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ABSTRACT 

 Differential effects on behavior of a focal tadpole subjected either to the absence or 

presence of a predator cue were examined when the focal animal was in the presence of 

conspecific tadpoles differing in relatedness and familiarity. Tadpoles of the South African 

clawed frog (Xenopus laevis) were reared in full-sibling and mixed sibling groups in order to test 

an individual tadpole’s response to a predator cue while in the social context of a centralized 

tadpole group that varied in the degree of relatedness and also familiarity. Three different social 

contexts examined were as follows: 1) focal tadpole both related and familiar (RF) to a 

centralized tadpole group of 5 individuals from the same clutch and rearing tank; 2) focal tadpole 

tested with a mixed-related and familiar (MRF) centralized group of tadpoles from four separate 

clutches but the same rearing tank; and 3) focal animal unrelated and unfamiliar (URUF) with a 

group of centralized tadpoles from different separate clutches and rearing tanks. BIOBSERVE 

Viewer2 software allowed a variety of behavioral variables (i.e., velocity, track length, activity, 

and duration in distinct test arena zones) to be simultaneously filmed and quantitatively recorded 

for each focal animal.  The focal animal was given both visual and olfactory, although not 

physical, contact with the centralized animals.  Focal animal behavior was filmed for 10 minutes, 

either with or without a conspecific alarm cue present in the test arena.  Mean and summary 

behaviors were calculated for each focal tadpole at 20 s intervals for each minute of the test. The 

tadpoles in the absence of cue showed greater differences in mean behaviors among test groups 

toward the end of the ten minute filming period; those in the presence of the cue exhibited a 

greater number of significant differences in mean values among test groups in the initial part of 

the films. In the presence of predator cue, test groups responded in a manner that would support 

the hypothesis of protecting more closely related individuals from the threat of predation 
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and thus increasing inclusive fitness; while in the presence of cue, URUF focal tadpoles tended 

to expend more time and activity near conspecifics while MRF and RF exhibited behaviors 

indicating a distancing from center animals.  Theoretical expectations for a particular behavior 

need to be evaluated in the context of the environmental and social conditions.  That URUF 

animals go to the center more in the presence of the cue compared to RF animals suggests that 

anti-predator strategies are not just a simple response, but may adaptively vary dependent on 

background conditions. The results of this study support the conclusions that 1) X. laevis 

tadpoles do respond behaviorally to a conspecific predator cue, 2) the response of the tadpole 

varies dependent on the potential social interactions available during the predator threat, and 3) 

these tadpoles behave in manner that can be explained as showing more “altruism” towards 

related individuals. 
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CHAPTER I.    INTRODUCTION 

Amphibians are of significant ecological importance because of their roles in both aquatic 

and terrestrial food webs. They are partly responsible for connecting the two habitats, moving 

energy, nutrients and minerals from one to the next, thus promoting biological diversity in each 

habitat. Amphibians also act as vital bioindicators of environmental perturbation, due to their 

role in both habitats. Their highly permeable skin can allow amphibians to be early indicators of 

pollutants in the area. Because subtle changes in behavior and ecological preferences are likely 

to occur before more obvious morphological endpoints of contamination and lethality, 

quantitative determination of the species’ behaviors in the absence of an environmental 

perturbation is necessary to detect and understand the role of human impacts on natural 

ecosystems.  In order to recognize potential contaminant effects, there must be a baseline 

understanding of species and individual interactions in their environment, such as changes in 

behavior due to threat of predation. The need to establish detailed behavioral records for 

amphibians is important because many amphibians are accustomed to breeding in ephemeral 

ponds or creeks that may be severely altered by agricultural runoff; amphibian breeding and 

agricultural application of fertilizers, pesticides and herbicides are often concurrent (Bridges 

1999b); Xenopus laevis whose native habitat is the warmer areas of South Africa (Deuchar 1975) 

is an example of such a species. 

 During metamorphosis, many significant body alterations, including that of the 

mouthparts of the tadpoles, occur. At metamorphic climax (Gosner stage 40-42, as described in 

Gosner 1960), the mouthparts of the tadpole are changing to its adult form; this alteration results 

in dramatically decreased activity, which can increase risk of predation at this stage in 

metamorphosis. For some species during these late stages of development, predation risk is high. 
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Some predators have been found to be life-stage specific, targeting these late stage tadpoles 

(Bufo americanus) (DeVito 2003); froglets at this stage are unable to move as efficiently as 

either earlier stage tadpoles or adults, in Hyla japonica (Tanaka 2002). In contrast, in some 

species, dependent on the types of predators which consume them, the decrease in activity levels 

at metamorphic climax can result in a decrease in predation risk due to reduced encounter rate 

with predators (Skelly 1994).  

 Tadpoles have vital goals to attain before the climax stages of metamorphosis begin: 

gather enough energy to survive the final stages of metamorphosis and possible overwintering in 

the aquatic habitat, avoid predation, and balance the optimal rate of growth and metamorphic 

time. All of these activities ultimately impact both an individual’s direct (i.e., production of 

viable offspring) and indirect (e.g., survivorship) reproductive fitness. Foraging efficiency is a 

balance between costs associated with level of activity of an organism needed to locate and 

handle food and benefits gained by consumption of the most optimal resources available. For 

example, utilizing too much energy to search for a more optimal food source or habitat while in a 

limiting environment would decrease the likelihood of reaching metamorphosis. Increased 

activity of foraging is directly related to an increase in the likelihood of predation by visual 

predators, along with costs of expending additional energy towards foraging activities (Lawler 

1989). Rapid growth and development is often favored in temporary pond habitats, allowing 

tadpoles to achieve metamorphosis before desiccation; this can result in smaller size at 

metamorphosis (Pakkasmaa and Laurila 2004). However, poor competitive ability, decreased 

foraging, slower development and increased risk of desiccation (due to a lengthened larval 

development period) can result from low activity. Predation, the likelihood of desiccation in 

temporary ponds, and competition can decrease future reproductive fitness when tadpoles follow 
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a pattern of extended larval development (Lawler 1989). Also with decreased foraging, tadpoles 

are unable to acquire adequate resources to achieve metamorphosis (which directly decreases 

lifetime fitness) or to outgrow gape-limited predators (Bridges 1999a). However, it has been 

documented for some amphibian species that post-metamorphic growth can balance out small 

metamorphic size; small metamorphic size might not be disadvantageous in some years to some 

species (such as Bufo woodhousii, Bufo bufo), as with years with short pond duration (Boone 

2005). 

 Aggregation and Predation 

 Behavioral responses towards live predators or predator cues, such as chemical signals 

from injured conspecifics or predator odor, demonstrate a prey’s ability to recognize the presence 

of a predator. Detection of predators is needed to trigger an avoidance behavior, such as 

immobility in the benthic area of the habitat or refuge in another microhabitat (Mirza et al 2006). 

One life-history adaptation exhibited by many amphibians is the ability to shorten the larval 

stage so as to avoid increased predation in the vulnerable state as a tadpole. Predation is a very 

substantial cause of mortality in the larval stage of amphibians; therefore, behaviors and life-

history strategies that favor predator detection and predator avoidance should be selected through 

natural selection. In the case of some insects and many amphibians, the developmental strategies 

associated with metamorphosis have been documented to be phenotypically flexible (Wilbur and 

Collins model; Alford and Harris 1988): growth rate and progression through larval stages are 

adjusted according to food availability, competition, and predation. 

 Forming aggregations in the presence of a predator is one behavioral method proposed to 

increase survivorship in many species of tadpoles. Aggregations are simply a close proximity of 

organisms and, typically in the case of tadpoles, groupings of conspecifics. Whether these 
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aggregations are formed based on chemical, tactile, or visual cues from the predator has not been 

well studied; it has been documented that tadpoles detect chemical cues from predators, when 

these chemicals interact with the cutaneous sensory system of the tadpole (Stauffer and 

Semlitsch 1993). In some species (e.g., Bufo maculatus), it has also been reported that the 

presence of injured conspecifics will induce a predator avoidance response in other tadpoles, 

even in the absence of a predator (Spieler and Linsenmair 1999). Several benefits of aggregative 

behavior, some related to predation and others to different survival needs, include the possibility 

of avoiding being selected as a prey item from among a group due to the decreased probability of 

a particular individual being taken from among a large number of tadpoles, enhanced detection 

of  predators, increased reproductive options (Ryan et al 1981), enhancing foraging efficiency 

(Hokit and Blaustein 1997), overall decreased predation to the group due to predator’s learned 

experience of unpalatability (Bufo americanus) (DeVito 2003), and thermoregulation. Hokit and 

Blaustein (1997) reported that groups are more capable than a single individual in detection of a 

predator; forming aggregations can be a predator avoidance strategy. They also found that 

aggregation, or grouping together of individuals of similar morphologies, can be altered by many 

factors including metamorphic stages, rearing conditions, food availability, presence of 

conspecifics and siblings, the presence of predators or predator cues, and size of conspecifics and 

siblings. Thus, the tendency to aggregate may well be a flexible behavioral strategy that can be 

used appropriately given specific environmental circumstances. 

Predator cues, including predator movement and chemical cues from injured conspecifics 

can alter the behavior of tadpoles. The cues from injured conspecifics are considered the 

consequence of a predator’s attack. Chemical cues from injured conspecifics in Bufo boreas 

tadpoles caused increased overall activity and avoidance of the area containing the substance 
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(Hews and Blaustein 1985). Some species, such as Bufo woodhousii, have been found to show 

changes in behavior even if only a predator cue (alarm cue comprised of homogenated tissue of 

conspecific tadpoles) is introduced, rather than a live predator (Sirimalle 2004). When the 

predator cue is paired with a predator odor, tadpoles of another species, Bufo americanus, 

followed the threat-sensitive predator avoidance hypothesis, in which animals adjust their level 

of antipredator response based on the intensity of threat posed by that predator (Mirza et al 

2006). However, varying the concentration of the predator cue alone did not cause a reaction 

mirroring this hypothesis: there was not a graded response in relation to the concentration of 

alarm cues. Adding a live predator also alters the abiotic environment, which can indirectly 

affect tadpole behavior, as for example by altering food availability and trophic structure (Reylea 

2003). 

 Three mechanisms have been proposed to explain how aggregations may actually provide 

advantages for individuals: the dilution effect, the confusion effect, and the Trafalgar effect. The 

dilution effect relates to Hamilton’s (1971) “selfish herd” theory, in which individuals group 

because an individual’s probability of being taken as prey decreases relative to that of a lone 

individual being preyed upon (Hamilton 1971). An individual’s chance of being consumed is 

much smaller when there are others to be consumed surrounding that individual. Individuals of 

some species have been shown to position themselves among the empty spaces between other 

tadpoles, as shown by d’Heursal and Haddad (2002) with Hyla semilineata. The confusion 

mechanism proposes that there is increased safety due to increasing number of capture mistakes 

by a predator attempting to attack a larger group size of prey. The Trafalgar effect hypothesizes 

that the cooperative behavior of individuals in the aggregation results in abrupt changes in 

movement or rapid dispersal after detection of predator (Spieler 2005). 
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 Aggregation and Kin Selection  

 Predator avoidance behavior may be influenced by the preferential aggregation and 

treatment of related individuals, often siblings (Watt et al 1997), also known as kin selection. 

Hamilton’s kin selection theory (1964 a&b) predicts that kin recognition could enhance 

opportunities for altruism among close relatives; preference for relatives would be present when 

the benefits of inclusive fitness outweigh the costs of the behavior. Kin selection results if 

individuals are able to differentiate between kin and non-kin and preferentially cooperate with 

more related individuals. Kin selection might be based on several different cues: chemical, innate 

recognition of familiar traits, or associative learning through familiarity (Pakkasmaa and Aikio 

2003). In the case of an injured conspecific in an aggregation, the concentration of the signal will 

decrease as the distance increases away from that tadpole. If the injured conspecific is also 

related, a more rapid or appropriate response may occur.  If aggregations mainly consist of kin 

and recognition is based on proximity of the cue, this would offer the benefit of the predator 

detection to those relatives within the aggregation, but less of a benefit to individuals outside the 

grouping (Blaustein and Waldman 1992).  

 Yet another predator avoidance behavior is inactivity of the tadpoles, typically preceded 

by short bursts of swimming (Hoff et al 1999). This decreased activity was observed only in 

post-Gosner stage 26 tadpoles (Hyla crucifer, Hyla versicolor, Bufo woodhousii, Hyla 

andersonii); hatchlings, already immobile and benthic, did not respond to predators or predator 

cues (Lawler 1989). Slow, uniform movements increased the likelihood of predation, rather than 

immobility followed by rapid, short bursts of movement (Azevedo-Ramos et al 1992). However, 

not altering the response behavior to specific predators could cause an increase in the 

expenditure of energy, which in the case of larval anurans, is a limiting factor (Lawler 1989). 
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Note that the change in behavior of tadpoles relates to a change in behavior, swimming activity, 

but not necessarily the forming of an aggregation. The instance in which aggregations form is 

habitat-, species-, and predator-dependent. One example is that of Bufo maculatus tadpoles in 

South Africa in ephemeral pools with a predatory fish (Spieler and Linsenmair 1999). When the 

cue is introduced, tadpoles move out of range of the predator to the outskirts of the pool, to 

shallower water, which is inaccessible to the fish. In this case, the aggregation is formed, and 

then activity is decreased to almost motionless. Motion is then continued when the predator is no 

longer deemed a threat. The predator avoidance strategy of decreasing activity can incur a cost of 

decreasing foraging and feeding, therefore decreasing potential growth thus increasing larval 

development period.   

 Competition in general may be greatest between conspecifics, rather than with other 

species, due to the similarity of niches, such as habitat requirements, resource needs, and 

foraging behaviors. Due to the likelihood of intense competition among conspecifics, kin 

selection can be particularly beneficial in some species. Individuals should favor siblings over 

other individuals when competing for resources, such as food and habitat, in order to maximize 

inclusive fitness. The fitness of an individual is not only its reproductive fitness (direct fitness), 

but also the fitness of its relatives (indirect fitness); inclusive fitness is the sum of direct and 

indirect fitness (Pakkasmaa and Aikio 2003). Kin selection in the presence of competition would 

favor more even resource distribution among the sibship (Blaustein and Waldman 1992). Early 

metamorphosis of some individuals, even at smaller than optimal size, will release others of that 

aggregation from density effects of competition; the others of that aggregation would then delay 

their metamorphosis until larger size is attained, assuming food is available over time (Alford 

and Harris 1988). The individuals who prolong their larval stage increase their risk of predation 
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and desiccation, but if they survive to metamorphic climax, they may have a greater chance of 

survival. Competition will most likely result in a decrease in fitness if individuals are in a 

limiting environment; discrimination among kin so as to focus competition more on unrelated 

individuals would be most beneficial to an individual’s fitness (Blaustein and Waldman 1992; 

Pakkasmaa and Aikio 2003). The goal of directing competition, and therefore also aggression, 

outside of sibships, then, would decrease the fitness of other individuals with dissimilar genetic 

makeup. However, if the environment is extremely limiting in relation to resources, the costs of 

kin selection outweigh the benefits of indirect fitness, and kin selection behaviors have been 

found to be negligible (Hokit et al 1996). In relation to food levels, kin selection would be 

predicted to be present in low food levels, but not in high food levels; in this case, kin selection 

is unnecessary because of the availability of resources for all involved (Hokit et al 1996). 

 Another benefit of kin recognition behaviors is in relation to decreased inbreeding. 

Through the identification of kin, outbreeding is favored (Blaustein and Waldman 1992). In 

those species that are displaced from their natal sites, it is beneficial if kin selection has no role. 

In the cases of these organisms who are displaced, they have a low probability of interacting with 

kin; thus, kin selection behavior is unnecessary and costly in relation to an individual’s fitness 

(Blaustein and O’Hara 1986). 

 Previous studies have manipulated rearing conditions of tadpoles to test preferential 

association between kin and non-kin. Aggregation choice tests have typically been performed 

after animals were reared in one of four regimes: kin only, kin and nonkin together, nonkin only, 

and individual isolation from embryonic stage. Tadpoles were tested in a rectangular tank, and 

allowed to associate with two distinct groups differing in relatedness, one on either end of the 

tank (in some tests, only a single tadpole group is included in the test and the opposite end 
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section is unpopulated). Most tests have measured time spent in portions of the tank. One main 

finding is that these associations can differ from species to species, and change with 

development (Blaustein and O’Hara 1986). For Bufo boreas, even when preferences for siblings 

were established after extended rearing with siblings, short-term exposure to nonsiblings 

eliminated these preferences (O’Hara and Blaustein 1982). Nicieza (1999) stated that Rana 

temporaria tadpoles showed different behavioral displays early in development when compared 

to later in development; tadpoles in the relatively early stages of development (Gosner stage 25-

27) showed no preference for the side of the container with siblings over the side with no 

tadpoles. At later stages (32-38), tadpoles showed preferential association with siblings. 

 In the few studies briefly discussed above, tadpole preference is based on their tendency 

to aggregate near individuals of different degrees of genotypic similarity and/or prior association. 

Significantly more time spent near kin by tadpoles reared with non-kin would suggest an innate 

kin preference based on some type of genetically based cue.  In contrast, if tadpoles reared with 

non-kin prefer to spend more time near non-kin than unknown kin, this suggests that preference 

in aggregation may be determined by prior familiarity, for example.  For animals that tend to 

remain in closely related groups while young, familiarity alone would serve as a mechanism to 

increase the probability of aggregating with kin.  Treating non-related but familiar individuals 

with preference may lead to decreases in reproductive fitness if the chances of coming into 

contact with individuals of non-related or mixed-related groups are high.  In that case, the 

mechanism for kin preference may be reinforced by an innate recognition of one’s own, and thus 

more closely related individuals’, phenotypic cue. Determination of Hamilton’s Coefficient of 

Relationship (Hamilton 1964a) r, would allow for degree of relatedness to be considered when 

investigating how tadpoles interact with each other. If tadpoles are siblings from the same clutch, 
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there would be a high degree of r (i.e., if all are full-siblings, average r among any two 

individuals would be 0.5); if they are nonsiblings from separate clutches, r would be zero, or 

close to zero (depending on past lineages).  It would be predicted that, unless too costly to 

develop, tadpoles able to make such distinctions would have comparatively greater inclusive 

fitness than those that exhibit no preferences. 

 In summary, to increase survivorship, metamorphosis, and inclusive fitness, tadpoles are 

expected to alter their aggregative, foraging and anti-predatory behaviors in order to achieve the 

most optimal benefit/cost ratio.  The sensitive life-history stages of these organisms are 

ultimately dependent on the environmental conditions, especially food availability and temporary 

pond habitats; however, behavioral changes and choices will increase the likelihood of survival 

to adulthood, thus increasing direct fitness. Kin selection with aggregations may play a large role 

in the inclusive fitness of an individual through the interactive effects on efficient foraging, 

increased reproductive options, thermoregulation, predator-avoidance through alarm cues, and 

cryptic coloration. 

 Purpose of Study  

The aim of this study was to analyze aggregation, social interaction behaviors and 

possible preference for kin presence of the African clawed frog (Xenopus laevis) in the presence 

or absence of a predator cue (homogenated conspecific alarm cue). While numerous other studies 

with amphibians have focused on predator responses of tadpoles or potential kin selection, this 

study is unique in that it is designed to examine if tadpole predator responses differ dependent on 

the social context (i.e., familiarity and relatedness to nearby tadpoles) of the tadpole’s 

environment.  In this study, behavior analyses were conducted to determine the effects of 

familiarity and possibly kin recognition on aggregation behaviors in relation to rearing 
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conditions. Activity and aggregative responses of tadpoles were analyzed using modern software 

technology, BIOBSERVE Viewer2 (BIOBSERVE, Bonn, Germany).  

 Based on previous studies conducted on predator and aggregative behaviors in tadpoles 

of various species, reviewed above, the following null hypotheses were established for this 

experiment: 

HO
1:  Familiarity and relatedness among tadpoles have no effect on aggregative 

behaviors such as activity rates, velocity, and position in a test arena. 

HO
2: Aggregative behavior does not differ when in the presence or absence of a predator 

cue.  

HO
3: Familiarity and relatedness among tadpoles does not affect response to a predator 

cue, as indicated by changes in behavioral activities observed in the absence of a predator 

cue. 

Some predictions for these hypotheses were straightforward based on results of other studies 

with amphibians.  For example, it was expected that tadpole familiarity and relatedness would 

increase aggregative tendency.  On the other hand, no previous research provided insight into 

how relatedness and/or familiarity might affect other aspects of behavior, such as total track 

length and velocity. While it was expected that tadpoles would show some type of differential 

response towards a conspecific predator cue, as in other studies, the particular response of a 

tadpole to a predator may well depend on social context. Previous work with X. laevis tadpoles 

filmed in isolation from other tadpoles showed that individuals decreased activity in the presence 

of a predator cue (Sirimalle 2004); individual tadpoles may react differently if the opportunity 

for aggregation is available.  Also, their response to a predator cue may vary depending on the 
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composition of the tadpole aggregation (i.e., familiar conspecifics, related conspecifics, unknown 

conspecifics). 
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CHAPTER II.    MATERIALS AND METHODS 

Study Organisms 

 Xenopus laevis tadpoles, the organisms used in this study are native to the temperate 

regions in Southern Africa (Deuchar 1975). Adults are reproductively mature at approximately 

eighteen months of age and can lay up to 1000 eggs at a time. Rarely found in running water, 

these midwater obligate suspension feeders display oblique orientation in the water using slight 

tail movements to maintain upright position (Hoff et al 1999). X. laevis tadpoles utilize both 

visual and chemical cues to determine aggregative behaviors and also antipredator responses 

(Wassersug and Hessler 1971). 

Animal Rearing for Experimental Tests 

Six pairs of reproductively mature wild-caught Xenopus laevis were obtained from 

Xenopus I, Inc. (Dexter, MI, USA). Prior to breeding, the adults were housed approximately 3 

days in (40x85x32 cm) polypropylene tubs (Sterilite Corporation, Townsend, MA) containing 

dechlorinated tap water, treated with 1.25 Ml AmQuel+ (AquaScience Research Group, Inc., 

North Kansas City, MO) per 10 L water. Adults were induced to breed by injecting them in the 

posterior dorsal lymph sac with a single dosage of 1000 units of human chorionic gonadotropin 

(HCG), prepared to 1000 IU/Ml (American Pharmaceutical Partners Inc., Schaumburg, IL).  

Injection of HCG followed the recommendations of the owners of Xenopus I, Inc.  Adults were 

injected in the morning and pairs were randomly placed into breeding containers (40.6x27x15.2 

cm; Rubbermaid Corporation, Wooster, OH) with 1 cm grid plastic flooring to minimize damage 

to eggs by adults. These containers were filled with 5 L dechlorinated, treated tap water prior to 

adults being added. Once amplexus was completed, the adult frogs were removed. In the 

breeding containers, 2.5 L dechlorinated, treated water was added and eggs were maintained with 
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porous stone aeration. Feeding began when tadpoles became free-swimming (Gosner stage 25); 

tadpoles were fed Nelsons Scientific Mash (Xenopus I, Inc.) (1 tablespoon per 4 cups of water, 

homogenized in blender) until the container water became cloudy. Tadpoles at 10 days old (day 

0 was fertilization) were moved to 37.85 L glass aquaria (hereafter referred to as tank) at a 

density of 120 tadpoles/ 10 L water and food was added once daily in suspension until the water 

became cloudy (about 80 Ml initially). Two days prior to adding water, aquaria were cleaned 

with hot water and Clorox bleach, rinsed with absolute ethyl alcohol (200 proof) and allowed to 

dry (recommendations of Xenopus I, Inc.).   

During this first breeding session, only two clutches had sufficient numbers to be 

included in this experiment. Consequently, a second batch of adults (4 pairs) were ordered, 

acclimated, and bred following the same methods. During this second breeding, two more 

clutches provided adequate fertilized eggs. The time period between the hatching of the first 

clutches and the hatching of the second clutches was approximately 6 days. Once the tadpoles 

from the second matings were also free-swimming, all tadpoles were moved to their rearing 

environments; the clutches from the first breeding were 17 days old, while those from the second 

were 11 days old. Tadpoles were selected randomly from among siblings in a clutch. Tadpoles 

were placed in their rearing groups as shown in Table 1. Tadpole densities were maintained at 

consistent levels, starting with 120 tadpoles per tank. Extra tadpoles not assigned to rearing tanks 

were maintained at varying densities of mixed-siblings to be utilized for conspecific alarm 

substance material. Five distinct rearing group types, each with replicates, were maintained as 

shown in Table 1.  As shown, these rearing environments provided for both full-sibling only 

tanks and various types of mixed (full-sibling and non-sibling) tanks. Thus, in some tank types 

all tadpoles shared an equal degree of relatedness, r, of 0.5 (Hamilton’s Coefficient of  
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Table 1. Assignment of tadpoles from four distinct clutches to environmental rearing tanks.  

Two rearing conditions (FS1 and FS2) contained only full-siblings. Three rearing conditions, 

labeled M, contained mixed numbers of tadpoles from either three (e.g., M134) or four clutches.  

Tank replicates for each condition are labeled A through D.  All tanks were assigned 120 

tadpoles. 

 
 Rearing Groups 

 FS1 A,B,C FS2 A,B,C M234 A,B M134 A,B M1234 A,B,C,D 

Clutch 1 120   40 30 

Clutch 2  120 40  30 

Clutch 3   40 40 30 

Clutch 4   40 40 30 
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Relationship; Hamilton 1964a); in other rearing tanks average r values would be less than an 

average of 0.5 due to the mixing of clutches. 

 All rearing tanks were maintained with aeration and at room temperature (20-22oC) with 

ambient light conditions from north-facing windows with a natural light: dark cycle (14 h: 10 h). 

Feeding was continued daily using the tadpole blend (80 Ml). Tank cleaning was performed 

every 3 to 4 days, until behavioral filming began. During these full water changes, tank water 

was drained until about 1 L remained with the tadpoles. This method of cleaning was used to 

minimize the damage to the tadpoles; it eliminates using nets, and therefore eliminates direct 

contact. Remaining water with tadpoles was poured into temporary holding beakers. Tanks were 

scrubbed with unbleached paper towels and rinsed with hot water. Ten liters of dechlorinated tap 

water with treatment was added before tadpoles were replaced into their rearing tanks. Tank 

cleaning once filming had begun consisted of partial water changes (5 L changed and replaced 

with dechlorinated, treated tap water) along with the pipetting of debris. Tadpoles continued to 

be fed, but feeding was reduced to 40 Ml due to decreasing tadpole densities resulting from 

removal of individuals for behavioral testing.  All tadpoles were maintained after testing until 

metamorphosis at which time they were donated to a local pet store, Tails and Scales (Derby, 

KS). 

 

Experimental Testing Procedures 

 The specific test conditions used in this experiment are presented in Table 2. Focal 

animal refers to the tadpole being filmed, and therefore analyzed by the software. The center 

animals were the animals in the center apparatus, as explained in the next paragraph. The  
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Table 2. Experimental composition of tadpoles in test arenas for behavioral filming. 

Designations for focal and center tadpoles refer to rearing environment. Only behavior of the 

focal animal was filmed. Twenty films were completed for each experimental test group 

designation, for both cue presence and absence. 

 
Test 

Group # 

Focal Tadpole Cue Center Tadpoles Experimental 

Test Group 

Designation 

# of films 

1 FS1 A NO FS1 A RF 10 

2 FS2 A NO FS2 A RF 10 

3 FS1 B NO M234 A URUF 10 

4 FS2 B NO M134 A URUF 10 

5 M1234 A NO M1234 A MRF 10 

6 M1234 B NO M1234 B MRF 10 

7 FS1 C YES FS1 C RF 10 

8 FS2 C YES FS2 C RF 10 

9 FS1 A  YES M234 B URUF 10 

10 FS2 A  YES M134 B URUF 10 

11 M1234 C YES M1234 C MRF 10 

12 M1234 B YES M1234 D MRF 10 
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experimental test group designation, hereafter test group, referred to the relatedness and 

familiarity factor. Tadpoles from the same clutch were related, or R; those from different 

clutches were unrelated, or UR; and those tadpoles reared with a mixture of siblings and 

nonsiblings were mixed related, or MR. Tadpoles which had been reared together since 

separation into their respective rearing tanks (regardless of relatedness) were familiar, F; those 

which had not been reared together were unfamiliar, UF. In the case of the first test group, with 

the test group designation RF, all tadpoles were from the same clutch (number 1) and familiar 

with each other, due to rearing together in tank FS1 A. The test group designation refers to the 

relationship between relatedness and familiarity of the focal animal to the center animals, but not 

the relationships between the center animals themselves. 

The tadpoles within the groups varied in degree of relatedness. The focal tadpole that was 

reared and tested with full-siblings had the highest degree of relatedness, r, to those it was tested 

with; this applies to the test group RF. The focal tadpole that was reared apart from those it was 

tested with from a mixed clutch (e.g., FS1 tested with M234) had a zero r; this applies to the test 

group URUF. The focal tadpoles that was reared with and tested with mixed siblings and 

nonsiblings (e.g., both the focal animal and center animals are from a M1234 tank) had an 

intermediate r, due to the possibility of relatedness to one or more of the individuals; this applies 

to the test group MRF. Due to the design of this experiment, a full factorial design was not 

applicable. If an individual had been raised in isolation, the test group RUF could have been 

possible; in this case, the isolated individual would have been tested with full siblings. The test 

group URF was not possible; tadpoles would have needed to be separated and identifiable by 

clutch within a tank.  
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Testing apparatus consisted of a digital video camera, mounted above a testing container 

(called arena hereafter), surrounded by cardboard walls (19 x 22.5 x 36.5 cm). Two liters (2.5 cm 

depth) dechlorinated, treated water was used in the designated testing arena, which was a white 

plastic box (40.5 x 30.5 x 10.5 cm; 8.5 L); different containers, all of the same type, were used 

for presence or absence of predator cue to limit the possibility of cue from previous tests. This 

size of testing container was chosen to allow freedom of movement, while not forcing 

aggregation. For example, Katz et al. (1981) examined schooling in Xenopus laevis using an 

experimental setup with a range of 46 to 182 tadpoles per 3.4 L in a container (area= 683 cm2), 

compared to 5 tadpoles per 2 L water in a container (1235 cm2) with four confined to the center 

apparatus, as in this study. The testing container was divided into two areas by adding a center 

apparatus consisting of an upside-down clear plastic circular cup (9.5 cm tall; 8 cm diameter) 

with large holes (4x2 cm) cut out of the sides; a ring (1 cm tall) was left around the lip of the cup 

to allow stability while placed in the water. On the outside of this container, a mesh screen was 

added to keep the center tadpoles from escaping; mesh was secured on the bottom of the cup, 

which faced upwards and was covered with a mason jar lid insert (8.5 cm diameter). This mesh 

screen allowed for both visual and chemical detection by the focal tadpoles of the center 

tadpoles. The cover prevented the camera from viewing the tadpoles in the center, since only the 

focal tadpole was being analyzed by the software program. 

For each behavioral film, five tadpoles were randomly selected from their specific rearing 

conditions. The focal tadpole was randomly selected from its respective rearing tank and placed 

into 1 L treated, dechlorinated water; four center tadpoles were randomly selected from their 

respective tank and placed into 1 L water. Filming duration for each test was 10 minutes. For 

those tests with predator cue, cue was added after configuration of the software, described below, 
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and directly prior to start of filming.  The film and Viewer2 data configurations were saved after 

filming was finished. All tests were completed from 1200-1900 hours, July 21-July 31 2007; the 

tadpoles from the first breeding (clutches 1 and 3) were 36 days old, while tadpoles from the 

second breeding (clutches 2 and 4) were 30 days old at the beginning of filming. After testing, 

center tadpoles included in tests in the absence of the predator cue were placed back into their 

initial rearing tank; those testing in the presence of cue were placed in the extra tanks, to not 

allow cue to be acclimated to in the respective rearing tank. The focal tadpole was placed in the 

extra tanks maintained to prepare predator cue so as to avoid retesting the animal.  All tests were 

completed in random order, taking into account cue presence or absence as well as test group; 

this was to minimize the possible temporal changes in developmental effects on a test group’s 

behavior during the filming period.  

For those tests requiring predator cue, conspecific alarm substance was produced 

following the methods of Hews and Blaustein (1985). Tadpoles were placed in plastic bags and 

frozen for euthanization (use of an anesthetizing agent such as M222 was not possible because of 

the possibility of confusing the natural cue with a chemical). Following freezing, tadpoles were 

used the next day to make alarm cue: the intestines were removed and tadpoles weighed. The 

concentration of cue used was 5.5 g tadpole tissue/ 200 Ml treated, dechlorinated water (Hews 

and Blaustein 1985; Chivers et al 1999). Tadpoles were homogenized in an electronic blender 

and filtered to remove large debris. Each test using predator cue consisted of adding 10 Ml of 

conspecific alarm substance, brought to room temperature, directly to the test arena near the 

center tadpoles, but opposite of the area where the focal tadpole was just prior to testing. There 

was no acclimation time to the cue before filming began. 
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Software and Statistical Analysis 

 Use of the BIOBSERVE Viewer2 behavioral analysis software (BIOBSERVE, Bonn, 

Germany) required setting program calibrations for the testing container before tadpoles and 

water were added into their respective arenas; these set the parameters for film analysis and data 

processing. Calibrations for the testing arena were necessary in order to determine the size of the 

arena as it is viewed by the software program; to accomplish this, a small, rectangular slide box 

(5.8 x 5.2 cm) was inserted into the arena, and therefore viewed on the computer screen during 

filming setup, and measured within the program through the setup calibration feature, which 

ensures accurate track length and velocity data. In addition, there was a delineation of area in 

which focal animals should be tracked, by setting up the tracking area and area configuration 

(which was drawn free-form in order to get the rounded corners of the water in the arena). 

Tadpole calibrations included optimization of detection of tadpole and the testing area by setting 

the sensitivity through the background filter of the program’s view; this also allowed for the 

blocking out of the center apparatus through the background filter. This allows tadpole size (in 

relation to pixels) and orientation to be monitored continuously. The animal recognition settings 

were not altered except for choosing to preserve the animal’s direction of movement (which 

allowed for continuous tracking, even when the focal tadpole went out of sight for a few seconds 

while under the cover over the center apparatus). 

 Various components of the analysis were also determined: interval length, zone areas, 

and grid size. The interval length was set to 20 second intervals; all data collection is done 

multiple frames per second, up to around 20 frames per second. The 20 second intervals were 

then an average (or a summary for the 20 s) of the data from the frames. Thus, for each 

individual focal animal, in a 10 minute period of filming, three data points/minute, or a total of 
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30 data points for the entire film was obtained for each response variable. The zone areas were 

manipulated to allow for two rectangular zones to be setup; the center zone was set to be half the 

distance between the center apparatus and the edges of the arena (Figure 1). For all four edges of 

the arena, an edge was set for the center zone. The remaining outer portion of the arena was set 

as a zone, making sure to include all of the tracking area set in previous calibrations. These zones 

were set to determine the time spent (along with the data from other response variables) by the 

tadpole approaching the center apparatus. A configuration of a grid was also established; this is 

used for the variable RZC (described below). The grid size used was a 4x3 table with 7.9 cm 

edge squares. 

The BIOBSERVE software automatically recorded the following response variables: 

VELOCITY, ACTIVITY, TRACK LENGTH, RATED ZONE CROSSINGS (RZC) and specific 

zone information for both the edge and center zones (C-DURATION, C-VELOCITY, C-

ACTIVITY, C-TRACK, E-DURATION, E-VELOCITY, E-ACTIVITY, and E-TRACK). All of 

these response variables, other than RZC, are based on the arena and the set zones. VELOCITY 

is the average velocity (cm/s) in an interval for the focal tadpole. ACTIVITY is defined as 

percent of time spent active (%), as defined by 0.10 cm/s velocity or greater; this setting was 

chosen to display the freezing behavior of some tadpoles in the presence of the cue. TRACK 

LENGTH is the total track length (cm) for a given interval, or the total track length in a given 

zone for the interval. RATED ZONE CROSSINGS (RZC) is a quantitative measure of the linear 

movement, discounting small-range movements; they are based on a grid established during 

calibrations, rather than movements between the two established zones. 

Data for all response variables was compiled using all intervals set at 20 seconds, from 

the 10 minute films. All response variables were recorded and stored as Viewer2 results files, 
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which were then exported from the Viewer2 software into Microsoft Excel data files for 

organization, and transferred into SAS 9.1 software for statistical analysis (SAS Institute). All 

statistics were performed using Statistical Analysis System (SAS) software for PC, Version 9.1.3 

Service Pack 2 (2002-2004).  Analysis of variance was performed (PROC GLM) to determine 

the significant differences among the mean values of the test groups in relation to the response 

variables in both the presence and absence of the predator cue and according to minute; for 

significant tests, Tukey’s test for multiple contrasts was used to rank the test groups. The 

nonparametric Kruskall-Wallis tests (PROC NPAR1WAY) were used to compare the effects of 

cue absence and presence on the response variables in their respective test groups and according 

to minute. Linear regression analyses (PROC GLM) were used to determine the temporal trends, 

by minute, for the response variables in their respective cue treatment and test group. The 

descriptive statistics for all response variables were performed using PROC UNIVARIATE for 

the respective cue treatment and test group. In all tests, significance was chosen as a probability 

(p) value of less than or equal to 0.05; significance is indicative of rejection of the applicable null 

hypothesis.
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Figure 1. Illustration showing zone definition within test arena. The dashed line around the perimeter is the outline 

for the edge zone. The solid black square is the center zone. Note that the center circle is not included in analysis; this 

houses the four center tadpoles. The tadpole is the dark figure in the right-hand bottom corner; the jagged line 

extending from the tadpole is the tracking mechanism for the entire 10-minute film. 

  



   

CHAPTER III.           RESULTS 

Differences Among Test Groups 

 In order to access differences among test groups during each minute of filming, analysis 

of variance was performed for the cue tests and non-cue tests separately (Table 3).  For all 

response variable tests (e.g., C-DURATION, C-ACTIVITY), the null hypothesis of ANOVA 

was: RF mean = MRF mean = URUF mean.  A total of 120 distinct tests were conducted for 

both the cue and non-cue groups; only significant results are presented in Table 3.  For the cue 

tests, 18 of 120 (15%) were significant; for the non-cue tests, 12/120 (10%) were significant. 

Thus, considering the possibility of 5% of tests having a Type I error at the experiment-wide 

level, both the cue and non-cue categories exhibited numbers of significant tests greater than 

expected just by chance.  

  Fifteen of the 18 significant tests for the tadpoles exposed to predator cue occurred in the 

first four minutes (Table 3).  Ten of these 15 tests indicated that the means for the particular 

variable were ranked in descending value for the URUF, RF, MRF test groups. For example, the 

mean seconds for C-DURATION in minute 2 were 5.82 + 0.885 SE (n=60), 4.71 + 0.921 SE (n 

= 60), and 2.25 + 0.494 SE (n=60) for tadpoles in the URUF, RF, and MRF test groups, 

respectively (see Appendix 1). In all these tests, the URUF mean value was significantly greater 

than the MRF mean value, while the RF mean was intermediate and not significant from either 

group. Four of the 15 tests showed that the means for the particular variable were ranked in 

descending value for the RF, URUF, MRF test groups; all four of these tests occurred for the 

variables E-VELOCITY, E-TRACK, VELOCITY, and TRACK. For example, the mean values 

for the E-VELOCITY in minute 1 were 1.55 + .1972 SE (n=60), 1.43 + .1767 SE (n=60), and 

1.17 + .1824 SE (n=60) for tadpoles in the RF, URUF, and MRF test groups, respectively 
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(Appendix 1). In all these tests, the RF mean value was significantly greater than the MRF mean 

value. 

Two of the 12 significant tests for the tadpoles not exposed to predator cue occurred in 

the first four minutes, while the other 10 tests occurred in the last four minutes (Table 3). For 

both of these 2 significant tests in the earlier periods of filming, the means for the particular 

variable ranked in descending order for the MRF, URUF, RF test groups. The mean values for 

the particular variable (C-ACTIVITY or C-VELOCITY) were significantly greater for the MRF 

group in relation to the RF group, while the URUF test group mean value was intermediate and 

not significant from either group. No significant tests occurred in minutes 5 and 6. 

Three of the 18 significant tests for the tadpoles exposed to predator cue occurred in the last four 

minutes (Table 3). Two of these tests indicated the descending order of the test groups for the 

mean values for a particular variable to be: MRF, URUF, RF. Again, a Tukey’s test comparison 

showed significantly greater mean values for both variables (C-ACTIVITY and C-VELOCITY) 

between the MRF and RF test groups, with the URUF group not significant from either group. 

The third significant test showed a trend similar to most of the tadpoles exposed to cue in the 

first four minutes: the descending order of the test groups’ mean values for variable C-TRACK 

in minute 8 were URUF, RF, MRF. In this case, however, the URUF test group mean was 

significant from both the RF and MRF group, while the RF and MRF test group means were not 

significant. The mean values for this variable are as follows: 7.19 + 1.3671 SE (n=60), 3.66 + 

.8869 SE (n=60), and 4.47 + .7385 SE (n=60) for the tadpoles in the URUF, RF, and MRF 

groups, respectively (Appendix 1).
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Table 3. Testing group rankings, for each minute and in both cue presence and absence, are according to Tukey’s tests. Testing groups of the same letter in a contrast were not significantly different. All Tukey’s tests were preceded by Kruskall 
Wallis tests.  

 Minute 1 Minute 2 Minute 3 Minute 4 Minute 
5 

Minute 
6 

Minute 7 Minute 8 Minute 9 Minute 10 

C-
DURATION 

 
 

CUE:                               
URUFa RFab MRFb   
F=5.35 df=2, 177 p=.0055 

    
NO CUE:                         
MRFa URUFab RFb 
F=3.52 df=2, 173 p=.0317 

 
NO CUE:                              
MRFa URUFab RFb         
F=4.17 df=2, 171 p=.0170 

 

C-ACTIVITY 
CUE:                         
URUFa Rfab MRFb F=5.28 
df=2, 177 p=.0060 

CUE:                                
URUFa Rfab MRFa    
F=3.60 df=2, 177 p=.0293 

CUE:                              
URUFa Rfab MRFb                 
F=3.99 df=2, 177 p=.0201  
 
NO CUE:                         
MRFa URUFab RFb   
F=3.21 df=2, 174 p=.0427 

CUE:                           
URUFa Rfab MRFb 
F=5.71 df=2, 177 
p=.0039 

  
 CUE:                          
MRFa URUFab RFb 
F=3.48 df=2, 177 p=.0329 

  
NO CUE:                      
MRFa URUFab RFb  
F=4.39 df=2, 171 p=.0139 

C-VELOCITY   
NO CUE:                    
MRFa URUFab RFb 
F=3.84 df=2, 174 p=.0234 

CUE:                         
URUFa Rfab MRFb 
F=6.86 df=2, 177 
p=.0013 

  
CUE:                           
MRFa URUFab RFb 
F=3.48 df=2, 177 p=.0328 

  
NO CUE:                      
MRFa URUFb RFb    
F=5.83 df=2, 171 p=.0035 

C-TRACK 
CUE:                         
URUFa Rfab MRFb F=4.17 
df=2, 177 p=.0170 

CUE:                         
URUFa RFb MRFb   
F=6.46 df=2, 177 p=.0020 

 
CUE:                         
URUFa Rfab MRFb 
F=4.77 df=2, 177 
p=.0096 

  
NO CUE:                    
MRFa URUFab RFb 
F=3.44 df=2, 173 p=.0341 

CUE:                           
URUFa RFb MRFb   
F=4.12 df=2, 177 p=.0178 

 
NO CUE:                      
MRFa RFb URUFb           
F= 7.45 df=2, 171 p=.0008 

E-
DURATION  

CUE:                           
MRFa RFb URUFb   
F=5.35 df=2, 177 p=.0055 

    
NO CUE:                       Rfa 
URUFab MRFb F=3.65 
df=2, 173 p=.0281 

 
NO CUE:                         
Rfa URUFb MRFb           
F= 4.17 df=2, 171 p=.0170 

 

E-VELOCITY 
CUE:                              Rfa 
URUFab MRFb F=3.16 
df=2, 177 p=.0448 

   

   

   

   

   

      

E-TRACK 
CUE:                              Rfa 
URUFab MRFb F=3.48 
df=2, 177 p=.0329 

      

VELOCITY  
CUE:                               
Rfa URUFab MRFb F=4.16 
df=2, 177 p=.0171 

      

ACTIVITY 
(%) 

CUE:                         
URUFa Rfa MRFa   F=3.18 
df=2, 177 p=.0439 

      

TRACK 
LENGTH 

CUE:                              Rfa 
URUFab MRFb F=4.18 
df=2, 177 p=.0168 

      

RATED 
ZONE 
CROSSINGS 

            
NO CUE:                    
MRFa URUFab RFb 
F=3.62 df=2, 173 p=.0289 

    
NO CUE:                       
MRFa Rfab URUFb    
F=4.80 df=2, 171 p=.0093 

   



   

The remaining 10 significant tests occurred in the last four minutes for tadpoles not 

exposed to the predator cue (Table 3). For all significant tests, the MRF test group showed the 

greatest mean value for all variables. Seven of these 10 tests showed that the mean values for the 

particular variable were ranked in descending value for the MRF, URUF, RF test groups. For 

example, the mean values for the variable RZC in minute 7 were 13.69 + 1.8129 SE (n=59), 

10.49 + 1.4451 SE (n=57), and 7.90 + 1.3072 SE (n=60) for the tadpoles in the MRF, URUF, 

and RF test groups, respectively (Appendix 1). In five of these tests, MRF mean values were 

significant from the RF mean values with URUF mean values not significant from either group. 

For the other two tests, the MRF mean values were significantly greater than either the URUF or 

RF mean values, while the mean values for both the URUF and RF groups were not significant 

from each other. 

 

Differences Between Cue Presence/Cue Absence Within Test Groups 

 In order to assess the differences between tadpoles exposed or not exposed to the predator 

cue within a test group during each minute of filming, analysis of variance was performed for 

each test group (RF, MRF and URUF) separately (Table 4, Table 5). For all response variable 

tests (e.g., C-DURATION, C-ACTIVITY), the null hypothesis of ANOVA was NO CUE (NC) 

mean=CUE © mean. A total of 120 distinct tests were performed for all three test groups; only 

significant results are presented in Table 4 and Table 5. Table 4 displays the significant 

comparisons for each group, while Table 5 includes the values for the Kruskall-Wallis tests. For 

all tests, 113 of the 360 (31%) total tests were significant. Of these 113 tests, 47 were significant 

for the RF test group; 27 for the MRF test group; and 39 for the URUF test group. Overall, 17 of 
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these significant tests ranked mean values for NC greater than C; in 96 tests, the C mean values 

were greater than NC mean values (Table 4). 

For variables C-DURATION and E-DURATION, significant tests were present in all 10 

minutes (Table 4). For all 14 significant tests for variable C-DURATION, all groups in all 

minutes showed greater mean values for NC than for C. Due to the additive characteristic of 

these two variables, rankings for cue absence or presence are transposed in all cases. For 

example, for minute 1 in C-DURATION, both RF and MRF showed NC mean values to be 

significantly greater than C mean values; for minute 1, E-DURATION mean values show C to be 

significantly greater than NC values for both groups. The remaining 3 tests which showed 

significant results for greater mean values for NC over C occurred in minute two for the 

variables C-ACTIVITY, C-VELOCITY, AND C-TRACK.  

The remaining 96 significant tests occurred in the last 7 minutes of the filming; all tests 

showed significant greater mean values for all variables (disregarding C-DURATION, due to the 

additive effects mentioned previously) in the presence of the cue than in the absence of the 

predator cue. Of these significant tests, 45 (47% of the 96) were attributed to the RF test group; 4 

(4%) to the MRF test group; and 33 (34%) to the URUF test group. 

 

Temporal Trends in Response Variables  

In order to determine the temporal trends for each response variable, linear regression 

was performed for each test group in the presence or absence of cue separately (Table 6; Table 

7). For all response variables, the null hypothesis of linear regression was b=0 (e.g., the slope for 

C-DURATION over ten minutes for the RF test group in the presence of cue was zero). A total 

of 72 distinct tests were conducted, including all test groups and cue presence or absence.



   

 

Table 4. Kruskall-Wallis test comparisons between cue presence and absence within a test group. All comparisons are significant (p<.05). Comparisons between no cue and cue are for the 

mean values of a given variable within each minute. 

 Minute 1  Minute 2 Minute 3 Minute 4 Minute 5 Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

C-DURATION RF NC>C    
MRF NC>C     

MRF NC>C  
URUF NC>C       

MRF NC>C  
URUF NC>C       

MRF NC>C       MRF NC>C       MRF NC>C  
URUF NC>C       

MRF NC>C       MRF NC>C       MRF NC>C       MRF NC>C       

C-ACTIVITY  MRF NC>C       RF NC<C       URUF NC<C       URUF NC<C         RF NC<C       RF NC<C       

C-VELOCITY  MRF NC>C       RF NC<C       URUF NC<C       URUF NC<C         RF NC<C       RF NC<C       

C-TRACK    
LENGTH 

MRF NC>C       RF NC<C       URUF NC<C       URUF NC<C         RF NC<C       RF NC<C       

E-DURATION RF NC<C    
MRF NC<C     

MRF NC<C  
URUF NC<C       

MRF NC<C  
URUF NC<C       

MRF NC<C       MRF NC<C       MRF NC<C  
URUF NC<C       

MRF NC<C       MRF NC<C       MRF NC<C       MRF NC<C       

E-ACTIVITY   RF NC<C         RF NC<C     
URUF NC<C       

RF NC<C       
MRF NC<C  
URUF NC<C       

RF NC<C    
MRF NC<C       

RF NC<C     
URUF NC<C       

RF NC<C     
URUF NC<C       

E-VELOCITY   RF NC<C          URUF NC<C       RF NC<C       RF NC<C     
URUF NC<C       

RF NC<C     
URUF NC<C       

E-TRACK  
  LENGTH 

    URUF NC<C       RF NC<C     
URUF NC<C       

RF NC<C    
MRF NC<C       

RF NC<C     
URUF NC<C       

RF NC<C     
URUF NC<C       

VELOCITY  
(AVERAGE) 

 RF NC<C         URUF NC<C       RF NC<C     
URUF NC<C       

RF NC<C       RF NC<C     
URUF NC<C       

RF NC<C     
URUF NC<C       

ACTIVITY (%)   RF NC<C                                     
URUF NC<C     

RF NC>C       
URUF NC>C       

RF NC>C     
URUF NC>C       

RF NC<C     
URUF NC<C       

RF NC<C    
MRF NC<C       

RF NC<C     
URUF NC<C       

RF NC<C     
URUF NC<C       

TRACK 
 LENGTH 

 RF NC<C         URUF NC<C       RF NC<C     
URUF NC<C       

RF NC<C       RF NC<C     
URUF NC<C       

RF NC<C     
URUF NC<C       

RATED ZONE 
 CROSSINGS 

RF NC<C          RF NC<C     
URUF NC<C       

RF NC<C       RF NC<C       RF NC<C     
URUF NC<C       
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Table 5. Results of Kruskall-Wallis (KW) tests to assess differences between cue absence and presence within a testing group. 

                      
 Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

C-
DURATION 

RF   X2=5.92  
df=1 p=.0149     
MRF X2=5.05 
df=1 p=.0247  

MRF X2=18.51 
df=1 p=<.0001  
URUF X2=6.20 
df=1 p=.0128  

MRF X2=7.62 
df=1 p=.0058   
URUF X2=7.78 
df=1 p=.0053   

MRF   X2=9.71 
df=1 p=.0018     

MRF    X2=12.48 
df=1 p=.0004    

MRF X2=15.65 
df=1 p=<.0001  
URUF X2=4.54 
df=1 p=.0331    

MRF  X2=11.45 
df=1 p=.0007     

MRF  X2=13.96 
df=1 p=.0002    

MRF  X2=11.33 
df=1 p=.0008     

MRF  X2=5.33 
df=1 p=.0209     

 

C-ACTIVITY  MRF  X2=6.93 
df=1 p=.0085      

RF    X2=8.56 
df=1 p=.0034   

URUF  X2=6.03 
df=1 p=.0140       

URUF  X2=12.29 
df=1 p=.0005        

   RF     X2=4.94 
df=1, p=.0262   

RF     X2=6.52 
df=1 p=.0107    

C-VELOCITY  MRF  X2=5.61 
df=1 p=.0178      

RF   X2=12.14 
df=1 p=.0005    

URUF X2=6.37 
df=1 p=.0116  

URUF   X2=11.53 
df=1 p=.0007      

   RF     X2=4.69 
df=1 p=.0303    

RF     X2=6.06 
df=1 p=.0138    

C-TRACK 
LENGTH 

 MRF  X2=8.21 
df=1 p=.0042      

RF   X2=8.45  
df=1 p=.0037   

URUF  X2=6.63 
df=1 p=.0100      

URUF  X2=9.72 
df=1 p=.0018      

   RF     X2=3.88 
df=1 p=.0488    

RF     X2=5.35 
df=1 p=.0208    

E-
DURATION 

RF   X2=5.64  
df=1 p=.0175      
MRF X2=5.06  
df=1 p=.0245  

MRF X2=18.51 
df=1 p=<.0001  
URUF   X2=6.21 
df=1 p=.0127   

MRF  X2=7.66 
df=1 p=.0056  
URUF X2=7.79 
df=1 p=.0052      

MRF    X2=9.71 
df=1 p=.0018    

MRF    X2=12.45 
df=1 p=.0004    

MRF  X2=15.71 
df=1 p=<.0001  
URUF  X2=4.54 
df=1 p=.0331      

MRF   X2=12.41 
df=1 p=.0004      

MRF   X2=13.96 
df=1 p=.0002      

MRF   X2=11.27 
df=1 p=.0008      

MRF   X2=5.39 
df=1 p=.0203      

E-ACTIVITY   RF    X2=6.07 
df=1 p=.0238     

  RF   X2=4.25  
df=1 p=.0393 
URUF X2=5.39 
df=1 p=.0203         

RF     X2=7.07 
df=1 p=.0079 
MRF  X2=4.70 
df=1 p=.0302 
URUF  X2=5.34 
df=1 p=.0208       

RF    X2=10.41 
df=1 p=.0013          
MRF X2=5.87 
df=1 p=.0154       

RF   X2=6.88  
df=1 p=.0087 
URUF  X2=6.37 
df=1 p=.0116      

RF X2=10.60   
df=1 p=.0011 
URUF  X2=7.28 
df=1 p=.0070      

E-VELOCITY   RF    X2=4.25 
df=1 p=.0392     

   URUF   X2=4.75 
df=1 p=.0293     

RF   X2=5.87  
df=1 p=.0154      

RF   X2=4.41  
df=1 p=.0358 
URUF  X2=3.96 
df=1 p=.0466      

RF   X2=9.52  
df=1 p=.0020 
URUF  X2=5.69 
df=1 p=.0171      

E-TRACK 
LENGTH 

     URUF  X2=5.58 
df=1 p=.0182       

RF    X2=4.79 
df=1 p=.0079 
URUF   X2=8.64 
df=1 p=.0033        

RF     X2=7.52 
df=1 p=.0061  
MRF  X2=3.90 
df=1 p=.0483       

RF   X2=4.75  
df=1 p=.0292 
URUF  X2=5.32 
df=1 p=.0210      

RF   X2=10.38   
df=1 p=.0013 
URUF  X2=5.36 
df=1 p=.0206      

VELOCITY 
(AVERAGE) 

  RF    X2=5.38 
df=1 p=.0204     

  URUF  X2=4.56 
df=1 p=.0326       

RF     X2=5.19 
df=1 p=.0227 
URUF X2=7.59 
df=1 p=.0059        

RF   X2=7.44  
df=1 p=.0064       

RF   X2=7.47  
df=1 p=.0063 
URUF  X2=4.70 
df=1 p=.0302      

RF   X2=11.99   
df=1 p=.0005 
URUF  X2=5.42 
df=1 p=.0199      

ACTIVITY 
(%) 

  RF    X2=7.00 
df=1 p=.0082   
URUF X2=4.03 
df=1 p=.0446  

 RF   X2=5.32       
df=1 p=.0211  
URUF X2=4.53  
df=1 p=.0333  

RF   X2=4.50  
df=1 p=.0339 
URUF X2=6.34 
df=1 p=.0118   

RF   X2=8.43  
df=1 p=.0037 
URUF X2=9.08 
df=1 p=.0026        

RF  X2=12.41 
df=1 p=.0004 
MRF  X2=3.96 
df=1 p=.0466       

RF X2=12.72   
df=1 p=.0005 
URUF  X2=7.32 
df=1 p=.0068      

RF X2=14.15   
df=1 p=.0002 
URUF  X2=6.46 
df=1 p=.0110      

TRACK 
LENGTH 

  RF   X2=5.06  
df=1 p=.0244    

  URUF X2=4.67 
df=1 p=.0306        

RF   X2=5.71  
df=1 p=.0168 
URUF X2=8.55 
df=1  p=.0035        

RF   X2=7.56  
df=1 p=.0060       

RF    X2=7.70 
df=1 p=.0055 
URUF  X2=6.13 
df=1 p=.0133     

RF X2=12.69   
df=1 p=.0004 
URUF  X2=6.49 
df=1 p=.0108      

RATED 
ZONE 
CROSSINGS 

    RF   X2=6.13  
df=1 p=.0133    

      RF   X2=6.96  
df=1 p=.0083 
URUF X2=5.49 
df=1 p=.0192        

RF   X2=5.83  
df=1 p=.0158       

RF    X2=9.35 
df=1 p=.0022       

RF   X2=8.06  
df=1 p=.0045 
URUF  X2=5.51 
df=1 p=.0189      
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Only the significant results are presented in Table 6; 38/72 (53%) tests were significant. Of the 

tests conducted for the presence of cue, 24/38 tests were significant; 14/38 were significant for 

the absence of predator cue. Of the tests conducted, 11/38 can be attributed to test group RF; 

14/38 to test group MRF; and 13/38 to test group URUF. 

 For response variables E-ACTIVITY, E-VELOCITY, E-TRACK, VELOCITY, 

ACTIVITY, TRACK, and RZC, there were positive slope values for all groups in the presence of 

cue, indicating that the response variable increased in value during the 10 minute film interval. 

The only negative slope values in the presence of cue occurred for test group URUF for variables 

C-DURATION and C-ACTIVITY. In the absence of the predator cue, test groups RF and URUF 

showed similar negative slope trends for response variables C-DURATION and C-ACTIVITY; 

other negative slope values occurred for test group RF in response variable C-VELOCITY and 

test group URUF in response variable C-TRACK. Test group MRF showed positive slope values 

for response variables C-DURATION, E-TRACK, VELOCITY, TRACK, and RZC. 

 



   

 

 

Table 6. Linear Regression Summary. Only significant tests are shown. +b 
indicates a positive slope; -b indicates a negative slope. Minute was the IV. 

 CUE NO CUE 
 RF MRF URUF RF MRF URUF

C-DURATION   -b -b +b -b 
C-ACTIVITY  +b -b -b  -b 
C-VELOCITY    -b   
C-TRACK 
LENGTH      -b 

E-DURATION    +b -b +b 
E-ACTIVITY +b +b +b    
E-VELOCITY +b +b +b    
E-TRACK LENGTH +b +b +b  +b  

VELOCITY 
(AVERAGE) +b +b +b  +b  

ACTIVITY (%) +b +b +b    
TRACK LENGTH +b +b +b  +b  

RATED ZONE 
CROSSINGS +b +b +b  +b  
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Table 7. Values for Linear Regression analysis. Minute was the independent variable. 
                

GROUP CUE 
C-

DURATION 
C-

ACTIVITY 
C-

VELOCITY 

C-
TRACK 

LENGTH 
E-

DURATION 
E-

ACTIVITY 
E-

VELOCITY 
E-TRACK 
LENGTH VELOCITY ACTIVITY 

TRACK 
LENGTH RZC 

RF 
NO 

CUE 

F=9.05 
df=1, 598 
p=.0027   
b=-.3496 

F=6.63 
df=1, 598 
p=.0103   
b=-.0655 

F=3.93 
df=1, 598 
p=.0479   
b=-.0485  

F=8.72 
df=1, 598 
p=.0033   
b= .3432        

 CUE      

F=13.31 
df=1, 598 
p=.0003   
b=1.1054 

F=14.87 
df=1, 598 
p=.0001   
b=.0916 

F=17.02 
df=1, 598 
p=.<.0001 
b= 1.8733 

F=16.68 
df=1, 598 
p=<.0001 
b= .0936 

F=12.85 
df=1, 598 
p=.0004   
b= 1.0522 

F=16.61 
df=1, 598 
p=<.0001 
b=1.8679 

F=18.07 
df=1, 598 
p=<.0001 
b= .8046 

MRF 
NO 

CUE 

F=4.12 
df=1, 588 
p=.0427   
b=.2447    

F=4.42 
df=1, 588 
p=.0360   
b= -.2530   

F=7.16 
df=1, 588 
p=.0076   
b= 1.1503 

F=7.21 
df=1, 588 
p=.0074   
b= .0604  

F=7.03 
df=1, 588 
p=.0082   
b=1.1925 

F=6.00 
df=1, 588 
p=.0146   
b=.4713 

 CUE  

F=9.11 
df=1, 598 
p=.0027   
b= .7870    

F=23.15 
df=1, 598 
p=<.0001 
b= 1.3153 

F=24.29 
df=1, 598 
p=<.0001 
b= .0971 

F=27.11 
df=1, 598 
p=<.0001 
b= 1.9136 

F=27.18 
df=1, 598 
p=<.0001 
b= .1008 

F=26.16 
df=1, 598 
p=<.0001 
b= 1.3682 

F=26.92 
df=1, 598 
p=<.0001 
b=2.0040 

F=30.04 
df=1, 598 
p=<.0001 
b= .8809 

URUF 
NO 

CUE 

F=6.28 
df=1, 568 
p=.0125   
b=-.2944 

F=4.19 
df=1, 568 
p=.0411   
b= -.5780  

F=5.73 
df=1,568 
p=.0170   
b=-.2454 

F=5.99 
df=1, 568 
p=.0104   
b= .2875        

 CUE 

F=4.06 
df=1, 598 
p=.0444   
b= -.1698 

F=4.20 
df=1, 598 
p=.0408   
b= -.0609       

F=4.45 
df=1, 598 
p=.0352   
b= .5894 

F=10.43 
df=1, 598 
p=.0013   
b= .0692 

F=18.00 
df=1, 598 
p=<.0001 
b= 1.6334 

F=13.10 
df=1, 598 
p=.0003   
b= .0749 

F=4.64 
df=1, 598 
p=.0316 
b=.5824 

F=12.98 
df=1, 598 
p=.0003   
b=1.4883 

F=14.24 
df=1, 598 
p=.0002   
b= .6568 
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CHAPTER IV.           DISCUSSION 

 This study was designed to further information pertaining to the social behaviors of X. 

laevis tadpoles, both in the presence and absence of a predator cue in their environment; 

uniquely, this study examines aggregation and predator responses of tadpoles against a 

background of differing social groups of conspecifics.   In particular, the purposes of this study 

were to quantitatively evaluate A) if familiarity/relatedness (test group composition) causes 

differences among groups in mean behaviors of the focal animal while not in the presence of a 

predator cue, B) if familiarity/relatedness (test group composition) causes differences among 

groups in mean behaviors of the focal animal while in the presence of a predator cue, and C) if 

aggregative behavior differs when the focal tadpole within a particular test group is in the 

presence or absence of a predator cue.  

 First, a background on X. laevis from an ecological perspective will be helpful in 

interpreting these results compared to other reports for other amphibian species. As tadpoles, X. 

laevis are obligate, mid-water suspension feeders; they maintain an oblique angle to the water, 

which requires tail movements to maintain a stationary position (Hoff et al 1999). Tadpoles, for 

all species, have little control over the general habitat type, often ephemeral, in which eggs are 

deposited; for X. laevis, this is particularly important due to the fact that their life cycle is fully 

aquatic, unlike many other species of amphibians. Also related to this fact, X. laevis tadpoles use 

both lungs and gills; this can be advantageous in hypoxic water, but it also reduces endurance 

and increases metabolism. To make up for the increased metabolic rate, X. laevis tadpoles must 

feed more often (Hoff et al 1999). According to Hoff and Wassersug (1986), X. laevis use the 

end of their tail (flagellum) to maintain their position in the water and also the position of their 
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head when moving under 6 body lengths per second; over 6 body lengths per second, feeding has 

probably ceased.  

There are two general swimming categories for X. laevis: short bursts to evade predators 

or very slow swimming for feeding or moving between aggregations. In this study, the definition 

of activity is any percent of time spent over 0.10 cm/second; typical body length of the tadpoles 

tested in this experiment was over 2 cm, suggesting that velocities of 12 cm/s or greater would be 

typical of short bursts used to evade predators in the wild.  In this study, mean velocities (cm/s) 

were always much smaller than 12cm/s, ranging in all tests between approximately 0.15 and 2.0 

cm/s for a 10 s interval (See Appendix 1C and 1G). In an open habitat, more rapid bursts may be 

possible in comparison to the restricted arena size used in these behavioral tests. Even so, 

velocities greater than 10cm/s were infrequently observed.  In this study, although very rapid 

bursts may have been restricted, velocity comparisons still support the observations of two 

different swimming categories. For example, mean values for edge velocities of the test groups 

were in 26 of 30 tests greater with predator cue than mean values observed when no cue was 

apparent (Appendix 1G); this supports that increased velocities are more typical of predator 

evasion.  In contrast to velocity on the edge, in only 15 of 30 comparisons of tadpole velocity in 

the center zone was the mean value in the presence of the cue greater than that observed in the 

absence of the cue (Appendix C). This indicates that velocities of the focal animal while in the 

center zone (i.e., more aggregated) tended to be less in the presence of a predator cue than if the 

animal was more distant from conspecifics. 

 Due to the aquatic habitat typical of adult X. laevis, tadpoles would rarely be in a 

situation where they needed to decrease the time to metamorphosis to avoid desiccation or to 

leave the pond area; rather, flexibility in time to metamorphosis may be used to escape predators 
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that may specialize on tadpoles and/or to avoid competition, among other factors. Behavioral 

strategies adopted by X. laevis tadpoles likely differ from other benthic species such as Bufo, 

which eventually leaves the hatching site to become primarily terrestrial. In the case of the 

benthic Bufo species, seeking refuge would play a bigger part in anti-predator behaviors in 

comparison to the flight behavior of X. laevis; refuges would be more easily and quickly 

accessible for a benthic species than for an open-water zone species. Theoretically, in the 

presence of unrelated conspecifics and a predator, it would be advantageous for an individual X. 

laevis to flee to an aggregation, where the selfish herd theory can come into action; in contrast, if 

the aggregate is of highly related individuals, a better strategy for the individual may be to flee 

away from its kin, decreasing the possibility of a predator noticing its movement and then being 

able to take more animals.  No previous studies have combined these two topics in behavioral 

analyses. 

 Schooling and aggregation differ. In a school, there must be mutual attraction among 

conspecifics, animals are oriented in relation to their neighbor, and orientation between 

individuals in the group as a whole is random in the absence of outside variables, such as water 

currents (as discussed in Katz et al 1981). The “Xenopus mode” of schooling, as described by 

Wassersug (1973) and recategorized by Caldwell (1989) as Type II, is composed of well 

organized, slow moving schools in mid-water. Tadpoles within the school are not in direct 

contact with neighbors and are strongly polarized. Katz et al (1981) also looked at X. laevis 

schooling behaviors; in their study, aggregation was forced under varying densities and analysis 

consisted of photographs taken at given intervals; they found that X. laevis orient parallel to 

neighbors under increasing density. Schooling may provide thermoregulatory benefits, as well as 

benefits attributed to general aggregations (i.e., more efficient feeding (Katz et al 1981)). 
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Typically, aggregates of individuals are not strongly polarized or oriented relative to each other 

nor are densities necessarily as high as may be typical for schools.  While X. laevis do exhibit 

schooling behavior, this study focuses more specifically on the social interactions and 

preferences for aggregation exhibited among a small group of animals. 

 Before a discussion of the implications of the results of this study, first consider how the 

response variables can be used to measure aggregative and/or avoidance behavior. Typically 

aggregation (and preference for kin) has been experimentally defined by previous behavioral 

studies as the proportion of time spent near conspecifics or, in some cases siblings, in an 

experimental arena (Wassersug and Hessler 1971; Blaustein and O’Hara 1987; Rappi 2005) or 

distance from one tadpole to the next (Wassersug et al 1981; DeVito 2003). With the response 

variables measured in this study, more complex aspects of aggregation may be defined. The 

unique character of this study came from the ability to measure multiple variables 

simultaneously through the BIOBSERVE Viewer2 software; due to the vast amount of 

quantitative information collected for each focal animal in a film, interpretation of the results is 

complex compared to experimental designs that primarily compare proportions of time spent 

near and far from conspecifics. 

 Differences in behavior between species, activity, velocity, or duration spent in one area 

are not clear variables for defining aggregation. What can a comparison of the mean values for 

the variables among tadpole test groups indicate about the possibility of differences in 

aggregative behavior? A tendency to be closer to other tadpoles could be indicated by differences 

in mean values of focal animals between the edge and center zones such that C-DURATION, C-

VELOCITY, C-ACTIVITY, and/or C-TRACK values would be larger than E-DURATION, E-

VELOCITY, E-ACTIVITY, and/or E-TRACK values or that C-DURATION increases while C-
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ACTIVITY, C-VELOCITY, and/or C-TRACK decrease.  Due to the lack of consistency among 

studies in exactly what measures indicate aggregation, in this study aggregation will be 

considered in the larger context of activities associated with social interactions among tadpoles. 

In the case of all C-variables measured while the focal tadpole was in the center zone, social 

interaction could be defined as a preference to associate with the conspecifics in the center 

apparatus, as shown by increased C-DURATION. Unfortunately, results for the other C-

variables will need interpretation to understand if some type of aggregative tendency has been 

displayed. For example, a focal animal that exhibited increased C-ACTIVITY with decreased C-

VELOCITY and C-TRACK would show little linear movement, slower movements, but still a 

preference to seek out center animals as shown by the increased activity. It is also important to 

note that even opposite responses to the center animals, either through avoidance or preference, 

would be indicative of focal animals reacting differentially based on the type of tadpoles in the 

center group. 

 Focal animals in the different test groups might also exhibit distinct temporal patterns in 

center related activities (e.g., in the URUF test group,  the focal animal may not as quickly seek 

association with center animals or spend as much time in the center zone early in the test period 

compared to the RF or MRF group). Temporal changes in mean response variables with respect 

to time within a test group situation may be compared to gain information on social interactions.  

For example, if mean duration in the center zone increases with time, it may exhibit a similar 

increase among the test groups or suggest different temporal responses. These temporal 

interactions were present in all comparisons made in this study. How can a comparison of the 

distinct response variables illustrate differences among the tadpole groups in the presence and in 

the absence of a conspecific predator cue? A possible response indicative of preferential kin 
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association might be a flight response to attract visual predators away from the center group; if 

the focal tadpole were to move quickly towards the group, this would potentially place all 

tadpoles in danger of predation. Kin preference behaviors in X. laevis have been documented to 

include both chemical and visual stimuli (Wassersug and Hessler 1971). Immediate reaction to 

the predator cue would be beneficial to the group if the focal tadpole discriminates between kin 

and nonkin quickly. If both predator and kin reactions were not exhibited simultaneously, 

tadpoles would likely react to the predator cue first, possibly placing kin, and therefore one’s 

inclusive fitness, in danger. The tadpole that chooses to flee rather than group with kin increases 

the likelihood that the kin group would be safe. The choice to flee would decrease the focal 

tadpole’s future reproductive fitness, but increase the future reproductive fitness of the kin group, 

therefore increasing the focal tadpole’s inclusive fitness. Kin preferences have not all been 

shown to have both a chemical and visual stimuli in all tadpole species; in the case of Rana 

cascadae tadpoles, chemical cues alone initiate kin preference behaviors (Blaustein and O’Hara 

1987).  Using both chemical and visual cues to assess kin would be more beneficial, allowing a 

more flexible behavioral strategy, while in the presence of a predator cue that might potentially 

mask or conflict with a kinship cue. 

 

Differences Among Focal Animals in Test Groups In the Absence of Predator Cue  

 Most of the significant results among focal animals in the distinct test groups in the 

absence of predator cue were in the last four minutes (Table 3). During the first six minutes of 

filming, all focal tadpoles in the test groups reacted in similar manners for most response 

variables in the absence of predator cue; this could be due to acclimation time to the testing arena 

being the most important aspect for initial response. All test groups were more active in these six 
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minutes in the edge zone than in the center zone: greater E-DURATION, E-ACTIVITY, E-

VELOCITY, and E-TRACK than the respective center zone variables (Appendices A-H). The 

exceptions to this statement were in minute 3 for variables C-ACTIVITY and C-VELOCITY. 

During the last four minutes, however, significant results for focal tadpoles in the absence of cue 

outnumbered the results for the groups in the presence of cue. In all of these significant tests in 

the absence of cue, focal animals in the MRF test group displayed greater mean values for 

variables C-DURATION, C-ACTIVTY, C-VELOCITY, C-TRACK, and RZC.  Focal animals in 

this test group exhibited greater affinity toward center tadpoles compared to focal animals in the 

RF group as shown by increased C-DURATION in minutes 7 and 9. In the absence of the cue, 

focal tadpoles act more upon the relatedness and familiarity factors toward the end of the filming 

than at the beginning of filming. 

 Temporal variations in response variable means over the ten 1-minute intervals also 

demonstrate social interactions (Table 6). Focal tadpoles in test groups RF and URUF in the 

absence of cue showed increased E-DURATION with time; focal tadpoles in MRF showed 

increased C-DURATION, in addition to increased E-TRACK, ACTIVITY, VELOCITY, 

TRACK and RZC over time. Focal tadpoles in test group MRF showed decreased E-

DURATION with time; tadpoles in RF exhibited decreased C-DURATION, C-ACTIVITY, and 

C-VELOCITY with time; and focal animals in test group URUF exhibited decreased C-

DURATION, C-ACTIVITY, and C-TRACK with time.  Test group MRF became more active in 

the center zones than test group RF, while also becoming more active while in the edge zone (as 

seen with the increase in E-TRACK for test group MRF). 
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Differences Among Focal Animals in Test Groups In the Presence of Predator Cue 

 Results did not support one possible expectation (i.e., tendency to aggregate more closely 

with kin) that aggregative behavior would be greatest among tadpoles in the RF group and 

lowest among tadpoles in the URUF group. The URUF group showed the greatest C-

DURATION, which would be indicative of increased social interaction during the first minutes 

of the film; however, RF and MRF test groups showed similar responses of decreased center 

velocity, activity, and track length compared to the URUF group (Table 3). For the URUF group, 

this corresponds with increased social interaction (aggregation) in the presence of the predator 

cue, during the time the predator cue was more concentrated. Higher values for edge zone 

response variables in the presence of the cue by focal animals in the RF and MRF groups 

suggests an alternative response to the cue threat based on degree of familiarity and related to 

center animals; in this case, staying away from related and familiar individuals perhaps to 

decrease the predator’s notice of them.  Thus, these alternate responses shown by the URUF and 

MRF test groups support that both familiarity and relatedness among tadpoles will alter the mean 

test group response to the predator cue. For the high edge zone values exhibited by the MRF 

focal animals, this could be attributed to the flight behavior away from related and familiar 

conspecifics, but it also could represent tadpoles seeking refuge at an edge or looking for an 

escape route. The perimeter of the testing apparatus is a solid edge, which could provide safety 

on at least one side of the focal animal who is seeking refuge. The center apparatus could also 

provide this refuge; however, avoidance of familiar and related tadpoles (to reduce possible harm 

to them), in addition to the predator cue, could also impact the choice to flee to the edge of the 

arena for refuge instead of the center. 
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 Most of the significant results among groups in the presence of cue were in the first four 

minutes of filming; about half of these significant results for cue actually occurred in the first 

minute alone (Table 3). The URUF test group while in the presence of cue showed greater 

ACTIVITY, VELOCITY, and TRACK while in the center. During these first four minutes, focal 

animals unfamiliar with center individuals (URUF) displayed greater affinity towards the center 

than focal animals familiar with center individuals (MRF). The RF test group was not 

significantly different from the URUF test group; this goes against proposals that RF would 

respond with greater social interaction than MRF and URUF. As argued above, these results 

suggest instead that there is an adaptive response to the cue in the presence of conspecifics to 

avoid familiar conspecifics for their safety, and in the process, avoid the application of the selfish 

herd theory. However, after disturbances like those from a predator attack, kin recognition may 

increase the ability to reaggregate with kin (Blaustein and O’Hara 1986). 

 After the cue dissipates or a tadpole becomes acclimated to the predator cue, tadpole 

interactions for all groups become more prevalent (Table 3). It is probable that during the 

presence of high cue concentration, tadpoles in the presence of familiar conspecifics choose a 

flight behavior. This is unlike a previous X. laevis study that tested predator responses using 

conspecific predator cue, as in this study, in which a single individual decreased activity in the 

presence of the predator cue (Sirimalle 2004).  Since no option for aggregation was allowed, the 

decreased activity and lack of long distance escape represents an adaptive alternative, again 

reflecting behavioral flexibility in response based on social context. 

 In the presence of cue, only focal tadpoles in test group URUF exhibited significant 

decreased responses over time (Table 6) in duration in the center zone and activity in the center 

zone. As shown in Table 6, tadpoles in test group URUF showed increased E-ACTIVITY, E-
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TRACK, E-VELOCITY, ACTIVITY, VELOCITY, TRACK and RZC over time; tadpoles in test 

group RF exhibited increased E-ACTIVITY, E-VELOCITY, E-TRACK, ACTIVITY, 

VELOCITY, TRACK and RZC with time; and tadpoles in test group MRF exhibited  increased 

C-ACTIVITY, E-ACTIVITY, E-VELOCITY, E-TRACK, ACTIVITY, VELOCITY, TRACK 

and RZC.  

 For both presence and absence of cue from minute two onwards, tadpoles displayed 

significant results for center zone variables and RZC (Table 3). Tadpoles showed significant 

behavioral differences in the first minute only for edge zone response variables, except for E-

DURATION which showed significance for all ten minutes. In summary, it is possible that 

during the presence of high predator cue concentration, tadpoles in the presence of familiar 

conspecifics choose a flight behavior. These results for focal tadpoles in the presence of the cue 

showed that there is an adaptive response to the cue in the presence of conspecifics to avoid 

familiar conspecifics for their safety, and in the process, to avoid the application of the selfish 

herd theory, but to increase one’s inclusive fitness. In the absence of the cue, focal tadpoles act 

more upon the relatedness and familiarity factors toward the end of the filming than at the 

beginning of filming, as shown by the ratio of significant results in the first four minutes and the 

last four minutes of the test (note that no significant tests were in minutes five and six). These 

behaviors could also be stage-specific; Nicieza (1999) found that Rana temporaria tadpoles were 

more active, avoided the central section, and associated preferentially with conspecifics (on one 

end of a rectangular testing arena, with the other end empty) at later stages of development 

regardless of social rearing treatment. In all of the films, the focal tadpoles used in this 

experiment did not have front limbs emerging, which still categorizes them as larvae according 

to Gosner (Gosner 1960); however, some of the tadpoles in the rearing tanks with focal animals 
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were metamorphing toward the end of the filming dates. Since the experimental films were 

completed at random in relation to both the test group type (RF, MRF, or URUF) and presence 

or absence of cue, this diminished any difference in tadpole stage.  

 

Within Test Group Comparisons of Behaviors in the Absence and Presence of Conspecific 

Predator Cue 

 Did the addition of a conspecific predator cue cause an increase in aggregative behaviors 

of tadpoles within a specific test group? Was the response similar among test groups?  To 

address these questions, the appropriate comparison would not be between groups but within 

groups, comparing a group’s mean value in the presence and in the absence of the cue. 

Conspecific predator cue was associated with an increase in the focal animals’ mean activity, 

velocity, and track length along with a decrease in C-DURATION (and a corresponding increase 

in E-DURATION) (Table 4); all test groups demonstrate similar trends, although test groups RF 

and URUF consistently demonstrated these increases in the last four minutes. 

  The results comparing cue presence to absence within a test group do not correspond with 

one possible expectation that would propose that the presence of the predator cue would cause an 

immediate change in behavior in all of the test groups (Hews and Blaustein 1985). This could be 

a result of adding the predator cue close to the center apparatus, where the center tadpoles are 

located. The response of the focal tadpole could have been to avoid the area especially in the 

presence of familiar conspecifics. As with Hews and Blaustein (1985), Bufo tadpoles avoided the 

side of the arena where the chemical cue was introduced as shown by increased activity away 

from the cue; Bufo boreas also avoided the side of the arena where a predator was feeding on a 

conspecific, but not when a predator was feeding on a heterospecific (Hews 1988). In this 
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experiment, familiarity and relatedness tended to play a stronger role towards the end of the film, 

when the cue would have been less concentrated near the center apparatus and/or in the arena in 

general. Hews and Blaustein (1985) tested the effect of the conspecific cue (5 mL initially) on 

overall time spent active and number of line crossings; tests were in plastic tubs (28 x 18 x 12 

cm) with 4 cm water for five minutes for species Bufo and Rana; each minute cue was 

reintroduced as well (1 ml). O’Hara and Blaustein (1981) documented that complete water 

mixing occurred in less than 16 minutes for a 38 L aquarium when vital dyes were used to test 

the diffusion rates of chemical substances; Hews and Blaustein (1985) mentioned that due to the 

size of their testing arena, this time is much less than that documented for O’Hara and Blaustein 

(1981). Other behavioral studies that looked at predation effects on behavior often gave an 

acclimation period to the cue (whether it was a caged live predator or chemical cues from 

conspecifics). In Hews (1988), the tadpole was placed in a tank with two predators caged on 

either end; these predators were fed a conspecific and consumed it throughout the test. Behavior 

was measured for two 10-minute sessions with a 5-minute interval in between sessions; however, 

the tadpole was placed in the aquarium 20 minutes prior to the test and the predators (and their 

tadpole for consumption) were added 15 minutes prior to the beginning of the test. Due to 

previous studies documenting avoidance of areas near the cue (Hews and Blaustein 1985), this 

may explain the decreased social behaviors in the first minutes of the films. Chemical detection 

of predator cues (either cues emitted from the predator itself or from injured conspecifics) is 

necessary for tadpoles to alter their anti-predator response, particularly in turbid water or at night 

(Kiesecker et al 1996). Adaptive responses to the detected threat are beneficial to tadpoles; 

determining not only the direction of the threat, but also the appropriate type of response 

behavior could be life-saving. 
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 Except for results for the response variable C-DURATION, all significant tests in the last 

seven minutes of filming indicated that focal animals exhibited greater mean values for all 

variables in the presence of cue than in the absence (Table 4). With the presence of the cue, all 

groups displayed similar responses including increased activity and increased track length. For 

example, tadpoles in test groups RF and URUF had higher mean values for E-ACTIVITY for 

minutes six, seven, nine and ten in the presence of the cue than in the absence of the cue (Table 

4), while focal animals in test group MRF showed increased values for the same variable for 

minutes seven and eight. Mean values for the variables VELOCITY and RZC also increased for 

two of the three test groups (RF and URUF) in the last minutes of filming (Table 4).  

 For the response variable C-DURATION, all significant results indicated that focal 

tadpoles exhibited increased time in the center zone in the absence of cue for all test groups over 

the ten minute period; for E-DURATION, there is increased time spent in the edge zone in the 

presence of the predator cue (Table 4). That greater mean values were exhibited by tadpoles for 

the response variables in the presence of cue than the absence of cue supports the concept of 

changes in behavior in the presence of the cue, but does not necessarily show increased social 

interaction in the presence of the cue; increased social interaction would be demonstrated by the 

increase in C-DURATION over time. Increased activity corresponds with similar behaviors of 

other amphibians and fish in the presence of a predator cue or injured conspecifics (Hews and 

Blaustein 1985). Chivers et al (2001) found that the chemical cues from injured conspecifics 

could potentially provide a degree of potential threat of predation to conspecifics. 

 Hokit and Blaustein (1997) found that aggregation behavior in tadpoles can be affected 

by many factors such as metamorphic stage, rearing condition, food availability, predator 

abundance and type, presence of conspecifics and siblings, thermal gradients, and substrate type. 
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Tadpole aggregation is flexible and can be adjusted according to environmental context. Kinship, 

the presence of predators, thermal gradients, and the distribution of food resources affected 

tadpole dispersion in the mesocosm experiment (Hokit and Blaustein 1997). This supports the 

results of this study, which definitely indicate that aggregative behaviors are adaptively flexible 

with regard to environmental, both physical and social, context; however, specific anthropogenic 

factors have not been as readily tested in combination with both of these factors: kin preference 

and predation. From this behavioral baseline, future studies need to look at the effects of 

environmental contaminants on tadpole behaviors related to kin preference, aggregation and 

predator responses.  Xenopus laevis, with its fully aquatic life cycle, is an excellent candidate for 

a model experimental organism when studying behavioral reactions under the influence of 

contaminants at environmentally relevant concentrations; a comprehensive understanding of how 

X. laevis reacts under a variety of applicable contexts allows for a better interpretation of the 

contaminant’s true effects on behavior. 

 

Conclusions 

 Tadpoles of X. laevis in the absence of a conspecific predator cue showed greater test 

group differences toward the end of the ten minute period; those in the presence of the cue 

showed more differences between the test groups within the initial part of the films. In the 

presence of predator cue, test groups responded in a manner that would support the theory of 

protecting your kin for the benefit of inclusive fitness. Predator cue did alter behaviors for all test 

groups over all minutes of the film. The results indicate that tadpoles in the presence of a cue 

generally increased activity, velocity, and track length regardless of the test group they were in. 

In general, if a predator cue was present, there was an increase in activity after the first two 
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minutes. Temporal variations did occur over the ten minutes; this could be due to acclimation to 

the testing arena or, in the case of the presence of the predator cue, dissipation of the chemicals.  

Theoretical expectations for a particular behavior need to be evaluated in the context of the 

environmental and social conditions.  That URUF animals go to the center more in the presence 

of the cue compared to RF animals suggests that anti-predator strategies are not just a simple 

response, but may adaptively vary dependent on background conditions. Do these animals 

respond to a predator cue? Yes. Do they respond consistently regardless of social context? No.  

Do they act in a manner that might be explained as showing more “altruism” towards related 

individuals? Yes. 
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Appendix 1A. Descriptive Statistics for variable C-DURATION         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 9.1733 60 1.0973 6.3667 60 1.0491 8.0933 60 1.1441 9.1483 60 1.1335 6.0700 60 0.9673 

 Cue 5.6300 60 0.9289 4.7100 60 0.9211 5.2070 60 0.8558 5.9800 60 0.9403 5.6220 60 0.8375 

MRF No Cue 6.3917 60 1.0078 7.7683 60 0.9994 6.9117 60 0.9813 8.0267 60 1.0658 9.4100 60 1.1343 

 Cue 3.4433 60 0.7647 2.2483 60 0.4941 3.5650 60 0.7151 3.7850 60 0.7709 3.7267 60 0.6733 

URUF No Cue 8.3053 57 1.0816 9.0228 57 1.0980 8.6737 57 1.1113 7.9561 57 1.1026 5.5684 57 1.0928 

 Cue 5.6267 60 0.8354 5.8217 60 0.8847 4.0450 60 0.7395 4.7900 60 0.7284 4.6867 60 0.7305 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 7.1234 60 1.0580 6.6567 60 1.0790 6.5000 60 1.0759 4.6550 60 0.9176 5.6933 60 1.0078 

 Cue 4.6167 60 0.8297 4.9667 60 0.9101 3.6317 60 0.8404 4.8033 60 0.9232 4.4083 60 0.8217 

MRF No Cue 9.8650 60 1.1225 10.2763 59 1.1779 9.7737 57 1.1889 8.8439 57 1.1351 7.5561 57 1.0633 

 Cue 3.6950 60 0.6143 3.5250 60 0.6050 4.1700 60 0.8471 3.3917 60 0.7174 4.4883 60 0.9025 

URUF No Cue 6.9439 57 0.9962 6.8351 57 0.9971 6.5877 57 1.0673 7.5474 57 1.1183 5.5456 57 1.0451 

 Cue 4.1000 60 0.7110 4.1733 60 0.7436 5.5250 60 0.8775 4.2917 60 0.7331 3.1617 60 0.6439 
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Appendix 1B. Descriptive Statistics for variable C-ACTIVITY         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 14.9617 60 2.5175 11.8908 60 2.4406 8.9867 60 2.1245 14.5333 60 2.7812 13.9175 60 2.6183 

 Cue 13.9640 60 2.4450 12.8217 60 2.2195 20.2075 60 2.5410 17.1167 60 2.4969 17.8083 60 2.4249 

MRF No Cue 12.9533 60 2.3042 17.2808 60 2.5455 17.5383 60 2.4711 14.9733 60 2.4686 11.2942 60 2.2616 

 Cue 9.4500 60 1.7295 10.2658 60 2.1979 12.7767 60 2.3538 12.2392 60 2.1434 15.5775 60 2.3296 

URUF No Cue 18.1298 57 2.7756 17.7702 57 2.9150 14.5474 57 2.7178 13.6412 57 2.3343 9.7088 57 2.1346 

 Cue 20.0292 60 2.6568 18.7733 60 2.4724 22.8167 60 2.8973 24.0100 60 2.7813 21.6570 60 2.5480 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 12.6050 60 2.4561 10.3892 60 2.0729 10.0692 60 2.1918 6.9658 60 1.8089 7.7058 60 1.9364 

 Cue 17.1183 60 2.5999 11.7783 60 2.0886 12.3125 60 2.2721 14.3442 60 2.4890 17.7258 60 2.7246 

MRF No Cue 12.9567 60 2.1345 12.3797 59 2.2044 12.9105 57 2.2283 10.7368 57 2.1080 17.1544 57 2.6116 

 Cue 16.0000 60 2.5684 20.7958 60 2.6113 12.0858 60 2.3083 17.8600 60 2.8198 15.4558 60 2.4007 

URUF No Cue 17.2500 57 2.6372 15.8746 57 2.7712 13.6237 57 2.4946 12.2079 57 2.4228 10.7895 57 2.3435 

 Cue 18.2325 60 2.8706 17.4133 60 0.7436 17.3308 60 2.7373 17.1150 60 2.7500 15.8008 60 2.7234 
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Appendix 1C. Descriptive Statistics for variable C-VELOCITY         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 1.0592 60 0.2159 1.0350 60 0.3419 0.4175 60 0.1168 0.9608 60 0.2176 0.8817 60 0.2049 

 Cue 0.7817 60 0.1587 0.5950 60 0.1168 1.0217 60 0.1714 0.9683 60 0.1644 1.0517 60 0.1955 

MRF No Cue 0.7575 60 0.1806 0.9225 60 0.1651 1.3625 60 0.3578 0.8767 60 0.1869 0.6758 60 0.1712 

 Cue 0.6458 60 0.1608 0.5742 60 0.1452 1.1542 60 0.4690 0.5858 60 0.1335 0.8867 60 0.1715 

URUF No Cue 1.1491 57 0.1948 1.0088 57 0.1881 0.8807 57 0.1821 0.7632 57 0.1471 0.5702 57 0.1363 

 Cue 0.9233 60 0.1350 0.8750 60 0.1281 1.3892 60 0.2585 1.5583 60 0.2451 1.2817 60 0.1954 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 0.6792 60 0.1538 0.7933 60 0.3603 0.6942 60 0.1729 0.4592 60 0.1448 0.5433 60 0.1543 

 Cue 1.0500 60 0.2073 0.6308 60 0.1324 0.6525 60 0.1300 0.8250 60 0.1593 1.3367 60 0.3168 

MRF No Cue 0.7683 60 0.1780 0.8958 59 0.2204 0.9044 57 0.2142 0.5570 57 0.1124 1.4886 57 0.3337 

 Cue 0.9433 60 0.1682 1.3525 60 0.2447 0.7200 60 0.1735 1.0492 60 0.2059 1.0242 60 0.1974 

URUF No Cue 0.9763 57 0.1719 0.8921 57 0.1777 0.8877 57 0.1954 0.7737 57 0.1777 0.5614 57 0.1290 

 Cue 1.1175 60 0.2076 1.0258 60 0.1872 1.1242 60 0.2003 1.1467 60 0.2269 1.0050 60 0.1901 
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Appendix 1D. Descriptive Statistics for variable C-TRACK         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 5.2900 60 1.1771 4.4150 60 1.3945 2.7600 60 0.7090 4.3717 60 0.9324 4.2483 60 0.8919 

 Cue 4.5120 60 0.9007 3.5417 60 0.7314 6.0467 60 0.9444 5.8867 60 1.0524 6.6100 60 1.2301 

MRF No Cue 4.6150 60 0.9390 7.2100 60 1.3065 5.3017 60 0.8536 4.6500 60 0.9313 3.9317 60 0.9498 

 Cue 3.0433 60 0.6599 3.0483 60 0.7416 4.0700 60 0.9234 3.3933 60 0.6473 4.4850 60 0.8097 

URUF No Cue 5.9702 57 1.0398 5.2649 57 1.0839 4.7807 57 0.9541 3.7912 57 0.7652 3.6158 57 0.8988 

 Cue 6.5717 60 1.0066 6.9933 60 1.0293 6.1300 60 1.0215 7.3533 60 0.9981 6.3567 60 0.8454 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 4.7083 60 0.9935 3.0300 60 0.6255 3.1817 60 0.7761 2.3983 60 0.6436 3.4200 60 0.9437 

 Cue 4.6800 60 0.8246 3.9983 60 0.7930 3.6600 60 0.8869 4.2633 60 0.8554 5.9733 60 0.9750 

MRF No Cue 4.4183 60 0.8344 6.3729 59 1.1744 4.8228 57 0.9708 4.0211 57 0.7656 7.5702 57 1.3091 

 Cue 5.3317 60 0.9920 2.9867 60 0.7712 3.4683 60 0.7385 3.9267 60 0.7789 3.7267 60 0.9271 

URUF No Cue 6.1211 57 1.1700 4.6175 57 0.8390 4.9351 57 1.0595 3.2105 57 0.7363 2.4298 57 0.6007 

 Cue 6.0833 60 1.1540 5.0767 60 0.9073 7.1917 60 1.3671 6.0533 60 1.2826 4.8500 60 0.9890 
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Appendix 1E. Descriptive Statistics for variable E-DURATION         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 10.8200 60 1.0975 13.6350 60 1.0498 11.9067 60 1.1441 10.8450 60 1.1332 13.9300 60 0.9674 

 Cue 14.3567 60 0.9283 15.2883 60 0.9211 14.7933 60 0.8558 14.0167 60 0.9403 14.3733 60 0.8372 

MRF No Cue 13.6100 60 1.0078 12.2333 60 0.9991 13.0867 60 0.9816 11.9717 60 1.0660 10.5933 60 1.1343 

 Cue 16.5583 60 0.7642 17.7500 60 0.4943 16.4333 60 0.7155 16.2133 60 0.7708 16.2733 60 0.6735 

URUF No Cue 11.6965 57 1.0815 10.9684 57 1.0974 11.3228 57 1.1111 12.0456 57 1.1030 13.4351 57 1.0931 

 Cue 14.3700 60 0.8360 14.1733 60 0.8852 15.9517 60 0.7394 15.2100 60 0.7286 15.3200 60 0.7295 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 12.8767 60 1.0582 13.3433 60 1.0790 13.5017 60 1.0753 15.3467 60 0.9170 14.1783 60 1.0061 

 Cue 15.3867 60 0.8293 15.0183 60 0.9092 16.3633 60 0.8399 15.1867 60 0.9224 15.4633 60 0.8187 

MRF No Cue 10.1317 60 1.1228 9.6712 59 1.1713 10.2281 57 1.1891 11.1596 57 1.1351 12.3070 57 1.0638 

 Cue 16.3083 60 0.6143 16.4717 60 0.6056 15.8300 60 0.8472 16.6050 60 0.7177 15.3850 60 0.9017 

URUF No Cue 13.0614 57 0.9956 13.1684 60 0.9965 13.4105 57 1.0673 12.4509 57 1.1183 14.3210 57 1.0440 

 Cue 16.0000 60 0.7110 15.8367 60 0.7427 14.4767 60 0.8772 15.7083 60 0.7330 16.7100 60 0.6408 
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Appendix 1F. Descriptive Statistics for variable E-ACTIVITY         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 19.8767 60 2.6592 17.9617 60 2.5443 17.0467 60 0.1529 19.8183 60 2.7437 20.0767 60 2.5190 

 Cue 22.8583 60 2.7568 22.8683 60 2.7719 26.6133 60 2.7794 24.5950 60 2.7364 26.0650 60 2.6332 

MRF No Cue 18.6717 60 2.5659 19.7517 60 2.5222 22.2283 60 2.5994 20.8967 60 2.7244 17.1767 60 2.3997 

 Cue 16.8983 60 2.0188 18.6450 60 2.4203 20.0150 60 2.4904 20.6017 60 2.5584 22.0283 60 2.4653 

URUF No Cue 19.1193 57 2.8420 21.4842 57 2.8898 21.0649 57 2.8577 21.1421 57 2.8931 21.1912 57 2.8127 

 Cue 24.5317 60 2.4761 27.8100 60 2.7109 25.3400 60 2.5116 26.5350 60 2.5201 27.3900 60 2.5572 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 20.8050 60 2.6566 19.7833 60 2.5207 17.9250 60 2.5774 21.7233 60 2.5967 19.8600 60 2.7459 

 Cue 28.8000 60 2.8236 29.2983 60 2.8348 30.1083 60 2.8848 32.2200 60 2.9037 32.0367 60 2.5383 

MRF No Cue 21.3300 60 2.6664 20.0017 59 2.8203 20.1228 57 2.5684 21.3474 57 2.6998 23.4544 57 2.7564 

 Cue 24.9883 60 2.4815 26.0883 60 2.6617 28.5517 60 2.5917 26.6783 60 2.5112 27.8633 60 2.6997 

URUF No Cue 23.8088 57 2.7629 23.8509 57 2.7479 25.0193 57 2.8765 21.8614 57 2.8046 20.2614 57 2.6516 

 Cue 32.6600 60 2.5752 31.9867 60 2.4444 29.1767 60 2.5568 29.6917 60 2.6286 29.3400 60 2.4313 
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Appendix 1G. Descriptive Statistics for variable E-VELOCITY         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 1.2517 60 0.1882 1.1850 60 0.2026 0.9850 60 0.1616 1.3083 60 0.2243 1.2517 60 0.1856 

 Cue 1.3967 60 0.2072 1.3950 60 0.2150 1.5530 60 0.1972 1.4183 60 0.1880 1.6100 60 0.2195 

MRF No Cue 1.2267 60 0.2638 1.1533 60 0.1832 1.3200 60 0.1835 1.5333 60 0.2751 1.1450 60 0.2012 

 Cue 0.8267 60 0.1102 1.0933 60 0.1743 1.1683 60 0.1824 1.1367 60 0.1769 1.2050 60 0.1735 

URUF No Cue 1.0561 57 0.1637 1.2526 57 0.1776 1.2386 57 0.1874 1.2304 57 0.1774 1.2597 57 0.1834 

 Cue 1.2650 60 0.1623 1.4800 60 0.1655 1.4267 60 0.1767 1.5483 60 0.1935 1.6650 60 0.1979 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 1.2917 60 0.1807 1.3167 60 0.1875 1.2100 60 0.1917 1.4850 60 0.2110 1.2283 60 0.1951 

 Cue 1.7933 60 0.2177 1.8733 60 0.2318 1.9500 60 0.2294 2.1667 60 0.2432 2.0833 60 0.2152 

MRF No Cue 1.3700 60 0.2198 1.4068 59 0.2314 1.3877 57 0.2118 1.3667 57 0.2260 1.7246 57 0.2553 

 Cue 1.4083 60 0.1803 1.5533 60 0.1978 1.7467 60 0.1996 1.6367 60 0.1857 1.7117 60 0.2007 

URUF No Cue 1.4930 57 0.1987 1.4368 57 0.1936 1.5807 57 0.2060 1.3193 57 0.1891 1.2053 57 0.1716 

 Cue 2.0617 60 0.2108 2.0083 60 0.2072 1.8567 60 0.2097 1.8183 60 0.2149 1.8350 60 0.2034 
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Appendix 1H. Descriptive Statistics for variable E-TRACK         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 18.7017 60 3.0654 19.6800 60 3.3636 16.2100 60 2.8140 19.2450 60 3.1993 19.8333 60 3.2004 

 Cue 24.0500 60 4.0160 24.1500 60 3.8917 23.8867 60 3.5154 23.2300 60 3.3868 25.0717 60 3.8147 

MRF No Cue 16.1917 60 3.2060 16.5050 60 3.2598 20.3000 60 3.4100 23.0050 60 4.1089 17.4867 60 3.4061 

 Cue 13.1633 60 1.8860 18.4817 60 3.0227 18.6600 60 3.1996 19.0483 60 3.2786 19.5500 60 3.2389 

URUF No Cue 16.3228 57 2.7267 19.7211 57 2.9443 18.1080 57 2.8263 20.1088 57 3.1322 21.2702 57 3.2198 

 Cue 17.4783 60 2.4951 20.1483 60 2.8810 23.0833 60 3.3117 23.1400 60 3.4039 27.5167 60 3.5007 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 20.7900 60 3.3760 20.2300 60 3.2377 20.3800 60 3.5363 23.2600 60 3.5206 20.4033 60 3.3952 

 Cue 31.5017 60 4.0812 33.4717 60 4.7218 35.9200 60 4.6232 39.1183 60 4.8643 35. 9383 60 4.2233 

MRF No Cue 22.6333 60 4.0993 24.1034 59 4.3404 23.9912 57 3.9818 24.6456 57 4.5036 27.9614 57 4.5952 

 Cue 23.6050 60 3.4149 26.4667 60 3.5814 31.5517 60 3.9609 28.4533 60 3.5692 30.4050 60 3.9165 

URUF No Cue 22.1947 57 3.2423 19.9596 57 2.8447 25.1982 57 3.3376 21.6982 57 3.4726 21.8368 57 3.1705 

 Cue 35.0767 60 3.9863 34.6350 60 3.9818 29.3850 60 3.5252 30.1950 60 3.8341 31.4383 60 3.7372 
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Appendix 1I. Descriptive Statistics for variable ACTIVITY         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 19.6977 60 2.5883 18.0767 60 2.4865 16.8333 60 2.3016 19.0967 60 2.5014 18.8067 60 2.4604 

 Cue 23.5800 60 2.6954 23.8033 60 2.6612 27.0933 60 2.6649 2.5227 60 2.6720 26.2767 60 2.5272 

MRF No Cue 18.6900 60 2.3705 20.6267 60 2.4103 21.1500 60 2.4156 21.2867 60 2.7052 16.8567 60 2.2713 

 Cue 16.6800 60 1.9486 18.5700 60 2.3655 19.6867 60 2.4021 20.8133 60 2.4852 22.0867 60 2.4653 

URUF No Cue 19.8947 57 2.8462 21.9965 57 2.9237 19.9198 57 2.6228 20.7649 57 2.7945 21.0526 57 2.6292 

 Cue 24.1400 60 2.2845 26.3567 60 2.5153 26.4200 60 2.2489 25.9800 60 2.3821 28.0600 60 2.4369 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 20.4600 60 2.4589 18.6333 60 2.2834 17.4100 60 2.4579 19.4833 60 2.3972 18.6000 60 2.6000 

 Cue 29.4567 60 2.7103 28.9633 60 2.8181 30.8800 60 2.7627 32.7800 60 2.8174 32.1867 60 2.4677 

MRF No Cue 21.1667 60 2.4583 23.0424 59 2.5410 21.7122 57 2.4531 22.4000 57 2.5733 25.4390 57 2.5132 

 Cue 25.3567 60 2.4811 26.8033 60 2.5750 28.7633 60 2.5293 27.0667 60 2.5287 27.7517 60 2.6172 

URUF No Cue 23.2281 57 2.5876 22.0702 57 2.5732 24.6526 57 2.7472 20.7860 57 2.6590 21.0491 57 2.5687 

 Cue 32.4067 60 2.5659 31.9600 60 2.4097 29.0033 60 2.4977 29.0233 60 2.6102 28.8317 60 2.4010 
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Appendix 1J. Descriptive Statistics for variable VELOCITY         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 1.2000 60 0.1730 1.2017 60 0.1983 0.9517 60 0.1523 1.1767 60 0.1693 1.2067 60 0.1857 

 Cue 1.4317 60 0.2034 1.3867 60 0.1978 1.5017 60 0.1811 1.4600 60 0.1856 1.5800 60 0.2030 

MRF No Cue 1.0400 60 0.1719 1.1883 60 0.1788 1.2833 60 0.1801 1.3867 60 0.2215 1.0800 60 0.1915 

 Cue 0.8117 60 0.1044 1.0782 60 0.1681 1.1333 60 0.1763 1.1167 60 0.1732 1.2033 60 0.1737 

URUF No Cue 1.1140 57 0.1647 1.2509 57 0.1706 1.1421 57 0.1623 1.1912 57 0.1710 1.2439 57 0.1694 

 Cue 1.2017 60 0.1361 1.3500 60 0.1535 1.4600 60 0.1720 1.5333 60 0.1862 1.6917 60 0.1881 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 1.2750 60 0.1722 1.1633 60 0.1634 1.1767 60 0.1892 1.2833 60 0.1812 1.2000 60 0.1851 

 Cue 1.8117 60 0.2116 1.8717 60 0.2317 1.9817 60 0.2237 2.1650 60 0.2394 2.1133 60 0.2095 

MRF No Cue 1.3500 60 0.2117 1.5305 59 0.2149 1.4404 57 0.2046 1.4351 57 0.2215 1.7930 57 0.2416 

 Cue 1.4433 60 0.1815 1.5750 60 0.1907 1.7483 60 0.1981 1.6167 60 0.1829 1.7200 60 0.1974 

URUF No Cue 1.4211 57 0.1834 1.2211 57 0.1578 1.5070 57 0.1863 1.2474 57 0.1827 1.2228 57 0.1656 

 Cue 2.0633 60 0.2090 1.9783 60 0.2037 1.8267 60 0.1995 1.8050 60 0.2155 1.8267 60 0.2009 
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Appendix 1K. Descriptive Statistics for variable TRACK         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 23.9983 60 3.4568 24.0950 60 3.9507 18.9667 60 3.0370 23.6150 60 3.3942 24.0900 60 3.7050 

 Cue 28.6167 60 1.6539 27.6883 60 3.9587 29.9283 60 3.6225 29.1183 60 3.7046 31.7100 60 4.0733 

MRF No Cue 20.8200 60 3.4540 23.7167 60 3.5749 25.6067 60 3.6045 27.6567 60 4.4290 21.4150 60 3.8222 

 Cue 16.2067 60 2.0795 21.5317 60 3.3556 22.7250 60 3.5012 22.4467 60 3.4614 24.0317 60 3.4619 

URUF No Cue 22.2877 57 3.3027 24.9842 57 3.4121 22.8912 57 3.2507 23.8982 57 3.4177 24.8826 57 3.3845 

 Cue 24.0533 60 2.7156 27.1383 60 3.0647 29.2200 60 3.4396 30.4950 60 3.7178 33.8800 60 3.7708 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 25.2950 60 3.4318 23.2533 60 3.2644 23.5583 60 3.7735 25.6600 60 3.6101 23.8267 60 3.6616 

 Cue 36.1800 60 4.2230 37.5033 60 4.6451 39.5983 60 4.4619 43.4583 60 4.7839 41.9317 60 4.1659 

MRF No Cue 27.0650 60 4.2349 30.4763 59 4.2725 28.8123 57 4.1126 28.6649 57 4.4392 35.5263 57 4.7940 

 Cue 28.9400 60 3.6351 31.4533 60 3.8121 35.0200 60 3.9801 32.3833 60 3.6627 34.1267 60 3.9252 

URUF No Cue 28.3158 57 3.6650 24.5719 57 3.1586 30.1368 57 3.7259 24.9105 57 3.6586 24.2667 57 3.2746 

 Cue 41.1617 60 4.1751 39.7017 60 4.0702 36.5767 60 3.9940 36.2467 60 4.3220 36.2900 60 3.9693 
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Appendix 1L. Descriptive Statistics for variable RZC         

  Minute 1 Minute 2 Minute 3 Minute 4 Minute 5 

Group Cue Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 8.9500 60 1.4593 9.8500 60 1.5888 7.5833 60 1.3640 9.3667 60 1.4242 9.9500 60 1.5069 

 Cue 9.7500 60 1.6539 10.4667 60 1.6059 12.4167 60 1.5890 12.3000 60 1.5570 13.8333 60 1.6088 

MRF No Cue 8.4167 60 1.5170 11.1167 60 1.5747 10.9000 60 1.5676 12.0333 60 1.8217 8.5500 60 1.6498 

 Cue 5.6000 60 0.9541 9.2933 60 1.5065 9.4500 60 1.4379 9.3333 60 1.5008 9.8167 60 1.4017 

URUF No Cue 8.7193 57 1.4177 9.8947 57 1.5280 9.4211 57 1.4550 10.0000 57 1.4817 10.0702 57 1.4053 

 Cue 8.3833 60 1.0882 10.7000 60 1.2930 11.3500 60 1.4031 12.5167 60 1.5785 13.4000 60 1.5540 

                 
  Minute 6 Minute 7 Minute 8 Minute 9 Minute 10 

  Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err Mean N Std Err 

RF No Cue 9.7667 60 1.3149 7.9000 60 1.3072 9.5333 60 1.5755 9.5667 60 1.4095 9.9500 60 1.4757 

 Cue 14.1667 60 1.7695 14.7833 60 1.9363 14.6000 60 1.7580 17.7167 60 1.9134 16.7833 60 1.8459 

MRF No Cue 12.1333 60 1.8441 13.6949 59 1.8129 11.9474 57 1.7161 11.4035 57 1.8106 15.2982 57 2.0814 

 Cue 11.6667 60 1.4667 13.1500 60 1.6042 13.8667 60 1.6301 13.1000 60 1.4524 14.8500 60 1.5886 

URUF No Cue 11.9649 57 1.3833 10.4912 57 1.4451 11.0526 57 1.4178 10.4561 57 1.5406 8.4561 57 1.2283 

 Cue 16.8000 60 1.7992 16.0667 60 1.7188 15.5000 60 1.7032 14.7167 60 1.8422 13.4333 60 1.6322 
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