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ABSTRACT

Spatial learning, or the process by which animals gather and use information within their
environment to navigate and remember the location of stimuli, is of significant ecological
importance. Spatial learning is commonly studied in vertebrates using various types of mazes. In
this experiment two types of mazes (multiple-turn maze, consecutive T-maze) were used to
determine if aquatic arthropods exhibit spatial learning. Three cohorts of red swamp crayfish
(Procambarus clarkii) were given the opportunity to learn two mazes using food as a motivator
over two consecutive six-week periods. The crayfish were exposed to the multiple turn maze first
and then to the consecutive T-maze. The prediction was that exposure to the multiple turn maze
would improve crayfish performance in the consecutive T-maze. Time to completion was
measured and the number of wrong turns was counted for each individual in the conditioned
group in each maze type; a control or unconditioned crayfish was placed in a maze start gate so
that all crayfish were handled in the same way but was not allowed to try to learn the maze. After
the 4-week conditioning period, all crayfish underwent a 1-week latency period and conditioned
and unconditioned crayfish were then tested in the maze without the motivator to determine if
spatial learning had taken place. Crayfish then were conditioned in the T-maze in the same
fashion. Although there was a great deal of variability, conditioned crayfish showed some
improvement in completion time in both the multiple- turn maze as well as the consecutive T-
maze, and the number of wrong turns decreased slightly, but they did not show improvement
when compared to the control group. The starting mean completion time for the multiple turn
maze conditioned group was 1745.81 sec and by week 6 was 1653.29 sec compared to the

unconditioned mean of 1082.41 sec. The starting mean for the consecutive T-maze conditioned



group was 831.62 sec and by week 6 was 397.44 sec compared to the unconditioned 834 sec.
The starting mean number of wrong turns for the multiple turn maze conditioned group was 2.5
and by week 6 was 1.9 compared to the unconditioned mean of 1.76. The starting mean for the
consecutive T-maze conditioned group was 1.62 and by week 6 was 1.67 compared to the
unconditioned 2.25. There were also no notable differences in the mean completion time 1653.29
sec vs 1082.41 sec (df = 38.527, t=1.497, p=0.143) between the conditioned and unconditioned
crayfish in the multiple-turn maze. A repeated-measures ANOVA with all cohorts combined
showed that there was a difference between weeks in mean completion time (df = 4, F = 2.806, p
=0.031), with mean times in week 3, 1548.89 sec, being lower than those in week 2, 2202.82
sec, (mean difference=-1048.7; p = 0.032). Although the mean number of wrong turns for all
cohorts combined showed a slight downward trend, there was no statistical difference between
weeks (df = 4; F = 0.099; p = 0.983). The mean number of wrong turns, was similar, 1.9 vs 1.76
(df = 33.644, t=0.281, p=0.780) between the conditioned and control groups. In the T-maze for
completion times, a repeated-measures ANOVA, with Greenhouse-Geisser correction, showed
similar completion times between weeks with mean completion times from week 1 through 6
being, 831.62 sec, 1052.86 sec, 601.5 sec, 917 sec, and 397.44 sec (df =4, F = 1.115, p = 0.353).
After the latency period, the mean completion time of the conditioned group dropped to about
half that of the unconditioned individuals, 397.44 sec vs 834 sec, but there was no statistical
difference (df = 26.853, t=-1.674, p=0.106). The number of wrong turns was similar between
weeks for the T-bar maze with mean number of wrong turns from week 1 to week 6 being, 1.62,
2.14,1.6,2,and 1.67 (df =4, F =1.611; p = 0.195). Although the number of wrong turns in
conditioned individuals, 1.67, was slightly less than that of the control group, 2.25, there was no

statistical difference (df = 21.180, t=-1.146, p=0.265). This experiment was marked by a great



deal of variability in the results due factors such as high mortality, molting, and aspects of the
experimental set up, such as training crayfish on mazes in bright light. Additional research is
warranted using larger sample sizes to evaluate responses with greater statistical power. This
experiment failed to provide evidence for spatial learning in Procambarus clarkii, but did not
eliminate the possibility for spatial learning to occur in this species. Crayfish are model
organisms for neurological studies due to their large easily accessible neurons, further studies are

needed to determine if spatial learning can be found in this species.
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CHAPTER I: BACKGROUND AND RELEVANCE

Learning is defined as a relatively permanent change in behavior as a result of experience
(Nordell and Valone 2021). Simple learning such as habituation (i.e., decreased response to
repeated stimuli) and sensitization (i.e., amplification of a response following repeated stimuli)
has been observed in many vertebrates and invertebrates (Perry et al., 2013). However spatial
learning, a more complex type of learning that plays an important role in adaptation to changing
environmental conditions (Mery, 2013), has mostly been studied in vertebrates (i.e., small
mammals) with some studies on invertebrates such as octopuses (e.g., Boal et al., 2000) and
insects (e.g., Collett, 2009). Spatial learning relies heavily on visual cues such as landmarks
(Heijiningen, 2022) and is the process by which animals gather information about their
environment and use it to navigate and remember the locations of stimuli (Floresco, 2014).
Alterations of behavior attributed to spatial learning are often used to measure memory
formation (Kastner et al., 2022). The goal of this research was to better understand spatial
learning and memory in crustaceans using mazes as the method and red swamp crayfish
(Procambarus clarkii) as the model organism.
Spatial Learning

Cognition is the process of learning, remembering, and using knowledge and is a vital
part of developing behaviors necessary for survival (Cherry, 2022). Cognitive ability varies
between species as well as between individuals within a population (Prentice et al., 2022) and is
likely heritable and subject to natural selection. Spatial learning occurs through a series of
cognitive processes in which animals acquire, process, store, and use information gathered from
the environment (Shettleworth, 2010). Arthropods, such as crustaceans and insects, live in

dynamic habitats in a multitude of complex environments and systems. They play important



roles as scavengers, predators, and prey organisms, and some are even considered habitat
modifiers (van der Zee et al., 2016), organisms which can alter their abiotic environment through
actions such as bioturbation. These organisms navigate different environments within their
habitats and as they move about gain information on landmarks, obstructions, and points of
interest. This spatial information is then presumably incorporated into the organism’s memory
and the stored information can then be recalled for later use.

In the brains of mammals, each temporal lobe contains a hippocampus which is one of
the most important regions of the brain associated with spatial learning (Savage & Ma, 2014).
The hippocampus is strongly associated with formation and storage of memories and is where
spatial learning is mediated (Kosaki et al., 2014). The rear part of the hippocampus is thought to
be where spatial memories are processed (Guy-Evans, 2021). Although invertebrates do not have
the same brain structures as vertebrates, they are able to form and store memories (Sanchez,
2014). In invertebrate brains the learning centers which are responsible for the storage of
memory are different than those of mammals; for example, in insects it is the mushroom body, in
octopi the vertical lobes, and in terrestrial slugs the precerebral lobes (Menzel & Benjamin,
2013).

In humans, spatial learning is a form of declarative memory, i.e., consciously recalled
information based on facts and events (Burgess et al., 2002). In animals it can be difficult to test
spatial learning using declarative memory due to their inability to follow verbal direction or to
respond verbally (Stark, 2010). However, there are methods in which declarative memory can be
tested in animals that do not require a verbal response. Rodents, typically rats and mice, are often
used to study memory with the use of mazes such as the Morris water maze (Vorhees &

Williams, 2014). The Morris water maze consists of a pool of opaque colored water with an



escape platform hidden just below the surface. Animals cannot rely on scent or sight to find the
escape route and therefore must learn and remember where it is over repeated trials (Nunez,
2008).

Invertebrates like crustaceans can also be excellent subjects for research on learning and
memory due to their less complex nervous system (Schnaitmann, 2010). They can be tested
using methods similar to those used in vertebrate studies, such as mazes, and, because they are
relatively small, fewer resources are needed to conduct the research or for their maintenance.
Overview: Learning in Invertebrates

Ninety-five percent of known species are invertebrates (McConnell, 1966) making them
valuable subjects in learning research. Invertebrates are less structurally complex (e.g., have
fewer neurons) than mammals which can make it easier to study learning behavior. Most
invertebrate nervous systems contain only a few thousand cells making them significantly
smaller and easier to study when compared to the several billion cells of the vertebrate nervous
system (Kesner et al. 1990). For example, the central nervous system of insects is small and
highly compartmentalized with obvious separations between neurons which makes them ideal
organisms for studying learning and memory (Hammer & Menzel, 1995).

Bees are one of the most common invertebrate animal models for studies of learning.
Because bees feed on the nectar and pollen of flowering plants and are important pollinators,
studies of how they perceive their world could have a significant impact on food production
(Kevan & Menzel, 2012). Most learning studies on bees are appetitive with a neutral stimulus
paired with a reward, but there have been some studies using simple mazes (Nouvian & Galizia,
2019). There have been many studies of how bees navigate and how they find food. Do they fly

aimlessly hoping to find flowers, or do they learn what to look for when searching? Bees exhibit



two types learning: associative, which involves encoding of relationships between stimuli, and
latent, which is the retention of information without reinforcement, (i.e., observatory). While
both types play a role in spatial learning, latent learning is the more important of the two since
bees often learn from observing one another (Menzel, 1993). Honey bees learn that specific
scents, colors, and geometrical patterns are associated with food (Heinrich, 1984). Bees also use
and remember landmarks to navigate and find their way to and from food sources (Cartwright &
Collett, 1983). Not only are bees capable of seeing the colors of flowers and picking up on their
scents, they can also remember and distinguish one flower from another nearby flower and visit
only those that offer enough nectar and pollen to be worth visiting (Menzel & Erber, 1978).

Another invertebrate favored for the study of learning and memory is the sea hare
(Aplysia spp.) because the obvious defensive withdrawal of the mantle organs can be readily
elicited and quantified (Rankin & Carew, 1987). Aplysia have some of the largest neurons in the
animal kingdom (up to 1.1 mm in diameter) and are model organisms for study of the role of
neurons in learning and behavior (Moroz, 2011). Studies of learning in Aplysia consist of
aversive classical conditioning experiments where stimuli are used to elicit head and siphon
withdrawal, inking, or escape locomotion (Walters et al., 1981). The large neurons in Aplysia can
also be directly manipulated. Withdrawal behaviors can be elicited by physically or chemically
stimulating part of the body, but the large neurons of Aplysia can be isolated and stimulated
directly. These responses can be quantified allowing researchers to locate the specific neuron(s)
that controls a response (Argranoff et al., 1999).

The withdrawal reflexes of Aplysia can not only be used to study learning to associate
stimuli with danger or with food, but also whether or not these processes are affected by aging.

In a study by Kempsell and Fieber (2015), Aplysia californica were subjected to a series of



behavioral and electrophysiological experiments where a reflex was triggered and measured.
This was done during two periods in their lives, once when they were mature at 7-8 months old
and again at 12-13 months old nearing the end of their lifespan. Reflex performance was
significantly decreased in the older animals compared to the mature animals indicating that the
neurons responsible for governing nonassociative learning were compromised with age.

One of the more charismatic invertebrates appearing in studies of learning and memory
are cephalopods such as squid and octopus. While many invertebrates are small and go unseen,
the larger cephalopods with their relatively large brain and interesting behaviors have captured
the attention of non-scientists as well as scientists seeking to understand consciousness in non-
human animals (Mather, 2020). Cephalopods are interesting creatures for studying learning in
invertebrates because, unlike Aplysia which have few large neurons, the cephalopod nervous
system comprises half a billion fairly small neurons and is larger than most other invertebrate
nervous systems as well as the nervous systems of some primitive vertebrates (Turchetti-Maia et
al., 2019). While the larger number of neurons in comparison to other invertebrates makes them
interesting subjects, it does make it more difficult to pinpoint where memory is stored and which
neurons might be associated with a specific behavior. There are some studies on the chambered
nautilus (Nautilus pompilius), which has a less complex brain than more modern cephalopods
like octopuses (Crook & Basil, 2013). Studies using classical conditioning as well as modified
mazes showed that capacity for learning and long-term memory retention in chambered nautilus
was similar to that of their soft-bodied relatives (Basil & Crook, 2021).

Octopus and mammal memory systems share functional and structural similarities despite
different brain organization (Darmaillacq et al., 2014). Vertebrate brains consist of a cerebral

cortex, thalamus, basal ganglia, midbrain, cerebellum, hypothalamus, brain stem, and spinal cord



(Shigeno et al., 2018). The cephalopod brain has a ganglia-like structure that is typical of
invertebrates with densely packed neural cell bodies in the outer layer and branched processes
and synapses in the neuropil (Deryckere & Seuntjens, 2018). Cephalopods have well-developed
eyes and olfactory organs which make them excellent candidates for studies of spatial learning.
The cuttlefish (Sepia officinalis) exhibited spatial learning during modified maze experiments
(Karson et al., 2003). Spatial learning in cephalopods has also been explored using detour
experiments. In these experiments, the subject must attempt to reach a stimulus that is blocked
from direct view. Spatial learning is demonstrated when the subject is able to maintain its
position relative to the stimulus even after its view has been obstructed (Alves et al., 2007).
During an experiment with an octopus, the octopus needed to either maintain contact with the
wall obstructing its view, or if it could not touch the wall, it had to train its sight on the wall.
While the octopus did not exhibit evidence of spatial representation (i.e., knowledge/memory of
the position of the out-of-sight but desired stimulus) the experiment did show that octopuses
have the capacity to develop strategies for solving spatial tasks.

Studies on learning and memory in crustaceans are becoming more common partially due
to the number of introduced or invasive crustaceans that are being found in freshwater and
marine systems (Weis, 2010). The ability to learn may contribute to success of species invasions
and/or expansions because introduced or invasive species may be able to adapt better and more
quickly to changing environmental conditions and/or competition than native species.
Crustaceans have small, simple nervous system making them good model organisms for
neurophysiological research (Bukowski-Thall, 2020). The nervous system of most crustaceans
consists of a supraesophageal ganglion, connected to a ventral nerve cord of ganglia or to nerve

centers (Gordon & Green, 2022).



Crabs in the genus Chasmagnathus are commonly used model organisms in neurobiology
studies, particularly context-signal memory experiments where a stimulus is presented eliciting
an escape response and memory of the stimulus is studied over time and exposure (Tomsic &
Romano, 2013). When Chasmagnathus crabs were repeatedly exposed to a fear stimulus, such as
a potential predator, the fear response decreased over time and the memory of the reduced
response was retained (Maldonado, 2002). In another study on Gelasimus dampieri by Donohue
et al., visual cues were used to study how fiddler crabs made escape decisions. During this
experiment crabs were placed on specialized treadmills surrounded by four computer monitors
which could depict a threat coming toward them at varying speeds, sizes and angles. Using these
methods, they were able to determine that crabs can accurately gage angular size and speed of
potential threats and modify their escape responses to those and other factors such as distance
from shelter accordingly (Donohue et al.).

Studies of the homing behavior of fiddler crabs have also shed light on spatial learning
and navigation in crustaceans. Fiddler crabs (Uca rapax), aligned the transverse axis of their
body with their burrow entrance when foraging and were able to return to the burrow even when
they were displaced or if the entrance to the burrow was covered (Layne et al., 2003).
Experiments to determine the methods of path integration used by fiddler crabs consisted of
placing them on rotating disks to reorient them as well as having them run over a slippery
surface which affected their running velocity. Results from these spatial experiments showed that
when there running velocity was reduced, crabs stopped short of their burrows suggesting that
path integration was determined either by leg proprioceptors or by efferent commands (Layne et

al., 2003).



Spatial Learning in Crayfish

There are over 500 species of crayfish in the world with 400 species in North America
and around 353 species inhabiting the waters of the United States (Helfrich & DiStefano, 2020).
Crayfish are economically important with ~80,000 tons valued at over $200 million USD farmed
or caught worldwide each year (Helfrich & DiStefano, 2020). With so many species, crayfish are
in the unique position of being both keystone species and invasive species (Bittel, 2019). Studies
of learning in crayfish have shown that one of the key factors in a species becoming invasive is
the ability to retain information longer after exposure to stimuli. For example, in Italy the
invasive red swamp crayfish (Procambarus clarkii) retained learned association of certain
olfactory cues to food and predation longer than the native white-clawed crayfish
(Austropatmobius pallipes) (Hazlett et al., 2002).

Decapod crustaceans such as crayfish rely heavily on visual cues and landmarks for
navigation and other activities. Rusty crayfish (Orconectes rusticus) were able to navigate a
maze using only egocentric (directional) response cues but had less success when using only
external (landmark) place cues; crayfish had the most success when the two cues were used
together (Tierney et al., 2018). Crayfish have been used as a model organism for the study of
specific neural circuitry (University of Maryland, 2010). They make good subjects in learning
studies because they have a few large and accessible neurons in a modularly organized nervous
system (Jackson & van Staaden, 2019). Crayfish have movable stalked compound eyes giving
them a broad field of view and increased binocular spread (Cronin, 1986). On top of good vision,
crayfish also possess an impressive sense of smell (Wood & Moore, 2020).

The Australian crayfish (Cherax destructor), uses visual cues to recognize and remember

individuals that have been encountered during fights (Van der Velden et al., 2008). Olfactory



cues may also be useful especially if visual cues are obscured or absent, such as in murky water.
Odorants are dispersed via currents and provide alternate or complementary (i.e., combined with
visual cues) ways of finding food or avoiding predators. Spatial learning in crayfish appears to
rely on both olfaction and sight. Without olfactory cues to point them in the right direction,
crayfish were unable to locate food and other stimuli as quickly as when olfactory cues were
present (Michaelis et al., 2020).
Using Mazes in Studies of Spatial Learning

Spatial learning and memaory acquisition can be assessed using a variety of mazes (Dean,
2019). Mazes serve as an artificial environment in a controlled setting where spatial information
can be manipulated, and spatial learning can be observed. Thorndike (1999) described the
process of learning as consisting of motivation, random responses, elimination of unsuccessful
responses, and fixation of successful responses which satisfy a motive. Although these features
of learning are mostly used to describe learning in humans, they also apply to studying learning
and memory in non-human animals including invertebrates like crayfish. Mazes used in a variety
of animal studies fulfill all of Thorndike’s factors for learning. Within the maze there is
motivation, the reward for solving the maze. While navigating a maze animals will exhibit
random responses as they attempt to find their way through and over time, if learning is taking
place, they should begin to eliminate wrong turns or unsuccessful paths. Finally, if learning is
taking place, the animal should fixate on the promised reward at the end of the maze, improving
their performance over time. Maze studies allow acquisition of spatial learning to be quantified
(Davies et al., 2019) because organisms can be tested in the same way over time. The
expectation is that if spatial learning is occurring then the time needed to complete the maze

would decrease and/or the accuracy of performance of the maze would improve.



One of the most famous mazes used in the study of spatial learning is the Morris water
maze (D’Hooge & De Deyn, 2001) named after Richard Morris who invented it and patented it
in 1984 (Nunez, 2008). Rodents are placed in an open swimming arena with a submerged
platform which would allow them to escape. Spatial learning is measured over the course of
multiple trials in which the amount of time it takes the rodent to swim to the escape platform is
measured along with the rodent’s preferred route (Vorhees & Williams, 2006). Other common
mazes used to assess spatial learning include the radial arm maze, multiple-turn maze, and one-
decision or multiple-decision T- mazes or Y-mazes; these mazes are “baited,” often with a food
reward.

Spatial learning has not been well studied in aquatic arthropods (Davies et al., 2019) such
as crayfish. Crustaceans, in general, have demonstrated a range of navigational behaviors to find
food and shelter (Boles & Lohmann, 2003), but studies on spatial learning and memory have
been limited to simple one-decision Y- or T- mazes. In these mazes there is only one choice to be
made before finding the reward. In the research reported herein, two kinds of mazes, a multiple-
turn maze and a consecutive T-maze, which both require several decisions before the reward is
found and the maze can be considered completed. Developing a better appreciation of memory
and spatial learning in the red swamp crayfish, which is invasive in some parts of the world, will

further our understanding of their habitat use and resource exploitation.

10



CHAPTER II: OBJECTIVES AND APPROACH

The purpose of this study was to develop a better understanding of spatial learning and
memory in the red swamp crayfish using two types of mazes. Davies et al. (2019) demonstrated
that, after a four-week conditioning period and a latency period of one-week green shore crabs
(Carcinus maenas), which are considered invasive throughout much of the world, completed a
multiple-turn maze faster and with fewer wrong turns when compared to the control group. They
suggested use of a T-maze in future studies as the next step in understanding spatial learning in
these animals.

Crayfish were chosen for this study because they are easily obtained (i.e., can be
purchased) and make good subjects for research on memory and learning since their
neurobiology has been studied for over fifty years (Edwards et. al., 1999). In addition, they have
good eyesight and a good sense of smell (Wheeler, 2022) so use of maze completion times and a

count of wrong turns to study spatial learning is appropriate.

11



CHAPTER Ill: MATERIALS AND METHODS

For this experiment four waterproof mazes (2 multiple-turn mazes and 2 multiple
(consecutive) T-mazes) were constructed of plastic lumber and galvanized hardware cloth.
Mazes were sized to fit within a 50cm x 76cm x 13cm wading pool that was filled with
dechlorinated water. The multiple turn maze was constructed to have the same design and
structure as a maze from a recent, similar spatial learning experiment on Carcinus maenas
(Davies et al., 2019). The authors of that study suggested doing the experiment again using
several other methods including a consecutive T-maze. The consecutive T-maze (Figure 2)
designed for the current study was structured differently but consisted of the same number of
possible right and wrong turns.

Crayfish were divided into an experimental (or conditioned) group and a control (or
unconditioned) group. The conditioned group was first trained on a multiple-turn maze (Figure
1) and then exposed to a consecutive T-maze (Figure 2) to determine if training on the multiple-
turn maze facilitated learning the T-maze. Control individuals were left in the maze “starting
gate” while conditioned individuals were allowed to learn the maze to ensure that handling stress
for control individuals was similar to that of conditioned individuals. The times/success of
control individuals when allowed into a maze was then compared to conditioned individuals after
a period of latency and when exposed to an unbaited maze. These comparisons were used to
determine if spatial learning had occurred.

A small group of test subjects was purchased to ensure that housing, water quality, and
food/feeding were adequate to keep the animals in good condition throughout the experiment.
Crayfish were housed individually in small plastic aquaria (“critter keepers”) filled with 3-4 L of

dechlorinated water and aerated. Individuals were weighed and their carapace length was
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measured prior to being housed. Ammonia was monitored twice weekly using test strips and
water exchanges were done once a week or more as needed. Crayfish were fed 2-3 times a week
a combination of algae wafers, omnivore pellets, and shrimp pellets and their wet weights were
measured weekly to ensure they were not gaining or losing too much weight. The initial group
was kept under observation in the laboratory for two weeks.

Multiple-Turn Maze Experiment

Three separate crayfish cohorts were conditioned in the multiple-turn maze. Each cohort
consisted of 24 small crayfish (less than 7.5 cm in length) purchased from Carolina Biological
Supply. Within 2 hours of delivery, individuals were removed from packing material, housed in
the manner described above, and acclimated to laboratory conditions for 7 days. Each cohort was
divided in half: 12 were assigned to the control group and 12 to the conditioned group.

Prior to beginning conditioning in the maze, crayfish in both groups (control and
conditioned) were fasted for three days to ensure that they would be interested in a food reward.
Maze conditioning was conducted between 5 pm and 1 am. Mazes were set up submerged in the
wading pool with a food reward placed at the end. All test subjects, including the control group,
were placed in the start chamber for 60 seconds to acclimate to the maze setting. After
acclimation the conditioned group was allowed to leave the start chamber and explore the maze
whereas the control group was not; they were confined to the starting gate. The control group
was subjected to the same handling processes as the experimental group except that they were
not allowed to explore the maze. Control animals were fed after each round of conditioning when
they were returned to their aquarium.

Individuals in the conditioned group were allotted a maximum of 3600 seconds (1 hour)

to complete the maze; individuals that did not complete the maze within the allotted time were
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recorded as 3600 seconds. In addition to the time taken to complete the maze, the numbers of
wrong turns were counted. Incidents where a subject backtracked and took a previous wrong turn
for a second time were included in the wrong turn count.

Each cohort ran the maze (or sat in the starting gate) once a week for four weeks after
which there was a one-week hiatus or latency period during which neither the conditioned group
nor the control group were exposed to the maze or the starting gate. During this time, crayfish
were weighed, fed, and the water was changed as usual. The mazes were thoroughly cleaned
with warm water and allowed to sit dry for the entire week to remove any lingering food scent.
At the end of the latency period both conditioned and unconditioned (control) crayfish were
allowed to run the maze, but with no food reward at the end. Completion time and number of
wrong turns were recorded for both conditioned and unconditioned individuals.

Multiple (Consecutive) T-Maze Experiment

The goal of this experiment was to determine if exposure to/learning the multiple-turn
maze would affect the rapidity/accuracy of learning. After the latency period, the cohort of
crayfish that had just finished the multiple-turn maze experiment moved on to the consecutive T-
maze experiment. Experimental conditions, protocols, and procedures remained the same except
that the multiple-turn maze was replaced by the consecutive T-maze. Although a total of 21
conditioned and 29 unconditioned crayfish went on to the consecutive T-maze experiment, only
9 conditioned and 21 unconditioned completed all 6 weeks of testing due to significant mortality.
Data Analysis

To test for differences in completion time and number of wrong turns between weeks, a
one-way, repeated measures ANOVA was used. A Greenhouse-Geisser correction of the F-test

was utilized when needed due to violation of the assumption of sphericity (i.e., if Mauchly’s test
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of sphericity was significant). When sphericity assumption is satisfied, the F-test in a standard
analysis of variance is accurate, but when the sphericity assumption is violated, the F-test in a
standard analysis of variance will be positively biased which could cause a rejection of the null
hypothesis even when it should not be (Berman, 2022). Post-hoc pairwise comparisons were
conducted using a Bonferroni adjustment. A two-sample t-test was used to test for differences in
completion times and wrong turns between conditioned and control crayfish after the latency

period. All statistical analyses were conducted using SPSS Statistics (William, 2022).
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CHAPTER IV: RESULTS

Wet weight (by week), sex (when determined) and mortality (if relevant) of each
individual in each cohort is shown in Appendix 1. 8 out of 12 of Cohort 2 conditioned crayfish
and 5 out of 12 of unconditioned crayfish perished by the end of the multiple-turn maze
experiment. Few specimens were lost in Cohort 1 until Week 5 by which time 6 of the 12
individuals in the conditioned group perished; Cohort 3 survival was greater than 80% to the end
of the experiment. Among all cohorts, of the 21 conditioned and 29 unconditioned crayfish that
went on to the consecutive T-maze, only 9 conditioned and 21 unconditioned survived until the
end of the experiment. Wet weights remained relatively constant, (8.33 g for Cohort 1, 3.58 g for
Cohort 2, and 7.58 g for Cohort 3) regardless of whether they were assigned to conditioned or
control experimental groups. Crayfish in Cohort 1 were not sexed. The sex ratio (male:female) in
Cohort 2 was 9:15 and in Cohort 3 was 16:8. Among all cohorts, of the crayfish that went on to
the consecutive T-maze, there were 15 males and 6 unknowns in the conditioned group and 5
males, 12 females, and 12 unknowns in the control group. The sex ratio (male:female:unknown)
of crayfish that died during the experiment was 5:6:6 in the conditioned group and 2:5:0 in the
control group.
Multiple-Turn Maze

A repeated-measures ANOVA with all cohorts combined showed that there was a
difference between weeks in mean completion time (df = 4, F = 2.806, p = 0.031) (Figure 3). The
source of the difference was between weeks 2 and 3, with mean times in week 3, 1548.89 sec,
being lower than those in week 2, 2202.82 sec (mean difference=-1048.7; p = 0.032).
Completion times for week 6, 1653.29 sec, after the latency period, were not significantly

different than any other week. Even though the mean completion time of the control group,
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1082.41 sec, was less than the mean completion time of the conditioned group, 1653.29 sec, after
the latency period and there were no significant differences in the mean completion times (df =
38.527, t=1.497, p=0.143) between the conditioned and unconditioned crayfish for all cohorts
combined.

The starting mean number of wrong turns for the conditioned group was 2.5 and by week
6 was 1.9 compared to the unconditioned mean of 1.76. The mean number of wrong turns for all
cohorts combined showed a slight downward trend (Figure 4) but a repeated-measures ANOVA
did not reveal any significant differences between weeks (df = 4; F = 0.099; p = 0.983) and week
6 after the latency period was not significantly different than any other week. The mean number
of wrong turns made by conditioned, 1.9, and unconditioned, 1.76, individuals was virtually
identical and there was no significant difference (df = 33.644, t=0.281, p=0.780) between the
groups.
T-maze

In the T-maze experiment there were no significant differences in either the mean
completion times (Figure 5) or the mean numbers of wrong turns (Figure 6). The starting
completion time mean for the conditioned group was 831.62 sec and by week 6 was 397.44 sec
compared to the unconditioned 834 sec; the starting wrong turn mean for the conditioned group
was 1.62 and by week 6 was 1.67 compared to the unconditioned 2.25. For completion times, a
repeated-measures ANOVA, with Greenhouse-Geisser correction, showed no significant
differences between weeks (df =4, F = 1.115, p = 0.353). After the latency period, the mean
completion time of the conditioned group, 397.44 sec, dropped substantially, and was about half
that of the unconditioned individuals, 834 sec, but there was no significant difference between

the conditioned and control groups however (df = 26.853, t=-1.674, p=0.106).
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The repeated-measures ANOVA also showed no significant differences between weeks
in the number of wrong turns (df =4, F = 1.611; p = 0.195). The number of wrong turns in
conditioned individuals, 1.67, was slightly less than that of the control group, 2.25, but there was

no significant difference (df = 21.180, t=-1.146, p=0.265).
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CHAPTER V: DISCUSSION

There was some marginal difference in completion times with the most obvious being
between weeks 2 and 3 with mean times in week 3 being significantly lower than those in week
2. Overall, it was not enough to indicate retention over time. Mean numbers of wrong turns in the
multiple-turn maze experiment did trend down slightly over time, but the mean number of wrong
turns made by control (unconditioned) crayfish was slightly, if not significantly, less. The
unconditioned crayfish also outperformed the conditioned crayfish in mean completion times in
the multiple-turn maze although there was no significant difference between the groups.

There was no notable change in completion time or number of wrong turns from week to
week in the consecutive T-maze experiment, however, after the latency period the mean
completion times of the conditioned crayfish were less than during the preceding weeks and
mean completion time for the control crayfish was more than twice that of the conditioned group.
The mean numbers of wrong turns made by the control crayfish was slightly more than, but not
significantly different from, those made by the conditioned crayfish.

In the Australian crayfish, individuals with lesions on their antennae did not respond to
spatial changes within their environment (Basil & Sandeman, 2001). In the present study many
of the crayfish, particularly in those in Cohort 2 which had very poor survival in both treatment
groups, arrived with wounds to their carapaces, legs, and antennae. The condition of some of the
animals may have contributed greatly to the observed variability and lack of clear evidence of
spatial learning.

Red swamp crayfish exhibit two common behaviors associated with movement, a
wandering phase consisting of short bursts of high-speed movement and a stationary phase

where they remain in their burrow venturing out only after dark to forage; they are also primarily
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nocturnal (Gherardi et al., 2000). Australian crayfish often exhibited wall-hugging behavior
during exploration. Wall-hugging behavior was also observed during this study, with individuals
taking wrong turns which fell along the wall they were following. Many of the crayfish in this
study seemed to prefer whichever side of the maze cast a shadow, even crossing over from one
wall to another if the other wall cast a shadow. Wall hugging is seen in other decapod
crustaceans and is associated with thigmotaxis or predator avoidance behavior during which an
animal would seek cover or shelter rather than expose itself to an open area (Burrows et al.,
1999). Wall hugging produced at least two wrong turns every time a crayfish ran the maze in this
experiment. The mean number of wrong turns was fairly constant (~2) regardless of maze type
but ranged as high as 4 or 5. The wrong turns produced by wall-hugging behavior may be at least
partially responsible for the variability of mean completion time since wrong turns would be
expected to increase completion times.

Crayfish in this study also had a tendency to backtrack as they worked their way through
the maze. In some cases, they would get nearly to the end where a food reward was waiting only
to turn around and retrace their steps all the way to the beginning and start again. While little is
known about backtracking, studies have shown that it is an important behavior in navigation and
spatial orientation (Javadi et al., 2019). Other arthropods such as ants, when moved from one
location to an unfamiliar location, backtrack to reorient themselves (Wystrach et al., 2013).
Crayfish, which can be easily displaced by currents or other water movements could have a
similar strategy for getting their bearings.

There were other observations which could have played a role in maze performance.
During weeks when crayfish molted, their performance in mazes typically suffered. In some

cases, molted individuals would not even leave the start chamber within the hour they were
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allotted to complete the maze. Wild crayfish usually hide after molting until the new exoskeleton
hardens; molting also requires a lot of energy (Su et al., 2021). Even though crayfish wet weights
remained relatively constant over the experimental period, crayfish may have performed poorly
until the shell hardened, which takes 1-4 days. Over the course of the experiment almost every
crayfish in every cohort molted at least once.

It is also possible that practice runs were spaced too far apart for long term memory to
have been able to form. Long term memory can last anywhere from hours to years to a life time
(Markowitsch, 2013). Studies on the Australian crayfish, Cherax destructor, indicate that they
maintain memory of other members of their species once introduced for at least 24 hours, with
their behavior still being influenced for up to two weeks (Van der Velden, 2008). It is possible
that even if some long-term memory formation had taken place during the learning period of the
mazes, that a significant portion of what was learned could have been forgotten before the next
trial.

One key difference between the crayfish used in this research and other similar studies
was that the crayfish used were purchased instead of wild caught. Wild-caught crayfish live in an
ever-changing environment where they must fend for themselves, avoid predation, and find their
own food. Farmed crayfish live in stable pond environments and although supplemental feeds are
not typically provided (Fletcher, 2022) submerged vegetation to provide the basis of a food web
is encouraged, predators are of less concern, and the brood stock may be more genetically
homogenous. Environmental predictability is thought to play a role in whether or not the ability
to learn confers greater fitness. Learning may be costly and without clear benefits in an
environment where conditions are very predictable (Hollis & Guillette, 2015). A study of fruit

flies (Drosophilia) demonstrated that if the reliability of environmental cues is greater than the
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reliability of a fixed response, learning can emerge over successive generations (Dunlap &
Stephens, 2009). On the opposite end of the spectrum, it was also demonstrated that when a fixed
pattern becomes more reliable, the capacity for learning is lost (Dunlap & Stephens, 2009). The
lack of clear evidence of spatial learning in this study of non-wild crayfish may be because after
generations of captive breeding in a highly predictable environment the ability to learn and/or the
benefit of learning is much less than the “cost” and does not confer greater fitness.
Recommendations for Future Studies

e Crayfish should be kept on a 12:12 day:night light cycle while being housed in the lab.

Crayfish should be sexed.

e Initial condition of crayfish, whether purchased or caught, should be assessed in more
detail and wounded or damaged crayfish should be excluded from experiments.

e This study was conducted in a laboratory setting under artificial white light. Using a red
light or covering the mazes with an opaque cloth could provide a more natural
environment and might reduce wall-hugging behavior.

e Since molting is unpredictable it would not be practical to completely remove
molting/recently molted individuals from the experiment. However, ensuring that
sufficient nutrients (e.g., calcium) for shell hardening are always available, could reduce
variability in performance in mazes that might be due to molting. In addition, recently
molted crayfish could be skipped during the week they molted and return to the
experiment the next week.

e Conducting experiments comparing farmed and wild-caught crayfish could determine if

there is evidence of a difference in learning capacity.
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e After crayfish complete the T-maze and have them run the multiple turn maze once more

to see if there is evidence of long-term memory.
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Figure 1. Multiple-turn maze after Davies et al., (2019).
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Figure 2. Multiple (consecutive) T-maze.
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Figure 3. Mean completion times with standard deviation of the combined cohorts in the
multiple-turn maze experiment by week. Week 5 is the latency period for the conditioned
crayfish when the maze was not run. During Week 6 the unconditioned crayfish were also
allowed to run the maze.
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Figure 4. Mean numbers of wrong turns with standard deviation of the combined cohorts in the
multiple-turn maze experiment by week. Week 5 is the latency period for the conditioned
crayfish when the maze was not run. During Week 6, the unconditioned crayfish were also
allowed to run the maze.
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Figure 5. Mean completion times with standard by week of crayfish that survived the multiple-
turn maze experiment and went on to the consecutive T-maze experiment. Week 5 was the
latency period for the conditioned crayfish when the maze was not run. During Week 6 the
unconditioned crayfish were also allowed to run the maze.
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Figure 6. Mean numbers of wrong turns with standard deviation by week of crayfish that
survived the multiple-turn maze experiment and went on to the consecutive T-maze experiment.
Week 5 was the latency period for the conditioned crayfish when the maze was not run. During
Week 6, the unconditioned crayfish were also allowed to run the maze.
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APPENDIX 1
CRAYFISH CONDITION TABLES

Appendix 1.1. Condition over time of crayfish in Cohort 1 of the multiple-turn maze. Conditioned crayfish are numbered 1M1-1M12; control
crayfish are numbered 1C1-1C12. Mortality of an individual is indicated by a “0” in the wet weight column. Week 5 is the latency week. Sexes
were not determined in Cohort 1. Carapace length was measured only at the beginning of the experiment. Whether or not the individual went on to
the T-maze experiment is indicated by “yes” or “no” in the T-Maze column. Individuals that went on to the T-maze retained their original number.

Crayfish Sex Carapace Wet Weight (g) T-Maze?
Length
(cm)
Initial Week 1 Week 2 Week 3 Week 4 Week 5 Week 6
1M1 nd 2.5 8 8 0 0 0 0 0 No
1M2 nd 2 5 5 6 6 6 6 6 Yes
1M3 nd 2.3 6 6 7 7 7 6 7 Yes
1M4 nd 2.3 6 6 6 6 7 7 0 No
1M5 nd 2.1 6 6 6 6 7 7 7 Yes
1M6 nd 2.7 9 9 10 9 10 10 10 Yes
1M7 nd 2 4 4 6 6 6 0 0 No
1M8 nd 2.5 8 8 7 9 9 9 9 Yes
1M9 nd 2.8 14 14 15 0 0 0 0 No
1M10 nd 1.9 5 5 5 6 6 6 0 No
1M11 nd 2.4 7 7 9 8 8 9 9 Yes
1M12 nd 1.7 3 3 4 5 4 4 0 No
1C1 nd 2.2 6 6 7 6 7 7 7 Yes
1C2 nd 2.8 13 13 14 13 14 17 19 Yes
1C3 nd 2.5 9 9 13 14 13 14 14 Yes
1C4 nd 1.8 7 7 11 10 11 11 11 Yes
1C5 nd 2.4 11 11 12 15 15 15 15 Yes
1C6 nd 1.9 6 6 7 9 9 9 8 Yes
1C7 nd 2.7 11 11 12 14 16 15 16 Yes
1C8 nd 2.1 6 6 11 11 11 11 11 Yes
1C9 nd 2.4 10 10 11 14 15 15 14 Yes
1C10 nd 25 10 10 11 11 14 14 14 Yes
1C11 nd 2.1 6 9 9 11 11 12 12 Yes
1C12 nd 2.4 6 10 10 11 10 10 11 Yes
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Appendix 1.2. Condition over time of crayfish in Cohort 2 of the multiple-turn maze. Conditioned crayfish are numbered 2M1-2M12; control
crayfish are numbered 2C1-2C12. Mortality of an individual is indicated by a “0” in the wet weight column. Week 5 is the latency week. Carapace
length was measured only at the beginning of the experiment. Whether or not the individual went on to the T-maze experiment is indicated by
“yes” or “no” in the T-Maze column. Individuals that went on to the T-maze retained their original number.

Crayfish | Sex | Carapace Injuries Wet Weight () T-Maze?
Length
(cm)
Initial | Week 1 | Week2 | Week 3 | Week4 | Week5 | Week 6
2M1 M 25 Carapace wound, antennae lesion 9 9 9 10 11 10 11 Yes
2M2 M 2.4 Carapace wound 10 10 11 11 11 0 0 No
2M3 M 2.3 7 7 8 9 9 9 9 Yes
2M4 M 2.1 8 8 0 0 0 0 0 No
2M5 F 2.3 8 8 9 0 0 0 0 No
2M6 F 2.3 9 9 10 0 0 0 0 No
2M7 F 2.2 7 7 7 0 0 0 0 No
2M8 M 2.1 Carapace wound 7 7 8 8 9 9 9 Yes
2M9 F 2.1 Missing leg 7 7 8 8 0 0 0 No
2M10 F 2 6 6 8 0 0 0 0 No
2M11 F 2.2 7 7 8 7 8 0 0 No
2M12 M 2.2 8 8 9 8 9 8 9 Yes
2C1 M 2.4 8 8 10 10 10 10 11 Yes
2C2 F 2 4 4 6 7 7 7 6 Yes
2C3 F 2.3 8 8 0 0 0 0 0 No
2C4 M 25 Carapace wound 9 9 10 10 10 0 0 No
2C5 F 2 6 6 7 0 0 0 0 No
2C6 F 2 6 6 6 6 7 0 0 No
2C7 F 2 5 5 6 6 7 7 6 Yes
2C8 F 2 5 5 5 6 6 6 6 Yes
2C9 F 2 6 6 6 0 0 0 0 No
2C10 F 2.1 6 6 7 7 7 7 8 Yes
2C11 F 2 4 4 6 6 5 6 6 Yes
2C12 M 2 3 3 4 4 5 5 5 Yes
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Appendix 1.3. Condition over time of crayfish in Cohort 3 of the multiple-turn maze. Conditioned crayfish are numbered 3M1-3M12; control
crayfish are numbered 3C1-3C12. Mortality of an individual is indicated by a “0” in the wet weight column. Week 5 is the latency week. Carapace
length was measured only at the beginning of the experiment. Whether or not the individual went on to the T-maze experiment is indicated by
“yes” or “no” in the T-Maze column. Individuals that went on to the T-maze retained their original number.

Crayfish Sex Carapace Wet Weight (g) T-Maze?
Length
(cm)
Initial Week 1 Week 2 Week 3 Week 4 Week 5 Week 6
3M1 M 2 4 4 5 5 6 6 6 Yes
3M2 M 1.9 4 4 6 7 10 10 10 Yes
3M3 M 2.1 5 5 8 9 9 10 10 Yes
3M4 M 2.2 7 7 9 11 11 11 14 Yes
3M5 M 1.6 3 3 5 5 6 7 0 No
3M6 M 2 4 4 7 6 7 7 7 Yes
3M7 M 1.9 5 5 7 8 8 8 9 Yes
3M8 M 1.9 5 5 6 7 7 7 7 Yes
3M9 M 1.9 4 4 7 5 6 6 6 Yes
3M10 M 2 5 5 7 8 8 8 7 Yes
3M11 M 2 4 4 5 8 8 10 10 Yes
3M12 M 1.9 4 4 6 7 9 9 9 Yes
3C1 M 1.9 4 4 0 0 0 0 0 No
3C2 M 2 4 4 6 7 7 9 9 Yes
3C3 M 1.8 3 3 5 5 8 8 8 Yes
3C4 M 1.6 3 3 5 6 7 7 7 Yes
3C5 F 1.7 3 3 6 7 6 9 9 Yes
3C6 F 2 4 4 5 6 7 9 9 Yes
3C7 F 1.9 3 3 5 5 6 7 8 Yes
3C8 F 1.9 3 3 5 6 6 8 8 Yes
3C9 F 1.8 4 4 5 6 0 0 0 No
3C10 F 1.8 4 4 7 7 7 9 9 Yes
3C11 F 2 4 4 7 7 7 9 9 Yes
3C12 F 2.1 6 6 7 8 9 9 11 Yes
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Appendix 1.4. Condition over time of crayfish in T-maze experiment. Crayfish retained their number
from the multiple maze experiment and condition all crayfish individuals that went on to the T-maze
experiment are summarized in this table. Mortality of an individual is indicated by a “0” in the wet weight
column. Week 5 is the latency week.

Crayfish | Sex Wet Weight (g)
Initial Week1 | Week2 | Week3 | Week4 | Week5 | Week 6

1M2 nd 6 6 6 6 6 4 4
1M3 nd 7 7 7 7 7 6 6
1M5 nd 7 7 6 7 6 7 7
1M6 nd 10 10 10 0 0 0 0
1M8 nd 9 9 9 0 0 0 0
1M11 nd 9 9 9 0 0 0 0
2M1 M 11 11 11 10 11 11 11
2M3 M 9 9 9 9 9 0 0
2M8 M 9 9 9 9 9 8 8
2M12 M 9 9 9 0 0 0 0
3M1 M 6 6 0 0 0 0 0
3M2 M 10 10 0 0 0 0 0
3M3 M 10 10 0 0 0 0 0
3M4 M 14 14 0 0 0 0 0
3M6 M 7 7 0 0 0 0 0
3M7 M 9 9 9 9 9 9 9
3M8 M 7 7 0 0 0 0 0
3M9 M 6 6 0 0 0 0 0
3M10 M 7 7 8 8 7 8 8
3M11 M 10 10 10 10 10 10 10
3M12 M 9 9 9 9 9 9 9
1C1 nd 7 7 7 0 0 0 0
1C2 nd 19 19 19 0 0 0 0
1C3 nd 14 14 14 14 14 14 14
1C4 nd 11 11 10 10 12 11 11
1C5 nd 15 15 13 15 15 14 14
1C6 nd 8 8 9 9 9 9 9
1C7 nd 16 16 15 16 0 0 0
1C8 nd 11 11 11 11 10 11 11
1C9 nd 14 14 14 15 15 15 15
1C10 nd 14 14 14 0 0 0 0
1C11 nd 12 12 12 12 12 16 16
1C12 nd 11 11 10 10 10 10 10
2C1 M 11 11 11 0 0 0 0
2C2 F 6 6 7 8 8 8 8
2C7 F 6 6 7 6 8 8 8
2C8 F 6 6 0 0 0 0 0
2C10 F 8 8 9 9 10 10 10
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Table 1.4. Continued.
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APPENDIX 2
GRAPHS: COMPLETION TIMES, NUMBER OF WRONG TURNS, COHORT BY WEEK

14

Figure 2.1. Week 1 average completion times for the multiple-turn maze with standard deviation
by cohort.
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Figure 2.2. Week 2 average completion times for the multiple-turn maze with standard deviation
by cohort.
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Figure 2.3. Week 3 average completion times for the multiple-turn maze with standard deviation
by cohort.
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Figure 2.4. Week 4 average completion times for the multiple-turn maze with standard deviation
by cohort.
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Figure 2.5. Completion times for the multiple-turn maze with standard deviation after the latency
period (Week 5) by cohort and experimental group.
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Figure 2.6. Week 1 average wrong turns for the multiple-turn maze with standard deviation by
cohort.
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Figure 2.7. Week 2 average wrong turns for the multiple-turn maze with standard deviation by
cohort.
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Figure 2.8. Week 3 average wrong turns for the multiple-turn maze with standard deviation by
cohort.

47



Average Number of Wrong Turns
w

r H

Figure 2.9. Week 4 average wrong turns for the multiple-turn maze with standard deviation by
cohort.
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Figure 2.10. Average number of wrong turns for the multiple-turn maze with standard deviation
after the latency period (Week 5) by cohort and experimental group.
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