The sensoiy channels used to detect 
predators should m atch closely the type of in form ation m ost ind ica tive  o f a predator 
a ttack (Weise, 1988), and should be expected to be m ost functiona l in  response to  the 
m ost dangerous predators (Endler. 1986). Secondly, are these s tim u li o f a specific or 
general nature? The find ings o f the previous seven experim ents concerning these 
questions are summarised in  Figure 4.14.

C rayfish have m any predators (Hogger. 1988 fo r review), and therefore m ight be 
expected to respond to s tim u li common to m any predators. One such stim u lus is  the 
rate o f change o f angle subtended a t the prey's eye by an approaching predator (D ill, 
1974a). o r apparent loom ing threshold (Webb. 1982). This fac ilita tes a qu ick response 
to  m any predators and allows the response to change according to  predator size and 
speed. Ewert (1980) indicates th a t predator detection by prey usua lly  depends on the 
size, m otion  and con figu ra tion  o f the threatening object. Fathead m innow s (P. 
promelas), showed d iffe ren t escape response thresholds to d iffe re n t fish  predators 
(Webb. loc. c it.). Th is was re lated to  the configu ra tiona l differences in  the cross 
sectional shape o f the approaching predators.

W h ils t the above experim ents h igh lighted differences in  crayfish behaviour in  
response to the presence o r absence o f gross predatory s tim u li, (i.e. v isu a l or 
m echanical s tim u li), lim ite d  in fo rm a tio n  was obtained on crayfish  behaviour in  
response to differences in  the nature o f the visual s tim u li presented. One m ajor factor 
m ay have been th a t the short distances over w hich these sim ulated attacks occurred 
d id  n o t allow  su ffic ien t va ria b ility  in  the behavioural responses fo r differences to  be 
recorded. A lte rn a tive ly , c rayfish  escape behaviour m ay no t be determ ined by 
configurational features of predators so m uch as the characteristics o f th e ir movement.
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Figure 4.14. Summary of the findings of Experiments 4.4 to 4.10. The figure 
shows the stages of crayfish behaviour (boxes) preceding and during a simulated 
predator attack. The oval boxes represent factors which influenced crayfish 
avoidance behaviour.

predator attack predator orientation]

STOPPED

B L IN D  
(at night?)

SIG HTED  
(by  day)

Çtar predator attaclT^Çfar predator attack J

no predator 
orientation

predator
orientation

crayfish surprises ( crayfish alerted

REACT LATE REACT EARLY REACT LATE REACT EARLY

SHORT
ESCAPE

WALKING/aotlve

t  refers to predators which could be smelt, orientated before attacking, or were 
highly visible (high contrast against background) but not threatening.
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4.11.1 REACTION DISTANCE

The distance from  the m oving model predator a t w h ich crayfish  in itia te d  an 
escape response (Reaction Distance), was used as a m ark o f the degree o f threa t the 
m odel predator posed. Response thresholds were expected to decrease w ith  a greater 
th rea t. T h is d id  no t appear to be the case when crayfish could see d iffe ren t model 
predators approaching over s im ila r distances, e ither because 1) crayfish detected no 
difference in  the s tim u li (i.e. s tim u li were not more or less threatening) or 2) because the 
reaction th resho ld  was determ ined by less variable s tim u li (i.e. ALT) w h ich d id  not 
change, o r 3) th a t varia tions in  response thresholds were lim ited  by the constra in ts of 
the experim ental system  used. Support fo r the second explanation is  talcen from  D ill 
(1974a). Zebra Danios [Brachydanio rerio] showed no difference in  response thresholds 
to  rea l o r a rtific ia l predators. They did, however, swim  away three tim es as fas t in  
response to  rea l predators, in d ica tin g  th a t a rtific ia l predators lacked im p o rtan t 
s tim u li w h ich  on ly in fluenced the escape response a fte r the com ple tion o f the 
stereotyped sta rtle  response. I t  was possible th a t the 'm issing' s tim u li were a resu lt o f 
a rtific a l predators fa ilin g  to pursue fish  fo r as long as real predators.

The effect o f velocity on the reaction distance o f fish  was shown by D ill (1974a) 
and is  consistent w ith  a response determ ined by apparent loom ing threshold (Webb, 
1982). No re la tionsh ip  between reaction distance and model predator velocity was 
found in  Experim ent 4.7 (n = 54), however, the range of target velocities was sm all 
(between 31 and 36 cm /s). B ut fo r the constraints o f tim e, th is  relationship would have 
been examined fu rth e r under conditions where differences in  model velocity could have 
been contro lled and exaggerated. D ill (loc. cit.) also showed th a t predator size can effect 
reaction distance, b u t a doubling of predator size in  Experim ent 4.6 failed to do so. It is 
possible th a t crayfish react to movement per se and not to rates o f change of movement. 
A lte rna tive ly , the m odels m ay have been so close to the crayfish th a t th e ir rates of 
movement exceeded a m inim um  response threshold value.

4.11.2 SWIMMING DISTANCE

The distance swam by crayfish during an escape reaction was expected to be 
m ore flexib le  and open to sensoiy m odification (Davey & M acm illan, 1991). C rayfish 
evasive behaviour varied between Ind ividuals (Experim ent 4.6), and reaction distance 
and sw im m ing distance tended to be positive ly correlated. C rayfish th a t reacted 
ea rlie r to an approaching model predator tended to swim fu rthe r, although only 20% of 
the va ria tio n  in  sw im m ing distance could be explained by the reaction distance 
(Experim ent 4.7). This effect may have been influenced in  several ways:

1) C rayfish w hich reacted earlier were "chased" by the predator model fo r longer 
and therefore w ould be like ly  to swim  fu rthe r (Experiments 4.7 &  4.8),

2) A more threatening stim u lus m ight act to lower the response threshold for 
the s ta rtle  response and w ould be lik e ly  to increase the threshold o f in h ib itio n  fo r
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escape swim m ing. Due to the more flexible nature of the escape response as opposed to 
the sta rtle  response, the la tte r should be a bette r ind ica tion  o f the degree o f predatory 
th re a t 'recognised' by fleeing crayfish. Th is is  indicated by the m arked difference in  
escape sw im m ing behaviour shown by crayfish  in  response to rea l and a rtific ia l 
predators (Elxperiments 4.4 to 4.10 compared to Elxperiment 4.12, below).

4.11.3 THE IMPORTANCE OF VISUAL, CHEMICAL AND MECHANICAL STIMULI

B oth v isu a l and m echanical s tim u li e lic ited  fun c tiona l evasive responses. 
There was also evidence to suggest tha t the sim ultaneous perception o f both m echanical 
and v isu a l cues produced a more appropriate response than e ither s tim u lus presented 
alone. Such an effect was shown fo r avoidance behaviour in  response to v isua l and 
chem ical s tim u li in  Chapter 3. Avoidance behaviour was more m arked when both 
s tim u li were present. The absence o f m echanical s tim u li lowered the frequency of the 
evasive response to an approaching model predator, only e lic iting  a response in  ~ 50% 
o f the sim ulated attacks (Experiments 4.4 &  4.5), The presence of both m echanical and 
visua l s tim u li increased the response frequency to 89%, although response thresholds 
d id  no t d iffer.

The use o f m echanical and v isu a l s tim u li to  determ ine evasive behaviour 
m igh t be expected, as crayfish are exposed to  predators under varying lig h t in tensities. 
S m ith &  Dunham  (1990) found tha t crayfish used mechanosensory organs such as the 
antennae more in  the dark by com parison to the lig h t. In  the present study, tire  loss of 
v isu a l in fo rm ation  reduced both the reaction and sw im m ing distance o f crayfish  in  
response to  an advancing predator model, b u t did not a lter response frequency. It was 
hypothesised th a t m echanical s tim u li presented alone would cause crayfish to swim  
fu rth e r in  response, as the nature o f the predatory threa t could no t be accurately 
determ ined. T h is was n o t the case. C rayfish stopped w a lking  in  response to 
m echanical disturbances a t a distance o f ~25cm, b u t m echanical s tim u li on ly elicited 
escape sw im m ing over sho rt distances (~6cm). Inform ation provided by m echanical 
s tim u li produced a functiona l escape response, bu t visual s tim u li appear im portan t fo r 
e lic itin g  an early and prolonged flig h t.

C rayfish avoidance behaviour tends to reduce exposure to v isua l predators by 
day (Stein &  Magnuson, 1976; Ham rin, 1987; Appelberg &  Odelstrôm , 1988: Blalce &  
H a rt, in  press). W hilst escape behaviour m ay occur by day, as a re su lt o f avoidance 
behaviour, crayfish m ay m ost often encounter crepuscular o r nocturna l predators. As 
a resu lt, crayfish should be adapted to react not only to  visual predator cues, b u t also to 
m echanical disturbances. This proved to be the case.

Responding to movem ent alone w ould low er the ad ap tiv ity  o f the escape 
response. C rayfish react to  moving edges (Gordon, 1971), and to approaching objects.
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Such s tim u li m ay no t on ly be characteristic o f a predator attack, non-predatoiy fish  
m ay produce s im ila r s tim u li. Therefore, reaction to environm enta l m otion alone 
m ight often be w asteful in  term s o f lost feeding activ ity  and energy lost in  unnecessary 
flig h t reactions.

C rayfish can gain in fo rm a tion  on the d irection  and na ture  o f the source o f 
m echanical disturbances in  w ate r using a system  o f receptors w hich function  in  a 
s im ila r way to the la te ra l line  system in  fish  (Wiese, 1988). In  fish , in form ation on the 
source and direction o f hydrodynam ic disturbances can be gained over a distance o f a 
few body lengths (Kalm ijn, 1988; Gray &  Denton, 1991). D ijkg raa f (1963, cited by D ill, 
1974a) found th a t m echanoreception allowed b lin d  fish  to ad just th e ir escape reaction 
in  response to varying sizes and speeds o f a glass plate m oving towards them . It seems 
lik e ly  th a t a s im ila r system  m ay operate in  crayfish . M echanical in form ation coupled 
w ith  v isu a l in form ation w ould malce escape responses more specific.

In  the present study, crayfish  exh ib ited a fun ctiona l evasive response when 
b lin d , however, the reaction was la te r and o f shorter duration than in  sighted crayfish. 
V isua l cues were im portan t in  e lic itin g  an early response. An earlie r reaction m ay 
increase the chances of a successful escape (Endler, 1986). A t n igh t, visual cues w ill be 
lim ite d . N octu rna l foragers, such as eels, are u n lik e ly  to  pursue fleeing prey 
(Experim ent 4.12, below), therefore, escape sw im m ing w ould be an effective escape 
even over short distances, and it  is  suggested tha t mechanoreceptive predator detection 
is  o f great im portance fo r P. leniuscuius a t n igh t.

C rayfish exposed to perch scent were expected to  be m ore v ig ila n t. It was 
suggested th a t th is  w ould have been reflected in  a slower w a lking speed. I t  was also 
hypothesised th a t the detection o f perch scent m igh t low er the evasive reaction  
threshold to an approaching predator. Despite being an im portan t factor in  m odifying 
crayfish  avoidance behaviour (Hazlett, 1990; Appelberg, pers.com m .. Chapter 3), 
chem ical s tim u li appeared to  have little  effect on crayfish evasive behaviour. W h ils t 
chem ical in fo rm ation  m ay serve to w arn crayfish  o f the p ro x im ity  o f a predator, it  
m ay no t convey any add itiona l pe rtinen t in fo rm ation  du ring  a predatory a ttack. In  
fact, perch scent appeared to reduce the distance crayfish swam during an escape 
response. I t  is  possible th a t the presence of scent, w h ils t no t a lte ring  the response 
threshold of the escape reaction, d id a lte r the behavioural state of crayfish so th a t they 
were m ore v ig ilan t. This m ay have allowed crayfish to assess more rap id ly the nature 
o f the approaching th rea t. Assum ing th a t the m odel predators lacked im portan t 
cha racte ris tics  o f rea l predators, crayfish  th a t were v ig ila n t m ight be expected to 
te rm inate  an evasive response earlie r. W alking speed was expected to  provide an 
in d ica tion  of the state of vigilance of crayfish bu t th is  did not appear to be the case, and 
it  was no t possible to ascerta in w hether crayfish th a t could sm ell perch were m ore 
v ig ila n t.
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4.11.4 THE NATURE OF THE STIMULI THAT ELICIT EVASIVE BEHAVIOUR

Evasive behaviour o f prey m ay be induced by specific s tim u li deriving from  
ce rta in  predators, or by m ore general s tim u li characteristic o f m any predators. The 
s ta rtle  response is  stereotyped and is  not open to sensory m odification (Bennett, 1984; 
Davey &  M cM illan , 1991). Therefore, the s ta rtle  response should be sensitive to 
general predatory s tim u li. Such general s tim u li m ay be sudden, novel, o r o f h igh 
in te n s ity  (see D ill, 1974a fo r review). Assum ing prey are no t am bushed, then 
im m ediately p rio r to  and after a sta rtle  response is elicited, prey have an oppertun ity to 
recognise predators and more accurately assess the degree o f risk . The presence or 
absence o f specific predatory s tim u li may a lte r the response threshold o f the s ta rtle  
response and the longevity o f the escape response.

Predator detection by prey m ay be considered analogous to  prey detection by 
predators. Cues used in  prey detection and recognition are body size, movement, shape 
and con trast (Curio, 1976 fo r review). O m itting  one o f these s tim u li m ay lessen the 
a ttack response, ind ica ting  s tim u li sum m ation. Roth (1986) suggests th a t properties 
o f prey stim u la te  d iffe ren t tecta l and re tin a l neurones w hich have broad response 
properties, and w hich together form  a "recognition m odule" responsible fo r "universal 
prey detection". Sum m ation and in h ib itio n  o f d iffe ren t neurones determ ines m ore 
specific prey preferences. The c ritic a l na ture o f predator recognition m ay no t require 
such detailed detection as prey recogn ition , suggesting the im portance o f general 
p redator feature recognition such as apparent loom ing threshold (D ill, 1974a; Webb, 
1982). Part o f prey recognition is innate (Curio, loc. c it.). The same is  true  o f predator 
de tection (Lim a &  D ill, 1990), however, fish  prey learn  to d is ting u ish  between 
predatory and non-predatory fish  (Csanyi, 1985). The d is tic tion  can be based on visua l 
cues associated w ith  the con figuration of the head, pa rticu la rly  m outh w id th  and the 
distance between the eyes (Karplus &  Algom, 1981). Prey th a t have evolved under heavy 
p reda tion  pressure tend to  e xh ib it m ore pronounced avoidance behaviour when 
exposed to predators (Licht, 1989), and th is  behaviour w ill be flexib le depending on the 
degree o f ris k  (Coates, 1980).

V isu a l features o f predators such as body shape (Experim ent 4.4), size 
(Experim ent 4.6), and eye patterns (Experim ent 4.10), did not affect crayfish sta rtle  or 
escape behaviour. This indicates th a t juven ile  P. leniuscuius were using general v isua l 
s tim u li associated w ith  predator movement in  th e ir assessment o f ris k . This should be 
expected as these crayfish were young and th e ir responses w ould tend to be innate. 
O lder crayfish may respond to more specific s tim u li as a resu lt o f experience. It is  noted 
th a t the features presented may have been inappropria te. Also, if  crayfish m ost often 
encounter predators at dusk, a t n igh t, or in  tu rb id  water, feature detection w ould be of 
little  use and a general response to movement w ould be more adaptive.
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Crayfish escape sw im m ing differed in  response to h igh ly v isib le  (high con trast 
w ith  background), and less v is ib le  (poor contrast w ith  baclcground), predator m odels 
(Experim ent 4.6). C rayfish tended to swim  fu rth e r in  response to  the low  con trast 
model. This suggests th a t the less v is ib le  model predator was more threatening to  the 
crayfish . A  drawback o f using m odel predators is th a t they inevitab ly lack im portan t 
characteristics o f live predators. Zebra danios escaped a t three tim es the ve locity in  
response to rea l ra the r than a rtific ia l predators (D ill. 1974a). The b lack model m oving 
against a w hite baclcground was clearly visib le . The more vigorous response of crayfish 
to the less d is tin c t model indicates th a t some image processing was talcing place. The 
wealcer response to the d is tin c t model predator could mean th a t crayfish 'assessed' the 
model du ring  the evasive response and, due to the absence o f certain s tim u li 'realised' 
th a t it  was not a s ign ifican t th rea t. The less contrasted m odel w ould give away less 
in fo rm a tio n . T h is  w ould malce a qu ick  assessment o f ris k  harder. As a re su lt, 
in d is tin c t objects should be treated as a th rea t as it  pays prey to overestimate predatory 
hazards (Bouskila &  B lum stein, 1992). The lack of a difference in  reaction distance 
between the two treatm ents does no t support th is  hypothesis, however, there is  more 
scope fo r a d iffe rentia l response in  swim m ing duration than reaction distance.

As the distance between predator and prey decreases, prey have less tim e to 
detect eind react to  a p reda to r s trike , and hence less tim e to  effect an escape. 
M in im ising  the a ttack distance is  im portan t fo r successful prey capture and th is  m ay 
be achieved by the predator staUcing the prey (Curio, 1976). A fte r sighting po ten tia l 
prey, predators orientate towards the prey. This is a sign of predato iy in te n t and m ay 
act as a w arning stim u lus to prey. This proved to be the case fo r crayfish 6 cm from  a 
model predator, b u t no t fo r crayfish 18 cm away (Experim ent 4.10). This la tte r resu lt 
is  su rp ris in g  considering crayfish  responded to movements o f live  predators over 
s im ila r distances in  m uch poorer lig h t conditions (Experim ent 4.12).

The lack of response to an orien ta tion  by the more d is ta n t model predators is  
considered o f key im portance in  the differences in  escape behaviour displayed by 
crayfish reacting to a close and d is ta n t predator attack. C rayfish reacted fu rth e r away 
from  the d is tan t predator a ttack, however, they also swam fu rth e r in  escape. It was 
hypothesised th a t a closer a ttack w ould stim ulate a greater response. This was not the 
case and it  is  suggested th a t the orientation movement provided a w arning to crayfish 5 
cm from  the model, which increased th e ir levels o f vigilance. This w ould have allowed 
crayfish  to  determ ine more accurate ly and more rap id ly  the na tu re  o f the th rea t. 
Conversely, a sudden attack w ith  no pre-warning may produce a less contro lled escape 
response. This hypothesis is  supported by the lim ited  data available fo r crayfish  
reacting to  a sim ulated attack from  a model predator 6 cm away, tha t was not preceded 
by an orien ta tion  movement. In  these instances, crayfish again tended to swim  greater 
distances, suggesting surprise was a key factor affecting the response. Prey responding 
to a s ta lldn g  predator can ga in advantage over a predator (i.e. in  reaction tim e, 
reaction distance, and a planned escape route; Endler, 1986). A lthough s ta lk ing
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behaviour was not sim ulated In  the a rtific ia l attacks described above, both preda to r 
o rie n ta tio n  movem ents and p reda to r scent represented sources o f early p reda to r 
id e n tifica tio n  fo r the crayfish . In  Experim ents 4.9 &  4.10, both s tim u li reduced the 
distance crayfish swam in  escape.

Davey &  M acm illan (1991) suggest th a t escape efficiency m ight be increased if  
crayfish adopt an efficient pre-escape response stance. Reacting to  stalldng movements 
and scent w ould allow  crayfish  to  do th is . B ea ll et a l. (1990) found th a t backw ard 
w alldng and defence posturing in h ib ited  ta ll-flip  escape in  crayfish (P. clor/cif). These 
behaviours were incom patib le because they used the same body parts. S im ila rly , 
forw ard w alldng and the escape response are m utua lly  exclusive behaviours. C rayfish 
have to  stop w alldng in  order to ta il-flip . Detecting sta lldng predators w ould a llow  
crayfish to stop w alldng and to prepare fo r flig h t. It was determ ined in  Experim ent 4.7 
th a t crayfish  th a t were sta tionery when attacked reacted earlier. The tim e talcen fo r 
w a lldng crayfish to stop and react to an attack is  a t least one cause of th is  reaction 
la tency. A  possible exp lanation o f the reduction in  sw im m ing distance a fte r the 
detection o f w arning s tim u li, is  th a t such s tim u li a le rt crayfish and malce them  more 
v ig ila n t. An a rtific ia l predator may no t possess su ffic ien t s tim u li to m ainta in  bouts of 
escape sw im m ing in  v ig ila n t crayfish. Again, levels o f alertness o r vigilance were no t 
knovm  fo r these crayfish.

4.11.5 INDIVIDUALITY OF CRAYFISH EVASIVE BEHAVIOUR

Aspects o f the crayfish  evasive response were in d iv idu a l (Experim ents 4 .6 & 
4.7). Unpredictable behaviour is  an effective defence against predators (Endler, 1991). 
This should ho ld true i f  the source o f va ria tion  is  w ith in  or between in d iv idu a l prey. 
Variable responses between prey m ay serve as a defence mechanism. Predator foraging 
efficiency im proves w ith  experience (V inyard, 1982). I f  prey vary in  th e ir responses, 
predators m ay be less able to  im prove the tim ing  o f th e ir attaclcs w ith  successive 
in te ractions. Response latencies become c ritic a l in  the attack phase o f predator-prey 
in teractions (Weihs &  Webb, 1984) and prey capture is often dependent on the tim ing  of 
the execution of a predatory s trike  and a prey's startle  response (Nyberg, 1971; W eihs &  
Webb, 1984). As evasive and a ttack behaviour are in itia lly  h igh ly  stereotyped, and 
given th a t s trike  perform ances may d iffe r between predator species, then crayfish  
popu lations exposed to d iffe rent predators m ight be expected to vary in  th e ir response 
thresholds to attack. This m ay not hold true when an attack is  followed by a p u rsu it. 
F ish m ay easily run  down a fleeing crayfish, and hence response tim e may no t affect 
the probab ility o f escape (Webb, 1979; Experim ent 4.12, below).

In  Experim ent 4.7, stopping distance was inversely correlated w ith  the chelae 
lengthrbody length ra tio  o f crayfish (CL:BL ratio). C rayfish w ith  longer chelae per u n it 
body size stopped w alldng closer to  the approaching predator, although CL:BL ra tio
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on ly accounted fo r 30% o f the varia tion  in  stopping distance and also did no t affect 
o th e r aspects o f escape behaviour. Chelae size affects dom inance orders and 
reproductive success in  O. proptnquus (Stein. 1976) and P. leniuscuius (Endsm an &  
Jonsson, 1992). In  the form er study, crayfish w ith  larger chelae were more like ly  to 
survive  preda tion  by sm allm ou th  bass (M. dolomieuQ a lthough th is  was on ly a 
secondary use o f the chelae in  th is  species as non-m ating males have a reduced chelae 
size. G reater chelae size m ay be more im portant fo r predator defence in  P. leniuscuius 
as th is  species does not a lte r chelae size seasonally.

S ih (1992) found th a t the tendency o f certa in  salam ander larvae (Ambystoma 
barbouri) to  spend m ore tim e exposed was consistent over d iffe re n t s itua tion s . 
Ind iv idua ls th a t were more active in  the presence o f predators, were a t a greater ris k  o f 
predation, b u t these in d iv idu a ls  were also more active in  the absence o f predators, 
a llow ing a more rap id  development, and were more active at a t n igh t, w hich increased 
th e ir chances o f m oving to  predator free habita ts. A  s im ila r process m ay operate in  P. 
leniuscuius populations. More active crayfish m ay be more aggressive, m ay feed more 
and grow proportiona lly larger chelae, and m ay be less disposed to react to a predatory 
threat.

4.11.6 LIMITATIONS OF THE EXPERIMENTAL PROCEDURES

E xperim ents investiga ting  predator-prey in te ractions are typ ica lly  staged in  
a rtific ia l arenas th a t may a lte r n a tu ra l behaviours (Webb, 1986). The conditions used 
in  the above experim ents placed a rtific ia l constra in ts on aspects o f crayfish evasive 
behaviour. Some lim ita tio n s  o f the apparatus and procedure are discussed below. 
D espite these drawbacks, it  is  considered th a t the m ajor features o f the evasive 
response were exhib ited in  these experiments and th a t the conditions d id elucidate rea l 
differences in  crayfish behaviour.

1) One m ajor drawback o f the system is  the a rtific ia l na ture o f the sim ulated 
predator attacks. These inevitab ly  lacked m any subtle features associated w ith  real 
predators. One im portan t aspect o f predatory behaviour, the approach phase, was 
ignored fo r the purposes o f the experim ental aims and also because of the d ifficu lty  o f 
s tandard ising such a variab le. C rayfish escape behaviour was greater in  response to 
rea l predators (see below) although the behaviour patterns were essentially s im ila r in  
response to a rtific ia l predators.

2) The sm all area used as a test arena was necessitated by the lim ita tion s of the 
record ing equipm ent. T h is  m ay have restric ted  the possible va ria tio n  in  reaction 
d istances in  response to  d iffe re n t treatm ents to ind is tingu ishab le  levels. Fleeing 
crayfish  occasionally co llided w ith  the ta n k  w a ll before te rm ina ting  th e ir escape 
sw im m ing. This was no t considered to affect the results, as m any crayfish stopped
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sw im m ing p rio r to  reaching the ta n k  w a ll. By design, the wallcway lim ite d  the 
d irection  o f escape sw im m ing. O nly in  Experim ent 4.10, when crayfish were attacked 
from  5 cm, d id they escape a t va iy ing  angles by swimming over the wallcway w alls.

3) Despite being le ft to  acclim atise to the test apparatus fo r 30 to 45 m inutes, 
crayfish were d isturbed to some extent. Crayfish w hich were reused im m ediately after 
a fa iled tr ia l appeared to be more disturbed (Experim ent 4.7). For th is  reason crayfish 
were subsequently on ly  used once per day irrespective o f w hether the tr ia l was 
successful o r not.

4) The a rtific ia l b lind in g  o f crayfish affected th e ir behaviour. W alldng speeds 
were greater in  b linded crayfish . In  Experim ent 4.7, crayfish  from  repeated tria ls  
tended to w a lk faster than crayfish during  th e ir firs t tria l. Th is may be analagous to  
the effect noted on w a lldng speed by b lind ing  crayfish. In  Experim ent 4.7, th is  also 
caused crayfish to stop w alldng la te r in  response to a predator a ttack. A  s im ila r effect 
m ay be seen in  E xperim ent 4 .8  fo r b lin d  crayfish . In  the fo rm er experim ent 
(Experim ent 4.7), on average w a lldng speed was 1 cm /s greater and stopping distance 
from  the predator m odel 5 cm shorte r in  disturbed crayfish. Corresponding values fo r 
b lin d  crayfish were 0.7 cm /s and 5 cm (Experiment 4.8).

5) Despite attem pts to  in su la te  the ta n k  from  the m echanism s d riv ing  the 
m odel predator, some sound was lik e ly  to have been transm itted . T his in  pa rt m ay 
have alerted crayfish to  the s ta rt o f a sim ulated attack, causing them  to cease w a lking. 
In  the m a jo rity  o f cases crayfish  appeared to respond solely to the advancing m odel 
predator. The effect on crayfish behaviour o f the movement o f the tro lley used to cany 
the model predators should have been tested.

6) As illu s tra te d  in  F igure 4.17, the recording equipm ent was o f lim ite d  
accuracy considering the speed o f the in te ractions observed. Despite th is , clear 
d iffe rences were found in  c ra y fish  evasive behaviour in  response to d iffe re n t 
treatm ents.

7) A more detailed study of crayfish evasive behaviour under conditions of low  
lig h t in te n s ity  w ould have proved inform ative. Avoidance behaviour vd ll tend to lim it 
crayfish  accessib ility to  v isua l predators by day and encounters w ill be more frequent 
a t dawn, dusk or a t n igh t. Problem s w ith  recording crayfish behaviour a t low  lig h t 
in tens ities  precluded th is  poss ib ility .

8) The behaviour o f crayfish  used in  the experim ents can no t be said to  be 
s tric tly  innate. C rayfish were ta lten  from  ponds contain ing tro u t. Therefore, du ring  
th e ir tim e w ith in  these ponds (~ 6 m onths) experience o f preda to iy attacks may have 
m odified th e ir escape behaviour.
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Table 4.17. An example of the margins of error associated with measuring crayfish and 

model predator velocities in experiments testing the evasive response of crayfish 

(Chapter 4). The speed of the model predator in a typical simulated predator attack 

was measured over a distance of 25 cm to the nearest 0.2 seconds and 0.5 cm. Under 

these conditions an error of 0.2 s or 0.5 cm in readings leads to an error of 1 cm/sec.

Distance travelled by Time to travel distance Avaraga speed
model predator (cm) (sec) (cm/sec)

2 5 .0 0 .70 35.7 -  (36 )

2 5 .0 0 .72 34.7 -  (35)

24 .5 0 .70 35.0 -  (35 )
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Experiment 4.12. EVASIVE BEHAVIOUR OF JUVENILES IW RESPONSE TO PERCH AND
EEL8.

4.12.1 INTRODUCTION

The aim  o f th is  chap te r was to re la te the evasive behaviour o f c rayfish  
responding to m echanical, v isua l, and chem ical s tim u li to the like lihood of successful 
evasion o f perch and eels. To be tte r In te rp re t the experim ental data described In  
Experim ents 4.4 to  4.10, crayfish evasive behaviour was observed In  response to live 
predators. In teractions between perch or eels and crayfish were observed over a five 
m onth period between 10 October 1991 and 3 March 1992.

4.12.2 MATERIALS AND METHODS

Four perch (19 to 22 cm to ta l length) and fou r eels (48 to 64 cm to ta l length) were

used over the 5 m onth period. Three 1.5-m^ tanks filled  to a depth o f 30 cm were also 
used. Each tan k  was divided In to  two sections by a p las tic  p a rtitio n  con ta in ing  a

s lid ing  door. One 1-m^ section o f each tan k was used as a test arena and the floo r was 
covered w ith  a layer o f sand. The second sm aller section was covered w ith  b lack p lastic 
and was provided w ith  p lastic drainpipe shelters fo r the fish. A t any tim e, only one fish  
was present In  each tank. F ish were kept In  the tanks fo r periods o f 1 to 1.5 m onths. 
D u ring  th is  tim e the perch, and to  a lesser extent eels, acclim atised to the tanks and 
began feeding. The water temperature was 15 °C and the tanlc room was kept on a 10:14, 
lig h t:d a rk  regime autom atica lly.

P redator-prey In teractions were film ed In  one tan k per n ig h t over a 6-hour 
period from  17.30 hours. The ligh ts  were turned o ff a t 17.00 hours. A  camera sensitive 
to  In frared lig h t and a video recorder w ith  a film  speed of 50 fram es/second were used 
to record the Interactions. The tanks were Illum inated using two in frared lam ps w hich 
also gave o ff some visib le  red lig h t. This lig h t source produced levels o f Illu m ina tion  o f

0.5 m lcroelnstelns cm"2 sec'̂  a t the water surface.

One crayfish was placed In  a tanlc a t 17.30 hours on each film ing  occasion. A t 
the  end o f each tr ia l, live  crayfish  were removed from  the tanks. Perch-crayfish 
In te ra c tions  were film ed on 25 occasions and eel-crayflsh In te ractions on 24. A 
crayfish  escape response was recorded In 27 eel-crayflsh encounters and 18 perch- 
crayflsh  encounters. These encounters were analysed to give in fo rm a tion  on the 
dynam ics o f the predator-prey Interactions. In a ll, 22 crayfish (33.7 to 44.9 mm to ta l
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le r^ th ; mean 40.2, S.D*3.2) were exposed to  eels, and 22 crayfish were exposed to  perch 
(32.5 to  42.1 m m  to ta l length: mean 34.5, S.D=2.3).

4.12.3 RESULTS

C rayfish reacted to  f l ^  m ovem ent by In itia tin g  ta ll- flip  evasive responses. 
These reactions occurred in  respone to  inc iden ta l fish  movement, d irectiona l approach 
sw im m ipg (stalking), and to  predator attacks (strikes; Thble 4.18). O nly the la te r two 
categories are considered below. D eta ils o f the predator-prey reaction dynam ics are 
given in  Table 4.19.

Table 4.18. Predator-prey interactions between perch, eels and crayfish which 
produced an escape response in crayfish.

Predator behaviour Predator Involved

Eel Perch

Predator strike 8 7

Predator stalk 1 1 7

Undetermined activity 1 2

Incidental predator movement 7 2

TOTAL 2 7 1 8

W ith  one exception, a ll fish  approaches and s trikes  were d irected tow ards 
crayfish  on the ta n k  floo r. C rayfish responded to  s ta lk ing  eels by sw im m ing away 
from  the predator over sho rt distances along the tan k  floor. In  response to  an eel 
s trike , escape sw im m ing was o f longer du ra tion , and on every occasion crayfish swam 
to the w ater surface. In  response to  perch approaches and strikes, crayfish again swam 
to  the w aters surface, w ith  the exception o f two occasions when crayfish responded to  
an approaching perch by sw im m ing 9 to  12 cm  along the tan k  floor. Escape sw im m ing 
was often curta iled  by co llis ions w ith  the tan k  w a lls. A ko, perch often curta iled  ^ca pe  
sw im m ing by chasing and catch ing crayfteh.

Eels s truck  a t crayfish on 8 oœ asions, and one o f these resulted in  a successful 
capture. On th is  occasion the s trike  was directed la te ra lly  towards the carapace, as the 
cra jd ish  had no t orientated to  face the eel a t the tim e o f the s trike . O f the 14 pereh- 
crayflsh  encounters, s ix  resu lted in  crayfish  capture, b u t crayfish  ingestion followed 
capture only once. On the other five occasions crayfish escaped du ring  hand ling ly  the
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perch. One crayfish  survived being held inside a perch's m outh fo r 6 m inutes. Two o f 
the captures, in c lud in g  the successful ingestion, resu lted from  perch s trikes. Two 
captures resulted from  perch chasing crayfish  after an unsuccessful s trike , and two 
captures resu lted  from  perch chasing crayfish  w h ich in itia te d  escape sw im m ing in  
response to  approaching perch. In  aU, 8 o f the 14 crayfish escape attem pts resulted in  
perch giving chase. By com parison, eels never pursued fleeing crayfish.

Table 4.19. Behavioural dynamics of interactions between eels, perch and crayfish in a 
1 -m2 test arena. Values are means (± 1 S.E.) and sample sizes (n). Distances are in 
cm, speeds are in cm/sec. Significance levels are from between predator comparisons

Reaction Variable Predator Level of

Eel Perch
significance

Method of prey detection chemical visual

Approach (stalk) speed 8.3
(1.7) n=18

7.2
(0.7) n=8

- -

Crayfish escape speed in response 
to a stalking predator

30.1
(3.4) n=9

54 .5
(6.1) n=4

P<0.01

Crayfish swimming distance in 
response to a stalling predator

2 6 .4
(3.4) n=10

62 .4
(15.1) n=7

p<0.1

Crayfish reaction distance in 
response to a stalking predator

3 .6
(1.1) n=7

7 .7
(1.6) n=7

p<0.07

Crayfish escape speed in response 
to a striking predator

50 .2
(9.6) n=4

6 6 .7
(2.6) n=6

-  -

Crayfish swimming distance in 
response to a striking predator

7 8 .4
(22.0) n=6

4 5 .7
(7.9) n=6

• •

Crayfish reaction distance In 
response to a striking predator

2.5
(0.5) n=4

3 .2
(0.6) n=8

p<0.08

Perch th a t were s ta lk in g  crayfish  propelled themselves by m ovem ents o f the 
pectoral fin s . Perch typ ica lly  moved in  bouts o f 5 to  10 cm interspersed w ith  stops, 
du ring  w h ich pectoral fin  beats were m in im al. Eels stalked crayfish  in  a less d irect 
fash ion, sweeping th e ir head from  side to  side. O ften th is  la te ra l head m ovem ent 
caused crayfish to  ta il-flip  away. Both eels and perch approached to  w ith in  6 cm  o f the 
crayfish before p re p a rii^  fo r a s trike .
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4.12.4 DISCUSSION

O nly lim ited  data were available fo r crayfish behaviour in  response to perch 
and eels. These data, however, do illu s tra te  differences in  the response o f crayfish to 
rea l and a rtific ia l predators and between the two predator species. C rayfish swam 
greater distances in  response to  rea l predator attacks although crayfish  sw im m ing 
speeds were com parable. The tra je c to ry  o f the escape sw im m ing also d iffe red in  
response to  rea l and a rtific a l predators. C rayfish tended to  swim  to  the w ater surface 
and to continue sw im m ing in  the w ater colum n when attacked by perch and eels. O nly 
the response o f crayfish to  an approaching eel resembled the response o f crayfish to a 
sim u la ted a ttack by a m odel predator, being directed along the ta n k  flo o r and over 
re la tive ly  sho rte r distances. The difference in  behaviour in  response to  rea l and 
a rtific ia l predators m ay be a fu n c tion  o f the levels o f Illu m in a tio n  prevalent in  each 
case. A t low  lig h t in te ns itie s , fleeing in to  the w ater colum n m ig h t be adaptive if  
a ttac ldng  fis h  rem ain on the flo o r and do not chase prey. W ith  an increase in  
illu m in a tio n , crayfish escape can be directed v isua lly  and should be directed towards 
she lte r (Stein, 1977). This however was not tested. The flig h t response o f crayfish in  
response to perch was often unsuccessful, as flig h t was often followed by a chase and 
capture w ith in  50 cm. I t  should be noted tha t na tu ra lly  crayfish w ill tend not to  be 
exposed on open featureless h a b ita ts  in  the presence o f predatory fish  (Stein &  
M agnuson, 1976; Collins et al., 1983).

The on ly notable difference in  foraging behaviour between perch and eels was 
th a t perch chased and m ore frequently caught prey. The approach and s trike  behaviour 
were s im ila r although the approach o f perch was more direct. Eels swept th ie r heads 
from  side to side as they moved. This behaviour corresponds to the movement o f eels 
across scent plum es w hich allow s eels to gain directional in fo rm ation on the location 
o f the source o f the scent (Tesch, 1977).

C rayfish  often reacted to  the approach o f perch and eels, b u t responded 
d iffe re n tly  to  the two approaching predators. C rayfish reacted e a rlie r and swam 
fu rth e r in  response to  an approaching perch, although the increase in  sw im m ing 
distance in  response to  perch m ay have been due to perch chasing the crayfish . The 
difference in  reaction distance suggests th a t perch present a more threatening stim ulus 
when approaching crayfish. Th is m ay be because perch are more visib le  to crayfish: 1) 
due to the height o f perch relative to eels, 2) despite the shallow w ater depth, perch may 
have been more visib le as they swam in  the water colum n and were more like ly  to 
present a s ilhou tte  against the ta n k  w alls, whereas eels remained on the tanlc floo r and 
were lik e ly  to be less conspicuous, 3) perch may be Inherently more visib le  due to the 
na ture  o f th e ir body surface and the lig h t it  reflects. Predator shape and size did not 
in fluence crayfish evasive behaviour in  Experim ents 4.4 and 4.6. Th is suggests tha t the 
re la tive  he igh t o f perch and eels is  no t an im portan t factor. A lte rna tive ly , the 
behaviour o f perch and eels m ay have presented more or less threa ten ing s tim u li.
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Perch approached crayfish  in  a d irec t line  whereas eels tended to m eander across a 
d irec t line  to  the crayfish.

D espite the greater response latency exhib ited by crayfish  in  response to  
s trild n g  eels, eels were less successful a t capturing crayfish than perch. The latency of 
response to  eels may be a resu lt o f eels presenting less d is tin c t visua l cues than perch, 
b u t even if  v isu a l s tim u li were absent, crayfish  should s t ill be able to escape in  
response to  m echanical s tim u li (Experim ent 4.8). C rayfish evasive responses are 
h igh ly  adapted to  evade a fa s t-s ta rt predator strilce. From rest, crayfish accelerations 
are superio r to those o f fish  (Webb, 1979), however, the perform ance o f fish  du ring  
susta ined sw im m ing is  superio r to  th a t o f crayfish. The a b ility  to chase a fleeing 
crayfish therefore im proves the chance of a successful capture.

T h is  s tudy attem pted to  determ ine the re la tive effic iency o f eel and perch 
predation on crayfish. Perch were more successful at cap turing  crayfish as a re su lt o f 
th e ir tendancy to chase fleeing prey. A  s im ila r effect was found between T iger M usky 
(Esox spp) and three other predators feeding on Fathead M innows (P. promelas) (Webb, 
1982). T iger m uslcy s tru ck  a t prey w ith  greater success b u t fa iled  to chase prey. The 
o ther predators had a low  strilce success rate (6 to 18%) b u t capture rate increased to 36 
to  41% a fte r chases were included . A lthough perch and eels on ly consum ed one 
crayfish  each, it  is  suggested th a t given sm aller crayfish, perch ingestion rates w ould 
have been better as they caught more prey bu t failed to handle them successfully.

C onclusions about re la tive predatory efficiency m ust be treated w ith  extreme 
cau tion . P redatory effic iency m ay change w ith  h a b ita t com plexity and levels o f 
illu m in a tio n  (Growl, 1989; M a ttila , 1992) and diffe rent predators may be more or less 
advantaged by such changes. It does appear th a t behaviourally, perch are bette r able 
tha n  eels to capture crayfish  du rin g  an a ttack. Th is conclusion is  made in  the 
Imowledge th a t over d ie l and annual periods and across hab ita ts, re la tive  predatory 
success m ay change. One notable factor contro lling success is the avoidance behaviour 
o f crayfish . L im itin g  th e ir exposure by day and th e ir preference fo r more com plex 
hab ita ts  w ill tend to reduce the success of perch predation (Stein & Magnuson, 1976; 
H am rin , 1987; Appelberg &  O delstrôm , 1988). Also, in  the w ild , bou ts o f escape 
sw im m ing m ay be shorte r and directed towards cover, thus reducing the ris k  o f capture 
w h ils t in  flig h t.
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CHAPTER 5

5 .0  HABITAT PREFERENCES AND SURVIVAL OF JUVENILE SIGNAL CRAYFISH (P. 
LENIUSCULUS ) - THE INFLUENCE OF WATER DEPTH. SUBSTRATUM, PREDATORY 
FISH AND GRAVID FEMALE CRAYFISH.

5.1 SUMMARY

A  c ritic a l stage in  the life  h is to ry  o f crayfish  is  th a t between ha tch ing  and 
find in g  a suitable safe' hab ita t. The a c tiv ity  and hab ita t use o f gravid female crayfish, 
new ly released ju ve n ile  crayfish  them selves, and o f crayfish  preda to rs w ill have a 
bearing  on the su rv iva l o f ju v e n ile  c ray fish  d u rin g  th is  c r itic a l pe riod . F ie ld  
observations and experim ents were conducted to  determ ine the effects o f perch (P. 
fluviatUis], gravid female signal crayfish (P. leniusculus). w ater depth and substra tum  
on the d is trib u tio n  and surviva l o f newly released juven ile  signal crayfish .

In  the laboratory, substra tum  governed the ha b ita t choice o f gravid female and 
ju ven ile  crayfish , however, the h a b ita t preferences o f the tw o classes o f crayfish  
d iffe red . Perch reduced c ray fish  a c tiv ity  and re in forced the respective h a b ita t 
preferences o f bo th  crayfish  c la v e s . The preferred ha b ita ts  o f ju ve n ile  crayfish  
provided the m axim um  protection from  perch predation.

Observations in  a pond in  southern Sweden during  M ay to  J u ly  1991, indicated 
th a t substra tum  was the m ajor factor governing the d is trib u tio n  o f P. leniuscukis. As a 
resu lt o f th e ir own preference fo r the stone substra tum , gravid females determ ined the 
in it ia l d is trib u tio n  o f new ly independent ju ve n ile  crayfish  between s ilt and stone 
substra ta. D uring the firs t fou r weeks o f th e ir independence, m ore juven iles were found 
in  shallow  w ater than deep w ater. I t  is  suggested th a t th is  d is trib u tio n  was governed by 
d iffe re n tia l m o rta lity  between h a b ita ts  and n o t by ju v e n ile  h a b ita t se lection  
behaviour. I t  is  fu rth e r suggested th a t perch predation in fluenced th is  d is trib u tio n . 
The in fluence o f perch predation on juven ile  abundance is  discussed in  re la tio n  to  the 
effects o f invertebrate and in traspecific predation.
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5 .2  GENERAL INTRODUCTION

The purpose o f the fo llow ing study was to  investigate the im portance o f 
p reda tion  in  re la tio n  to  o ther factors in fluencing  the su rv iva l and d is trib u tio n  o f 
new ly hatched ju ven ile  s ^n a l c ra y fl^ , P. lenimcidus. Three possible determ inants o f 
Juvenile crayfish  d is trib u tio n  are: 1) the behaviour and h a b ita t preferences o f gravid 
fem ales (females bearing eggs). 2) the behaviour and h a b ita t preferences o f Juvenile 
crayfish , 3) d iffe ren tia l predation rates on d iffe rent substrata.

Newly hatched ju ven ile  crayfish disperse from  brood females (females bearing 
new ly hatched juven iles) and explore the surrounding hab ita t. D uring  the early stages 
o f Juvenile development, brood females may produce a brood phercsnone w hich a ttracts 
Juveniles (L ittle , 1975). Munkhammar et al. (1989) found th a t over a nine day period 
a fte r the firs t m ou lt, the desire to  rem ain w ith  the female declined in  Juven ile  A. 
astacus, and brood fem ales became increasing ly cannibadistlc as con tact w ith  the 
young declined. Bovberg (1959) dem onstrated th a t a d u lt (Jambanis aUeni (Faxon) 
m igrate away from  h igh densities o f conspeclflcs, and th a t the ra te o f m ig ra tion  is  
d ire c tly  related to  the in itia l crayfish  density. Jonsson (1992) dem onstrated th a t 
ju ve n ile  A. ostocus leave fem ales more qu ick ly  i f  a su itab le  she lte r-p rov id ing  
substra tum  is  available. Thus, the behaviour and hab ita t preferences o f gravid females 
and o f fem ales bearing  new ly hatched young w ill have a d ire c t bearing on the 
d is trib u tio n  o f Juvenile crayfish .

Predation is often heaviest on the sm allest size classes o f decapod Crustacea e.g. 
crayfish  (Stein, 1977), sp iny lobsters (Sm ith &  H erm kind , 1992). Am erican lobsters 
(Wahle &  Steneck, 1992), and is  therefore like ly  to  exert a strong in fluence over the 
d is trib u tio n  o f ju ven ile  age classes. B u tle r &  Stein (1985) found th a t the d is trib u tio n  
pa tte rns o f ju ve n ile  Orconectes species in  experim ental aquaria  were an a rtifa c t o f 
predation and no t a response to it.

Juven ile  A m erican lobsters [Homams omericomus, M ilne Edwards) q u ick ly  
traverse substra ta provid ing inadequate shelter, b u t tend to  rem ain on substra ta  once 
suitable shelter is  found (Wahle &  Steneck, 1992). The d is trib u tio n  o f crayfish m ay be 
in fluenced by substra tum  pa rtic le  size (shelter size), m acrophyte cover, w ater cu rre n t 
speed and d irection , and com petition between and w ith in  crayfish species (S tein &  
M agnuson, 1976; Beingesser &  Copp, 1985: Rabenl, 1985: Foster, 1992). F ield 
observations have shown th a t sm aller, more vulnerable crayfish are more closely 
associated w ith  she lte r-p rovid ing  substra ta  in  lakes con ta in ing  h igh  densities o f 
predatory fish  (Stein &  Magnuson, 1976; Stein, 1977; C ollins et a l., 1983). Appelberg 
(1986) found th a t in  Swedish lakes w ith  large populations o f predatory fish , crayfish 
d is trib u tio n  was related to  substra tum  partic le  size and w ater depth. Juveniles were 
found in the shallow  water, w hich also contained the smallest substra tum  particles.
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W ork on ju ven ile  lobsters. H. americanus suggests th a t h a b ita t selection is  
com plex and related to  s tim u li characteristic o f the ha b ita t as w e ll as lobster behaviour 
(Johns &  M ann, 1987). Aspects o f h a b ita t choice changed between lig h t and darlm ess, 
v isu a l s tim u li dom inated in  the form er case and ta c tile  s tim u li in  the la tte r. The 
positive re la tionsh ip  between A. paUipes and the size o f she lter they occupy (Foster, 
1992), suggests th a t tactile  cues m ay also be o f im portance in  crayfish shelter selection.

The fo llow ing w ork was conducted between May and J u ly  1991. The fie ld  w ork 
was designed to  determ ine 1) how new ly independent ju ven ile  P. lentuscuhxs were 
d is tribu ted  w ith in  a pond in  southern Sweden, 2) how qu icldy th is  d is trib u tio n  pa tte rn  
became established, and 3) how perch, gravid females and juven ile  crayfish influenced 
th is  d is trib u tio n  pa tte rn . The fie ld  w o rk  was com plemented by labo ra to ry stud ies 
conducted at S im ontorp A quacu ltu re  A .B ., B lentarp , Sweden to  determ ine 1) the 
h a b ita t preferences and behaviour o f gravid female crayfish in  response to perch, and 2) 
the effect o f perch on juven ile  crayfish ha b ita t selection behaviour and surviva l.
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5 .3  OmiERAL MATERIALS AND M BTHOl^

E xperim enta l an im als
G ravid female crayfish  th a t were carrying large num bers o f healthy eggs were 

selected fo r use in  Experim ent 5.5. These være trapped in  ROgle pond (described below) 
d u ring  M ay 1991. and were kep t Ind iv idua lly , indcx>rs a t S im ontorp. G ravid females 
were le ft fo r a t least two weeks to acclimaüse to  the lig h t regime described below before 
being transferred to  the experim ental tanks The mean to ta l length o f a sample o f the 
72 crayfish used was 92.5 mm (range 83 to 106 mm, n=20).

Perch between 15 to  20 cm to ta l length were obtained from  fisherm en, and were 
caught in  nets a t Vom bsjôn and Sôvdesjôn, two lakes in  southern Sweden, between 8 
M ay to 8 Ju ly . Both lakes contain sm all populations o f crayfish . P. leniusculus are 
present in  Vom sjôn, and A. astacus in  Sôvdesjôn. The perch, therefore, were like ly  to 
have experience o f crayfish  prey. I t  proved d iffic u lt to keep perch healthy fo r long 
periods o f tim e in  experim ental and ho ld ing tanks. For th is  reason perch were 
obtained, as near as possible to  the exact day on w hich they were required, and where 
possible, perch were placed in to  experim ental tanks im m ediately on a rriva l, so as to  
m in im ise the stress due to handling. A  stock o f perch were also kep t in  holdh%  tanks

w ith  a l-m 2  bottom  area, fille d  to a depth o f 50 cm. Perch were placed in to  experim ental 
tanks on the firs t day o f each tr ia l In Experim ents 5.5 and 5.6, and on the th ird  day o f 
Experim ent 5.7. W henever experim ental perch were found to  be in  poor condition, they 
were replaced by new fish  from  the hold ing tanM .

Newly independent (stage II) crayfish were obtained from  an indoor hatchery a t 
S im ontorp between 10 M ay to  7 Ju ly . These hatched from  gravid females w hich were 
caught in  Rôgle pond between A p ril and May 1991. D uring  E xperim ent 5.6 &  5.7, 
juven iles were fed a standard quan tity  o f a liquid ised suspension o f e ither egg, peas 
and earthworm , o r fish. A ll experim ental anim als were stored and used under a 9:15 
hours, lig h t:d a rk  regime. The ligh ts  were turned on a t 07.00 hours and o ff a t 16.00 
hours, b u t did not fade in  o r out. This system was used to f it  in w ith  the norm al working 
practices o f S im ontorp Aquaculture A.B.

S ta tis tica l m ethods
Unless otherw ise stated, a ll s ta tis tica l analyses are tw o-tailed and use a system 

of nonparam etric analysis o f variance by ranks to test the difference between two o r 
m ore independent sam ples (Meddis, 1984). Tim e (weeks) was used as a b locking 
variab le  when com paring tra p p a b ility  (crayfish d is trib u tio n ) between experim ental 
sites. B locking variables are "qua lities w hich cannot be contro lled b u t m ust be taken 
in to  account even though they are no t specifica lly relevant to  the hypothesis under 
exam ination". In  two sam ple tests, sample sizes (m and n) are given. For m u ltip le  
sample tests, degrees of freedom (df) are given.
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5 .4  DISTRlBim O N AND ABUNDANCE OP SKMXAL CRATPSH IN A  SWEDBH POND.

5.4.1 MATERIALS AND METHODS

Fie ld site
The tra p p a b ility  and d is trib u tio n  o f g ravid  fem ale c ray fish  and new ly 

Independent ju ven ile  crayfish , and the diets o f perch (P. Jhwiatilis) were stud ied in

Rôgle Pond 3, Skâne, southern Sweden. The pond has a surface area of about 20,000 n f i  
and a m axim um  depth o f 3 m. The upper litto ra l m argins conta in  a substra tum  of 
stones, approxim ately 20 cm in  diam eter, w hich stretch from  the bank fo r a distance 
o f approxim ately 7 m  into the water. The lower litto ra l area com prises a bed o f s ilt. 
Dense grow ths o f Elodea (spp) occur over the s ilted  region. Em ergent vegetation, 
m a in ly  Carex (spp), laaches about 50 cm in to  the pond. The pond contains perch and 
pike, both o f w hich prey on crayfish (Dehll, 1981; Hogger, 1988 fo r review). The w ater

tem perature during the stucty period (16 May to 28 June) rose from  12.0 to  16.5 °C.

D is trib u tio n  o f a d u lt crayfish
D ata on the d is trib u tio n  o f a d u lt male, non-gravld female and gravid female 

crayfish  (crayfish carrying e ^ s  b u t no t stage I o r stage II young) was determ ined from  
test trapp ing conducted from  13 May to  4 Ju ly. Five double-ended funnel traps, baited 
w ith  fish , were set in  the pond a t each o f four sites (sites a,b,d.&  e; Fig. 5.1), fou r tim es a 
week. The traps were set paralle l to the west shore a t m idday and were collected after 
24 hours. A ll the c ra y firfi in  the traps were sexed, measured fo r to ta l length (from  the 
tip  o f the rostrum  to the telson tip ) and examined to determ ine if  they were bearing eggs 
o r young, so th a t the stages o f development o f Juvenile crayfish could be m onitored. 
The crayfish  were then replaced a t the opposite side o f the pond. T rappab ility  was 
determ ined from  catch per u n it effort data (CPUE). CPUE, defined in  th is  w ork as the 
num ber o f ind iv idua l crayfish caught per five traps per 24 hours, was used as a measure 
o f re lative abundance.

D u ring  the  firs t two weeks o f the sam pling period, 778 gravid females were 
rem oved from  the pond by S im ontorp A quaculture A B . fo r use in  th e ir hatchery 
(Nystrôm , pers. comm.). Also, in  1990, 1616 gravid females were removed and 38 kg o f 
fem ale crayfish were returned to the pond after releasing th e ir young.

D is trib u tio n  o f Juvenile crayfish
The d is trib u tio n  and abundance o f newly independent Juvenile crayfish was 

estim ated by counting the num ber o f Juveniles found in  a rtific ia l substra tum  traps (bag 
traps) between the 10 June to  8 Ju ly . Initially, six bag traps were la id  para lle l to  the 
west shore of the pond a t each of the five sites described in  Figure 5.1. After the first 
co llection, s ix more traps were set each week a t sites a,b,&  c. Traps were set between
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SKÂNE, SOUTHERN SWEDEN

LUND
■ Rôgle Ponds

MalmO Simontorp Aquaculture

20 Km

WMd ✓ stone ✓ silt y  5 traps (each 5m apar4) 

—  /  ----------

vater depth

50 m

Rgure 5.1. A map of Skâne, southern Sweden, showing the position of Rôgle Pondsi to 5, 
and the sites in pond 3 where adult and juvenile crayfish were trapped. Adults were 
trapped at sites a,b,d & e. Juveniles were trapped at sites a to e. The silt was covered 
with growths of Elodea. Traps were set at depths of 0.3 m at she a, 2.0 m at she b, and 
at 3.0 m at shes c,d & e.
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09.00 and 12.00 hours and were le ft fo r 6 to 7 days before being collected, emptied 
and reset. The traps were constructed out of plastic net bags (50 x  25 cm, mesh size of 6 x  
4 mm) a quarte r fille d  by corrugated p lastic ty lin de rs  5 cm in  diam eter by 3 cm long. 
For the firs t week o f sam pling, the num ber o f crayfish in  the bags were pooled fo r each 
site. A fte r th is  tim e, the num ber o f crayfish found in  each bag was recorded. On the 11 
Ju ly , the to ta l lengths (from  the tip  o f the rostrum  to the telson tip ) o f a sample o f 
juven iles from  the traps in  the shallow  and deep stone hab ita ts  (sites a &  b) were 
recorded using vern ier callipers.

In  add ition  to  sam pling the juven ile  crayfish from  each site, counts were made 
o f the other invertebrate fauna collected in  the bag traps. For these counts, the num ber 
o f ind iv idua ls o f each invertebrate category from  the six bags per site were pooled.

Perch predation
On seven occasions between 30 May to  10 Ju ly, a standard benthic-survey g ill 

ne t was set paralle l to d ifferent areas o f the shore, a t a distance o f 15 to  20 m, a t m idday 
fo r 24 hours. Perch were caught on three occasions p rio r to and on fou r occasions after 
juven ile  crayfish had become independent. The net had eight 7.5-m  sections, each w ith  
a d iffe ren t mesh size (7.6, 10.0, 12.5, 16.5, 22.0, 30.0, 40.0, 55.0 mm). Perch were 
rem oved, weighed and m easured fo r to ta l and fo rk  lengths. T h e ir stom achs were 
removed and frozen, and la te r the stom ach contents o f each fish  were iden tified . 
Counts o f the occurrence and quantity o f each prey type were made fo r each stomach.

5.4.2 RESULTS

D is trib u tio n  o f adu lt crayfish
The CPUE data fo r male and female crayfish were analysed seperately. CPUE of 

a d u lt m ale crayfish  d iffered between hab ita ts  (H=20.93, df=3, p<0.001, n=97) and 
between weeks (H=36.86, df=5, p<0.001, n=97; Fig. 5.2a). CPUE o f m ales was at a 
m in im um  between 28 M ay to  the 1 June. This low CPUE persisted in  a ll the habita ts to 
the 7 June, a fte r w h ich tim e, CPUE rose m arkedly on the tw o stone hab ita ts  b u t 
rem ained low  on the s ilt substratum .

Throughout the trapp ing period, fewer males were caught on the fa r s ilt habita t, 
50 m  from  the shore, (Meddis 1984, m u ltip le  pairw ise com parison between sites; fa r 
s ilt versus:- shallow  stone, p<0.025: deep stone p<0.001: near s ilt, p<0.001).
T rapp ab ility  differed between the stone and nearby s ilt habita ts (20 m  from  the shore) 
during the la s t two weeks of the trapping period (18 to 25 June). More males were found 
on the deep stone than the nearby s ilt hab ita t (H= 10.73, m=8, n=8, p<0.01). This was 
also the case fo r the shallow stone and nearby s ilt habitats (H=10.19, m=8, n=8, p<0.01). 
Before th is  tim e, there was no difference in  male abundance in  the traps set on these 
ha b ita ts .
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Figure 5.2. The CPUE of a) male crayfish aral b) ferrrale crayfish in traps set in Rôgle 
pond between 14/5/91 to 29/6/91. Values are the mean (± 1 S.D.) nunter of
individuals caught per five traps per 24 hours, eæh week on the shallow stone -----, and
deep stone , habiterts and on the si# sil^tratum 20 m -----, and 50 m —  , from the
shore. Figures in parenth^es refer to first records of: (1) moulted crayfish, (2) 
females bearing stage I juvenile, (3) female bearing stage II juvenile, and (4) 
independent stage II juvenile.
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Female tra p p a b ility  d iffered between hab ita ts  (H=69.95, df=3. p<0.001, n=97) 
and between weeks (H=15.10, df=5, p<0.01, n»97; Fig. 5.2b). Throughout the trapp ing 
period, more females were found In  traps on the two stone habita ts than  on the tw o s ilt 
ha b ita ts  (M eddis (1984), m u ltip le  pa irw ise com parison: sha llow  stone v  near s ilt, 
p<0.01: shallow  stone v  fa r s ilt, p<0.01; deep stone v  near s ilt, p<0.01; deep stone v  fa r 
s ilt p<0.01). CPUE fe ll to  a m in im um  between 4  to  7 June, b u t subsequently Increased 
greatly on the stone substra tum  from  18 to  28 June (sites a and b). Very few females 
were found on the s ilt substratum  a t th is  tim e.

The Increase In  both m ale and female crayfish tra p p a b ility  from  the 4 June 
coincided w ith  an Increase In  the proportion o f crayfish th a t were recent m ou lts (Table 
5.1). P roportionally fewer m oulted females were found on the stone hab ita ts  than  on 
the s ilt hab ita ts  (between 4 to  28 June, H *28.6 , m=23, n=30, p<0.01), and a sm aller 
p roportion  o f the females on the stone hab ita ts were recent m oults com pared to  males 
(between 4  to 28 June, H=45.7, m=30, n=31, pcO.OOl).

Table 5.1. The percentage of male (m) and non-gravld female (f) crayfish in the traps 
in Rôgle pond that were newly moulted at each site for each week. Values are means (±1 
S.D.)(t Stage 1 young found; * independent Stage II young found)

Trapping HABITAT
Dates

Shallow stone 
(site a)

Deep stone 
(site b)

Near silt (20 m) 
(site d)

Far silt (50 m) 
(site e)

m f m f m f m f

14-17/5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

28-31/5 0.0 0.0 5.0
(10.0)

0.0 3.1
(6.2)

0.0 0.0 0.0

4-7/6t 63.7
(43.8)

18.0
(23.7)

80.5
(14.1)

29.2
(34.5)

96.7
(5.8)

58.3
(38.2)

85.5
(17.1)

69.0
(27.1)

11-14/6 98.25
(3.5)

57.0
(15.6)

95.0
(2.6)

33.2
(19.4)

100.0
(0.0)

100.0
(0.0)

100.0
(0.0)

n/a

18-21/6* 100.0
(0.0)

27.0
(10.2)

100.0
(0.0)

37.7
(23.1)

100.0
(0.0)

100.0
(0.0)

100.0
(0.0)

100.0
(0.0)

25-28/6 100.0
(0.0)

21.7
(8.3)

100.0
(0.0)

17.2
(5.2)

100.0
(0.0)

66.5
(47.4)

100.0
(0.0)

100.0
(0.0)
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Figure 5.3. Size distribution of maie B  , and female E9 , crayfish caught in traps set 
at sites a,b,d & e between 18 to 21 June 1991 at Rôgle Pond 3.

A sam ple of crayfish cau gh t in  th e traps betw een  18 to 21 J u n e  sh ow ed  th a t  
overall, th e  traps ca u g h t larger m ale crayfish  than  fem ales fT-test, T =10 .4 , m = 180 , 
n = 458 , p<0.001: Fig. 5.3). T his w a s  true for each  habitat. There w a s  an  ind ication  that 
th e m ean  size of both m ales and fem ales differed betw een habitats (One factor ANOVA; 
m a les F =2.56, df=3, p=0.054; fem ales, F =7.05 . df=3, p<0.001; Fig. 5 .4). Larger fem ales 

w ere found on  both  th e sh a llow  and  deep ston e ston e  h ab ita ts th a n  on th e  far silt  
habitat (Scheflfe's F-Test: shallow  ston e v  far silt. p<0.01; deep stone v  far silt. p<0.001).
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Figure 5.5. The proportion of females in the total CPUE of traps set at each habitat 
between 7/5/91 to 28/6/91 in Rôgle Pond 3. Values are mean (± 1 S.D.)
percentages of females in the total number of crayfish caught per 5 traps per 24 hours
eæh week on the shallow stone   , and deep stone —  , habitats and on the silt
sutistrafrim 20 m —  , and 50 m —  , frxxn frie shore.
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Crayfish caught between the 14 May to 20 June were diœ ked for chelae damage 
(Table 5.2). The proportion o f the crayfish w ith  damaged chelae did no t d iffe r between 
hab ita ts o r between males and females.

Table 5.2. The mean percentage (± 1 S.D.) of crayfish from traps set at sites aj3,d & e 
that had damaged chelae. Traps were set between 14/5/91 to 20/6/91.

Crayfish sex Habitat:

shallow stone 
(site a)

deep Stone
(site b)

near silt 
(site d)

far silt 
(site e)

Males 14.2 (13.6) 13.6 (8.3) 12.6 (11.2) 14.0 (15.2)

Females 22.2 (8.6) 14.9 (10.8) 25.5 (31.9) 9.3 (18.8)

T hroughou t the trapp in g  period, there was an overa ll d ifference in  the 
proportion  o f females in  the to ta l num ber o f crayfish caught in  each habltsd (H«47.01, 
df=3. p<0.001. n=92: weeks were used as a b locking variable. Meddis. 1984: Fig. 5.5). 
In d iv id u a l com parisons between h a b ita ts  (blocked fo r week) Ind icated th a t the 
p roportion  o f females in  the catches was inversely related to  the distance from the 
shore. P roportiona lly m ore fem ale crayfish were found in  the traps on the shallow  
stone h a b ita t than the deep stone ha b ita t (H»9.58, m -24 . n=25. p<0.01). on the deep 
stone h a b ita t than  on the s ilt h a b ita t nearest to  the shore (H« 12.46. m=23. n=25. 
p<0.001) and on the s ilt nearest to  the ^ o re  than on the s ilt hab ita t furthest from  the 
shore (H*3.89. m -20. n«23. p<0.05).

D is trib u tio n  o f gravid females
The num ber o f gravid females in  the traps differed between weeks (14 May to  7 

June. H -10.01. d f-2 . p<0.01) and between habitats (H -22.74. d f-3 . p<0.001: Pig. 5.6a). 
More gravid  females were caught on the stone substra tum  than  the s ilt substra tum . 
There was no difference in  the trapp ab ility  w ith  depth on the stones, except fo r the week 
o f the 28 May to 1 June. In  th is , the fin a l week p rio r to the detection o f stage I juveniles, 
more gravid  females were caught In  the shallow  w ater (H -5 .07. m -4 . n -5 . p<0.025). 
Also, d u rin g  th is  week, p ro po rtiona lly  more o f the fem ales caught on the shallow  
h a b ita t were gravid  (H=6.05. m =4. n=5. p<0.025: Fig. 5.6b) and gravid  females 
constitu ted  propo rtiona lly  more o f the to ta l catch o f a d u lt crayfish than in  the deep 
stone hab ita t (H=6.00. m=4. n=5. p<0.025: Fig. 5.6c).

D is trib u tio n  o f ju ven ile  crayfish
The firs t females bearing stage 1 juven iles were detected on the 4 June. Stage II 

young were firs t found on female crayfish on the 17 June. 13 days a fte r stage I young 
were found. Newly Independent ju ven ile  (0+) crayfish were firs t found in  the a rtific ia l 
substra tum  baps (bag traps) on the 20 June. These crayfish were m ainly found on the
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Figure 5.7. The abundance of independent (stage II) juvenile crayfish in fraps set each 
week (m the shallow stcme □  , and deep stone ■  , habitats and on the silt substratum 10 
m O  , from the shore. Values are the mean (± 1 S.D.) number of crayfish per trap.
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stone hab ita ts  and were alm ost com pletely absent in  traps set on the s ilt substra tum  
(Fig. 5.7), The highest densities o f 0+ crayAsh were detœ ted in  the traps on the stone 
h a b ita ts  on the first observation (7 days) a fte r Independent ju ven ile s  %^re firs t 
detected. On th is  day (27 June) densities o f 0+Juveniles d id  no t d iffe r w ith  depth. In  the 
fo llow ing  two observations made on the 4  to  5 J u ly  and 11 to  12 Ju fy. there was a 
decrease In the num ber o f 0+ crayfish caught In  both the deep stone and shallow  stone 
hab ita ts . On these two occasions, greater densities o f 0+ crayfish were found In the 
traps In  the shallow  stone hab ita t (4 to 5 Ju ly , H»14.10, m«12, n«12, pcO.OOl: 11 to  12 
Ju ly , H" 15.92, m«12, n«12, p<0.001). On the 11 Ju ly, Juvenile crayfish firan  the shallow  
w ater traps were o f greater mean length (14.1 mm, S.E.»0.3) than Juveniles from  the 
deep water traps (mean» 12.7 mm, S.E.=0.3; H=7.38, m « l 1, n>22, p<0.01).

D is trib u tio n  o f Yearling (1+) Juvenile C rayfish
One year old (1+) Juvenile crayfish were also found In  the bag traps. D uring  the 

trapp ing  period, there was an overall difference In  the abundance o f the 1+ crayfish in  
traps set at diffe rent habitats (H«20.33, df»4, p<0.001, n=36; F%. 5.8). More 1+ crayfish 
were found on the stone substra tum  than the s ilt substra tum  (H=18.88, n=18,18. 
p<0.001) b u t d is tribu tion  d id no t a lte r w ith  w ater depth on the stone substratum .

D is trib u tio n  o f Invertebrate Fauna
The d is trib u tio n s  o f the m ost com m on Invertebrates found in  the traps are 

shown In  Figure 5.9. Table 5.3 givea a fuU lis t o f invertebrates found.

Table 5.3. Common Invertebrate fauna collected in the artificial substratum (bag traps 
at all sites in Rôgle pond between 10/6/92 to 8/7/91.

Class Order Family Further
Identification

Crustacea

Insecta (adult)

Isopodm
Amphipoda
Derapoda

Hemiptera Corixidae

Asellus 
Gamrmnis 
P. leniusculus

Gastropoda

(emergent nymphs) 
(nymphs)

(larvae)

Plecoptera
Ephemeroptera
Odonata (Zygoptera) 
Olptera
Trichoptera (cased)

(uncased)
Pulmonata

Chironomidae

Planorbidae
Lymnaeldae

Also found: Platyhelmlnthas, Ollgochaeta, Odonata
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Figure 5.8. The abundance of yearling (1+) juvenile crayfish in traps set at each 
habitat between 3/6/91 to 11/7/91. Values are the mean (± 1 S.D.) numbers of 
crayfish caught per six traps per week.
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Figure 5.9. The abundance of the most common invertebrate groups in traps set at each
habitat between 3/6/91 to 11/7/91. Values are means (± 1 S.E.) of the number of
individuals of each category found per six traps per week on the shallow stone H  , and
deep stone B  , habitats and on the silt 10 m B  , 20 m Bl , and 50 m B  , from the 
shore.
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AseUiis were the most abundant organism in the traps. Thqr were found in  
g reat^ t numbers In  the ^ It habitats (Mann-Whltney U test, between the deep stone and 
silt habitat 10 m from the shore; U » ll, m=9. n=9. p<0.01). The greatest derWtles of 
Gammarus. Trichoptera and the Ephemeroptera were found on the stone substratum  
(Mann-Whltney U test between the deep stone and silt habitat 10 m  from the shore for 
Gammarus: U=0. m=9. n»9, p<0.01, for Trichoptera; U -4 .5 . m=9, n=9. p<0.01, and for 
Ephemeroptera; U=5.0. m=9. n=9. p<0.01). A sim ilar trend was apparent for the 
distribution of Zygoptera. A ll of these except for Zjygoptera were found In  greatest 
numbers on the deep stone habitats. Chironomidae were associated w ith the deeper 
water and silt substratum and Planorbidae were found In  greatest numbera in  the 
shallow ^ n e  habitats and on the silt habitats furthest from the stones (Marm-Whltney 
U test between the shallow and deep stone habitat; U=16. m=@. n»9, p<0.% . and between 
the sflt habitats 10 m and 20 to 50 m  frtan the shore; U»17, m=9, n=9, p<0.(fô).

Perch predation
A total of 114 perch were collected between 10.7 and 38.4 cm total length 

(means 19.2 cm, S.E.sO.3). The analysis of perch stranach contents was separated Into 
the periods prior to (ns48) and after (ns66) the re le^e  of the 0+ (stage 11) Juvenile 
crayfish. Perch prim arily fed on Asellus and insect nymphs and larvae. T h ^ e  were 
found in  a high proportion of perch ^omachs and constituted a large proportion of the 
total food items in the ^mnachs in  whteh they occurred (Table 5.4).

Table 5.4. The diet of perch, showing a) the number (%) of stomachs containing each 
prey type, and b) the relative abundance of each prey in the stomachs in which ttiey 
occurr^. This is expressed as a percentage of the total number of prey items, excluding 
zooplankton, per stomach. Stomachs containing 1+ crayfish were excluded from ttie 
relative abundance data. Data are from perch sampled before (n=48) and after (n=66) 
ttie release of Stage II juveniles.

Prey Item Occurrence: Relative abundance:
number (%) of stomachs Mean % of prey items/stomach (1 S.E.)

before after before after

(0+) crayfish 8 (12.1) 21.9 (10.7)
(1+) crayfish 8 (18.7) 6 (9.1)
Asellus 7 (14.6) 44 (77.3) 59.7 (14.6) 69.2 (5.0)
Gammarus 3 (6.2) 2 (3.0) 37.0 (13.0) 57.0 (0.0)
Insect larvae and nymphs:
Zygoptera 26 (54.2) 31 (47.0) 33.4 (1.1) 25.9 (6.0)
T richoptera 6 (12.5) 29 (44.0) 20.4 (7.0) 26.0 (5.6)
Ephemerr^tera 34 (70.8) 12 (18.0) 62.6 (6.4) 11.9 (4.3 )
Plecoptera 6 (12.5) 0 36.7 (16.9) 0.0 (0.0)
Chironomidae 4 (8.3) 18 (27.3) 12.3 (3.9) 21.7 (6.0)
Insect pupae 13 (27.1) 8 (12.1) 30.2 (7.9) 6.9 (1.8)
Insect adults:
Hemiptera 2 (4.2) 2 (3.0) 6.3 (3.2) 3.0 (0.0)
Zooplankton 0 46 (69.7) - -
Empty 0 6 (9.1)
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Cladocera were abundant In  perch strmmchs after 0+Juvenile crayfish had hatehed, b u t 
data on the relative abudance o f cladocera in  perch ^om achs were no t rœ orded.

Perch consumed bo th 0+ and 1+ crayfish fTable 5.5). lim â te s  of size claaacs of 
scane o f the crayfish present in  the stom achs were on ly possible b y extrapolating the 
to ta l body lengths from  the Mze o f the chelae found. uslr%  Figure 5.10. Thte figure waa 
derivM l from  measurem ents live crayfish caught in  the pond. B oth 0+ and 1+ daaaea 
o f Juvenile crayfish were found in  12% cff the perch stcanachs sam pled du ring  the tim e 
periods when t h ^  were respecttvety exposed to  predation {0+. 8 ou t o f 66 perch between 
21 June to  10 Ju ly : 1+, 14 ou t o f 114 perch between between 30 M ay to  10 Ju ty; Table 
5.6). Newly independent (0+) J u v e n ile  on average com prised 22% o f the prey item s in  
the d ie ts o f the perch In  w h ich  they were found. Y earling (1+) Juveniles on average 
constitu ted  48% o f the to ta l num ber o f p r ^  item s per stom ach in  w h ich they were 
found, b u t. in  term s o f volum e th ^ r constitu ted the m a jo rity  o f the d ie t. The re la tive 
abundance o f Juvenile crayfish  in  perch stom achs m atehed th a t o f Juveniles in  the 
traps on the stone hab ita ts, and p a rtic u la rly  in  the traps on the deep stone h a b ita t 
(S i^arm an 's Rank C orrelation: p m h  and fa llo w  water. rs»0.35; perch and deep water. 
rs=0.95. r ^ ;  Fig. 5.11).

Table 5.5. The sizes of perch and the ciayflsh ttiey consumed

Predator size (cm total lengtti) Crayfish she (mm total length)

Actual Estimated
mate female

Nitfnber eaten

38.4 71 2
85 104

24.8' 1
24.1 58 1
22.8' 1
22.2 58 65 1
21.5' 38 40 2
21.4 70 1
21.0' 1
20.5' 1
20.4 51 1
20.2' 30 3

38 40
20.1 57 70 1
19.9 30 1
17.9' 1

21.1 0+ juveniles 1
19.9 - - 10
19.6 — ~ 6
19.3 — — 1
19.2 — — 7
18.7 — — 1
17.7 — — 1
17.5 - - 5

' One crayfish too digested to measure.
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Table 5.6. The number of tvw> size classa of perch which fed on 0+ and 1+juvenile crayfish m eæh 
week frcMn the 30/5/91 to fire 10/7/91. Nurrters in Ixackets are percentages of the numbers caught.

PERCH CAUGHT DATE
3 0 /5  6 /6 13/6 21 /6 28 /6 5 /7 10/7 TOTAL

Numbers of perch caught: 
all sizes 22 9 17 10 21 11 24 114

>20 cm total length 0 1 8 2 9 8 10 38

<20 an total length 22 8 9 8 12 3 14 76

Number of perch that fed on 1+ crayfish:
>20 cm total length o (0) i (ioo) 7 (87) 0 (0) 1 (11) 2 (25) 1 (10) 12 (32)

<20 cm total length 0 (0) 0 (0) 1 (11) 0 (0) 0 (0) 0 (0) 1 (7) 2 (3)

Number of perch that fed on 0+ crayfish: 
both size classes - 4 (40) 3 (14) 0 (0) 1 (4) 8 (12)

There was no size difference between perch th a t had and perch th a t had no t fed 
on 0+ Juvenile crayfish , however, perch w h ich  had 1+ ju ve n ile  crayfish  in  th e ir

stom achs were la rge r tha n  those th a t d id  no t (M ann-W hitnqr U test. U*=174. C hi^ 
conversion=4.41. m=14. n=93. p<0.001; Fig. 5.12). O nly 3% o f perch under 20 o n  tn ta l 
length preyed on 1+ crayfish, whereas. 32% o f perch over 20 cm to ta l length contained 
1+ crayfbh  fTable 5.6).

70 -I
males

6 0 -

50 - females

40 -

30 -

20  -

20 40 60 80 100 120 140
Total body length (mm)

Figure 5.10. Tfie relationship between chelae length and total body length for male and 
female crayfish trailed in Rôgle Pond 3.
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Figure 5.11. The relative abundance (mean percentage ± 1 S.E.) of 0+ P. leniusculus 
individuals in ttie total number of organisms found per perch stomach #  , and in ttie 
traps on the shallow stone □ ,  and deep stone ■  , habitato.
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Figure 5.12. The mean (± 1 S.E.) total lengths of perch which consumed 0+ and 1+ 
juvenile P. leniusculus.
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Experiment 5.5. HABITAT Sm^BCTION BT (HIAVID F^iÆAU: CRATEBS»

5.5.1 MATERIALS AND METHODS

The firs t experim ent tested the preference o f gravid female crayfish fo r two types 
o f sub stra tum  and tw o w a te r depths. C rayfish were presented w ith  tw o h a b ita t 
tre a tm e n t: a) w ith  a deep w ater (30 cm) pebble substratum  (particle s ize -12 to  29 mm), 
and a fa llo w  w ater (10 cm) gravel substra tum  (particle size=8 to  6 m m ], b) w ith  a deep 
w ater gravel substratum  and a  shallow  w ater pebble substratum . C ra y fi^  were expoeed 
to  each ha b ita t treatm ent w ith  e ither perch present, o r w ith  no perch present (control). 
Thus, in  to ta l, there were fo u r experim ental treatm ents Table 5.7.

Table 5.7. Experimental design for testing ttte habitat preferences of gravid female and 
juvenile crayfish in Experiment 5.5 & 5.6.

Predator Tank design Water depth Substratum Treatment

Perch present a shallow
deep

(10 cm)
(30 cm)

gravel
pebble

(8-16 mm) 
02-29 mm)

1

b shallow
deep

(10 cm) 
(30 cm)

pebble
gravel

(12-29 mm) 
(8-16 mm)

2

Perch absent a shallow
deep

(10 cm) 
(30 cm)

gravel
pebble

(8-16 mm) 
02-29 mm)

3

b shallow
deep

(10 cm) 
(30 cm)

pebble
gravel

(12-29 mm) 
(8-16 mm)

4

Over a three week period between 10 May to  31 May, twelve p lastic tanks w ith  a

bottom  area o f 1 m ^, were used to  ru n  nine replteates of each treatm ent, g iving a to ta l o f 
36 experim ental tria ls . Each tr ia l ran fo r one week. For each tria l, two gravid females, 
one o f w h ich was m arked w ith  liq u id  correction flu id  fo r id en tifica tion , were placed in  
each tank. Thus. 72 crayfish were used in  the 36 trials.

A ll twelve tanks were fed by the  same rec ircu la tin g  w ate r system . W ater

tem perature ranged between 10.0 and 15.5 °C fo r the experim ental period. C ircu la r

tregrs 2 cm deep w ith  a surfîæe area o f 572 cm2 (diameter 27 cm) were used to contain the 
substra ta  fo r ea d i hab ita t treatm ent. Two trays of each substra tum  were placed in  each 
tank. Trays at a depth o f 30 cm  were placed on the tan k  floor. Trays a t a depth o f 10 cm 
were supported on upturned buckets w ith in  the v%ter colum n. The sides o f the buckets 
and trays were covered in  p las tic  ne ttin g  to  enable the crayfish  to  clim b them . Two 
she lters constructed from  corrugated roofing tile s  were placed in  each tra y  and the 
appropriate substratum  was then added. The substratum  was used to  cover the tile s  so 
th a t each shelter had onty one entrance. P lastic dra in  pipe shelters were placed in  each

151



experim ental tanlc. These were used as shelter by perch. O ccasionally, crayfish were 
also found to be occupying these shelters.

B oth crayfish and perch were placed in  the respective tanlcs fo r two days before 
observations began. The crayfish  were fed pa rt-bo iled  potato in  excess. A  piece o f

potato, m easuring approxim ately 1 cm ^. was placed on each h a b ita t tra y  tw ice during  
each tria l. O bservations on the ha b ita t use o f each crayfish were made over a 24-hour 
period, on the th ird  and fifth  days a fte r the anim als were placed in  the tanks. S ix 
observation tim es were used: pre-dawn (06.30 h). post-dawn (08.00 h). day (11.00 h). pre
dusk (15.30 h). post-dusk (17.00 h). and n igh t (20.00 h).

5.5.2 RESULTS

Not a ll the gravid females were found in  shelters du ring  the observation period. 
C rayfish were m ore active by n ig h t tha n  by day in  the con tro ls, and v/hen they were 
ejq)osed to  perch (Fig. 5.13). For a ll s ix  tim e periods, over each o f two days, more 
crayfish were exposed in  the con tro l tanlss than in  the tanlcs w ith  perch. This was only

s ign ificant during the post-dusk period on day 3 (Chi2=5.06. d f= l. p<0.025. n=72). The

trend was also strong du ring  the pre-dawn period on day 5 (Chi2=3.38. d f= l. p<0.07. 
n=72).

A fte r three days, gravid females in  the con tro l tan lts  showed a preference fo r 

the substrata in  the deep water during the day (post-dawn. Chi2=4.2, p<0.05, n=24; pre

dusk. Chi2=3.8. p<0.08. n=26; Fig. 5.14a). More ind iv idua ls  were found on the deep 
gravel hab ita ts  than  the deep pebble hab ita ts  du ring  these tim e periods. No ha b ita t 
preferences were apparent during  the n ig h t on day three, o r a t any tim e on day five o f 
the experiment, due to  the m ajority o f the crayfish being exposed (Fig. 5.14b).

A fte r three days, gravid fem ale crayfish  in  the presence o f perch, showed a

preference fo r the gravel substra tum  du ring  the n ig h t (post-duslc, Chi2=4.6. p<0.05.

n=14; n igh t. Chi2=5.4, p<0.025. n=15; Fig. 5 .14c). There was a s im ila r trend du ring  the 
day b u t th is  was no t s ign ificant fo r any tim e-period (p>0.05). P rio r to  dawn on day five.

a preference was shown fo r the gravel substratum  (Chi2=3.86. p<0.05, n=21; Fig. 5 .14d). 
No preference fo r depth was found. There was an in d ica tion  th a t crayfish  used the 
gravel substra tum  in  the shallow  w ater more when they were exposed to perch than in  
con tro ls w ith  no perch. No s im ila r difference was found fo r any o f the o ther three 
h a b ita t com binations.
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Figure 5.13. The activity of gravid female crayfish at six time periods on day three and 
day five of Experiment 5.5. Columns denote total numbers of crayfish exposed in tanks 
with perch on day 3 B  , and day 5 B  , and in control tanks (no perch) on day 3 M  , 
and day 5 B  ■
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Figure 5.14. Habitat choice of gravid female crayfish, found in shelters in control tanks a) 
on day 3 and b) day 5, and in response to perch, c) on day 3 and d) day 5, at six time periods: 
Pre-dawn ■ ,  Post-dawn □ ,  Day □ ,  Pre-dusk El ,Post-dusk @ , and Night B  .
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5.6.1 MATERIALS AND METHODS

C onsidera tion was given to  the re la tive  im portance o f w a te r depth and 
substra tum  in  the ha b ita t choice o f new ly hatched juven ile  crayfish. The effect o f perch 
on th is  ha b ita t choice was also considered. The experim ental tem lis were set up  to  give 
tw o h a b ita t treatm ents, as described in  Experim ent 5.5 (Table 5.7). The roofing tile s  
were removed from  the substra tum  trays w h ich were then fille d  to  a depth o f 2 cm  w ith  
the respective substra tum . One hundred newly independent (stage II) ju ven ile  crayfish 
were placed in  each tan lt. F ifty  were placed on each substratum . Crayfish were exposed 
to  each h a b ita t treatm ent w ith  e ither a) perch present, b u t restra ined in  cy lin d rica l 
mesh cages approxim ately 25 cm diam eter by 50 cm long, o r b) w ith  no perch, b u t w ith  
the mesh cages s till present (control). Thus, as in  Experim ent 5.5, fou r treatm ents were 
used. Each treatm ent was replicated 9 tim es between 1 June to 16 June, giving 36 tria ls . 
Each tr ia l lasted fou r days.

Juvenile crayfish and perch were placed in  the tanks a t the same tim e. On the 
th ird  day a fte r crayfish and perch were placed in  the tanlcs, observations on crayfish 
a c tiv ity  were made. Levels o f a c tiv ity  were determ ined from  the num ber o f crayfish  
exposed on each substra tum /dep th  com bination and on the bare ta n k  floor. Counts of 
crayfish  a c tiv ity  were made on s ix  occasions over a 24 h o u r period, as described in  
E xperim ent 5.5. On the fo u rth  day o f the experim ent, perch were removed and the 
num bers o f crayfish present in  each ha b ita t and on the ta n k  floo r were counted. The

water tem perature in  the tanlcs ranged between 10.0 to 12.0 °C.

5.6.2 RESULTS

In  both the perch and con tro l tanlss there was an overa ll difference in  the 
num ber o f ju ven ile  crayfish found on the fo u r hab ita ts (perch tanlcs, H=24.86, df=3, 
p<0.001; contro l tanlss, H=23.91, df=3, p<0.001; Fig 5.15). In  the con tro l tanlcs, crayfish 
were m ore abundant in  the deep w ater (H=17.21, m=18, n=18, p<0.001) and on the 
pebble substra tum  (H=6.66, m =18, n=18, p<0.01). C rayfish th a t were exposed to  perch 
were also more abundant in  the deep w ater (H=11.70, m=18, n=18, p<0.001), and on the 
pebble substra tum  (H=13.15, m=18, n=18, p<0.001). S ign ifican tly  m ore crayfish  were 
found on the shallow  pebble hab ita ts  when perch were present than  in  the contro ls 
(H=6.60, m=9, n=9, p<0.01). No s im ila r differences were found in  the num ber o f crayfish 
counted on each o f the other three hab ita t com binations.

There was no difference in  the surviva l o f the ju ve n ile  crayfish  between perch 
and co n tro l tan ks or between h a b ita t trea tm ents w ith in  the perch and co n tro l 
treatm ents. The a c tiv ity  o f ju ve n ile  crayfish  was determ ined from  counts o f the
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Figure 5.15. Habitat preferences of juvenile crayfish. Values are the mean number (± 
1 S.E.) of crayfish counted per habitat at the end of Experiment 5.6, when perch were 
present but restrained E  , and in control tanks (no perch) ■  .
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Figure 5.16. The mean (± 1 S.E.) number of crayfish found exposed during day 3 of 
Experiment 5.6 in tanks with restrained perch ■  , and in control tanks (no perch)
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num ber o f juven ile  crayfish aqjosed w ith in  the whole ta n li, a t she tim e periods oh the 
th ird  day o f the experim ent. In  three replicates o f the two predator ta n k  treatm ents, 
perch were dead on the m orning o f the ac tiv ity  observations, and were on ly replaced at 
m idday. The absence of active perch m ay have altered juven ile  crayfish behaviour In 
these ta n l^ . For th is  reason, a second set o f observations v/ere made in  these tanlcs and 
in  the equivalent con tro l tanks a t 06.30, 08.00 and 11.00 hours on the fo llov/lng day. 
The average o f the two resu lts fo r these replicates is  used In  the analyses below.

O nly a sm all num ber o f ju ve n ile  crayfish  were found ejcposed. W ith in  each 
observation period, com parisons were made between the num ber e^cposed in  tanlcs 
conta in ing  perch and the con tro l tanlcs (Fig. 3.16). P rio r to  duslc, fewer crayfish  v/ere 
exposed in  the perch tanks (H=4.86, m s l8 , n=18, p<0.05,). A  s im ila r trend was found in  
each o f the other five tim e periods although these were no t s ign ifican t (p>0.05).
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Bqiehnent 5.7. THE EF7BCT OP WATER DEPTH AND SOBSTRATDM ON JllVmaXÆ 
CRATPISH MORTALITY DUB TO PERCH PREDATION

5.7.1 MATERIALS AND METHODS

This experiment was designed to cconpare the effects substratum and water

depth on the predation of Juvenile crayfish by perch. Twelve plastic tanks (l-m ^  
bottom  area) were organised to give four habitats each w ith  a  separate

depth/substratum  combination. Each tank contained four. 572-<an2 tra j^  M ed to 2 o n  
with a single substratum (either pebbles or gravel; partkle sizes as for Experiment 5.5) 
at water depths of either 25 cm (shallow) or ^  a n  (deep) In a 2 x  2 fsutorlal d ^ l^ . One 
hundred newly hatched (stage II) crayfteh were placed on each habitat w ith either a) 
unrestrained perch, or b) no perch (Control), giving a total of e l^ t  treatments (Table 
5.8). Six replicates of each tank design were run between 16 June to 14 July, giving a 
total of 48 trials. Each tria l took seven days. The water temperature for the duration of

the e^ierlm ent ranged between 14.0 -18.0 °C.

On the third day after crayfish were placed In the tanks, poch were added to the 
relevant tanks, and were left for five days. The five day period was chosen because 
pereh left w ith crayfish for this length of time In  previous experiments reduced crayftsh 
survival l%r up to 8 ^  (Chapter 2).

Table 5.8. Treatment used to test tee effect of water depte aixi substratum on predation 
of juvenile crayfish by perch. Numbers in tee body of the teble indicate different 
treatments.

Substratum Water depth:

deep (50 cm) shallow (25 cm)

Perch present Perch absent 
(control)

Perdi present Perch absent 
(control)

pebble 1 3 5 7

gravel 2 4 6 a

5.7.2 RESULTS

Crayfish survival was compared between perch and control tanks for each 
habitat type (P%. 5.17). Perch reduced crayfish survival on both the shallow and deep 
gravel habitats (Shallow gravel. H=4.02, m=6, n=6, p<0.05: deep gravel. H=4.02, m=6, 
n=6, p<0.05). There was an indication that perch reduced creyfish survival on the deep 
pebble habitat (H=2.85, m=6, n *6 , p=0.W 7), but survival iras not affoAed on the ^lallow
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Figure 5.17. Numbers of juvenile crayfish surviving on each habitat after exposure to 
perch E  , and in control tanks (no perch) B  . Values are means (± 1 S.E.).
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Figure 5.18. Activity of juvenile crayfish from different habitats when exposed to perch 
E  , and in control tanks (no perch) B . Values are the mean (± 1 S.E.) percentage of 

the surviving crayfish which were exposed on the tank floor.
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pebble hab ita t (p>0.1).

A c tiv ity  waa determ ined from  counts o f the num ber o f crayfish e^cposed on the 
bare ta n k  floo r upon the rem oval o f the ha b ita t trays a t the end of the ejsperiment. The 
a c tiv ity  o f the crayfish  is  expressed as the percentage o f the crayfish  present in  the 
whole tanlE w hich were ejcposed on the tanlc floor.

Fewer crayfish  were exposed in  tanlcs where pebbles form ed the substra tum , 
both when the perch were present (H=6.95, m=12, n s l2 , p<0.01) and in  the contro l tan lfâ 
(H=12.84, m=12, n=12, p<0.001; Fig. 18). A lso, in  tanks where pebbles form ed the 
substratum , more crayfish were active in  the deep v/ater than  in  the shallow  w ater (w ith 
perch present; H=6.27, m=6, n=6, p<0.025; con tro l tanks, H=7.03, m -6 , n=6, p<0.01). 
Th is trend was no t s ign ifican t in  the tanks vidth a gravel substra tum . In  each hab ita t, 
ac tiv ity  was reduced by the perch (shallow  pebble hab ita t, H=8.31, m=6, n=6, p<0.001; 
shallow  gravel ha b ita t; H=7.44, m=6, n=6, p<0.01; deep pebble hab ita t, H=8.37, m=6, 
n=6, p<0.01; deep gravel habitat; H=5.03, m=6, n=6, p<0.025).
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5 .8  G ^E R A L  DISCUSSION

T ills  study was designed to determine 1) how newly Independent Juvenile 
crayfish were distributed In Rôgle pond. 2) how quickly th is distribution was 
established, and 3) to what extent perch predation, and the behaviour of gravid female 
and Juvenile crayfish Influenced this dtetrlbutlon. Trappii% data indteated that newfy 
independent Juvenile crayfish were restricted to the stone substratum, w ith very few 
found on the s ilt Ateo, few gravid fem ale were found on the silt, sugge^lng that gravM 
fenmles may exert a stro i^  Influence on the in itia l distributicm of the Juveniles.

Juvenile crayfish reached their maximum density in  the traps on the firat 
ram plii%  oœasion (one week) after the flr^  Independent Juveniles were detected. One 
week after this, there was a marked decline In  the number of Juveniles in  deep vrater 
traps, and to a le ^ e r extent in  the shallow water tra%%. Thus, after two weelm. 
relatively more juveniles were found In  traps on the shallow stone habitat than on the 
deep stone habitat. The fall in  0+ Juvenile densities coincided w ith the second m oult 
from stage II to stage III.

The number of Juveniles sheltering In the traps w ill be influenced ly  population 
density and the availability of alternative shelter. Thus, fewer arayflsh may have 
entered the deep water traps If natural shelter was more abundant there. In  Rôgle pond 
the stone substratum  was uniform  w ith depth, although weed, which is another 
potential source of shdter, was more abundant In the shallow v^der. It  iras not posWble 
to determine whether Juveniles migrated to the fa llo w  water in  R% le pond, however, 
in  Experiment 5.6, substratum influenced Juvenile distribution but w ater depth did 
not. Thus, independent from other Influences, where a  substratum is uniform w ith  
water depth, as in  Rôgle, Juvorlle crayfish distnbuüœi should also be uniform.

Differential survival is another po^ible cause of the dlffeiential dl^ribution of 
Juienlles between deep and shallow irater. The distribution of the o^yfish in  the traps 
is, therrfore, likely to have been a furxition of: 1) protœtlon offered ly  the weed In  the 
shallow water, and 2) predation ly  perch (Dehli, 1981) and aeschnid rym phs (Dye &  
Jones, 1975: C^demo et a l, 1990; Jon^on, 1992), and/or competition and predation ly  
adult and Juvenile conspeclfics. The greater abundance of Juveniles In  the shallow  
w ater Implies th at potential predatora/carm ibals or competitors were either less 

abundant or less suœessful In shallow water.

The relative abundance of 0+ Juveniles In  perch stomachs corresponded most 
closely to their relative abundance on the deep stone habitat, although only a small 
number of stomachs were analysed. The majority of the perch caught in  Rôgle pond 
were larger than 15 cm, and although no data on perch activity and habitat use were 
available, perch predation on Juvenile crayfish was likely to be less successful in  the 
shallow littoral margins, less than 30 cm deep. Both shallow water and weed Ikn it fteh
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predation on crayfish (Sailci &  Tash, 1979; M ather &  Stein, 1990). D iehl (1988) and 
M a tilla  (1992) showed th a t perch predation on am phipods and chironom id larvae also 
declined in  the presence of weed. Experim ent 5.7 indicated th a t shallow  w ater may 
reduce the success o f perch feeding on crayfish on substrata provid ing good shelter (i.e. 
pebble substratum ).

I t  has been estim ated from  predation rates by aeschnid nym phs in  enclosed 
experim ents th a t when aeschnid densities are high, these predators could account fo r 
up  to  75-100%  o f ju v e n ile  crayfish  (O. virilis) m o rta lity  in  the  firs t week of 
independence (Dye &  Jones, 1975). A lthough large Odonata nym phs were occasionally 
found in  the traps in  Rôgle, th e ir density and d is tribu tion  are not known.

C annibalism  is affected by the ava ilab ility  o f alternative food, the density o f the 
popu lation and the behaviour and ava ilab ility  o f the prey (Fox, 1975a). A du lt m ale and 
fem ale crayfish  (e ither recently gravid o r not) prey upon ju ve n ile  crayfish  (Mason, 
1977; Dye &  Jones, 1975; M unlcham m ar et a l., 1989; Gydemo et a l., 1990; Jonsson, 
1992). Cappeli (1980) found crayfish rem ains in  60% o f the stomachs of adu lt and large 
juven ile  Orconectes propinquus (G irard) collected from  a lalce at a depth of 1 m in  June. 
The p ropo rtion  o f stom achs w ith  crayfish  rem ains declined w ith  increasing w ater 
depth and over a period o f several m onths. This suggested th a t cannibalism  was 
m a in ly  directed at newly independent young, w hich were m ost abundant in  the shallow 
w ater. In  a lalce in  O ntario , Mom ot (1992) found little  evidence fo r cannibalism  by 
a d u lt O. virilis  on juven iles. In  laboratory studies, adults had d iffic u lty  in  catching 
juven iles unless juven iles were im m obile during  m oulting.

In  Rôgle pond, CPUE data indicated th a t feeding ac tiv ity  increased in  recently 
m oulted a d u lt male and non-gravid female crayfish, and also in  recent brood females 
between 11 to 28 June (Fig. 5.2, Table 5.1). This coincided w ith  the increase in  juven ile  
abundance as they became independent from  the females. T h is s itu a tio n  fu lfils  
c rite ria  th a t favoured canniba lism  by a d u lt notonectids on ju ven ile s  (Fox, 1975b), 
nam ely, th a t there was an increase in  the relative and absolute abundance of juven iles 
and th a t juven iles were m ost vulnerable to  attack during ecdysis. Th is suggests tha t 
can n iba lism  by a d u lt c rayfish  on ju ve n ile s  was lik e ly  to  occu r in  Rogle pond. 
A lthough ju ven ile  crayfish surviva l was be tte r in  the shallow  water, trap data d id  not 
ind ica te  th a t ad u lt crayfish were more abundant in  the deep water. Even if  densities 
were s im ila r w ith  w ater depth, the em ergent vegetation in  the shallow  w ater m ight 
provide ju ve n ile s  w ith  greater p ro tection  from  predation. C ann iba lism  between 
conspecifics o f the same size is often density dependent (Polis, 1981). In laboratory 
studies, shelter has been shown to increase survival o f juven ile  P. leniusculus. (Mason, 
1979). Thus the weed in  the shallow  w ater a t Rôgle may also reduce in traspecific  
in te ractions between juven iles.
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Since O f crayfish surviva l appeared to im prove in  shallow , weedy water, th is  
m igh t exp la in the increase in  the num ber o f gravid females found in  the shallow  w ater 
in  the week im m ediately p rio r to  the hatch (i.e. p rio r to the firs t records o f stage I 
juveniles). G ravid females (P. leniusculus) are very aggressive (Mason, 1970), and Stein 
(1977) suggests th a t th is  enables gravid O. propinquus to secure shelter which renders 
them  alm ost exempt from  predation. However, the suggestion th a t females move to 
shallow  w ater to release th e ir young is tentative. The use of CPUE data fo r population 
stud ies has m any associated problem s (Brown &  Brew is, 1979). The traps in  the 
shallow  w ate r were like ly  to a ttra c t crayfish from  a large area o f deeper water and the 
increase in  gravid females in  traps in  the shallow  w ater m ay have been a re su lt o f 
com petitive exclusion by a d u lt m ale crayfish , e ithe r lim itin g  female access to deep 
w ate r traps o r female abundance in  the deeper w ater. F u rthe r w ork is  required to 
c la rify  th is  discrepancy.

Given tha t the substratum  was un iform  w ith  depth in  Rôgle, and assum ing tha t 
the vu ln e ra b ility  o f gravid females d id not a lte r w ith  depth, then selection m ight favour 
fem ales w h ich release th e ir young in  shallow  water, if  juven iles have a greater chetnce 
o f su rviv ing  there. However, despite the ind ica tion  th a t gravid females were present in  
greater num bers in  the shallow  w ater during the hatching period, the in itia l density o f 
the ju ve n ile s  a t d iffe ren t depths d id  no t re flect th is . A lthough ju ven iles show a 
preference fo r shelter on suitable substra ta over m aternal protection, female sheltering 
behaviour and the use o f brood pheromones indicates th a t selection has favoured 
fem ales w h ich  choose hab ita ts  according to th e ir own needs (Jonsson, 1992). In  
Experim ent 5.5, the substratum  preferences o f gravid females differed from  those of 0+ 
juven ile  crayfish , and females d id  no t show a preference fo r shallow  w ater as indicated 
in  Rôgle pond, although the gravid females used in  the laboratory were more than one 
week away from  hatching th e ir young.

I t  is  d iffic u lt to separate the effects o f predatory m o rta lity  and predator induced 
behaviour on the d is tribu tion  o f prey throughout a habita t. In  Experim ent 5.6, juven ile  
crayfish  pre ferred the pebble substra tum , and the presence o f restra ined perch 
re in forced th is  preference. Perch preyed m ore heavily on ju ven ile s  on the gravel 
substra tum . Both m echanism s led to  increased densities o f crayfish  on the pebble 
substra tum . In  pond experiments, s ix ty  days after hatching, the abundance of young-of- 
tlie -yea r (YOY) P. leniusculus did not d iffe r between ponds where perch were present and 
ponds w ith  no perch, although perch reduced crayfish activ ity  (Appelberg & Odelstrôm , 
1988). Conversely, Svensson (1992) found tha t perch and roach reduced YOY A. astaaxs 
su rv iva l in  experim ental ponds. Also, Appelberg (1987) suggested tha t perch lim ited  
A. astacus population recoveiy in  Swedish lalces th a t had been lim ed to neutralise the 
effects o f acid ifica tion . However, it  was not Imown whether poor juven ile  densities were 
a re su lt o f predatory m o rta lity  or o f negative effects on Juvenile crayfish ac tiv ity  and 
growth.
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I t  is  possib le th a t ju ve n ile  abundance in  Rôgle was lim ite d  in d ire c tly  by 
predators. Mom ot (1992) found a negative re lationship between growth and survival o f 
ju ven ile  O. virilis  and suggested th a t adu lts  increase ju ve n ile  m o rta lity  by inducing 
m ou lt fa ilu re  as a re su lt o f lim itin g  juven ile  feeding ac tiv ity . Perch m ay also reduce 
crayfish activ ity  and thereby growth (Appelberg &  Odelstrôm, 1988).

The surviva l o f P. leniusculus from  independence to sexual m a tu rity  (2 years) 
was reported to be 10% in  a stocked population and 25% in  a na tu ra l rive r population o f 
P. leniusculus (Shim izu &  Goldman, 1983; Fûrst, 1977 cited by F jâ lling  & Fürst, 1988). 
The im portance o f predation du ring  these two years is  uncerta in . Momot (1967) and 
Mom ot &  Gowing (1977) suggest th a t fish  and invertebrate predation are no t im portant 
popu lation con tro l m echanisms. Goldman &  R undquist (1977) and M itche ll &  Smock 
(1991) suggest th a t predation, in traspecific  in te ractions and substra tum  a va ila b ility  
in te ra c t to  lim it c rayfish  popu la tions. C appelli &  M agnuson (1983) found th a t 
substra tum  was the single m ost im portan t variable con tro lling  crayfish abundance, 
a lthough o ther variab les also had s ig n ifica n t effects. T h is is  consisten t w ith  the 
present study, w hich suggests th a t adu lt P. leniusculus were m ain ly lim ited  to  the stone 
sub stra tum . The d is trib u tio n  o f gravid  fem ales in fluenced  the d is trib u tio n  o f 
juveniles between s ilt and stone substra ta  in  Rôgle pond, b u t probably had no influence 
on the stone hab ita t. I t  is  suggested th a t d iffe re n tia l m o rta lity  ra the r tha n  juven ile  
behaviour resu lted in  greater num bers o f ju ven ile  crayfish  being found on the stone 
substra tum  in  the shallow  water. W h ils t experim ental and fie ld  data ind ica te th a t 
perch preda tion in fluenced ju ven ile  d is trib u tio n , it  was no t possible to  d is tingu ish  
between the effects o f perch, the effects o f invertebrate and in traspecific predation and 
com petition, o r the influence of the emergent vegetation. Th is problem  is  addressed in  
the w ork a t Rôgle pond described in  the follow ing chapter.
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C H A P T E R S .

6 .0  THE EFFECT OF WEED, FISH AND ADULT CRAYFIBH ON THE DISTRIBUTION, 
SURVIVAL AND GROWTH OP JUVENILE P. LENIDSCCZÆKS.

6 .1  SUMDÆARY

By m anipu la ting  areas o f Rôgle pond in  southern Sweden, the effects o f perch 
and em ergent vegetation on new ly independent ju ve n ile  crayfish  d is trib u tio n , 
su rv iva l and grow th were investigated. Com plem entary labora tory experim ents, 
using  rea l weed, a rtific ia l weed o r no weed habita ts, tested w hether the h a b ita t 
preferences o f new ly independent ju ve n ile  crayfish  were based on cover o r food 
a va ila b ility , and w hether fish  and a d u lt crayfish  altered the h a b ita t preferences, 
a c tiv ity  and su rv iva l o f ju ve n ile  crayfish . Sm all non-predatory fish  were used to 
sim ulate the in d ire c t effects o f predatory fish , as it  had previously been established 
th a t the behavioural responses o f crayfish to these two types o f fish  were sim ilar.

A lthough there was an in d ica tio n  th a t perch and weed exerted a wealc 
in fluence over the d is trib u tio n  of new ly independent juven ile  crayfish in  Rôgle pond, 
it  was concluded th a t o ther factors were exerting a stronger con tro l over crayfish 
d is trib u tio n  and su rv iva l. C rayfish  grow th was greater in  the sha llow  litto ra l 
m argins (~ 30 cm deep) than in  deeper water 150 cm deep)

In  laboratory studies, crayfish showed a wealc preference fo r cover provided by 
rea l and a rtific ia l weed. Real weed benefitted crayfish grow th. Juvenile  crayfish 
became increasing ly no c tu rna l in  response to fish  and increasing ly  d iu rn a l in  
response to adu lt crayfish. Juvenile crayfish m orta lity  increased in  response to both 
non-predatory fish  and a d u lt crayfish  b u t th is  effect was m itigated by real weed 
ha b ita ts . This suggested th a t m o rta litie s  were e ither a re su lt o f an increase in  
in tra sp e c ific  in te ractio ns o r o f lim ite d  food a va lla b iltiy  associated w ith  reduced 
activ ity . Cannibalism  by ad u lt crayfish m ay also have increased ju ven ile  crayfish 
m o rta lity .

The resu lts  o f the labo ra to ry stud ies suggest th a t a d u lt crayfish  m ay be 
im p o rta n t lim itin g  facto r to ju ve n ile  crayfish  survival, d is trib u tio n  and grow th in  
Rôgle pond. The resu lts  showed th a t fish  and ad u lt crayfish  produce con flic ting  
avoidance responses in  ju ven ile  crayfish . The significance o f th is  co n flic t in  w ild  
popu lations o f crayfish is  discussed and appropriate responses are suggested on the 
basis o f m in im ising  overall predation risk .
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6.2 GENERAL INTRODUCTION

The w ork described below was designed to investigate the im portance o f perch, 
a d u lt crayfish and vegetation on ju ven ile  crayfish d is tribu tion , grow th and surviva l. 
C hapter 5 described laboratory experim ents in  w hich substratum  was shown to affect 
the d is trib u tio n  and survival o f ju ven ile  P. leniusculus. More crayfish were found on 
sub s tra ta  w ith  greater in te rs titia l spacing, bo th as a re su lt o f ju ve n ile  crayfish  
h a b ita t preferences, and also as a resu lt o f perch predation. Such effects have also 
been shown by S tein &  M agnuson (1976), and B u tle r &  Stein (1985). There was an 
in d ica tio n  th a t perch predation was fu rth e r reduced in  shallow  w ater on substra ta  
provid ing good protection from  predation (Chapter 5, Section 5.7.2). A  s im ila r effect 
was shown fo r sm allm outh bass (M. dolomieui ) feeding on Orconectes rusticus and 
O. sanbomi (M ather &  Stein, 1990).

In  labora tory experim ents, crayfish d id no t select hab ita ts  w ith  respect to 
w ater depth (Chapter 5, Section 5.6.2), yet juven ile  crayfish were found in  greater 
densities in  traps set in  the shallow  m argins in  Rôgle pond (Chapter 5, Section 5.4.2). 
A s im ila r d is trib u tio n  pa tte rn  was found in  populations of A. astacus (Appelberg, 
1986). The pa tte rn  was m ost m arked in  lalces w ith  large popu lations o f predatory 
fish . The shallow  w ater also contained the substra tum  w hich provided ju ve n ile  
crayfish w ith  the best protection from  predation.

Juven ile  lobsters (H. americanus) locate shelter using v isu a l cues by day, 
choosing areas of shade, and using tactile  cues at n ight, choosing shelters according to 
th e ir com plexity, (Johns &  M ann, 1987). Juvenile  lobsters also prefer rea l, as 
opposed to  a rtific ia l weed cover, in d ic a tin g  a positive response to chem ica l 
characteristics o f weed, or organism s associated w ith  weed (Johns &  M ann, loc.c it.). 
S piny lobsters (Panulirus interruptus Randall) have a strong preference fo r specific 
den designs, b u t den preferences depend more on shade than on the presence o f den 
w a lls (Spanier &  Zim m er-Faust, 1988). Caribbean spiny lobsters (P. argus La tre ille) 
choose shelters scaled to th e ir own size when conspecific densities and predation ris k  
are low. Lobsters become more gregarious a t greater densities and use sm aller 
shelters when predation ris k  rises (Eggleston &  Lipcius, 1992). Wahle (1992a) found a 
lin e a r re la tio n sh ip  between body leng th o f H. americanus and the m in im um  
d iam ete r o f cobbles in  w h ich  sh e lte r was obtained, a lthough lobste rs also 
m anipulated substrata to form  shelters. Shelter selection was based on tactile  cues. A 
co rre la tio n  between body and she lte r size has also been shown fo r freshw ater 
crayfish (Rabeni, 1985; Appelberg, 1986; Foster, 1992).

The litto ra l m argins o f Rôgle pond have a un ifo rm  stone substra tum , and it  
was concluded in  Chapter 5 th a t the observed pa tte rn  o f young-of-the-year (YOY) 
crayfish d is trib u tio n  resulted from  d iffe rent m o rta lity  rates in  the deep and shallow  
w ater habita ts, ra ther than from  juven ile  crayfish m igrating to shallow  water.
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I t  was suggested in  Chapter 5 tha t perch and adu lt P. leniusculus were like ly  to 
be im p o rtan t predators o f new ly independent juven ile  P. leniusculus in  Rôgle Pond. 
D ragonfly larvae were also present, and are Im own to prey upon ju ve n ile  crayfish 
(Dye &  Jones, 1975: W itzig et a l., 1986: Gydemo et a l., 1990: Jonsson, 1992). Perch 
preyed upon YOY crayfish du ring  th e ir firs t few weeks of independence (Chapter 5, 
Section 5.4.2). A s im ila r resu lt was also found by Andersen &  Helmgaard (1990), fo r 
perch feeding on A. astacus. Two weeks a fte r th e ir second m ou lt, very few YOY 
crayfish were found in  perch stomachs. Perch may , therefore, be of m ajor im portance 
in  con tro lling  the in itia l surviva l and d is trib u tio n  o f YOY crayfish.

Perch predation was lilce ly to  be lim ited  in  the shallow w ater ha b ita t in  Rôgle 
pond, e ither due to the physical restrictions of shallow water on perch access, o r as a 
re su lt o f protection afforded to juven ile  crayfish by emergent vegetation. Weed cover 
reduces largem outh bass (M. salmoides ) predation on O. causeyi (Salld &  Tash, 1979), 
cunner (Tautogolabanis adspersus W albaum) predation on juven ile  lobsters (Johns &  
M ann, 1987), and perch and ru ffe  (Gymnocephalus cemuus L.) predation on Asellus 
aquaticus L. (M atilla, 1992). In  the la tte r study, ta ll shading elements, such as reeds 
and aquatic plants, gave the best pro tection against fish  th a t fed v isua lly . G reater 
patches o f vegetation also increased Asellus  surviva l. Therefore, there m ay be 
surv iva l benefits fo r YOY crayfish w h ich select weedy habitats, in  term s o f grow th, i f  
food a va ila b ility  increases in  association w ith  weed cover, and in  term s o f she lter 
from  p reda tion . A lso, vegetation m ay reduce in tra sp e c ific  p reda tion  between 
juven iles , as she lte r reduces crayfish  a c tiv ity  and aggressive in te ra c tio n s  and 
improves crayfish survival (Mason, 1979: W estin & Gydemo, 1988).

M om ot (1992) suggests th a t a d u lt crayfish con tro l crayfish popu lations by 
in h ib itin g  the grow th o f ju ve n ile  crayfish  (O. virilis), thus prom oting  ju v e n ile  
m o rta litie s , although in  enclosure experim ents, a d u lt crayfish reduced ju ve n ile  
crayfish  grow th, b u t d id no t increase m o rta lity  (Maxwell, 1988 cited by Mom ot, 
1992). Juvenile crayfish growth was enhanced by cover and low conspecific densities. 
C rayfish become less active in  the presence o f predators (Stein &  M agnuson, 1976: 
H am rin, 1987: Appelberg &  O delstrôm , 1988). In  the la te r study, th is  resu lted in  
reduced growth of juven ile  P. leniusculus in  response to  perch.

F our experim ental investiga tions were proposed. The firs t (Section 6.3), 
involved a fie ld  m anipu la tion  to determ ine w hether perch or emergent vegetation 
affect the d is trib u tio n , surviva l and grow th o f newly independent YOY P. leniusculus 
in  Rôgle Pond, southern Sweden. The fin a l three experim ents were labo ra to ry 
studies, designed to com plement the fie ld  study. These experim ents addressed the 
fo llow ing questions:-
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1) w hether weed cover affects YOY P. leniusculus h a b ita t use and, i f  so, 
w hether ha b ita t selection is based on shelter or food ava ilab ility  (Section 6.4)?

2) to  determ ine w hether ju ve n ile  crayfish activ ity, su rv iva l and grow th are 
affected by a) shelter provided by aquatic weed, b) the presence o f fish , and c) the 
presence o f adu lt crayfish (Section 6.5)?

3) to determ ine the effect o f aquatic weed on juven ile  crayfish m o rta lity  due to 
perch predation? Tim e lim its  prevented the com pletion of the th ird  experim ent.
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6.3 DBTRIBUnON, GROWTH AND SURVIVAL OF JUVENILES IN RESPONSE TO 
WEED COVER AND PERCH.

6.3.1 INTRODUCTION

The fo llow ing fie ld  experim ent was conducted in  Rôgle Pond 3 in  southern 
Sweden between 20 M ay and 15 J u ly  1992. The study examined the effect o f 
em ergent vegetation and perch predation on juven ile  crayfish surviva l, grow th and 
d is trib u tio n  by rem oving e ither perch a n d /o r vegetation from  areas o f the pond. In  
the previous year's w ork a t Rôgle Pond (Chapter 5, Section 5.4), there was also an 
in d ica tion  th a t gravid female crayfish were m oving to shallow  w ater before hatch ing 
th e ir young. This was retested in  the follow ing study.

6.3.2 MATERIALS AND METHODS

E xperim ental Site
The w ork was conducted a t Rôgle Pond 3. This is described in  Chapter 5, 

a lthough several characteristics o f the pond differed between 1991 and 1992. In

1991, the w ater tem perature rose from  12 to 16.5 °C between the 16 May and the 28

June. In  1992, water tem perature fluctuated between 19 and 23 °C between the 22 May

and the 8 Ju ly . G rowths o f Elodea (spp) were absent from  the pond In  1992, and the 
w a te r was tu rb id  and contained dense grow ths o f p lankton ic algae. The stone 
substra tum  was also coated in  a th ic k  layer o f sediment. This contrasted w ith  the 3-m  
grow ths o f Elodea, the re la tive ly clear water, and the re la tive ly sedim ent free stone 
substratum  in  1991 (Chapter 5, Section 5.4.1).

The fo llow ing w o rk was concentrated in  the litto ra l m arg ins o f the pond,
w h ich  had a un ifo rm  stone substra tum  run n ing  from  the w ate r surface to  an
approxim ate depth o f 2.5 ra. Perch and weed were removed from  areas o f the litto ra l 
m argin on the west shore o f the pond in  a 2 x  2 factoria l design (Figure 6.1).

Em ergent vegetation (Carex spp) was concentrated in  a be lt extending 0.5 m
from  the shore line . Two weeks before ju ve n ile  crayfish became independent,
em ergent vegetation was cu t and removed from  two adjacent 15-m stretches of the 
litto ra l m argin; one inside and one outside a net enclosure. These adjacent lengths of 
shore were chosen to lim it the possib ility  th a t benthic invertebrates m ight m igrate to 
adjacent weedy areas o f shore. It was assumed tha t a greater area of cleared shore line  
w ould lim it these m igrations, if  they occurred.

F ish were excluded from  a 30-m  stretch of the litto ra l m argin by suspending a 
sm all-m eshed siene net (1 cm by 1 cm square mesh) in  an arc, reaching 10 m in to  the
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Figure 6.1. A schematic representation of the design of the field experiment carried 
out at Rôgle pond.
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pond from  the shore. The net enclosed one 15-m stre tch o f shore w ith  the weed 
removed, and another 15-m stre tch w ith  the weed in tact. The bottom  o f the net was 
weighted and lay on the pond floor. The top o f the net floated at the w ater surface. A t 
the  end o f the experim ent, the ne t was draw n tow ards the shore and a test 
e lectro fish ing was conducted w ith in  the confines o f the net to  determ ine i f  any fish  
were present. No fish  were caught, apart from  juven ile  perch (P. Jluviatilis) and 
groplo ja  [Leucaspius delineatus Heckel) m easuring less than 8 cm long. These fish  
were no t o f a size capable o f feeding on YOY P. leniusculus. A d u lt perch and pilce 
capable o f preying on YOY P. leniusculus had access to the litto ra l m argins outside 
the net.

D uring  the course o f the experim ent, the net was pu lled in to  the shore three 
tim es by members of the public. Each tim e it  was reset as soon as it  was detected. This 
d id  no t allow  predato iy fish  access to the shallow  litto ra l area (<30 cm deep), as the 
net was no t pu lled in  th is  far, however, predato iy perch did have access to the deeper 
litto ra l areas fo r a t least two periods o f 2 days and one period o f 4 days. This 
experim ent ran fo r 7 weeks (30 May to  15 Ju ly  1992) after the net was firs t placed in  
the pond.

Juvenile  C rayfish D is trib u tio n
Juvenile  crayfish and other benth ic invertebrates were trapped using p lastic 

m esh bags (50 cm x  25 cm; mesh size o f 4 x  6 mm) fille d  w ith  corrugated p lastic  
cylinders o f 5 cm diam eter and 3 cm long. Six bag traps were set a t a depth of 30 cm a t 
each o f the fou r 15 m  stretches o f the litto ra l m argin. Four traps were also set in  the 
deep w ater (1.5 m), paralle l to the shore a t each o f the four sites . A ll traps were set on 
the stone substratum .

Every week these traps were removed and counts were made o f the num ber of 
juven ile  crayfish and other invertebrate taxa in  each bag, before replacing the bags in  
the pond fo r a fu rth e r week. The catch per u n it effort, (mean num ber o f crayfish per 
bag-trap per site), was used as an ind ica tion  of the d is trib u tio n  and surviva l o f YOY 
crayfish . This technique was also employed to determ ine the d is trib u tio n  o f other 
invertebrate taxa. S ix weeks a fte r the firs t YOY crayfish were found in  the traps, a 
sample of YOY crayfish from  each site was weighed to see if  there were any differences 
in  crayfish  grow th between the sites. C rayfish were b lotted on absorbent paper to 
remove any surface m oisture , and were then weighed to the nearest m illig ram .

A d u lt C rayfish D is trib u tio n
The d is trib u tio n  o f a d u lt m ale, non-gravid female and gravid female crayfish 

was determ ined between 20 May to 8 Ju ly , p rinc ip a lly  from  CPUE data obtained from  
double ended funnel traps baited w ith  fish . The CPUE for these crayfish refers to the 
mean num ber caught per trap per n ight. Traps were used:-

1) To test the relative abundance of adu lt crayfish at 30 cm and 1.5 m  depths
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on the stone substra tum . F ifteen traps were set fo r 24 hours a t each depth on six 
occasions between the 20 May to  the 8 Jufy. These traps were set in  an area o f the pond 
away from  the experim ental sites described above.

2) To test fo r the possible effects o f weed rem oval and the ne t enclosure on 
a d u lt crayfish abundance in  both the deep and the shallow  w ater habita ts. On fou r 
occasions between the 28 M ay and 15 June, 5 traps were set a t each experim ental site 
in  the shallow  w ater and 5 traps were also set a t each experim ental site in  the deep 
water. Again, a ll traps were set on the stone substratum .

In  order to  tes t more rigorously the d is trib u tio n  o f gravid females in  the weelcs 
before and during hatching. 6 bloclrs o f shelters were set a t 30 cm and 1.5 m  depths in  
the pond. These shelters were constructed o f layers of corrugated p lastic and provided 
64 in d iv id u a l com partm ents in  w h ich  crayfish could shelter. Traps were collected on 
three occasions between the 28 May and 11 June using SCUBA apparatus, and v/ere 
in itia lly  wrapped in  a mesh ne t before being brought to the surface. C rayfish were 
then removed from  the shelters and were counted and sexed.

Unless otherw ise stated, a ll s ta tis tic a l analyses are tw o-ta iled  and use a 
system  o f nonparam etric analysis o f variance by ranlcs to  test the difference between 
two OF m ore independent samples (Meddls, 1984). Time (weelcs) was used as a blocking 
variab le  when com paring tra p p a b ility  (crayfish d is trib u tio n ) between experim ental 
sites. B lceldng variables are "qua lities w h ich cannot be contro lled b u t m ust be talcen 
in to  account even though they are not specifica lly relevant to  the hypothesis under 
exam ination". In  tw o sample tests, sample sizes (m and n) are given. For m u ltip le  
sample tests, degrees o f freedom (df) are given.

6.3.3 RESULTS

A d u lt C rayfish D is trib u tio n
In  an area o f the pond, away from  the tes t sites, m ore a d u lt crayfish  were 

caught in  the traps in  the deep w ater than  in  the shallow  w ater between 20 M ay to  8 
J u ly  ( H= 18.56, m=75, n=75, p<0.001: Pig. 6.2). This was true  o f both a d u lt m ale and 
female crayfish (males, H=5.60, m =75, n=75, p<0.025: females, H=16.49, m =75, n=75, 
p<0.001). Also, p ropo rtiona lly m ore o f the crayfish from  the deep w ater were female 
(H=3.22, m =75, n=75, p<0.07). T h is trend was s im ila r fo r gravid fem ales (Fig. 6.3). 
Between 20 to  29 May, more gravid females were caught in  the deep w ater (H= 16.29, 
m=35, n=38, p<0.001), and gravid females tended to  malse up proportiona lly more o f 
the catch in  the deep w ater in  the two weeks leading up to  the hatch (25 May, H=5.59, 
m=10, n=13, p<0.025: 29 May, H=10.8, m s l2 , n=12, p<0.01). The firs t stage I young 
were found on female crayfish on the 29 May.

A rtific ia l hides proved d iffic u lt to  m anipulate. The num bers o f a d u lt crayfish.
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Figure 6 .2. The mean number (±  1 S .E .) of adult male and fem ale crayfish caught per 
trap night in deep and shallow w ater in Rôgle pond between 25 M ay and 8 July 1992 
(shallow water, males ■  , fem ales □  ; deep water, males B  , fem ales B
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Figure 6 .3 . a) the mean number (± 1 S .E .) of gravid fem ales caught per trap night, and 
b) the proportion (± 1 S .E .) of gravid fem ales in the total catch per trap night, in the 
shallow water □  , and deep w ater ■  . in Rôgle pond between 20 to 25 July 1992.
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m ales o r non-gravld females, d id no t d iffe r between shelters in  the deep and shallow  
water. No gravid females were were found in  these shelters.

W ith in  the experim enta l area, a d u lt crayfish  d is trib u tio n  d id  no t d iffe r 
between the m an ipula ted experim ental sites in  e ither deep o r shallow  w ater, b u t 
overall, more crayfish were found in  the deep water than the shallow  w ater (a ll sites 
com bined: H=4.02, m=53, n=54, p<0.05). This was also true  of the male crayfish 
(H= 10.01, m=53, n=54, p<0.01).

There was a difference in  female crayfish d is trib u tio n  between the fo u r sites 
w ith in  both shallow and deep water (shallow, H=8.05, df=3, p<0.05; deep. H=7.33, df=3, 
p<0.07). More females were caught outside the net enclosure (shallow water, H=6.92, 
m=53, n=54, p<0.01; deep water, H=7.33, m=53, n=54, p<0.01). Females also made up 
p ro po rtiona lly  more o f the catch in  the habita ts outside the ne t enclosure (shallow  
water, H=8.19, m=26, n=27, p<0.01; deep water, H=8.17, m=26, n=28, p<0.01). CPUE o f 
fem ales d id  no t d iffe r w ith  w ate r depth, however, p ro po rtiona lly  m ore o f the 
crayfish caught in  the shallow water were females (H=7.24, m=53, n=54, p<0.01).

YOY crayfish d is trib u tio n , abundance and growth.
Throughout the period 5 June to 15 Ju ly , more YOY crayfish were found in  the 

deep w ater traps than in  the shallows (a ll sites combined; H=4.31, m =164, n=100, 
p<0.05: Fig. 6.4a). This was m ain ly a resu lt o f the in itia l increase in  the num ber of 
YOY crayfish in  the deep w ater when crayfish were newly independent (between 5 to  12 
June: H= 51.35, m=32, n=48, p<0.001). A fte r th is  tim e, there was an overall tendency 
fo r more crayfish to  be found in  the shallow  water (H=6.49, m=68, n = l 16, p<0.025), 
although th is  differed between weelcs.

A fte r 7 weeks, the densities of YOY crayfish in  the shallow  and deep w ater 
traps were s im ila r, however, the percentage survival, extrapolated from  CPUE data, 
was lower in  the deep w ater (Fig. 6.4b). This was because YOY ju ven iles reached a 
greater m axim um  density in  the traps in  the deep water. C rayfish reached th e ir 
m axim um  density in  the shallow  w ater traps one week later.

T hroughout the experim ental period, there was an overall difference in  the 
num ber o f YOY crayfish  found a t each experim ental s ite  in  the sha llow  w ater 
(H=28.97, df=3, p<0.001; Fig. 6.5). Fewer crayfish were found in  traps when both weed 
and fish  were present by com parison to the other 3 sites (in d iv id u a l pa irw ise 
comparisons between w eed/fish and a) weed/no fish, p<0.01; b) no weed/ fish, p<0.01; 
and c) no weed/no fish, p<0.025). This indicated tha t there was an in teraction effect 
o f the two variables on crayfish d is tribu tion .
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Figure 6.4. a) the mean number (± 1 S.E.) of YOY crayfish caught per trap night at 
each water depth in Rôgle pond, and b) the average survival of YOY crayfish witti 
water deptti. The number of crayfish caught at each site is expressed as a percenWge 
of the maximum number of crayfish caught at each site. Water depths are; shallow 
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Figure 6.5. The mean number of newly independent crayfish caught per trap night in 
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Figure 6.6. The mean number of newly independent crayfish caught per trap night in 
deep water at each experimental site in Rôgle pond, eæh week. Sites are weed/fish 
- a -  , weed/no fish — # —, no weed/fish -O -  , no weed/no fish -  0 - .
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T here w a s  a n  In d ication  th a t  cra y fish  d istr ib u tio n  d iffered b etw een  th e  four  
experim ental s ite s  in  the deep w ater betw een  5  J u n e  to 15 J u ly  (H =6.44. df=3, p<0.1 , 
blocked for week; Fig. 6.6). More crayfish were found in the s ites  w ithout fish  (H=5.55. 
m = 44, n= 48 . p < 0 .025). T h is pattern  w a s  n ot co n sisten t w h en  crayfish  d istribution  
w a s  com pared w ith in  each  w eek.

Crayfish grow th w a s  determ ined from th e w eigh ts o f individual YOY crayfish  

collected  from th e traps at each  experim ental s ite  on  the 7  Ju ly . The data  w a s  lo g ic  

transform ed for th e  following an a lyses. In th e shallow  w ater, crayfish  grow th w a s  

enhanced  in  h ab ita ts w ith  fish  (2-way param etric ANOVA: fish F =5.00. d f= l. p<0.05; 
weed F=0.57, d f= l, p > 0 .1; Fig. 6.7). In the deep water, crayfish growth w as enhanced  in  
th e hab ita ts w ith  w eed (2-w ay ANOVA; fish  F =1.56 . d f= l, p>0.1; w eed F = 5 .57 , d f= l, 
p < 0.025). Crayfish growth w a s  greater in  th e  shallow  w ater hab ita ts by com parison  to  
th ose in the deep water fT -testT =6.33. m =204.n=239, pcO.OOl).

Yearling (1+) Ju ven ile  Crayfish distribution .
Yearling crayfish  d istribution  w a s  n o t affected by  fish  or w eed  b etw een  th e  

experim ental s ite s , w ith in  e ith er th e  sh a llow  or th e  deep w ater. More 1+ crayfish  
were found in  th e deep w ater traps than  in  shallow  w ater traps (All experim ental s ites  
combined; H =7.98, n ^ 3 0 . n=32, p<0.01).

0»
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weed/
fish

weed/ 
no fish

no weed/ 
fish

no weed/ 
no fish

H ab ita t

Figure 6 .7 . M ean weights (±  1 S .E .) o f Y O Y  crayfish from each of four experim ental 
sites in shallow water □ ,  and deep water H  .
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D is trib u tio n  o f Invertebrate Fauna
O nly the d is trib u tio n s  of the m ost common invertebrates found In  the traps 

are considered below.

Gammams - The num ber o f Gommants in  the traps d id  no t d iffe r between the 
fo u r experim ental sites w ith in  e ither the shallow or the deep water. Gammams were 
more abundant in  the traps in  the shallow water by com parison to the deep w ater (a ll 
sites combined; H=117.10, m=90, n=143, p<0.001; Fig. 6.8a).

AseUus - There was an overall difference in  Asellus d is trib u tio n  between fou r 
sites w ith in  both the shallow  and deep water (shallow, H=2S.72, df=3, p<0.001; deep, 
H=29.99, df=3, p<0.001; Fig. 6.8b). In  both cases, the weed/no fish  site contained more 
Asellus than  each of the o ther three sites. Overall, greater num bers o f Asellus were 
found in  the deep w ater than the shallow w ater (a ll sites com bined; H=20.74, m =40, 
n=144, p<0.001).

Chironom ldae - G reater num bers of chironom lds were found in  traps on sites 
conta in ing weed in  both the shallow  water (H=23.27, m=72, n=72, p<0.001), and deep 
w ater (H=5.51, m=41, n=48, p<0.025; Fig 6.8c). There was also an ind ica tion  th a t 
fewer chironom lds were in  the traps in  sites w ith  fish  in  the deep w ater (H=3.29, 
m=43, n=46, p<0.07). This was due to the large difference in  chironom id num bers 
found between the weed/no fish  and no weed/fish sites. Chironom id densities d id  not 
d iffe r w ith  w ater depth.

Ephemeroptera - G reater numbers o f Ephemeroptera were found in  traps in  the 
sha llow  w ate r than  in  the deep w ater (a ll sites com bined; H=5.09, m =24, n=120, 
p<0.025; Fig. 6.8d). There was a difference in  the num ber o f Ephem eroptera found a t 
each site w ith in  the deep w ater (H = l 1.65, df=3, p<0.01), as a resu lt o f the difference in  
num ber found in  traps in  the weed/no fish  and the no weed/fish sites.

T rlchoptera - More trlchoptera were found in  the deep w ater traps than in  the 
shallow  water (all sites combined H=48.09, m=63, n=96, p<0.001; Fig. 6.8e). There was 
also a difference in  the d is trib u tio n  o f Trlchoptera between experim ental sites w ith in  
the deep w ater (H=16.29, df=3, p<0.01). This was a re su lt of the d iffe rent num bers 
found in  the traps on the weed/no fish and no weed/fish sites.

Zygoptera - Zygoptera tended to be found in  greater num bers in  the shallow  
w ater traps than in  the deep w ater (a ll sites combined; H=3.42 m =47, n=72, p<0.07; 
Fig. 6.8f). Zygoptera d is trib u tio n  also differed between sites w ith in  the shallow  water 
(H= 12.32, df=3, p<0.01). Again th is  was a resu lt of the difference in  num bers found in  
the weed/no fish  and no w eed/fish sites. In  th is  instance more were found in  the traps 
in  the no w eed/fish site.
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Figure 6.8. Mean number (± 1 S.E.) of each invertebrate Taxa caught per trap night 
at each site in shallow E3 , and deep B  , water in Rôgle pond. DaW for all weeks 
(31/5-8/7/92) are combined. Taxa are a) Ga mm aru s,  b) Asellus,  c) 
Chironcxnidae, d) Ephemeroptera, e) Trichoptera, and f) Zygc^tera (see overleaf.
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Comparison between 1991 and 1992.
The tra p p a b llity  o f a d n lt crayfish  was s im ila r between the  tw o years, b u t in  

1992 more were found in  the deep w ate r than  in  the shallow  w ate r (Fig. 6.9). No 
s ta tis tica l com parison o f tra p p a b llity  between the two years was possible. The data 
from  1991 was collected as the num ber o f crayfish per five traps, and sets o f five traps 
were collected fou r tim es a week. O nly one set o f five traps was collected per week in  
1992.

In  m ost cases, the densities o f invertebrates in  the traps a t each w a te r depth 
were s im ila r between years (Fig. 6.10) There were between-year differences in  the 
num ber o f Gammams and Ephem eroptera in  the deep w ater traps (W ilcoxon-M ann- 
W hitney test; Gammarus, W k=23, m=6, n=9, p<0.01; Ephem eroptera, W x=15, m=5. 
n=9, p<0.01) and the num ber o f chironom lds in  the shallow  w ater traps (W ilcoxon- 
Mann-Whitney test; Wx=68, m=6, n=9, p<0.025).

In  1992, YOY crayfish were found on female crayfish 3 weeks earlie r, and in  
traps 15 days earlier than in  1991. Densities were greater in  1992 in  both shallow  and 
deep w ater hab ita ts  where bo th  weed and fish  were present (shallow  water, H=20.7, 
m s 18, ns36, p<0.001; deep water, Hs22.9, m s il,  n=33, p<0.001; Fig. 6.11). These 
differences were analysed fo r weeks 1 to  3 a fte r YOY crayfish  were firs t detected. 
Weeks were used as a b locking variab le (Meddis, 1984). G reater densities o f YOY 
crayfish  were found in  the o ther three experim ental sites a t bo th  w ate r depths in  
1992. Unlilce 1991, YOY crayfish d is trib u tio n  in  1992 did no t d iffe r w ith  w ater depth, 
except fo r the firs t 3 weelss, when more YOY crayfish were found in  the deep water.
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Experiment 6.4. THE EMPORTANCB OF WEED COVER El HABITAT SELECTION BY 
JUVENILES EXPOSED TO MSH AND ADULT CRAYFISH.

6.4.1 INTRODUCTION

T h is experim ent firs tly  tested whether newly independent (Stage II) ju ven ile  
crayfish  positive ly  selected hab ita ts  in  response to weed cover, and w hether th is  
selection was based solely on the physical protection afforded by the weed, or whether 
it  was a re su lt o f other factors associated w ith  weed cover such as food ava ilab ility . 
C rayfish were placed in  indoor tardes and were offered a choice between a p la in  pebble 
substra tum  (no shelter), a pebble substratum  w ith  a rtific ia l p lastic weed (shelter), and 
a pebble substra tum  w ith  rea l weed (shelter and food). As crayfish  prefer pebble 
sub s tra ta  to  gravel sub stra ta  (Chapter 5. Section 5.6.2), th is  experim ent tested 
w hether weed exerted any m ore influence on juven ile  crayfish ha b ita t choice than 
sub stra tum  alone. Secondly, the effects o f fish  and a d u lt crayfish  on ju ven ile  
crayfish  h a b ita t preferences were examined. Juvenile crayfish  were expected to 
choose the hab ita ts offering the m ost protection from  predation in  response to  the 
predatory threats represented by groplôja (L. deltneatus) and ad u lt crayfish.

6.4.2 MATERIALS AND METHODS

Twelve 220 cm by 42 cm tardes (0.92 cm^ ) filled  to a depth of 15 cm were used in  
the follow ing experiment. E ight replicates of 3 treatm ents were ru n  in  the tanles over 
a two week period between 30 May to 13 June 1992. Each replicate lasted one week. 
The tanks were arranged in  two sets of six, bu t were a ll fed by the same recircu la ting 
w ater system. Each set o f s ix tanks consisted of a line, 3 tanlcs long by 2 deep. The

w ater tem perature was between 15 and 16 °C, and the tanks were illum ina ted  on a 
9:15, ligh trda rk lig h t regime. The ligh ts did not fade in  or out.

Three 572-cm ^ c ircu la r trays, each containing 2 cm of pebbles m easuring 12 
to 29 mm  diam eter (n=25), were placed in  each tarde. S ixty 30-cm  strands o f Elodea 
were attached to the pebble substratum  in  one tray o f each tanie, so tha t the strands 
floated over the tray. Sbdy plastic strips, 1 cm wide and 30 cm long, were attached to a 
second pebble substra tum  in  each tarde in  a s im ila r way. The th ird  pebble fille d  tray 
in  each tan k  was le ft w ith  no cover. The three hab ita t trays were arranged random ly 
w ith  respect to  each o the r and ta n k  in le t and ou tle ts. The three experim ental 
treatm ents consisted of tanks w ith  no predator (control), w ith  3 groplôja (sim ulated 
fish  predator), and w ith  one adu lt crayfish (crayfish predator).

A du lt crayfish were used to investigate the possib ility  th a t they were a cause of
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juven ile  crayfish  m o rta lity  tn  Rôgle Pond. Nystrôm  (pers. comm.) found th a t YOY 
crayfish became less active in  the presence o f groplôja (L. delineatus), w hich are sm all 
cyp rin id  fish  th a t no rm ally grow to  between 6 to  8 cm in  leng th (Wheeler, 1978). 
A lthough these fis h  were incapable o f preying upon YOY crayfish , the reported 
behaviour o f ju ve n ile  crayfish  in  response to  grop lô ja  (Nystrôm , pers. comm.) is  
s im ila r to  th a t reported fo r ju ve n ile  crayfish  in  response to  perch in  o ther studies 
(Hamrtn, 1987; Appelberg &  Odelstrôm, 1988; Chapters 2, 3 &  5).

In  the previous two years, perch became diseased v e ^  easily tn  labo ra to ry 
situa tions. G roplôja were more hardy (Nystrôm, pers. comm.) and so i t  was decided to 
use these fish  as a substitu te  fo r perch in  the follow ing experim ent, to  determ ine the 
in d ire c t effects o f fish  predators on crayfish hab ita t choice and survival.

G roplôja m easuring 5 cm to  8 cm in  to ta l length were caught from  a local pond 
a t S im ontorp A quaculture A.B. Recently m oulted a d u lt m ale crayfish  m easuring 64 
cm  to  80 cm were trapped in  Rôgle Pond du rin g  the la s t week o f M ay. Nev/ly 
independent (Stage 11) ju ven ile  crayfish  were obtained from  the S im ontorp indoor

hatchery and ICO ind iv idua ls  were placed in  each tanlc (0.92 in d iv id u a ls /m ^ ). A fte r 
24 hours, e ithe r 3 groplôja, 1 a d u lt m ale crayfish o r no predators v/ere added to  the 
tanks. A fte r s ix  days, the predators were removed and the num ber o f crayfish  on 
each hab ita t and on the bare tanlc floo r were counted. C rayfish and groplôja were fed 
a standard q u an tity  o f e ither a  liqu id ised  suspension o f egg, peas and earthworm  or 
chironom id larvae, every second day.

Unless otherw ise stated, the fo llow ing s ta tis tica l analyses used a one-way 
nonparam etric analyses o f variance by ranks (Meddis, 1984).

6.4.3 RESULTS

There was an overall difference in  YOY crayfish  su rv iva l between the three 
predator treatm ents (H=7.86, df=2, p<0.025; Fig 6.12). A du lt crayfish reduced crayfish 
surviva l by com parison to  contro ls (ind iv idua l pairw ise com parison, p<0.025).

A t the end o f the  experim ent, the p roportion  o f the surv iv ing  crayfish  th a t 
were exposed on the ta n k  floo r was used ^  an ind ica tion  o f ac tiv ity . A c tiv ity  differed 
between trea tm ents (H=5.98, df=2, p<0.05). P roportiona lly  fewer crayfish  were 
ejqjosed when together w ith  a d u lt c rayfish  by com parison to  con tro ls  (in d iv id u a l 
pairw ise com parison, p<0.05; Fig. 6.12).

To test the d is trib u tio n  o f YOY crayfish between the three habita ts, the num ber 
o f juven iles found in  each hab ita t per tanlc were expressed as a percentage o f the to ta l 
num ber o f crayfish  found in  a ll three hab ita ts  per tanlc. Th is removed the effects o f
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dlfTerentlal crayfish  activity betw een  tan k s. There w a s  an  overall difference in  the  
proportion of crayfish  th at w ere found in  th e three h abitats (Friedm an 1-way ANOVA

for all predator treatm ents com bined. Chl^ conversion=7.01, df=2, p<0.05; Fig. 6 .13). 
Proportionally m ore crayfish  w ere found in  h abitats w ith  w eed (Elodea ) or p lastic  
w eed  cover th an  w ith  uncovered  pebbles, although, individual pairw ise com parisons  
betw een  su b stra ta  w ere n ot significant (p>0.05). T his pattern w a s evident w h en  YOY 
h abita t preferences w ere com pared w ith in  each  predator treatm ent, b u t again  th ese  
were n o t significant (p>0.05).

p<0.025
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Figure 6.12. Mean percentages (± 1 S.E.) of crayfish surviving in each 
experimental treatment (light cross-hatching) and mean percentages (± 1 S.E.) of
surviving crayfish that were exposed in 0.25 m2 of the tank floor (dark cross- 
hatching) at the end of Experiment 6.4.
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Figure 6.13. Mean percentage (± 1 S.E.) of the total number of YOY crayfish found 
using shelter that were found in each habitat type in response to three predator 
treatments. Habitats were; pebbles only E! , pebbles with plastic weed ■  , and 
pebbles with real weed □  .
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Expeihnent6.G. THE EFFECT OP WEED COVER, FISH AND ADULT CRAYFISH ON 
THE A C n v n r , GROWTH AND SURVIVAL OF JUVENILES.

6.5.1 INTRODUCTION

In  the fo llow ing experim ent, the possible benefits o f weed cover in  term s o f 
food a cq u is itio n  by c ray fish  and p ro te ction  from  preda tion  were considered. 
C rayfish were placed in  indoor tanks on one o f three habita ts: no weed (control), 
p lastic weed (shelter only), and real weed (shelter and food), and were exposed to  either 
a d u lt crayfish , groplôja o r no predators, as in  Section 6.4.2. Thus the im portance of 
weed as a source of food and o f protection from  predation were tested.

6.5.2 MATERIALS AND METHODS

F ifty -fo u r 0.92-m ^ tanlcs were used, each fille d  to a depth o f 15 cm. The tanks 
were arranged in  3 stacks o f 18. Each stack of 18 tanks com prised 2 lines, each 3 
tanks long and 3 tanks deep. As a resu lt, lig h t levels varied between lines (H = l 1.81, 
df=5, p<0.05) and heights (H=45.13, df=2, p<0.001). The lig h t levels fo r each tank 
(Nystrôm , pers. comm.), th e ir positions, and the experim ental treatm ents used in  
each, are given in  F igure 6.14. Each set o f 18 tanks was supplied by a separate 
re c ircu la tio n  system, w ith  w ater being pumped in to  the top tanks in  each row  and

fa lling  through the tanlcs below. W ater temperatures ranged between 18 and 20 °C and 
the tanlcs were on a 9:15, ligh trdark lig h t regime. The ligh ts did not fade in  or out.

For the purposes o f the experim ent, the tanks were divided in to  2 groups o f 15 
and 2 groups o f 12. E xperim ental tria ls  were started  in  each group o f tanks on 
consecutive days. A ll experim ental tria ls  ran fo r 26 days between the 15 June to 14 
Ju ly  1992, and were started and term inated w ith in  a fou r day period.

The experim ent consisted o f n ine treatm ents arranged in  a 3 x  3 fac to ria l 
design. C rayfish were given three ha b ita t types and three predator s itua tions as 
described in  F igure 6.14. A ll tanks were supplied w ith  4 b u ild in g  b ricks , each 
con ta in ing  24 holes to act as crayfish shelters. B rides were e ither rested on a) 60 
strands o f Elodea (real weed cover), 30 cm  long w h ich floated around the b rick , b) on 
60 strands of black p lastic (plastic weed cover), 1 cm wide and 30 cm long arranged in  
a s im ila r fashion to the weed, or c) on the bare tanlc floo r (no cover).

G roplôja m easuring 5 cm to 8 cm in  to ta l length were caught from  a local pond 
a t S im ontorp In  early June. Recently m oulted adu lt male crayfish m easuring 65 cm 
to 80 cm were trapped in  Rôgle Pond between May and June. Newly Independent (Stage 
II) ju ven ile  crayfish were obtained from  the S im ontorp Indoor hatchery and 100
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Figure 6.14. The tank designs used in Experiment 6.5. The diagram shows the predator 
treatments (tanlœ in vertical rows), the tank position and habitat treatments (tanks in 
horizontal lines), the illumination (lux) for each tank (numbers in boxes), and the 3 
sets of 18 tanks, each supplied by a separate water system (A+B, C+D & É+F).
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ind iv idua ls were placed in  each tank. A t the s ta rt o f the experiment, the mean w eight 
o f 10 crayfish was 0.0207 g (S.E.=0.CO8, n -15 ). Thus the average w eight o f ind iv idua l 
crayfish was -2 .0  mg. A fte r 24 hours, fou r groplôja, one ad u lt m ale crayfish, o r no 
predators (control), were added to the respective tanks. C rayfish were fed a standard 
q u a n tity  o f e ith e r a liq u id ise d  suspension o f egg, peas and earthw orm  o r o f 
ch ironom id  larvae, every second day, supplem ented occasionally by a liqu id ised  
suspension o f filam entous green algae.

A fte r 26 days, groplô ja and a d u lt crayfish were removed from  each ta n k  and 
the surviving ju ven ile  crayfish were counted. Ind iv id ua l crayfish were then weighed 
to  the nearest m g to  determ ine w hether ju ven ile  crayfish grow th d iffered between 
treatm ents. C rayfish were weighed a fte r excess m oisture had been removed using 
absorbent paper. On two occasions du ring  the experim ent, days 4 to  7 and 14 to  17, 
and on the penu ltim ate  and la s t day o f the experim ent, days 25 to  26, ju ve n ile

crayfish a c tiv ity  was m onitored by counting the crayfish exposed in  a 0.25-m ^ area o f 
each tan k  a t 11.00 and 19.30 hours. The area chosen was free from  any rea l o r p lastic 
weed cover.

Unless otherw ise stated, a ll s ta tis tic a l analyses are tw o-ta ile d  and use a 
system o f nonparam etric analysis o f variance by ranks to  test the difference between 
two or more independent samples (Meddis 1984). In  two sample tests, sample sizes (m 
and n) are given. For m u ltip le  sample tests, degrees o f freedom (df) are given.

6.5.3 RESULTS

The fo llow ing analyses d id  n o t compensate fo r an effect o f illu m in a tio n , as 
the lig h t levels in  each ta n k  were no t corre lated w ith  either the m ean w eight o f the 
surv iv ing  YOY crayfish  in  each tank o r w ith  crayfish  su rv iva l (Spearmean's Rank 
C orre la tion p> 0 .1). The mean w eight o f crayfish  from  each ta n k  was, however, 
corre la ted w ith  crayfish  su rv iva l (Spearm an's R ank co rre la tio n ; R=0.41. ns53,
p<0.01).

YOY crayfish surv iva l d iffered between treatm ents (H=33.25, df=8, p<0.001; 
Fig. 6.15). S urviva l was in fluenced by predators (H=19.28, d f-2 , p<0.C01), and by 
h a b ita t (Hs 11.89, df~2, p<0.01). A d u lt crayfish  reduced YOY crayfish  su rv iva l by 
com parison to  contro ls (no predators) and groplô ja (ind iv idua l pairw ise com parisons 
between ad u lt crayfish and contro ls, p<0.001; groplôja, p<0.025). Elodea enhanced 
YOY su rv iva l by com parison to  p la s tic  weed and bare b ricks  (in d iv id u a l pairw ise 
com parisons; bo th p<0.01). In  a seperate analysis, groplôja were shown to  increase 
YOY crayfish m o rta lity  by com parison to  contro ls w ith  no predators (H=3.38, m s 18, 
n s is , p<0.07). This was no t true  when YOY crayfish had access to  real weed cover, b u t 
was true  when p lastic weed o r p la in  brides were present (Hs6.73, m =12, n=12. p<0,01).
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Figure 6.15. The mean percentage (± 1 S.E.) of YOY crayfish surviving in each 
predator treatment in Experiment 6.5 in plain brick habitats E  , in brick habitats 
with plastic weed ■  , and in brick habitats with real weed □  .

T he two following an a lyses express activity a s  the percentage o f the surviving

crayfish th at were found exposed on 0 .2 5  of the tank floor at 11 .00  and 19 .30  hours  
o n  th e  la s t  d ay  o f th e  experim ent. In b oth  tim e periods, th ere w a s  a n  overall 
difference in  YOY crayfish  activity betw een  treatm ents (1 1 .0 0  h ou rs, H =40 .58 , df=8, 
p < 0 .001; 19 .30  h ours. H =25 .96 , df=8, p<0.01; Fig. 6 .1 6 ). YOY activ ity  differed in  
respon se to predators in  both  tim e periods (11 .00  hours, H =35.47, df=2, p<0.01; 19 .30  
hours, H= 18 .46 , df=2, p<0.001). B y day, YOY crayfish w ere le s s  active in  respon se to  

groplôja (individual pedrwise com parison s b etw een  groplOJa an d  controls, p < 0 .001;  
groplôja an d  ad u lt crayfish , p < 0.001). At n ight, YOY crayfish  w ere le s s  active in  
resp on se  to  adult crayfish  (individual pairw ise com parisons betw een  a d u lt crayfish  
and controls, p<0.001; ad u lt crayfish and groplôja, p<0.05).

W ilcoxon  p a irw ise com p a riso n s w ere m ade b etw een  th e  n u m b er o f YOY 
crayfish exposed  w ith in  each  tank  a t 11 .00  and  19 .30  h ou rs on  d ays 4  to 7 . 14 to 17, 
an d  2 5  to  2 6  of th e  experim ent. In control tan k s, YOY crayfish  sh ow ed  a  sligh t  
preference for n o ctu rn a l activ ity  (Fig 6 .1 7 a ). YOY crayfish  ex p o sed  to  groplôja  
strongly favoured nocturnal activity (Fig. 6 .17b), b u t th is  preference w a s  reversed in  
response to adult crayfish (Fig. 6 .17c). These preferences w ere a lso  show n w ith in  each  
habitat treatm ent.
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Figure 6.16. Crayfish activity in response to different predators at a) 11.00 and b) 
19.30 hours on plain brick habitats Q  , in brick habitats with plastic weed ■  , 
and in brick habitats with real weed □  . Values are means (± 1 S.E.) of the
percentage of surviving crayfish which were exposed in 0.25 m2 of each tank.
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Figure 6.17. YOY crayfish activity in response to changes in illumination. Values are 
means (± 1 S.E.) of the number of crayfish exposed in 0.25 m 2 of each tank, on
three occasions during Experiment 6.5 at 11.00 (light) B  , and 19.30 (dark) B  ,
hours in a) control tanks, b) tanks with fish, and c) tanks with adult crayfish. 
Levels of significance are given for Wilcoxon pairwise comparisons between light 
and dark ('^<0.1. ***p<0.01, ****p<0.001).
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T he m in im um  num ber o f YOY crayfish  surviving in  an y  one tan k  w a s 17. The 
w eights (mg) o f th ese  crayfish and  o f 17 crayfish from each  of the other 53  ta n k s w ere  

log 10 transform ed and  th e effect o f h ab ita t and  predators on  crayfish  grow th w ere  

tested . In a  2-w ay patrametric ANOVA. growth w a s sh ow n  to  be affected by h abitat type 
(F= 19.02, df=2, p<0.001), b u t not by predator (F=2.09, df=2, p>0.1). although there w as an  
interaction  effect (F=4.35, df=4, P<0.01; Fig. 6 .18). A one-w ay param etric ANOVA w a s  
con d ucted  to  te s t  for d ifferences in crayfish  growth b etw een  hab ita ts. YOY crayfish  
growth differed betw een h ab itats (F= 18 .70 . df=2, p<0.001). Crayfish grew m ore quickly  
in  h a b ita ts  w ith  real w eed  [Elodea] b y  com parison  to  p la stic  w eed  and  bare brick  
h abita ts w ith  no cover (individual pairw ise com parisons, both  p <0.001).
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Figure 6.18. Mean (± 1 S.E.) weights (mg) of crayfish from each predator treatment 
in Experiment 6.5, in plain brick habitats E  , in brick habitats with plastic weed 

B  , and in brick habitats with real weed □  .
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6 .6  CæNERAL D£5CUSSK»I

6.6.1 THE EFFECT OF HABITAT MANIPULATIONS

The field experiment was designed to test the effects of perch predation ami 
vegetation cover on YOY crayfish distribution in  Rôgle pond. It  also tested the effect 
of water depth.

Removing emergent weed was likely to reduce the fauna of the upper littoral 
m argin. Subsequent analysis of m anipulated areas w ill, therefore, have been 
influenced by the experimental process rather than the experimental treatments. 
Manipulations of weed and picdatoiy fish did affect the distribution of invertebrate 
fauna and of adult female crayfish (Section 6.3.3).

The situation is different w ith respect to studying YOY crayfish distribution. 
YOY crayfish were absent when the disturbances occurred, and were, therefore, 
affected by the experimental treatments. Adult crayfish, particularly gravid females, 
can influence YOY crayfish distribution (Capelli & Hamilton. 1984; Beii^esser &  
Copp, 1985; Gore &  Bryant, 1990; Chapter 5). Therefore, YOY crayfish distribution 
may have been indirectly affected by the experimental process as a result of changes 
in  the distribution of adult female crayfish and of other invertebrate fauna. Too few 
gravid females were caught to assess distribution patterns between experimental 
sites.

6.6.2 YOY CRAYFISH DISTRIBUTION AND SURVIVAL

Initially, more YOY crayfish were caught in  the deep water (Fig. 6.4). Before 
Juveniles hatched, more gravid females were also caught in  the d%p vrater (Fig. 6.3). 
It  is possible that this influenced the in itia l distribution of YOY crayfish. However, 
baited traps do not give an indication of absolute abundaæ e and catches may be 
subject to competition effects between different ages, sexes and sizes of crayfish 
(Brown & Brewis, 1979). Also, in  1991, the in itial distribution of YOY crayfish in  
traps did not differ w ith water depth, although more gravid females were found in  the 
shallow water prior to the hatch (Chapter 5, Section 5.4.2).

In  1992, YOY abundance, ejdrapolated from YOY trappabllity deda (Fig. 6.4), 
was greater in  the deep w ater habitats, although, after five weeks, densities were 
sim ilar at both depths. The one week lag in  maximum YOY densities found in  the 
traps in  the shallow w ater by comparison to deep w ater in  1992 may reflect 
m ira tio n  by YOY crayfish away from high conspeciflc densities in  the deep water.

The rapid decline in  abundance of YOY crgyfish in  the deep water traps in  
1992 after the first week of independence, resembled the pattern in 1991 (Chapter 5,
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Section 5.4.2). In  m any o ther respects YOY crayfish  d is trib u tio n  d iffe red between 
1991 and 1992. In itia l densities were 2 to  3 tim es greater in  1992, and densities were 
in itia lly  greater in  the deep water. T h is  m ay be explained, tn  pa rt, by  the  w arm er 
w ate r and levels o f sedim ent present in  1992. The size o f the brood stock w ill also 
in fluence in itia l YOY crayfish densities, b u t no data was available on th is .

YOY A. astacus (up to  10 m m  carapace length), feed p rin c ip a lly  on de tritus , 
benth ic m icrocrustacea, and m acrophytes (Appelberg, 1990).. Th is suggests th a t food 
ava ila b ilty  fo r YOY P. leniusculus was extrem ely good in  Rôgle pond in  1992, as 
d e trita l deposits were w idespread and abundant in  the litto ra l m arg ins. Good 
ha tch ing conditions were indicated by the fact th a t young became independent three 
weelts ea rlie r in  1992. C lim a tic  cond itions were found to  be im p o rta n t in  YOY 
crayfish production in  two lalces in  Canada (Momot, 1992). The length o f the growing 
season and w ate r tem perature were two factors con tro lling  grow th rates. Cold wet 
springs were detrim enta l to  production b u t ho t d ry  springs and sum m ers increased 
p roduction . H igher w a te r tem peratures also im proved the grow th o f ju ve n ile  P. 
leniuscvliÂS in  laboratory studies (Mason, 1979).

Two weelss a fte r becom ing independent, low  densities o f YOY crayfish  were 
found  in  the tra p s  in  the  sha llow  w a te r h a b ita t con ta in ing  weed and fis h  by 
com parison to  the other three sites (Section 6.3.3). E ithe r 1) fish  predation lowered 
YOY crayfish surviva l in  th is  site, o r 2) fewer crayfish were using the bag traps, as a 
re s u lt o f the a lte rna tive  she lte r offered by weed. I t  is  lilce ly  th a t these factors 
in te racted  to  produce the poor adundance o f YOY crayfish a t th is  site . I t  is  also 
possible th a t th is  area o f the pond in itia lly  contained lower densities o f YOY crayfish 
as a re su lt o f chance d is trib u tio n . A n in te raction  of fish  and weed was found to 
affect the abundance o f o ther invertebrate fauna in  the traps, largety as a re su lt o f 
differences in  the num ber o f invertebrates found in  w eed/no fish  and no w eed/fish  
h a b ita ts .

Weed was effectively absent from  the substratum  in  the deep w ate r and was 
n o t found to  affect YOY crayfish  d is trib u tio n  in  the deep w a te r h a b ita ts  (Section 
6.3.3). There was an in d ica tio n  th a t perch reduced ju ven ile  d is trib u tio n  in  deep 
water. T h is resu lt is  treated w ith  caution. Perch appeared to  reduce YOY surviva l in  
the three week period a fte r YOY crayfish reached th e ir m axim um  density tn  the traps 
(Fig. 6.6), b u t subsequently, s im ila r num bers o f crayfish were found in  sites w ith  and 
w ith o u t fish .

I f  perch were preying on crayfish  and were prevented from  foraging in  the 
shallow  w ater, then YOY su rv iva l should be be tte r in  the shallow  w ater. T h is was 
ind ica ted when YOY abundance data from  the fo u r weeks a fte r YOY crayfish  had 
reached th e ir mascimum density in  the shallow  w ater traps were analysed together. 
However, th is  effect was no t consistent w ith in  ind iv idua l v/eelss (Fig. 6.4).
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6 .6 .3  THE EPTECT OF PERCH

Perch tend to  prey heavily on YOY crayfish  fo r tw o weeks afte r they firs t 
become independent (C hapter 5, Section 5.4.2; Anderson &  Helm gaard, 1990). 
Therefore, perch predation m ay have Influenced the rap id  decline In  YOY abundance 
in  the deep w ater sites tw o to  three weeks afte r crayfish became independent. Newly 
independent stage II young are very active, investigating th e ir environm ent, b u t YOY 
crayfish  a c tiv ity  decreases w ith growth, declining m arkedly over a 9 day period 
approaching the m o u lt to  stage III (Doroshenko. 1979). P redation b y  fis h  and 
invertebrate predators w ill be lim ited  if  YOY crayfish grow quicM y (M om ot et a l., 
1978) o r i f  they change th e ir tem pora l and sp a tia l d is trib u tio n  in  response to  
predators (Stein 1977). W ahle &  Steneck (1992) found th a t attacks by fish  on tethered 
lobsters fe ll d rastica lly  w ith sm all increases in  body size. A ttacks fe ll from  6 0 /h o u r 
fo r size classes between 4 to  5 m m  carapace length , to less tha n  1 0 /h o u r fo r size 
classes over 8 mm. In  years when water temperatures are high and food is  abundant, 
YOY crayfish grow th should be rap id . In  such years, fish  predation might be expected 
to  have less effect on new ly independent crayfish surviva l, a lthough in  1991 perch 
between 17.5 to  21.1 cm long fed on YOY crayfish (Chapter 5, Section 5.4.2). These 
perch are able to  prey on larger crayfish (D ehli, 1981), although size selection should 
favour predation on sm aller crayfish (Stein, 1977).

There is  co n flic tin g  evidence concerning the im pact o f fis h  predators on 
invertebrate com m unity structure. M any le n tic  stud ies have found an effect o f fish  
predation, w h ils t lo tie  stud ies have produced less clear resu lts  (Flecker, 1984 fo r 
review). O f the lo tie  studies, fie ld  m an ipu la tions o f fish  densities often fa iled  to  
affect invertebrate com m unities. The study conducted by Flecker (loc. c it.) found tha t, 
although sculpins (Cottus spp) d id  no t effect prey abundance, the com bined effects o f 
several vertebrate predators d id. Even so, invertebrate abundance was m ore closely 
associated w ith  p lan t de tritus . A  s im ila r re su lt was found by F lecker &  A llen (1984), 
a lth ou gh  in  th is  s tud y, fis h  d id  n o t a ffect m acroinvertebrate com m unities. 
Conversely, the d ie ta ry  value and feeding preferences o f the m arine am phipod 
Ampthoe longimana fo r host p lan ts do no t m atch fie ld  d is trib u tio n s . Instead, host 
p lan ts  provid ing better pro tection from  predation contained the greatest am phipod 
densities (D uffy &  Hay, 1991). W ahle &  Steneck (1992) found greater densities o f 
ju ven ile  lobsters (H. am ericanus) in  she lte r-p rov id ing  ha b ita ts  d u rin g  the early 
b e n th ic  stages o f th e ir life . They concluded th a t the proxim ate cause o f th is  
d is trib u tio n  was hab ita t selection behaviour and th a t predation was the evo lu tiona iy 
process re in forcing  th is  behaviour. In  1991, predation rather tha n  ju ven ile  h a b ita t 
selection appeared to  con tro l the in itia l d is trib u tio n  o f YOY crayfish  in  Rôgle pond 
(Chapter 5, Section 5.8). The substra tum  in  Rôgle is  un ifo rm  w ith  w ater depth and 
the re fo re  su b s tra tu m  se lection  was n o t th o u g h t to  in flu e n ce  YOY c ra y fish  
d is tribu tion . The results from  1992 do no t support these conclusions.
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6.6.4 THE EFFECT OF VEGETATION

Dense patches o f vegetation are u su a lly  associated no t on ly  w ith  an 
abundance o f m acroinvertebrates, b u t also w ith  an abundance o f fis h  predators. 
B igger patches of vegetation and p lan ts w ith  ta ll shading elem ents provide Asellus  
w ith  pro tection from  predation by two percld species (M atilla , 1992). Vegetation does 
n o t always provide p ro tection  however. Prey m ust be capable o f u tilis in g  these 
s tructures (Savlno &  Stein, 1989) and predators m ay change th e ir foraging behaviour 
In  m ore com plex hab ita ts , to  m a in ta in  search efficiency (Savino &  S tein . 1982). 
D e lh i (1988) found th a t perch search efficiency rem ained re la tive ly high In  com plex 
hab ita ts by com parison to other fish  species. The lim ited  effect o f vegetation on YOY 
crayfish  d is trib u tio n  m ay have been because the weed d id  no t form  a h a b ita t o f 
su ffic ie n t com plexity to  reduce predation. E ithe r the weed was no t dense enough 
a n d /o r the area covered by the weed was sm all by com parison to the area colonised 
by the YOY crayfish.

In  Experim ent 6.4, more YOY crayfish were found in  both rea l and a rtific ia l 
weed hab ita ts  compared to habita ts w ith  no cover. Real weed reduced YOY crayfish 
m o rta lity  bo th in  the presence and absence o f predators (Experim ent 6.5). The 
increase in  ju ve n ile  su rv iva l In  association w ith  weed m ay have resu lted  from  
reduced in traspeciflc  com petition due to Increased food and she lter a va ila b ility  in  
con tro l and groplô ja tanks, a n d /o r due to Increased pro tection from  predation by 
adu lt crayfish. Real weed also enhanced crayfish growth.

YOY crayfish grow th Is a product o f food ava ilab ility  and o f crayfish activ ity, 
w h ich  are regulated by w ater tem perature, photoperiod, densities o f a d u lt and 
ju ve n ile  conspecifics, a v a ila b ility  o f she lter, and predatory fish  (Mason, 1979; 
Appelberg &  O delstrom , 1988; F igiel et a l., 1991; M axwell, 1988 cited by Momot, 
1992. In  Rôgle pond, YOY crayfish In  the shallow w ater were larger In  1991 (Chapter 
5, Section 5.4.2), and heavier In  1992 (Section 6.2.7) by com parison to crayfish from  
the deep water. Perch did not reduce YOY crayfish growth in  the deep water, as th is  
effect was seen both w ith in  and outside the net enclosure. Also, in  shallow  water, 
grow th was better in  YOY crayfish exposed to perch.

I t  was no t possible to say w hether growth In  the deep w ater was lim ited  as a 
re su lt of: 1) greater In itia l YOY densities and hence Increased com petition (Fig. 6.4). 
M axw ell (loc. c it.) found th a t h igh  YOY densities retarded grow th. 2) G reater 
com petion from  ad u lt crayfish (trapp ab ility  data indicated th a t adu lts were more 
abundant in  the deep water; Fig. 6.2), o r 3) better food resources In  the shallow  water 
associated w ith  emergent vegetation. There was an Ind ication th a t weed enhanced 
YOY crayfish  grow th In  the deep w ate r In  Rôgle Pond (Section 6.2.3). T h is  Is 
surprising because weed only reached 0.5 m  In to the pond and the deep traps were set
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5 m  In to  the pond, and because no s im ila r effect was found In the shallow water. Both 
th is , and the positive effect o f perch on YOY grow th In  shallow  w ater were counter 
In tu itiv e . I t  Is suggested th a t these resu lts  should be verified  w ith  more closely 
contro lled experim ents using fie ld  enclosures.

From  the above data. It Is concluded th a t perch and weed exerted only a weak 
Influence on YOY crayfish d is trib u tio n  and surviva l In  Rôgle Pond In  1992, and tha t 
o ther factors were exerting a stronger influence.

6.6.5 THE INFLUENCE OF ADULT CRAYFISH AND FISH

The laboratory studies suggest th a t ad u lt crayfish m ay affect YOY crayfish 
d is trib u tio n  in  Rôgle pond. M om ot (1992) found th a t YOY crayfish  grow th and 
m o rta lity  were Inversely related In  unexplolted crayfish populations. A du lt crayfish 
were found to suppress YOY crayfish grow th as a resu lt o f suppressing YOY crayfish 
activ ity . Th is study provides evidence th a t a d u lt crayfish do suppress YOY crayfish 
ac tiv ity , bu t, YOY grow th was no t affected over the three weeks o f the experim ent. 
Over a longer tim e period, reduced a c tlv liy  could suppress feeding and grow th, so 
leading to increased m ou lt fa ilu re  and to  an Increase In  the length o f tim e du ring  
w h ich YOY crayfish are vulnerable to predation from  fish  and invertebrate predators 
(Momot, 1992). As discussed above, a m ajor defence against predation by juven ile  
crayfish is  a rap id growth rate (Momot, 1984). A fte r one year, crayfish have outgrown 
m ost predators (Momot et a l., 1978). Therefore, grow th is  a t a prem ium  fo r newly 
independent crayfish. As a resu lt, YOY crayfish should spend the m axim um  am ount 
o f tim e possible feeding and any facto r th a t reduces YOY crayfish  ac tiv ity  is  also 
lik e ly  to increase m orta lity.

B oth  a d u lt crayfish  and grop lô ja  reduced ju ve n ile  crayfish  a c tiv ity  and 
su rv iva l. M o rta lity  In  response to  groplô ja  m ay have resu lted  from  successful 
predation, o r from  chronic in ju rie s  sustained in  unsuccesful predation attem pts, 
although ne ithe r was observed. Such attacks were found when bullheads attacked 
crayfish too large to consume whole (Foster, pers. comm.). Dead crayfish were found 
w ith  th e ir legs m issing. A lternative ly, the Increased m o rta lity  o f ju ven ile  crayfish 
exposed to  groplô ja m ay have resulted from  reduced food Intalce associated w ith  the 
reduced ac tiv ity  exhibited by these crayfish in  response to the fish . T h ird ly , the fact 
th a t grop lô ja  on ly Increased crayfish m o rta lity  In  tanks w ith o u t rea l weed suggests 
th a t In traspeciflc  com petition fo r food a n d /o r she lter m ay have Increased juven ile  
m o rta litie s .

A d u lt crayfish  increased YOY crayfish m o rta lity  to a greater degree than 
groplôja. YOY m orta lity  increased in  a ll three habita ts, although surviva l was bette r 
in  real weed habita ts. Again, increased m orta lities may have resulted from  poor food
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consum p tion  associated w ith  reduced a c tiv ity , a n d /o r from  an increase in  
in traspec ific  in teractions. As YOY m o rta lity  was so high (67 to 70% w ith  no weed 
and 52% w ith  rea l weed over 3 weeks) It Is considered th a t cannibalism  was also 
occurring . M om ot (1992) found no evidence fo r cannibalism  in  analyses o f a d u lt 
crayfish  stom achs from  two Canadian lalces, and also observed th a t ad u lt crayfish 
were unable to catch YOY crayfish. Sm ith &  H erm klnd (1992) and Wahle &  Steneck 
(1992) report th a t decapod predators were ine ffic ien t a t catching and handling lobster 
prey, however, a d u lt O. virilis were observed to prey on im m obile, m ou lting  YOY 
crayfish  In  labo ra to ry conditions (Momot, loc. cot.) and canniba lism  has been 
reported In  fie ld  populations of O. propinquus, where large num bers o f In te r-m ou lt 
young were consumed (Capelli, 1980). The experim ental tanlcs in  th is  study are lilcely 
to  have increased encounter rates between a d u lt and YOY crayfish  and w ould 
therefore tend to enhance cannibalism .

6.6.6 PREDATOR AVOIDANCE BY YOY CRAYFISH

YOY crayfish  predator-avoidance behaviour was shown to  be flex ib le  in  
response to  groplôja and adu lt crayfish. I f  groplô ja were no t capable of preying on 
YOY crayfish , then the response to  groplôja appeared m aladaptive because o f the 
reduction  In  crayfish activ ity  and the increase in  crayfish m orta lity . YOY crayfish 
were presum ably reacting to s tim u li characteristic o f predatory fish. This raises the 
question o f w hether crayfish w ould have m odified th e ir behaviour In  response to 
grop lô ja  over a longer tim e period.

There Is m uch evidence suggesting th a t anim als can assess and behavlourally 
Influence th e ir ris k  of predation, w ith in  th e ir life  tim e, and across periods o f days or 
hours (Lim a &  D ill, 1990 fo r review). B oth aquatic vertebrates and Invertebrates 
d iscern  between predators and non-predators (Peckarslsy, 1980; P ecka rs ly  &  
Dodson, 1980; Heads, 1985), active and Inactive predators (Alexander &  Covlch, 
1991), hungry and satiated predators (L lcht, 1989), and also the type o f predator 
(DeW itt, 1992). The ab ility  to detect dangerous predators has been shown to be related 
to  the previous ecological h isto ry o f predation in  sticldebacks (Giles &  H untingford, 
1984), m iim ows (Magurran, 1986), guppies (Licht, 1989), and crayfish (Shave et al., in  
press), although in  the firs t two studies it  was not Icnown whether th is  was a resu lt o f 
w ith in  life -tim e  experience or of na tu ra l selection acting on heritab le differences.

V eifebra te prey m ay qu icldy leam  to respond to specific predators. Csânyl 
(1985) found th a t naive paradise fish  [Macropodus opercularis L.) habituate to  the 
presence o f satiated predators and non-predators. I f  attacked by hungry predators, 
however, these fish  qu icldy learned to  avoid these predators on the basis o f species 
characteristics regardless o f whether they were hungry or satiated. C rayfish (Stein &  
M agnuson, 1976), and lobsters (Wahle, 1992b), undergo ontogenetic sh ifts  from  close
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associations w ith  shelter to a more free ranging existance. In  lobsters both perceived 
levels o f predation ris k  and shelter-based food a va ila b ility  affect th is  tra n s itio n . 
Juven ile  A. astacus also e xh ib it a variab le behavioural réponse to the scent o f 
d iffe re n t fish  species. The scent o f the m ost dangerous predators caused a to ta l 
cessation o f d iu rn a l activ ity  (Appelberg, pers. comm.).

Newly hatched crayfish in  th is  study had no previous experience of predation. 
A t th is  stage, crayfish  have an acute co n flic t o f in terests. They are sm all and 
extrem ely vu lnerable to predation, b u t rap id  grow th is  an im portan t means o f 
low ering predation risk . Therefore, newly independent YOY crayfish should in itia lly  
possess su itab le predator avoidance/escape behaviour b u t th is  behaviour should 
adapt qu icldy to the prevailing predation situa tion .

The persisting avoidance response o f YOY crayfish to groplôja Is, therefore, o f 
great In terest. Lim a & D ill (1990) and B ousld la &  B lum ste ln (1992), suggest th a t 
assessment o f predation ris k  is  based on sim ple, conservative ru les-of-thum b, as a 
m lsta lte  is  lik e ly  to  be fata l. One such ru le  could be "assume a ttack is  like ly  u n til 
experience allow s a more detailed assessment o f risk " (Lima &  D ill, loc. c it.). O ther 
fish  species o f s im ila r size to groplôja prey on YOY crayfish. Svensson (1992), has 
shown th a t roach between 10 to 17 cm long and perch 12 to 15 cm long both reduce 
YOY A. astacus survival to between 10 to 47%. The survival in  non-predator controls 
was between 91 to  92%. C rayfish m ay no t be able to d is tingu ish  between the 
cha racte ris tics o f Ind iv idua l species in  the w ild . F ish movement does stim u la te  
defensive behaviour (Chapter 2 and 3) b u t m ay not d iffe r su ffic ien tly between species. 
I t  Is suggested th a t th is  response is  strong ly based on the evolutionary h is to ry  of 
predation from  fish.

M ost anim als live in  environm ents contain ing m any predators. O ften prey 
have one p a rticu la rly  dangerous predator, however, Lim a (1992) suggests th a t the 
presence o f less dangerous predators m ay s ig n ific a n tly  a ffect a n ti-p re d a to r 
behaviour. The change from  nocturna l to  d lum a l ac tiv ity  In  response to  d iffe ren t 
p reda to rs in  iso la tio n , shows th a t c rayfish  avoidance behaviour is  fle x ib le . 
Previously, on ly nocturna l ac tiv ity  sh ifts  in  response to d iu rn a l predators have been 
reported In crayfish (Ham rin, 1987; Chapter 2 and 3). This raises the question as to 
how YOY crayfish  should respond in  sym pa tiic  populations o f crayfish and fish? 
M ixed popu lations exist In the m a jo rity  o f crayfish habita ts. To avoid both w ould 
severely re s tric t a c tiv ity  and grow th. W ahle &  Steneck (1992), and S m ith  &  
H e rm kind  (1992) found th a t fish , w h ich accounted fo r 88% of a ll observed 
attaclcs, were more common predators o f juven ile  lobsters than decapod crustaceans 
and other invertebrate predators. F ish were also more successful predators. I f  
forag ing a c tiv ity  becomes too lim ited  in  response to  both fish  and adu lt crayfish , 
then YOY crayfish  should reduce th e ir d iu rn a l activty to avoid fish  predators and 
should continue to be nocturna l. W hilst th is  study indicates th a t th is  w ould place
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YOY crayfish  a t r is k  from  com petition  and preda tion by a d u lt crayfish , i t  is  
considered th a t the associated m o rta lity  ris k  o f th is  behaviour v/ou ld be less than  
th a t o f exposure to d lum a l fish  predators.

6.6.7. CONCLUSION

It  Is concluded th a t bo th perch and a d u lt crayfish affected YOY crayfish  
d is trib u tio n  In  Rôgle pond In  1991. The observed patterns of YOY crayfish grow th In 
1991 and 1992 suggest th a t feeding ac tiv ity  a n d /o r food ava ila b ility  were lim ited  In  
the deep water. Both perch and a d u lt crayfish and also vegetation may have affected 
th is , b u t In  1992 It Is concluded th a t Intraspeciflc Interactions between YOY crayfish 
and com petion from  a d u lt crayfish  were like ly  to be m ost im portan t in  con tro lling  
YOY crayfish d is trib u tio n , surviva l and grow th. A lthough weed and fish  in teracted 
to  effect the d is trib u tio n  o f other invertebrate fauna, no strong effect was found on 
YOY crayfish  d is trib u tio n . This m ay have been a re su lt o f the high YOY crayfish  
densities. Caddy (1986), suggested th a t m any she lter dependent C rustacea m ay 
experience a recru itm en t bo ttle-neck a fte r settlem ent I f  shelter-provid ing ha b ita t is 
lim ite d . W hen crayfish  popu lations are dense, h a b ita t a va ila b ility  and In trapeciflc  
com petition between juven iles and a d u lt crayfish are m ajor factors con tro lling  YOY 
crayfish d is trib u tio n , surviva l and growth (Hogger, 1988; Momot, 1992). In  less dense 
popu lations, fish  predation m ay be a more Im portant con tro lling  factor.
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CHAPTER?.

7 .0  DBCm SIO N

This study addressed three main questions: 1) how do Juvenile crggdish respond 
to different predators? 2) how do predators influence Juvenile crayfish habitat use ? 
3) how im portant is predation as a  source of Juvenile crayfish m ortality in  nature? 
These questions are discussed below.

7.1 THE RESPONSE OF JUVEMLE CRAIFISH TO DIFFERENT PREDATORS

Defensive behaviour in  O. propinquus changes w ith ontogeny (Stein, 1977). 
Defensive behaviour may also differ depending on other factors such as the need to feed 
and reproduce (Lima & D ill, 1990 for review). At different stages of development, the 
defensive behaviour of P. leniusculxis may be altered to a greater or lesser extent 
depending on the function of the behaviour and on the experience of individual 
crayfish. Part I of this stu<fy was concerned w ith predation by perch and eels on 
juvenile crayfish, and investigated avoidance and evasive behaviour in  response to 
both predators. In  addition. Part II of this study invest%ated the avoidance behaviour 
of YOY crayfish in  response to perch, adult crayfish and non-predatory groplQa.

YOY crayfish exhibited flexible avoidance behaviour in  response to different 
predators, but exhibited inflexible behaviour in response to groplôja. which appeared 
maladaptive. Inflexible' is used in  the sense that crayfish hatched and immediately 
behaved in such a  way as to avoid predation. 'Flexible' is used to describe the way 
these in itia l responses are modified through experience. This discussion does not 
attempt to draw a formal distinction between these categories of behaviour, but treats 
them as a continuum. These categorisations resemble fixed' and reactive' behavioural 
patterns îtô described by Stein (1979). Fixed behaviours do not require the presemze of 
predators to elicit than , and are assumed to be a result of lor^-teim  predation pressure 
acting over evolutionary tim e. Reactive behaviours only occur in  response to the 
presence of a predator. E^imples of these categories of bdiavlour were shown by Heads 
(1985). fschnura c le an s  larvae are more active a t night in  the absence of predators, 
reflecting fixed behaviour. Larvae ochibited a reactive response in  the light, moving 
less when predahns were present

The tall-flip  evasive response of Juvenile crayfish tended to be inflexible in  
response to both fish and adult crayfish (pers obs). This should be expected, as the 
behavioural options leading to a successful escape are lim ited (Endler, 1986). 
contrast, there is more scope for flexible avoidance behaviour because of the greater 
range of possible predator-prey interactions. For example. YOY crayfish avoided
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perch by reducing d iu rna l a c tiv iiy  and avoided adu lt crayfish by decreasing nocturna l 
activ ity (Chapters 5 and 6).

The preference o f YOY crayfish  fo r noctu rna l a c tiv ity  in  response to  perch, 
dem onstrated in  Chapters 1, 2 and 4, confirm s previous studies on P. leniusculus 
(Appelberg & Odelstrôm, 1988), and on A, astacus (Hamrin, 1987). In  the present study, 
eels induced s im ila r avoidance behaviour in  Juvenile P. leniusculus as d id  perch, 
w hich had no t been previously reported. H am rin (loc. cit.) found th a t YOY A. astacus 
were crepuscular in  the absence o f perch, bu t when perch were present, crayfish became 
increasingly nocturna l. In  the present study (Chapters 2, 5, and 6), YOY P. leniusculus 
tended to  be nocturna l in  the absence o f predators. This preference was less strong in  
the older, yea rling  (In-) crayfish used in  the studies described in  C hapter 4. The 
presence o f fish  predators reinforced the preference of both YOY and 1-i- crayfish fo r 
n o c tu rna l ac tiv ity . This behaviour varied depending on the predatory s tim u li th a t 
were available, and was m ost pronounced when predators could be seen and smelt.

A t firs t sight, the response o f 04- crayfish to perch and eels in  Chapter 2 appeared 
to  be in flex ib le  and inappropria te , as both perch and eels were also m ore active at 
n igh t. In  these experim ents (Experim ent 2.5 and 2.6), lig h t from  an algal cu ltu re  may 
have fa c ilita te d  perch foraging a t n igh t. Perch are crepuscular predators (H am rin, 
1987) and were able to feed on crayfish successfully, even a t very low lig h t in tensities 
(C hapter 4, Experim ent 4.12). Perch m ay, therefore, have been responding to  the 
increase in  crayfish ac tiv ity  a t n igh t. However, the response of crayfish m ay s till be 
considered appropriate in  th is  s itu a tio n , as v isu a l detection o f prey w ill be more 
d iffic u lt in  the poor ligh ting  conditions a t n igh t. D iehl (1988) found th a t the predatory 
success o f perch feeding on ch ironom id  larvae declined m arkedly a t n ig h t. The 
adap tivity o f the response to eels is  less clear, although the a b ility  o f crayfish to  escape 
using on ly m echanical cues, and the fa ilu re  o f eels to chase fleeing crayfish (Chapter 4) 
suggest th a t active, exposed crayfish  w ill be be tte r able to  evade eel a ttacks than  
crayfish w hich are constrained w ith in  a shelter.

T h is s tudy provided no evidence th a t eels are more de trim en ta l to  crayfish  
popu lations than  perch and fa iled to  support predictions 4 to 6 (Section 1.3). The 
evasive behaviour (Chapter 4, Experim ent 4.12), and possibly the avoidance behaviour 
(Chapter 2, Experim ent 2.6) of YOY crayfish was more m arked in  response to perch 
than to  eels. Th is suggests th a t eels are not as conspicuous predators as perch fo r 
reasons discussed in  Chapter 4. Despite th is , eels were less successful than perch at 
capturing crayfish due to the a b ilitiy  o f perch to chase fleeing crayfish.

There was an ind ica tion  th a t perch were able to feed more ra p id ly  on new ly 
independent YOY crayfish then were eels (Chapter 2, Experim ent 2.5). A s im ila r resu lt 
was found by D iehl (1988), fo r perch and bream  feeding on chironom id larvae. Perch 
qu icldy consumed large num bers o f chironom id larvae. Capture rate declined as prey
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density declined although perch were no t satiated and continued searching fo r prey. 
By con tra st, bream  foraged w ith  equal in te n s ity  th roughou t the experim ent and 
eventually consumed s im ila r num bers o f prey. The perch fed v isua lly b u t bream  fed by 
s iftin g  sedim ent fo r prey. In  the present study, perch consumed the m a jo rity  o f 
Juvenile crayfish in  the firs t 48 hours o f Experim ent 2.5. Eels fed more slowly, b u t over 
a longer period o f tim e eels consumed s im ila r num bers of crayfish to perch.

I f  eels do have a damaging effect on crayfish populations, then it  is  suggested 
th a t th is  is  a resu lt o f the d iffe re n tia l ab ilities  o f perch and eels to prey on larger size 
classes o f crayfish , and therefore effect the brood stock and juven ile  recru itm en t. I f  
crayfish  popu la tions are m ore vu lne rab le  to eel predation, then e ith e r the size 
se lectiv ity o f eels, th e ir popu lation densities, or com petition between eels and crayfish 
fo r food or hab ita t m ight cause th is . These aspects of the predator-prey in te ractions of 
crayfish and perch or eels could not be tested.

A d u lt crayfish  invoked a to ta l sw itch in  YOY crayfish avoidance behaviour 
from  p rin c ip a lly  n o c tu rn a l to  p rin c ip a lly  d iu rn a l d ie l a c tiv ity , dem onstra ting  
fle x ib ility  in  the avoidance behaviour o f P. leniusculus (Chapter 6). Conversely, the 
response o f YOY crayfish  to  non-preda tory grop lô ja  was in flex ib le  and appeared 
m aladaptive when considered in  iso la tio n . C rayfish were less active by day in  
response to  groplôja. Th is resu lted in  greater crayfish m orta lity , possib ly due to  an 
increase in  the incidence o f aggressive in traspeciflc interactions fo r food o r shelter.

The in fle x ib le  avoidance behaviour in  response to  groplô ja suggests th a t 
crayfish have 'predator images' w h ich  determ ine the nature of the defensive response. 
Predator images may be sim ila r to prey (search) images used by predators to detect prey 
(Curio, 1976; Roth, 1986). Predator images used by crayfish may be based on visual, 
chem ical and m echanical cues. Evidence from  Chapter 3, suggests th a t predator 
movement is a key v isua l cue form ing a predator image. Evidence from  Chapter 6 
suggests th a t th is  cue is Independent o f predator size or shape. This is fu rthe r suggested 
by the s im ila r responses o f crayfish  to groplôja, perch and eels. I f  movement alone 
stim u la tes avoidance behaviour, th is  w ould expla in the in flex ib le  response o f YOY 
crayfish to groplôja. I t  m ay also expla in why, in  Chapter 2, eels th a t fed inconsistently 
fa iled to  produce avoidance behaviour in  YOY crayfish.

F u rthe r evidence fo r the general nature o f v isua l predator s tim u li is  described 
by Shave et al. (in press). New Zealand crayfish (Paranephrops zelandicus W hite) 
responded to the movement o f bo th  native long-finned eels and introduced brown tro u t, 
b u t only responded to the scent o f eels and not trou t. The responses of prey to predators 
are in fluenced by the co-evolutionaiy h is to ry o f predators and prey (Lim a &  D ill, 
1990). Shave et al. (loc. cit.) suggested tha t the differentia l response to eel and tro u t was 
a re flection o f the d iffe rent evo lu tionary experience th a t these crayfish had had of the 
two predators.
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The in flex ib le  response o f ju ven ile  P. leniusculus to groplô ja suggests th a t 
c ra y fis h  use a conservative ru le -o f-th u m b  to  avoid fis h  p re da tion . The 
environm enta l m ovement perceived by newly independent crayfish m ay more often 
derive from  predatory than from  non-predatory fish. The response o f YOY crayfish to 
groplô ja  m ay have changed over a longer period o f tim e than the three weeks o f the 
experim ent. Responses o f prey to predators a lte r during ontogeny in  crayfish (Stein, 
1977), and in  lobsters (Wahle, 1992a), although the mechanisms underlying the change 
in  the perception o f ris k  are not clear.

O. propinquus from  lalces in  O ntario are more noctu rna l and more she lter 
bound i f  the lalces contain abundant predators. This behaviour persisted fo r a t least 
three weeks in  aquaria w ith ou t predators (Collins et a l., 1983). S ih (1987) iden tified  
th is  response latency as an inherent asymmetry in  predator avoidance behaviour. An 
increase in  predation pressure should produce a rap id response w h ils t a decrease in  
p reda tion  pressure m igh t have litt le  effect. For prey to  d is ting u ish  the degree o f 
predatory th rea t they m ust sam ple the environm ent. This w ill increase the ris k  o f 
predation and, therefore, th is  should only occur when predation ris k  is  low, when the 
tim e required to gather th is  in fo rm ation  is  low, when the cost o f using she lter is  high, 
and when the benefits o f exposure are high (Stein, 1979; S ih, 1987). In  new ly 
independent crayfish, the cost o f using shelter may be high in  term s o f lo s t feeding 
opportun ity , however, the fa ta l resu lt o f exposure to predators m ust be an overriding 
facto r shaping the response to fish  movement.

A d u lt Orconectes spp. q u ick ly  d is tingu ish  between restra ined and free 
predators (B utle r &  Stein, 1985). D eW itt (1992) showed tha t freshw ater pulm onate 
sna ils  [Physa) responded d iffe ren tly  depending on whether they could sm ell fish  and 
crayfish  predators, and w hether these predators are consum ing sna ils or not. The 
response varied w ith  the degree of predation risk . Appelberg (pers. comm.) found th a t 
the scent o f predatory and non-predatory fish  produced d iffe rent responses in  YOY 
crayfish  and H azlett (1990) showed th a t crayfish respond to disturbance chem icals 
from  conspecifics w hich have been attacked b u t are unharm ed. The present study 
dem onstrated th a t the avoidance behaviour o f YOY P. leniusculus in  response to 
v isua l cues was less m arked than in  response to chem ical or a com bination o f chem ical 
and v isua l cues (Chapters 3 and 4). This evidence suggests tha t chem ical cues m ay be 
m ore sensitive to the d iffe rentia tion  of predators than visual cues.

Chem ical cues fa c ilita te  predator avoidance before a v isua l encounter occurs 
(Chapter 3). Once a visual encounter has occurred, then visual s tim u li are im portan t in  
e lic itin g  an early and prolonged evasive response. However, evidence from  Chapter 4 
suggests tha t the evasive response becomes more specific if  both visual and m echanical 
cues are present. C rayfish are nocturna l as a resu lt o f predator avoidance, therefore, 
crayfish  should be expected to use sensory pathways other than vision to detect 
predators. This is confirm ed by the dem onstrated a b ility  o f crayfish  to evade an
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attacM ng predator on the basis o f m echanical s tim u li alone (Chapter ■

7 .2  THE EFFECT OF PREDATION OH JUVENinD CRAY3TBH HAm TAT USB AND
(mow™

P art II o f th is  s tudy investigated the in fluence o f preda tion  on crayfish  
d is trib u tio n , surviva l and grow th. The d is trib u tio n  o f YOY crayfish is  often related to  
sha llow  w ater, vegetation cover and safe' substra ta  i.e. su b stra ta  p rovid ing  good 
pro te ction  from  preda tion  (Rabeni, 1985; Appelberg, 1986). C rayfish body size Is 
corre la ted w ith  the size o f the pa rtic les  form ing the substra tum  in  w h ich  they are 
concealed (Abrahamsson &  Goldman, 1970; Rabeni, 1985; Foster, 1992). Safe substrata, 
a good food supply and high w ater tem peratures allow  crayfish populations to  achieve 
high densities (Abraham sson &  Goldm an, 1970; Shim izu &  Goldm an, 1983; Rabeni, 
1985), and affect c rayfish  a c tM fy  (M ason, 1979; Abraham sson, 1983; W estin &  
Cfydemo, 1988).

Rabeni (1985) and M itche l &  Smock (1991) suggest th a t crayfish d is trib u tio n  is  
determ ined by an in te ra c tio n  o f s u b s tra tu m /h a b ita t q u a lity , com pe tition  and 
predation. C rayfish a c tiv ity  is  s tim u la ted in  dense popu lations w h ich prom otes the 
dispersal o f crayfish (Bovberg, 1959; W estin &  Gydemo, 1988; Ackefors et al.» 1989). 
Juvenile c r^d is h  are also com petitive^ excluded from  hab ita ts  by la rger conspecifics 
(Rabeni, 1985). Predatory fis h  also m odify the d is trib u tio n  and a c tiv ity  o f crayfish  
(Stein &  Magnuson. 1976; Stein, 1977; C ollins et al., 1983; H am rin, 1987; Appelberg &  
Odelstrôm, 1988).

I f  the environm ental s tim u li th a t con tro l YOY crayfish  h a b ita t selection are 
know n, then the re la tive  im portance o f h a b ita t, com petition and predation on YOY 
crayfish d is trib u tio n  can be be tte r predicted. Juvenile crayfish exhibited a preference 
fo r n o c tu rn a l a c tiv ity  w h ich  was re in forced by predators (except a d u lt crayfish ). 
C rayfish ac tiv ity  was also reduced on com plex hab ita ts (i.e. hab ita ts w ith  more shelter) 
in d ica ting  th a t she lter acqu is ition  in h ib its  searching ac tiv ity  (Chapter 2, Experim ent 
2.5). Th is suggests th a t newfy Independent P. leniusculus are stim ulated by predators 
to  increase th e ir search fo r she lte r, b u t th a t th is  occurs th rough  a prom otion o f 
n o c tu rn a l and no t d iu rn a l a c tiv ity . A  s im ila r effect has been shown fo r Am erican 
lobsters (Wahle &  Steneck, 1992). Lobsters were active u n til a safe h a b ita t was found. 
Lobsters w h ich settled on poor substra ta  qu ick ly  traversed this hab ita t, b u t lobsters 
th a t settled on a good hab ita t ra re ly le ft it.

In  labora tory experiments (Chapter 5), crayfish  preferred substra ta  a fford ing 
the best pro tection from  predation, or p u t another way, crayfish  sought she lte r and 
m ore complete substra ta  supported la rge r densities o f crayfish . T h is preference fo r 
she lter existed w ith o u t the influence o f predation, b u t was enhanced by the presence o f
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restra ined predators, confirm ing Stein &  M agnuson's study. Juven ile  P. leniusculus 
d id  no t choose hab ita ts w ith  respect to  w ater depth, although there was an in d ica tion  
th a t crayfish m ortality due to  perch predation was reduced in  shallow  w ate r (~ 30 cm; 
C hapter 5, Experiment 5.7). A  s im ila r effect was shown by M ather &  S tein (1980). 
C rayfish also e jdrib ited a weak preference fo r hab ita ts  w ith  weed cover (Chapter 6, 
Experim ent 6.4).

B oth preda tion and the behavioural response to  preda tion produced s im ila r 
pa tte rns o f YOY crayfish d is trib u tio n  w ith  respect to  shelter provided by good substra ta 
and weed. S im ila r d is trib u tio n  patte rns, observed in  tanks w ith  no predators, m ay 
have been a resu lt o f in traspeciflc  in te ractions (Mason, 1979; C hapter 6, Experiment 
6 .4  &  6.5). Juvenile crayfish  m ay no t be able to  detect safe ha b ita ts  from  a distance 
unless chem ical cues are used. W hen YOY crayfish are released from  the females, they 
have a period when they must active ly search fo r a safe hab ita t. Thus, w h ils t crayfish 
w ill tend to  congregate on safe hab ita ts  as a resu lt o f th e ir behaviour, the d is trib u tio n  
o f new ly independent juven ile  crayfish m ay be influenced m ore ra p id ly  by predation 
i f  crayfish have to  trave l long distances to fin d  shelter.

W ork in  Rôgle pond produced con flic ting  evidence as to  the re lative influences o f 
h a b ita t selection behaviour, com petition  and preda tion  on YOY P. leniusculus  
d is trib u tio n . I t  is  suggested th a t the un ifo rm  substra tum  a t Rôgle essentia lly lim ited  
the e ffect o f c rayfish  h a b ita t choice. Weed was no t found to  in fluence  crayfish  
d is trib u tio n  in  the shallow  w ater, a lthough it  is  possible th a t weed had a negative 
effect on the efficiency o f the bag traps used to  sample this d is trib u tio n , and this may 
have obscured any such effect (Chapter 6 ). Weed was shown to  enhance juvenile 
crayfish  grow th in  labora tory experim ents (Chapter 6), and weed m ay have had a 
s im ila r effect on crayfish  grow th in  the shallow  (~ 30cm) litto ra l m arg ins in  Rôgle 
pond. However, there was no evidence th a t th is  enhanced grow th be n ifitted  crayfish 
su rv iv a l.

The in itia l d is trib u tio n  o f YOY crayfish in  Rôgle pond was determined by the 
d is trib u tio n  o f gravid females. C rayfish were released on the stone and no t the s ilt 
substra ta. As discussed in  Chapter 5 and 6, gravid females probabfy d id  no t exert a 
strong influence on the d is trib u tio n  o f YOY P. leniusculus on the stone substra tum  in  
Rôgle pond. In  1991, it  was suggested th a t perch predation affected the d is trib u tio n  
o f YOY between the shallow  and deep w ater stone habita ts. In  1992, YOY crayfish 
abundance d id  n o t d iffe r between shallow  and deep w ater stone habitats, and ne ithe r 
perch p reda tion  n o r vegetation cover were found to  in flue nce  YOY c ra y fish  
d is trib u tio n . In  the labo ra to iy, a d u lt crayfish suppressed ju ven ile  crayfish  a c tiv ity  
and caused greater YOY crayfish m orta lities (Chapter 6. Experim ents 6.4 and 6.5). I t  
was suggested th a t in traspeciflc density-dependent popu lation regulation was lik e ly  to  
be an im portan t factor con tro lling  juven ile  P. leniusculus d is trib u tio n  in  Rôgle pond 
as found in  populations o f O. virilis  (Momot, 1992).
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C ape lli &  M agnuson (1983) found that the a v a ila b ility  o f su itab le  she lte r- 
provid ing ha b ita t was the m ajor lim itin g  facto r affecting the abundance o f crayfish In  
la lies in  N orth Am erica. I f  predators are present, either actual predators (perch, adu lt 
crayfish and eels) o r 'ghost' predators (groplôja), then ju ven ile  crayfish  are stim ulated 
to  fin d  she lte r and to  reduce a c tiv ity . T h is  m ay prom ote density-dependent 
com petition fo r she lte r and food w h ich  m ay regulate ju ve n ile  crayfish  recru itm en t. 
The significance o f predation as a source o f crayfish m o rta lity , and hence as a facto r 
affecting crayfish abundance, is  discussed below.

"7.8 THE OF AS A SODRCE OF JDVEmiE GRAYFian
MORTAMT?

Juven ile  crayfish  m o rta lity  is  often a fun c tion  o f grow th ra te  w h ich  con tro ls 
the s tock-recru itm en t re la tio n sh ip  (M om ot, 1984 fo r review). D ensity-dependent 
grow th and m o rta lity  have th e ir greatest effect on juven ile  crayfish . U sually low  food 
a va ila b ility  and poor nu rse ry areas regulate popu la tion  densities to  narrow  lim its , 
despite the in itia l size o f each year's cohort (Capelli &  Magnuson, 1983: Hogger, 1988). 
M om ot &  Cowing (1983) showed th a t recru itm en t o f young O. virilis  in  two lakes in  
M ichigan, U.S.A. was lim ited  by the carrying capacity o f the nu rsery areas. C apelli &  
H am ilton (1984) found th a t lim ite d  she lter increased aggression in  crayfish to  a greater 
degree than  lim ite d  food. H ab ita t a va ila b ility  has an im p o rtan t con tro lling  in fluence 
on the d is trib u tio n  o f o ther decapod Crustacea (Wahle and Steneck, 1992 fo r review). 
Caddy (1986) suggests th a t recru itm en t in  m any shelter-seeking Crustacea is lim ited  by 
the a va ila b ility  o f she lte r-p rovid ing  habitats.

P redation and fo o d /sh e lte r a v a ila b ility  can be c lassified  as top-dow n and 
bottom -up factors respectively. This c lassification system has been used to  describe the 
effects o f tro p h ic  interactions and resource a v a ila b ility  on com m un ity  structure 
(Menge, 1992 fo r review). Top-down and bottom -up factors were considered in  iso la tion  
b u t are increasing ly considered as a continuum , w ith  the in te ractions o f these factors 
becom ing an im p o rtan t issue. The importance o f predation as a source o f crayfish  
m o rta lity  should be considered in  re la tion  to  the physica l and chem ical constraints o f 
an environm ent.

C rayfish m ay be found on exposed substrata in  habitats w ith  poor o r non- 
exlstant predator popu lations (Stein, 1977; Collins et a l.. 1983). P redation has been 
shown to  influence the abundance and d is trib u tio n  o f sho rt-lived , h igh ly  fecund 
species o f crayfish (SaiM &  Tash, 1979). Populations o f such species tend to  be unstable 
(M om ot, 1984). P redation appears to  be less im p o rtan t as a po pu la tio n  con tro l 
m echanism  in  more stable populations o f long-lived, less fecund crayfish  species such 
as P. leniusculus, where recruitm ent is  often density-dependent. T h is is p a rticu la rly
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tru e  o f salm onid predators (Momot, 1967; Mason, 1975). I t  has been suggested th a t 
ra inbow  tro u t p re da tion  caused d ifferences in  c ray fish  densities between tw o 
C a lifo rn ian  lakes where su itab le  safe hab ita ts  were lim ite d  (Goldm an &  R unqu ist, 
1977). Momot (1984) suggests th a t th is  m ay have resulted from  h igh n u trie n t loads in  
one lalse producing un inhab itab le  m icrohab ita ts fo r ju ven ile  crayfish , w h ich  lim ite d  
recru itm ent.

Percid popu lations m ay exert a greater con tro l On crayfish  popu lations tha n  
salm onid populations (Taub, 1972; Lonnan &  Magnuson, 1978; Appelberg, 1987; 1990). 
In  the la tte r two studies, perch were suggested as a m ajor facto r l im itin g  A . astcucus 
populations, however, i t  was no t Im own w hether the recovery of A. astacus populations 
was prevented as a d irect resu lt o f predation, o r as a resu lt o f in d ire c t predator effects 
such as reduced crayfish  a c tiv ity  o r com petition fo r food. Appelberg &  O delstrôm  
(1988) showed th a t perch reduced YOY P. leniusculus a c tiv ity  b u t no t abundance. 
S im ila rly , C o llin s  e t a l. (1983) found  th a t dense percid  po pu la tio ns  produced 
behavioural changes in  crayfish, w ith o u t affecting crayfish densities on good habita ts. 
Conversely, Svensson (1992) found th a t perch and roach 10 to  17 cm long reduced YOY 
A. astacus survival in  pond experiments.

D irect fie ld  evidence o f predation as a process s tru c tu rin g  the d is trib u tio n  and 
abundance o f Crustacea is  d iffic u lt to  obta in  (Wahle &  Steneck, 1992). M om ot (1967) 
and Momot et al. (1978) suggest th a t fish  and invertebrate predators have little  effect on 
YOY crayfish  surviva l. In  Rôgle ponds, there was a suggestion th a t perch lim ite d  
ju ve n ile  c ra y fish  d is trib u tio n  in  deep w a te r in  th e  firs t fo u r weeks o f th e ir 
independence in  1991. T h is was no t verified in  a d irect test the fo llow ing year. I t  is  
lilce ly tha t, i f  fish  predation does exert an influence on crayfish abundance, th is  w ill be 
a re su lt o f ju ven ile  crayfish  being lim ited  to  nursery grounds (i.e. areas w h ich offer 
she lter against predation). In  Chapter 2, EScperiment 2.6. perch reduced YOY crayfish 
su rv iva l on a substra tum  provid ing  p le n tifu l shelter, a lthough th is  m ay have been 
in flue nced  by poor food a v a ila b iltiy  and h igh  crayfish  densities. However, in  
Experim ents 2.5 and 5.7, surviva l im proved w ith  increased she lter ava ila b ility . W hen 
predator populations are large and nursery grounds and food a va ila b iltiy  are lim ited , 
preda tion m ay d ire c tly  and in d ire c tly  affect crayfish  popu lations. Predators m ay 
in d ire c tly  lim it recru itm en t th rough density-dependent in tra spe c iflc  com petition^ to 
the levels set by the carrying capacity o f the nursery grounds.

Rôgle ponds support dense crayfish  populations. Abraham sson (1966) found 
slow  grow ing popu la tions o f A. astacus  w ith  a h igh  incidence o f chelae damage, 
in d ica tin g  a large am ount o f in traspeciflc  aggression. C rayfish plague removed A . 
astacus from  the ponds b u t P. leniuscidus were in troduced in  1963 (Abraham sson, 
1971) and have also developed dense populations (Nystrôm, pers. comm. ) indica ted by 
the h igh levels o f chelae damage; 12 to  14% o f m ales and 9 to  25% o f fem ales from  4 
sites (Chapter 5).
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In  dense populations, a d u lt m ale O. viriliB regulate YOY crayfish  recru itm en t 
(Momot, 1992). I t  was suggested th a t th is  was through the suppression o f YOY crayfish 
grow th, w h ich led to  increased m o rta lity , ra th e r than  as a re su lt o f cannibalism . 
A d u lt P. leniuscidus m ay lim it YOY crayfish recru itm en t in  Rôgle pond, as evidenced 
by the increase in  m o rta lity  and reduced ac tiv ity  o f YOY crayfish  in  the presence o f 
a d u lt crayfish  (Chapter 6, E xperim ent 6.5). Perch m ay have enhanced this effect 
through the suppression o f crayfish a c tiv ity  (Chapter 5, Excperlment 5.6 and 5.7). A  
fu rth e r po ss ib ility  exists. G roplôja reduced YOY crayfish  a c tiv ity  in  the labora tory 
(Chapter 6, Ejcperlment 6.5). G roplôja were present in  Rôgle pond and could conceivabty 
cause a s im ila r effect on YOY crayfish grow th and survival as a d u lt crayfish and perch. 
G roplôja and YOY crayfish  are lik e ly  to  have been in  a rtific ia lly  close proximity in  
experim ental tanks, however, both tend to  be found in  the shallow  litto ra l m argins of 
lakes and so, non-predatory fish  a c tiv ity  m igh t be an a d d itiona l fac to r in fluenc ing  
YOY crayfish ac tiv ity  and hence, YOY grow th and survival.

Lastly, Mom ot e t a l. (1978) suggested th a t predation on la rger crayfish  m ay 
cause re c ru itm e n t ove r-exp lo ita tion  and so lim it c ray fish  po pu la tio ns d ire c tly . 
R ecruitm ent m ay also be reduced i f  heavy predatory m orta lities occur in  yearling (l-j-) 
crayfish cohorts. Yearling crayfish are sm all enough to be consum ed by perch (Dehli, 
1987) and occurred in  33% o f perch greater than 20 cm long in  Rôgle pond (Chapter 5). 
As YOY crayfish m orta lities reached between 65-83% after on ly  7 weeks in  Rôgle pond 
(estim ated from  trapp ing data), susta ined predation pressure by perch feeding on 1-̂  
crayfish  m ay be a possible lim ita tio n  to  recru itm en t. M om ot (1984) iden tified  three 
im p o rtan t life  stages in  crayfish  popu lations; 1) shelter seeking by new ly hatched 
juven iles, 2) grow ing juven iles leaving litto ra l areas fo r deeper water, and 3) adu lts 
d irecting  energy towards reproduction rather than growth. W ahle &  Steneck (1992) 
suggest th a t if  the size range of available shelters is  insu ffic ien t, then the tra n s itio n  of 
anim als a t stage 2 to  a new ha b ita t m ay have a h igh associated ris k  o f predation. In  
Rôgle pond, 1+ crayfish were found in  the deeper w ater (Chapter 6). Movement away 
from  the litto ra l fringes to  deeper water m ay therefore no t on ly increase the chances o f 
predation by perch, b u t m ay increase com petition w ith  ad u lt crayfish.

From  th is  w o rk , a system  o f in te ra c tio n s  a ffe c tin g  ju v e n ile  c ra y fish  
d is trib u tio n  grow th and su rv iva l has been summarised in  a m odel, invo lv ing  the 
effects o f crayfish behaviour, predation and environm ental constra in ts (Fig. 7.1).
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Figure 7.1. Schematic representation erf factors influencing the defensive behaviour of 
crayfish against pretkition. Solid lines and boxes r^resent crayfish behaviour, ovals 
and dotted lines dencrfe fectors having a positive —  ̂ > , and negative — ^  , #e(^ on 
crayfish behaviour and survival.
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