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Abstract: The presence gfhenotypic behavioral correlations and their connection to
fitness consequences of organismsrieasived considerab#ebatewithin the literatureYet,
little work has been done to connect any behawiozorrelates found within a set of laboratory
studies to_naturddehaviour observed under complex environmental conditiamkelp fill this
gap, individuakrayfish collected from the same logabpulation,completedive different
behavioural assays alaboratory settingn a random orderThese datavereused to reveal any
possible correlations for behavioral scores across all of the laboratonstdstequently hiese
same individuals were placedarthefield and video recorded for 24 houfsseparate set of
field behaviours, related to the laboratory assays, were quantified fromltheidieos. The
normalized:laberatory and field behaviours were used in threevisepstatistical analyses.
First, normalized datevere loaded into a PCA tgeneratea priorihypotheses on potential
behavioural correlate§hese hypotheses were subsequently tested using general multiple linear
regressionFinally, structural equation modeli(§EM) was performedo elucidate any
behavioralkmoduleBom the laloratoryassays that correlated witehavioural patterns present
from the fieldwork Three laboratorypasedoehavioural modulesere connected to three
separate fieldvassaysxploratioravoidance, bold-shy, arafjgressivenes¥et, some behaviors
exhibitedun,thdaboratory assays were uncorrelated witly behaviors found in tHeld and
vice versaResults from this study provide evidence that although many different behavioural
correlategnay exist within laboratory settings, thesssme modulesnay not translate directly

into predicting behaviour under natural settings.

Keywords:'structural equation modeling; behavioural phenotypagfish;field behavior
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Animals exhibit a wide suite of behaviours that vary depending on the cdmieate
also correlated between contexts (Gosling, 2004ajd= al.,2000; Sih and Chadwick, 2004 a,
b; Wilsonet al.,1994). Within a population, individuals often exhibit a range of behaviours
along a continuum. For example, on a boldness continuum, certain individuals will be
consistently.bolder or shyer than others. However, the behaviour exhibited by indiviatieds
across contexi€reating an individual derived continuum of behaviour nested within the overall
consistent'population distribution along a behavioural contindat €t al., 2004; Sih and
Chadwick;2004a). These individually plastic behaviamars betermed contextual plésities
because the exaloehavioural phenotyp display is dependent upon the cont&tamps 2015).
Domesticatedrainbow trout take more risks when foraging relative to native fish that are subject
to higher predation within thelrabitats(Wilson and Stevens, 2005). This increased level of risk
demonstrated by the domesticated fish led to increased foraging and body size, which was
beneficial for those organisms from a fithess standpoint. Conversely, whed pldabitats
with amilar predation risks, domesticated fish continued to take more risks thaatiesn
increasingstheir level of mortality (Biret al., 2004). Even though changing the context (e.g.
habitat withr low or high predation risk) may allow for a shift in teking behaviour or
“riskiness™for some individuals, these same animals are still “riskier” individuals than the
average population response. In those situations where a single animal displays a consistent
pattern of behaviour across different tasks §tays within a certain range on the population
continuum), the pattern of consisteneighin the individual animal halseentermed a
behavioural'syndrome (Sih and Chadwick, 2004 a, b).

Altheugh contextial plasticity is usually measwtealong a variation in a single variable,
the contextual complexity of natural environments would dictate a dioiensional plasticity
(Westneat et al,, 2011, Dosmann and Mateo, 2014; Westneat et al., 2015). In theRpaupia(
reticulatg, females prefer males wigxhibit behaviours denoting bold individuals such as those
willing to approach predators (Godin and Dugatkin, 1996). Mosquito fish that are on the higher
end of the_sectability continuum (i.e. are more social) disperse farther distances than less social
fish, allowing.them to access resourited are noawvailable to less social fish (Catéal.,
2010). More active males (i.e., more time spent swimming and less time freezing in open spaces)
provided more brood care aonvict cichlids (Budaeet al.,1999). Within complex
environments with often competing behavioral interests (attractive andvavstisiuli),
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behavioural plasticity might be displayed differently and have different ecoldmgoafits and

costs than what is found under simpler laboratetirgys. Certainly, these behavioural correlates
havefitness consequencésathave been seen in species that range from bighorn sheep, spiders,
fish, lizards, and rodents (Dingemanse andl&2005; Smith and Blumstein, 2008; Stamps and
Groothius, 2010). Consequently, understanding the different environmental conteztsmay

favor certain behaviorghenotypes over oth&ris an area where additional research is needed.

Thedistribution of animals within any singulaehavioural phenotype has been found to
be heavily"dependent upon conditions within an ecolgnvironment (Milinsket al., 1997
Wolf and Weissing, 2012). For example, within fish populations, the boldness expressea within
populationsofanimals is influenced by the level of predation risk within the enver@nm
(Archard and Braithwaite, 2011; Brydges et al., 2008; Dingemanse et al., 2007; Huntingford,
1976). In addition, differences in predation risk may cause correlations in behaeiteahs
that do not exist with populations under less predation risk (Bell and Sih 2007; Rimgget
al., 2007)..Thus, even the presence of specific phenotypes may be context and environment
dependent=Thus, a connection between laboratory testing and natural conditions is needed.

A coneernof field studies currently being performed is the aspect of changing
environmental conditions within the lifespan of the study animal (Stamps and Groothius, 2010)
Additionally;"Stamps and Groothius (2010) point out that any assumptions about the sihbilit
individual personality differences in animals based on laboratory trialsnemnatested.
Ecosystem level interactions are highly dependent on the behavior of organisms wighemdif
niches (Schwartet al., 2000). The expressions of these belasiare responses to various
situations thatshould attempt to maximize the overall fitness of an individual. Theeafore
assumption for relevance of behavioural phenotypes in nature is to display appropriate
behaviours that.increase survival or reprdihecsuccess. Given that environmental context
influences.the expression of personalities, both within and across lifetireepjdntification and
stability of animalbhenotypescross environmental context seems to be a critical point (Wolf
and Weissing2012).

Aninitial solution to these concerns would be the establishment of behavioralyghenot
structures in controlled laboratory setting that are then examined in conjuncticanwith
potentialsimilar structures seen under real environmental conditi®he purpose of our study
was to implement this solution via the examination of behavioural phenotypes within both
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laboratory and field settings to determine whether laboratory assays are connected to field
behavioursTo test this linkage between lahdifield behaviows, we utilized crayfish

(Orconectes virilispsa model organism. The behavioral repertoir®o¥irilis is complex and

has been well studied (Bergmanal., 2003; Bergman and Moore, 2003; Cook and Moore, 2008;
Gherardi, 2002; Hamr, 2002). Additionally, these animals have been studied in the field under
natural conditions in a variety of habitaBe¢gman and Moore, 2003; Martin and Moore, 2007).
Finally,the"nervous system that underlies a number of these behaviors has bearextens
studied such'that environmental influences on neural acéixétyell known (Herberholzt al.,

2001; Yehet al,’199§. We hypothesize thdaboratory testsequiring similar behaviors
(exploration, riskiness, and aggression) wiitit individuals thatank in similar fashion on

those tests#*Specifically, we expect to find similar population wide rankimggasindividuals
scoring high and another set of individuals scoring low) with behavioral tests imya@lwmti-
predator responses and exploration behaviors. We also hypothesize that individuads scor
similarly on laboratory testsill scoresimilarly during the field test that involves similar

behaviors(exploration and anti-predatory behavior).
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METHODS
Animals

Twenty —five, reproductive form Ifemalecrayfish Orconectesirilis, with completely
intact appendageserecollected from Maple Bay (Latitude: 48873, Longitude: -84.7065) on
Burt Lake (Emmet County, MIl, USAForm Il is the norreproductive form for female crayfish.
Crayfish were transported to the Experimental Stream Research Fadligylaniversity of
Michigan Biological Station (UMBS) in Pellston, Michiga@nly females weresed in this
study to eliminat possiblesex differencesThe carapace and chelae length were measured for all
individuals (average carapace length + SEM: 3.4 £ 0.25 cm; average chelae length £+ SEM: 3.1 £
0.42 cm). Given this size distribution, most of these animals are betweenttwedqgears old.
Typical lifespans for these animals in this area are three yarandishwerehoused at the
stream laboratory at UMBS in large metal troughs withtinuous flow ofunfiltered natural
river water from the East Branch of the Maple Rivejaaent to the facilityAll individuals were
physically,but not chemicallyisolated in individual plastic containers (725 ml, 36.6 x 36.6 x
10.1cm). Animalswerekept under ambiertémperatures depending on the natural stream water
(20°C to 23*C)+and a natural light/dark cycle during Juarel Augusbf 2015 All crayfishwere
marked withwhite correctional fluicbn their carapacesedas a nortoxic marker that did rto
affect behavioto discernindividuals during video recordingBérgman et al.2003; Bergman
and Moore 2004). Crayfish consumeatural detritus within the stream water that fed the
housing troughs.
Experimental'Rrotocol

Crayfishwererun through fiveseparatéaboratory behavioat assay¢described below)
one per day for fiveonsecutivelays.Preliminary tests demonstrated that this structure of
testing produces similar results to behavioral tests that allowed recovery time between each test.
Thus, to maximize the number of field tests that could be performed during the liiglided f
season, we chaese to run behavioral tests on consecutiveedaiisanimal wasnly used once in
each assaynce a individual crayfish completed all fideboratorybehavioual asays, the
crayfish was placed in the final field assay (described bellwg.order in which eadtrayfish
ranthroughall thelaboratoryassaysvasrandomized treventanyordereffecton the results.
The individuals went through assays in a random order to also mitigate any motlvationa
differences relatetb differential timing of the last protein mealll tanks were filled with fresh
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stream watefsame as housing troughs) daily from the MapileRadjacent to the stream lab
facility, and each tank was rinsed before another animal went thtbegissayA 15-minute
acclimation period was used for all assays, unless otherwise atatedl tanksvere uniformly
lit from above with fluorescent lightin All behavious wererecordedwith either a DVR
(SWDVR-43000H or a camcordefSONY Handycam HDRCX405).

Exploration’Assays

Aréna

Toldetermine the exploration behaviour of individuals, crayfish were placed into an arena
that was designed to allow free movement of individuals. The exploration testpexiemrened
ina 76.2 cm x®63.5 cm x 15.24 cm black Plexiglas arena, with blac&lgsawilar to arenas
used in previous crayfish work (Basil and Sandeman, 2000). Black substrate was glued on the
bottom of the tank to create a backdrop for a movermaoking program to better detect the
animal’s location (Figur@ A). The arena had four additional walls extending 10.2 cm into the
tank at 90°+degree angles at the middle of the four walls, 38.1 cm or 31.8 cm from the end of the
wall to add*dimensiaality to the arena.

Proiacol

Animals were acclimated under a 14 x 14 cm square cage made from egg crating in the
middle of the tank for 15 minutes. After the acclimation period, the cagefteaisdnd the
animal was allowed to explore the arena for a total of 15 minutes. After 15hmiorayfish was
then removedfrom the tank and the tank was rinsed with stream water to eliminate any lingering
chemical cuesleft that may affect the asstihe next individual.

Behavioural Aalysis

Ethovision Noldus XT, a motion tracking software, was used to track a single point on
the crayfish’s.carapace at each second in time. Previous work has shown that a single point per
second is,an.accurate rébe movement and orientation studies (Kamran and Moore, 2015). This
generated.an’X, y coordinateeaa locatiorfor the crayfish during each second of the exploration
assay. An irheuse data analysis program was written to calculate each of the behavioural
measures for this section. A 35 x @h square grid was digitally superimposed over the
exploration data and percentage of the tank exploration was calculated by dividiiglthe t
number of grid squares entered by the crayfish by the total number of grid squ2283. (The
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198 percentage of the tim{g) spent moving was calculated by using a similar method to other

199 orientation studies (Mooret al.,Bergner, 2015). We divided the total time the crayfish spent
200 above a minimum movement speed (0.5 cm/s) by theassalylength.Finally, the total timgs)

201 spent near the wall was calculated by detemginvhen the crayfish was within %2 of a body

202 length from.any wall. The time@&ayfishtouching the wall with at least one cheisa

203  characteristic type of exploration by crustaceans (thigmotaxis) and isediftean open

204  exploratory"behaviouA detailed description oéll the behaviors across all of the assays is found
205 intable 1.

206

207  Confiicting:Cues Assay

208 Arena

209 To determine the effect of predatory odour on foraging behaviour, crayfish were placed

210 into an arena that was designed to present conflictiag (faod and predatory odour). The tank
211 was 63 x 28 x 14 cm in dimension (Figure 1 B). A PVC pipe cut in half lengthwise, which is
212 used as assheltevas secured in one corner of the tank. In the center of the tank, an air stone
213  connected'by:tubing, to a reservoir was secured to the substrate. The resenite@dwaishf

214  half a literef water from a tank (volume metal horse trough (237.5 x 86.4 x 60.1 cm) with 27
215 predatorydargemouth basdcropterus salmoide®revious work has shown that individual

216 crayfish react to aversive odours when making decisions whether to forage andtese shel
217  (Jurcak and Moore, 2014). Next to the air stone, a 3 x 3 psutaof fish gelatin served as the
218 food stimulus®™The fish gelatin was made from 46 grams of homogenized canned sardines, 600
219  ml of boiling=water and 28 grams of Knox's unflavored gelatin (Wolf and Moore, 2004). The
220  liquid mixture was poured into separatecular 3 x 3 x 2 cm plastic bottle caps and refrigerated
221 for twelve hours to allow the gelatin mixture to set (Lahman et al., 2BhX)verhead camera,
222  SONY Handycam HDRCX405, recorded the Ifhinute duration of the interactioAll

223  procedures forthe housing and care of the bass followed approved protocols (6$BCGE]
224 and PRO00004591 [Michigan]).

225 Protocol

226 The crayfish was placed in the tank under a 14 x 14 cm square cage made from egg
227  crating and was allowed to acclimate with the food and odouar bass water. For the first eight
228 minutes of the acclimation period, water from the predatory bass tank was intredutes air
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stone. After eight minutes, the flow of water containing bass odour was stopped.rfarglidyie
work showed that this was enough time for the bass odour to cover 50% of the tank, leaving the
food partially covered in bass odour and the shelter free of bass water. Afteclimation
period, the cage was removed and the individual had 15 minutes to explore the tank, eat or hide.
Behawvioural Aalysis
The behaviours analyzed were time moving, time in shelter, and the weight of food
consumed(Table 1). Time spent moving wasrgefias the duration of the asg¢aythat an
individual 'spent translating position in space as opposed to simply moving chelae anteany t
the animal location did not change but was climbing the wall. The(sjme shelter was defined
as the duratiomywhere the entire carapace or tail or bothinflasmdual was covered by the PVC
pipe shelter. The weight of food consumed was defined as the amount of food (g) that an
individual consumed during the duration of Hesay The weight of food consumed was

measured by weighing the fish gelatin before] after the assay

Foraging under different conditions

Arena

Towdetermine the effect of exposed areas on foraging behaviour, crayfish were mtiaced i
a Y-maze«(212 x 48 x 16 cm), with two arms (72 x 24 x16 cm). This set up has been used in
previous expements for food choice tests (Jurcatkal.,2015). At one end of the paze, were
two openings, one in the center of the wall of each arm allowed water to flow through the
maze (Figure"L). At the other end of thempaze were five 2 cm diameters hol&4 cm from
the bottomensthe wall opposite the opening. Each hole contained one elbow attachment and a
piece of Tiygon tubing that allowed for tank drainage and facilitated water flow. Beovoas
were situated 72 cm above the anterior end of the g nesch attached to a piece of hosing that
fed into each.arm of the y maze. One arm of the maze was covered with a wooden plank to
darken that side of themaze while the other arm remained uncovered. The plank creates an
unexposedsportion of the arena. Both arms had one piece of fish ¢ed¢sionibed abovellaced
at the center of each arm so the only difference between arms was that one arm was exposed.

Protocol

One arm of the maze was randomly selected via coin toss to be the dark arm and
subsequently was covered with plywodtie left arm was covered 13 times and the right arm
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was covered 12 timeAn individual crayfish was placed into the maze at the end dppbe
two arms and allowed to explore the whole aré€nhaalitative grsonal observations showed that
individuals explored the entirety of the tank during acclima#dter the acclimation period of
15 minutes, the water flowed through the arena. Thgithdhl was corralled and again placed at
the end of the,arena opposite the arms. Then two 3 x 3 x 2 cm containers of fish galébodas
source were placed 36 cm from the end of each arm of the arena. As soon as the food was placed
into the"arena, therayfish was given 15 min to consume the food.

Behavioural Aalysis

The behavioural measures examined in the foraging under different light conditiens we
duration of:time spent moving (s), duration of time spent in the lighted or uncoveres)) @mal (
the weight'ef feod consumed (g) (Table The total time spent in each arm was defined as the
duration that aniindividual’s entire carapace was in the arm and was movintjomasya To
calculate the total time spent in arm, the time spent in the coaaredas deducted by the time
spent in the uncovered arm. The time spent moving was the duration an individual moved in the
uncoveredrarm and narm section of the maze and was measured in seconds (The time spent
moving did*netinclude the covered arm because the animal was not visible). The weight of food

consumed:was measured by weighing the capsules with fish gelatin before and after the assay

Agonistic assays

Aréna

To determine agonistic behaviourafocal animal, crayfish were placed into an arena
designed tosforce interactions with an opponent. To perform agonistic contesssitmals were
placed into two separate quadrants of a 40 x 40 x 14 cm fight arena. Each quadrant wasl separat
from the ather by a 19 cm removable opaque wall. The wallethabemical and physical
isolation of the.individuals before the fight asp&yiod. This procedure is identical to others
used previously with crayfish (Bergman et al., 2003: Figure 1 D).

Protocol

All'focal animals were size matched with an unfamitipponent that was within 10% of
carapace size to minimize the effect of size differences on the outcome of the fight (Cook and
Moore, 2008; Feret al.,2007). Animals were placed in separate quadrants of the tank and
allowed to acclimate for 15 minutesftér the acclimation periodhe opaquevall in the middle
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was removed and crayfish were allowed to interact with their opponent for 15 minuégs. Af
animalswere removed from the tank. The tank was then rinsed with stream water to eliminate
any potentilly lingering chemical cue®uring agonistic assays, the fight was determined to
begin when the individuals were within two body lengths of each other and either touching or
approaching.with threat displays (Talle The fight was determined to be over when the
individuals,were separated ht least two body lengths for at least fifteen seconds. During
agonistic assays, there are multiple beginning and endings of agonistic intereaflieth®outs.
Bouts are"defined as one beginning and ending of one interaction during the assay. For purposes
of this experiment, only the first bout was used in the event of multiple bouts. Wilgirshr
agonistic behaviour, bouts after the first bout reinforce dominance status andffeaeatdi
temporal dynamics (Hubet al.,2001).

Behavioural analysis

Fights were scored using a previlyusstablished ethogram (Table 2; Bergman et al.,
2003; Bruski and Dunham, 1987; Cook and Moore, 2008; Fero et al., 2007). This ethogram was
used to scoreintensity level of the fight with higher levels of intensitiag In@ore costly and
thus more risky for an individual (Bergman and Moore, 2003: TgbléH2ee behavioral
measures:were also used to assess agonistic interactions. T(& toneitiate the fight was
defined assthe time from the removal of the wall to the first interaction between individuals.
Duration of time(s) the fight spent at noascalated levels and duration of ti{s¢the fight spent
at escalated levelsere defined as the total amount of time spent at intensity /&S and
the total amount of timspent at intensity levels 4 tg Eespectively The first interaction was
defined as‘thesfocal animal approaching within two body lengths of the opponent and engaging
in one of the defined agonistic behaviours (Bergman et al., 2003; Bruski and Dunham, 1987).
The duration of the fight spent at nesealated levels was defined as the total time the two
crayfish engaged in behaviours at intensity levels 2 to 3 (Table 1). The duration of tispdight
at escalated levels was defined as the total time that two crayfish engaged in behaviours at
intensity levels 4d 5 (Table2).

Tail flip Initiation DistancqTID)
Arena

This article is protected by copyright. All rights reserved



321 To determine the startle or escape behaviour individual crayfish were plazaah int

322 arena that was designed to present an avessitreeatingstimulus to provoke the animal to

323 flee.Thisbehavioual assay has been used to testibleness of individuals (Carter et al., 2010).
324  The arena consisted afl5 x 40 x 15cm (L x W x H) Plexiglastank A plastic opaque tracikl5
325 x40 cm) was.placed on top of the tank to allow a wooden cart to move from one side to the
326  other.A centimeter width strip was cut through the center of the cart track to allow for the
327 penetration‘ofa glass rod hanging from the cart. Attached to the glasasadline othree

328 ping-pong'bdb(3.81 x 3.81 x 3.81 chrglued together in a horizontal arfyencompass the

329 width of the tank. A string was tied to a hook at the front of the canvasdattached to a motor
330 that pulled;thesecart forward &6 cnis. The wall furthest from the camera was covered Wwitm
331 wide verticalblackand whitestripes, whichwere usedo measure motion, distance, and speed.
332  Finally, at the far end of the tank (in relation to the giogg balls) was a gate that secured the
333 crayfish at one end of the tafde acclimation (Figure IE).

334 Protocol

335 At therstart of the assathe tank wadilled with 3.78 litersof streamwater and the track
336  with the cartwas then placedn the end of the tarferthest away from the gated aréathe

337 beginning-ef theassay acrayfishwasplaced intathe gated section araclimated fo2 minutes
338 This assayis test of startle/escape behavior therefore it can only interact with the aversive
339 stimulus onceAfter the acclimation period thgate was raised and the individual was allowed to
340 move intothdest areaf the tankTheassaybegan once an individulgft the gatedarea At that
341 timethe metorwas activated to move the cart toward the crayffisassaywas complete once
342 the ping-pong-baltontacted the crayfish or the crayfisti flipped (backwards fleeing motion
343  controlled by the tail of an individuady retreated.

344 Behavioual analysis

345 This,assay involvethree separateehavioual measureto quantify the response to a
346 threatening.object. Tdilip initiation distancavasdefined as the distancenf) between the

347  rostrum of the crayfish and tleéosestedge of the stimulus (ping pong ballshen a tail flip

348 began. Reaction distanaas defined as the distan@sn) between the closest edge of the

349  stimulus (ping pong balls) and the rostrum of the animal when the animal displaypdresesto

350 the stimulus (meral spread, movement backwards, or freezing). Retreatvsisedefined as the
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351 speedcm/s)at which an individual retreated by walking or the spedtedil flip away from
352  the stimulus (Tabl&).

353

354  Ecological Relevance

355 Field-study

356 Twenty-four hours &er all laboratory assayserecompletedan individual crayfishvas

357 placed intoa‘field study. Arayfishwastethered to a brick via a 15 Ib test fish line tied securely
358 to a pieceoWelero. The other half of th¥elcrowas securely fashioned to the back of the

359 crayfish. In addition, th&elcro, chelae of the crayfish, and any exposed carapace were covered
360 in white correetion fluidto facilitate visualization under water. All field experiments were

361 performediin the Maple River near the Experimental Stream Research facility at UMBS. The
362 MapleRiver is athird-order boreastream fed from the surface water ofemarby lake (Douglas
363 Lake). The stream contains natural predators (beaver, trout, bass, and snappshgoeiitels

364 and other food sources, as well as native populatios¥abnectes propinquishe exact field

365 location wassithe same for all crayfish and a site was located near one bank that was

366 approximately=1.5 m deep. The substrate of the field location contained a mixture of sand,
367 cobble, and.large rocks that could serve as shélteanderwater camer@ersacam remote

368 zoom lensscamera and waterpirbousing; Fuhrman Diversified, Seabrook, TX, USv/as

369 secured in the middle ofquadpod. On the top of the quadpod, red lights were mounted to
370  supply enough light to video record behavior at nigidividual crayfish tethered on the bricks
371 were placed"underwater in the center of the set up under the camera an@#fidars.

372 Protocol

373 Each individual was superglued to Velcro, which was connected to a brick by a 15 cm
374  long segment of fishing line. The fishing line allowed for individual movement during tniéd w
375 staying within.the frame of the cameFashing lineand Velcro systerhas been used to tether
376  crayfish inprevious experiments and the tether system was designed sudhafiizralage

377  would remain‘free from entanglement. Under these conditions, crayfish exhilstr $ehaviors
378 to those animals that have not been teth@etineider and Mooy2000; Ludington and Moore,
379 2017) The presence of the tether does restrict some expregdieraviors and limits the

380 degree of freedom for movement. This limitations are necessary in order to keep the animal
381 within the viewing field of the camera while allowing outside predators and competitors to
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engage the focal animdlhe brick and crayfish combination was taken to the Maple River where
it was placed in the center thietripod setup with an underwater camera. The brick was placed
in the center of the screen of the camera to allow for visibility of the chegiid behaviosr
throughout the 24 hour period. Videwsreanalyzed for behavioakmeasures

Behawvioual! Analysis

In total,.there were telpehavious that were recorded from the field assayhe ten
behavious'measuredigging, Agonism, Antagonism, Predator-Prey, Shelter, Exploration,
Foraging, 'Struggle, Mating and Stationéfable3). Thesebehavious were measured because
theyencompassed all activities seen while analyzing the field videos. The overall time an
individual spent completing these actions over the entire 24 h period was re@@dedptions

of individual’behaviors can be found below in Table 3.

Data Analysis

Laboratory Data

A totalof twentyfive individuals went through all five behavioural assays. In preparation
for PCA analysis and structural equation modeling, each individual laboratory behaviour
responses(e.g., tailflip distance, time spent moving, e@sdivided bythe largest value that
was measured for the population. This procedure resulted in a proportion for eacheréspons
each of the 15 different measures. Tlallsthe measures were normalized to values between
zero and 1. These proportions were loaded into an array that consisted of behesspanse

on one axis'ofithe array and individual animal on the other axis of the array.

Field Data

Similarly, each of théehavioual times for the fieldehavious were normalized to the
total time period of observations. Each fiaksayhad a slight variation on the total time of
observation (mean 23.6 + 0.2 hours) resulting in proportions of time each field anintal spe
performing.specifibehavious.

Statistical Analysis
PCA
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A total of 25 crayfish were usddr statistical modelingStatistical analysis of both
laboratory and field data follozd procedures outlined in Dingemanse and Dochterman (2013)
and Dingemanse et al., (2007) for the PCA and multiple linear regressiorsnfamitural
equation modeling, as outlined by Dingemaeisal, (2010), followed these first two analyses.
An initial PCA,was performetbr the laboratory data alone, the field data alone, and a combined
data set using.the laborataneasures as activariablesand field datas quantitative
supplementaryvables All PCAs were followed by a varimax rotation (Tabachnick and Fidell,
2001). Individual animals appeared only once within each field or laboratory assagsiihe
of the PCAs wereised to determine any possible a priori hypothetkdoratory ad/or field
behaviour AllRCAs were performed in Statistiver 13.2For the PCA analysis, the field
behaviors'of mating and antagonism were dropped from the analysis because only 3 animals

exhibited mating behavior and only 5 animals exhibited any agonism in the field.

GeneraMultiple Linear Regressions

Following the P@ analysis, general linear multiple regression models were performed
using the laboratory data to predict fiblehaviour. Laboratory and behavialproportions were
z-transformed before loading into the multiple regression maode&move differences imean
variance.across the different laboratory assBysgemanset al, 2010).Possible models were
identified using the ‘dredge’ script in the R package ‘MuMIn’ (Barton, 2015). Wittarscript,
an initial ‘global model’'was constructed for each fidd@haviour and all 15 lab variables as
predictorssThe,global model was subset to allow anywhere from zero (null modghtto ei
laboratory variables for prediction of fielethavious. Models were identified and ranked
according to AIC, AAIC, R2, and model weight Statistical significance of the differences in the
models was measuréy usingAkaike’s information criterion (AIC). AIC values were
calculated.from,model discrepancies estimated by a maximum likelihood value using a
bootstrapping.methodpllen-Stine bootstrapping with 1,000 iteratipnds Dingemanse et al.
(2010), significant models were determined based on the AIC of the model comparedtlagainst
subsequent'model using AIC valu&i value AAIC). If these values argreater than two, this
suggests less support for that combination of laboratory factors in predicting hielddog
(Burnham and Anderson, 2002nportant to notés that AAIC values greater than two only

suggest less support andmiat falsify the model (Burnham and Anderson, 2002). The ranked
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443  output models were then comparedatpriorihypotheses identified in the PCA analysis.

444  Significant models identified from the PCA and best fit general linear multiple regressions
445  (AAIC below 2) were then used to construct structural equation models of observed field
446  behavious,

447
448 Structural Equation Modeling
449 Thée'model results of the multiple regression models were used to create a priori

450 hypothesesforthe structural equation modeling (Dimgese et al2010. Not all laboratory

451 behaviours were considered for structural equation modeling due tgroficant results of

452  PCA and regression analys&imilarly, not all fieldoehaviourshad models with sufficient

453  support tobe included in SEM. The details for constructing and testing the SEM are found
454  elsewhere (Dingmanse et al2010). Because of the large number of field behaviours (10), only
455  structural models witignificant predictive power from lab variables basedesults in the

456 linear regression were rumhus, null models where no structavasted(as ana priori

457  predictiondremithe multiple regressions) were not included in this anafyssuch, RZrom

458 the SEMwas'used as a measure of explanatory power of the models instead of the suggested Dx
459  (Dingemanse et al201Q. These R2 can be used simijato the R2 from regressions in a

460 confirmatery manner for the moddigbachnick andriddell, 2001)To verify differences

461 between models in their fits to the causdhtedness of laboratory and field behaviours, the

462  SEMSs containing differenmegressions used to predict identical fieghaviouwere tested using
463  a standardsapproach to compeggression coefficients (Zat999). For example, one structural
464 model couldshave laboratory assays 1, 2, 3, and 4 predicting field behaviourg,ivhedeas a

465 second model could have laboratory assays 2, 4, 5, and 7 to predict field behaviours 1 and 2.
466  Comparing SEM models with dérent regression coefficierddiows the statistical validation of
467  which laboratory assays are best predictors of similarly relatecbigdlaviours. Using a pooled
468  standard errorfor each regression to create a ratio between the two models allows the

469  constructionsof a t value to determine significance between two models (Zar, 1199&ural

470  equation models were conducted using the ‘lavaan’ R statistical package (Re@s2ghnd

471  graphics of each model were constructed in semPlot using the semPattenf(Epskamp

472  2014). Satistical comparisons betwe&EM modelswere performed ifR’ using the ANOVA
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473  function (R core team 2018nd are described in terms of AIC selection criteria list&ichlrie4.
474  Each SEM was Bollefstine bootstrapped with 1,000 iterations.

475
476  Results
477 The_nermalized results from both the laboratory and field data can be found in Appendix

478 A and the loadings for the PCA tables can be found in Appendix B..

479 PCAResults

480 The'results fronthe PCAon laboratory behaviors showed that fhist two factors

481 explained 43% of the variance in the laborawmsgayg (Figure 2 A, B). The third axis provided
482  an additiopal 4% of explanatory power to the correlations. Facetppdars to describ@ axis

483  of activity,where more negative values are associated with less goal dipeti@dours (using

484  shelter, eating, or moving toward food) and the more positoeescorrespond to goal directed
485 movement (retreat and fighting). Axis 2 shows almost exclusively positive valtres)gt

486  consumptien, reaction to the tail flip device, and walking against the wall are mot@cghe

487  axis for faeter-3 shows a larger spread across the axis with fighting belsafalling out more

488  positively (Figure 2B).

489 In"a.similar fashion, the PCA on field behaviours showed explanatory powers of 29%
490 (axis 1),.20% (axis 2), and 17% (axis 3: Figure 2 A and B). Axis 1 exhibited more stationary
491  behaviours on the positive side of the axis and moving behaviors on the negative side. Axis 2
492  appears to.separate on gdakcted behaviours (positive values) and exploratory behaviours
493  (negative yvalues). Finally, axis 3 was associated with act@aybning the field and

494 laboratory bhehaviours on a single plot shows groupings of laboratory and field behaviours on the
495 lower halfiof axis 2 and some disparate groups of behaviours on axis 1 and 3 (FAgumnd B)

496

497  GLMR results.

498 The. results from the general lingaultiple regression models (GLMR) showed

499  significant.models for several laboratory and field variables (Table 4). The results from the
500 GLMR include the results only for single field components and those laboratory bekakstur
501 significantly explain thdield behaviour. Table 4 is organized to only show top models based on
502 the AIC criteria and models that hadIC of greater than 2 are not shown (Dingemanse et al.,

503 2010). Most notably, the field behaviour of “exploration” was significantly correlaitdthe
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laboratory behaviours of “escalated fights”, “moving for food”, “shelter use” and “against wall”.
Similarly, “digging” was significantly correlated with “moving in maze”, “reant, “shelter

use” and “escalated behavior” while “foraging” in fiedd was correlated with “escalated

fights” and “moving for food”, “norescalated behavior”, and “shelter us&ll other
correlations,are presented in Table 4. Field behaviours were subsequently growgzednbas
overlapping.correlated laboratory behaviours, for SEM analysis. For examplerégipt”,
“digging”, 'and™foraging” were placed within one structural equation model that usedhsagai
wall”, “escalated behavior”, “movement for food”, “shelter use”, “movement in maze”,
“reaction”; and *norescalated behavior™ as predictors. This structure is called a module and is
a set of related,behavioural phenotypes that is demonstrated by which laborateryussha
explain thefield behaviour. Based on the output of the GLMR, two different seactiere

chosen for subsequent SEM modeling: Fighting behaviour (agonism and struggle), andgearch

(exploration, digging, and foraging).

SEMWMadeling results
Results from'the structural equation modeling produced two different poteioiiiles
connecting.théaboratory behavioural assays with the field assays (Table 5). The first potential
module can'be thought of as a broad structure that might include the three fieldtehavi
Exploration-Digging-Foraging which can be explained by the laboratory assagainst wall,
escalated behavior, movement for food, shelter use, movement in maze, reaction, and non-
escalated behavigiable 5 Figure 3. The second module structure connects the field
behaviourswefsAgonispstruggle with the laboratory assays of esealdbehavior, against wall,
shelter use, moving, and percentage of tank covered (Table 5: Figure 4).
Discussion

The results from this study demonstrated three distinct findings for correlated behavioural
phenotypes.in.the crayfis@rconectes virilisFirst, correlate phenotype structures exist that can
be elucidatedfrom laboratory studies to predict behaviours in the field undecommpéex
settings (Figur& and 4). This study found two different phenotype structures that explained five
different fieldbehaviours. These structures appear to correlate well with behavioural correlates
described in previous work from which our definitions of modules and behavioural axes wer
taken (Maze et al. 2015; Réale et al. 2007). The first module can be definegithkon
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established exploratieavoidance behavioural axis and coupled with the laboratory behaviours
associated with movement against wall, escalated behavior, movement for foed , s=welt
movement in maze, reaction, nesealated behavior) (FiguBeand Table 5). These behaviors
together are linked with the field behaviors of exploration, digging, and foraging. As such, these
behaviors arerelated to some aspect of aguah directed movement throughout the

environment. This module has been a commoumltrasross a wide array of species and
conditions(Dingemanse et al., 2003; Dingemanse et al., 2002). Regarding our hypotheses, we
did find some"behavioural phenotypes that were correlated across the labestsyut these
correlations did not match our predictions for those field behaviours. With the behavioural
modules foundhin these studies, only the classic bold-shy continuum seemed to beedorrelat
both in the'labsand the field. Finally, the only correlations that were matched bayooiar/
predictions were the individuals with high levels of aggression in the laboedsarjrad high

levels of aggression in the field.

The,second module is related to the boldness-shy behavioural axis and involves a wide
diversity ofdaboratory behaviours (escalated behavior, against wall, shelteravseg,npercent
tank covered)«(Figure 4 and Table 5). Together these laboratory behaviors arevpretlitie
time spentin agonism or struggling found in the field behaviors. This module appeagsu lin
with the classic boleshy behavioural syndrome tested on many different organisms, where
aggression and boldness are linked (Azevedo and Young, 2006; Holbrooket al., 2014; Wilson et
al., 1993). Certainly, aggression has been connected to boldness in differehspenits
(Carter et al©;"2010) and is used to explain behaviors observed in the lab to thageein na
(Sneddon,2003). Crayfish engage in agonistic contests over resources in both laboratory and
field conditions (Bergman and Moore, 2003; Bergman et al., 2003; Martin and Moore, 2007;
Wofford, Earley.and Moore, 2015). Given the prevalence of aggressive interactions in this
organism,.it.is.not surprising to find a module that aligns laboratory assayseidthdigression.

The second overall finding frorhése results demonstrated that some behaviours, from
tests designed with specific behavioural phenotypes in mind, were correlateth wileer, but
unconnected to the behaviour performed in complex natural situations (Figure Xaifpies
the initiatian of agonistic contests and time spent in Benalated behaviours are key factors in
determining the outcome of contests and hierarchy status (Moore, 2007). Yetethmgelral
factors in a laboratory setting were absent from any correlations of agandaggressiveness
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found in the field setting. In a striking contrast, several laboratory behavieatdis related to
foraging were completely absent from any of the structural models that predietgishdon the
field (Table 4) Prior to laboratoryests, crayfish had access to detritus albeit of smaller sizes and
less variability than what was available in the field tests. In addition, the laboratory tests were
run with protein based food sources as opposed to detrital food sources. The suddsa incr
detrital abundance and the change in nutritional quality in the field might explagnaahese
results."Theseresults indicated that, despite theusell design of the behavioural assays, the
simplicity of'the'laboratory setting is not predictive of a similar behaviour in the field.

Third and finally, not all of the field behaviour was present in the models based on the
laboratory.assays despite the diversity of different laboratory designs (BigndeTable 4).
Three important field behaviours (shelter use, antagonism, and stationary behavéoars
absent from any of the structural equations models that were significant. Similar to the
conclusions above, these field behaviours probably arisednmmre complex array of sensory
stimuli (sensory landscape) that, in turn, requires complex neural processing(&d
Johnson 20%4;:Moore and Crimaldi 2004). The simplicity of laboratory conditions and the lack
of a realistic sensory landscape mayprowvide suitable range of behavioural responses that are

evoked under field conditions.

Connecting the field and lab assays

A more general conclusion from this work indicated that potelgi&vioral correlates
connect behaviours observed from lab assays and behaviours observed in naturairiggd set
Still, certaindaboratory behaviours were not good predictors of any field behavioarsaihs
The exploration assay and contradicting cues did not correlate with any behavioursiseen in t
field settirg, which is contrary to expectations (Stamps and Groothuis, 2010). In addition, some
field behayviors.were not correlated with, or explained by any of the laboratory behawaetrrs, s
as mating,temaining stationary and antagonism. These field variables kegr@t4 of the
analysis beeause a minority of the individuals exhibited these behaviors. Clesmyokthe
laboratory assays elucidatpenotypeshat were absent in the field, which indicated that
caution should be taken in attempting to deriveptfesence of fiekbasedphenotype$rom

purely laboratory studies.
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Many current studies of behavioral phenotypes have called for the nestakéathento
fitness consequences (Sih et al. 2015; McGilothlin et al., 2010; Wolf and Weissing 202; S
and Blumstein 2008). Different behavioral phenotypes have had consequences for maie select
(Godin and Dugatkin 1996), the survivability in predatprey interactions (Lima and Dill 1990;
Milinski et al1997, parental care (Budaev et al. 1999), and d&gp€Dingemanse and &ile
2005; Sih'et al£2004). Still, based on the results from this study, caution shouldrbmetake
extend some phenotypdscovered purely from laboratory studies to fithess consequences in
field settingsCertainly, the contextual plasticity of laboratory sensory condiieomere simple
than natural conditions (Stamps, 2016) and an approach where laboratory studies depend upon a
multi-dimensioenal approach to context may be critical (Westneat et al., R6%dann and
Mateo, 2014; Westneat et al., 2015).

Contextual plasticity could explain the existence of modules in some of the fialdass
If some taxa, such as crayfish, have limitedtextualplasticity,phenotypesnay arise under
certain ecologicalanditions such as a limited resource distribution or certain level of predation
threat (Colemarand Wilson, 1998; Dingemanse et al., 2007; Dingemanse et al. 2010). Testing
populations that inhabit environments with different levels of predation troeat®n different
distributions of sensory landscapes may produce a different outcome (Biro et al. 2@bi4). Wi
crayfish, recent work has shown that even a simple environmental influence, such (@ftdw
subsequently structures olfactory signals), produces different behavioeshpaitt foraging
assaysNloore et al., 2015; Jurcak and Moore, 20Met, even these studies measured
behavioralgpatterns under the limited complexity of laboratory settings.

Nerveus systems can be sculpted by previous expesezven on the scale of days (Yeh
et al, 1996;Yehet al, 1997). Developmental plasticity and the resulting behavioral phenotype
are based.in the underlying neuroarchitecture and functionality of the synaptic morgeectt
is altered byenvironmental conditions. The plasticity of nervous system may be a possible
mechanism,.that explains the existence of similar behavioral responses across the varied contexts
seen in thissstudylhe diverse array of sensory stimuli in space and over (seesory landscape
and those concomitant experiences) under which organisms develop could barcritical
determining not only where an individual’s behaviour falls on a spectrum, but could also

determine which behavioral phenoty@@e even present withingopulation.
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CONCLUSION

This study has demonstrated that some laboratory behaviours are correlated to behaviours
seen under realistic environmental conditions. In addition, some field behavieust ar
explained by their laboratory counterparts and some laboratory behaviours are urecbtmnect
behaviours.elicited under natural conditions. Certainly, caution must be taken wiagolaxing
behavioual phenotype$rom the more simplistic laboratory conditions to the complex

environmeéntal“of natural field conditions.

This article is protected by copyright. All rights reserved



634

635
636
637

638
639
640

641
642

643
644

645
646

647
648

649
650
651

652
653
654

655
656
657

References

Archard G.A. and Braithwaite V.A. (2011). Increased exposure to predators increases both
exploration and activity level iBrachyrhaphis episcapiournal of Fish Biologyr8,
593-601.

Azevedo C.S"and Young R.J. (2006). Shyness and boldness in greaté&t/rbeasnericana
Linmaeus Rheiformes, Rheiddehe effects of antipredator training on the personality of
the birds.Revista Brasileira de Zoologia3, 202-210.

Barton K. (20145). MuMIn: MultiModel InferenceR package version 1.15.1. <http:/CRAN.R-
project.org/package=MuMIn>

Basil J. and"Sandemann D. (2000). Crayfi6hdrax destructprse tactile cues to detect and

learn topographical changes in their environmé&tto/ogy 106, 247-259.

Bell A.M. and Sih A. (2007). Exposure to predation generates personality in three spined
sticklebacks (Gasterosteus aculeatisp/ogy Letters10, 828-834.

Bergman-DA and Moore P.A. (2004). Prolonged exposure to social odours alters subsequent

social interactions igrayfish (Orconectes rusticusAnimal Behaviour70, 311318.

Bergman D.A. and Moore P.A. (2003). Field observations of intraspecific agonistic behavior of
twa.crayfish species)rconectes rustictand Orconectes virilisin different habitats.
Biologieal Bulletin. 205, 2635.

BergmansDrAwKozlowski C.P., Mcintyre J.C., Huber R., Daws A.G. and Moore P.A. (2003).
Temporal dynamics and communication of wine#fects in the crayfishOrconectes
rusticus Behaviour 140, 805-825.

Biro P.A., Abrahams M.V., Post J.R. and Parkinson E.A. (20®04dators select against high
growth rates and risk-taking behaviour in domestic trout populatlragzeedings of the
Royal Society271, 2233-2237.

This article is protected by copyright. All rights reserved



658
659

660
661
662

663
664
665

666
667

668
669

670
671

672
673
674

675
676
677

678
679

680
681

Bruski C.A. and Dunham D.W. (1987). The importance of vision in agonistic communication of
the crayfishOrconectes rusticuBehaviour 103, 83-107.

Brydges N.M., Colegrave N., Heathcote R.J. and Braithwaite V.A. (2008). Habitat wtaivdlit
predation pressure affect temperament behaviours in populations of three-spined
sticklebacksJournal of Animal Ecologyr 7, 229-235.

Budaev'S:v#Zworykin D.D. and Mochek A.D. (1999). Individual differences in parental care
and‘behaviour profile in the convict cichlid: a correlation stultyima/ Behaviour58,
195-202.

Burnham K.P. and Anderson D.R. (2002). Model selection and multimodel inferences: A

practicaliinformatiortheoretic approach. New York: Springéerlag.

Carter A.Js"Goldizen A.W. and Tromp S.A. (2010). Agamas exhibit behavioral syndromes:

boldermales bask and feed more but may suffer higher pred8abavioral Ecology.

Coleman K: and Wilson D.S (1998) Shyness and boldness in pumpkinseed sunfish: individual
differences are contespecific. Animal Behavior. 56, 927-936.

Cook M.E. and Moore P.A. (2008). Communication networks and loser effects interact to
influence the outcome of aggressive interactions in the craghtsbnectes rusticus
Behavior.146, 263-281.

Cote J., Fogarty S., Weinersmith K., Brodin T., and Sih A. (2010). Personality traits and
dispersal tendency in the invasive mosquitofi@afibusia affinjs Proceedings of the
Royal Saciety B: Biological Sciencéxsr7, 1571-1579.

Cronin T.W., Johnsen S., Marshall J. and Warrant &sdia/ Ecobgy. Princeton, New Jersey:
Princeton UP, (2014). Print.

Dall S.R.X., Houston A.l. and McNamara J.M. (2004). The behavioural ecology of personality:
consistent individual differences from an adaptive perspedwel Lett 7, 734-739.

This article is protected by copyright. All rights reserved



682 Dingemanse N.J. and Dochtermann N.A. (2013). Quantifying individual variation in behaviour:

683 mixed-effect modelling approachedournal of Animal Ecolog)82, 39-54.

684 Dingemanse Nad., Kazem A.J.N., Reale D. and Wright J. (2010). Behavioural reaction norms:
685 animalpersonality meets individual plasticiirends in Ecology & Evolutiar25, 81-89.

686 Dingemanse N.J. and Réale D. (2005). Natural selection and animal pers&edidyiour 142,
687 1165-1190.

688 Dingemanse N.J., Wright J., Kazem A.J.N., Thomas D.K., Hickling R. and Dawnay N. (2007).
689 Behavioural syndromes differ predictably between 12 populations of three-spined
690 stickleback Animal Ecology 76, 1128-1138.

691 Dingemanse N.J., Both C., Noordwijk V.A.J., Rutten A.L., and Drent P.J. (2003). The relation
692 between dominance and exploratory behavior is context-dependent in wild tits.
693 Behauwioral Ecolog)A5, 1023-1030.

694 Dingemanse.NJ., Both C., Drent P.J., Van Oers K. and Van Noordwijk A.J. (2002).
695 Repeatability and heritability of exploratory behaviour in great tits from the ilaoa/
696 Behavior 64, 929-938.

697 Dochtermann.N.A. and Jenkins S.H. (2007). Behavioural syndromes in Merriam's kangaroo rats
698 (Dipodomys merriarii a test of competing hypothesé¥oceedings of the Royal
699 Socrety274, 2343-2349.

700 Dosmann, A., and Mateo, J.M. (2014). Food, sex and predators: animal personality persists with
701 multidimensional plasticity across complex environme#tgma/ Behaviour 90, 109-
702 116.

703  Epskamp.S. (2014). semPlot: Path diagrams and visual analysis of various SEM gackage
704 output. R package version 1.0.1. <http://CRAN.R-project.org/package=semPlot>

705 Fero K., Simon J.L., Jourdie V. and Moore, P.A. (2007). Consequences of social dominance on

706 crayfish resource us&ehaviour144, 61-82.

This article is protected by copyright. All rights reserved



707
708

709
710

711
712

713
714
715

716
717

718
719

720
721
722

723
724
725

726
727
728

729
730
731

Garamszegi L.Z., Eens M. and Torok J. (2009). Behavioral syndromes and the trappability in
free-living collared flycatchersFicedula albicollisAnimal Behavior 77, 803812.

Gherardi F. (2002Behavior. In: Biology of freshwater crayfish. (Holdich D.M.) London:
Blackwell Science Ltd. 25281.

Godin J.G"and Dugatkin L.A. (1996). Female mating preference for bold males in the guppy,
Poecilia reticulataProceedings of the National Academy of Scees 93 1026210267.

Godin J.G.J. and Davis S.A. (1995). Who dares, benefits: predator approach behaviour in the
guppy«(RPoecilia reticulatadeters predator pursufroceedings of the Royal Society of
London'B: Biological Science259 193200.

Gosling S'D7(2001). From mice to men: What can we learn about personality from animal
researchPsychological Bulletirl27, 45-86.

Hamr P. (2002). Behavior. In: Biology of freshwater crayfish. (Holdich D.M.) London:
Blackwell Science Ltd. 58503.

HerbeholzJ., Issa F.A. and Edwards D.H. (2001). Patterns of neural circuit activation and
behavior during dominance hierarchy formation in freely behaving crayitghJournal
of Neuroscienc@1, 2759-2767.

Holbrook C.T., Wright C.M. and Pruitt J.N. (2014). Individual differences in personality and
behavioural plasticity facilitate division of labour in social spider coloesgna/
Behavior 97, 177-183.

Huber R., Panksepp J.B., Yue Z., Delago A. and Moore P.A. (2001). Dynamic interactions of
behavior and amine neurochemistry in acquisition and maintenance of social rank in
crayfish. Brain, Behavior and Evolutio®7, 271-282.

Huntingford F.A. (1976). The relationship between anti-predator behaviour and aggression
among conspecifics in the threpined sticklebackzasterosteus aculeatdgimal
Behaviour 24, 245-260.

This article is protected by copyright. All rights reserved



732
733
734

735
736
737

738
739

740
741
742

743
744

745
746

747
748

749
750
751

752
753

754
755
756

Johnson C.J. and Sih A. (2005)eBopulatory sexuaannibalism in fishing spiderp/omedes
triton): a role for behavioral syndromeBehavioral Ecology and Sociobiolad8, 390
396.

Jurcak A.M.; Gauthier S.J. and Moore P.A. (2018)e effects of biodiesel and crude oil on the
foraging behavior of rusty crayfisl@rconectes rusticugrchives of environmental

contamination and toxicolog§9, 557-565.

Jurcak A.M"and Moore P.A. (201@eyond the landscape of fear: Defining the impact of the
sensory signals in predator prey interactidgfsospherén review).

Jurcak A.M./and Moore P.A. (2014). Behavioral decisions in sensory landscapashanagf
chemieal signals to make habitat use choidesrnal of Crustacean Biolo84, 559-
564

Kamran M."and"Moore P.A. (2015). Comparative homing behaviors of cragtEhcambarus
fodiens andOrconectes rusticu&thology 121, 110.

Lahman S:E., Trent K.R. and Moore P.A. (208)blethal copper toxicity impairs chemical

orientation in the crayfishQrconectes rusticusinimal Behavior 113, 369-377.

Lima S.L..and Dill L.M. (1990). Behavioral decisions made under the risk of predatieviea
and prospectusCanadian Journal of Zoolog§B, 619-640.

Ludington, T.S. and Moore, P.A. (2017). The degree of impairment of foraging in crayfish
(Orconectesirilis) due to insecticide exposure is dependent upon turbulence

dispersion. Archives of Environmental Contamination and Toxicology. 72(2), 281-293.

Martin A.L..and Moore P.A. (2007). Field observations of agonism in the cra@igtonectes

rusticus shelter use in a natural environmefthology 113, 11921201.

Mazué G.P.F., Dechaume- Moncharmont F.X. and Godin J.G.J. (2015). Boldness- exploration
behavioral syndrome: interfamily variability and repeatability of personality traits in the
young of the covict cichlid (Amatitlania siquig Behavioral Ecology26, 900-908.

This article is protected by copyright. All rights reserved



757
758

759
760
761

762
763
764

765
766
767
768

769
770

771
772
773

774
775

776
777

778
779

780
781

McGlothlin J.W., Moore A.J., Wolf J.B. and Brodie Ill E.D. (2010). Interacting phenotypes and
the evolutionary process. lll. Social evolutidgvo/ution 64, 2558-2574.

Milinski M., Lathi J.H., EggleR. and Parker G.A. (1997). Cooperation under predation risk:
experiments on costs and benefsoceedings of the Royal Society of London B:
Biological Science264, 831-837.

Moore P.A., Ferrante P.A. and Bergner J. L. (2015). Chemicaitation strategies of the
crayfish,are influenced by the hydrodynamics of their native environtkatdmerican
Midland Naturalist173 17-29.

Moore P.A¥(2007). Agonistic behavior in freshwater crayfish: The influence ofdittiamd
extrinsicfactoron aggressive behavior and dominance Pp.90-114 in Evolutionary
ecology of social and sexual systems: Crustacea as models organisms. J. Emmett Duffy

and\M. Thiel (eds.). Oxford University Press.

Moore P.A. and Crimaldi J. (2004). Odor landscapes and animal behavior: tracking odor plumes

indifferent physical worldsJournal of Marine Sciencé9, 55-64.

Réale D.;-Gallant B.Y., Leblanc M. and FeBianchet M. (2000). Consistency of temperament
in bighorn ewes and correlates with behavior and life hisfanynal Behavior. 60, 589-
597.

Réale D.,'Reader S.M., Sol D., McDougall P.T. and Dingemanse N.J. (2007). Integrating anima
temperament within ecology and evoluti@o/ogical Review82, 291-318.

R Core Teams(2015). R: A language and environment for statistical computing. R Foundation

for ‘Statistical Computing, Vienna, Austria. <http:www.R-project.org/>

Rosseel Y«(2012). Lavaan: An R package for structural equation modé&uagra/ of Statistical
Software 48, 1-36. <http://www.jstatsoft.org/v48/i02/>

Tabachnick B.G. and Fiddell L.S. (200Using Multivariate Statistics. Boston, Massachusetts:
Allyn & Bacon.

This article is protected by copyright. All rights reserved



782  Schneider, R.Z. and Moore, P.A. (2000). Urine as a source of conspecific disturbansarsignal

783 the crayfishProcambarus clarkidournal of Experimental Biolog203(4), 765-771.

784  Schwartz M.W., Brigham C.A., Hoeksema J.D., Lyons K.G., Mills M.H. and van Mantegem P.J.
785 (2000). Linking biodiversity to ecosystem function: implications for conservation
786 ecology.Oecologia 122, 297-305.

787  Sih A. and Bell A. M. (2008). Insights for behavioral ecology from behavioral syndromes.
788 Advances in the Study of Behavi@8, 227-281. <doi:10.1016/S0065-3454(08)00005-3>

789  Sih A., BelbArand Johnson J.C. (2004a). Behavioral syndromes: an ecological overaesals
790 in Eeology & Evolution19, 372-378.

791 Sih A, Bell'A7and Chadwick J.J. (2004b). Behavioral syndromes: An integrative oveiiew.
792 Quarterly review of Biologyi9, 241-277.

793  Sih A., MathotK.J., Moiron M., Montiglio P.O., Wolf M. and Dingemanse N.J. (20%&)nal
794 personality and stateehaviour feedbacks: a review a guide for empiricitends in
795 Eeology and Evolutior80, 5060.

796  Smith B.R. and Blumstein D.T. (2008). Fitness consequences of personality: a meta-
797 analysis.Behavioral Ecolog)A9, 448-455.

798 Sneddon L.U. (2003). The bold and the shy: Individual differences in rainbowdmutna/ of
799 Fish Biology 62, 971-975.

800 Stamps, J. A. (2016). Individual differences in behavioural plasticBeggica/
801 Reviews91, 534-567.

802  Stamps J. andsGroothuis T.G.G. (2010). The development of animal personality: relevance,

803 concepts and perspectivéological Reviews85, 301325.

804 Westneat, D.F., Wright, J., and Dingemanse, N.J. (2015). The biology hidden inside residual
805 within-individua phenotypic variation. BljologicalReviews 90(3), 729-743.

This article is protected by copyright. All rights reserved



806
807
808

809
810

811
812

813
814
815

816
817

818
819

820
821

822
823

824
825

826
827

828
829

Westneat, D.F., Hatch, M.I., Wetzel, D.P., and Ensminger, A.L. (2011). Individual variation in
parental care reaction norms: integration of personality and plas@ibeyAmnerican
Naturalist178(5), 652-667.

Wilson A.D.M."and Godin J.J. (2009). Boldness and behavioral syndromes in the bluegill
sunfish,Lepomis macrochiruBehavioral Ecology20, 231-237.

Wilson D.S, Clark A.B., Coleman K. and Dearstyne T. (1994). Shyness and boldness in humans
and.other animalsirends in Ecology and Evolutiof, 442—-446.

Wilson D.St, €eleman K., Clark A.B. and Biederman L. (1993). Shy-bold continuum in
pumpkinseed sunfisfLepomis gibbosusin ecological study of a psychological trait.
Journal' of Comparative Psychologf7, 256260.

Wilson, AD., and Stevens, E.D. (2005). Consistency in Cordggedific M easures of Shyness
and Boldness in Rainbow Trou®ncorhynchus mykis€£thology 111(9), 849-862.

Wolf M., Van Doorn S.G., Leimar O. and Weissing F.J. (20Dif¢-history tradeoffs favour
the evolution of animal personalitie¥ature 447, 581-584.

Wolf M. and Weissing F.J. (2012). Animal personalities: consequences for ecotbgy a
evelution. 7rends in Ecology and EvolutioR7, 452461.

Wolf M.C/ Voigt R. and Moore P.A. (2004). Spatial arrangement of odor sources modifies the
temporal aspects for crayfish search strateglesrnal of chemical ecologg0, 501-517.

Wofford S.J., Earley R. and Moore P.A. 2015. To fight or not to fight? Male and female lcrayfis
decide. differently wen engaged in mixed sex interactioBghaviour 152, 995-1018.

Yeh S.R., Muself B.E. and Edwards D.H. (1997). Neuronal adaptations to changes in the social

dominance status of crayfisihe Journal of neurosciend&a, 697-708.

Yeh S.R., Fricke R.A. and Edwards D.H. (1996). The effect of social experience on serotonergic

modulation of the escape circuit of crayficience271, 366.

This article is protected by copyright. All rights reserved



830 Zar J.H. (1999)Biostatistical AnalysisUpper Saddle River, NJ: Prentice Hall.

Author Manuscript

This article is protected by copyright. All rights reserved



831 TABLES

Author Manuscript

This article is protected by copyright. All rights reserved



832 Table 1. Descriptions of the Tehavioural measures for each of the lab assays analyzed
833 inthe videos listed in groups of three below. The assay number refers to the assay where the
834 behavioural measure was used. The numbers and corresponding assay for this table are: 1 TID, 2

835 Exploration, 3 Fighting, 4 Foraging in different conditions and 5 Foraging with conflicting cues.

1 The distance at which an individual initiates tail flipping frdra bbject (could

be 0). Measurement is from the eddehe ping pong ball to the tip of the
chelae of the focal animal the moment before the animal tail flips

Retreating speed

The speed at which an individual tail flips measured by the disteancgded in
the first second of the tail flip, measuredthg distance the animal travels
during the tail flip until it hits the ground after one secondd Ahe average
speed of the animal retreating but is not retrgatiith a tail flip, measured by
the distance the animal retreated in the first five secondtted by the distance

traveled

Reaction'Distance

The distance at which and individual reacts behaviourally (inedeastennae
flicking, backing away, change in body positionattis not a tail flip after the
cart has started moving. Measured frometge of the pingong ball to the tip
of the chelae using the back wall as the reference.

Time spentstouching

The time at which an individual crayfish was witknof a body length from

wall any wall

Time spent The amount of time durinthe assay that the animal was moving its entirg/b
exploring and changing the location of the body in the tank

Percenttank The amount of surface area of the tank the crayfish covered

covered

Time spent at-3

The amount of time at which the focal anirepénds at the intensity levels of

and 3 from the ethogram

Y

Time'spentat-$

The amount of time at which the focal animal spends at the ityéeatls of 4

and 5 from the ethogram

Time to'start

The time at which the first bout in the video begifter the wall is removed.
Beginning of bout is indicated by physical attack or aggressisiiqmo towards
opponent within one and a half body lengths of each other

Food consumed

(maze)

The weight of the food measured in grams, which were consdared the

assay. Initial mass of dish was subtracted by the endingoh#ss dish

Time in arm

The amount of time during the assay that an individual’s entolg as in the

light arm or the dark arm.
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Time spenmovingin  The amount of timewting the assay that the animal was moving itsebdy

maze and changing the location of the body in the tank

Food consumed The weight of the food measured in grams that were consumieg the assay
(conflict) Initial mass of dish was subtractedthg ending mass of the dish
Timesin:shelter The amount of time that the animals entire section of carapdaa, baith, is

covered by the shelter

Time spenmoving The amount of time during the assay that the animal was mosiegtite body

towardfood to change location or rotate the body in the tank and is nio¢ishelterThis

includedany time the animal location does not changenagclimbing the

wall.

836
837
838

839
840
841

Table 2. Ethogram of agonistic behaviours based on level of aggression exhibited with

higher numbers indicating more aggressive behaviours.

Intensity Levels Descriptions

-2 L Tailflip away from the opponent or fast retreat
-1 Slowly back away from opponent

0 noreopponent with no response or threat displa
‘ Ug pp p play

1 Approach without a threat display
Z\Approach with threat display using meral spread and/or antennal whip
3 Initial claw use by boxing, pushing, or touching with closed claws

4 Active claw use by grabbing opponent with open claws

5 Unrestrained fighting by grasping and pulling opponent’s claws or appendag

Table.3¢ Descriptions of the behavioural measures from the field assay analyzed during

the videoEach behaviour seen visually during the videapresented below.
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Exploration The amount of time at which the focal animal is moving its ebtidy to change location o

rotate bodyis not in any shelters, and is not foraging

Agonism Thesamount of time the focahimal spends fighting other crayfish

Antagonism Thetamount of time the focal animal spends fighting other spéagieare not crayfish

Predator-Prey . Thetimeduringwhich apredatoiis closer than a body length (of the focal animal) away

fromthefocal animalincludingany physical interaction the crayfish has vtk predator

Shelter Theramount of time which the focal animal’s carapace, tail dr &@ covered by a rock.
Andthe time at which the crayfish is up against the rockiok land curled p with chelae
close to body and not moving except for rearranging the body. §per& digging around
shelter to create more shelter

Forage The time which the focal animal is moving or not moving but is mowioigt two swimming

legs near the front of tHeody, as well as actually eating

Stationary The time which the focal animal is not moving the entire body, egeldre motionless

Mating The time which the focal animal and other animal have claws lockethtrgand bodies

together in mating position

Digging The time in which the focal animal is using chela@entire body to push sand, or carry

and displace sanddmits original location

Struggle Amindividual was considered struggling when it vastempting to move beyond the lengtt]
of the tether.

842
843 Table 4. Top multiple regression models with AAICc below 2. Colors denote groupings
844  for structural equation model construction.
845
Field Lab Variables Adjusted| F AICc | AAIC | Model
Variable R? Weight

or Food + Shelter Used
Escalated + Moving for Food + 0.60 10.09| 58.97| 1.57 | 0.176
Moving in Maze + Non escalated
Digging Escalated + Moving in Maze + 0.500 7.00 | 64.70| 0.00 | 0.0799
Reaction + Shelter Used
Escalated + Moving for Food + 0.49 6.74 | 65.24| 0.538| 0.061

Exploration st Wall + Escalated + Moving| 0.63 11.07| 57.40| 0.00 | 0.387

This article is protected by copyright. All rights reserved



Moving in Maze + Shelter Used
Moving in Maze + Reaction + 0.46 6.08 | 66.69| 1.99 | 0.0
Retreat Speed + Time Eating

Foraging

Agonism (|

Against Wall + Moving for food +

Shelter Used + Tank Covered

Against Wall + Moving + Retreat
Speed+Tank Covered

Struggle

Predator
|

Interaction

|

846 TMEM models of field behaviours using results from multiple regressionsmodel
847 SEM Bollgz bootstrapping technique was conducted using 1,000 iterations in the R

848 ‘lavaan’'p
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Field Variable Field behaviour R-square SEM Bootstrapp- | 1
value

ExplorationDigging- Exploration:0.71Digging: 0.34;

Foraging Foraging: 0.46 o9 e

Agonism-Struh Agonism: 0.78 Struggle:0.76 0.26 420.31
849
850 FIGURE LEGENDS
851  Figure 1. Exploration. (Top view) Four walls faced into the center of the tank. Individegds
852 acclimated in the center of the taf#). Foraging with conflicting cues. (Top view)half PVC
853  pipe in thestopright corner axtas a shelter. In the center was a container of fish gelatin acting
854 as an attractive cue and an air stone attached to a reservoir that introduced water from a
855  predatory bass tank acting as an aversivgBud_ight dark foraging(Top view)A y-maze
856  with food located in the center of each arm. Oneaas randomlycovered preventing light and
857 acting as an.unexposed af€. Fighting arena. (Top viewlhewallsin thecenterwere
858 removabletgallow separated acclimatiand therifted to allow for interation. The drawing
859 shows four'guadrants as this tank was taken from previous social experimentsneHaylts
860  occurred simultaneously. In this experiment, only half of the tank was used as only onasight w
861 run eachsdtime(D). Tail-flip Initiation Distance (Side view)A moveable canvas placed along
862  track on the top of the tanRing-Pong balls were attached to the cart and dragged through the
863 tank as the,cart movexttingas an aversive stimulus for crayfish to perform escap
864  behavioursOne @ntimetemwide black and white markings to use for distanoeside wall (E).
865
866  Figure 2. PCA analysis for laboratory behavioural assays using normalized propooons (t
867  row). Distribution of laboratory results with the first two axes which explains 43¥eof
868 variation in.data (A) and the first and third axes (B). The third axes explamdditional 14%.
869 PCA analysis.fofield behavioural assays using normalized proportions (middle row).
870  Distributionoffield results with the first two axes which expla#b% of the variation in data
871 (A) and the first and third axes (B). The third axes explains an additional 17%ambAis for
872  the combinedaboratory behavioural assagmsd field behavior using normalized proportions
873  (bottom row).
874
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875
876
877
878
879
880
881
882

Figure 3.The behavioural modules found from the behavioral matrix using laboratory assays to
predict field behavior for the explorati@voidancanodule.The purple boxes represent field
behaviours and the gray boxes represent lab behaviours. The lines represtticrwbetween
behaviours with the number representing the strength of the correlation (thetheghember

the stronger.the correlation), and whether the correlation is positive oiveegat

Figure 4. The'behavioural module found in lab, field and lab and field settings for the bold-shy

module. The'meaning of the different numbers are explained in legend for Figure 3.
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