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1  | INTRODUC TION

Animals exhibit a wide suite of behaviors that vary depending on the 
context, but are also correlated between contexts (Gosling, 2001; 
Réale, Gallant, Leblanc, & Festa-Bianchet, 2000; Sih, Bell, & Johnson, 
2004a, 2004b; Wilson, Clark, Coleman, & Dearstyne, 1994). Within 

a population, individuals often exhibit a range of behaviors along a 
continuum. For example, on a boldness continuum, certain individ-
uals will be consistently bolder or shyer than others. However, the 
behavior exhibited by individuals varies across contexts, creating an 
individual-derived continuum of behavior nested within the overall 
consistent population distribution along a behavioral continuum 
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Abstract
The presence of phenotypic behavioral correlations and their connection to fitness 
consequences of organisms have received considerable debate within the literature. 
Yet, little work has been carried out to connect any behavioral correlates found 
within a set of laboratory studies to natural behavior observed under complex envi-
ronmental conditions. To help fill this gap, individual crayfish, collected from the 
same local population, completed five different behavioral assays in a laboratory set-
ting in a random order. These data were used to reveal any possible correlations for 
behavioral scores across all of the laboratory tests. Subsequently, these same indi-
viduals were placed into the field and video recorded for 24 hr. A separate set of field 
behaviors, related to the laboratory assays, were quantified from the field videos. 
The normalized laboratory and field behaviors were used in three stepwise statistical 
analyses. First, normalized data were loaded into a PCA to generate a priori hypoth-
eses on potential behavioral correlates. These hypotheses were subsequently tested 
using general multiple linear regression. Finally, structural equation modeling was 
performed to elucidate any behavioral modules from the laboratory assays that cor-
related with behavioral patterns present from the fieldwork. Three laboratory-based 
behavioral modules were connected to three separate field assays: exploration–
avoidance, bold–shy, and aggressiveness. Yet, some behaviors exhibited in the labo-
ratory assays were uncorrelated with any behaviors found in the field and vice versa. 
Results from this study provide evidence that although many different behavioral 
correlates may exist within laboratory settings, these same modules may not trans-
late directly into predicting behavior under natural settings.
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(Dall, Houston, & McNamara, 2004; Sih, Bell & Johnson, 2004a). 
These individually plastic behaviors can be termed contextual plas-
ticities because the exact behavioral phenotypic display is depen-
dent upon the context (Stamps, 2016). Domesticated rainbow trout 
take more risks when foraging relative to native fish that are subject 
to higher predation within their habitats (Wilson & 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 fitness standpoint. Conversely, when placed 
in habitats with similar predation risks, domesticated fish continued 
to take more risks than the natives, increasing their level of mortality 
(Biro, Abrahams, Post, & Parkinson, 2004). Even though changing 
the context (e.g., habitat with low or high predation risk) may allow 
for a shift in risk-taking behavior or “riskiness” for some individu-
als, these same animals are still “riskier” individuals than the aver-
age population response. In those situations where a single animal 
displays a consistent pattern of behavior across different tasks (i.e., 
stays within a certain range on the population continuum), the pat-
tern of consistency within the individual animal has been termed a 
behavioral syndrome (Sih, Bell & Johnson, 2004a, 2004b).

Although contextual plasticity is usually measured along a vari-
ation in a single variable, the contextual complexity of natural en-
vironments would dictate a multidimensional plasticity (Dosmann 
& Mateo, 2014; Westneat, Hatch, Wetzel, & Ensminger, 2011; 
Westneat, Wright, & Dingemanse, 2015). In the guppy (Poecilia re-
ticulata), females prefer males who exhibit behaviors denoting bold 
individuals such as those willing to approach predators (Godin & 
Dugatkin, 1996). Mosquito fish that are on the higher end of the so-
ciability continuum (i.e., are more social) disperse farther distances 
than less social fish, allowing them to access resources that are not 
available to less social fish (Cote, Fogarty, Weinersmith, Brodin, & 
Sih, 2010). More active males (i.e., more time spent swimming and 
less time freezing in open spaces) provided more brood care in con-
vict cichlids (Budaev, Zworykin, & Mochek, 1999). Within complex 
environments with often competing behavioral interests (attractive 
and aversive stimuli), behavioral plasticity might be displayed differ-
ently and have different ecological benefits and costs than what is 
found under simpler laboratory settings. Certainly, these behavioral 
correlates have fitness consequences that have been seen in spe-
cies that range from bighorn sheep, spiders, fish, lizards, and rodents 
(Dingemanse & Réale, 2005; Smith & Blumstein, 2008; Stamps & 
Groothuis, 2010). Consequently, understanding the different envi-
ronmental contexts, which may favor certain behavioral phenotypes 
over others, is an area where additional research is needed.

The distribution of animals within any singular behavioral pheno-
type has been found to be heavily dependent upon conditions within 
an ecological environment (Milinski, Lüthi, Eggler, & Parker, 1997; Wolf 
& Weissing, 2012). For example, within fish populations, the boldness 
expressed within a population of animals is influenced by the level of 
predation risk within the environment (Archard & Braithwaite, 2011; 
Brydges, Colegrave, Heathcote, & Braithwaite, 2008; Dingemanse 
et al., 2007; Huntingford, 1976). In addition, differences in preda-
tion risk may cause correlations in behavioral patterns that do not 

exist with populations under less predation risk (Bell & Sih, 2007; 
Dingemanse et al., 2007). Thus, even the presence of specific phe-
notypes may be context and environment dependent. Thus, a con-
nection between laboratory testing and natural conditions is needed.

A concern of field studies currently being performed is the as-
pect of changing environmental conditions within the lifespan of the 
study animal (Stamps & Groothuis, 2010). Additionally, Stamps and 
Groothuis (2010) point out that any assumptions about the stabil-
ity of individual personality differences in animals based on labora-
tory trials remain untested. Ecosystem-level interactions are highly 
dependent on the behavior of organisms within different niches 
(Schwartz et al., 2000). The expressions of these behaviors are re-
sponses to various situations that should attempt to maximize the 
overall fitness of an individual. Therefore, an assumption for rele-
vance of behavioral phenotypes in nature is to display appropriate 
behaviors that increase survival or reproductive success. Given that 
environmental context influences the expression of personalities, 
both within and across lifetimes, the quantification and stability of 
animal phenotypes across environmental context seems to be a crit-
ical point (Wolf & Weissing, 2012).

An initial solution to these concerns would be the establishment 
of behavioral phenotypic structures in controlled laboratory setting 
that are then examined in conjunction with any potential similar 
structures seen under real environmental conditions. The purpose 
of our study was to implement this solution via the examination of 
behavioral phenotypes within both laboratory and field settings to 
determine whether laboratory assays are connected to field behav-
iors. To test this linkage between laboratory and field behaviors, 
we utilized crayfish (Orconectes virilis) as a model organism. The be-
havioral repertoire of O. virilis is complex and has been well studied 
(Bergman & Moore, 2003; Bergman et al., 2003; Cook & Moore, 
2008; Gherardi, 2002; Hamr, 2002). Additionally, these animals have 
been studied in the field under natural conditions in a variety of hab-
itats (Bergman & Moore, 2003; Martin & Moore, 2007). Finally, the 
nervous system that underlies a number of these behaviors has been 
extensively studied such that environmental influences on neural ac-
tivity are well known (Herberholz, Issa, & Edwards, 2001; Yeh, Fricke, 
& Edwards, 1996). We hypothesize that laboratory tests requiring 
similar behaviors (exploration, riskiness, and aggression) will elicit 
individuals that rank in similar fashion on those tests. Specifically, 
we expect to find similar population-wide rankings (similar individ-
uals scoring high and another set of individuals scoring low) with 
behavioral tests involving anti-predator responses and exploration 
behaviors. We also hypothesize that individuals scoring similarly on 
laboratory tests will score similarly during the field test that involves 
similar behaviors (exploration and anti-predatory behavior).

2  | METHODS

2.1 | Animals

Twenty-five, reproductive form II female crayfish, O. virilis, with com-
pletely intact appendages were collected from Maple Bay (Latitude: 
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45.4873, Longitude: −84.7065) on Burt Lake (Emmet County, MI, 
USA). Form II is the non-reproductive form for female crayfish. 
Crayfish were transported to the Experimental Stream Research 
Facility at the University of Michigan Biological Station (UMBS) in 
Pellston, Michigan. Only females were used in this study to eliminate 
possible sex differences. The carapace and chelae length were meas-
ured for all individuals (average carapace length ± structural equa-
tion modeling [SEM]: 3.4 ± 0.25 cm; average chelae length ± SEM: 
3.1 ± 0.42 cm). Given this size distribution, most of these animals 
are between 2 and 3 years old. Typical lifespans for these animals in 
this area are 3 years. Crayfish were housed at the stream laboratory 
at UMBS in large metal troughs with continuous flow of unfiltered 
natural river water from the East Branch of the Maple River adjacent 
to the facility. All individuals were physically, but not chemically, iso-
lated in individual plastic containers (725 ml, 36.6 × 36.6 × 10.1 cm). 
Animals were kept under ambient temperatures depending on the 
natural stream water (20–23°C) and a natural light/dark cycle dur-
ing Jun. and Aug. of 2015. All crayfish were marked with white cor-
rectional fluid on their carapace used as a non-toxic marker that did 
not affect behavior to discern individuals during video recordings 
(Bergman & Moore, 2004; Bergman et al., 2003). Crayfish con-
sumed natural detritus within the stream water that fed the housing 
troughs.

2.2 | Experimental protocol

Crayfish were run through five separate laboratory behavioral assays 
(described below) one per day for five consecutive days. 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 per-
formed during the limited field season, we chose to run behavioral 
tests on consecutive days. Each animal was only used once in each 
assay. Once an individual crayfish completed all five laboratory be-
havioral assays, the crayfish was placed in the final field assay (de-
scribed below). The order in which each crayfish ran through all the 
laboratory assays was randomized to prevent any order effect on 
the results. The individuals went through assays in a random order 
to also mitigate any motivational differences related to differential 
timing of the last protein meal. All tanks were filled with fresh stream 
water (same as housing troughs) daily from the Maple River adjacent 
to the stream laboratory facility, and each tank was rinsed before 
another animal went through the assay. A 15-min acclimation pe-
riod was used for all assays, unless otherwise stated, and all tanks 
were uniformly lit from above with fluorescent lighting. All behaviors 
were recorded with either a DVR (SWDVR-43000H) or a camcorder 
(SONY Handycam HDR-CX405).

2.3 | Exploration assays

2.3.1 | Arena

To determine the exploration behavior of individuals, crayfish 
were placed into an arena that was designed to allow free move-
ment of individuals. The exploration tests were performed in a 
76.2 cm × 63.5 cm × 15.24 cm black Plexiglas arena, with black 

F IGURE  1 Exploration. (Top view) Four walls faced into the center of the tank. Individuals were acclimated to the center of the tank 
(a). Foraging with conflicting cues. (Top view) A half PVC pipe in the top right corner acted as a shelter. In the center was a container of 
fish gelatin acting as an attractive cue and an air stone attached to a reservoir that introduced water from a predatory bass tank acting 
as an aversive cue (b). Light–dark foraging. (Top view) A y-maze with food located in the center of each arm. One arm was randomly 
covered preventing light and acting as an unexposed area (c). Fighting arena. (Top view) The walls in the center were removable to allow 
separated acclimation and then lifted to allow for interaction. The drawing shows four quadrants as this tank was taken from previous social 
experiments where two fights occurred simultaneously. In this experiment, only half of the tank was used as only one fight was run each 
time (d). Tail flip initiation distance. (Side view) A moveable cart was placed along track on the top of the tank. Ping-pong balls were attached 
to the cart and dragged through the tank as the cart moved acting as an aversive stimulus for crayfish to perform escaping behaviors. One-
centimeter-wide black and white markings to use for distance on side wall (e)
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gravel, similar to arenas used in previous crayfish work (Basil & 
Sandeman, 2000). Black substrate was glued on the bottom of the 
tank to create a backdrop for a movement-tracking program to bet-
ter detect the animal’s location (Figure 1a). The arena had four ad-
ditional walls extending 10.2 cm into the tank at 90° degree angles 
at the middle of the four walls, 38.1 or 31.8 cm from the end of the 
wall to add dimensionality to the arena.

2.3.2 | Protocol

Animals were acclimated under a 14 × 14 cm square cage made 
from egg crating in the middle of the tank for 15 min. After the ac-
climation period, the cage was lifted and the animal was allowed to 

explore the arena for a total of 15 min. After 15 min, the crayfish was 
then removed from the tank and the tank was rinsed with stream 
water to eliminate any lingering chemical cues left that may affect 
the assay of the next individual.

2.3.3 | Behavioral analysis

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 rate for movement and orientation studies (Kamran 
& Moore, 2015). This generated an x, y coordinate arena location 
for the crayfish during each second of the exploration assay. An 

TABLE  1 Descriptions of the 15 behavioral measures for each of the laboratory assays analyzed in the videos listed in groups of three 
below. The assay number refers to the assay where the behavioral measure was used. The numbers and corresponding assay for this table 
are as follows: 1—TID, 2—exploration, 3—fighting, 4—foraging in different conditions, and 5—foraging with conflicting cues

Assay Behavioral measurements Description

1 TID The distance at which an individual initiates tail flipping from the object (could be 0). 
Measurement is from the edge of the ping-pong ball to the tip of the chelae of the 
focal animal the moment before the animal tail flips

1 Retreating speed The speed at which an individual tail flips measured by the distance travelled in the 
first second of the tail flip, measured by the distance the animal travels during the 
tail flip until it hits the ground after 1 s. And the average speed of the animal 
retreating but is not retreating with a tail flip, measured by the distance the animal 
retreated in the first 5 s divided by the distance travelled

1 Reaction distance The distance at which an individual reacts behaviorally (increased antennae flicking, 
backing away, change in body position) that is not a tail flip after the cart has started 
moving. Measured from the edge of the ping-pong ball to the tip of the chelae using 
the back wall as the reference

2 Time spent touching wall The time at which an individual crayfish was within half of a body length from any 
wall

2 Time spent exploring The amount of time during the assay that the animal was moving its entire body and 
changing the location of the body in the tank

2 Percent tank covered The amount of surface area of the tank the crayfish covered

3 Time spent at 2–3 The amount of time at which the focal animal spends at the intensity levels of 2 and 3 
from the ethogram

3 Time spent at 4–5 The amount of time at which the focal animal spends at the intensity levels of 4 and 5 
from the ethogram

3 Time to start The time at which the first bout in the video begins after the wall is removed. 
Beginning of bout is indicated by physical attack or aggressive position toward 
opponent within one and a half body lengths of each other

4 Food consumed (maze) The weight of the food measured in grams, which were consumed during the assay. 
Initial mass of dish was subtracted by the ending mass of the dish

4 Time in arm The amount of time during the assay that an individual’s entire body was in the light 
arm or the dark arm

4 Time spent moving in maze The amount of time during the assay that the animal was moving its entire body and 
changing the location of the body in the tank

5 Food consumed (conflict) The weight of the food measured in grams that were consumed during the assay. 
Initial mass of dish was subtracted by the ending mass of the dish

5 Time in shelter The amount of time that the animals’ entire section of carapace, tail, or both is 
covered by the shelter

5 Time spent moving toward food The amount of time during the assay that the animal was moving its entire body to 
change location or rotate the body in the tank and is not in the shelter. This included 
any time the animal location does not change but was climbing the wall
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in-house data analysis program was written to calculate each of 
the behavioral measures for this section. A 35 × 35 cm square 
grid was digitally superimposed over the exploration data, and 
percentage of the tank exploration was calculated by dividing 
the total number of grid squares entered by the crayfish by the 
total number of grid squares (1,225). The percentage of the time 
(s) spent moving was calculated using a similar method to other 
orientation studies (Moore, Ferrante, & Bergner, 2015). We di-
vided the total time the crayfish spent above a minimum move-
ment speed (0.5 cm/s) by the total assay length. Finally, the total 
time (s) spent near the wall was calculated by determining when 
the crayfish was within half of a body length from any wall. The 
time a crayfish touching the wall with at least one chelae is a 
characteristic type of exploration by crustaceans (thigmotaxis) 
and is different than open exploratory behavior. A detailed de-
scription of all the behaviors across all of the assays is found in 
Table 1.

2.4 | Conflicting cues assay

2.4.1 | Arena

To determine the effect of predatory odor on foraging behav-
ior, crayfish were placed into an arena that was designed to pre-
sent conflicting cues (food and predatory odor). The tank was 
63 × 28 × 14 cm in dimension (Figure 1b). A PVC pipe cut in half 
lengthwise, which is used as a shelter, was secured in one cor-
ner of the tank. In the center of the tank, an air stone connected 
by tubing to a reservoir was secured to the substrate. The res-
ervoir was filled with half a liter of water from a tank (volume 
metal horse trough [237.5 × 86.4 × 60.1 cm]) with 27 predatory 
largemouth bass Micropterus salmoides. Previous work has shown 
that individual crayfish react to aversive odors when making deci-
sions whether to forage and use shelters (Jurcak & Moore, 2014). 
Next to the air stone, a 3 × 3 cm capsule of fish gelatin served 
as the food stimulus. The fish gelatin was made from 46 g of ho-
mogenized canned sardines, 600 ml of boiling water, and 28 g of 
Knox’s unflavored gelatin (Wolf, Voigt, & Moore, 2004). The liquid 
mixture was poured into separate circular 3 × 3 × 2 cm plastic bot-
tle caps and refrigerated for 12 hr to allow the gelatin mixture to 
set (Lahman, Trent, & Moore, 2015). An overhead camera, SONY 
Handycam HDR-CX405, recorded the 15-min duration of the in-
teraction. All procedures for the housing and care of the bass fol-
lowed approved protocols (687097-4 [BGSU] and PRO00004591 
[Michigan]).

2.4.2 | Protocol

The crayfish was placed in the tank under a 14 × 14 cm square cage 
made from egg crating and was allowed to acclimate with the food 
and odor from bass water. For the first 8 min of the acclimation pe-
riod, water from the predatory bass tank was introduced via the 
air stone. After 8 min, the flow of water containing bass odor was 

stopped. Preliminary dye work showed that this was enough time 
for the bass odor to cover 50% of the tank, leaving the food par-
tially covered in bass odor and the shelter free of bass water. After 
the acclimation period, the cage was removed and the individual had 
15 min to explore the tank, eat, or hide.

2.4.3 | Behavioral analysis

The behaviors analyzed were time moving, time in shelter, and the 
weight of food consumed (Table 1). Time spent moving was defined as 
the duration of the assay (s) that an individual spent translating posi-
tion in space as opposed to simply moving chelae and any time the 
animal location did not change but was climbing the wall. The time (s) 
in shelter was defined as the duration where the entire carapace or 
tail or both of an individual were 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 the assay. The weight 
of food consumed was measured by weighing the fish gelatin before 
and after the assay.

2.5 | Foraging under different conditions

2.5.1 | Arena

To determine the effect of exposed areas on foraging behavior, cray-
fish were placed into a y-maze (112 × 48 × 16 cm), with two arms 
(72 × 24 × 16 cm). This set up has been used in previous experiments 
for food choice tests (Jurcak, Gauthier, & Moore, 2015). At one end 
of the y-maze were two openings, one in the center of the wall of 
each arm allowed water to flow through the y-maze (Figure 1c). At 
the other end of the y-maze were five 2-cm-diameter holes, 14 cm 
from the bottom on the wall opposite the opening. Each hole con-
tained one elbow attachment and a piece of Tygon tubing that al-
lowed for tank drainage and facilitated water flow. Two reservoirs 
were situated 72 cm above the anterior end of the y-maze, each at-
tached 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 the y-maze while the other arm remained uncovered. 
The plank creates an unexposed portion of the arena. Both arms had 
one piece of fish gelatin (described above) placed at the center of 
each arm, so the only difference between arms was that one arm 
was exposed.

2.5.2 | Protocol

One arm of the maze was randomly selected via coin toss to be the 
dark arm and subsequently was covered with plywood. The left arm 
was covered 13 times, and the right arm was covered 12 times. An 
individual crayfish was placed into the maze at the end opposite the 
two arms and allowed to explore the whole arena. Qualitative per-
sonal observations showed that individuals explored the entirety of 
the tank during acclimation. After the acclimation period of 15 min, 
the water flowed through the arena. The individual was corralled and 
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again placed at the end of the arena opposite the arms. Then, two 
3 × 3 × 2 cm containers of fish gelatin as a food source were placed 
36 cm from the end of each arm of the arena. As soon as the food 
was placed into the arena, the crayfish was given 15 min to consume 
the food.

2.5.3 | Behavioral analysis

The behavioral measures examined in the foraging under different 
light conditions were duration of time spent moving (s), duration of 
time spent in the lighted or uncovered arm (s), and the weight of food 
consumed (g) (Table 1). The total time spent in each arm was defined 
as the duration that an individual’s entire carapace was in the arm 
and was moving or stationary. To calculate the total time spent in 
arm, the time spent in the covered arm was deducted by the time 
spent in the uncovered arm. The time spent moving was the duration 
an individual moved in the uncovered arm and non-arm section of 
the maze and was measured in seconds (the time spent moving did 
not include 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.

2.6 | Agonistic assays

2.6.1 | Arena

To determine agonistic behavior of a focal animal, crayfish were 
placed into an arena designed to force interactions with an oppo-
nent. To perform agonistic contests, two animals were placed into 

two separate quadrants of a 40 × 40 × 14 cm fight arena. Each quad-
rant was separated from the other by a 19-cm removable opaque 
wall. The wall enabled chemical and physical isolation of the individ-
uals before the fight assay period. This procedure is identical to oth-
ers used previously with crayfish (Bergman et al., 2003; Figure 1d).

2.6.2 | Protocol

All focal animals were size matched with an unfamiliar opponent 
that was within 10% of carapace size to minimize the effect of size 
differences on the outcome of the fight (Cook & Moore, 2008; 
Fero, Simon, Jourdie, & Moore, 2007). Animals were placed in sep-
arate quadrants of the tank and allowed to acclimate for 15 min. 
After the acclimation period, the opaque wall in the middle was 
removed and crayfish were allowed to interact with their oppo-
nent for 15 min. After, animals were removed from the tank. The 
tank was then rinsed with stream water to eliminate any poten-
tially lingering chemical cues. During 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 (Table 1). The fight was determined to be over 
when the individuals were separated by at least two body lengths 
for at least 15 s. During agonistic assays, there are multiple be-
ginning and endings of agonistic interactions called bouts. 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. Within crayfish agonistic be-
havior, bouts after the first bout reinforce dominance status and 
have different temporal dynamics (Huber, Panksepp, Yue, Delago, 
& Moore, 2001).

2.6.3 | Behavioral analysis

Fights were scored using a previously established ethogram (Table 2; 
Bergman et al., 2003; Bruski & Dunham, 1987; Cook & Moore, 2008; 
Fero et al., 2007). This ethogram was used to score intensity level 
of the fight with higher levels of intensities being more costly and 
thus more risky for an individual (Bergman & Moore, 2003; Table 2). 
Three behavioral measures were also used to assess agonistic inter-
actions. The time (s) to initiate the fight was defined as the time from 
the removal of the wall to the first interaction between individuals. 
Duration of time (s) the fight spent at non-escalated levels and dura-
tion of time (s) the fight spent at escalated levels were defined as the 
total amount of time spent at intensity levels −2 to 3 and the total 
amount of time spent at intensity levels 4–5, respectively. The first 
interaction was defined as the focal animal approaching within two 
body lengths of the opponent and engaging in one of the defined 
agonistic behaviors (Bergman et al., 2003; Bruski & Dunham, 1987). 
The duration of the fight spent at non-escalated levels was defined 
as the total time the two crayfish engaged in behaviors at intensity 
levels 2–3 (Table 1). The duration of the fight spent at escalated lev-
els was defined as the total time that two crayfish engaged in behav-
iors at intensity levels 4–5 (Table 2).

TABLE  2 Ethogram of agonistic behaviors based on level of 
aggression exhibited with higher numbers indicating more 
aggressive behaviors

Intensity levels Descriptions

−2 Tail flip away from the 
opponent or fast retreat

−1 Slowly back away from 
opponent

0 Ignore opponent with no 
response or threat display

1 Approach without a threat 
display

2 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 
appendages
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2.7 | Tail flip initiation distance

2.7.1 | Arena

To determine the startle or escape behavior individual crayfish 
were placed into an arena that was designed to present an aversive 
or threatening stimulus to provoke the animal to flee. This behavio-
ral assay has been used to test the boldness of individuals (Carter, 
Goldizen, & Tromp, 2010). The arena consisted of a 15 × 40 × 15 cm 
(L × W × H) Plexiglas tank. A plastic opaque track (15 × 40 cm) was 
placed on top of the tank to allow a wooden cart to move from 
one side to the other. A centimeter width strip was cut through the 
center of the cart track to allow for the penetration of a glass rod 
hanging from the cart. Attached to the glass rod was a line of three 
ping-pong balls (3.81 × 3.81 × 3.81 cm) glued together in a horizon-
tal array to encompass the width of the tank. A string was tied to 
a hook at the front of the cart and was attached to a motor that 
pulled the cart forward at 15 cm/s. The wall furthest from the cam-
era was covered with 1-cm-wide vertical black and white stripes, 
which were used to measure motion, distance, and speed. Finally, 
at the far end of the tank (in relation to the ping-pong balls) was a 
gate that secured the crayfish at one end of the tank for acclima-
tion (Figure 1e).

2.7.2 | Protocol

At the start of the assay, the tank was filled with 3.78 L of stream 
water and the track with the cart was then placed on the end of 
the tank farthest away from the gated area. At the beginning of the 
assay, a crayfish was placed into the gated section and acclimated 
for 2 min. This assay is a test of startle/escape behavior; therefore, 
it can only interact with the aversive stimulus once. After the ac-
climation period, the gate was raised and the individual was allowed 
to move into the test area of the tank. The assay began once an in-
dividual left the gated area. At that time, the motor was activated 
to move the cart toward the crayfish. The assay was complete once 
the ping-pong ball contacted the crayfish or the crayfish tail flipped 
(backward fleeing motion controlled by the tail of an individual) or 
retreated.

2.7.3 | Behavioral analysis

This assay involved three separate behavioral measures to quan-
tify the response to a threatening object. Tail flip initiation dis-
tance was defined as the distance (cm) between the rostrum of 
the crayfish and the closest edge of the stimulus (ping-pong balls), 
when a tail flip began. Reaction distance was defined as the dis-
tance (cm) between the closest edge of the stimulus (ping-pong 
balls) and the rostrum of the animal when the animal displayed a 
response to the stimulus (meral spread, movement backward, or 
freezing). Retreat speed was defined as the speed (cm/s) at which 
an individual retreated by walking or the speed of the tail flip away 
from the stimulus (Table 1).

2.8 | Ecological relevance

2.8.1 | Field study

Twenty-four hours after all laboratory assays were completed, an in-
dividual crayfish was placed into a field study. A crayfish was tethered 
to a brick via a 15 lb test fish line tied securely to a piece of Velcro. 
The other half of the Velcro was securely fashioned to the back of 
the crayfish. In addition, the Velcro, chelae of the crayfish, and any 
exposed carapace were covered in white correction fluid to facilitate 
visualization under water. All field experiments were performed in 
the Maple River near the Experimental Stream Research facility at 
UMBS. The Maple River is a third-order boreal stream fed from the 
surface water of a nearby lake (Douglas Lake). The stream contains 
natural predators (beaver, trout, bass, and snapping turtles), detritus 
and other food sources, as well as native populations of Orconectes 
propinquus. The exact field location was the same for all crayfish and 
a site was located near one bank that was approximately 1.5 m deep. 
The substrate of the field location contained a mixture of sand, cob-
ble, and large rocks that could serve as shelter. An underwater cam-
era (Versacam remote zoom lens camera and waterproof housing; 
Fuhrman Diversified, Seabrook, TX, USA) was secured in the middle 
of a quadpod. On the top of the quadpod, red lights were mounted 
to supply enough light to video record behavior at night. Individual 
crayfish tethered on the bricks were placed underwater in the center 
of the set up under the camera and left for 24 hr.

2.8.2 | Protocol

Each individual was superglued to Velcro, which was connected to 
a brick by a 15-cm-long segment of fishing line. The fishing line al-
lowed for individual movement during trial while staying within the 
frame of the camera. Fishing line and Velcro system have been used 
to tether crayfish in previous experiments, and the tether system 
was designed such that all appendages would remain free from 
entanglement. Under these conditions, crayfish exhibit similar be-
haviors to those animals that have not been tethered (Ludington & 
Moore, 2017; Schneider & Moore, 2000). The presence of the tether 
does restrict some expression of behaviors and limits the degree of 
freedom for movement. These limitations are necessary in order to 
keep the animal within the viewing field of the camera while allowing 
outside predators and competitors to engage the focal animal. The 
brick and crayfish combination was taken to the Maple River where 
it was placed in the center of the tripod setup with an underwater 
camera. The brick was placed in the center of the screen of the cam-
era to allow for visibility of the crayfish and behaviors throughout 
the 24-hr period. Videos were analyzed for behavioral measures.

2.8.3 | Behavioral analysis

In total, there were ten behaviors that were recorded from the field 
assays. The ten behaviors measured digging, agonism, antagonism, 
predator–prey, shelter, exploration, foraging, struggle, mating, and 
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stationary (Table 3). These behaviors were measured because they 
encompassed all activities seen while analyzing the field videos. The 
overall time an individual spent completing these actions over the 
entire 24-hr period was recorded. Descriptions of individual behav-
iors can be found below in Table 3.

2.9 | Data analysis

2.9.1 | Laboratory data

A total of 25 individuals went through all five behavioral assays. In 
preparation for PCA and SEM, each individual laboratory behavioral 
response (e.g., tail flip distance, time spent moving) was divided by 
the largest value that was measured for the population. This pro-
cedure resulted in a proportion for each response for each of the 
15 different measures. Thus, all the measures were normalized to 
values between zero and 1. These proportions were loaded into an 
array that consisted of behavioral response on one axis of the array 
and individual animal on the other axis of the array.

2.9.2 | Field data

Similarly, each of the behavioral times for the field behaviors was 
normalized to the total time period of observations. Each field 
assay had a slight variation on the total time of observation (mean 
23.6 ± 0.2 hr), resulting in proportions of time each field animal 
spent performing specific behaviors.

2.10 | Statistical analysis

2.10.1 | PCA

A total of 25 crayfish were used for statistical modeling. Statistical 
analysis of both laboratory and field data followed procedures out-
lined in Dingemanse and Dochtermann (2013) and Dingemanse et al. 
(2007) for the PCA and multiple linear regression models. SEM, as 
outlined by Dingemanse, Kazem, Reale, and Wright (2010), followed 
these first two analyses. An initial PCA was performed for the lab-
oratory data alone, the field data alone, and a combined data set 
using the laboratory measures as active variables and field data as 
quantitative supplementary variables. All PCAs were followed by a 
varimax rotation (Tabachnick & Fidell, 2001). Individual animals ap-
peared only once within each field or laboratory assay. The results 
of the PCAs were used to determine any possible a priori hypoth-
eses of laboratory and/or field behavior. All PCAs were performed 
in Statistica ver. 13.2. For the PCA, the field behaviors of mating 
and antagonism were dropped from the analysis because only three 
animals exhibited mating behavior and only five animals exhibited 
any agonism in the field.

2.10.2 | General multiple linear regressions

Following the PCA, general linear multiple regression models were 
performed using the laboratory data to predict field behavior. 
Laboratory and behavioral proportions were z-transformed before 

Behavioral measures Description

Exploration The amount of time at which the focal animal is moving its entire body 
to change location or rotate body, is not in any shelters, and is not 
foraging

Agonism The amount of time the focal animal spends fighting other crayfish

Antagonism The amount of time the focal animal spends fighting other species 
that are not crayfish

Predator–prey The time during which a predator is closer than a body length (of the 
focal animal) away from the focal animal including any physical 
interaction the crayfish has with the predator

Shelter The amount of time which the focal animal’s carapace, tail, or both are 
covered by a rock. And the time at which the crayfish is up against 
the rock or brick and curled up with chelae close to body and not 
moving except for rearranging the body. Time spent digging around 
shelter to create more shelter

Forage The time which the focal animal is moving or not moving but is moving 
front two swimming legs near the front of the body, as well as 
actually eating

Stationary The time which the focal animal is not moving the entire body, and 
legs are motionless

Mating The time which the focal animal and other animal have claws locked 
together and bodies together in mating position

Digging The time in which the focal animal is using chelae or its entire body to 
push sand, or carry it and displace sand from its original location

Struggle An individual was considered struggling when it was attempting to 
move beyond the length of the tether

TABLE  3 Descriptions of the 
behavioral measures from the field assay 
analyzed during the video. Each behavior 
seen visually during the videos is 
represented below
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loading into the multiple regression models to remove differences in 
mean variance across the different laboratory assays (Dingemanse 
et al., 2010). Possible models were identified using the “dredge” 
script in the R package “MuMIn” (Barton, 2015). Within the script, 
an initial “global model” was constructed for each field behavior 
and all 15 laboratory variables as predictors. The global model was 
subset to allow anywhere from zero (null model) to eight laboratory 
variables for prediction of field behaviors. Models were identified 
and ranked according to AIC, ΔAIC, R2, and model weight. Statistical 
significance of the differences in the models was measured using 
Akaike’s information criterion (AIC). AIC values were calculated 
from model discrepancies estimated by a maximum likelihood value 
using a bootstrapping method (Bollen–Stine bootstrapping with 
1,000 iterations). As Dingemanse et al. (2010), significant models 
were determined based on the AIC of the model compared against 
the subsequent model using AIC values (ΔAIC). If these values 
are greater than two, this suggests less support for that combina-
tion of laboratory factors in predicting field behavior (Burnham & 
Anderson, 2002). Important to note is that ΔAIC values greater than 
two only suggest less support and do not falsify the model (Burnham 
& Anderson, 2002). The ranked output models were then compared 
to a priori hypotheses identified in the PCA. Significant models iden-
tified from the PCA and best-fit general linear multiple regressions 
(ΔAIC below 2) were then used to construct structural equation 
models of observed field behaviors.

2.10.3 | Structural equation modeling

The model results of the multiple regression models were used to 
create a priori hypotheses for the SEM (Dingemanse et al., 2010). 
Not all laboratory behaviors were considered for SEM due to non-
significant results of PCA and regression analysis. Similarly, not all 
field behaviors had models with sufficient support to be included 
in SEM. The details for constructing and testing the SEM are found 
elsewhere (Dingemanse et al., 2010). Because of the large num-
ber of field behaviors (10), only structural models with significant 
predictive power from laboratory variables based on results in the 
linear regression were run. Thus, null models where no structure 
existed (as an a priori prediction from the multiple regressions) 
were not included in this analysis. As such, R2 from the SEM was 
used as a measure of explanatory power of the models instead of 
the suggested Dx (Dingemanse et al., 2010). These R2 can be used 
similarly to the R2 from regressions in a confirmatory manner for 
the model (Tabachnick & Fidell, 2001). To verify differences be-
tween models in their fits to the causal relatedness of laboratory 
and field behaviors, the SEMs containing different regressions 
used to predict identical field behavior were tested using a stand-
ard approach to compare regression coefficients (Zar, 1999). For 
example, one structural model could have laboratory assays 1, 2, 3, 
and 4 predicting field behaviors 1 and 2, whereas a second model 
could have laboratory assays 2, 4, 5, and 7 to predict field behav-
iors 1 and 2. Comparing SEM models with different regression 
coefficients allows the statistical validation of which laboratory 

assays are best predictors of similarly related field behaviors. 
Using a pooled standard error for each regression to create a ratio 
between the two models allows the construction of a t value to 
determine significance between two models (Zar, 1999). Structural 
equation models were conducted using the “lavaan” R statistical 
package (Rosseel, 2012), and graphics of each model were con-
structed in semPlot using the semPaths function (Epskamp, 2014). 
Statistical comparisons between SEM models were performed in 
“R” using the ANOVA function (R Core Team, 2015) and are de-
scribed in terms of AIC selection criteria listed in Table 4. Each 
SEM was Bollen–Stine bootstrapped with 1,000 iterations.

3  | RESULTS

The normalized results from both the laboratory and field data can 
be found in Appendix A, and the loadings for the PCA tables can be 
found in Appendix B.

3.1 | PCA results

The results from the PCA on laboratory behaviors showed that the 
first two factors explained 43% of the variance in the laboratory as-
says (Figure 2a,b). The third axis provided an additional 14% of ex-
planatory power to the correlations. Factor 1 appears to describe 
an axis of activity, where more negative values are associated with 
less goal-directed behaviors (using shelter, eating, or moving toward 
food) and the more positive scores correspond to goal-directed 
movement (retreat and fighting). Axis 2 shows almost exclusively 
positive values, although consumption, reaction to the tail flip de-
vice, and walking against the wall are more negative. The axis for 
factor 3 shows a larger spread across the axis with fighting behaviors 
falling out more positively (Figure 2b).

In a similar fashion, the PCA on field behaviors showed explana-
tory powers of 29% (axis 1), 20% (axis 2), and 17% (axis 3: Figure 2a 
and b). Axis 1 exhibited more stationary behaviors on the positive 
side of the axis and moving behaviors on the negative side. Axis 2 
appears to separate on goal-directed behaviors (positive values) and 
exploratory behaviors (negative values). Finally, axis 3 was associ-
ated with activity. Combining the field and laboratory behaviors on a 
single plot shows groupings of laboratory and field behaviors on the 
lower half of axis 2 and some disparate groups of behaviors on axes 
1 and 3 (Figure 2a and b).

3.2 | GLMR results

The results from the general linear multiple regression models 
(GLMR) showed significant models for several laboratory and field 
variables (Table 4). The results from the GLMR include the results 
only for single field components and those laboratory behaviors that 
significantly explain the field behavior. Table 4 is organized to only 
show top models based on the AIC criteria and models that had ΔAIC 
of greater than 2 are not shown (Dingemanse et al., 2010). Most 
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notably, the field behavior of “exploration” was significantly corre-
lated with the laboratory behaviors of “escalated fights,” “moving for 
food,” “shelter use,” and “against wall.” Similarly, “digging” was sig-
nificantly correlated with “moving in maze,” “reaction,” “shelter use,” 
and “escalated behavior” while “foraging” in the field was correlated 
with “escalated fights” and “moving for food,” “non-escalated behav-
ior,” and “shelter use.” All other correlations are presented in Table 4. 
Field behaviors were subsequently grouped, based on overlapping 
correlated laboratory behaviors, for SEM analysis. For example, “ex-
ploration,” “digging,” and “foraging” were placed within one struc-
tural equation model that used “against wall,” “escalated behavior,” 
“movement for food,” “shelter use,” “movement in maze,” “reaction,” 
and “non-escalated behavior” as predictors. This structure is called 
a module and is a set of related behavioral phenotypes that is dem-
onstrated by which laboratory behaviors explain the field behavior. 
Based on the output of the GLMR, two different structures were 
chosen for subsequent SEM modeling: fighting behavior (agonism 
and struggle) and searching (exploration, digging, and foraging).

3.3 | SEM modeling results

Results from the SEM produced two different potential modules con-
necting the laboratory behavioral assays with the field assays (Table 5). 
The first potential module can be thought of as a broad structure that 
might include the three field behaviors, exploration–digging–foraging, 
which can be explained by the laboratory assays of against wall, esca-
lated behavior, movement for food, shelter use, movement in maze, re-
action, and non-escalated behavior (Table 5 and Figure 3). The second 
module structure connects the field behaviors of agonism–struggle 
with the laboratory assays of escalated behavior, against wall, shelter 
use, moving, and percentage of tank covered (Table 5 and Figure 4).

4  | DISCUSSION

The results from this study demonstrated three distinct findings 
for correlated behavioral phenotypes in the crayfish, O. virilis. First, 

TABLE  4 Top multiple regression models with ΔAICc below 2. Shading denote groupings for structural equation model construction

Field variable Lab variables Adjusted R2 F AICc ΔAIC Model weight

Exploration Against wall + Escalated + Moving for 
food + Shelter used

.63 11.07 57.40 0.00 0.387

Escalated + Moving for food + Moving in 
maze + Non escalated

.60 10.09 58.97 1.57 0.176

Digging Escalated + Moving in 
Maze + Reaction + Shelter used

.500 7.00 64.70 0.00 0.0799

Escalated + Moving for food + Moving in 
maze + Shelter used

.49 6.74 65.24 0.538 0.061

Moving in maze + Reaction + Retreat 
speed + Time eating

.46 6.08 66.69 1.99 0.030

Foraging Escalated + Moving for food + Non 
escalated + Shelter used

.48 6.49 65.79 0.00 0.110

Agonism Against wall + Escalated + Moving + Tank 
Covered

.71 15.62 51.17 0.00 0.209

Against wall + Moving for food + Shelter 
used + Tank covered

.69 14.26 52.87 1.69 0.089

Against wall + Moving + Retreat speed +Tank 
covered

.69 14.16 52.99 1.82 0.084

Struggle Escalated + Moving + Shelter used + Tank 
covered

.74 18.20 48.22 0.00 0.867

Predator 
Interaction

Moving in maze + Non escalated + Time 
eating

.30 4.49 70.68 0.00 0.030

Initiation + Moving in maze + Non esca-
lated + Time eating

.35 4.33 70.99 0.32 0.026

Moving for food + Moving in maze + Non 
escalated + Time eating

. 5 4.22 71.28 0.61 0.022

Moving in maze + Non esca-
lated + Reaction + Time eating

.34 4.09 71.64 0.96 0.019

Against wall + Moving in maze + Non 
escalated +Time eating

.32 3.94 72.06 1.38 0.015

Initiation + Non escalated+ .20 4.00 72.16 1.49 0.014

Moving in Maze + Time Eating .19 3.85 72.42 1.73 0.013
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correlate phenotype structures exist that can be elucidated from 
laboratory studies to predict behaviors in the field under more 
complex settings (Figures 3 and 4). This study found two different 
phenotype structures that explained five different field behaviors. 
These structures appear to correlate well with behavioral correlates 
described in previous work from which our definitions of modules 
and behavioral axes were taken (Mazué, Dechaume- Moncharmont, 
& Godin, 2015; Réale, Reader, Sol, McDougall, & Dingemanse, 
2007). The first module can be defined along the established 

exploration–avoidance behavioral axis and coupled with the labora-
tory behaviors associated with movement against wall, escalated 
behavior, movement for food, shelter use, movement in maze, re-
action, non-escalated behavior) (Figure 3 and Table 5). These be-
haviors together are linked with the field behaviors of exploration, 
digging, and foraging. As such, these behaviors are related to some 
aspect of a non-goal-directed movement throughout the environ-
ment. This module has been a common result across a wide array of 
species and conditions (Dingemanse, Both, Drent, Van Oers, & Van 

F IGURE  2 PCA for laboratory behavioral assays using normalized proportions (top row). Distribution of laboratory results with the first 
two axes, which explains 43% of the variation in data (a) and the first and third axes (b). The third axis explains an additional 14%. PCA for 
field behavioral assays using normalized proportions (middle row). Distribution of field results with the first two axes which explains 49% of 
the variation in data (a) and the first and third axes (b). The third axis explains an additional 17%. PCA for the combined laboratory behavioral 
assays and field behavior using normalized proportions (bottom row). [Colour figure can be viewed at wileyonlinelibrary.com]

Field variable Field behaviour R2
SEM Bootstrap 
p-value AIC

Exploration-digging-foraging Exploration: 
.71;Digging: .34; 
Foraging: .46

.15 668.02

Agonism-struggle Agonism: .78; Struggle: 
.76

.26 420.31

TABLE  5 SEM models of field behaviors 
using results from multiple regression 
models. SEM Bollen–Stine bootstrapping 
technique was conducted using 1,000 
iterations in the R “lavaan” package. 
Shading denote groupings for structural 
equation modeling as in Table 4

www.wileyonlinelibrary.com
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Noordwijk, 2002; Dingemanse, Both, Noordwijk, Rutten, & Drent, 
2003). Regarding our hypotheses, we did find some behavioral phe-
notypes that were correlated across the laboratory tests, but these 
correlations did not match our predictions for those field behaviors. 

With the behavioral modules found in these studies, only the classic 
bold–shy continuum seemed to be correlated both in the labora-
tory and the field. Finally, the only correlations that were matched 
by our a priori predictions were the individuals with high levels of 

F IGURE  3 The behavioral modules 
found from the behavioral matrix 
using laboratory assays to predict field 
behavior for the exploration–avoidance 
module. The purple boxes represent field 
behaviors, and the gray boxes represent 
laboratory behaviors. The lines represent 
correlations between behaviors with 
the number representing the strength of 
the correlation (the higher the number 
the stronger the correlation), and 
whether the correlation is positive or 
negative. [Colour figure can be viewed at 
wileyonlinelibrary.com]

F IGURE  4 The behavioral module 
found in laboratory, field, and laboratory 
and field settings for the bold–shy 
module. The meaning of the different 
numbers is explained in legend for 
Figure 3. [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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aggression in the laboratory also had high levels of aggression in 
the field.

The second module is related to the boldness–shy behavioral 
axis and involves a wide diversity of laboratory behaviors (escalated 
behavior, against wall, shelter use, moving, percent tank covered) 
(Figure 4 and Table 5). Together, these laboratory behaviors are pre-
dictive of the time spent in agonism or struggling found in the field 
behaviors. This module appears to line up with the classic bold–shy 
behavioral syndrome tested on many different organisms, where ag-
gression and boldness are linked (Azevedo & Young, 2006; Holbrook, 
Wright, & Pruitt, 2014; Wilson, Coleman, Clark, & Biederman, 1993). 
Certainly, aggression has been connected to boldness in different 
model species (Carter et al., 2010) and is used to explain behav-
iors observed in the laboratory to those in nature (Sneddon, 2003). 
Crayfish engage in agonistic contests over resources in both labora-
tory and field conditions (Bergman & Moore, 2003; Bergman et al., 
2003; Martin & Moore, 2007; Wofford, Earley, & Moore, 2015). 
Given the prevalence of aggressive interactions in this organism, it 
is not surprising to find a module that aligns laboratory assays with 
field aggression.

The second overall finding from these results demonstrated 
that some behaviors, from tests designed with specific behavioral 
phenotypes in mind, were correlated to each other, but uncon-
nected to the behavior performed in complex natural situations 
(Figure 2). For example, the initiation of agonistic contests and 
time spent in non-escalated behaviors are key factors in determin-
ing the outcome of contests and hierarchy status (Moore, 2007). 
Yet, these behavioral factors in a laboratory setting were absent 
from any correlations of agonism and aggressiveness found in the 
field setting. In a striking contrast, several laboratory behavioral 
results related to foraging were completely absent from any of 
the structural models that predicted foraging in the field (Table 4). 
Prior to laboratory tests, 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 sudden in-
crease in detrital abundance and the change in nutritional quality 
in the field might explain some of these results. These results indi-
cated that, despite the well-used design of the behavioral assays, 
the simplicity of the laboratory setting is not predictive of a similar 
behavior in the field.

Third and finally, not all of the field behavior was present in the 
models based on the laboratory assays despite the diversity of dif-
ferent laboratory designs (Figure 2 and Table 4). Three important 
field behaviors (shelter use, antagonism, and stationary behaviors) 
were absent from any of the structural equations models that were 
significant. Similar to the conclusions above, these field behaviors 
probably arise from a more complex array of sensory stimuli (sensory 
landscape) that, in turn, requires complex neural processing (Cronin, 
Johnsen, Marshall, & Warrant, 2014; Moore & Crimaldi, 2004). The 
simplicity of laboratory conditions and the lack of a realistic sensory 
landscape may not provide suitable range of behavioral responses 
that are evoked under field conditions.

4.1 | Connecting the field and laboratory assays

A more general conclusion from this work indicated that potential 
behavioral correlates connect behaviors observed from laboratory 
assays and behaviors observed in natural field settings. Still, certain 
laboratory behaviors were not good predictors of any field behaviors 
observed. The exploration assay and contradicting cues did not cor-
relate with any behaviors seen in the field setting, which is contrary 
to expectations (Stamps & Groothuis, 2010). In addition, some field 
behaviors were not correlated with, or explained by any of the labo-
ratory behaviors, such as mating, remaining stationary, and antago-
nism. These field variables were taken out of the analysis because a 
minority of the individuals exhibited these behaviors. Clearly, some 
of the laboratory assays elucidated phenotypes that were absent in 
the field, which indicated that caution should be taken in attempt-
ing to derive the presence of field-based phenotypes from purely 
laboratory studies.

Many current studies of behavioral phenotypes have called 
for the need to relate them to fitness consequences (McGlothlin, 
Moore, Wolf, & Brodie, 2010; Sih et al., 2015; Smith & Blumstein, 
2008; Wolf & Weissing, 2012). Different behavioral phenotypes 
have had consequences for mate selection (Godin & Dugatkin, 
1996), the survivability in predator–prey interactions (Lima & Dill, 
1990; Milinski et al., 1997), parental care (Budaev et al., 1999), and 
dispersal (Dingemanse & Réale, 2005; Sih, Bell, & Johnson, 2004a, 
b). Still, based on the results from this study, caution should be taken 
to extend some phenotypes discovered purely from laboratory stud-
ies to fitness consequences in field settings. Certainly, the contex-
tual plasticity of laboratory sensory conditions is more simple than 
natural conditions (Stamps, 2016) and an approach where laboratory 
studies depend upon a multidimensional approach to context may 
be critical (Dosmann & Mateo, 2014; Westneat et al., 2011, 2015).

Contextual plasticity could explain the existence of modules in 
some of the field assays. If some taxa, such as crayfish, have limited 
contextual plasticity, phenotypes may arise under certain ecological 
conditions such as a limited resource distribution or certain level of 
predation threat (Coleman & Wilson, 1998; Dingemanse et al., 2007, 
2010). Testing populations that inhabit environments with different 
levels of predation threats or even different distributions of sensory 
landscapes may produce a different outcome (Biro et al., 2004). 
Within crayfish, recent work has shown that even a simple environ-
mental influence, such as flow (which subsequently structures ol-
factory signals), produces different behavioral patterns in foraging 
assays (Jurcak & Moore, 2016; Moore et al., 2015). Yet, even these 
studies measured behavioral patterns under the limited complexity 
of laboratory settings.

Nervous systems can be sculpted by previous experiences even 
on the scale of days (Yeh, Musolf, & Edwards, 1997; Yeh et al., 1996). 
Developmental plasticity and the resulting behavioral phenotype 
are based in the underlying neuroarchitecture and functionality of 
the synaptic connections as it is altered by environmental condi-
tions. The plasticity of nervous system may be a possible mechanism 
that explains the existence of similar behavioral responses across 
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the varied contexts seen in this study. The diverse array of sensory 
stimuli in space and over time (sensory landscape and those con-
comitant experiences) under which organisms develop could be crit-
ical in determining not only where an individual’s behavior falls on 
a spectrum, but could also determine which behavioral phenotypes 
are even present within a population.

5  | CONCLUSION

This study has demonstrated that some laboratory behaviors are 
correlated to behaviors seen under realistic environmental condi-
tions. In addition, some field behaviors are not explained by their 
laboratory counterparts and some laboratory behaviors are uncon-
nected to behaviors elicited under natural conditions. Certainly, cau-
tion must be taken when extrapolating behavioral phenotypes from 
the more simplistic laboratory conditions to the complex environ-
mental of natural field conditions.
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450 0.813144 0.525556 0.772736 0.903915 1 0.187891 1 1

454 0.113402 1 0.029721 0.953737 0.262136 0.849687 0.666667 0.5

35 0.900773 0.147778 0.72293 0.153025 0.048544 0 0.5 0.227273

314 1 0.59 1 0.658363 0.203883 0.004175 1 1

326 0.751289 0.508889 0.754161 0.238434 0.174757 0.146138 1 0

350 0.731959 0.26 0.548717 0.039146 0.087379 0.100209 0.916667 0.681818

356 0.449742 0.098889 0.334852 0.316726 0.009709 0.006263 1 1

462 0.728093 0.524444 0.672677 0.44484 0.116505 0.131524 1 0.954545

472 0.684278 0.304444 0.849979 0.928826 0.237864 1 1 0.409091

482 0.832474 0.66 0.706311 0.284698 0.699029 0.066806 1 1

485 0.775773 0.708889 0.562339 0.879004 0.174757 0 0.916667 0.272727

490 0.889175 0.327778 0.73162 0.903915 0.427184 0.549061 1 0.545455

11c 0.929124 0.514444 0.797527 0.487544 0.179612 0.235908 1 0.5
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Retreat 
speed

Food 
consume

Shelter 
used

Moving for 
food

moving in 
maze Consume time eating Exploration Foraging

0.75 0.373563 0.720457 0.384106 0.928753 0.599754 0.434733 0.121062 0.02984

1 0.482759 0.848793 0.905077 0.407125 0.615764 0.217941 0.072383 0.195177

0 0 0.057179 0.238411 0.124682 0.517241 0.120759 0.262373 0.047

0.208333 0.821839 0.917408 0.302428 0.022901 0.533251 0.016101 0.285683 0.096383

1 0 0.050826 0.342163 0.384224 0.54064 0.173088 0.06922 0.384355

0.791667 0.425287 0.604828 0.761589 0.160305 0.474138 0.06268 0.112026 0.23818

0.666667 0.436782 1 0.388521 0.6743 0.347291 0.905693 0.055089 0.316403

0.708333 0.264368 0.236341 0.598234 0.175573 0.445813 0.055204 0.181997 0.21907

0.25 0.695402 0.939009 0.620309 0.180662 1 0.218516 0.211178 0.142115

0.416667 0.488506 0.038119 0.293598 0.97201 0.692118 1 0.072822 0.168223

0.625 0.632184 1 0.417219 0.043257 0.495074 0.013801 0.02962 0.461509

1 0.310345 0.194409 0.479029 0.59542 0.756158 0.93042 0.206667 0.195632

1 0.132184 1 1 0.3257 0.603448 0.116734 0.143197 0.080228

0.708333 0 0.011436 0.18543 0.508906 0.615764 0.572168 0.13451 0.366895

0.125 0 0.709022 0.397351 0.908397 0.453202 0.434733 0.127671 0.031776

1 1 0.841169 0.85872 0.427481 0.660099 0.232892 0.072926 0.206677

1.291667 0 0.104193 0.242826 0.127226 0.615764 0.128235 0.25123 0.049732

0.25 0.672414 0.917408 0.302428 0.022901 0.440887 0.010926 0.297903 0.10149

1 0.563218 0.012706 0.443709 0.379135 0.789409 0.179413 0.067415 0.386083

0.416667 0.557471 0.604828 0.783664 0.157761 0.463054 0.039678 0.11205 0.242909

0.333333 0.597701 1 0.388521 0.666667 0.671182 0.909143 0.058561 0.333163

0.333333 0.275862 0.243964 0.578366 0.173028 0.539409 0.064405 0.183803 0.234649

0.5 0.574713 0.936468 0.624724 0.183206 0.449507 0.212191 0.198796 0.129722

0.583333 0.810345 -0.00127 0.280353 1 0.437192 1 0.076257 0.172745

0.583333 0 0.365947 0.710817 0.167939 0.688424 0.048304 0.031313 0.469119

Shelter Stationary Mating Digging Agonism Antagonism
Predator–
prey Struggle

0.719645 0.045825 0 0.078559 0.000174 0 0.007524 0.001458

0.644184 0.066331 0 0.000207 0.001153 0.000496 6.92E-05 0.000357

0.55058 0.128841 0 0.014134 0.000564 4.7E-05 0.000788 0.002352

0.254208 0.315105 0.004811 0 0.001994 0 4.64E-05 0.000962

0.45264 0.091752 0 0.001822 0.004462 7.01E-05 0.000923 0.000152

0.452997 0.053082 0.10255 0.004146 0.004532 0 0.001245 0.000919

0.395407 0.109065 0 0 0.134818 1.17E-05 0.000363 0.000176

0.497845 0.090598 0 0 0.00151 0 0.004787 0.000848

0.589348 0.073338 0 0.043624 0.002418 0.000349 0.000199 0.002181

0.30461 0.228163 0.190814 0.003089 0.000606 0 0.000595 0.04094

0.203091 0.263451 0 0.000289 0.000877 0 3.46E-05 0.015064

0.076138 0.513194 0 0 0.001882 0 0.000289 0.001905

0.246574 0.519979 0 0 0.001841 0 0.006754 0.001427

0.341981 0.178979 0 0 0.001802 0 0.000249 0.002359

0.707406 0.044576 0 0.082846 0.000178 0 0.002904 0.001553

0.668923 0.071599 0 0.000213 0.001162 0.000486 7.11E-05 0.000367

0.582698 0.133751 0 0.014957 0.000545 4.74E-05 0.003698 0.002252

(Continues)
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Shelter Stationary Mating Digging Agonism Antagonism
Predator–
prey Struggle

0.252095 0.315705 0.005156 0 0.002074 0 0.004373 0.001007

0.440899 0.097745 0 0.00192 0.004528 7.11E-05 0.000972 0.000142

0.466441 0.049969 0.102568 0.004184 0.00448 0 0.000723 0.000924

0.380323 0.104903 0 0 0.139227 0 0.000356 0.000178

0.482477 0.090574 0 0 0.001541 0 0.000415 0.000865

0.588435 0.071824 0 0.041482 0.002228 0.000344 0.000178 0.002086

0.309708 0.229659 0.192064 0.003224 0.000604 0 0.001031 0.040368

0.198097 0.256966 0 0.000296 0.000853 0 3.56E-05 0.015621

APPENDIX B
PCA loadings used for the structural equation modeling

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7

Laboratory behaviors

TID 0.143 0.266 0.153 −0.167 −0.101 −0.385 0.116

Retreating speed 0.028 0.146 0.348 −0.083 −0.422 −0.383 0.433

Reaction distance −0.138 0.229 0.547 0.033 0.079 0.162 0.318

Time spent touching 
wall

−0.026 0.154 0.496 −0.109 −0.306 −0.049 −0.582

Time spent 
exploring

−0.187 0.603 −0.412 −0.471 0.170 0.188 0.148

Percent of tank 
covered

−0.022 0.726 −0.284 −0.320 0.273 −0.068 0.152

Time spent at 2–3 0.184 0.080 0.258 −0.714 −0.076 −0.348 −0.162

Time spent at 4–5 0.813 0.041 −0.008 0.217 0.335 −0.161 −0.165

Time to start 0.631 0.487 0.086 0.044 −0.230 −0.144 −0.373

Food consume 
(maze)

−0.007 0.117 0.239 0.055 −0.522 −0.058 −0.217

Time in arm 0.765 0.002 −0.370 0.007 −0.159 −0.225 −0.193

Time spent moving 
toward food

0.528 0.024 −0.626 −0.024 −0.308 −0.260 0.101

Food consume 
(conflict)

0.108 0.523 −0.081 −0.001 0.190 0.469 −0.155

Time in shelter −0.243 0.595 −0.084 0.057 0.576 −0.116 −0.236

Time spent moving 
toward food

−0.310 0.701 0.329 −0.262 −0.105 −0.036 0.134

Field behaviors

Exploration −0.554 −0.461 0.033 −0.256 0.171 0.071 −0.523

Agonism 0.464 0.257 −0.115 0.398 0.484 −0.424 −0.102

Antagonism −0.344 0.691 0.073 0.187 −0.402 0.103 −0.237

Predator–prey −0.357 −0.221 −0.306 −0.465 0.078 −0.511 0.215

Shelter −0.566 0.283 −0.500 0.336 −0.340 −0.130 0.004

Foraging 0.498 0.118 0.533 0.443 0.026 0.056 0.338

Stationary 0.266 −0.237 0.398 −0.642 0.220 −0.090 −0.108

Mating 0.528 −0.014 −0.339 −0.317 −0.207 0.539 0.092

Digging −0.427 −0.057 −0.713 0.133 −0.173 −0.187 −0.129

Struggle 0.663 −0.013 −0.315 −0.397 −0.223 0.413 0.054
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Factor 8 Factor 9 Factor 10 Factor 11 Factor 12 Factor 13 Factor 14 Factor 15 Factor 16

0.385 −0.589 0.234 0.072 −0.314 −0.089 −0.021 −0.021 −0.146

0.056 0.088 0.098 −0.478 0.266 −0.028 0.049 0.025 −0.031

0.174 0.430 0.226 0.350 −0.120 −0.153 0.248 −0.060 −0.008

−0.420 −0.084 −0.006 −0.015 0.018 −0.114 0.155 0.216 −0.108

−0.055 −0.269 −0.127 0.096 0.110 −0.036 0.031 0.045 0.053

−0.114 −0.180 0.052 0.139 0.315 0.023 0.126 0.008 −0.048

−0.246 0.083 0.161 0.190 −0.128 0.137 −0.105 0.071 0.196

−0.172 −0.085 −0.060 −0.110 −0.025 −0.006 0.245 −0.026 0.067

−0.154 0.116 −0.082 −0.102 −0.167 −0.013 0.007 −0.226 −0.005

0.526 −0.034 −0.341 0.200 0.123 0.370 0.125 −0.013 0.010

0.200 0.183 0.160 0.098 0.155 −0.097 −0.049 0.107 −0.064

0.149 0.265 0.031 0.120 0.001 −0.140 −0.037 0.111 0.064

0.434 0.111 0.204 −0.279 −0.168 0.115 0.025 0.240 0.063

0.132 0.199 −0.255 −0.169 −0.091 −0.066 −0.020 −0.025 −0.018

−0.199 0.272 −0.150 0.066 −0.060 0.089 −0.174 0.020 −0.128

0.137 −0.056 0.255 −0.037 0.093 0.047 0.005 −0.031 −0.047

0.026 0.048 0.186 0.091 0.116 0.210 −0.083 −0.050 −0.067

0.153 −0.044 0.128 −0.117 0.065 −0.166 −0.075 −0.132 0.117

−0.005 0.123 −0.063 −0.237 −0.231 0.156 0.156 −0.004 0.013

−0.196 −0.019 0.203 0.025 −0.054 0.060 0.083 −0.042 0.072

−0.103 −0.181 −0.228 0.017 −0.100 0.019 −0.061 0.146 0.037

0.340 0.113 −0.201 −0.040 0.117 −0.204 −0.027 −0.063 0.004

−0.161 0.191 0.129 −0.085 −0.073 0.167 0.009 −0.067 −0.190

0.056 0.084 −0.330 0.085 −0.132 −0.156 0.029 0.078 −0.093

−0.005 −0.206 −0.120 −0.041 −0.052 −0.042 0.037 −0.089 0.054

Factor 17 Factor 18 Factor 19 Factor 20 Factor 21 Factor 22 Factor 23 Factor 24

−0.004 0.041 −0.012 0.001 0.001 0.000 0.000 0.000

0.111 0.010 −0.025 0.011 0.001 0.001 0.000 0.000

0.040 −0.039 −0.016 0.007 0.001 0.000 0.000 0.000

−0.047 −0.020 −0.009 0.013 −0.009 −0.004 −0.001 −0.001

0.031 −0.030 −0.026 0.009 −0.008 −0.007 0.000 0.003

−0.009 −0.005 0.036 −0.022 0.003 0.011 0.000 −0.001

0.094 0.018 −0.032 −0.011 0.004 0.001 −0.001 −0.001

−0.022 0.078 0.002 0.002 0.018 0.003 −0.001 0.001

0.067 −0.034 0.047 −0.008 −0.009 0.003 0.002 0.002

−0.009 0.018 −0.019 0.000 0.000 0.000 0.000 0.000

−0.020 −0.051 −0.019 −0.025 0.009 −0.010 0.005 0.000

−0.087 0.040 −0.012 0.025 −0.007 0.014 −0.001 0.001

0.035 0.004 0.056 0.000 −0.001 −0.001 0.000 0.000

0.001 0.034 −0.100 0.000 −0.004 0.001 0.002 −0.001

−0.057 0.030 0.040 0.021 0.015 0.002 0.002 0.000

0.030 −0.045 −0.021 0.013 0.006 0.019 0.002 0.001

0.027 −0.063 0.010 0.027 −0.008 −0.004 −0.003 −0.001

−0.088 −0.057 −0.019 −0.012 0.009 0.001 −0.004 −0.001

−0.113 −0.096 0.009 −0.007 0.000 −0.001 0.000 0.000
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Factor 17 Factor 18 Factor 19 Factor 20 Factor 21 Factor 22 Factor 23 Factor 24

0.008 0.057 0.014 −0.002 −0.014 0.003 0.004 −0.002

0.001 −0.081 −0.021 −0.016 −0.005 0.016 0.001 −0.001

−0.018 0.032 0.050 −0.009 −0.014 0.002 −0.001 −0.002

−0.007 0.025 −0.049 −0.020 −0.005 0.004 −0.003 0.000

0.148 −0.028 0.021 −0.006 0.008 0.003 −0.003 −0.001

0.022 −0.059 −0.009 0.038 0.006 −0.001 0.002 −0.003
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