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introduCtion

Human beings have been students of animal behavior from their earliest days. 
Understanding animals and what they did meant survival for humans, either 
through use of animals as food or avoidance of them as potential hazards. Cer-
tainly the understanding of animal behaviors and habits gave a selective edge to 
early humans who practiced the study. Further evidence for this appreciation of 
animal behavior can be seen in the many cave paintings depicting animals, while 
not depicting any of the other facets of the painters’ lives. However, the modern 
study of animal behavior is rather recent and was first widely acknowledged with 
the awarding of the Nobel Prize in 1973 to Niko Tinbergen, Karl von Frisch, and 
Konrad Lorenz.

Animal behavior is technically known as ethology, which is considered the 
systematic study of the behavior of animals under natural conditions. Although 
historic distinctions existed between the fields of ethology and animal psychol-
ogy, with the former being largely performed in natural settings and the latter in 
controlled laboratory settings, modern studies are frequently a combination of 
laboratory and field work. Ethology is highly integrative and draws on the fields 
of evolution, ecology, psychology, molecular biology, development, neurobiology, 
endocrinology, and mathematics. A student in an animal behavior course will 
typically already have a substantial background in math and sciences. 

Tinbergen set the stage for the questions of animal behavior in his 1963 paper, 
“On Aims and Methods of Ethology”. Now commonly referred to as “Tinbergen’s 
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Four Questions”, he suggested four ways to answer the question “Why?” when 
referring to animal behavior: as a function of causation, evolution, function, and 
ontogeny. One aspect is no more important than another, but all four are needed 
to gather a clear picture of the role of a behavior. In most cases, behaviors should 
be considered adaptations and therefore subject to the pressures of natural selection.

The study of animal behavior has become a foundation to other biological 
disciplines, including neuroscience, behavioral genetics, ecology, and conserva-
tion biology. Although the study of animal behavior might seem only academic, 
or even esoteric, the reality is that ethology is applicable to many aspects of our 
modern lives. The comparative approach of studying animals and using them as 
models for ourselves leads to important discoveries on how the human brain and 
behaviors might work. Animal behavior studies are also useful to better the wel-
fare of animals in a wide variety of situations, from agriculture to zoos. 

One of the more recent areas in which animal behavior’s importance has 
emerged is in the field of conservation biology. In fact, insights from animal be-
havior have become critical in the implementation of conservation strategies. The 
design of wildlife reserves and biological corridors linking reserves needs to be 
examined with a full knowledge of the wildlife utilizing such reserves. Animal 
behavior is also critical to the success of captive breeding programs and the sub-
sequent release of these captive-reared individuals. Not fully understanding the 
behavioral repertoire of an endangered species will likely lead to ineffective con-
servation measures. 

Hard work, long hours, and stiff competition await those who want to enter 
this field. Those with bachelor’s degrees will have opportunities in research, phar-
maceutical testing, animal training, and conservation. Specialization in animal 
behavior usually occurs at the graduate level with a PhD, or even as a veterinarian. 
Most positions will be in research with the government or research and teaching 
at colleges and universities. But for those who love animals and who want to delve 
into and discover new aspects of their behavior, the rewards are substantial. With 
the current worldwide decline in natural systems, it seems likely that a demand 
for people trained in animal behavior and conservation will continue into the 
future.

— Victor S. Lamoureux, PhD

  



Free-ranging macaque 
mothers exaggerate tool-

using Behavior when 
observed by offspring

Nobuo Masataka, Hiroki Koda, Nontakorn Urasopon 
and Kunio Watanabe

ABstrACt
The population-level use of tools has been reported in various animals. None-
theless, how tool use might spread throughout a population is still an open 
question. In order to answer that, we observed the behavior of inserting hu-
man hair or human-hair-like material between their teeth as if they were 
using dental floss in a group of long-tailed macaques (Macaca fascicularis) 
in Thailand. The observation was undertaken by video-recording the tool-
use of 7 adult females who were rearing 1-year-old infants, using the focal-
animal-sampling method. When the data recorded were analyzed separately  



10 Animal Behavior: An Evolutionary Approach

according to the presence/absence of the infant of the target animal in the 
target animal's proximity, the pattern of the tool-using action of long-tailed 
adult female macaques under our observation changed in the presence of the 
infant as compared with that in the absence of the infant so that the stream 
of tool-using action was punctuated by more pauses, repeated more often, and 
performed for a longer period during each bout in the presence of the infant. 
We interpret this as evidence for the possibility that they exaggerate their ac-
tion in tool-using so as to facilitate the learning of the action by their own 
infants.

introduction 
The population-level use of tools has been reported in various animals. One of the 
best known instances of this is the so-called “ant-fishing” by free-ranging chim-
panzees (Pan troglodytes) [1]. Nonetheless, how tool use, including that of ant-
fishing in chimpanzees, might spread throughout a population is still an open 
question [2]. There is some controversy as to whether the transfer of these cultural 
practices is accomplished across individuals by observational social learning or 
just by individual learning alone [3].

Although there is some disagreement about whether or not various forms of 
observational social learning play a role in the transmission, there is a general con-
sensus among researchers that the recipient is solely responsible for the successful 
acquisition of the skill, and that the skill's donor does not have any active role in 
the transmission of cultural information. In the present paper, on the other hand, 
we present evidence which indicates the possibility that free-ranging adult long-
tailed macaques (Macaca fascicularis) modify their action in tool-using so as to 
facilitate the learning of the action by their own infants. The behavior we observed 
was that of inserting human hair or human-hair-like material between their teeth 
as if they were using dental floss. We compared the pattern of the behavior in each 
of 7 adult females when her own infant was in her proximity and when any other 
group member was not in her proximity.

Our study of the tool-using behavior in a group of the macaques in Thai-
land started in 2004 and continues up to the present [4]. Whenever the material 
picked up by an animal is to be used as the tool, the animal subsequently grasps 
the hair taut between its two hands. Then, the animal inserts the taut hair between 
its open jaws, and the action ends when the animal closes its jaws to engage the 
taut hair, and pulls the hair sharply to one side by one hand and removes it from 
its mouth. Here a ‘bout’ of the tool-use is defined as starting at the moment of 
grasping the material with the hands and ending at the moment of completely 

  



Free-Ranging Macaque Mothers Exaggerate 11

removing it from the mouth. With this removing action, food, if present could be 
cleaned from between the teeth. Before removing the hair, the animal was often 
observed to repeatedly rapidly close and open (“snap”) its jaw to engage (clamp) 
the taut hair between its teeth. When this occurred, the number of times the ani-
mal clamped on the hair could be counted, calling it the number of snaps. Sub-
sequent to the occurrence of such snapping, moreover, the animal was often ob-
served to remove the taut hair which was kept grasped between the two hands, to 
briefly look at it at about eye level, and to reinsert it in its mouth as before. When 
this was observed, it was defined as an occurrence of “reinsertion” in a given bout. 
“Reinsertion” might be repeated in that bout: after reinserting the hair, the animal 
might repeat the same action and take out the hair again while grasping it with 
two hands. That bout continued until the animal finally pulled out the reinserted 
hair to one side using one hand. In each such bout, the number of occurrences of 
reinsertion as well as the number of occurrences of snapping while the hair was 
inserted could be counted. The length of each bout could also be measured by 
counting the number of frames of the video which were required to record from 
the onset until the end of the bout. In addition, the number of occurrences of 
“removing of the hair from the mouth” was computed in each bout as attempts to 
clean the teeth. It could be counted as ‘X+1 (X = 0, 1, 2,,,)’ in a given bout when 
the number of occurrences of reinsertion was ‘X’ in the bout.

When a bout ended, perhaps on the completion of the cleaning of the teeth, 
the animal abandoned the material onto the ground on some occasions. If this was 
observed, the tool-use ‘episode’ ended, during which a single bout of the activity 
was undertaken. Alternatively, however, the animal again grasped the material 
with the two hands and began another bout with an interval of no more than 1 
second or so. Then, that episode continued until the animal finally abandoned the 
stimulus. Thus, the number of ‘bouts’ in the episode could be counted. Also, the 
number of frames of the video which were required to film from the onset of the 
first bout until the end of the final bout was defined as the total duration of that 
episode. If only a single bout was included in a given episode, the duration of the 
episode coincided with the duration of the bout. In addition, the total number of 
occurrences of “removing the hair from the mouth” in the episode was computed 
as an index of the frequency of cleaning attempts in the episode.

results 
Results of the analyses are summarized in Figure 1. When the average number of 
occurrences of reinsertion in a given bout of the tool-use was computed across 
subjects, a likelihood-ratio test revealed that the score when the infant was in the 
proximity of the target mother was greater than that when the infant was absent 

  



12 Animal Behavior: An Evolutionary Approach

(χ12 = 22.201, p<0.0001). Similarly, the average number of jaw snaps during each 
insertion of the stimulus was greater when the infant was present as compared to 
when the infant was absent (χ12 = 123.6, p<0.0001). The average duration of a 
given bout when the infant was present was longer that that when the infant was 
absent (χ12 = 44.51, p<0.0001). In a given bout, the number of occurrences of 
reinsertion was found to positively correlate with the number of jaw snaps during 
each insertion (Pearson's correlation = 0.232, n = 355, p<0.01). In a given bout, 
both the number of occurrences of reinsertion and the number of jaw snaps were 
found to positively correlate with the duration of the bout (Pearson's correlation = 
0.770, p<0.001; 0.417, p<0.001; n = 355, respectively). The average duration of a 
given episode, on the other hand, did not differ significantly when the infant was 
present compared to when it was absent (χ1

2= 1.592, p = 0.2071) because the av-
erage number of bouts in a given episode when the infant was absent was greater 
than that when the infant was present (χ1

2= 8.9008, p = 0.00285). The average 
number of occurrences of removal of the hair from the teeth in a given episode 
did not differ when the infant was present compared to when it was absent (χ1

2 = 
1.0519, p = 0.3051, mean±95%CI = 3.38±0.40 when the infant was present, and 
3.76±0.50 when the infant was absent).

Figure 1. Summary of results of the analyses. Average scores of number of occurrences of reinsertion in a given 
tool-using bout (Reinsertion), of number of occurrences of snapping during each insertion (Snap), of length 
of each bout (Length), of overall mean number of snaps during each insertion as a function of number of 
occurrences of reinsertion in a tool-using bout (Snap/Reinsertion), and of total duration of a given tool-using 
episode (Total Duration) are computed across target adult females when the infant was in her proximity and 
when the infant was absent.
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discussion 
Overall, once the long-tailed macaque mothers (the target animals) started to 
use the stimulus as a tool, they devoted a similar amount of time to the stimulus 
regardless of whether or not their infant was present. However, as shown in Figure 
2, the pattern of their action changed in the presence of the infants as compared 
with that in the absence of the infants so that the stream of tool-using action was 
punctuated by more pauses, repeated more often, and performed for a longer 
period during each bout in the presence of the infants.

Figure 2. Typical sequences of the action of “flossing teeth.” (P 1 to 6) When her infant was in the proximity 
of an adult female (With Infant; P-1: Grasp the hair taut, P-2: Insert, P-3: Snap, P-4: Look at the hair, P-5: 
Reinsert, P-6: Pull out). (A 1 to 3) When no animal was in the proximity of an adult female (Without Infant; 
A-1 Grasp the hair taut, A-2: Insert, A-3: Pull out).

As a possible factor affecting this difference, the activity of feeding by the 
animals per se is not considered likely because the present observations were un-
dertaken at least 30 min after the end of the animal's final food-taking. Rather, 
it seems more likely that the behavioral difference is socially modulated, and in-
fluenced by the presence/absence of other animals in the proximity of the target  
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animals. In this regard, the fact should be noted that only their infants were situat-
ed within arm's range of the target animals. Although no overt social interactions 
(occurrences of any facial expression or communicative movement) were observed 
in either the mothers or the infants, the influence of the presence of other group 
members than the infants did not appear to be a variable affecting this change.

As a possible explanation, one might assume that the mothers were more dis-
tracted when the infants were present and thus took longer to clean their teeth 
than when they were alone. However, the average duration of a given tool-using 
episode did not increase significantly when the infants were present. More im-
portantly, the mothers' attempts to clean their teeth (as assessed by the number 
of times they removed the hair per episode) did not increase either when the 
infants were present. Actually, the average number of hair removal per episode 
when the infants were present was even smaller than that when the infants were 
absent. Rather, the change of the pattern of tool-using should be interpreted as a 
behavioral modification produced by the presence itself of the infants who were 
watching the mothers.

Concerning human mother-infant interactions, a series of experiments have 
revealed the fact that strikingly similar parental modifications in their actions, 
called motionese, can help infants to detect the meaningful structure of the ac-
tions [5], [6]. On the basis of observations of 51 and 42 mothers, respectively, 
who were demonstrating novel objects to their own infants whose ages ranged 
from 6 months to 13 months, it was found that the mothers tended to modify 
their infant-directed actions in various ways. They were likely to repeat the ac-
tions, to put longer pauses between actions and to exaggerate actions themselves. 
Such magnification of the movement or ‘looming’ has been argued so far to play 
an important role in educating the attention of human infants by attracting their 
attention due to the occlusion of other sensory information [7].

Indeed, such reasoning is confirmed by an analysis subsequently undertaken 
from an infant-like viewpoint by applying a model of saliency-based visual at-
tention to such parental action [8], [9]. That analysis was conducted by scien-
tists specializing in robotics originally for the purpose of investigating how such 
modifications contribute to the infant's understanding of the action. The results 
of their analysis showed that the model does not suppose any a priori knowledge 
about actions or objects used in the actions. Instead, it is able to detect and gaze at 
salient locations, which stand out from the surroundings because of the primitive 
visual features, in a scene. The model thus demonstrates which low-level aspects 
of parental actions are highlighted in their action sequences and could attract 
the attention of young infants, and also robots. Actually, a more recent experi-
mental study [10] demonstrated infants' preference for motionese compared to 
adult-directed actions by presenting videos of both types of movement to 6- to 
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13-month-old infants. In the study, the participants showed evidence of such 
preferences even when demonstrators' faces were blurred in the videos.

Concerning macaques, unlike humans, there is no evidence for imitation un-
der controlled conditions [3]. If we define imitation as the reproduction of the be-
havior of a model by an observer [11], most empirical studies have failed to show 
its occurrence in social groups. This could also be the case for the behavior of the 
monkeys in the present study. In order to explain the spread of the behavior in the 
group, therefore, we are forced to assume that animals may learn new behaviors 
from each other through simpler mechanisms than imitation. A typical instance 
of such reasoning is that its recipient's attention may be drawn to the environment 
or an object by the presence or interest of the donor itself, even in the absence of 
any form of intervention of social learning, for the transmission of cultural infor-
mation. Under such circumstances, again, the modification of the action by the 
donor is as crucial as it is in the case of imitation because it profoundly affects the 
likelihood of the recipient acquiring a new behavior, which must be worked out 
by the recipient itself. The chance that the recipient's resulting behavior comes to 
resemble the donor's due to environmental or object constraints appears to be fa-
cilitated effectively by such modification of the behavior as we report here, which 
would eventually result in the population-level phenomenon of that behavior.

methods 
The study group was inhabiting a small city, Lopburi, 154 km north of Bangkok, 
Thailand. In the center of the city stands the old Buddhist shrine of Prang Sam 
Yot in an open sandy area of approximately 50×50 m surrounded by three 20-
m-wide roads and a railway. The present experiment was undertaken there. The 
area is included in the home range of the study group, which consisted of roughly 
200 animals when the study was conducted in February, 2008. Because tourists 
often visit the shrine when it is open (between 9 a.m. and 5 p.m.), most of the 
group members were likely to stay there during this period. However, the study 
group does not spend night there, but in other woody areas at least 1 km away 
from the shrine. When the research started in 2004, we confirmed the tool-use 
in 9 adult female monkeys, who rode on the head of female tourists, pulled out 
their hair, and used it to “floss” their teeth [4]. Since then, the number of animals 
in which we have confirmed similar behavior has increased up to 50, all of which 
are adults.

During the study period, 7 females were rearing their approximately 1-year-
old infants (3 males and 4 females). We chose all of these 7 females as target ani-
mals for the present study. The observation was undertaken by video-recording 
(30 frames per second) the tool-use of the adults in the area of the shrine. In order 
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to control the variability of the material for the tool-use, we used hairs from a 
single type of human hairpiece. To provide the stimuli, on each day of observa-
tion, we scattered numerous hairs (approximately 20 cm long) that had been 
dissociated from the hairpieces around the study area early in the morning and 
waited for the target animals.

The data collection was undertaken using the focal-animal-sampling method. 
The collection starts with a focal animal, at least 30 min after than the final food-
intake of that animal. When using the stimulus as a tool, the animal at first picks 
it up from the ground. Whenever such behavior is observed, our video-recording 
is started. When finishing the tool-use, on the other hand, the animal abandons 
the stimulus onto the ground, and we operationally defined this sequence of han-
dling activity with the stimulus as the material for the teeth-flossing as an ‘episode’ 
of the tool-use.

In order to investigate whether the tool-using activity of a target animal was 
affected by the presence of other group members who were particularly naïve to 
the activity, we attempted to record the tool-using ‘episodes’ of the animal when 
her infant was present in her proximity and when no other animals were pres-
ent in her proximity. The criterion was solely whether her infant alone remained 
present within arm's range as well as within the visual range of the target animal 
throughout a given episode, both animals being situated in a face-to-face position, 
or whether no animals remained present within such range throughout another 
given episode. In all, we were able to record 50 episodes where just her infant 
remained in the target animal's proximity and 50 episodes where no animals re-
mained in the target animal's proximity. In addition, we recorded another 21 
episodes during the study period. In these 21, however, animals other than the 
infant of the target animal entered into proximity with her during the tool-using 
activity (18 episodes), or the infant was not visually oriented toward the target 
animal (3 episodes). Thus, data concerning these cases were not included in fur-
ther analyses.

The video-recording was performed using two video cameras. One of the two 
filmed the frontal view of the target animal. The tool-using behavior recorded by 
the videos was coded online by two highly trained coders independently from one 
another. They were not told the purpose of the present study. The detailed coding 
schema was essentially the same as that used in our previous study [12]. Overall 
interrater agreement was 97%. The other camera monitored the area proximal to 
of the animal. When the infant of the target animal was present in the proximity, 
the camera filmed its frontal view so that, by analyzing the videos recorded by this 
second camera and the camera monitoring the target animal, any occurrence of 
facial expressions and gestural movements could be recorded in both the infant 
and of the target animal. The occurrences were assessed again by the two raters. 
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However, none of them reported any occurrence of such communicative behavior 
in the target animal or in the infant during any episode.

The research methodology complied with protocols approved by the guide-
lines (Guide for the Care and Use of Laboratory Primates, Second Edition) of 
Primate Research Institute, Kyoto University, Japan and the legal requirements 
of Thailand.
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mouse Cognition-related 
Behavior in the open-Field: 

emergence of Places of 
Attraction

Anna Dvorkin, Yoav Benjamini and Ilan Golani

ABstrACt 
Spatial memory is often studied in the Morris Water Maze, where the ani-
mal's spatial orientation has been shown to be mainly shaped by distal visual 
cues. Cognition-related behavior has also been described along “well-trodden 
paths”—spatial habits established by animals in the wild and in captivity re-
flecting a form of spatial memory. In the present study we combine the study of 
Open Field behavior with the study of behavior on well-trodden paths, reveal-
ing a form of locational memory that appears to correlate with spatial memo-
ry. The tracked path of the mouse is used to examine the dynamics of visiting 
behavior to locations. A visit is defined as either progressing through a location 
or stopping there, where progressing and stopping are computationally defined. 
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We then estimate the probability of stopping at a location as a function of the 
number of previous visits to that location, i.e., we measure the effect of visit-
ing history to a location on stopping in it. This can be regarded as an estimate 
of the familiarity of the mouse with locations. The recently wild-derived in-
bred strain CZECHII shows the highest effect of visiting history on stopping, 
C57 inbred mice show a lower effect, and DBA mice show no effect. We em-
ploy a rarely used, bottom-to-top computational approach, starting from sim-
ple kinematics of movement and gradually building our way up until we end 
with (emergent) locational memory. The effect of visiting history to a loca-
tion on stopping in it can be regarded as an estimate of the familiarity of the 
mouse with locations, implying memory of these locations. We show that the 
magnitude of this estimate is strain-specific, implying a genetic influence. The 
dynamics of this process reveal that locations along the mouse's trodden path 
gradually become places of attraction, where the mouse stops habitually.

Author summary 
Spatially guided behavior and spatial memory are central subjects in behavioral 
neuroscience. Many tasks have been developed for laboratory investigations of 
these subjects since no single task can reveal their full richness. Here we turn to 
the simplest and oldest “task,” which involves no task at all: introducing a mouse 
into a large arena and tracking its free behavior. Traditionally, the test is used for 
studying emotionality and locomotor behavior, using simple summaries of the 
mouse's path such as its length and the percent of time spent away from walls. 
More sophisticated computational analysis of the dynamics of the path enables 
us to separate visiting behavior at locations into stops and passings. Using this 
distinction, the mouse's path reveals quantifiable locational memory: the mouse's 
decision to stop in a location is based on its visiting history there. In some strains 
of mice, the visited locations gradually become places of attraction where the 
mouse stops habitually. In other strains, the phenomenon is not evident at all. 
Such quantifiable characterization of locational memory now enables further ex-
ploration of the senses that mediate this type of memory and allows measurement 
and comparisons across mouse strains and across genetic and pharmacological 
preparations.

introduction 
In the present study we ask how can a kinematic description of Open-Field behav-
ior lead to an understanding of a mouse's higher cognitive functions. We use the 
organization of elementary patterns for revealing memory-related phenomena.
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Low-level kinematic features such as the animal's instantaneous location and 
speed are extracted from the tracked paths by using special smoothing algorithms 
[1]. These have been used to statistically partition the mouse's trajectory into in-
trinsically defined segments of progression and of staying-in-place (stops, linger-
ing episodes; [2]). In previous work on rats, examination of the spatial distribu-
tion of stops revealed the home base-the most preferred place in the environment 
[3]. The home-base is used by the animal as a reference around which it performs 
structured roundtrips [4],[5]. The home-base also exerts a constraint on the num-
ber of stops per roundtrip: the probability of returning to the home-base is an in-
creasing function of the number of stops already performed by the animal in that 
roundtrip [6]. The home-base acts as an attractor in 2 ways: first, in the vast ma-
jority of cases the animal stops in this place upon visiting it, and second, within 
a roundtrip, this place exerts a gradually increasing attraction on the rat to return 
to it. Both forms of attraction imply recognition and memory of home-base loca-
tion. In the present study, starting with the same trajectory data, we approach the 
issue of recognition and memory of places in a different way, by examining stop-
ping behavior across all locations in the periphery of the open field.

We accomplish this aim by establishing the history of visits to locations all 
around the periphery of the arena, where visits are classified as stops or passings. 
We then determine whether the number of previous visits to a location affects the 
animal's decision to stop in it. An effect of visiting history on the probability of 
stopping would imply recognition and therefore locational memory.

We used two inbred strains commonly contrasted for their spatial memory—
C57BL/6, which is considered to have good spatial memory, and DBA/2, whose 
performance is poor (e.g., [7]–[9]; see however [10]), and as a third strain, the 
recently wild-derived strain CZECHII whose spatial behavior might be less af-
fected by domestication.

This study, which has been part of an ethological analysis of mouse exploratory 
behavior [11]–[14], provides a high throughput test for locational memory.

results 
Since most activity takes place at the periphery of the circular arena (see Meth-
ods), we moved to polar coordinates description of the smoothed path (with (0,0) 
at the center of the circular arena). As illustrated in Figure 1A, the polar projec-
tion of the mouse's path as a function of time was punctuated by stops (black 
dots) in an apparently sporadic manner. While the mouse's decision to stop at a 
specific location upon traversing it could be taken randomly we wanted to take a 
closer look at the possibility that it still depended on the history of visits to that 
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location. For that purpose we first established a record of visits in reference to a 
location, classifying each visit as a stop or a passing through. We then studied 
jointly records for all locations, and calculated the probability of stopping during 
a specific visit to a location as a function of the ordinal number of that visit. A 
change in this probability across visits would have implied that the decision to 
stop was influenced by visiting history.

Figure 1. Establishing a Record of Visits in Reference to a Location. (A) CZECHII mouse's polar angles across 
the first 25 min of a session. Lines represent progression segments and dots represent lingering episodes. The 
path near the wall is shown in black and the path in the center—in gray. (B) The extraction of a sequence of 
passings and stops from a time-series of the mouse's polar angles during the first 2.5 min. The horizontal line 
denotes a specific polar location for which the sequence of visits is extracted, and the numerals printed within 
squares indicate the ordinal numbers of the visits, white squares for passings, and black—for stops. Only the 
path near the wall (in black) is used for scoring. The enumerated squares construct, from bottom to top, the 
column on the right, which depicts the sequence of passings and stops in the selected location.

The procedure of establishing a record of visits in reference to a location is 
illustrated in Figure 1B: angular position 270° is represented by a straight line par-
allel to the x-axis. By following the line one can see that upon visiting this location 
the mouse did not stop in it during the first 3 visits, stopped in it during the 4th 
and 5th visit, and then again passed through it without stopping during the 6th 
visit, etc. This sequence of discrete events, consisting of 3 successive passings, 2 
stops, 1 passing, and another 2 stops, is presented from bottom to top in the right 
column of Figure 1B. Similar sequences of passings and stops were obtained for 
all 120 locations defined by the grid superimposed on the periphery of the arena 
(see Methods).
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The sequences of passings and stops obtained for all locations in 3 representa-
tive mouse-sessions are shown in the graphs of Figure 2, left panel. An overview 
of these graphs reveals that the stops appeared to be distributed evenly through-
out the sequences in the DBA mouse, but occurred mostly during later visits in 
the CZECHII mouse. The increase in stopping frequency across visits was also 
present in the C57 mouse, but in a milder form. These tendencies appeared to 
characterize the 3 strains.

Figure 2. The History of Visits to Peripheral Locations in the Arena. (Left) History of visits to all peripheral 
locations during a 30-min session of 3 mice belonging to 3 different inbred strains. White squares represent 
passings, and black squares—stops. (Right) Probability of stopping as a function of the ordinal number of visits. 
Each horizontal bar represents the proportion of stops performed during the nth visit to a location, by summing 
up the stops and passings belonging to the corresponding row plotted in the left panel. The black portion of 
the bar represents the percentage of stops performed during the nth visit to all locations in which such visit 
occurred (the white portion represents the complementary percentage of passings). As illustrated, the probability 
of stopping increased as a function of the ordinal number of a visit in the CZECHII and C57 mice, and did not 
change in the DBA mouse.
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We estimated the probability (pn) of stopping during a visit to a location as a 
function of the ordinal number of that visit in the following way. With Vn being 
the number of such n-th visits, Sn out of the Vn visits had been classified as stops. 
The proportion Pn = Sn/Vn was the desired estimator of the probability of inter-
est pn (see Methods). As shown in the right panel of Figure 2, the probability of 
stopping increased as a function of the ordinal number of a visit in the CZECHII 
and C57 mice, and did not change in the DBA mouse. In other words, in these 
CZECHII and C57 mice, the decision to stop in a location was influenced by 
the number of previous visits paid to that location, whereas in the DBA mouse, 
visiting history did not affect this decision.

To quantify the rate of change in the probability of stopping, we fitted a linear 
function of n to the logit-transformed pn in the form (Figure 3):
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for each mouse. The estimated slopes for all 3 strains are presented in Figure 4. All 
mice of the CZECHII showed an increase in the probability of stopping as the 
number of visits increased, so did the trends of all mice of the C57 strain, though 
the trends were closer to 0. In contrast, DBA showed mixed trends, 21 increas-
ing and 14 decreasing trends. See Figure 4 for the summary of the individual 
mice trends per each strain and laboratory. Pooling across laboratories using fixed 
model ANOVA we found that the trend for CZECHII and C57 was significantly 
positive (p<.0001 and p = .009 respectively) while for the DBA it was not (p = 
.28) (all results are deposited in the database of the Mouse Phenome Project, 
[15]).

Figure 3. Rate of Change in the Probability of Stopping as a Function of Number of Visits. 3 examples of a 
linear regression fitted to the normalized probabilities of stopping data. The graphs are similar to the graphs in 
Figure 2, right panel. Each vertical bar represents the percentage of stops performed during the nth visit to all 
locations in which such visit occurred. Gray level of bars denotes the weight assigned to the probability value 
used for the calculation of the linear regression. The data are transformed in order to allow the fitted regression to 
be linear (see Methods). The black line depicts the regression. The rate of change in the probability of stopping as 
a function of the ordinal number of a visit was indicated by the slope of the fitted linear function, which reflected 
a significantly positive trend in CZECHII and C57 mice, and no significant trend in the DBA mouse.
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Figure 4. Rate of Change in the Probability of Stopping at a Location. Boxplot summaries of the rate of change 
in the probability of stopping at a location as a function of the number of previous visits to that location, in 
3 strains and across 3 laboratories. Results obtained in NIDA (N), MPRC (M), and TAU (T) are shown, 
respectively, in light, medium, and dark gray. The trend of the rate of change in the probability of stopping at 
a location for CZECHII and C57 was significantly positive (p<.0001 and p = .009 respectively) while for the 
DBA it was not (p = .28).

Putting the result through a more stringent test for replicability, by using the 
mixed model ANOVA where laboratories were treated as random as well as their 
interaction with strains [16], we found that the difference in slopes across strains 
was highly statistically significant (p<.0001). Furthermore, 95% confidence inter-
val for the slope for CZECHII was (.053, .132), for C57 is (−.001, .069) and for 
DBA was (−.026, .045) giving similar results to those of the fixed effect.

To rule out the possibility that changes in the probability of stopping reflect 
the level of activity of the animal per session, the Pearson Correlation Test was 
performed on Distance Traveled near the wall and the slope value obtained from 
each animal. The correlation was small, r = −.2 and not statistically significant at 
the .5 level.

The visiting sequences used for the computation of the slopes of regression 
described the order of visits to the same location; they did not provide the time 
of the visits' occurrence. The increase in the probability of stopping at locations 
could, therefore, merely reflect an increase in the frequency of stopping across 
the session. To examine this possibility we scored the number of stops per sliding 
time window (3-min time bins with an overlap of 1 min) across the session, fit-
ted a linear regression to the obtained values, and computed the slope of the line. 
As can be seen in Figure 5, the slopes of all strains in all laboratories were either 
parallel to the x–axis or negative, implying that the frequency of stopping did not 
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increase across the session. Therefore, changes in the frequency of stopping across 
time could not explain the change in the probability of stopping at a location with 
increasing number of visits.

Figure 5. Rate of Change in the Frequency of Stopping across Time. Boxplot summaries of the rate of change in 
the frequency of stopping across time, in 3 strains tested simultaneously in 3 laboratories. Results, obtained from 
NIDA (N), MPRC (M), and TAU (T), are shown in light, medium, and dark gray, respectively. The slopes of all 
strains in all laboratories were either parallel to the x–axis or negative, implying that the frequency of stopping 
did not increase across the session.

Having ruled out the possibility that the frequency of stopping increases across 
time, and having shown in the previous section the replicability of the results in 
3 laboratories, we concluded that the rate of change in the probability of stop-
ping as a function of visiting history was a reliable measure of mouse locational 
memory in the open-field.

Dynamics of Stopping in Specific Locations

The changes in the probability of stopping (Figure 4) were computed by pooling 
the data across all locations at the periphery. Therefore, the results presented so 
far applied to all locations in a general way, ignoring changes at specific locations. 
Further investigation of the data collected in TAU revealed 3 types of locations: 
those in which the probability of stopping increased, those in which it decreased, 
and those in which it stayed unchanged (see Methods). The locations showing 
an increase appeared in clusters and so did the locations showing a decrease (see 
Figure 6). In order to distinguish between the arbitrarily defined single locations, 
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and their clusters, which were revealed by our analysis, we termed the clusters 
places (it should be noted that the minimal number of locations in a cluster is 3, 
reflecting our measurement resolution; see Methods).

Figure 6. Places Marked by an Increasing or Decreasing Probability of Stopping. History of visits to all 
peripheral locations across 30-min sessions of 3 mice. White squares: passings, black squares: stops. White stripes 
mark places in which the probability of stopping increases; gray stripes mark places in which the probability 
of stopping decreases. The CZECHII mouse was characterized by having only places where the probability of 
stopping increased or stayed unchanged; in contrast, the C57 and DBA mice were characterized by having all 
3 types of places.

As shown in Figure 6 in 3 examples, the CZECHII mouse was character-
ized by having only places where the probability of stopping increased or stayed 
unchanged; in contrast, the C57 and DBA mice were characterized by having all 
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3 types of places; finally, the DBA mouse was characterized by having the high-
est number of places where the probability of stopping stayed unchanged. Those 
strain differences prevailed in all the mice tested in TAU.

discussion 
intrinsic Constraints on stopping Behavior imply locational 
memory

In this study we show that in the open field, visiting history to a location influ-
ences stopping behavior in that location; the magnitude of this influence is strain 
specific. In 2 out of 3 examined strains, the higher the ordinal number of a visit 
to a location, the higher is the probability of stopping in that location. In the 
third strain, the ordinal number of a visit to a location appears to be irrelevant for 
the decision whether to pass through the location or stop in it. In the strains that 
show increased probability of stopping with consecutive visits to a location, this 
is not due to a general tendency of the mice to stop more frequently with time. 
On the contrary—the tendency to stop either decreases or stays unchanged across 
the session in all mice and strains (Figure 5). Because the phenomenon depends 
on the ordinal number of visits, it implies some type of memory, and because it 
describes behavior in specific locations, it is spatial. Taken together, it indicates a 
locational memory.

locational memory and spatial memory

Future studies would tell us to what extent locational memory utilizes the vari-
ous sensory modalities. Hippocampus-guided spatial memory is, for example, 
commonly demonstrated by showing that manipulation of distal visual cues is 
followed by corresponding adjustments in the animal's spatial orientation [17]. 
In real life situations, spatial orientation may also be supported by the process-
ing of cues belonging to the other sensory modalities, including proprioception 
derived from self movement [18], yet the term spatial memory became mainly 
identified with visual processing. The locational memory highlighted in the pres-
ent study implies spatial recognition and familiarity, and therefore also reflects 
spatial memory, but the particular contribution of each of the sensory modalities 
to the mouse's orientation is not known. Support for visual guidance by distal 
cues is indicated by the consistency of our results with those obtained for visually 
guided tests of spatial memory in 2 of the strains (CZECHII mice have not been 
tested yet for spatial memory). Thus, as with locational memory, good spatial 
memory is exhibited in C57 in various spatial tasks [9], [19]–[21]. The absence of 
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a locational memory in DBA/2 mice similarly corresponds to the lack of spatial 
memory reported in most studies performed on this strain [7]–[9], known to suf-
fer from hippocampal dysfunction [22]–[24]. These parallel findings support the 
hypothesis that the memory described in this paper is also guided visually. The 
hypothesis that a change in the probability of stopping in locations across visits is 
mediated by the accumulation of olfactory cues, which are in turn accumulated 
across visits is untenable, as it would require a mechanism explaining why scent 
accumulation has no influence on stopping in DBA/2 (Figure 6, lower panel), a 
strain gifted with a more sensitive olfactory sense than C57 [25],[26], does influ-
ence stopping, but in 2 opposite ways, in C57 mice (Figure 6, middle panel), and 
only increases stopping in the CZECHII mice (Figure 6, upper panel). Estimat-
ing locational memory in open field behavior recorded in full darkness would 
tell us to what extent this construct is supported by information derived from 
self movement. Finally, dependence on the hippocampus can be investigated by 
using lesions or temporary inactivation of this structure, and the role played by 
memory on this phenomenon, although not specific to spatial memory only, can 
be investigated by using pharmacological disruption that is predictive of memory 
loss. Whatever the underlying mechanisms, locational memory, which has been 
shown to be strain-specific can now be compared across strains and preparations.

the relationship between locational memory and the level 
of Activity

Since our measure is based on locomotor behavior, there is a concern that this 
measure is influenced by the animal's level of activity. To rule out this possibility 
we examined the correlation between distance traveled per mouse-session and the 
corresponding rate of change in the probability of stopping as a function of the 
number of visits. The correlation was small and not statistically significant (r = 
−.2, p<.05), implying that within the range of values obtained in this study, the 
level of activity does not influence our measure.

Examination of pharmacological preparations exhibiting hyperactivity (e.g., 
[27],[28]) could further elucidate the issue of the influence of activity on the 
measure of locational memory. In 3 previously performed studies on the effect 
of dopamine-stimulants on locomotor behavior in general, and on stopping in 
locations in particular, all 3 drugs induced hyperactivity, but had 3 distinct effects 
on stopping in locations. (+)-amphetamine-induced hyperactivity was associated 
with a consolidation of stereotypic stopping in a limited number of locations 
in a relatively fixed order [29]; quinpirole- induced hyperactivity was associated 
with the performance of stopping in 2 fixed and several varying locations be-
tween them [30]; and apomorphine-induced hyperactivity was dissociated from  
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stopping in fixed locations, showing no organization in relation to the environ-
ment [31]. Since under the influence of the first 2 drugs the probability of stop-
ping in specific locations increases, locational memory is implied, and our mea-
sure would have reflected it. The absence of an increase in the probability of 
stopping under the influence of the 3rd drug would have resulted in a near-zero 
rate of change in the probability of stopping implying no locational memory.

newly derived versus Classical inbred strains

CZECHII mice show a significantly higher rate of change in stopping probability 
than C57, implying even better spatial abilities. Some researchers consider the be-
havior observed in classic inbred strains to be dull and “degenerate” [32], whereas 
wild-mouse behavior is expected to exceed the behavior of these strains [33],[34] 
in terms of repertoire richness [35], and magnitude of parameters [11],[36]. 
CZECHII mice are a relatively new wild-derived strain, perhaps less affected by 
the domestication process; the enhanced spatial performance of this strain could 
be ascribed to its relative wildness.

A Bottom-up Approach to higher Cognition-related 
Constructs

The bottom-up approach employed by us aims at revealing higher-level phenom-
ena, as they emerge out of low-level kinematic properties. In the present study, 
assigning visiting records to locations, and characterizing the sequences constitut-
ing these records, reveals locational memory. This phenomenon adds up to a list, 
reviewed below, of previously described higher-level phenomena also uncovered 
by the bottom-up approach.

Noting where rats stop, and for how long, highlighted the home-base-the s 
most preferred place in the arena [3]. Using this place as a reference for measur-
ing kinematic properties of the rat's trajectory revealed several features of the 
rat's operational world. Partitioning the rats trajectory into roundtrips performed 
from the home-base highlighted a gradual lengthening of these roundtrips. This 
lengthening was correlated with an increasing amount of exposure to the arena. It 
defined, therefore, the animal's increasing familiarity with the environment [5]. 
A high level of familiarity ( = exposure) was also indicated by a reversal of speed 
differences in relation to the home-base: in a novel environment, the outbound 
portion of a trip was characterized by lower speeds, and the inbound portion–by 
higher speeds; in a well-trodden environment the speed difference was shown to 
be reversed. These speed differences together with the amount of exposure defined 
“inbound” and “outbound” directions from the rat's point of view [5],[37],[38]. 
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In still another study, the ordinal number of a stop within a roundtrip was found 
to determine the magnitude of a rat's attraction to the home-base; as the ordinal 
number of the stop increased, the attraction, expressed as the probability of re-
turning home after stopping, increased as well [6]. Absence of speed differences 
between inbound and outbound portions were used to infer navigation impair-
ments in hippocampectomized rats [39],[40].

In summary, the dynamics of roundtrip length and of inbound/outbound 
speed differences were used to define familiarity; the ordinal number of a stop 
within a trip was used to estimate home-base attraction; and the dynamics of 
stopping as a function of the ordinal number of visits to locations was used in the 
present study to estimate spatial memory. The increasing tendency to stop in well-
trodden places, in the sense offered by von Uexkull [41], reflects the consolidation 
of a spatial habit: repeated visits to a location are accompanied by an increasing 
tendency to stop in that location, culminating in turning it into a relatively stable 
spatial attractor ([42]; or, in the case of a decreasing tendency to stop, a repeller).

Classifying locations by their level of Attraction

A gradual increase or decrease in the probability of stopping along trodden paths 
reflects respectively an increasing attraction or an increasing repulsion to a loca-
tion. Whereas the CZECHII mice developed places of attraction and no places of 
repulsion (Figures 6), the C57 mice (and to an extent also the DBA mice) devel-
oped both types. To test the statistical significance of these apparent regularities in 
single locations, it would be necessary, however, to extend the duration of sessions 
in order to obtain a much larger number of visits per location.

An improved Analytical model of the Kinematic structure of 
rodent exploratory Behavior

A simple analytical model of rodent exploratory behavior simulated the obser-
vations made on real rat open-field behavior [5] by using a sim-rat [37]. The 
sim-rat increases excursion distance from home-base as a linear function of two 
system parameters, one governing the rate of motivation loss during movement 
away from the home-base, and the other the rate of (location-specific) familiariza-
tion. The sim-rat's velocity pattern is correlated with the familiarity with places, 
changing gradually from slow-outbound–fast-inbound, to fast-outbound–slow-
inbound. It had been concluded in that analytical study that one shortcoming of 
the model was that the sim-rat moved continuously, while the movement pattern 
of a real animal includes stops. It has been further suggested that a comprehensive 
model of exploratory behavior should include a stochastic component accounting 
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for the stops. The measured changes in the probability of stopping along well-
trodden paths specify this stochastic component.

A high throughput test of spatially Guided Behavior in a 
less stressful environment

The test commonly used for the estimation of spatial memory is the Morris water 
maze [43]. Other tests include, e.g., the radial arm maze [44], the modified hole 
board test [45], and the spatial open field [21]. The pros and cons of these and 
other setups have been discussed elsewhere, and it has been suggested that no 
single task can reveal the full richness of spatially guided behavior (e.g., [36]). 
The present study supplements the arsenal of already available tools with a new 
measure and a new high throughput test of spatially guided behavior conducted 
in a single session in a large, dry, and empty open field arena.

methods 
The data for this study were collected in a study conducted simultaneously in 3 
laboratories: The National Institute on Drug Abuse (NIDA), Baltimore; Maryland 
Psychiatric Research Center (MPRC), Baltimore; and Tel Aviv University (TAU). 
These data are stored in a publicly available database (http://www.tau.ac.il/ilan99/
see/help), and have already been used in previous studies [11]–[14],[46],[47]. The 
study included 10 inbred mouse strains and was part of the Mouse Phenome Da-
tabase project [15]. In this work, we used only the data of the C57BL/6J, DBA/2J 
and CZECHII/Ei strains.

The experimental and housing protocols were identical for all the above stud-
ies, and were described in detail elsewhere [13]. Here we repeat the main points.

Animals

9–14 week old C57BL/6J (C57), DBA/2J (DBA) and CZECHII/Ei (CZECHII) 
males shipped from Jackson Laboratories. The sample sizes were 12 per C57BL/6J 
group in each laboratory, 12 per DBA/2J group in each laboratory, and 6 per 
CZECHII/Ei group in NIDA, 8 in MPRC, and 12 in TAU.

housing

Animals were kept in a 12:12 reversed light cycle (Light: 8:00 p.m.–8:00 a.m.), 
and were housed 2–4 per cage under standard conditions of 22°C room temperature 
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and water and food ad libitum. The animals were housed in their room for at 
least 2 weeks before the start of the experiment. All animals were maintained 
in facilities fully accredited by the American Association for the Accreditation 
of Laboratory Animal Care (AAALAC, MPRC and NIDA) or by NIH Animal 
Welfare Assurance Number A5010-01 (TAU). The studies were conducted at all 
3 locations in accordance with the Guide for Care and Use of Laboratory Animals 
provided by the NIH.

experimental Procedure

The arenas were 250 cm diameter (TAU, NIDA) and 210 cm diameter (MPRC) 
circular areas with a non-porous gray floor and a 50-cm high, primer gray painted, 
continuous wall. Several landmarks of various shapes and sizes were attached in 
different locations to the arena wall and to the walls of the room where the arena 
was located. In particular, one wall of the room was mostly covered in black, and 
a large dark rectangle of 60×80 cm was painted on each of the 2 adjacent walls. 
The arena was illuminated with two 40-W neon bulbs on the ceiling, above the 
center of the arena.

The experiments were conducted during the dark part of the cycle, 1–2 hours 
after its onset. Each experimental animal was brought from its housing room to 
the arena in a small opaque box, and placed within it (in a standardized location, 
near the wall) while still in the box. After 20 seconds the box was lifted, and a 30-
min session began. The arena was recorded using a resolution of 25 (TAU) or 30 
(MPRC, NIDA) samples per second and approximately 1 cm. The animal's move-
ment was tracked using Noldus EthoVision automated tracking system [48].

data Analysis

The raw data obtained from the tracking system were smoothed using a special-
ized algorithm implemented in the stand-alone program “SEE Path Smoother” 
[13],[49]. This procedure produces reliable estimates of momentary speeds dur-
ing motion (momentary speeds during arrests were defined as zero).

As was previously shown, rodent locomotor behavior consists of two distinct 
modes of motion—progression segments and lingering episodes [2],[6]. Dur-
ing progression segments, the animals traverse relatively large distances attaining 
relatively high speeds. During lingering episodes the animals stop and perform 
scanning movements, while staying in a circumscribed neighborhood. Segmen-
tation of the smoothed path into progression segments and lingering episodes 
was done using the EM algorithm [50] with a two-gaussians mixture model. 
Stand-alone user-friendly software for smoothing (SEE Path Smoother) and for  
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segmentation (SEE Path Segmentor) can be downloaded at http://www.tau.ac.il/
ilan99/see/help.

Defining Sequences of Visits

Because the vast majority of locomotor behavior is performed along the wall 
[12],[14] we focused on the path traced by the mouse near it. To quantize the 
path into sequences of visits to locations, we first schematically superimposed a 
circular grid consisting of 7×10 cm rectangles on the periphery of the arena. We 
then partitioned the path traversed by the animal near the wall into a sequence of 
visits to the locations defined by the grid rectangles. A visit to a location started 
when the mouse entered the location and ended when it left the location. Because 
the locations had been defined in an arbitrary way, small insignificant trespassing 
of the path into adjacent rectangles would have been considered as visits. There-
fore, 2 successive visits to the same rectangle were considered as such only if the 
mouse reached a “long enough” distance from that rectangle between the 2 visits. 
A “long enough” distance was defined as the distance necessary in order to enter 
a location that is not adjacent to the original location (see Figure 7). In order to 
fully surround each location with adjacent locations, an inner-layer of 7×7 cm 
rectangles was added (the length of the side of the inner-layer rectangles was set to 
be the same as the width of the outer-layer rectangles).

Figure 7. Schematic Illustration of the Partitioning of the Path into Visits. The circle represents the open-field 
arena with the superimposed grid, consisting of 2 layers of locations. The outer layer was used to define visits to 
locations, and the inner layer was used to define additional adjacent locations used to avoid false fractionation 
of visits to outer-layer locations. Insert: outer-layer locations are indexed by numerals, and their corresponding 
adjacent inner-layer locations are indexed by corresponding numerals with an apostrophe. A black line represents 
the path traced by the mouse. In this example, 2 visits were scored in locations 3 and 4, 1 visit in location 2, 
and no visit in location 1.

  



Mouse Cognition-Related Behavior in the Open-Field 35

In the next stage of the analysis, all visits were categorized as either stops (visits 
containing a lingering episode) or passings (visits that did not contain a lingering 
episode).

statistical methods

Computation of the Slopes of Linear Regression Fitted to the 
Normalized Probabilities of Stopping

We estimated the probability (pn) of stopping during a visit to a location as a func-
tion of the ordinal number of that visit in the following way. Visits at locations are 
classified according to whether they constitute an n-th visit to a location or not. 
Let Vn be the number of such n-th visits (obviously each n-th visit is at a different 
location); such Vn can be calculated for any n. Out of the Vn n-th visits Sn have 
been classified as stops. The proportion Pn = Sn/Vn is the desired estimator of the 
probability of interest pn.

As often happens when studying the dependence of probabilities on explana-
tory variables, the dependency of pn on n seems to follow a logistic model. Name-
ly, we fit a linear function of n to the logit-transformed pn in the form

0 11
n

n

pLog n
p

β β
 

= + −  .

In this model β0 is the intercept and β1 is the slope: β1 captures the change in 
the logarithm of the odds pn/(1−pn) for a stop, from the n-th visit to the (n+1)-th 
visit (or equivalently the odds changes gradually from one visit to the next).

Since the variance of Pn as an estimator of pn increases as Vn decreases, be-
ing based on a smaller sample, and the latter obviously happens because during 
late visits the mouse visited increasingly fewer locations, the fitting of the logistic 
model is based on weighted regression with weights proportional to Vn.

Comparing Endpoint Results Between Strains and Across 
Laboratories

In order to assess the discrimination between strains and the replicability across 
laboratories of slopes of logistic regression (see the results section below), we used 
the linear mixed effects ANOVA model [51],[52]. In this model, the strain was 
considered as a fixed factor while the effect of laboratory was considered as ran-
dom. This means that we thought of the laboratory effect as being drawn from the 
population of all possible laboratories effects. The interaction between strain and 
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laboratory was considered random as well. Thus, a significant strain difference 
yielded by the Mixed effects Model ANOVA can be regarded as replicable across 
laboratories. This approach is more conservative than the widely used linear fixed 
effects model ANOVA: if a difference between two strains was found to be signifi-
cant under the mixed model, it will be significant under the fixed effects model as 
well, but the opposite is not necessarily true [16].

One DBA/2 mouse who did not travel along the whole circumference of the 
arena even once during the session, was excluded from the analysis.

Classifying Locations by the Change in the Probability of Stopping

To investigate changes in the probability of stopping at specific locations, one 
would have to record many more visits per location than can be collected during 
a 30-min session. Therefore, we increased sample sizes by pooling the visits paid to 
3 adjacent locations at a time, moving along the periphery of the arena with a step 
of 1 location. To examine the change in the probability of stopping within each 
group of selected locations we divided each sequence of visits to these locations 
into 2 halves. When the number of visits was uneven, the visit in the middle of the 
sequence was excluded from the analysis. We then compared the number of stops 
and the number of passings in the first half, to their sums in the second half and 
classified the locations according to the change in the probability of stopping in 
them. In order to determine whether there was a significant change in the number 
of stops we used the Fisher Exact Test.
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Background

Neonatal colon irritation (CI; pain or inflammation) given for 2 weeks pri-
or to postnatal day 22 (PND22), causes long-lasting functional disorders in 
rats that can be seen 6 months after the initial insult. This study looked at 
the effect of varying the frequency and duration of neonatal CI on the rate of 
growth, digestive outcomes, exploratory activity, and colon and skin sensitiv-
ity in adult rats.
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Methods

Male Sprague-Dawley rats were given CI using repeated colorectal distension 
(CRD) at different time intervals and for varying durations starting at PND 
8, 10 or 14. Control rats were handled by the investigator without any intra-
colonic insertion. Further experiments were done on adult rats. Digestive out-
comes (food and water consumption, fecal and urinary outputs) were mea-
sured using metabolic cages. Exploratory behavior was measured using digital 
video tracking in an open field. Cutaneous sensitivity was assessed by measur-
ing the responses to mechanical and heat stimuli applied to the shaved abdo-
men or hind paws. Visceral sensitivity was measured by recording electromyo-
graphic responses, under light isoflurane anesthesia, from the external oblique 
muscles in response to CRD.

Results

No significant weight differences were observed between CI and control rats. 
Exploratory behavior was reduced in rats with neonatal CI compared to con-
trol. Digestive outputs and somatic and visceral sensitivity changed between 
different treatment groups with earlier and more frequent insults yielding a 
higher deviation from normal.

Conclusion

The diversity of behavioral and digestive symptoms in these rats parallels the 
diversity of symptoms in patients with functional gastrointestinal disorders 
and is consistent with global plastic changes affecting more than one system 
in the organism.

Background
Level of pain sensitivity, efficacy of analgesics, and susceptibility to developing 
chronic pain conditions are all subject to individual variability. The sources of 
such variability can be organismic, environmental or related to personal life 
history. Organismic variables, such as gender, age, hormonal status, genetic 
variability, and interactions among these factors have been carefully studied 
[1-3]. Environmental factors that are extrinsic to the individual such as the 
social environment, stressful conditions, or light cycle have also been studied 
and shown to contribute to variability in pain-related traits [4,5]. However, 
the individual's life history with noxious stimuli has often been overlooked 
as a potential source of variability in an adult pain experience; yet it is one 
that can affect sensorimotor processing, pain sensitivity and other behavioral 
outcomes.
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Pain experience early in life can, theoretically, shape the developing nervous 
system at a time when heightened plasticity characterizes early postnatal develop-
ment. Chronic abdominal pain is frequently seen during infancy and is often 
associated with functional constipation. Functional constipation occurs in oth-
erwise well infants at the time of weaning from breast milk to infant formula. 
Stools become firm with the transition to formula. If a child experiences pain in 
the anal sphincter while passing a large hard bowel movement, the child becomes 
conditioned to avoid defecation [6]. The propagating colonic contractions push 
against an obstructed anal sphincter with pressures of 80 mm Hg and more, well 
above the threshold for colorectal pain [7]. Colonic painful distension in neonatal 
rats mimics the naturally occurring pressure build-up in the descending colon and 
rectum of human infants and provides a reproducible and controllable nocicep-
tive visceral procedure. Most studies have looked at the adult sequelae of child 
stress and abuse and have focused on emotional and psychological problems, 
defects in interpersonal relationships, sexual maladjustment and social function 
[8-10]. Few studies have suggested an association between a history of physical 
abuse and functional gastrointestinal disorders [11], particularly irritable bowel 
syndrome (IBS) [12-14]. On the other hand, a number of studies have suggested 
that sometimes well-intended but painful medical procedures on neonates, with-
out or with inadequate anesthesia, can have negative long-term implications and 
can engender unwanted consequences [15,16]. In a cohort matched case-control 
study, using siblings as controls, noxious stimulation caused by gastric suction at 
birth was associated with an increased prevalence of functional intestinal disorders 
in later life, possibly linked to the development of long-term visceral hypersensi-
tivity and cognitive hypervigilance [17].

Experimentally, repetitive exposure of neonatal rats, over a period of two 
weeks, to colon pain using colorectal distension or colon inflammation with mus-
tard oil caused long-term visceral hypersensitivity measurable six months after 
the initial injury [18]. This hypersensitivity was associated with central and pe-
ripheral neural sensitization [19]. Gastric suctioning during the neonatal period 
also resulted in global chronic somatic and visceral hyperalgesia in adult rats [20]. 
Similarly, exposure to painful foot-shock in the pre-weanling period had a long-
term effect on the sensitivity of rats to painful events [21]. In adult rats exposed to 
a brief period of inflammation just after birth, the skin receptive field supplied by 
individual dorsal horn neurons decreased by more than 30% [22], implying per-
manent alterations in the spinal pain processing for these areas. Short-lasting local 
inflammation (produced by injection of 0.25% carageenan), produced a long-
term hypoalgesia at baseline, which occurred equally in the previously injured 
and uninjured paws [23]. However, after re-inflammation, a long-term hyperal-
gesia occurred in the neonatally-injured paw, indicating a significant segmental 
involvement in the spinal processing of pain [24]. Despite some discrepancies 
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in the results of these studies, most of them indicate that brief or repetitive pain 
exposures during early periods of development can have a long-term effect on the 
behavior of the adult.

This study focuses on the effect of variability in the individual's life history on 
adult digestive function and experience of pain. It examines the effect of neonatal 
painful colon distension, applied with varying onset time, duration and frequen-
cy, on the rate of growth, digestive outcomes (food and water consumption, fecal 
and urinary output), spontaneous exploratory behavior and visceral and somatic 
sensitivity of adult rats. Preliminary results were previously reported in abstract 
form [25].

methods
Animals

Experiments were done using male Sprague-Dawley rats obtained as pre-weanling 
neonates (younger than 6 days) from Harlan Sprague-Dawley Inc. (Indianapolis, 
Indiana). They were housed in plastic cages containing corn chip bedding (Sani-
Chips, PJ Murphy Forest Products, Montville, NJ) and maintained on a 12:12 
h light:dark cycle (lights on at 07:00 h). The irritation procedure and the ex-
perimental testing were conducted during the light component of the cycle. The 
neonates were housed 10 in a cage with 1 adult female until they were 25 days 
old. The adult female had access to food and water ad libitum. After separation, 
the male rats were housed 4 in a cage with access to food and water ad libitum. 
At the weight of 250 g, only two rats from the same testing group (i.e. control or 
mechanically irritated) were together in any cage. All studies were performed in 
accordance with the proposals of the Committee for Research and Ethical Issues 
of the International Association for the Study of Pain [26] and were approved by 
the Institutional Animal Care and Use Committee at the University of Arkansas 
for Medical Sciences in accordance with the guidelines provided by the National 
Institutes of Health, USA.

neonatal Colon irritation

Neonatal rats (8 – 21 days) were exposed to mechanical irritation of the colon of 
variable duration and at different ages according to the following protocol:

Male Sprague-Dawley rats (8 days old) were divided into 2 groups for purpos-
es of different treatments. Group 1 received colorectal distension (CRD) between 
the ages of 8 and 21 days at different time intervals and for varying durations and 
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frequencies. The distension was applied using angioplasty balloons (Advanced 
Polymers Inc., length: 20.0 mm; diameter: 3.0 mm) inserted rectally into the de-
scending colon. The balloon was distended with 0.3 ml of water, exerting a pres-
sure of 60 mmHg (as measured with a sphygmomanometer), for 1 minute and 
then deflated and withdrawn. The distension was repeated 2 times (separated by 
30 minutes) within an hour. This group is referred to as the group with neonatal 
colon irritation (CI).

Group 2 was handled in a way similar to group 1 except that no colonic inser-
tion was made. In this group, rats between the ages of 8 and 21 days were sepa-
rated from their mothers for periods of time equal to the corresponding maternal 
separation in CI rats, but they were only gently held and touched on the perineal 
area. Group 2 served as control.

The neonatal time period during which the 2 groups were irritated or handled, 
as well as the duration and frequency of the irritation protocol was varied con-
sistently among the two groups in order to establish a timeline for the onset of 
long-lasting colon hyperalgesia in these rats. For onset variation, CI was started 
either on PND8, PND10, or PND14 (PND21 was tested earlier [18]). Dura-
tion indicates how long (number of days) the irritation was repeated: 1, 3, or 
7 days (we reported earlier the effect of a daily 14 day irritation protocol [18]). 
Frequency indicates how often the irritation was given, and it varied from daily 
to every other day. During this period, rats from each group were housed in cages 
with their mothers. No treatment, procedure or further intervention was done by 
the investigator for 4 weeks after PND21.

Food and Water intake and Changes in Fecal and urine 
outputs

Fecal and urine output collections as well as water and food consumptions were 
evaluated using metabolic cages with wire mesh bottoms (Nalge Company, NY). 
Adult rats were individually housed (1 rat/cage) for 5 days (2 days for acclimation 
to the metabolic cage and 3 days for fecal collection). The final fecal output data 
is the average of fecal collection in the last 3 days. Fecal pellets were collected into 
a plastic bottle located at the bottom of the cage. The cage is designed to prevent 
water content in fecal pellets from evaporation and also to prevent urine from get-
ting mixed with feces. The fecal pellets were collected daily, immediately weighed, 
then baked on a hot plate for two and half hours (95°C) until completely dried. 
The dried fecal pellets were weighed again. The water percentage contained in the 
fecal pellets was calculated as follows: [(Weight of fecal pellet before baking) – 
(weight after baking)]/(Weight of fecal pellet before baking).
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The method was further standardized using the following two steps: 1) adjust-
ing the output weight to the rat body weight by dividing the output weight by the 
rat body weight and obtaining thereby an output weight per gram body weight; 
and 2) multiplying the (output weight)/(gram body weight) for each rat by a fac-
tor of 280 which represents the median weight of all the rats used. Food and water 
intake were quantified by measuring the amount of food (weight of pellets in g) 
and water (volume in ml) consumed over a defined period of time and adjusting 
it to body weight. Besides fecal output, daily urine discharge (ml), daily water 
(ml) and food (g) consumption, and daily rat body weight were also measured to 
monitor the daily digestive status of the rats. The data collected from individual 
CI animals were compared to control; those that fell within control range were 
described as normal; those that fell outside the control range were described as 
decreased or increased.

Behavioral testing

Testing Spontaneous Exploratory Behavior

To measure spontaneous exploratory behavior, we used 4 separate activity enclo-
sures or arenas (San Diego Instruments, CA). The arenas (each 50 × 50 cm2) were 
made of opaque plastic. A PC-linked digital video camera was mounted above 
the arenas. Each arena was virtually divided into 16 zones using SMART software 
(Panlab, Spain). Four main parameters were measured: 1) total distance traveled 
across the arena (cm), 2) average maximum speed at which the animal traveled, 3) 
number of entries the animal made into a different zone, and 4) total resting time. 
The enclosures were thoroughly cleaned both before and after each testing period. 
Animals were always tested at the same time during the day (10 a.m.) in a separate 
room where no other people or animals were present, with a low noise level and 
controlled temperature (70–72°F). The activity was recorded over a period of 2 
hours for each rat. However, rats tended to become idle after 45 minutes in the 
arena; therefore, the data was analyzed at 5 minute time point intervals for the 
first 45 minutes and then compared between CI and control rats.

Testing Somatic Sensitivity

All somatic sensitivity experiments were conducted by an investigator blinded 
to the type of rat (control or CI). Somatic sensitivity was assessed by measuring 
the paw or abdomen withdrawal latency to radiant heat as a measure of second-
ary heat hyperalgesia according to the protocol of Hargreaves et al. [27], or the 
response to von Frey hair stimulation as a measure of mechanical hyperalgesia. 
To quantitatively assess the nociceptive threshold to radiant heat of the hind paw, 
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animals were placed in clear plastic cages on an elevated glass plate. The rats were 
allowed to acclimate for 30 min before testing. A mobile radiant heat source 
located under the glass was focused onto the hind paw of the rats. The source fo-
cused a high intensity light beam through the glass plate onto the plantar surface 
of the hind paw until the rat lifted its paw. The paw-withdrawal latency (PWL) 
was recorded by a digital timer. Both hind paws were tested independently (five 
trials per side; 5-min intervals between trials). The withdrawal latencies for the 
left and right paws were averaged independently, and the mean value was used to 
indicate the sensitivity to noxious heat stimulation. The apparatus was adjusted 
at the beginning of each individual rat study so that the baseline PWL was ap-
proximately 10 seconds (s). This setting (i.e., the light beam intensity) was kept 
unchanged for the remainder of the study. The cut-off of 30 s was used to prevent 
potential tissue damage.

For abdominal withdrawal latency (AWL), the abdomens of tested rats were 
shaved and a protocol similar to the one described for PWL was adopted. The 
light beam was shone on a point on a previously marked area of the lower abdo-
men, right above the virtual intersection of two imaginary lines extending from 
the sternum caudally and the lowest rib ventrally. Similar to visceral sensitivity, 
individual data from CI rats were compared to the mean data from the control 
group plus or minus two standard deviations (SDs). Individual rats were consid-
ered hypersensitive to heat, if PWL or AWL was shorter than the control mean 
PWL or AWL, respectively, minus two SDs.

The threshold for mechanical hyperalgesia was measured by using a series of 
calibrated von Frey hairs (Semmes-Weinstein, Stoelting, IL). The plantar surface 
of the hind paw was touched with different von Frey hairs with a bending force 
of 0.217–12.5 g. Ten trials were done on each paw. If the rat responded to the 
stimulation by withdrawing the paw 5 times out of the 10 trials then it was tak-
en as a threshold. If the rat responded to the stimulation by withdrawing the 
paw more than five times, the next weaker hair was used until the threshold was 
found. To avoid excessive stimulation, the testing was started in the following ses-
sions with the weakest hair that had elicited withdrawal responses in the previous 
session. Mechanical hyperalgesia was determined by comparing the number of 
withdrawal responses out of 10 trials in CI rats versus the number of withdrawal 
responses in the control rats. A similar protocol was adopted in testing mechanical 
hyperalgesia on the abdomen.

Testing Visceral Sensitivity

Behavioral responses to colorectal distension (CRD) were assessed in all groups 
around the age of 3 months by measuring the visceromotor reflex (VMR). The 
VMR is a reflex measured using an electromyographic (EMG) recording obtained 
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from the external oblique muscle. VMR was recorded in adult rats sedated by 
light isoflurane anesthesia (2%). While sedated, the rats exhibited no voluntary 
movements but showed reflexive responses to nociceptive stimuli. The EMG elec-
trode (Teflon-coated stainless steel wire) was inserted through a small skin inci-
sion into the external oblique muscle superior to the inguinal ligament and was 
connected to an amplifier. The signal was displayed on an oscilloscope and fed 
into a computer using CED 1401 plus and was recorded using Spike 2 software. 
The raw EMG signal is biphasic and was therefore rectified using "Rectify" script 
in Spike 2. The rat colons were distended for 20 s every 4 min, and the rectified 
signal was integrated over the 20 s stimulation period to give a mean response 
frequency. The mean frequency of the preceding 20 s was subtracted from the dis-
tension value to give the EMG intensity as data points. Since these are multiunit 
recordings, the magnitude of the EMG varied between animals. The data from 
each animal were normalized to a baseline response derived from the mean of 3 
distensions for each intensity of CRD. All subsequent data collected from the 
same animal were compared to their baseline values. Measuring the threshold in-
tensity of CRD consisted of recording the stimulus intensity that evoked a VMR 
recorded electronically. CRD was applied in increments of 10 mmHg starting at 
10 mmHg (the smallest distinguishable mark on the sphygmomanometer gauge). 
Comparisons of the responses of CI rats were made to those of control rats in 2 
ways: 1) the average response of a group of rats with similar neonatal treatment 
was compared to the average response of control rats, and 2) the individual nor-
malized data of each rat was compared to the average response of control rats to 
determine whether the CI rat was hypersensitive, hyposensitive or normo-sensi-
tive. Individual rats whose responses fell within two SDs of the control mean were 
considered normal. Rats whose responses were smaller than the control mean mi-
nus two SDs [< (Mean – 2SD)] were considered hyposensitive, and those whose 
responses were greater than the control mean + two SDs [> (Mean + 2SD)] were 
considered hypersensitive.

Rats tested with somatic stimuli were also tested with visceral stimuli and vice 
versa. The two types of stimuli were separated by 4 days to avoid interactive effects 
between stimuli.

Colon Stimulation in Adult Rats

Colon stimulation consisted of graded CRD produced by inflating a balloon in-
side the descending colon and rectum. The balloon was 4 cm in length and made 
of the finger of a latex glove. It was attached to polyethylene tubing and inserted 
through the anus into the rectum and descending colon. The open end of balloon 
was secured to the tubing with thread and wrapped with tape (1 cm wide). The 
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balloon was inserted so the thread was approximately 1 cm proximal to the anal 
sphincter. The balloon was held in place by taping the tubing to the tail. The tub-
ing was attached via a T connector to a sphygmomanometer pump and a pressure 
gauge. Prior to use, the balloon was blown up and left overnight so that the latex 
stretched and the balloon became compliant. CRD was produced by rapidly in-
flating the balloon to the desired pressure (20, 40, 60 or 80 mmHg) for a duration 
of 10 s. Stimuli were consecutive (spaced by 20 s) and applied in an ascending 
graded manner (e.g. 3 × 20, 3 × 40 etc.).

Statistical Analysis

The data were analyzed for statistical significance using Sigma stat software. A 
Friedman's test was used to assess if responses changed across pressures within 
each group. The differences in the median values of the EMG response among 
the 2 treatment groups (CI and Control) at each pressure of CRD were compared 
using the Kruskal-Wallis (K-W) One Way Analysis of Variance on Ranks. If the 
K-W test was significant (p < 0.05) we did pairwise comparisons using a Wilcox-
on Rank Sum test with a Bonferroni correction at 0.05/2 to correct for multiple 
comparisons. Stated significant results refer to a p < 0.05/2.

A One Way Analysis of Variance was made to compare the differences in the 
median values of the thresholds to elicit a distinctive abdominal contraction mea-
sured in the 2 groups. This was followed by pairwise comparisons using a Bonfer-
roni t-test with a corrected p-value of 0.05/2.

For exploratory behavior and somatic sensitivity testing, the responses were 
compared using a One Way Analysis of Variance between CI and normal rats. 
Significance was determined whenever p < 0.05.

results
Minimal neonatal CRD in rats leads to a state of mechanical visceral and referred 
somatic heat hypersensitivity in adults, manifested respectively by increased con-
tractility of abdominal muscles in response to CRD and shorter paw and abdo-
men withdrawal latencies in response to radiant heat. This state of hypersensitivity 
exists in the absence of colon inflammation. Tissue examination of sections from 
the colons of 24 rats (CI, n = 18; Control, n = 6) in various subgroups showed 
no significant structural damage or loss of crypts. Mucin depletion or increase in 
intraepithelial lymphocytes was not seen in any of the tissues examined. Slides 
from the various subgroups were rated as 1+. No significant difference in weight 
was seen among the adult CI subgroups and between adult CI rats and control 
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rats of similar age. On the other hand, alterations in fecal output could be seen in 
a number of rats.

Varying the duration and onset time of the neonatal stimulus affected the 
outcome in adults: a stimulus with a later onset (after PND14) and slower 
frequency was less likely to evoke all the symptoms seen with an early-onset 
stimulus (before PND14). However, combining an early-onset with high-
frequency stimulation increased the risk for undesirable side effects in the 
developing rat; these included loss of the animal (death) before it reached 
adult age, apparent damage to the anal sphincter and occasional enlargement 
and swelling of the colon seen during histological examination. On the oth-
er hand, reducing the frequency of the neonatal CI to one time only, even 
though given on PND8, did not always produce consistent hypersensitivity 
in adult rats and the margin of error was larger. In general, rats that received 
neonatal CI only once showed functional outputs (digestive and behavioral) 
within the normal range. Optimal combinations of onset-time and duration 
consisted of a stimulus given twice a day on PND8, PND10 and PND12 or 
PND10, PND12 and PND14 (see Tables 1, 2, 3).

Table 1. Summary of digestive, behavioral and histological data obtained from adult rats with neonatal CI (onset 
of CI at PND8).

Table 2. Summary of digestive, behavioral and histological data obtained from adult rats with neonatal CI (onset 
of CI at PND10).
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Table 3. Summary of digestive, behavioral and histological data obtained from adult rats with neonatal CI (onset 
of CI at PND14).

Changes in digestive outcomes

Food and water consumption and fecal and urine outputs were monitored in a 
total of 149 adult rats: 131 adult rats that received neonatal CRD (see Tables 1, 2, 
3) and 18 control rats (12 treated on PND 8, 10 and 12; 6 treated on PND 10, 
12 and 14). The results from individual rats with neonatal CI were compared to 
control rats. For example, the normal range for wet fecal output observed in con-
trol rats was between 10 g and 15 g (Fig 1C). Among 44 rats treated on PND8, 
10 and 12, twenty-nine rats (65.9%) had normal fecal output (output fell within 
the normal range), 1 rat (2.3%) had decreased fecal output (between 9 g and 10 
g) and 12 rats (12.3%) had increased fecal output (between 15 g and 18 g). The 
daily percent water in fecal output was within control range (normal) in 27 rats 
(61.4%), decreased in 11 (25%) and increased in 6 (13.6%) (Fig. 1F). Similar 
observations were made of other parameters within the same treatment group 
(Fig. 1) and of other treatment groups (see Tables 1, 2, 3).

Behavioral studies

Spontaneous Exploratory Activity

Spontaneous exploratory activity was tested in 24 adult rats (control, n = 12; 
CI, n = 12) that received neonatal treatment on PND8, 10 and 12. Among 
the 4 parameters measured, the total distance traveled (Fig. 2) was signifi-
cantly reduced in CI rats compared to control rats. No significant differences 
were observed in the number of entries from one zone into another (although 
slightly reduced for CI during the first 25 minutes), their resting time (al-
though it was longer for CI rats than for control rats during the first 10 min-
utes), or in the maximal velocity of movement between the two groups. Figure 
2 illustrates the timeline and the time points at which the distance traveled 
was measured and shows that CI rats consistently traveled a shorter distance 
at any time point.
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Figure 1. Digestive outcomes. Bar graphs represent the number of rats with a given digestive outcome. The 
graphs compare 6 measurable outputs of rats treated with neonatal colon irritation (CI; PND8, 10, 12) to 
control rats (Normal): A. Daily food consumption in g. B. Daily water consumption in ml. C. Daily wet fecal 
output. D. Daily urine discharge. E. Daily dry fecal output. F. Percent water in fecal output. N: indicates the 
normal range for each output. D: indicates decreased output (below normal) and I indicates increased output 
(above normal).

Figure 2. Exploratory activity. Line graphs represent the average distance (+/- SEM) traveled (cm) by control rats 
(n = 12; solid circle) and rats with neonatal CI (n = 12; open circle), calculated every 5 minutes over a period of 
45 min. * means p < 0.05/2.
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Somatic Hypersensitivity

Somatic sensitivity was assessed in all groups by measuring the responses to me-
chanical and heat stimuli applied to the abdomen or the hind paws. No signifi-
cant differences between CI rats and control rats were observed in the average re-
sponse to mechanical stimuli, although a slight decrease in the response threshold 
to abdominal mechanical stimuli was seen in CI rats. By contrast, the average 
withdrawal latencies to heat stimuli applied to either the abdomen (Fig. 3A) or 
the hind paws (Fig. 3B) were significantly shorter in CI rats than control rats, 
indicating that CI rats show signs of heat hypersensitivity referred to the abdo-
men and the hind paws on both sides. Figure 3 illustrates the reduced average 
withdrawal latencies to radiant heat in CI rats (PND8, 10 and 12) compared to 
control rats measured on the abdomen (A) or on the left and right hind paws (B). 
Similar observations were made in the other CI groups with repeated neonatal CI, 
although the individual results between groups varied (see Tables 1, 2, 3, somatic 
sensitivity). In addition, this increased sensitivity to heat stimulation, although 
significant, was not consistent among all rats of the same treatment group. A 
number of individual rats showed no change or reduced sensitivity (increased la-
tency) to heat stimuli when compared to control – their responses fell within the 
range of control responses – but on average, rats that received repeated neonatal 
CI (3 times or more) were more sensitive than control rats.

Figure 3. Somatic sensitivity. Bar graphs show the average (+/- SEM) withdrawal latency (s) to radiant heat 
shone on a shaved area of the abdomen (A) or on the hind paws (B) in control rats (n = 12) and rats with 
neonatal CI (PND8, 10 and 12; n = 22).
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Visceral Hypersensitivity

One hundred and thirty (130) adult rats (age 3 months) treated with neonatal 
CI were tested for colon hypersensitivity by measuring their responses to CRD 
using EMG measurement of the abdominal muscle contractions. A majority of 
adult rats treated with neonatal CI showed visceral hypersensitivity (increased 
responses to CRD compared to control), with some showing reduced sensitivity 
and others normal sensitivity (see Tables 1, 2, 3, Visceral Sensitivity). Except for 
adult rats treated with a single neonatal CI, the average EMG responses to CRD 
were higher in CI rats than in control (Fig. 4). This visceral hypersensitivity was 
most significant in rats that received repeated neonatal CI starting at PND8 or 
PND10. Repetition of neonatal CI for at least 3 times, (e.g. on PND8, PND10 
and PND12) yielded a more dramatic increase in visceral hypersensitivity than a 
single episode (e.g. PND8). However repetition of neonatal CI for more than 3 
days (e.g. PND8-PND14) often caused a number of undesirable effects including 
a higher incidence of pup death. Less significant hypersensitivity was noted with 
later onset and fewer number of neonatal CI (e.g. onset on PND14 or 1 time CI 
on PND8).

Figure 4. Visceral sensitivity. A. Sample waveforms recorded from the external oblique muscles in a control rat 
(upper panel) and a rat with neonatal CI (lower panel) in response to CRD (80 mmHg). In each panel, the 
lower trace represents the raw waveform and the upper trace represents the rectified one. B. Bar graphs represent 
the average (+/- SEM) EMG intensity (AUC: area under the curve) recorded in response graded CRD (20, 40, 
60 and 80 mmHg) in control rats (n = 12) and in adult rats with neonatal CI given at different time points. All 
data are compared to control. Significance (or lack thereof ) is indicated by the value of p shown for each graph. 
p < 0.05/2 is significant.
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When individual responses to CRD of adult rats treated with neonatal CI 
were compared to the range of individual responses to CRD among control rats, 
variations in individual visceral sensitivity (increased, decreased or normal) were 
seen in all groups (see Tables 1, 2, 3, visceral sensitivity). Optimal combinations 
of onset date and duration were found to be: a) stimulus started on PND8 and 
repeated on PND10 and PND12; or, b) stimulus started on PND10 and repeated 
on PND12 and PND14. These combinations of onset and duration minimize the 
risk of loss of the developing rats while maximizing the significance of relevant 
symptoms they express as adults compared to controls. For example, adult rats 
that received neonatal CI at PND8, PND10 and PND12, had a 100% survival 
rate, increased visceral and somatic sensitivity in addition to a full spectrum of 
fecal output ranging from reduced to normal to increased (see Tables 1, 2, 3).

Visceral sensitivity correlated with somatic sensitivity but not with digestive 
outcomes in rats treated with neonatal CI. For example in rats that received neo-
natal CI on PND8, 10 and 12, responses to CRD (60 mmHg) correlated with the 
AWL with a correlation coefficient of 0.64 (Fig. 5). Similar correlations were ob-
served between the AWL and responses to CRD (40 and 80 mmHg) for this and 
other groups. But, the correlation was weak between the PWL and the responses 
to CRD with maximum r2 = 0.34 observed between CRD (60 mmHg) and the 
PWL in the PND8, 10, 12 group.

Figure 5. Correlation of visceral and somatic sensitivity. Linear regression curve illustrates the correlation 
between somatic (AWL) and visceral (CRD = 60 mmHg) sensitivity in CI rats. R2 = 0.64.
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discussion
The main observation made in this study is that limited neonatal irritation to the 
colon in rats can lead to significantly increased responses to CRD in adults and 
significantly shorten withdrawal latencies in response to heat stimulation of the 
abdomen or the hind paws. These observations are consistent with chronic vis-
ceral hypersensitivity and increased somatic sensitivity and mimic to a large extent 
symptoms of chronic abdominal pain with pain referred to somatic structures in 
humans. In addition, the neonatal insult can reduce exploratory behavior in adult 
rats and alter their fecal outcome, despite the absence of colon inflammation, 
mimicking thereby symptoms of discomfort and altered stools in some patients 
with IBS. These sensory and digestive functional outcomes are, on average, sig-
nificantly higher in rats with neonatal CI than in control rats. A closer look at the 
results from individual rats with neonatal CI reveals that, compared to control, 
the outcomes vary from one animal to the next despite the uniformity of the 
neonatal insult. This variability is seen in behavioral responses to visceral and so-
matic stimuli, and also in digestive outputs. For example, when neonatal rats were 
exposed to the same amount of colon pain, some of them became hypersensitive 
adults, others became hyposensitive and some did not show any changes in sen-
sory sensitivity. Similarly, fecal output and other digestive parameters increased in 
some adult rats exposed to neonatal pain, but decreased or stayed within normal 
ranges in some others. The study offers evidence of individual variability in the 
pain response and for the first time the possibility of modeling a syndrome of 
variable symptoms in rats.

Another cardinal observation of this study is that the effects of the neonatal 
injury were global. They involved somatic and visceral sensory processes (which 
affect pain-related behaviors), arousal/affective processes (which affect spontane-
ous exploratory behavior), and digestive processes (which affect fecal and urinary 
outputs). These observations indicate that a number of plastic changes have taken 
place in more than one segment of the central nervous system and more likely in 
more than one system in these rats.

impact of varying the neonatal injury on dgestive outcomes

The best way to describe the effects of repeated neonatal CI on digestive outputs 
would be as an expansion of the range of outputs beyond those of control animals. 
The digestive outputs of rats with neonatal CI were analyzed by comparing indi-
vidual data from the CI rats to the range of normal data obtained from control 
rats. This approach yielded three different groups of CI rats – rats with normal, 
increased or decreased outputs – and preserved the statistically significant differences 
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in the average digestive outputs between the groups. If the 3 groups were lumped 
together, the averaged data would mask individual variability and would show a 
small, albeit sometimes significant, (one-directional) increase in digestive outputs 
among all CI rats, instead of the bidirectional shift observed in reality.

This bi-directional shift in outcomes may be caused by a number of factors 
including: 1) structural or genetic differences between the individual rats that 
render some rats more or less susceptible to a particular injury or insult – such 
differences have been known to differentially affect behavioral outcomes [28]; 2) 
different social ranks among the rats of the same colony (in the same cage) that 
would render the dominant rats less stressed than the less dominant ones and may 
affect their behavior and digestive outcomes [29]; and, 3) alternating increase 
and decrease in outputs of the same rat that are difficult to detect when taking a 
momentary snapshot. These alternations may be caused by a number of factors, 
among them altered neural control of GI function at all levels of the nervous 
system (enteric, peripheral and central) or altered stress response caused by plastic 
changes in the hypothalamic-pituitary-adrenal axis. Pain in neonates is known 
to be always stressful [30], and neonatal stress can have a severe impact on adult 
behavior including increased fecal output, anti-social behavior, neuropsychiatric 
disorders and other problems in the heart and the gastrointestinal systems [31].

On the other hand, the increases in dry fecal output and in urine output cor-
related with increased food and water consumption and no change in weight. 
These correlations seem intuitively simple but are also indicative of a global effect 
of the neonatal injury. Despite the localization of the neonatal injury to the colon, 
its functional effects are trans-systemic and are seen throughout the GI tract and 
urinary system.

impact on Pain-related Behaviors

Varying the onset-time, duration or frequency of the neonatal insult differentially 
affected visceral and somatic sensitivity. Early onset and increased duration and 
frequency caused the rats to become more hypersensitive and their responses to 
colorectal distension to become more vigorous. Furthermore, their sensitivity to 
visceral stimuli correlated well with their sensitivity to somatic stimuli, indicat-
ing the involvement of a central mechanism in this sensitivity [18]. These ob-
servations were aggravated further the earlier the insult was begun and tended 
to become less pronounced with later onsets of injury; thus confirming earlier 
observations that injuries begun after PND21 are unlikely to cause any long-term 
deficits in neural, behavioral or other functional outcomes [18]. These long-term 
behavioral changes are related in part to global plastic changes in the sensory 
systems at more than one level. In fact, plastic neural changes involving adult rats 
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with neonatal injuries have been reported to affect primary afferents innervating 
the periphery [32], spinal neurons in multiple segments of the cord [18,33]), 
and thalamic structures and ascending and descending pathways [24,34]. These 
changes may also affect vagal innervation of the viscera [35], the enteric nervous 
system and the hypothalamic-pituitary-adrenal "stress" axis [36,37]. The latter 
may explain the shift in the response to stress in adult rats exposed to neonatal 
adversity [38-40] and possibly underlies the changes in their digestive outcomes 
and exploratory behavior.

A distinctive observation of these studies is the hyperalgesia seen in response 
to heat but not to mechanical stimulation. The lack of mechanical hyperalgesia 
may be related to the possibility that the mechanical stimulus (probing with von 
Frey filaments) activates both large and small diameter fibers, which may have 
been differentially sensitized by the neonatal injury. By contrast heat stimulation 
activates mainly small unmyelinated fibers. The development of heat hyperalgesia 
in the hind paws in response to neonatal visceral pain is consistent with obser-
vations made in other models of neonatal injury. For example, neonatal gastric 
suctioning caused visceral hyperalgesia with heat hyperalgesia in the hind paws of 
adult rats [20]; however, there was no indication of mechanical hyperalgesia or 
allodynia. In addition, a clear difference has often marked the neural mechanisms 
of the two types of somatic hypersensitivity. Differentiation between the responses 
to mechanical and heat stimuli have been widely reported in animal models of 
pain. For example, NMDA receptors have been shown to mediate heat hyperal-
gesia but not mechanical allodynia in a rat model of nerve injury; the NMDA an-
tagonist dextrorphan reversed heat hyperalgesia but not tactile allodynia [41,42]. 
In a recent study using a murine ex vivo somatosensory preparation, the response 
characteristics of cutaneous sensory neurons staining positively for TRPV1 or 
TRPV2 were examined. The results suggested that TRPV1 may be essential for 
heat transduction in a specific subset of mechanically insensitive cutaneous no-
ciceptors and that this subset may constitute a discrete heat input pathway for 
inflammation-induced thermal pain [43]. Similar differential mechanisms may 
underlie the sensory divergence in the neonatal colon injury model; however, 
these remain to be investigated.

The susceptibility of the neonatal organism to painful stimuli may relate to the 
novelty of the painful stimulus in a neonatal context. The nociceptive neuronal 
circuits are generally formed during embryonic and postnatal times when painful 
stimuli are normally absent or limited, but the descending inhibitory pathways, 
which normally control the flow of nociceptive signals through the spinal cord to 
higher brain structures, do not mature until later in development [44], leaving 
the door open for uncontrolled pain signals to wreak havoc in higher brain struc-
tures. Therefore, the occurrence of pain during this period is likely to have a more 
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dramatic effect on the plasticity of the nervous system [45,46] and to impact 
development across several critical time points. It is also likely to be responsible 
for some of the devastating and permanent behavioral outcomes and disruptions 
in normal brain activity [47].

On the other hand, the hyposensitivity seen in a subset of neonatally injured 
rats is in striking contrast with the hypersensitivity seen in a different subset, but 
consistent with the hyposensitivity reported in other models of neonatal injury 
[23]. It may be related to a myriad of factors, including 1) desensitization of 
primary afferents caused by permanent damage during the neonatal period, 2) 
changes in the sensitization of the pain pathways in the CNS whereby desensitiza-
tion (similar to long term depression) may have taken effect; or, 3) the triggering 
of a desensitization response, in what may appear to be an "inoculation" against 
pain, by neuroimmune factors reported to be involved in the immediate sensitiza-
tion following injury. It remains to be determined why rats of the same gender, 
strain and breed respond differently over time to the same neonatal stimulus.

impact on spontaneous Behavior

Spontaneous behavior was assessed by measuring exploratory activity in an open 
field. By comparison to control rats, rats with neonatal CI showed a decrease in 
the total distance traveled and the number of entries from one virtual zone into 
another in the open field, and their resting time was longer than that of control 
rats; however, there was no significant difference in the maximal velocity of move-
ment between the two groups. These observations correlate with reduced explor-
atory activity. Voluntary exploratory behavior of animals in a new environment 
may be used as a measure of discomfort that may be associated with ongoing pain 
[48], distress and anxiety [49], socio-sexual behavior [50], or adaptation to or 
fear of leaving a familiar place, otherwise known as agoraphobia. The most com-
mon psychiatric disorders observed in IBS patients are major depression, panic 
disorder, social phobia, generalized anxiety, posttraumatic stress and somatization 
[51]. Walker et al.[52] observed 412 cases of probable IBS (with no other pain 
problems) and reported that individuals with IBS showed higher rates of major 
depression (13.4%), panic disorders (5.2%) and agoraphobia (17.8%). Whereas 
agoraphobia in IBS patients is believed to be caused in most cases by the fear of 
"not finding a bathroom on time" and can impair a person's lifestyle and career, 
an organic basis for agoraphobia or an association of agoraphobia with childhood 
abuse cannot be excluded [53,54]. Studies are underway to determine whether 
these rats are suffering from depressive or anxiety-like disorders.
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Conclusion
Adverse experiences in the neonatal period often contribute to adaptive or mal-
adaptive function of the mammalian nervous system, and possibly to the develop-
ment of chronic intractable disorders that may occur in the absence of identifi-
able structural problems and which can sometimes be very painful, hence the 
cognomen 'functional pains' (e.g. fibromyalgia, functional abdominal pain, etc.). 
These pains can be associated with other functional disorders, can become the 
consuming focus of a patient's life, and may be onerous to the treating clinician, 
particularly in the absence of a traceable etiology. This study has shown that an 
individual's life history with noxious stimuli is a potential source of variability 
in adult pain experiences and one that can affect sensorimotor processing, pain 
sensitivity and other behavioral outcomes. In addition, it has shown that a cluster 
of symptoms as diverse as those observed in irritable bowel syndrome may be 
modeled in animals. Limited neonatal injury in rats can yield adult outcomes that 
mimic symptoms of functional GI disorders in man. These symptoms occur in the 
absence of colon inflammation and include visceral hypersensitivity with referred 
somatic pain, altered fecal output and reduced exploratory behavior. Whereas the 
sensitivity can be explained by sensitization of the nervous system, the underly-
ing causes of altered fecal output and reduced exploratory behavior remain to be 
determined and point to a global phenomenon affecting the organism as a whole 
rather than just a single system. This is commensurate with the diversity of symp-
toms in functional GI disorders and the ambiguity of its pathophysiology.
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social transmission of 
Avoidance Behavior under 

situational Change in learned 
and unlearned rats

Akira Masuda and Shuji Aou

ABstrACt 
Background

Rats receive information from other conspecifics by observation or other types 
of social interaction. Such social interaction may contribute to the effective 
adaptation to changes of environment such as situational switching. Learn-
ing to avoid dangerous places or objects rapidly occurs with even a single con-
ditioning session, and the conditioned memory tends to be sustained over long 
periods. The avoidance is important for adaptation, but the details of the con-
ditions under which the social transmission of avoidance is formed are un-
known. We demonstrate that the previous experience of avoidance learning is 
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important for the formation of behaviors for social transmission of avoidance 
and that the experienced rats adapt to a change of situation determined by 
the presence or absence of aversive stimuli. We systematically investigated so-
cial influence on avoidance behavior using a passive avoidance test in a light/
dark two-compartment apparatus.

Methodology/Principal Findings

Rats were divided into two groups, one receiving foot shocks and another 
with no aversive experience in a dark compartment. Experienced and inex-
perienced rats were further divided into subjects and partners. In Experiment 
1, each subject experienced (1) interaction with an experienced partner, (2) 
interaction with an inexperienced partner, or (3) no interaction. In Experi-
ment 2, each subject experienced interaction with a partner that received a 
shock. The entering latency to a light compartment was measured. The avoid-
ance behavior of experienced rats was inhibited by interaction with inexperi-
enced or experienced partners in a safely-changed situation. The avoidance of 
experienced rats was reinstated in a dangerously-changed situation by inter-
action with shocked rats. In contrast, the inexperienced rats were not affected 
by any social circumstances.

Conclusions/Significance

These results suggest that transmitted information among rats can be updated 
under a situational change and that the previous experience is crucial for so-
cial enhancement and inhibition of avoidance behavior in rats.

introduction
Various social animals interact with conspecifics and use information from 
other animals to adapt to their environments. The transmission of informa-
tion by interaction or observation is called social transmission. Social trans-
mission is shaped by social clues, which consist of visual, olfactory, acoustic, 
or other types of information from conspecifics. Many studies have shown 
that social interaction or simple observation of other animals' behavior has 
significant effects on food preference [1]–[3], acquisition of motor patterns 
[4]–[6], and avoidance [7]–[9] in many species of vertebrate including pri-
mates, birds, fish, and rodents (for a review, see [10]). Rats, one of the most 
common experimental animals, prefer to ingest the same type of food as that 
ingested recently by a conspecific [2], [11]. This social transmission of food 
preference is thought to be formed by an association between food odorants 
and a volatile component of a rat's breath [12].
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One of the most important behaviors affecting survival is the avoidance of 
dangerous objects or places. Avoidance learning is formed through an operant-
conditioning process. In passive avoidance, for example, animals are punished 
for entering a preferred place by a footshock, and then the animals stop enter-
ing the place. This learning also includes some aspects of Pavlovian-conditioning 
[13]–[14]. In avoidance learning, association between an aversive stimulus and 
the environmental context (and its components) also can be shaped. Some pre-
vious studies reported that rats did not learn avoidances socially [15]–[16]. For 
example, rats do not learn avoidance just by watching conspecifics receiving a 
shock [17] or by interaction with poisoned conspecifics [14]. Other paper showed 
that rats learned to avoid a candle flame by exposure to another rat acquiring the 
same avoidance responses [18]. These conflicting results probably come from the 
different experimental conditions.

One possible factor is subjects' experience. The various responses follow-
ing social interaction could be affected by the responder's experience. For 
example, social recognition requires semantic memories and knowledge ob-
tained previously by experiences [19]. The perception of another's pain, and 
empathy for pain, are dependent upon bottom-up factors (i.e., observation of 
another person's pain expression and contextual pain cues) as well as top-down 
factors (i.e., features of the observer's own experience of pain and knowledge) 
(for a review, see [20]).

A recent study has shown that rats, like humans, can apply previous learn-
ing to adapt to new situations [21]. Social transmission of food preference 
also interacts previous learning in rats [22]. Therefore, experience of individ-
ual learning should be important for various perceptions and decision mak-
ing even by rats. In the previous studies concerning social transmission of 
avoidance, many researchers used naïve rats as subject animals. Considering 
that not only social cues but also subjects' experience are important for so-
cial recognition, we believe one possible explanation why rats did not learn 
avoidance socially could be that the association between top-down factors 
(avoiding experience of individuals) and bottom-up factors (social clues from 
others) was not formed because naïve rats have no experiences of pain or an-
other aversive stimulus.

Adaptive behavior learned in response to a dynamic environment is surely 
determined by the changing conditions of the environmental situation. There 
is dynamic interaction between the learning of avoidance behavior and a situa-
tion. Avoidance behavior is adaptive in an environment that includes a danger, 
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but this behavior will be discontinued if the danger disappears. Social influence 
has the potential to improve the adaptation to an environment with a situational 
change, because the probability of receiving a signal of danger or safety as well 
as the possibility of sharing the signal change becomes high in social conditions. 
However, the effect of social influence on adaptation to a change of situation, 
especially from danger to safety or safety to danger, is not known, while that of 
adaptation to a novel situation has been investigated in detail. In the present study 
we focused on subjects' experience of avoidance learning and investigated un-
certain dynamics, that is, the social influence on avoidance behavior in response 
to a situational change. We conducted two sequential experiments. In Experi-
ment 1, we examined the effect of social interaction on avoidance behavior in a 
safely-changed situation where the shock stimulus was lost. In Experiment 2, we 
examined the social influence in a dangerously-changed situation where the shock 
stimulus was renewed.

materials and methods 
subjects

The subjects were 77 male Wistar rats aged 8 weeks, acquired from Kyudo 
Co., Ltd. (Kumamoto, Japan). They were given free access to food and water, 
and housed two per cage for one week before the start of the experiments. 
Housing conditions were thermostatically controlled at 22–24°C with a light/
dark cycle (lights on: 08:00—20:00). The experiments were performed under 
the control of the Ethics Committee of Animal Care and Experimentation in 
accordance with the Guiding Principles for Animal Care Experimentation, 
Kyushu Institute of Technology, Japan, and with the Japanese Law for Animal 
Welfare and Care.

Apparatus

The experiments took place in a test chamber consisting of two compartments, a 
light compartment (D25 cm×W25 cm×H27 cm) and a dark compartment (D30 
cm×W30 cm×H30 cm) (Figure 1A). The two compartments were divided by a 
sliding door. Electric shocks are delivered by a shock generator (SGS-002, Muro-
machi Kikai Co., Ltd., Tokyo, Japan). In Experiment 2, a removable partition was 
used to prevent subject animals from moving from one compartment to the next 
earlier than the partners.
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Figure 1. The experimental design. (A) Experimental apparatus. (B) Time schedule of this study. The black 
arrow shows electric shock to the experienced subjects and partners (ES: experienced subjects; IS: inexperienced 
subjects; EP: experienced partners; IS: inexperienced partners). The gray arrow shows electric shock to the 
partners (SP: shocked partners). (C–E) Overview of the experiments. (C) The schematic diagram of the training 
session. The left row indicates the treatment for the subjects (ES: experienced subjects; IS: inexperienced 
subjects); the right row indicates the treatment for the partners (EP: experienced partners; IP: inexperienced 
partners). (D) The schematic diagram of Experiment 1. The upper row indicates interactive conditions, and the 
lower row indicates non-interactive conditions. (E) The schematic diagram of Experiment 2. The upper row 
shows non-interactive conditions, and the lower row shows interactive conditions.

Procedure

All treatments or behavioral tests were done during the light cycle (12:00–20:00) 
in the following sequence (the whole schedule is shown in Figure 1B):

Training

On the first day of this session (day 1), all animals were placed in the light com-
partment for 1 min individually and habituated to the experimental apparatus. 
After this interval, the sliding door was raised and the latency to enter the dark 
compartment was recorded. On the second day (day 2), a single electrical shock 
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(0.5 mA, 5 s) was induced inescapably on 40 animals in the dark room after each 
animal entered the dark compartment, and they were used as the experienced 
subjects and 5 partners. The other 37 animals who received no electrical shocks 
were used as inexperienced subjects and partners. The experimental apparatus was 
cleaned with alcohol to remove odors before treating the next subject. On the 
third day (day 3), the latency of each animal to enter the dark compartment was 
measured. The schematic diagram of the training is shown in Figure 1C.

Experiment 1

The subjects were divided into three groups: i) together with an experienced part-
ner (EP), ii) with an inexperienced partner (IP), iii) without any partner (No). 
On the day following the training session (day 4), each subject was placed in the 
light compartment. If partnered, they were paired with the partner rats for 1 min. 
After the interval, the sliding door was raised and then the latencies to enter the 
dark compartment were measured, with a cut-off time of 15 min. This experiment 
was performed without any electric shocks. The schematic diagram of Experiment 
1 is shown in Figure 1D.

Experiment 2

The day after Experiment 1 was performed (day 5), experienced and inexperi-
enced subjects were put in the experimental apparatus individually and habitu-
ated to the dark compartment for 20 min. On the second day of this experiment 
(day 6), 30 min before the test trial, each animal was placed in the light compart-
ment and then the latencies to enter the dark compartment were measured, with 
a cut-off time of 5 min. We used the experienced subjects that entered within a 
given cut-off time as the experienced subjects (n = 16) and randomly selected 
inexperienced subjects (n = 12). In a test trial, each subject was placed in the 
light compartment with a partner for 1 min. Then, the sliding door was raised 
to permit the partners only to enter the dark compartment. During this time, 
a mesh partition attached in the center of the light compartment (in between 
a subject and a partner) did not permit the subjects to enter the dark compart-
ment. After the partner entered, electrical shocks (0.5 mA, 3–6 s) were induced. 
Immediately after that, the partner returned to the light compartment and stayed 
there. After an additional interval (30 s), the partition was removed. The latencies 
to enter the dark compartment were measured with a cut-off time (15 min). The 
partner rat stayed in the light compartment and could interact with the subject 
freely during the measurement. We then compared the latency between the two 
conditions, with no partner and with a shocked partner. The schematic diagram 
of Experiment 2 is shown in Figure 1E. All partners were the rats already used in 
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Experiment 1, which had been given a single foot shock to stabilize partners' pain 
reaction (habituation to the shock).

data Analysis

Data were analyzed with the use of SPSS software (version 16.0). Before analysis, 
the Kolmogorov-Smirnow test was performed for normality. In Experiment 1, we 
used the Turkey-Kramer multiple comparison test to assess the statistical signifi-
cance of the difference among the rat groups. In Experiment 2, we used a paired t-
test to evaluate the statistical significance of the difference between measurements 
in the absence and presence of partners. The criterion for statistical significance 
was p<0.05 (two-tailed).

results 
social interaction on Avoidance Behavior in a safe situation

For preparation, we trained 40 rats individually (30 subjects and 10 partners) to 
avoid the dark room by using electrical stimuli (0.5 mA, 5 s), and the other 37 
rats (28 subjects and 9 partners) did not receive the training. The trained rats and 
untrained rats were used as experienced rats and inexperienced rats, respectively. 
We examined the influences of social interaction on the avoidance behaviors in a 
safe situation under the following 6 conditions: i) experienced subjects with in-
experienced partners (ES-IP), ii) experienced subjects with experienced partners 
(ES-EP), iii) experienced subjects without any partners (ES-No), iv) inexperi-
enced subjects with inexperienced partners (IS-IP), v) inexperienced subjects with 
experienced partners (IS-EP), (vi) inexperienced subjects without any partners 
(IS-No). As a summary, all combinations are presented in Table 1.

Table 1. The conditions for Experiment 1 and Experiment 2.
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One day after the preparation (day 2), we measured the step-through latency 
of both subjects of each pair individually. All of the experienced rats refrained 
from entering the dark compartment within 5 min (mean±s.e.m. = 1102+40 s), 
while inexperienced rats entered within 1 min (mean±s.e.m. = 15+2 s). The dif-
ference among the groups in experienced subjects (p>0.6, for all pairs, Figure 2A) 
was not significant. A similar result was found in inexperienced subjects (p>0.5, 
for all pairs, Figure 2B). The next day, we measured the latency with social interac-
tion under the safe condition. We found that the latency of the ES-IP group was 
significantly shorter than that of the ES-EP (p<0.001, ES-IP vs. ES-EP) and ES-
No (p<0.0001, ES-IP vs. ES-No) groups. Interestingly, the avoidance responses 
of rats in the ES-EP group was also shortened (p<0.01, ES-EP vs. ES-No, Figure 
2C). The latencies of all three groups of inexperienced subjects, however, were not 
different from one another (p>0.8, for all pairs, see Figure 2D). Similar results 
were found in the staying duration in the dark compartment of both experienced 
and inexperienced subjects (Figure 2E–F).

Figure 2. The effect of social interaction on avoidance behaviors in a safe situation. (A) Step-through latency 
(mean+s.e.m.) of the experienced subjects during the testing performed 24 h after shocking in the dark 
compartment of the experimental apparatus. (B) The step-through latency of the inexperienced subjects. (C) 
The latency of experienced subjects after interaction with inexperienced partners (ES-IP), after interaction with 
experienced partners (ES-EP), and after no interaction (ES-No). (D) The latency of inexperienced subjects under 
the three conditions (IS-IP, IS-EP, IS-No). (E-F) The duration of staying in the dark compartment. The number 
of subjects was ES-IP (n = 10$); ES-EP (n = 10); ES-No (n = 10); IS-IP (n = 9), IS-EP (n = 10$), IS-No (n = 9). 
$: Marked conditions were measured at the same time. The means±s.e.m. are represented as bars. The duration 
of one IS-IP subject was deleted due to the failure of measurement. (*, p<0.05, **, p<0.01, #, p<0.001)
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the effect of social interaction on Avoidance Behavior in a 
dangerous situation

The partners were given a foot shock stimulus during the retention time of the 
subjects, and we then compared the latency between asocial and social condi-
tions. All the conditions tested are described in Table 1. This behavioral test was 
conducted using identical animals because the avoidance behavior of the experi-
enced subjects can vary individually. First, we measured the subjects' basal avoid-
ance without social interaction (ES-No, IS-No). The mean latency of ES-No was 
123.6±19.4 (s), and that of the IS-No was 8.3±1.6 (s). There was a significant 
difference between the ES-No and IS-No groups (p<0.001). After a 30-min inter-
val, the subjects were placed in the experimental setting again, where they inter-
acted with shocked partners (ES-SP, IS-SP), and the latencies of the subjects were 
measured. The latency of the ES was significantly increased by the interaction 
with shocked partners (ES-No vs. ES-SP, p<0.05, Figure 3A). Not all, but some 
of them showed clearly prolonged retention. On the other hand, the avoidance 
behavior was not enhanced in inexperienced subjects at all. Their latency tended 
to decrease rather than increase (IS-No vs. IS-SP, p = 0.1, Figure 3B). These results 
indicate that the information from shocked partners had a facilitatory effect on 
avoidance in the experienced subjects.

Figure 3. The effect of social interaction on avoidance behaviors of ES and IS in a dangerous situation. (A) 
Latency of the experienced subjects under an asocial condition (ES-No) and under a social condition (ES-SP). 
(B) Latency of the inexperienced subjects under a non-interactive condition (IS-No) and under an interactive 
condition (IS-SP). The numbers of experienced subjects (ES-No and ES-SP) and that of the inexperienced 
subjects (IS-No and IS-SP) were n = 16 and n = 12, respectively. * p<0.05.

discussion 
In the current study, the behavioral influences of social interaction between two 
rats in a changing environment were systematically evaluated by focusing on the 
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previous experience of passive avoidance learning. The major results were as fol-
lows: (1) learned avoidance behavior was inhibited by social interaction with 
neighboring partners, especially partners who had not learned avoidance behav-
ior; (2) avoidance behavior of experienced rats was reinstated by shocked partners; 
(3) there were none of the inexperienced rats whose avoidance behavior was mod-
ified by any kind of partner. Taken together, these results indicate that previous 
learning is a crucial factor for the social enhancement or inhibition of avoidance 
in rats. Our findings suggest a view in which the prerequisites for the social trans-
mission of avoidance may include previous learning experience of subjects as well 
as alarming social cues from others.

Social Interaction Induces an Inhibitory Influence on the 
Avoidance of experienced subjects in safe Conditions

The experienced subjects were inhibited by the partners under the no-shock con-
ditions. These inhibitory influences of social interaction were also found in learned 
aversion to a flavored food [23] and conditioned fearful response [24]–[25]. The 
results of this study present that the social interaction has the inhibitory effect 
also on the passive avoidance in rats. A new finding of the present study is that 
inhibitory influences depend on a partner's experience. The strength of inhibi-
tory influence was much higher by inexperienced partners than by experienced 
partners. This suggests that the previous learning of partners has a specific role 
in the social modulation of avoidance. How do social partners affect avoidance 
behavior of other individuals? Some studies have shown that individual vigilance 
was depressed by increasing group size [26]–[27] or by shortening neighbor dis-
tance [28] in various animals. The depressed vigilance may prompt an inhibitory 
influence on avoidance. These effects can explain the inhibitory influence of expe-
rienced partners. The group effect cannot explain why the influence of inexperi-
enced partners is higher than that of experienced partners. Inexperienced partners 
inhibited the avoidance more strongly than did experienced partners, even though 
the two rats were placed in a very limited space under the ES-EP conditions. 
Therefore, there are likely other mechanisms at work. One most likely reason why 
the effect was bigger with the inexperienced partners rather than the experienced 
partners is that the subjects followed the partners. Rats have been thought to have 
some high-order cognitive abilities such as imitation through observation of act-
ing others [29]–[30] and causal reasoning [31]. Two other possibilities are: (1) the 
rats might imitate the behavior of inexperienced partners introduced to the dark 
compartment without awareness, and (2) the rats might expect extinction of the 
dangerous stimuli by inference from the partners' behavior. These two possibili-
ties are formed by the independent effect of observation, and it would be neces-
sary to examine this effect to know if these possibilities are feasible.
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social interaction with shocked Partners can induce a 
Facilitatory Influence on Avoidance

As already mentioned, previous studies suggested that social transmission of 
avoidance does not occur in naïve rats [13]–[15]. The present results that the 
avoidance behavior of inexperienced subjects was not facilitated by social interac-
tion under either no-shock conditions or shock conditions are consistent with the 
results of previous studies. However, we observed that social interaction facilitated 
avoidance in avoidance-experienced rats. A previous study also showed that con-
ditioned fear was recovered by the presentation of shocked partners in Pavlovian 
conditioning [32]. Our results provide the possibility of social transmission of 
avoidance in an operant learning paradigm, that is, not only under Pavlovian 
conditioning but also operant conditioning. The present systematic experiments 
empirically showed the unexamined differences between avoidance-related adap-
tation of experienced rats and inexperienced rats under social environments.

social Cues for the social transmission About Avoidance in 
rats

Animals transmit various types of social cues, and those signals tell important 
information to other companions. The present results clearly demonstrate that 
social cues from a partner determine the contents of social transmission. Social 
cues emitted by partner rats can be categorized into two types according to the 
partners' situations regarding stimulus application. One category of social cue is 
accompanied by punishment or negative stimulus such as an electrical shock to 
individual animals. This type of social cue can be an announcement of an aversive 
situation or danger for others. Actually, for example, fish emit alarm substances 
when they are attacked by an enemy. Those substances are social cues that trigger 
avoidance in others [33]–[34]. Another category of social cue is accompanied by 
reward or positive stimulus such as food to individuals. That can be an announce-
ment of a favorite situation or safety for others. The social transmission of food 
preference in rats [2] is an example.

What signals are important for the adaptation to a changing environment? 
In the present study we investigated the social transmission of information with 
environmental change from danger to safety and vice versa, and our results may 
help to answer the question. The experimental design allowed partners to have 
interaction with subjects. In Experiment 2, the partner was able to transmit sen-
sory information including (1) alarming vocalization emitted when the partner 
was shocked, (2) smell or pheromone in excretion such as urine and feces, and (3) 
struggling motion. Shock or stress can induce alarming vocalization (ultrasonic 
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vocalization) [35]–[36] and alarming odors [37] in rats. The timing of transmis-
sion varies according to the nature of the information. Vocalization and struggling 
motion tended to be emitted just after the partner was shocked, and then they 
faded within a few seconds. In contrast, odor information was emitted from the 
shocked partner after shocking, but it lasted a relatively long time. Therefore, 
one of those forms of sensory information or a combination of them may have 
acted as signals to announce danger. For an announcement of safety, the lack of a 
shock-induced reaction of partners may be an important signal. In social animals, 
avoiding or facilitating a behavior by many types of social cue effectively controls 
their adaptation to a changing environment.

how does individual experience Affect social transmission?

The present results demonstrate that social interaction affects experienced sub-
jects' behavior but not inexperienced subjects' behavior, especially in a danger-
ously-changed situation (Figure 3). This indicates that there is an experience-de-
pendence of social interaction in avoidance behavior and that previous individual 
experiences play an important role in social transmission. What is the importance 
of the learning experience in the processes of social transmission? There seem to 
be two possibilities, at least. First, individual experiences work to enhance the 
acquisition of information from other animals during observation. Some studies 
indicate aversive experiences enhance the sensitivity of animals with respect to 
the acquisition of information [38]–[40]. Getting information from others is the 
first step of social transmission. There is no doubt about the importance of the 
quality of getting information in social transmission. How can this explain the 
present results? By following this hypothesis, experienced subjects were affected 
by other partners because of the enhancement of previously gained sensitivity, 
but inexperienced subjects were not affected because their sensitivity level was 
not high enough. This interpretation can partially explain the present results, but 
it is difficult to explain all of the results with only this interpretation for the fol-
lowing reason. In this experiment none of the inexperienced subjects was affected 
by partners, although inexperienced subjects received similar social cues to those 
received by experienced subjects. Actually, a previous study has shown that in-
experienced rats get information from other conspecifics showing fear responses 
[41]. This is inconsistent with the first hypothesis, but second hypothesis can 
explain that result.

A second possible reason for the importance of the learning experience in the 
processes of social transmission is that when getting social cues, individual expe-
riences are recalled and help the receiver to associate individual experience with 
information from other conspecifics to plan the next appropriate action. This is 
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another promising hypothesis. If avoidance-learning is recalled under the influ-
ence of a partner's cues, avoidance behavior will be quickly reacquired even after 
avoidance responses are extinct. Although there is no direct evidence that individ-
ual memory is recalled via another conspecific in rats, memory can be recalled by 
various associative stimuli. The neural mechanism where social cues are associated 
with individual experiences should be elucidated in the future. These two possible 
functions may support the notion of stages of social transmission.

Our results provide evidence that individual experience is one of the impor-
tant factors for social enhancement or inhibition of avoidance behavior. It may be 
that we have little knowledge about the social transmission of avoidance because 
behavioral experiments focusing on individual experience are not so popular. Ad-
ditional progress of the behavioral studies considering individual experience may 
facilitate the understanding of the neural mechanism for social learning through 
cooperation with researchers conducting neurological studies that have been re-
vealing the neural mechanisms of various types of learning.

Conclusion
In conclusion, we systematically investigated social influence on avoidance be-
havior under a situational change, focusing on the previous experience of rats. 
Throughout our experiments, the experienced subjects were influenced by experi-
enced or inexperienced partners depending on changing experimental situations. 
The results suggest that rats can adapt their behaviors by utilizing both social 
interaction with a variety of types of partners and individual experiences in dy-
namically changed situations.
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ABstrACt 
The fire ant Solenopsis invicta and its close relatives display an important so-
cial polymorphism involving differences in colony queen number. Colonies 
are headed by either a single reproductive queen (monogyne form) or multi-
ple queens (polygyne form). This variation in social organization is associated 
with variation at the gene Gp-9, with monogyne colonies harboring only B-
like allelic variants and polygyne colonies always containing b-like variants 
as well. We describe naturally occurring variation at Gp-9 in fire ants based 
on 185 full-length sequences, 136 of which were obtained from S. invicta 
collected over much of its native range. While there is little overall differenti-
ation between most of the numerous alleles observed, a surprising amount is 
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found in the coding regions of the gene, with such substitutions usually caus-
ing amino acid replacements. This elevated coding-region variation may re-
sult from a lack of negative selection acting to constrain amino acid replace-
ments over much of the protein, different mutation rates or biases in coding 
and non-coding sequences, negative selection acting with greater strength on 
non-coding than coding regions, and/or positive selection acting on the pro-
tein. Formal selection analyses provide evidence that the latter force played 
an important role in the basal b-like lineages coincident with the emergence 
of polygyny. While our data set reveals considerable paraphyly and polyphy-
ly of S. invicta sequences with respect to those of other fire ant species, the b-
like alleles of the socially polymorphic species are monophyletic. An expand-
ed analysis of colonies containing alleles of this clade confirmed the invariant 
link between their presence and expression of polygyny. Finally, our discovery 
of several unique alleles bearing various combinations of b-like and B-like 
codons allows us to conclude that no single b-like residue is completely predic-
tive of polygyne behavior and, thus, potentially causally involved in its expres-
sion. Rather, all three typical b-like residues appear to be necessary.

introduction 
A main goal of evolutionary genetics is to document naturally occurring variation 
and to reconcile observed patterns with population history and demography, fit-
ness consequences, and selection regimes at genes of interest [1], [2]. Study of the 
adaptive maintenance of molecular variation historically has followed one of two 
approaches, elucidation of the functional components of molecular adaptations at 
the biochemical level, or description of the historical footprints of selection acting 
on sequence variants [3]. An important objective in modern studies of molecular 
adaptation is to bridge the two approaches by means of comprehensive research 
integrating functional data with information on patterns of variation that impli-
cate past selection [4] (see also [3], [5]–[7]).

The fire ant Solenopsis invicta displays an important colony-level social poly-
morphism that is associated with variation at a single gene, general protein-9 
(Gp-9) [8]. Colonies with a single reproductive queen (monogyne colonies) al-
ways feature the exclusive presence of B-like alleles of Gp-9 in all colony mem-
bers. In contrast, colonies with multiple reproductive queens (polygyne colonies) 
always have an alternate class of alleles, designated b-like alleles, represented along 
with B-like alleles among colony members [8]–[11]. This pattern, coupled with 
similar genetic compositions of monogyne and polygyne populations at numer-
ous other nuclear genes, has led to the hypothesis that the presence of b-like 
alleles in a colony's workers is both necessary and sufficient to elicit polygyne  
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social behavior [8]–[10], [12], [13]. Because variation in queen number repre-
sents a fundamental social polymorphism that is associated with a suit of impor-
tant reproductive, demographic, and life history differences [14]–[16], variation 
at Gp-9 is hypothesized to underlie the expression of major alternative adaptive 
syndromes in S. invicta.

Our understanding of the association of variation at Gp-9 with colony so-
cial organization has been advanced by the production of sequence data for S. 
invicta in its native (South American) and introduced (USA) ranges as well as 
for numerous other Solenopsis species [10], [11]. These studies revealed several 
important patterns. First, the monophyletic b-like alleles are restricted to a clade 
of six South American fire ant species that display the monogyne-polygyne poly-
morphism (this group of species, which includes S. invicta, is informally termed 
the socially polymorphic clade). Second, polygyne colonies in all of the socially 
polymorphic species always contain b-like alleles. Third, the b-like alleles of the 
socially polymorphic species bear diagnostic amino acid residues at positions 42, 
95, and 139 that distinguish them from all other Gp-9 alleles (collectively known 
as B-like alleles). This finding prompted speculation that the substitutions at one 
or more of these positions may alter the function of GP-9 protein with respect to 
its proposed role in modulating social behavior [10], [11]. Finally, the b alleles, 
which comprise a small clade of b-like alleles that apparently arose recently in S. 
invicta, feature a radical, charge-changing substitution (Glu151Lys) that may un-
derlie their observed deleterious effects in homozygous condition [17].

GP-9 protein is a member of the insect odorant-binding protein family [10]. 
Several well studied proteins in this family have been implicated as important 
molecular components of chemoreception in insects, presumably effecting the 
transduction of pheromones or food chemostimulants to neuronal signals by 
transporting these ligands through the chemosensillar lymph to neuronal recep-
tors [18]. Regulation of colony queen number in fire ants involves reciprocal 
chemical signalling and perception between workers and queens, with workers 
ultimately making decisions about which queens, and how many, are tolerated as 
colony reproductives based on queen pheromonal signatures [9], [19]. The role 
of some odorant-binding proteins in chemoreception, the invariant association of 
one class of Gp-9 alleles with polygyny, and the restriction of this class of alleles 
to the socially polymorphic clade of South American fire ants have been viewed as 
evidence that Gp-9 may directly influence social organization rather than merely 
being a marker for other genes of major effect on this trait (reviewed in [20]).

Further complexities in our understanding of Gp-9 and fire ant social evolu-
tion have arisen as additional sequence data have been generated. For instance, it 
is now apparent that variation at this gene is not invariably associated with colony 
social organization in the genus Solenopsis, given that the fire ant S. geminata, 
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a distant North American relative of S. invicta, does not exhibit allelic variation 
associated with colony social form [21]. Also, discovery of a Gp-9 allele with a 
b-like amino acid residue at position 95 but B-like residues at positions 42 and 
139 in the undescribed S. species “X” indicates that the two classes of alleles in 
the socially polymorphic species are not as internally homogeneous as previously 
believed [11]. Unfortunately, the social organization of the source colony for this 
sequence could not be determined, precluding a test of the importance of residue 
95 in regulating queen number. These recent results suggest that progress in our 
understanding of Gp-9 in fire ants has been hampered by limited knowledge of 
naturally occurring sequence variation; in even the best studied species, S. invicta, 
only a handful of individuals from a single site in the native range have been se-
quenced to date.

To remedy this shortcoming, the present study documents sequence variation 
at Gp-9 using extensive samples of S. invicta collected over a large portion of its 
vast native range as well as samples of many of its fire ant relatives. Few previous 
studies have employed such large collections of intraspecific sequence variants in 
order to analyze patterns of adaptive molecular variation at single genes [22]. Our 
specific objectives were to characterize the molecular evolution of Gp-9 in fire 
ants, to test for effects of selection on the gene, to confirm the association between 
polygyny and the presence of variants encoding b-like amino acid residues, and 
to test for phylogeographic patterns in the distribution of the observed variation 
in S. invicta. We were particularly interested in finding new variants encoding 
unique combinations of B-like and b-like residues at codons 42, 95, and 139, 
with the hope that their discovery might shed light on the role of each substitu-
tion in mediating the expression of social organization. In combination with the 
other analyses, information from such variant colonies is expected to aid progress 
in connecting the genetic and phenotypic variation underlying regulation of fire 
ant social behavior.

results 
General results

The complete data set consisted of 185 full-length Gp-9 sequences (149 newly 
generated), of which 136 were from the focal species, S. invicta (sampling sites 
for this species are shown in Figure 1). A total of 164 unique sequences were 
identified, of which 121 were recovered from S. invicta. This is a large increase 
over the six alleles previously described from this species based on sampling at a 
single locality in Argentina and throughout the introduced USA range [10], [11]. 
The great majority of Gp-9 alleles in the complete fire ant data set (91%) were 
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represented as singletons. Among the 13 alleles recovered from more than one 
specimen, three were shared between S. invicta and ants identified as belonging to 
the closely related species S. quinquecuspis or S. megergates (see Figure 2).

Figure 1. Locations of sampling sites for S. invicta in South America. The native range of the species is indicated 
by gray shading on the map. The number of nests sampled at a site ( = number of sequences obtained) is 
indicated in parentheses in the key to the sites if greater than one. Sites at which b-like alleles were found are 
highlighted with black rectangles; those at which the b alleles of the b-like class were found are underlined.
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Figure 2. Summary hypothesis of phylogenetic relationships of fire ant Gp-9 sequences based on Bayesian 
inference. Sequences from species other than S. invicta are indicated by specific abbreviations in gray. Sequences 
from S. invicta are indicated by dots; the identity and social form (M, monogyne; P, polygyne; ?, unknown) of 
the colony of origin are also indicated for critical sequences. All colonies from which alleles of the b-like clade 
were recovered were confirmed to be polygyne. Inferred amino acid replacements at three codons considered 
to be diagnostic for b-like alleles are mapped onto the phylogeny (reversals are indicated by bars with cross-
hatching). Posterior clade probabilities >50% are indicated as percentages below branches.

Plots of transition and transversion rates against pairwise sequence distances 
for various sets of alleles revealed little evidence of mutational saturation in the 
non-coding regions or at any of the three codon positions in exons (data not 
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shown). For the entire data set, a consistent A+T bias in base composition was 
found, which is more substantial in the non-coding regions (0.816) than coding 
regions (0.574). No evidence of non-random codon usage was found over the 
entire set of sequences (scaled χ2 = 0.104 using Yates correction; effective number 
of codons = 57.07 out of a maximum of 61; codon bias index = 0.348). Also, 
there is no evidence for intragenic recombination having occurred (all potential 
recombination events fall below 95th percentile significance level [DSS: 84%; 
LRT: 46%]). This latter result parallels the lack of evidence for recombination at 
Gp-9 reported by Krieger and Ross [11].

Phylogenetic relationships of Gp-9 Alleles

All phylogenetic hypotheses recovered by the differing methods are compatible 
with one another. However, the Shimodaira and Hasegawa (SH) test identified 
the relatively poorly resolved maximum parsimony (MP) tree as significantly 
worse than the Bayesian inference (BI) tree (Δ-lnL = 149.233, P = 0.015), where-
as the minimum evolution (ME) and BI trees did not differ significantly (Δ-lnL 
= 36.944, P = 0.376). The poor overall node resolution obtained with the MP 
analysis is consistent with the relatively few parsimony-informative sites (134) 
among the 164 unique sequences. The relatively high standard deviations of split 
frequencies in the BI analyses (~0.085) also suggest limited information content 
of our data set, which results in an inability to resolve some parts of the phylogeny 
with confidence (e.g., [23]).

The phylogenetic hypothesis produced by BI is shown in Figure 2. Three major 
Gp-9 allele clades of unresolved relationship to one another are apparent among 
the ingroup sequences (those recovered from the South American fire ants). Clade 
I contains sequences from three Solenopsis species considered to be rather dis-
tant relatives of S. invicta [24]. Clade II contains sequences from an assortment 
of species more or less closely related to S. invicta, as well as two S. invicta se-
quences. Clade III contains two relatively well supported lineages. One includes 
three S. invicta sequences along with sequences from two quite distant relatives 
(S. altipunctata and S. saevissima). The second, large lineage (Clade IIIa) contains 
only Gp-9 alleles recovered from the socially polymorphic South American fire 
ants (S. invicta and its close relatives S. richteri, S. megergates, S. quinquecuspis,  
S. macdonaghi, and S. species “X”). The relationships of the major Gp-9 lineages 
depicted in Figure 2 mirror the relationships inferred by Krieger and Ross [11] 
from a much smaller data set. Importantly, the previously detected paraphyly 
and polyphyly of S. invicta Gp-9 alleles with respect to those of the other socially 
polymorphic species [10], [11] are extended here to even more distantly related 
fire ant species.
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Within the lineage comprising exclusively alleles from the socially polymor-
phic species (Clade IIIa), a clade composed almost entirely of sequences from S. 
richteri forms a sister lineage to the remaining sequences. This evidence for a basal 
position of S. richteri alleles within the group of alleles of all socially polymorphic 
species again is consistent with earlier conclusions based on smaller data sets [10], 
[11].

Significantly, the b-like allele clade is recovered once again in our study, con-
firming a monophyletic origin of the variants associated with polygyny in the 
South American fire ants. Support for such a clade varies depending on how it is 
defined. If defined only by possession of the Ile139 residue (the first of the three 
substitutions typical of b-like alleles to appear in the lineage), the clade is sup-
ported by a posterior probability value <0.5. However, if defined by possession 
of all three residues considered diagnostic for the b-like allele class, the poste-
rior probability value increases to 0.5. (Note that the Val139 encoded by a colony 
SC665 sequence apparently represents a reversal; Figure 2). Given the evidence 
that sequences encoding all three residues are required for the expression of po-
lygyny (below), we choose to define the b-like clade by the synapomorphy of joint 
possession of residues Gly42 and Ile95, thus excluding from the group the sequence 
from colony LP719 encoding Ile139 but neither of these other residues (see Figure 2).

Finally, our data verify that the b alleles of S. invicta form a relatively re-
cently derived monophyletic group within the b-like clade. This confirms earlier 
evidence that the radical, charge-changing Glu151Lys replacement characterizing 
these alleles occurred only once, presumably in an ancestral S. invicta population 
from northeastern Argentina or southeastern Brazil, where the alleles currently 
predominate (see Figure 1).

nucleotide variation at Gp-9

Most nucleotide sites (85%) are invariant across all Gp-9 sequences from the dif-
ferent Solenopsis species, and the two most divergent sequences (from S. aurea 
and S. invicta) differ at just 47 (2.1%) of their nucleotides. Most of the variable 
sites in the total collection of sequences (66%) occur in the non-coding regions. 
However, because these regions encompass 80% of the total sequence length, pro-
portionately more variable sites occur in the coding regions (22%; 21% for third 
codon positions) than in the non-coding regions (14%).

The magnitude of variation at various positions along Gp-9 and its 3′ flank-
ing region in all the study species is shown in Figure 3. This depiction of per-site 
nucleotide counts confirms that overall variation is not conspicuously lower in 
the exons than in the non-coding regions; indeed, the average number of different 
nucleotides per site is 1.23 in the exons (all sites as well as third codon positions) 
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but only 1.14 in the non-coding regions. However, considerable heterogeneity 
exists within both types of regions. For instance, a notable spike in variation is 
evident in the 3′ portion of exon 5, with 34% of nucleotide positions 1646-1708 
(33% of the third codon positions) comprising variable sites (these sites corre-
spond to amino acid residues 134-153). On the other hand, conspicuous dips in 
variation are apparent at nucleotide positions 620-715 in intron 2 (5% variable 
sites) and in the 3′-UTR (3′-untranslated region; 6% variable sites). Very similar 
patterns in the distribution of variation along Gp-9 were observed when just the 
sequences recovered from the socially polymorphic species or from S. invicta were 
considered (data not shown).

Figure 3. Nucleotide variation along Gp-9 and its 3′ flanking region in all Solenopsis study species. The top 
graph shows the number of different nucleotides at each position; the bottom graph shows the mean number 
in a 25-bp sliding window moved by 10-bp increments. The darker shading indicates approximate positions of 
exons (E1-E5) and the light shading indicates the 3′-UTR. Introns are designated by I1-I4.

The great majority of unique alleles from S. invicta are highly similar to 
one another at the nucleotide sequence level; indeed, most alleles within 
the B-like and b-like classes differ by fewer than a dozen point substitutions  
(Figure 4). The two most divergent B-like alleles differ at only 36 of their 
nucleotides (1.5%), while the two most divergent b-like alleles differ at half 
that number. Considering both classes combined, an additional peak at 15–
20 substitutions attributable to differences between B-like and b-like alleles 
becomes apparent (Figure 4).
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Figure 4. Distributions of numbers of nucleotide substitutions between pairs of unique Gp-9 sequences from 
S. invicta.

Several diversity statistics for Gp-9 from S. invicta are presented in Table 1. 
The mean number of substitutions between pairs of alleles (d) varies from less 
than one for third codon positions in b-like alleles to almost seven in non-coding 
regions when all alleles are combined. In parallel with the observed patterns of site 
variation across sequences from all the study species, the mean proportions of sub-
stitutions (p) between S. invicta coding-regions consistently exceed those between 
non-coding regions, regardless of whether all codon positions or just third posi-
tions are considered. While this difference between the coding and non-coding 
regions is marginally non-significant based on a Fisher's exact test (P = 0.071), a 
phylogeny-based resampling test showed that coding-region tree lengths always 
were considerably greater than any of the tree lengths derived from non-coding 
regions, under both MP and maximum likelihood (ML) criteria (thus, substitu-
tion rates in coding regions exceed those in non-coding regions at P<0.001). Con-
sidering only the b-like alleles of S. invicta, a greater than 3-fold excess of coding-
region substitutions exists, attributable mostly to augmented variation in the first 
and second codon positions. Remarkably, given the phylogenetic restriction of the 
b-like clade and the fact that only 1/3 as many b-like as B-like S. invicta sequences 
were studied, values of both d and p over all codon positions are greater for the b-
like group. These patterns hint at the possibility that positive selection has driven 
the molecular evolution of Gp-9 in the b-like clade.
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Table 1. Diversity statistics for Gp-9 from S. invicta.

Apart from point substitutions, a single previously unknown structural change 
in Gp-9 also was detected. A sequence from an S. invicta colony in Santiago del 
Estero, Argentina, carries a unique point mutation in exon 5 that transforms 
the stop codon (TAA) at position 154 into a glutamine-encoding codon (CAA), 
thereby extending the C-terminal tail of the resulting protein by 22 amino acids.

transition Bias at Gp-9

Ratios of the rates of transitions to those of transversions in the coding regions are 
shown for several data subsets in Table 2. Transition bias is negligible and simi-
lar between the third codon position and positions 1+2 for the B-like alleles. In 
contrast, a huge disparity in transition bias exists between these codon positions 
in the b-like alleles, due to the combined effects of a modest bias towards transi-
tions at positions 1+2 and a sharp bias towards transversions at the third position. 
Over all studied sequences, there is a slight transition bias at the first two codon 
positions and a negligible bias at the third. These results suggest different patterns 
of selection acting on B-like and b-like alleles; because the great majority of third 
position transversions are nonsynonymous, their elevated rates only in the b-like 
clade are consistent with positive selection having acted specifically on this lineage 
(see [25]).

Table 2. Transition/transversion rate ratios (transition bias) for Gp-9 coding regions in Solenopsis.
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Amino Acid replacements at Gp-9

The sequence logo depicting the variable amino acids encoded by Gp-9 from all 
the study species (Figure 5) reveals that the great majority of polymorphic posi-
tions feature a single dominant residue along with a second minor residue repre-
sented in just one or two sequences. A very similar pattern is seen for sequences 
from just Clade IIIa or from just S. invicta, although several additional positions 
are monomorphic in each of these smaller data sets (data not shown). Major 
polymorphisms found in all the data sets at positions 39, 42, 117, 120, 151, and 
152 feature substitutions between amino acids of different property groups. All 
of these positions except 151 also are implicated to be under positive selection by 
comparison of nonsynonymous and synonymous substitution rates (below). Posi-
tion 42 is of special note because it features one of the three replacements defining 
the b-like allele clade.

Figure 5. Sequence logos for variable amino acids encoded by unique Gp-9 sequences in all Solenopsis study 
species and in the b-like clade. Logos represent each position by a stack of letters, with the height of each letter 
proportional to the frequency of the amino acid in the recovered sequences. Overall stack height is proportional 
to the sequence conservation at that position (measured in bits, maximum sequence conservation is 4.3 bits). A 
schematic of the exon/intron structure of fire ant Gp-9 is shown above the logos. Codons in the highly variable 
3′ portion of exon 5 are demarcated with light grey boxes.

A surprisingly large number of amino acid replacements appear to have oc-
curred during the evolution of the b-like clade, based on parsimony reconstruc-
tion. The three jointly diagnostic positions, 42, 95, and 139, feature replacements 
at or near the base of the clade (see Figure 2). Also, position 39 underwent one 
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replacement at the base of and one within the clade, while position 117 under-
went five replacements within the clade. Finally, positions 136, 151, and 152 
underwent single replacements within the clade. Several of these replacements 
involve codons in the 3′ portion of exon 5 (Figure 5), thus paralleling the spike in 
nucleotide variation observed in this region (Figure 3).

Within S. invicta, over 43% of codons and 35% of amino acid residues are 
variable across all recovered alleles (Table 1), values that drop minimally for the 
B-like alleles but substantially for the b-like alleles. The similar values for the two 
metrics within each allele class suggest that the great majority of coding-region 
nucleotide substitutions have yielded amino acid replacements, a conclusion re-
inforced by the similarities between the codon diversity and amino acid diversity 
estimates. The prevalence of nonsynonymous substitutions is reflected also in the 
similar or higher estimates of p from all codon positions relative to third codon 
positions (Table 1). A similar prevalence of nonsynonymous coding-region substi-
tutions exists across all the species; about 90% of codons exhibit identical codon 
and amino acid diversities, indicating that every observed nucleotide substitution 
at these locations caused an amino acid replacement.

An important finding of our survey is the existence of considerable amino 
acid variation across the three Gp-9 codons regarded as jointly diagnostic for the 
b-like and B-like allele classes in the socially polymorphic species. Alleles of the 
b-like class were reported earlier to always encode Gly42, Ile95, and Ile139 residues, 
whereas alleles of the B-like class generally were found to encode Ser42, Met95, and 
Val139 residues [10], [11]. We recovered 17 sequences from native S. invicta that 
feature some combination of b-like residues at one or two of these crucial posi-
tions and B-like residues at the remaining position(s). Two S. invicta sequences 
in Clade II (from colonies O40 and Pi21) bear the b-like Gly42 residue together 
with the B-like Met95 and Val139 residues (Figure 2); remarkably, the Ser42Gly 
replacement characterizing this clade apparently occurred independently of the 
analogous replacement at the base of the b-like clade. A well supported group 
within Clade IIIa includes 12 S. invicta sequences encoding the b-like Ile95 residue 
together with the B-like Ser42 and Val139 residues; again, the Met95Ile replacement 
at the base of this group occurred independently of the analogous replacement in 
the stem lineage of the b-like clade (Figure 2). A sequence from colony LP719 
encodes the b-like Ile139 residue together with the B-like Ser42 and Met95 resi-
dues. Finally, two S. invicta sequences within the b-like clade experienced appar-
ent reversals from a b-like to B-like residue, at position 42 (colony Pi72nmq27) 
or position 139 (colony SC665) (Figure 2). The significance of these novel Gp-9 
sequences with respect to the form of social organization expressed by the source 
colonies is explained next.
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Association of Polygyny with b-like residues in s. invicta

All 28 S. invicta colonies from which alleles encoding all three characteristic b-like 
residues were recovered were shown by microsatellite analysis to be polygyne (i.e., 
they contained multiple offspring matrilines). On the other hand, ten exemplar 
colonies yielding sequences representing all the major B-like clades were shown 
to be monogyne (i.e., they contained only a single offspring matriline). Thus, we 
further confirm an important conclusion from previous limited surveys in the 
native range [10], [26]; possession of typical b-like alleles by a colony's workers 
invariably is linked to the expression of polygyne social organization.

We also were able to determine the social form of 12 of the 17 S. invicta colo-
nies that yielded novel Gp-9 variants encoding some combination of b-like and 
B-like residues at positions 42, 95, and 139. Data from the first ten such colonies 
listed in Table 3, all of which were monogyne, reveal that no single b-like residue 
is associated with polygyny. Significantly, the two polygyne colonies found to 
contain such novel variants (Pu15c, SC665) were found upon further sequencing 
of additional colony members to also contain workers with typical b-like alleles. 
Based on these data, we conclude that all three characteristic b-like residues may 
be jointly required for the expression of polygyny in the socially polymorphic 
South American fire ants.

Table 3. Association of colony social organization in S. invicta with amino acid residues at three Gp-9 codons 
jointly diagnostic for B-like and b-like alleles.

  



96 Animal Behavior: An Evolutionary Approach

selection on Gp-9

All of the selection analyses we undertook yielded evidence of selection of some 
form at various codons in Gp-9 and on various branches of the allele phylog-
eny. Among the site-specific methods, the single likelihood ancestor counting 
(SLAC) method identified two positively selected codons (Table 4), but the Suzu-
ki-Gojobori counting method identified none. The former method also detected 
negative selection on codon 32, while both methods detected such selection on 
codon 99 (the two positions are invariant in the complete data set). The Bayesian 
random-effects method detected ten positively selected positions with very high 
confidence (posterior probability >95%) and another four with less confidence 
(posterior probability 90–95%) (Table 4). (A tendency of the counting methods 
to produce more conservative results than the random-effects method has been re-
ported previously [27].) Three of the 14 positions implicated by the latter method 
as being positively selected (134, 145, and 152) are in the highly variable 3′ por-
tion of exon 5 (Figures 3 and 5).

Table 4. Site-specific positive selection on Gp-9 in Solenopsis identified by different methods.
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Considering branch-specific selection, the counting method of Zhang et al. 
[28] revealed evidence of positive selection along three branches of the Gp-9 phy-
logeny. Two of these are the stem lineage and its succeeding descendant branch 
at the base of the b-like radiation (dN/dS = 3/0 [P = 0.004] and dN/dS = 2/0 [P = 
0.026], respectively); significantly, the canonical b-like Ser42Gly and Met95Ile 
substitutions occur along the stem (see Figure 2). The lineage leading to the clade 
that includes the colony LP719 allele as well as the b-like alleles was not identified 
as experiencing selection (dN/dS = 1/0). A third branch under positive selection 
represents a relatively basal, well supported lineage within Clade IIIa consisting of 
one allele each from S. invicta and S. macdonaghi (dN/dS = 4/1 [P = 0.003]).

When we applied the branch-site-specific (Bayes empirical Bayes random-
effects) method to the ancestral branch subtending the LP719 allele and b-like 
clade, dN/dS again did not differ significantly from one (dN/dS = 1.05, P = 0.75). 
On the other hand, the method did detect a ratio significantly greater than one 
over the stem and interior branches of the b-like clade (dN/dS = 17.5, P<0.00001). 
This approach identified with confidence two positions under positive selection 
on these b-like branches, 39 and 117, both of which also were identified by two 
of the site-specific methods applied over the entire tree (Table 4).

When we applied the branch-site-specific analysis to just the clade of b alleles 
(those b-like alleles bearing a charge-changing amino acid substitution at posi-
tion 151), no significant signature of selection was detected on its stem lineage or 
internal branches.

Examination of overall dN-dS estimates for each pair of Gp-9 sequences from 
the socially polymorphic South American fire ants (Clade IIIa sequences) reveals 
a two-fold excess of positive values (Figure 6). Estimates obtained separately for 
the B-like and b-like classes show that the excess is especially marked for the latter 
class, consistent with evidence from several of the analyses above implicating posi-
tive selection in this clade of Gp-9 alleles associated with polygyny.

Figure 6. Distributions of overall pairwise estimates of dN/dS for Gp-9. Estimates are shown separately for the 
set of all Gp-9 sequences from the socially polymorphic South American fire ant species (Clade IIIa sequences) 
as well as for the subsets of all B-like and b-like sequences. Proportions of positive and negative dN-dS values are 
indicated for each group of sequences.
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Phylogeography of Gp-9 variants in s. invicta

Our sequence data confirm the occurrence of b-like alleles at all five sampling sites 
in the south-central portion of the native range previously reported to contain 
such alleles (based on allele-specific PCR analyses [26]). In addition, we discov-
ered alleles of this class at four other sites well outside of their previously known 
area of occurrence (Corumba, Coxim, La Paz, and Suncho Corral; see Figure 1). 
These results suggest that while polygyny seems to be concentrated in northern 
Argentina and southeastern Brazil, it may occur at some frequency through much 
of the native range of S. invicta.

An initial analysis of molecular variance (AMOVA) of B-like alleles revealed 
that no detectable variation occurs among the ten arbitrarily clustered groups 
of sites once the 30% of total variation found among sites within groups is ac-
counted for (significance of among-site differentiation; P<0.001). Similar results 
were obtained in a second analysis of 14 sites clustered according to patterns of re-
gional differentiation at 14 neutral nuclear genes; no variation occurs among the 
regional groups, but 21% of the total variation occurs among sites within groups 
(P = 0.001 for among-site differentiation). For comparison with the results of this 
second Gp-9 analysis, 14% of the variation at the neutral genes occurs among the 
regional groups, while 10% resides among sites within groups (P<0.001 for dif-
ferentiation at both levels). Thus, Gp-9 in the monogyne form of native S. invicta 
appears to exhibit somewhat stronger differentiation than neutral nuclear markers 
at very local scales but much weaker differentiation at broader geographic scales 
covering hundreds of kilometers.

No significant pattern of isolation-by-distance was detected using Nei's DA 
values for the B-like alleles at 40 sites (one-tailed P = 0.087). Thus, differentiation 
in Gp-9 composition does not increase in parallel with geographic separation of 
sites. This finding again contrasts with the strong isolation-by-distance patterns 
detected using neutral nuclear markers in native S. invicta populations [29].

discussion 
The objective of this study was to survey naturally occurring molecular variation 
at Gp-9, a candidate gene of major effect on the expression of fire ant colony so-
cial organization, with a special emphasis on uncovering the extent and distribu-
tion of this variation in native populations of the well studied pest species Solen-
opsis invicta. Patterns of observed sequence variation at Gp-9 were examined with 
the following goals: i) to reconstruct the evolutionary relationships of variant se-
quences from S. invicta and its close relatives, ii) to identify important mutational 
factors affecting variation at the gene, iii) to examine the historical role of selection 
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in shaping the variation, iv) to learn whether any single candidate amino acid 
residue in GP-9 protein is completely predictive of social organization, and v) to 
examine the geographical distribution of the observed variation. The motivation 
of the work was to help bridge the gap between functional biochemical informa-
tion and molecular population genetic data by constructing a cogent evolutionary 
narrative of the genetic underpinnings of a major social adaptation (see [20]).

General Features of the molecular evolution of 
Gp-9
Our large survey of Gp-9 sequences from native fire ant populations succeeded in 
uncovering a large number of unique variants, with over 120 alleles found in S. 
invicta alone. Intragenic recombination was inferred to be unimportant in gen-
erating the diversity of sequences observed, a conclusion reached also by Krieger 
and Ross [11].

The exon/intron structure of all 164 fire ant Gp-9 variants is identical to that 
reported previously [10], [11], with one remarkable exception. A single S. invicta 
sequence contained a nonsynonymous nucleotide substitution in codon 154 that 
transformed it from a stop codon to a glutamine-encoding codon, thereby ex-
tending the C-terminal tail of the GP-9 protein by 22 amino acids. Two of these 
supernumerary residues are basic (Lys159, His175) while none is acidic, so that 
the mutant protein is likely to have a charge change mirroring or exceeding that 
of the proteins encoded by the distantly related b alleles of S. invicta (which have 
a unique Lys151 replacement). The charge change in the C-terminus of the b-
encoded proteins is associated with recessive deleterious (lethal) effects not found 
in other b-like alleles [17]; these may stem from changes in the ligand binding/
unloading properties or in the ability of the protein to form biologically active 
dimers, judging from the fact that the C-termini of odorant-binding proteins 
seem to be involved in these functions [30]. Demonstration of similar deleterious 
effects of the elongated mutant protein could pave the way for functional experi-
ments intended to clarify some basic biochemical features of GP-9 protein.

Significant patterns in the nucleotide variation along Gp-9 and its 3′ flank-
ing region are evident when sequences from all the fire ant species are compared. 
First, the average amount of nucleotide variation in the exons exceeds that in 
the non-coding regions, based on the proportions of variable sites as well as the 
mean numbers of different nucleotides per site. Specifically, about one-fourth of 
coding-region nucleotide sites are variable but only half that proportion of non-
coding sites are variable. The disparity persists regardless of whether all codon 
nucleotides or just third codon positions are considered, suggesting that most of 
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the elevated exon nucleotide diversity consists of nonsynonymous substitutions. 
Superimposed on this general difference between coding and non-coding regions 
is considerable heterogeneity in the variation occurring within the two types of 
regions. Apparent elevation in variation above the background level for exons 
occurs in the 3′ portion of exon 5 (34% vs. 22% variable sites), much of which 
translates into elevated amino acid variation. Moreover, apparent depressions in 
variation below the background non-coding level occur in the middle of intron 2 
and in the 3′-UTR (<6% vs. 14% variable sites).

Very similar patterns of variation along Gp-9 are evident for just the sequences 
from the socially polymorphic species (Clade IIIa sequences) or from S. invicta. 
For S. invicta, the mean proportion of nucleotide substitutions (p) in the coding 
regions is elevated as much as 3-fold over that in non-coding regions, a differ-
ence judged to be highly statistically significant by a phylogeny-based resampling 
test (P<0.001). As is also true for the larger set of sequences, most coding-region 
nucleotide variation in S. invicta corresponds to amino acid replacements. With 
respect to absolute amounts of divergence over the entire gene region, only rela-
tively modest nucleotide sequence differentiation occurs among the large number 
of Gp-9 alleles recovered from nominal S. invicta. Most pairs within the B-like 
or b-like allele classes differ by fewer than a dozen point substitutions across the 
2300 bp sequence alignment, and the most divergent alleles from this species dif-
fer at just 38 (1.6%) of their sites. The two most divergent sequences in the entire 
data set (from S. aurea and S. invicta) differ at just 47 (2.1%) of their sites.

The resulting picture of Gp-9 sequence evolution in S. invicta and its fire 
ant relatives is that relatively few point mutations have accumulated across the 
gene, with only 15% of sites exhibiting variation, but a high proportion of these 
mutations occurred in the coding regions. Moreover, most of these coding-region 
substitutions led to amino acid replacements, so that in S. invicta alone over one-
third of codons now encode variable residues. These findings raise several impor-
tant points with respect to the molecular evolution of Gp-9. First, this pattern is 
consistent with a general lack of negative selection acting to constrain amino acid 
replacements over much of the encoded protein, as has been inferred also for other 
insect odorant-binding proteins based on their low amino acid sequence identities 
(the primary structure of these proteins evidently can be highly variable as long 
as the tertiary structure is conserved [18], [31]). Second, the elevated diversity 
observed in coding relative to non-coding regions may reflect different mutation 
rates or biases in the two types of sequence, which may in turn be related to the 
dramatically different base compositions [32]–[34]. Third, negative selection act-
ing with greater overall force on the non-coding than coding regions may also 
play some role in the observed pattern of diversity; indeed, two non-coding tracts 
with extremely low variation across the surveyed sequences, including the entire 
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3′-UTR, potentially constitute evolutionarily constrained cis-regulatory elements 
[35], [36].

Finally, the elevated coding region nucleotide variation and high proportion 
of polymorphic amino acids might be construed as reflecting the historical action 
of positive selection, presumably an important general force in the evolution of 
insect odorant-binding proteins [37]. Direct evidence of some role for such selec-
tion on Gp-9 in fire ants comes from our formal selection analyses. Several codons 
were identified by various site-specific methods as having significantly elevated 
rates of nonsynonymous over synonymous substitutions across the species, and 
two of these (at positions 39 and 117) were implicated as well by a branch-site-
specific method applied to the b-like clade. Moreover, replacements at the latter 
two codons typically involved residues of different property groups. Position 117 
also was identified by Krieger and Ross [11] as subject to positive selection based 
on a more diverse set of Solenopsis Gp-9 sequences. Neither of these two consis-
tently identified positions appears to be in the binding cavity or C-terminus of 
GP-9 protein based on earlier structure prediction analyses [11]. Thus, we cannot 
speculate about what physiological or other traits, if any, may be affected by the 
amino acid replacements at these locations.

More compelling evidence for positive selection having acted on Gp-9 comes 
from the combined results of the branch-specific and branch-site-specific meth-
ods, as well as the overall dN-dS estimates. These analyses consistently revealed 
elevated rates of amino acid replacement at the base of and throughout the b-like 
allele clade associated with polygyny in the socially polymorphic species. Similar 
results were obtained from the earlier selection analyses of Krieger and Ross [10], 
[11]. Congruent with these findings is our discovery of a highly elevated bias to-
wards transversions at the third codon position in just the b-like lineage. The end 
result of this apparent burst of adaptive molecular evolution is a clade of rather 
similar alleles distinguished by low levels of silent substitutions but relatively high 
levels of amino acid replacements. Our study thus adds to the evidence that selec-
tion has played some creative role in the molecular evolution of Gp-9 in fire ants, 
primarily in the context of the origin and elaboration of an alternative form of 
social behavior.

It is worth emphasizing that adaptive divergence of Gp-9 generally does not 
seem to be associated with speciation events in the South American fire ants, a 
conclusion evident also from earlier studies [10], [11], [20]. This is inferred from 
the extensive paraphyly of Gp-9 sequences with respect to the nominal species 
as well as the persistence of the b-like clade as a trans-species polymorphism. To-
gether with the evidence that selection has promoted the divergence of the b-like 
clade, these patterns imply that intraspecific social evolution is a more important 
driver of Gp-9 sequence diversification than is cladogenesis.
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Two of the site-specific methods also yielded evidence of a single codon, at 
position 99, being under negative selection. This position is predicted to occur in 
the binding cavity of GP-9 [11], and so may represent a rare example where any 
variation in the encoded residue negatively impacts the binding capability and, 
hence, biological function of the protein.

Association of Gp-9 molecular variation with 
social organization
Among the coding-region diversity uncovered in our survey was substantial varia-
tion across the three codons that typically are jointly diagnostic between b-like 
and B-like alleles (positions 42, 95, 139) and, thus, predictive of colony social 
organization [10]. Rather than encoding alternate sets of amino acid residues at 
these three positions, the newly detected variants encode various combinations 
of b-like and B-like residues. Based on our determination of the social organiza-
tion of the source colonies for these alleles, we conclude that no single residue is 
completely predictive of social behavior. Indeed, b-like residues invariably were 
present at all three positions in sequences from all polygyne colonies and, so, all 
of these residues may be jointly required for the expression of polygyny. Remark-
ably, placement of the novel variants in the Gp-9 allele phylogeny indicates that 
both the Gly42 and Ile95 b-like residues arose independently on at least two occa-
sions. Apparently, however, only when they appeared concurrently on the stem 
lineage of the b-like clade already bearing the Ile139 b-like residue did expression 
of polygyny become possible.

Our proposal that all three characteristic b-like replacements are completely 
associated with polygyne behavior in the socially polymorphic species and, by 
implication, potentially involved in its expression, contradicts the conclusion of 
Krieger [30] and Krieger and Ross [11] that Val139Ile was the lone crucial re-
placement. This conclusion was based primarily on the inference from protein 
structure modeling that residue 139 forms part of the ligand-binding cavity. 
However, the same analysis also predicted that residue 95 lies in the binding cav-
ity, and residue 42, although not expected to function in ligand binding, experi-
enced a replacement between amino acids of different property groups. Although 
no study to date has identified codon 139 as being under positive selection, the 
Bayesian random-effects test implemented in this study implicated such selection 
on both codons 42 and 95. Moreover, our branch-specific analyses implicated 
positive selection on the stem lineage of the b-like clade, where the Ser42Gly 
and Met95Ile replacements occurred, but not on the preceding ancestral branch 
where the Val139Ile replacement occurred. We note that our data do not completely 
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rule out the possibility that some combination of only two b-like residues may 
underlie polygyny, but testing this possibility must await discovery of colonies 
that contain such variants but lack typical b-like sequences.

Geographic distribution of Gp-9 molecular 
variation
A previous survey of Gp-9 polymorphism in S. invicta using allele-specific PCR 
indicated that the b-like allele clade (and, by extension, polygyny) is restricted 
to the south-central portion of this species' range [26]. Our far more extensive 
sampling has extended the known area over which these alleles occur considerably 
northward into central Brazil. Nonetheless, in view of the fact that the ranges of 
the other socially polymorphic species harboring b-like alleles are restricted to 
eastern Argentina, Uruguay, and southeastern Brazil [38], an origin of the b-like 
clade in this area seems likely.

We found no indication of significant higher-level (regional) structure in the 
geographic distribution of B-like variants of Gp-9 in S. invicta, although local 
populations are highly differentiated from one another. This pattern stands in 
contrast to the striking regional differentiation observed for numerous other, 
presumably neutral, nuclear loci. One possible explanation for the difference is 
that, by chance, the distribution of Gp-9 variation does not closely track that of 
the remaining nuclear genome simply because of the probabilistic nature of al-
lele lineage sorting (e.g., [39]). Another possibility is that sporadic interspecific 
hybridization in different areas followed by introgression of heterospecific Gp-9 
alleles has broken down any geographic pattern that may have developed due to 
restricted inter-regional gene flow. Several lines of evidence support the plausibil-
ity of this scenario. First, the B-like alleles of S. invicta are extensively paraphyletic 
or polyphyletic with respect to the alleles of several other fire ants, including some 
species regarded as quite distant relatives [24]. Second, the S. invicta sequences 
that are polyphyletic with respect to these distant relatives often were obtained 
from colonies located within or close to the range of the other species (e.g., the 
closely related S. invicta and S. saevissima alleles in Clade II and the closely related 
S. invicta, S. saevissima, and S. altipunctata alleles in the sister lineage of Clade 
IIIA; see Figure 4). Finally, parallel patterns of minimal regional differentiation 
coupled with interspecific sequence paraphyly and polyphyly have been observed 
for the mtDNA of S. invicta [29], [40], with the latter features almost certainly 
the result of introgression.

This scenario posits that Gp-9 (and the mtDNA) flows more freely between 
fire ant species (and, perhaps, among regional S. invicta populations) than the 
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bulk of the nuclear genome, perhaps because of a lack of selection against these 
introgressing elements (or, in the case of the mtDNA, because of selection fa-
voring the spread of the cytoplasmic symbiont Wolbachia [41]). One important 
implication of this scenario, if true, is that polygyny may not have arisen in the 
common ancestor of the socially polymorphic fire ants, with the b-like lineage 
persisting through multiple speciation events [10], [11]. Rather, this allele class 
and the alternate form of social behavior with which it is associated conceivably 
arose more recently, then spread among species of the socially polymorphic clade 
through hybridization (see also [42]).

Conclusions
We recovered numerous Gp-9 alleles from S. invicta and other South Ameri-
can fire ants in their native ranges. Relatively little overall variation disti-
guishes these alleles, but the distribution of the variation along the gene and 
within the gene phylogeny is noteworthy. A surprising amount is found in 
the coding regions of the gene, with substitutions there usually causing amino 
acid replacements. Indeed, the proportion of variable amino acid positions 
is more than twice the proportion of variable nucleotide sites over the entire 
gene region, both across species and within S. invicta. The elevated coding-
region variation may result from a general lack of negative selection acting to 
constrain amino acid replacements, different mutation rates or biases in cod-
ing and non-coding regions, negative selection acting with greater force on 
non-coding than coding regions, or most likely, positive selection acting on 
the protein in the b-like allele clade associated with polygyny. Finally, our de-
termination of the social organization of key colonies confirmed the invariant 
link between the presence of typical b-like alleles and expression of polygyny, 
while our discovery of several novel alleles bearing various combinations of 
b-like and B-like codons revealed that no single amino acid residue is com-
pletely predictive of polygyne behavior.

This study thus yields information of use in bridging population genetic 
and functional approaches to understanding the genetic basis of polygyny in 
fire ants. With the inception of a broad, integrative approach to investigating 
the biochemical pathways in which the Gp-9 product functions, the pheno-
typic effects of molecular variation at Gp-9 and other pathway genes, and the 
potential involvement of other genes in linkage disequilibrium with Gp-9, 
substantial progress toward understanding the evolution of this key social 
adaptation can be expected.
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materials and methods
sampling

We obtained samples from several Solenopsis species of varying phylogenetic re-
lationship to S. invicta [24] to assess the nature and extent of Gp-9 sequence 
variation in fire ants and to evaluate the monophyly of S. invicta sequences with 
respect to those of its closest relatives. These samples consisted of a single indi-
vidual per nest collected in Argentina, Brazil, and the western USA between 1992 
and 2001. Samples of the following species were obtained (numbers of individu-
als [nests] in parentheses): S. altipunctata (1), S. amblychila (1), S. aurea (1), S. 
daguerrei (2), S. electra (1), S. interrupta (4), S. macdonaghi (4), S. megergates 
(6), S. pusillignis (3), S. quinquecuspis (6), S. richteri (8), S. saevissima (9), S. 
xyloni (1), and the undescribed S. species “X” (2).

Samples of nominal S. invicta were obtained from 132 nests from 44 sites 
distributed over much of the native South American range (Figure 1) as well as 
from two sites in the introduced range in the USA (Georgia and California) be-
tween 1988 and 2004. Sites in the native range were chosen not only to maximize 
geographic coverage but also to include all of the genetically differentiated popu-
lations distinguished in earlier studies of neutral nuclear and mtDNA variation 
[29], [40], [43]. The purpose of this targeted sampling scheme was to uncover 
the maximal amount of diversity at Gp-9 in the focal species in order to gener-
ate a complete sequence phylogeny, which in turn formed the framework for our 
formal selection analyses. Multiple nests were sampled at many of the sites (see 
Figure 1), but generally only a single specimen was used from any single nest. 
The social organization of many of the sampled S. invicta colonies was deter-
mined previously by a combination of methods including discovery of multiple 
reproductive queens, determination of the number of offspring matrilines using 
allozyme markers, and detection of b-like Gp-9 alleles [26], [43], [44].

Live specimens of all the study species were collected directly from nests in the 
field then placed immediately on liquid nitrogen for transport back to the labora-
tory, where they were held in a −80°C freezer pending genetic analysis.

sequencing of Gp-9

Sequencing methods followed the protocols of Krieger and Ross [10], [11], with 
some modifications. DNA was extracted using the Puregene DNA Isolation Kit 
(Gentra Systems, Minneapolis, MN). Polymerase chain reaction (PCR) reac-
tions were set up in 10 µl volumes using 1.1× high fidelity PCR-ready reaction 
mix (Bio-X-Act Short Mix, Bioline, Randolph, MA) and 0.2 µM primers, with 
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a hotstart thermal cycling regime starting at 95°C and followed by 35 cycles at 
94°C (20 s), 62°C (30 s), and 68°C (1 min 40 s), and with a final elongation 
step at 68°C (10 min). Primer sequences were those used by Krieger and Ross 
[10] (Gp-9/-33 forward: 5′-CATTCAAAGTACAGTAGAATAACTGCC-3′, 
Gp-9_2218 reverse: 5′-CAGGAGTTTGAGTTTGTCACTGC-3′). The ap-
proximately 2200-bp amplification products included the full length 1700-bp 
Gp-9 gene (containing five exons and four introns) as well as a 500-bp segment 
of the 3′ flanking region containing the 170-bp UTR. These products were gel 
purified (QIAquick Gel Extraction Kit, Qiagen, Valencia, CA) and cloned into 
pCR2.1 vectors (Invitrogen, Carlsbad, CA), which were then used to transfect 
competent TOP10F′ E. coli cells (Invitrogen). Blue-white screening was used to 
identify positive clones, which were picked and subjected directly to a hotstart 
PCR amplification using M13 or the Gp-9 primers (same conditions as in the 
previous PCR but using Taq-Pro Complete, Denville Scientific Inc., Meutchen, 
NJ). The resulting PCR product was checked for correct length by running it out 
on an ethidium bromide-stained agarose gel, then it was purified using PEG 8000 
(Promega, Madison, WI).

Methods for conducting DNA sequencing reactions using internal primers 
also followed the protocols of Krieger and Ross [10], [11]. Reactions were per-
formed using the ABI PRISM BigDye Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems, Foster City, Calif.), with the products run out in an ABI 
PRISM 3740xl DNA Sequencer (Applied Biosystems). In light of the consider-
able overlap of the internal sequencing reads, sequences were not determined in 
the reverse directions. Critical base calls in phylogenetically important sequences 
were confirmed by resequencing.

In order to ensure a sufficiently large sample of b-like alleles, clones derived 
from suspected polygyne S. invicta colonies were screened for such alleles using 
competitive allele-specific PCR [45]. Reaction mixes contained 0.13 µM primers, 
0.33 µM complementary primer, 1× Taq-Pro Complete, and 0.5 µL of the clone 
PCR product; PCR was conducted using a cycling regime of 94°C (2 min), 35 
cycles at 94°C (45 s), 64°C (45 s), and 72°C (1 min), and with a final elongation 
step at 72°C (5 min). The primers used in this allele-specific PCR recognize the 
single nucleotide substitutions at codons 95 and 139 considered to be jointly 
diagnostic of all b-like alleles [10], [21].

determination of Colony social organization

Most colonies of unknown social organization yielding sequences that encoded 
one or more residues considered diagnostic for b-like alleles (Gly42, Ile95, Ile139) 
were subjected to microsatellite analyses to learn whether these colonies were  
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monogyne or polygyne. Genotypes at eight loci (Sol-6, Sol-11, Sol-18, Sol-42, 
Sol-49, Sol-55, SolM-III, and SolM-V) were scored for 7–12 workers from each 
nest (PCR methods in [46]–[48]). PCR products were visualized using an ABI 
PRISM 3740xl DNA Sequencer. Queens of native S. invicta normally mate only 
once [44], [49], so the presence of more than three alleles at a locus among a col-
ony's workers indicates the presence of multiple offspring matrilines (polygyny).

Genetic Analyses

All Gp-9 sequences were readily aligned by hand. The aligned sequences were 
tested for evidence of recombination using the DSS and LRT methods imple-
mented in the program TOPALI [50].

Differentiation among Gp-9 alleles in their nucleotide composition was tested 
using homogeneity χ2 analysis (implemented in the program PAUP* [51]) and 
visual inspection (implemented in the program SeqVis [52]). Non-random codon 
usage was tested using the program DNASP [53], with Yates' correction for the 
observed G+C content employed.

Transition and transversion rates were plotted against Tamura-Nei (TN93) 
distances for all pairs of sequences in various subsets of the data using the pro-
gram DAMBE [54] to look for evidence of mutational saturation. In addition, 
the extent of transition bias (transition/transversion rate ratio) was estimated for 
the combined first and second codon positions and for the third codon position 
of exons in various data subsets using the program MEGA [55].

Several measures of nucleotide sequence variation were estimated for the Gp-9 
alleles of nominal S. invicta. The uncorrected mean number of nucleotide sub-
stitutions (d) and proportion of nucleotide substitutions (p) were calculated for 
the coding regions (all positions and third codon positions) and the non-coding 
regions of all pairs of unique alleles [56] using MEGA. To measure the levels of 
observed nucleotide and amino acid variation in the coding regions of S. invicta 
sequences, we estimated two additional diversity indices for all unique sequences, 
the codon diversity and amino acid diversity [11]. Codon diversity denotes the 
variation at each in-frame coding-region triplet, while amino acid diversity de-
notes the variation at the corresponding amino acid residue. Values for the two 
measures range from zero to one for a given codon; a value of zero signifies a 
location with identical codons (or amino acids) in all sequences, whereas a value 
of one indicates that every unique sequence displays a unique codon (or amino 
acid) at this location. These indices were compared to determine the extent to 
which observed coding-region nucleotide variation translates into amino acid re-
placements. All of these analyses were performed separately for the b-like alleles, 
B-like alleles, and all alleles combined. Other measures of sequence variation that 
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incorporate haplotype frequency estimates (such as π) were not estimated because 
our targeted sampling scheme would not yield unbiased frequency estimates.

We tested for differences in substitution rates between coding and non-coding 
regions of S. invicta sequences using two statistical approaches. First, a Fisher's 
exact test compared p between the two partitions. Second, a resampling test was 
used to compare tree lengths between coding and non-coding regions. A null 
distribution of tree lengths of non-coding nucleotides was generated by randomly 
resampling (without replacement) 462 such nucleotides from the original data 
matrix 1,000 times using MESQUITE [57], then calculating tree lengths for each 
resampled matrix on the Bayesian inference (BI) phylogeny under both maxi-
mum parsimony (MP) and maximum likelihood (ML) criteria using PAUP*. Tree 
lengths computed for the 462-bp coding region under these criteria on the same 
BI tree were compared to the tree lengths derived from the randomly resampled 
non-coding characters.

Analyses of Amino Acid replacements

Patterns of amino acid variation at GP-9 were depicted graphically by gener-
ating sequence logos [58] using the program WEBLOGO [59]. Symbols were 
color-coded based on the chemical properties of each amino acid according to 
the scheme of Parry-Smith et al. [60]. Amino acid replacements were mapped 
onto the Gp-9 phylogeny using parsimony reconstruction as implemented in the 
program MACCLADE [61].

Phylogenetic Analyses

Sequences from the North American fire ant species S. amblychila, S. aurea, and 
S. xyloni were specified as outgroups for all phylogenetic analyses (see [24]). We 
assessed the potential impact on the phylogenetic analyses of heterogeneity in 
sequence nucleotide composition by constructing preliminary phylogenies with 
the Neighbor-Joining method [62], using the minimum evolution (ME) crite-
rion based on either LogDet [63] or the ML distances between alleles (with all 
parameters estimated from the data). An SH test [64] conducted on the resulting 
two trees revealed no evidence of compositional heterogeneity (Δ-lnL = 7.543, P 
= 0.397).

Due to the prohibitive computational time required for even a single heuris-
tic search under the MP criterion, we employed the parsimony ratchet method 
[65]; this approach was implemented by means of the program PAUPRAT [66] 
using 500 repetitions and randomly perturbing 25% of the characters for each 
re-weighting. The analysis was repeated ten times to ensure that tree space had 
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been adequately searched, then repeated another ten times while considering gaps 
as character states.

Because the MP and ME phylogenies did not differ significantly according to 
an SH test (Δ-lnL = 112.3, P = 0. 124), we estimated the best fitting model of 
Gp-9 nucleotide evolution from the better resolved ME tree using the program 
MODELTEST [67]. We selected the most appropriate models for the complete 
data set and various partitions of it (non-coding regions; coding regions; first, 
second, and third codon positions) using the Akaike information criterion [68] 
and Bayesian information criterion [69] (see [70]).

Finally, we conducted four independent Markov chain Monte Carlo (MCMC) 
tree searches under the BI optimality criterion using the program MRBAYES 
[23], [71]. Multiple analyses were run to ensure adequate exploration of tree and 
parameter space [23], [72]. Five parallel chains, four of which were heated incre-
mentally (temperature = 0.1), were started from random trees for each analysis, 
with initial parameter values based on the evolutionary model selected by MOD-
ELTEST. The chains were run for two million generations, with sampling every 
100 generations. Stationarity of the chains was ascertained visually by plotting 
sample log-likelihoods through the course of each run, as well as by examin-
ing the convergence diagnostics (the potential scale reduction factor for all pa-
rameters approached 1.0 at stationarity) [23]. Pre-stationarity MCMC samples 
were discarded as burn-in (usually, around the first 700 samples), and the model 
parameters and tree topology were estimated using the remaining samples. The 
log-likelihoods, substitution models, and tree topologies were compared among 
independent runs using SH tests. After ensuring that all runs had converged on 
the same area in tree/parameter space, the samples from the four different runs 
were combined for final analysis.

selection Analyses

Two general approaches for comparing nonsynonymous and synonymous substi-
tution rates were employed to test for positive selection on Gp-9 in our complete 
data set, random-effects and counting analyses [27]. Fixed-effects analyses were 
not employed because they require a priori designation of sites evolving under 
different selective regimes [27]; we intended to use our data set for a largely in-
dependent test of the findings of Krieger and Ross [10], [11] and so wished to 
avoid biasing the results by focusing on specific sites previously identified as being 
under selection.

We employed two different random-effects methods, which fit a distribution 
of substitution rates across sites and then infer the rate at which each site evolves 
[73]. Because of computational limitations, the Bayesian method [74] was conducted 
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on a reduced data set (25 exemplar sequences representing all major clades in the 
BI phylogeny) using the program MRBAYES. Coding and non-coding sites were 
separated into unlinked partitions for the analysis. Selection on the coding parti-
tion was estimated according to the M3 codon model [75], which is less restrictive 
than the commonly used Nielsen and Yang model [73] (see [23], [71]). MCMC 
chains were run for one million generations, with sampling every 100 genera-
tions. Otherwise, model specifications followed those used in the BI phylogeny 
estimation.

The second random-effects method used was a maximum likelihood 
branch-site-specific model [76], [77]. We removed all non-coding sites from 
the data set, then used the BI phylogeny as a guide to prune sequences that 
were sisters to sequences with identical coding regions or occurred in unre-
solved clades of identical coding sequences (a single exemplar was retained). 
This resulted in a reduced data set of 92 sequences. The CODEML program 
in the PAML package [78] was used to run the branch-site-specific model A, 
test 2 [77], which infers selection on codons along specified branches. We 
used the pruned BI phylogeny (with branch lengths estimated under the M3 
model) to test for selection on the stem lineages and internal branches of the 
b-like allele clade as well as the b allele clade (the smaller clade of b-like alleles 
featuring the Glu151Lys substitution). We adopted the Bayes empirical Bayes 
[79] approach in place of the naive empirical Bayes approach to identify sites 
under selection [80]. The analysis incorporated the F3×4MG model of codon 
substitution [81] because it yielded better likelihood scores than the F3×4NY 
model [73]. We ran each analysis three times using different initial values for 
the parameters ω and κ.

We employed three different counting methods based on the Suzuki-Gojobori 
approach [82]. These methods estimate the number of nonsynonymous and syn-
onymous substitutions at each codon position, then test for significant differences 
between the number of nonsynonymous changes per nonsynonymous site (dN) 
and number of synonymous changes per synonymous site (dS). The reduced data 
set of 92 sequences created for the branch-site-specific random-effects method 
was used also for the counting methods. The first counting method was the sin-
gle likelihood ancestor counting (SLAC) analysis implemented in the program 
DATAMONKEY [83]. The global dN/dS ratio was estimated along with 95% 
confidence intervals using the HKY model of nucleotide substitution, with am-
biguous characters resolved according to the most likely solution given by the 
model.

The second counting method we used follows more closely the original Suzuki 
and Gojobori [82] approach. This analysis was conducted in association with the 
branch-site-specific random-effects analysis using CODEML.
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As a third counting method for detecting selection, we used the Zhang et al. 
method [28] adapted from the approach of Messier and Stewart [84]. This ap-
proach uses reconstructed ancestral sequences to test the null hypothesis of neu-
tral evolution (dN = dS) along each branch of the inferred phylogeny by means 
of Fisher's exact tests. To maximize the statistical power of this test, we pooled 
non-coding sites with coding-region synonymous sites (e.g., [85]) after determin-
ing that there was no significant difference in substitution rates between these 
partitions (Fisher's exact test on p, P = 0.115). Ancestral sequences were recon-
structed using the BASEML program in PAML, with dN and dS for each branch 
estimated using the “free-ratio” model [73]. We did not test for negative selection 
using this method.

Finally, we calculated maximum likelihood estimates of dN and dS for each 
pair of Gp-9 sequences from the socially polymorphic South American fire ants 
using CODEML to look for evidence of broad positive selection. These analyses 
also were conducted separately for the B-like and b-like alleles.

Tests such as the McDonald-Kreitman and HKA tests that compare intraspe-
cific variation with interspecific divergence in order to detect signals of positive 
selection were not employed in this study because the major bouts of adaptive 
divergence in Gp-9 appear to be associated with social evolution within species 
rather than with speciation events. Also, tests using site-frequency spectrum data 
to test for deviations from neutral theory predictions (e.g., Tajima D test, Fay and 
Wu H test) were not employed because our targeted samples cannot provide the 
unbiased estimates of haplotype frequencies required for their proper application 
[86].

Phylogeographic Analyses

Evidence for geographical partitioning of related Gp-9 alleles in native S. invicta 
was examined by conducting a series of analysis of molecular variance (AMOVA) 
analyses [87] using the program ARLEQUIN [88]. This procedure partitions to-
tal genetic variation among the different sampling sites or clusters of sites in order 
to reveal hierarchical patterns of spatial differentiation. Only B-like alleles were 
included in order to avoid any effect of spatial restriction of polygyny (e.g., [26]). 
Genetic distances between Gp-9 alleles were estimated as the squares of the num-
bers of pairwise sequence differences. In an initial analysis, all 40 sites containing 
at least one B-like allele were clustered arbitrarily into ten regional groups (these 
groups occupied areas 100–300 km in diameter). In a second analysis, only the 
14 sites for which three or more sequences were available were used. In this case, 
goups of sites were clustered on the basis of patterns of regional differentiation 
previously detected at 14 presumed neutral nuclear loci [29] (these groups occupied 
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areas 100–600 km in diameter). Parallel AMOVA analyses using the neutral nu-
clear data of Ross et al. [29] from the same 14 sites were conducted to provide 
a direct comparison with the Gp-9 results from the second analysis. All alleles 
at each neutral locus were assumed to be equally related to one another (i.e., an 
infinite alleles model of mutation was assumed). Statistical significance of genetic 
differentiation among sites or clusters of sites was determined by permuting alleles 
across individuals (20,000 replicates) for Gp-9 or bootstrapping over loci (10,000 
replicates) for the neutral markers.

Isolation-by-distance analyses were conducted for the Gp-9 sequences of S. in-
victa to learn whether differentiation between sites in their allele composition in-
creases in parallel with their geographic separation. Only the 40 sites from which 
one or more B-like alleles were sampled were considered. The program GENE-
POP [89] was used to examine the relationship of Nei's net number of nucleotide 
differences (DA [90]) with the natural logarithm of geographic distances between 
sites (see [91], [92]). Significance of isolation-by-distance relationships was deter-
mined by means of Mantel tests based on 10,000 data permutations coupled with 
estimation of Spearman rank correlation coefficients.
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ultrasonic Communication 
in rats: Can Playback of 50-
khz Calls induce Approach 

Behavior?

Markus Wöhr and Rainer K. W. Schwarting

ABstrACt 
Rats emit distinct types of ultrasonic vocalizations, which differ depending on 
age, the subject's current state and environmental factors. Since it was shown 
that 50-kHz calls can serve as indices of the animal's positive subjective state, 
they have received increasing experimental attention, and have successfully 
been used to study neurobiological mechanisms of positive affect. However, it 
is likely that such calls do not only reflect a positive affective state, but that 
they also serve a communicative purpose. Actually, rats emit the highest rates 
of 50-kHz calls typically during social interactions, like reproductive behav-
ior, juvenile play and tickling. Furthermore, it was recently shown that rats 
emit 50-kHz calls after separation from conspecifics. The aim of the present 
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study was to test the communicative value of such 50-kHz calls. In a first ex-
periment, conducted in juvenile rats situated singly on a radial maze appara-
tus, we showed that 50-kHz calls can induce behavioral activation and ap-
proach responses, which were selective to 50-kHz signals, since presentation 
of 22-kHz calls, considered to be aversive or threat signals, led to behavioral 
inhibition. In two other experiments, we used either natural 50-kHz calls, 
which had been previously recorded from other rats, or artificial sine wave 
stimuli, which were identical to these calls with respect to peak frequency, call 
length and temporal appearance. These signals were presented to either juve-
nile (Exp. 2) or adult (Exp. 3) male rats. Our data clearly show that 50-kHz 
signals can induce approach behavior, an effect, which was more pronounced 
in juvenile rats and which was not selective to natural calls, especially in 
adult rats. The recipient rats also emitted some 50-kHz calls in response to 
call presentation, but this effect was observed only in adult subjects. Together, 
our data show that 50-kHz calls can serve communicative purposes, name-
ly as a social signal, which increases the likelihood of approach in the recipi-
ent conspecific.

introduction 
Rats emit distinct types of ultrasonic vocalizations (USV), which differ depending 
on age, the subject's current state and environmental factors [1]–[3]. Rat pups 
typically exhibit USV in response to isolation from mother and litter [4]. Juvenile 
and adult rats, on the other hand, produce two different types of USV, which have 
been classified primarily on the basis of their sound frequency as low and high 
frequency vocalizations.

Low frequency vocalizations, often termed 22-kHz calls, are emitted when rats 
are exposed to predators [5], foot-shocks [6]–[10], during inter-male aggression 
[11], [12], drug withdrawal [13], [14], handling [15], and social isolation [16]. 
Remarkably, anxiolytic drugs can reduce such vocalizations [17]–[19]. Function-
ally, it was assumed that 22-kHz calls reflect a negative affective state akin anxiety 
and sadness [8], [9], and that they serve as alarm cries [5].

Conversely, high-frequency vocalizations, often termed 50-kHz calls, occur 
during or in anticipation of juvenile rough-and-tumble play [19], [20], mating 
[21]–[28], food consumption [29], electrical self-stimulation of the brain [29], 
[30], and addictive drugs [31]–[35]. Furthermore, rats also emit such calls when 
tickled by a skilled experimenter in a playful way [36]–[40], and rates of 50-kHz 
calls were found to be positively correlated with the rewarding value of tickle 
stimulation as measured by instrumental approach behavior [36], [37], [39].  
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Conversely, aversive stimuli including bright light [20], [37], predatory odors 
[37], the presence of foot shock cues [29] and drugs with aversive properties 
decrease levels of 50-kHz calls [41]. Based on such evidence, Panksepp and Burg-
dorf [40] suggested that 50-kHz calls might provide an archaic form of human 
laughter (“rat laughter”), which might serve as an index of the animal's subjective 
state [2]. Thereby, 50-kHz calls might provide a new and unique measure for 
analyzing natural reward circuits in the brain [29], [30], [42].

Recently, however, it was shown that 50-kHz calls can also occur in situations 
that are not necessarily pleasurable or even mildly aversive to rats. Thus, it was 
found that 50-kHz calls were emitted during short social isolation in the animal's 
own, or in a new soiled or fresh housing cage, irrespective of whether the animal's 
motivational status was high or low, i.e. irrespective of whether the animal was 
food-deprived or fed ad libitum [40], [43]. Also, during testing in an open field 
and an elevated plus maze 50-kHz calling was observed [43]. These findings are 
in line with observations of 50-kHz calls in various experimental controls, like 
naïve rats that were placed into a test arena containing fresh bedding [24], [44], 
or saline-injected rats in drug studies [33]–[35], [41]. Remarkably, the propensity 
to call differed dependent on the time-point of the last social contact, i.e. rats 
emitted 50-kHz calls primarily initially after separation from the cage mate [43]. 
Finally, it was found that not only the animal, which was isolated in a new hous-
ing cage emitted 50-kHz calls, but also the cage mate that remained alone in the 
home cage after the removal of the test rat [43]. These findings corroborated the 
idea that 50-kHz calls serve for communicative purposes, e.g. to (re)establish or 
keep contact.

A social function of rat USV was already confirmed successfully by perform-
ing playback studies in pups [45]–[47]. In adult rats, it was shown that the pre-
sentation of natural 22-kHz calls or 20-kHz sine wave tones can activate the fight/
flight/freeze system [48]–[53]. However, little is known about the effects of 50-
kHz calls on the behavior of the receiver. Schleidt [54] found that diverse artificial 
ultrasonic stimuli elicit Preyer's reflex, i.e. twitches of the auricles, in rats, and 
Thomas et al. [55] observed a suppression of instrumental bar pressing and brady-
cardia when artificial 50-kHz tones were presented. Apart from these early stud-
ies, responses to playback of high-frequency ultrasonic stimuli have been studied 
primarily within the sexual context. Here, changes in approach behavior [56], 
[57], proceptive behavior [22], [25], [27] and ultrasonic calling were observed 
[58]. Finally, two recent studies in non-sexual contexts obtained incongruent re-
sults. Burgdorf et al. [32] found that rats show instrumental behavior to receive 
playback of 50-kHz calls, whereas Endres et al. [59] did not find overt behavioral 
effects of 50-kHz playback.
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The aim of the present study was to test the communicative value of 50-kHz 
calls by measuring overt and calling behavior during playback of such calls. As 
a testing environment, we used an unbaited radial-arm maze, since this appara-
tus had proven its usefulness in a previous experiment, where we had tested the 
behavioral effects of presenting pup 40-kHz calls to rat dams [47]. Here, it was 
hypothesized that presentations of 50-kHz calls induce locomotor activity and 
ultrasonic calling, whereas 22-kHz calls induce locomotor inhibition and a reduc-
tion in ultrasonic calling (Exp. 1). Furthermore, it was hypothesized that the 50-
kHz call induced activation is stimulus-directed, i.e. that animals will approach 
the source of 50-kHz calls while calling themselves. Also, we assumed that the 
behavioral response is dependent on subject- and call-related features. Regarding 
subjects, we used juvenile (Exp. 1 & 2) and adult rats (Exp. 3), expecting stronger 
behavioral responses in juvenile rats, where 50-kHz calls occur in great numbers 
[37]. To test the effect of call features, natural 50-kHz calls and artificial sine wave 
tones (i.e. “calls” without amplitude and frequency modulation) were used (Exp. 
2 & 3). In accordance to a bulk of evidence showing that primarily frequency 
modulated 50-kHz calls are linked to a positive affective state [30], [32], [42], it 
was expected that they can induce approach behavior. However, it was expected 
that flat 50-kHz signals might also induce approach behavior, since it was shown 
that flat calls are predominantly emitted after separation from the cage mate, sug-
gesting that this call serves as a contact call [40], [43].

materials and methods 
Animals and housing

In total, 68 male Wistar rats (HsdCpb:WU, Harlan-Winkelmann, Borchen, Ger-
many) served as subjects. In Exp. 1, 12 juvenile male rats were used, weighing 
66.7±2.5 g (range: 52.5–76.5 g; about 25 days of age) on the test day. Twenty 
juvenile male rats were used in Exp. 2, weighing 80.9±1.5 g (range: 66.0–91.0 
g; about 27 days of age) on the test day. Finally, 36 adult male rats were used in 
Exp. 3, weighing 320.5±6.3 g (range: 273.0–422.0 g; about 12 weeks of age) 
on the test day. All animals were naïve, except for animals of Exp. 2, which were 
separated from mother and litter two times for 10 min on postnatal day 11. 
Animals were housed in groups of 5 (Exp. 2) or 6 (Exp. 1 & 3) on Tapvei peeled 
aspen bedding (indulab ag, Gams, Switzerland) in a Macrolon type IV cage (size: 
378×217×180 mm, plus high stainless steel covers). Lab chow (Altromin, Lage, 
Germany) and water (0.0004% HCl-solution) were available ad libitum. Animals 
were housed in an animal room with a 12:12 h light/dark cycle (lights on 7–19 h) 
where the environmental temperature was maintained between 20–25° Celsius. 
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Prior to testing, all animals were handled for 3 days in a standardized way (5 min 
each day).

experimental setting

Testing was performed on a radial maze of gray plastic with 8 arms (9.8×40.5 
cm) extending radially from a central platform (diameter: 24 cm), which was 
elevated 52 cm above the floor (for details see: [60]). Acoustic stimuli were pre-
sented through an ultrasonic speaker (ScanSpeak, Avisoft Bioacoustics, Berlin, 
Germany) using an external sound card with a sampling rate of 192 kHz (Fire 
Wire Audio Capture FA-101, Edirol, London, UK) and a portable ultrasonic 
power amplifier with a frequency range of 1–125 kHz (Avisoft Bioacoustics). The 
loudspeaker had a frequency range of 1–120 kHz with a relatively flat frequency 
response (± 12 dB) between 15–80 kHz. It was placed 20 cm away from the end 
of one arm at a height of 52 cm above the floor. Testing was performed under red 
light (approximately 11 lux in the center of the maze and between 9 and 12 lux in 
the arms) in a testing room with no other rats present.

All behavioral tests were conducted between 9–17 h. Prior to each test, be-
havioral equipment was cleaned using a 0.1 % acetic acid solution followed by 
drying.

Acoustic stimuli

The following four acoustic stimuli were used: 50-kHz calls, 50-kHz sine wave 
tones, 22-kHz calls, and background noise (see Fig. 1). All stimuli were presented 
for 1 min with a sampling rate of 192 kHz in 16 bit format. Calls and tones were 
presented at about 69 dB (measured from a distance of 40 cm), and noise was 
presented with about 50 dB, which corresponds to the background noise during 
playback of the other stimuli.

50-khz Calls

Throughout playback, 221 natural 50-kHz calls (total calling time: 15.3 s) were 
presented. The presentation was composed of a sequence of 3.5 s, which was 
repeated for 1 min, i.e. 17 times, to assure the presentation of a high number of 
frequency-modulated calls within a relatively short period of time. Each sequence 
contained 13 calls (total calling time: 0.90 s). Out of these, 10 were frequency-
modulated and 3 were flat, and had the following features: call duration 0.07±0.01 
s (mean±SEM); peak frequency: 61.24±1.75 kHz; bandwidth: 4.63±1.21 kHz; 
frequency modulation: 31.68±4.62 kHz. These calls had been recorded from a 
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male Wistar rat during exploration of a cage containing scents from a cage mate 
(for setting and recording see: [43]).

Figure 1. Exemplary spectrograms of the four types of acoustic stimuli presented, namely (from top to down): 
natural 50-kHz calls, artificial 50-kHz sine wave tones, natural 22-kHz calls, and background noise.

50-khz tones

50-kHz sine wave tones were generated with the computer software SASLab Pro 
(version 4.2, Avisoft Bioacoustics) by replacing all calls through sine wave tones. 
In detail, each given call was replaced by a sine wave tone with identical duration, 
frequency, amplitude, etc. Thus, the signal had the same temporal patterning and 
was identical to the 50-kHz call signal with respect to all call features, apart from 
the fact that the tones were not amplitude and frequency modulated as the natural 
50-kHz calls.
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22-khz Calls

Throughout playback, 29 natural 22-kHz calls (total calling time: 34.25 s) 
were presented. These calls had the following acoustic parameters: call duration 
1.18±0.06 s; peak frequency: 23.61±0.07 kHz; bandwidth: 1.37±0.05 kHz; fre-
quency modulation: 1.90±0.09 kHz. Their presentation was not composed of a 
repeated sequence, since in case of the long 22-kHz calls potential information, 
which is contained in temporal patterning is likely lost through sequencing. These 
calls had been recorded from a male Wistar rat after applications of foot-shocks 
(for setting and recording see: [10]).

noise

Since all three acoustic stimuli presented contained background noise, i.e. sounds, 
which occur when a rat is exploring an arena with bedding, background noise 
without calls or tones was presented to control for its possible effects.

experimental Procedure

A given animal was placed onto the central platform of the radial maze, facing 
the arm opposite to the loudspeaker. After an initial phase of 15 min where no 
acoustic stimuli were presented (termed habituation), the rat was exposed to three 
presentations of acoustic stimuli for 1 min, each followed by an inter-stimulus-
interval of 10 min.

Between sub-groups of subjects, different orders of stimulation presentation 
were used to account for the possible impact of sequence effects. In Exp. 1, back-
ground noise, 22-kHz calls and 50-kHz calls were used as acoustic stimuli. They 
were presented in the following orders: a) background noise, b) 22-kHz calls, c) 
50-kHz calls (n = 6 rats), or a) background noise, b) 50-kHz calls, c) 22-kHz calls 
(n = 6). In Exp. 2 and 3, where background noise, 50-kHz sine wave tones and 
50-kHz calls were tested used, they were presented either in the order a) back-
ground noise, b) 50-kHz sine wave tones, c) 50-kHz calls (Exp. 2: n = 6; Exp. 
3: n = 12), or a) background noise, b) 50-kHz calls, c) 50-kHz sine wave tones 
(Exp. 2: n = 6; Exp. 3: n = 12), or a) 50-kHz calls, b) 50-kHz sine wave tones, c) 
background noise (Exp. 3: n = 12), or a) 50-kHz calls, background noise, 50-kHz 
sine wave tones (Exp. 2: n = 7). One animal was excluded from analysis of Exp. 2 
due to incorrect presentation of acoustic stimuli.

We abstained from depicting the order of stimulus presentation in detail, 
since it had no major qualitative effects on the patterns of result, i.e. behavioral 
responses towards 22-kHz calls and 50-kHz calls were similar over all positions 
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(Mann-Whitney-U-test for Exp. 1 or Kruskal-Wallis-test for Exp. 2 & 3: all p-
values >.100).

recording and Analysis of Animal Activity

Behavior was monitored by a video camera (Panasonic WV-BP 330/GE, Ham-
burg, Germany) from about 150 cm above the maze, which fed into DVD re-
corder (DVR-3100 S, Pioneer, Willich, Germany).

Behavioral analysis was performed in two ways. A trained observer scored 
the videos for the time spent on the three arms proximal to or distal from the 
ultrasonic loudspeaker. Furthermore, the total distance travelled (cm), and the 
number of arm entries into the three proximal or distal arms, were analyzed 
using an automated video tracking system (Ethovision, Noldus, Wageningen, 
The Netherlands). For the automated analysis, input filters were activated to 
avoid an over-estimation of locomotor activity due to head-movements. In 
more detail, a minimal distance moved of 8 cm was used for the total distance 
travelled, whereas a minimal distance moved of 3 cm was used for the arm 
entries.

recording and Analysis of ultrasonic vocalization

Playback of acoustic stimuli and potential ultrasonic calls uttered by the rat 
under testing were monitored by two UltraSoundGate Condenser Micro-
phones (CM 16; Avisoft Bioacoustics) placed 20 cm away from the maze at a 
height of 55 cm above the floor. One out of these two was placed next to the 
loudspeaker, i.e. in front of the three proximal arms, whereas the other one 
was placed vis-à-vis in front of the three distal arms. These microphones were 
sensitive to frequencies of 15-180 kHz with a flat frequency response (± 6 dB) 
between 25–140 kHz, and were connected via an Avisoft UltraSoundGate 
416 USB Audio device (Avisoft Bioacoustics) to a personal computer, where 
acoustic data were displayed in real time by Avisoft RECORDER (version 
2.7; Avisoft Bioacoustics), and were recorded with a sampling rate of 214,285 
Hz in16 bit format.

For acoustical analysis, recordings were transferred to SASLab Pro (version 
4.38; Avisoft Bioacoustics) and a fast Fourier transform was conducted (512 FFT-
length, 100 % frame, Hamming window and 75 % time window overlap). Cor-
respondingly, the spectrograms were produced at 488 Hz of frequency resolution 
and 0.512 ms of time resolution. The numbers of 22-kHz calls and 50-kHz calls 
were counted by experienced observers.
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statistical Analysis

Non-parametric statistics were used, since several data sets were not normally dis-
tributed as indicated by the Shapiro-Wilk-test. In more detail, the Friedman-test 
for repeated measurements was calculated to test whether overt or calling behavior 
is affected by presentation of acoustic stimuli. When appropriate, the Wilcoxon-
test was used subsequently to determine whether overt or calling behavior during 
presentation of a given acoustic stimulus differ in comparison to other acoustic 
stimuli, or in comparison to phases without presentations of acoustic stimuli. For 
the last purpose, overt and calling behavior shown in the three min preceding 
stimulus application was averaged to eliminate habituation effects. Furthermore, 
the Wilcoxon-test was used to compare the entries into or the time spent on 
proximal or distal arms of the radial-maze during a given test period. Finally, 
Spearman correlation coefficients were calculated to test whether individual re-
sponses to different acoustic stimuli were stable and whether overt and calling 
behaviors were related to each other. The exact p-values of 2-tailed testing were 
taken as measures of effect.

results 
experiment 1 – Juvenile rats

This initial experiment was performed to test whether presentation of ultrasonic 
calls is effective to modify behavior in juvenile rats. Here, we used 22-kHz calls, 
for which we expected behavioral inhibition, and natural 50-kHz calls, for which 
we expected activation and orientation towards the source of stimulation.

Locomotor Activity

Locomotor activity of juvenile rats was affected by presentations of acoustic stim-
uli (see Fig. 2), since the distance travelled was dependent on a) whether acoustic 
stimuli were presented or not and b) which type of stimulus was presented. In 
detail, natural 50-kHz calls caused an increase in the distance travelled in com-
parison to test periods without presentations (Z = −2.353, p = .016), or to pre-
sentation of noise (Z = −2.934, p = .001). In contrast, locomotor activity was 
reduced when natural 22-kHz calls were presented, indicated by a decrease when 
compared versus natural 50-kHz calls (Z = −2.746, p = .003), and a trend for a 
decrease in comparison to test periods without presentations (Z = −1.955, p = 
.055), but not in comparison to presentation of noise (Z = −.415, p = .734). Fi-
nally, no difference in locomotor activity was found between test periods without 
presentations and background noise (Z = −1.070, p = .322).
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Figure 2. Locomotor activity of juvenile rats in Exp. 1. Bars depict the distance travelled during test phases 
without acoustic presentation (nothing), presentation of noise (noise), artificial 50-kHz sine wave tones (50-kHz 
tones), and natural 50-kHz calls (50-kHz calls). Values reflect means±SEM per minute. Animals of all stimulus 
orders were collapsed, i.e. n = 12. Comparisons with p<.05 are marked with asterisks: *.

Stimulus-Directed Locomotor Activity

As expected, only natural 50-kHz calls, but not natural 22-kHz calls, induced 
approach behavior. Thus, during presentations of 50-kHz calls animals en-
tered the three proximal arms in front of the loudspeaker more often than the 
three distal ones (Z = −2.456, p = .016) and spent more time in the former 
(Z = −3.059, p<.001). No preference was observed during playback of noise 
or natural 22-kHz calls (all p-values >.100). Remarkably, approach behavior 
during playback of 50-kHz calls was evident despite the fact that the animals 
showed an a-priori preference for the distal arms, indicated by more entries 
into distal arms than in proximal ones and the fact that animals spent more 
time in the distal arms than proximal ones during habituation (Z = −2.185, p 
= .026 and Z = −2.510, p = .009, respectively) and after cessation of noise (Z 
= −1.720, p = .084 and Z = −2.134, p = .032, respectively). After playback of 
22-kHz calls, no preference was found (all p-values >.100), whereas animals 
tended to stay longer in proximal arms than in distal ones after presentation 
of 50-kHz calls (Z = −1.805, p = .076; arm entries: Z = −1.660, p = .110). 
When comparing the time spent on proximal arms during playback of 22-
kHz calls and 50-kHz calls, it was found that animals spent more time on 
proximal arms during playback of 50-kHz calls (Z = −2.589, p = .007; see 
Fig. 3). This stimulus-dependent difference was also evident after cessation 
of acoustic stimuli (Z = −2.040, p = .042), indicating that 50-kHz calls can 
induce a sustained preference for the source of playback.
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Figure 3. Stimulus-directed locomotor activity of juvenile rats in Exp. 1. The time spent on the proximal arms 
in front of the loudspeaker is given for playback of natural 22-kHz calls (white bar) and natural 50-kHz calls 
(black bar) is depicted on the left. On the right, the time spent on the proximal arms in front of the loudspeaker 
is given for the 10 min after cessation of playback of natural 22-kHz calls (open symbols) and natural 50-kHz 
calls (filled symbols). Values reflect means±SEM per minute. In both cases, animals of all stimulus orders were 
collapsed, i.e. n = 12. Comparisons with p<.05 are marked with asterisks: *.

Ultrasonic Calling

During testing, 7 out of 12 animals emitted some 50-kHz calls (1.75±0.65, i.e. 
0.02±0.01 per min). However, none of them emitted 50-kHz calls during pre-
sentation of 50-kHz calls, or 22-kHz calls, and only one animal emitted a single 
call during presentation of noise, meaning that calls were predominantly emitted 
during inter-stimulus-intervals (not shown in detail).

22-kHz calls were not observed. However, calls with a similar shape and a long 
duration up to 900 ms, but an atypical high frequency, were found in one animal, 
which emitted 15 calls after cessation of presentations of 50-kHz calls (not shown 
in detail). Remarkably, it emitted also 50-kHz calls.

experiment 2 – Juvenile rats

Here, we again used juvenile subjects and tested whether behavioral activation 
and approach might not only be elicited by natural 50-kHz calls, but also by arti-
ficial 50-kHz sine wave tones which had the same temporal patterning and were 
identical to 50-kHz calls with respect to all call features, apart from the fact that 
the tones were not amplitude and frequency modulated.
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Locomotor Activity

In replication of Exp. 1, it was found that 50-kHz calls caused an increase in 
the distance travelled in comparison to test periods without presentations (Z = 
−3.662, p<.001), or to presentation of noise (Z = −3.662, p<.001; see Fig. 4). 
In contrast, playback of 50-kHz tones did not induce locomotor activation, and 
locomotor activity during presentation of 50-kHz tones was lower as during pre-
sentation of 50-kHz calls (Z = −3.340, p<.001; all other p-values >.100). Finally, 
no difference in locomotor activity was found between test periods without pre-
sentations and background noise (Z = −1.046, p = .312).

Figure 4. Locomotor activity of juvenile rats in Exp. 2. Bars depict the distance travelled during test phases 
without acoustic presentation (nothing), presentation of noise (noise), artificial 50-kHz sine wave tones (50-kHz 
tones), and natural 50-kHz calls (50-kHz calls). Values reflect means±SEM per minute. Animals of all stimulus 
orders were collapsed, i.e. n = 19. Comparisons with p<.05 are marked with asterisks: *.

Stimulus-Directed Locomotor Activity

Furthermore, it was found that locomotor activity was stimulus-directed during 
both, presentation of 50-kHz tones and natural 50-kHz calls (see Fig. 5), since 
the animals entered the three proximal arms in front of the loudspeaker more 
often than the distal ones (50-kHz tones: Z = −2.012, p = .055; 50-kHz calls: 
Z = −3.572, p<.001). Furthermore, they spent more time on the proximal arms 
than on the distal ones (50-kHz tones: Z = −3.575, p<.001; 50-kHz calls: Z = 
−3.823, p<.001). Such preferences were not observed during test periods without 
presentations, or during presentation of noise, except for a trend for a longer time 
spent on proximal arms relatively to distal ones after the cessation of presentation 
of 50-kHz calls (Z = −1.811, p = .073; all other p-values >.100).
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Figure 5. Stimulus-directed locomotor activity of juvenile rats in Exp. 2. The number of entries into the distal 
(black bars) or proximal (white bars) arms from the loudspeaker is given for habituation (HAB), inter-stimulus-
intervals (ISI), and playback of acoustic stimuli, i.e. natural 50-kHz calls (50-kHz calls), artificial 50-kHz sine 
wave tones (50-kHz tones), and background noise (noise) in the upper figure. The time spent on the distal 
(black bars) or proximal (white bars) arms from the loudspeaker is given for habituation (HAB), inter-stimulus-
intervals (ISI), and playback of acoustic stimuli, i.e. natural 50-kHz calls (50-kHz calls), artificial 50-kHz sine 
wave tones (50-kHz tones), and background noise (noise) in the bottom figure. Values reflect means±SEM per 
minute. In both cases, animals of all stimulus orders were collapsed, i.e. n = 19. Comparisons with p<.05 are 
marked with asterisks: *.

Ultrasonic Calling

During testing, 10 out of 19 animals emitted 50-kHz calls. However, call rates 
were very low (1.42±0.58, i.e. 0.03±0.01 per min), and none of them emitted 50-
kHz calls during presentation of 50-kHz tones or 50-kHz calls. Solely 1 animal 
emitted 1 single call during presentation of noise, meaning that 50-kHz calls were 
predominantly emitted during ISIs (not shown in detail).

22-kHz calls were not observed. However, calls with a similar shape and a 
long duration up to 900 ms, but an atypical high frequency, were found in some 
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few animals. Throughout the whole testing period, 3 out of 19 animals emitted 
them (1, 4 and 22 calls). Calls were primarily emitted during the presentations of 
50-kHz tones or 50-kHz calls and after cessation of presentations (not shown in 
detail). Remarkably, 2 out of the 3 animals also emitted 50-kHz calls.

experiment 3 – Adult Animals

In this final experiment, we used the same approach as in Exp.2, and asked wheth-
er 50-kHz calls or 50-kHz sine wave tones might also be effective when presented 
to adult rats.

Locomotor Activity

As in juvenile rats, locomotor activity was dependent on on a) whether acoustic 
stimuli were presented or not and b) which type of stimulus was presented (see 
Fig. 6). In detail, 50-kHz calls caused an increase in the distance travelled in com-
parison to test periods without presentations (Z = −.3833, p<.001), or to noise (Z 
= −3.976, p<.001). Furthermore, a similar increase in the distance travelled was 
observed when 50-kHz tones were presented (in comparison to periods without 
presentations: Z = −3.620, p<.001; in comparison to presentation of noise: Z = 
−3.548, p<.001). Remarkably, the distance travelled did not differ between pre-
sentations of 50-kHz tones and 50-kHz calls (Z = −.131, p = .903). Finally, no 
difference in locomotor activity was found between test periods without presenta-
tions and background noise (Z = −1.456, p = .150).

Figure 6. Locomotor activity of adult rats in Exp. 3. Bars depict the distance travelled during test phases without 
acoustic presentation (nothing), presentation of noise (noise), artificial 50-kHz sine wave tones (50-kHz tones), 
and natural 50-kHz calls (50-kHz calls). Values reflect means±SEM per minute. Animals of all stimulus orders 
were collapsed, i.e. n = 36. Comparisons with p<.05 are marked with asterisks: *.
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Stimulus-Directed Locomotor Activity

Locomotor activity was stimulus-directed during presentations of 50-kHz tones 
and 50-kHz calls (see Fig. 7), since the animals entered the three proximal arms 
in front of the loudspeaker more often than the three distal ones (Z = −4.110, p 
= .001 and Z = −3.155, p<.001, respectively). Also, they spent more time on the 
proximal arms (50-kHz tones: Z = −2.575, p = .008; 50−kHz calls: Z = −2.516, p 
= .010). Such preferences were not observed during test periods without presenta-
tions or presentation of noise (all p-values >.100).

Figure 7. Stimulus-directed locomotor activity of adult rats in Exp. 3. The number of entries into the distal 
(black bars) or proximal (white bars) arms from the loudspeaker is given for habituation (HAB), inter-stimulus-
intervals (ISI), and playback of acoustic stimuli, i.e. natural 50-kHz calls (50-kHz calls), artificial 50-kHz sine 
wave tones (50-kHz tones), and background noise (noise) in the upper figure. The time spent on the distal 
(black bars) or proximal (white bars) arms from the loudspeaker is given for habituation (HAB), inter-stimulus-
intervals (ISI), and playback of acoustic stimuli, i.e. natural 50-kHz calls (50-kHz calls), artificial 50-kHz sine 
wave tones (50-kHz tones), and background noise (noise) in the bottom figure. Values reflect means±SEM per 
minute. In both cases, animals of all stimulus orders were collapsed, i.e. n = 36. Comparisons with p<.05 are 
marked with asterisks: *.

Ultrasonic Calling

During testing, 26 out of 36 animals emitted 50-kHz calls (5.44±2.49, i.e. 
0.11±0.05 per min). Out of these, 8 animals emitted 50-kHz calls during  
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presentation of 50-kHz tones or 50-kHz calls, but none animal emitted 50-kHz 
calls during presentation of noise. Remarkably, 50-kHz calling was affected by 
presentations of acoustic stimuli (see Fig. 8). Call emission was higher during 
presentations of 50-kHz calls than during testing periods without presentation (Z 
= −2.157, p = .047) or presentation of noise (Z = −2.410, p = .016), whereas call 
emission during presentations of 50-kHz tones did not differ from any other test 
period (all p-values >.100), indicating that only playback of 50-kHz calls induced 
50-kHz calling. Finally, no difference in calling behavior was found between test 
periods without presentations and background noise (Z = −1.414, p = .500).

Figure 8. Ultrasonic calling of adult rats in Exp. 3. Bars depict the number of 50-kHz calls emitted by the subject 
under study during test phases without acoustic presentation (nothing), presentation of noise (noise), artificial 
50-kHz sine wave tones (50-kHz tones), and natural 50-kHz calls (50-kHz calls). Values reflect means±SEM 
per minute. Animals of all stimulus orders were collapsed, i.e. n = 36. Comparisons with p<.05 are marked with 
asterisks: *

Interestingly, 50-kHz calling was related to activity and approach behavior 
during presentations of 50-kHz tones and 50-kHz calls. In detail, during presen-
tation of 50-kHz tones the number of 50-kHz calls emitted was positively cor-
related with the distance travelled (rho = .394, p = .017), the number of entries 
in proximal arms (rho = .404, p = .014) and the time spent there (rho = .346, p = 
.039), but not with the number of entries in distal arms (rho = .043, p = .803) and 
the time spent there (rho = .314, p = .062). During presentations of 50-kHz calls, 
the number of 50-kHz calls emitted by the subject under study was positively cor-
related with the distance travelled (rho = .345, p = .039), the number of entries in 
proximal arms (rho = .386, p = .020) and tended to correlate with the time spent 
there (rho = .299, p = .076), but no with the number of entries in distal arms (rho 
= .017, p = .922) and the time spent there (rho = −.147, p = .392) were observed. 
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No correlations between 50-kHz calling and locomotor activity and the direction 
of locomotor activity were found during habituation (all p-values >.050).

22-kHz calls were very rarely observed. Throughout the whole testing period, 
only 2 out of 36 animals emitted them. One of them emitted 9 calls after cessa-
tion of the presentation of 50-kHz tones, the other one emitted 2 calls after cessa-
tion of the presentation of 50-kHz calls (not shown in detail). Remarkably, both 
animals emitted not only 22-kHz calls, but also 50-kHz calls. Actually, the first 
one displayed the highest number of 50-kHz calls throughout the whole testing 
period (90 calls), but also throughout the presentations 50-kHz tones (22 calls) 
and 50-kHz calls (32 calls).

discussion 
Our results demonstrate for the first time that 50-kHz calls can induce approach 
behavior and ultrasonic calling in non-sexual contexts, whereas 22-kHz calls in-
duced a reduction in locomotor activity.

Playback of 22-khz Calls induce Behavioral inhibition

The present findings are in line with several previous ones, which have already 
shown that 22-kHz calls can activate the fight/flight/freeze system. Dependent on 
the strain of the receiver, 22-kHz calls can induce behavioral inhibition [48]–[51], 
or bursts of locomotor running and jumping, which are characteristic of defence 
behavior [49], [50], [52], [53]. However, it has to be noted that studies using 
natural 22-kHz calls obtained only a moderate reduction of locomotor activity 
[48], [51], [59], which is in line with the relatively weak effects of 22-kHz calls 
found here. From these results, one should not conclude that 22-kHz calls do not 
provide important signals for the recipient; rather, one should assume that their 
salience depends on additional features like a given social context [5], or whether 
they are linked to critical experiences [59].

Playback of 50-khz Calls Can induce Activation and 
Approach

Studies on the behavioral effects of 50-kHz calling using playback methods were 
predominantly conducted in the sexual context. Here, it was found that dart-
ing behavior and approaches toward the partner increased in frequency when 
the female was devocalized, but decreased when tape recorded female ultrasonic 
calls were presented [56], [57]. With respect to male USV, it was shown that  
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devocalization of male rats resulted in a reduction of female proceptive behavior 
[61], and playback of 50-kHz calls restored proceptive behavior in oestrus females 
[23], [25], [27].

The few studies, which were conducted in a non-sexual context, however, ob-
tained very weak or no playback-induced effects on overt behavior. Thus, early 
studies using artificial ultrasonic stimuli observed Preyer's reflex [54], or a sup-
pression of instrumental bar pressing and bradycardia [55], possibly reflecting an 
unspecific orienting response. Finally, a recent study by Endres et al. [59], did 
not observe any change in overt behavioral activity when natural 50-kHz calls 
were presented in comparison to other acoustic stimuli, like white noise or even 
22-kHz calls. Therefore, the present study is the first one, which clearly shows 
that 50-kHz calls can affect overt and calling behavior in a non-sexual context. 
In accordance to the hypothesis that 50-kHz calls serve communicative purposes 
[44], [62], [63], we found that animals increase locomotor activity and approach 
the source of the stimulus, resembling mothers when searching for their pups in 
response to isolation-induced pup calls [45], [46], [47].

Furthermore, we showed that playback of 50-kHz calls can elicit ultrasonic 
calling by the recipient subject, which is in line with findings by White et al. 
[58] showing that male 50-kHz calls can elevate female calling. Thus, the pres-
ent findings clearly indicate that the communicative value of 50-kHz calls is not 
restricted to sexual interactions. Therefore, it can be concluded that differences 
between sexual and non-sexual contexts are not responsible for the conflicting 
findings. Possible reasons for the lack of evidence in previous studies might be 
due to the type of stimulus material and playback technology used in the early 
playback work [54], [55], or the experimental setting used in the study of Endres 
et al. [59], who mounted their loudspeaker above the testing arena and not at the 
side, as done here. Possibly, 50-kHz signals coming from the horizontal axis might 
provide a more naturalistic signal for the recipient than calls coming from above.

Frequency modulation is not necessary for eliciting 
Approach Behavior

The fact that 50-kHz calls induced approach behavior clearly indicates that these 
calls were appetitive, which is in line with findings by Burgdorf et al. [32] who 
showed that rats show instrumental behavior to receive 50-kHz calls. There, fre-
quency-modulated, but not flat 50-kHz calls were effective, whereas the present 
results demonstrate that 50-kHz signals with and without amplitude and fre-
quency modulation are appetitive, since artificial 50-kHz sine wave tones also 
induced approach behavior. Despite the fact that natural 50-kHz calls tended 
to be more efficient in eliciting behavioral changes, amplitude and frequency  
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modulation is apparently not a necessary prerequisite for the appetitive value of 
50-kHz calls. Therefore, the present results are more in accordance with the as-
sumption that a whole bundle of call features is responsible for the information, 
which is conveyed by such calls. We suggest, therefore, a compensatory model for 
50-kHz calls, which states that the whole signal information is not lost when a 
specific call feature is missing, what would be predicted on the basis of the alterna-
tive conjunctive model.

Alternatively, one could assume that both, flat and frequency modulated calls, 
might be appetitive, but that the value of the latter is perhaps higher than that 
one of flat calls, a difference which is more likely to be detected in tests, like the 
one used by Burgdorf et al. [32], where the animal can actively chose between 
playback of different call varieties. Another explanation is that peak frequency 
rather than frequency-modulation is critical for the appetitive value of 50-kHz 
calls, since Burgdorf et al. [32] showed that frequency-modulated and flat calls 
also differ in their peak frequency. In the present study, only the amplitude and 
frequency modulation of calls was removed, but mean peak frequency remained 
unchanged, meaning that the 50-kHz sine wave tones used here had a peak fre-
quency, which is typical for frequency-modulated calls. Actually, Brudzynksi [64] 
has suggested that, apart from call number, peak frequency is involved in coding 
the quantitative aspect of the sign function of 50-kHz calls, since peak frequency 
can be modulated by pharmacological agents, like glutamate [65].

Juvenile rats respond more strongly to 50-khz Calls than 
Adult rats

Furthermore, we found that effects on overt behavior were more pronounced in 
juvenile rats than in adult rats. This age-related difference is even more impres-
sive, when considering the relatively small number of young animals and the fact 
that the effect was evident irrespective of whether 22-kHz calls were presented in 
the same test or not. The difference in approach behavior between juvenile and 
adult rats is possibly reflecting a decrease in social interest in function of ageing. 
In fact, a reduced level of gregariousness among older individuals was consistently 
found in mammals. For instance, in a wide variety of primate species, aging leads 
to active withdrawal from social interactions and an increase in time spent alone 
[66]–[68]. Similar changes in function of age were also found in rats and mice. 
Thus, Salchner et al. [69] were able to show that aged rats spent considerably less 
time in active social interaction than young rats. Recently, Moles et al. [70] rep-
licated this finding in mice. Interestingly, they did not only observe a decrease in 
the time spent investigating the partner, but also in the number of USV.
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Furthermore, the stronger overt behavioral response in juvenile rats is in ac-
cordance with observations that 50-kHz calls occur predominantly in juvenile 
rats [37]. However, it remains unclear why young animals do not vocalize at all 
during playback of 50-kHz calls, whereas adult rats displayed ultrasonic calling 
in response to playback. One point, which might be of relevance in this context, 
is that the 50-kHz calls presented where emitted by adult rats, and it seems to be 
possible that call characteristics may convey information about age and status. 
Apart from these differences between juvenile and adult rats, it was observed that 
adult rats responded similarly to 50-kHz sine wave tones as to natural 50-kHz 
calls, whereas the response toward the artificial tones was not as strong as toward 
the natural calls in young animals. This difference might be due to a reduced 
acoustic sensitivity and plasticity in adult animals [71].

50-khz ultrasonic Calling and social Approach

Rats are gregarious. For instance, two rats placed together in a large chamber 
spend substantially more time together than would be expected by chance, and 
are more attracted to other rats than to physical objects [72], [73]. Obviously, 
social approach is crucial for establishing and maintaining relationships among 
individuals. The present findings indicate that the emission of 50-kHz calls is 
an important element in the evolvement of social relationships in rats. In fact, 
50-kHz calls are typically emitted during social interactions, like reproductive be-
havior [21], [23], [25]–[28], juvenile play [19], [20] and tickling [36]–[40]. That 
emission of 50-kHz calls is functional for these behaviors is indicated by studies 
showing that deafening or devocalizing rats can affect reproductive behavior [23], 
[25], [27], [28], [56], [61] and reduces rough-and-tumble play [74]. Correspond-
ingly, it was found that animals prefer to spend more time with other animals 
that vocalize a lot rather than with those that do not [75]. Furthermore, rats emit 
50-kHz calls when entering areas where social contact has previously occurred 
[22], [24], [44], [76], [77]. Remarkably, the present findings nicely fit into earlier 
studies where it was shown that adult rats emit 50-kHz calls after separation from 
the cage mate, indicating that such calling serves to (re)establish or keep contact 
[43]. Similar conclusions can be drawn for mice, where USV was found during 
mating and social exploration [70], [78]–[81]. Interestingly, Panksepp et al. [80] 
observed that high-frequency calling in mice is positively correlated with social 
investigation. Furthermore, Moles and D`Amato [79] have shown that social in-
vestigation and the number of ultrasonic calls can be modulated by manipulating 
the attractiveness of the test partner. They have suggested, therefore, that ultra-
sonic calls facilitate proximity between animals, which helps to acquire relevant 
social information.
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The study of social approach in laboratory animals can help to reveal bio-
chemical, genetic and environmental factors underlying neuropsychiatric disor-
ders such as depression, autism and Rett syndrome, since these are characterized, 
among others, by social deficits and loss of desire to engage in social interactions 
[82]. Bearing in mind the wealth of evidence implicating 50-kHz calls as a key 
element of social interactions in rats, it is noteworthy that the measurement of 
behavioral responses toward playback of 50-kHz calls provides a rather unique 
opportunity to study the determinants of social interest by using a standardized 
non-social test, i.e. without confounding effects of a partner. For instance, it is 
possible to model two core symptoms of the autistic syndrome, namely lack of 
social interest and communicative deficits [83], [84].

Conclusion
The present findings clearly show that 50-kHz calls can induce approach behavior 
and ultrasonic calling in male rats. Thus, the hypothesis that such 50-kHz calls 
serve for communicative purposes, for example, to (re)establish or to keep contact 
with conspecifics, is supported.
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ABstrACt
Background

We investigated the effects of energetic constraints on the breeding behavior of 
male European treefrogs Hyla arborea and how calling males allocated addi-
tional energy supplied by feeding experiments.

Results

Presence in the chorus was energetically costly indicated by both fed and un-
fed males losing weight. Males that were supplied with additional energy did 
not show longer chorus tenure. Instead, fed males returned sooner to the cho-
rus. Additionally, fed males called more often than control males, a novel  
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response for anurans. A significantly higher calling rate was noted from males 
even 31 nights after supplementary feeding.

Conclusion

This strategy of allocating additional energy reserves to increasing calling rate 
is beneficial given the preference of female hylids for males calling at high rates 
and a female's ability to detect small incremental increases in calling rate.

Background
How organisms acquire resources and allocate them to the demands of mainte-
nance, defence, repair, storage, growth and reproduction are central questions 
in physiological ecology [1]. After energy and nutrients have been partitioned 
between these major demands, further allocations can be made. For example, 
investing in reproduction will vary according to age and energetic status with im-
portant fitness consequences. Numerous studies have reported morphological and 
behavioral attributes influencing male mating success that include display rates 
[2], body size [3-6], body condition [7,8], lek centrality [5,9] and lek attendance 
[10-13]. Many of these attributes reflect how males can acquire energy and how 
they allocate it during the reproductive season.

Male anurans are especially interesting subjects to study how energy is parti-
tioned for reproduction, because calling is energetically very expensive [14] and 
acoustic energy can easily be partitioned between call duration, calling rate, call 
amplitude, number of hours calling within a night, number of nights calling 
within a breeding season, and the number of breeding seasons in attendance.

In anurans, inter- and intrasexual selection are important determinants of 
mating success [15,16]. In most species of anurans with a lek mating system stud-
ied to date, male mating success is determined by the number of nights that a 
male is present in a breeding aggregation, i.e. chorus tenure [17]. Thus, there 
should be strong selection on males to increase their chorus tenure. Paradoxically, 
males of most anuran species spend less than 20% of the breeding season in the 
chorus [17,18].

A variety of hypotheses have been suggested that might explain short chorus 
tenure in anurans [13,19]. First, high rates of mortality within and away from 
the chorus are one hypothesis. Second, chorus tenure could be underestimated if 
males move between ponds and monitoring is restricted to a single chorus. The 
energetic limitation hypothesis offers a third explanation for short chorus tenure 
in anurans. Males may need to allocate the available energy into the maintenance 
of vital processes and growth with limited energy reserves left for reproduction 
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and attracting females. Since calling is energetically very costly [14], males will 
not be able to maintain high rates of calling, or be present in the chorus on many 
nights, conditions that are necessary to attract females.

So far, studies of energy allocation in anurans have concentrated on the effects 
of energetic constraints on body condition and chorus tenure. Short term alloca-
tion strategies such as modulating the number of calls produced during nightly 
chorus attendance or varying calling rates have received less attention [20-22]. If 
calling rate and chorus tenure of a male are positively correlated with his repro-
ductive success, there should be a trade-off between both parameters since males 
will be unlikely to be able to allocate unlimited energy to both behaviors. Males 
should allocate energy preferentially to the strategy that most strongly affects male 
mating success.

In this paper we investigate the effects of energetic constraints on breeding 
behavior of male European treefrogs, Hyla arborea (Linnaeus, Anura: Hylidae), 
a species of considerable conservation interest [23,24]. We hypothesized that if 
breeding behavior is energetically limited, then males should lose body condition 
between their first and last night in the breeding chorus. If additional energy is 
provided experimentally, then fed and unfed males should have different final 
conditions and different rates of change in condition. If the prime target of selec-
tion is to increase chorus tenure, then males provided with food should be in the 
chorus more nights than unfed males. In addition, fed males should return to the 
chorus sooner than unfed males. If the prime target of selection is to call at high 
rates and thus out-compete other males, then fed males should allocate the avail-
able energy to calling on few nights and should have a higher rate of calling than 
unfed males.

results
Body Condition

The mean snout-vent length and tibiafibula length of captured males was 41 ± 2 
mm (N = 45) and 21 ± 1 mm (N = 45), respectively. The average initial weight 
was 5.65 ± 0.78 g. The median initial body condition was 0.09 g for Fed1, 0.05 g 
for Fed2 and -0.04 g for the control males. Males in the three groups did not dif-
fer in their initial body condition (Kruskal-Wallis: H = 0.8, N = 43, p > 0.05).

No significant relationship was detectable between the first noted presence at 
the pond and the condition that same day (Pearson correlation: r = -0.21, N = 44, 
p > 0.05). However, the control males (paired t-test: T = 2.47, N = 16, p < 0.05) 
as well as Fed1 males (paired t-test: T = 2.81, N = 8, p < 0.05) and Fed2 males 
(paired t-test: T = 3.48, N = 10, p < 0.01) lost weight significantly during the 
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season (Table 1). The average final condition was not influenced by feeding (Table 
1). Fed as well as unfed males were in the same condition at the end of the season 
(ANOVA: F = 0.28, N = 34, p > 0.05). In addition, the supply of supplementary 
energy showed no influence on the rate of change in body condition (Kruskal-
Wallis: H = 1.29, N = 35, p > 0.05; Table 1).

Chorus Tenure

In 2002, chorus tenure varied between the individual males. The median chorus 
tenure for Fed2 was 5.5 nights; for the control males and Fed1 the median chorus 
tenure was 7 nights (Fig. 1). Thus, both the control males and Fed1 males were 
present in the chorus for only 18.4% of the possible time. Fed2 spent only 14.5% 
of the nights in the chorus. Five males were only present 1 night (one Fed1-, two 
Fed2- and two control males). On average, control males stayed 19.2 nights in the 
calling aggregation (first until final night). This time interval amounted to 19.0 
nights for Fed1 and to 12.3 nights for Fed2.

Figure 1. Male chorus tenure. Chorus tenure of males according to their treatment group (Fed1; Fed2; Control) 
in the year 2002 (medians, 1. and 3. quartile); the values insight the figure indicates the sample size.

There were no significant differences in chorus tenure between the treatment 
groups (Anova: F = 0.617, N = 42, p > 0.05). Males, which were fed, did not 
return to the chorus for more nights compared to males that were not provided 
with extra food.
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Among the fed males (Fed1 and Fed2 pooled) the mass of consumed crickets 
(and thus the quantity of energy taken in) did not explain chorus tenure (linear 
regression: r2 = 0.054; T = -1.1, N = 23, p > 0.05). Males that had consumed 
more energy did not stay in the chorus longer than males that had taken up less 
energy.

For fed males, the median number of nights between the treatment night and 
the first night that they returned was 1. Control males were absent longer (median 
= 2). Fed males returned back into the chorus after a significantly shorter time 
(Mann-Whitney U-test: N1 = 21, N2 = 17, U = 109, p < 0.05; Fig. 2).

Figure 2. Number of nights between treatment and return. Number of nights between the treatment night of 
the males and the first night, they returned to the chorus in 2002 according to their treatment group (Fed1 + 
Fed2 (Fed); control); median, 1. and 3. quartile and also outlier are shown; the values insight the figure indicates 
the sample size.

Calling rate

Additional available energy was invested into the rate of calling. Control males 
had a significantly lower calling rate than fed males (Fed1 and Fed2 pooled; paired 
t-test: N = 8, T = -3.1, p < 0.05; Fig. 3). This difference in calling rate was shown 
despite the often long delay (1 to 31 nights) between call recordings and feeding 
treatment. In 2002, the recordings were taken between a time period of 1 to 31 
nights (median = 21 nights) after the treatment; in 2003 they were taken 1 to 2 
nights (median = 1.5 nights) after the treatment.
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Figure 3. Calling rate. Calling rates of paired males according to their treatment group (white bars: Fed1 and 
Fed2 (Fed); black bars: Control); the numbers indicates the chorus tenure of the males until recordings were 
taken.

Control males that entered the analysis called at a rate of 95.5 ± 32.3 calls/min, 
whereas fed males called at 124 ± 36.9 calls/min. Fed1 males received a median of 
0.078 g crickets. With an assimilation efficiency of 0.76 [25] this corresponds to 
a median energy input of 463.62 J. With an average weight of 5.6 g and an aver-
age oxygen consumption during calling of 1.076 ml/g·h [20] a call corresponds to 
0.0157 J (conversion: 1 litre of used up O2 = 20.08 KJ [26]. With a mean calling 
rate of 102.2 calls/min males took up enough energy for a further 29,400 calls. 
Fed2 males consumed a median of five crickets corresponding to 0.25 g, whereby 
they received sufficient energy for an additional 94,250 calls.

mating success

During the reproductive season we observed six pairs in amplexus. Two fed males 
and two control males paired once and one fed male paired twice. Within this 
representative sample, the mating success of a male was positively correlated with 
his chorus tenure (Spearman rank correlation: rS = 0.51, N = 44, p < 0.001).

discussion
For male tree frogs Hyla arborea, the number of nights they stayed within the 
chorus was a crucial factor for their mating success. However, males showed an 
short chorus tenure [24,27,28], which is typical of most anurans [13,17,29]. At 
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first the results seem paradoxical. If males can increase their mating success by 
an increased chorus tenure, why then are they absent during the largest part of 
the reproductive season? As a possible explanation we tested the hypothesis of 
energetic limitation. Under this hypothesis males would exhibit reduced chorus 
tenure, because they are not able to compensate the energetic costs of calling (i.e. 
by foraging).

As in many other anurans [14] chorus attendance was energetically expen-
sive for male European tree frogs [20]. Males lost significant mass during the 
investigation period. On average, they lost 0.12 – 0.41 g between their first and 
last night in the chorus. With a mean weight of 5.65 g males lost between 0.12 
– 0.53% of their body mass each night. But fed and unfed males did not differ 
in final condition or in the rate of change in condition. These results show that 
males do not invest the energy gained by supplementary feeding into maintaining 
or establishing energy reserves.

H. arborea males can reach momentary rates of oxygen consumption 41-times 
resting rate during calling [20]. These are the highest aerobic scopes measured so 
far in any ectothermic vertebrate. The high energetic cost of calling forces males 
to trade-off call duration, calling rate, call amplitude, number of hours calling 
within a night, number of nights calling within a breeding season, and the num-
ber of breeding seasons in attendance. Our study shows, that male H. arborea in-
vest additional energy obtained from food in two ways: they return to the chorus 
sooner and increase their calling rate.

As in this study, similar feeding experiments of Rana catesbeiana [30], Rana 
clamitans [31] and Physalaemus pustulosus [32] showed no increase in male cho-
rus tenure. In contrast, Murphy [33] found an increased chorus tenure due to 
supplementary feeding in Hyla gratiosa. In Hyla arborea, the energy input seems 
to have had a short term effect on a male's presence at the pond. Fed males re-
turned back to the chorus after significantly fewer nights than control males sug-
gesting that fed males were able to recover from calling activity sooner.

Calling rate is an important determinant of female choice in most anurans 
[15,16]. In behavioral tests, females of most anuran species that have been tested 
prefer males that call at high rates. This preference is generally robust even under 
acoustically complex field conditions (reviewed by [34]).

If males can increase their reproductive success by calling at higher rates, they 
should do so if they have sufficient energy reserves. Hyla arborea is the first anuran 
known to allocate supplementary food to calling rate. Males which were supplied 
with additional energy by supplementary feeding, showed significantly higher 
calling rates than the control males (Fig. 3). Fed males showed an average calling 
rate of 124 calls/min, whereas control males produced an average of 95.5 calls/
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min. It is remarkable, that this difference concerning the calling rate was still de-
tected several days after feeding. In the first year of the study, calling rate was re-
corded between the 1st and 31st night after males had been fed. In all cases, males 
seemed to allocate the additional energy in increased calling rate over a period of 
many nights instead of investing all the energy immediately during the first few 
nights following feeding.

This strategy of measured energy allocation provides males with the ability to 
call at higher rates than their competitors and thus remain attractive over many 
nights. Females of other hylids have been shown to prefer males calling at high 
rates [15]. A large difference in calling rate in comparison to competitors, how-
ever, does not translate proportionally to mating success. In Pseudacris crucifer 
[35] and Hyperolius marmoratus [36] females are able to discriminate differences 
in calling rate of just 12 calls/min (16% difference) and 7 calls/min (15.6% dif-
ference), respectively. Additional increases in calling rate did not further increase 
female preferences. Selection should therefore favour the strategy of a slightly 
increased calling rate (compared to any competitors), which could be kept up not 
only for one night but several [37].

In our study, the difference in calling rates of fed males and control males 
with the same total chorus tenure suggests a trade-off between calling effort 
and chorus tenure. In this context it would be interesting to determine if 
and to what degree higher calling rates are preferred by female European tree 
frogs.

Friedl [38] was not able to show a correlation between the mating success 
of Hyla arborea males and their calling rate. But his method of determining 
reproductive success was based on the assumption that females can choose 
between all males present in the chorus. This is highly unlikely and unprec-
edented. Most likely, females show selective attention for a subset of the males 
present to minimize the costs of mate sampling thus reducing predation pres-
sure, time, energy, and opportunity costs [39-42]. Such a comparative mate 
sampling behavior by females is described by Friedl & Klump [43] in the 
course of their field observations of H. arborea, whereby the females seemed 
to assess only a few males before they made their mating decision. Addition-
ally, the results of Friedl [38] could be due to male density as well as spatial 
and temporal pattern in their study population. Above all, if the effect is 
small, it may be impossible to demonstrate without big sample sizes and mul-
tiple year studies. The fact that fed males showed higher calling rates suggest 
that males would on average benefit from higher mating success at least over 
evolutionary time.
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Conclusion
Our study suggests that male calling rate is an important criterion of female mate 
choice. Males invested the additional energy gained by feeding into increasing 
calling rates. Furthermore, males showed higher calling rates in larger choruses 
(Meuche & Grafe unpublished) probably due to competition with other males to 
attract females. In this context, it would be important for future investigations to 
determine which mate sampling tactic female European treefrogs are using as well 
as which and to what degree parameters such as calling rate are preferred.

methods
General methods

We studied Hyla arborea in southern Germany (Steigerwald) (10.6°E, 49.8°N; 
480 m above sea level). Two ponds, formerly but no longer used for raising carp, 
served as the main study site. Other potential breeding sites were more than 5 km 
away. There was a distance of 30 m between the two study ponds favoured by the 
males. They were monitored for 2 years (from 2002 to 2003) whereas only in the 
year 2002 the presence of males was checked systematically. We checked on arriv-
ing and departing treefrogs by installing a drift fence that completely encircling 
the shore line of the smaller pond with the highest activity. The fence was a slight-
ly modified version of the one used by Murphy [44]. Preliminary tests showed 
that the fence was an impenetrable barrier for Hyla arborea [28]. The fence was 
patrolled every 5 – 10 minutes. At the same time, the surrounding area of the first 
pond and especially the second pond (which had no fence) were systematically 
checked for calling males. With this method, it was possible to identify 71% of 
calling males attending the second pond each night. Here the checks on calling 
males started 12 days after the start of the investigation. For most males the call-
ing activity was restricted to just one pond [28]. The breeding period lasted for 
54 nights in 2004 (2nd May – 25th June). The main investigation period (14th 
of May – 25th of June) lasted over 43 nights, excluding five days during which 
no data was recorded.

A total of 47 different males were caught and marked individually. For mark-
ing, both the conventional method of toe clipping and the implantation of the 
VIAlpha tags (Soft Visible Implant Alphanumeric tags) of Nortwest Marine 
Technology Inc. (Shaw Island WA, USA). were used. These pliable, fluorescent 
VIAlpha tags (1.0 × 2.5 mm) were injected laterally under the frog's skin. They 
have a coding scheme of three alphanumeric characters and a fluorescent orange 
background. Detection is enhanced with UV-Light. Because the tags are made 
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from a biocompatible medical trade elastomer they do not irritate the tissue at 
the implant site. VIAlpha tags were successfully tested in a number of frog species 
[45]. With regard to toe clipping, we only marked two toes or fingers per frog and 
only one toe or finger per limb. Furthermore, the first and second finger as well 
as the fourth toe was not marked so as to avoid impacting their climbing abilities. 
Neither chorus tenure nor the rate of change in condition of males varied with 
the marking methods [46].

Feeding experiments

During the main investigation in 2002, departing males, on their first night at 
the breeding aggregation, were provided with supplementary energy in the form 
of crickets. If a male had not left the breeding aggregation during the first night, 
it was fed on the second night. In 2003, the feeding experiments were carried out 
on only three consecutive days. Within seasons, males were not treated more than 
once.

For feeding experiments, males were put in small plastic boxes (10 × 10 cm) 
perforated for air supply and containing wet cellulose to prevent them from dehy-
dration. The animals were divided into three groups: 1) Fed1 – males were offered 
one cricket, 2) Fed2 – males were supplied with 10 crickets, not all of which were 
eaten, 3) control males were not fed. Males were randomly assigned to one of the 
experimental groups. To increase sample size, animals that did not eat any of the 
offered crickets were later assigned to the control group (N = 6). All individuals 
were kept in the containers for 12 hours. Apart from the reassigned males, control 
males had no opportunity to feed while they were restrained.

For every fed male the amount and mass of the consumed crickets was deter-
mined. The average amount of energy contained in a gram cricket is 8033 J [25]. 
With an assimilation efficiency of 0.76 [25] a male tree frog acquires 5944 J/g 
digested cricket [47].

Condition
If breeding behavior is energetically costly then males should lose condition be-
tween their first and their last night in the chorus, unless they can compensate by 
increasing energy uptake. Furthermore, males with longer chorus tenure should 
have a higher initial body condition, a lower final condition or a lower rate of 
change in condition. To test these predictions, males were measured with a vernier 
calliper (measurement error: ± 0.1 mm) when they were first caught and body 
mass taken with a portable scale (Satorius Handy; measurement error: ± 0.01 g). 
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Before weighing, males were put in a container with pond water to fully rehydrate 
them.

An Index of Condition (sensu [33,48]) was calculated for every night a male 
was weighed. A male's condition was determined by regression between the initial 
body mass of all males and their tibiafibula length. The initial condition of a male 
was defined as the deviation of its body mass from the predicted body mass by 
regression (residuals). The final condition was defined as the difference between 
the final body mass of a male on its last visit and the body mass calculated by re-
gression (i.e. initial body mass to tibiafibula length). The rate of change in condi-
tion of a male was determined by the difference between the starting and the final 
condition divided by the number of nights between their first and last night in the 
breeding aggregation. All nights were counted, from the first to the final visit of a 
male in the chorus, irrespective of whether a male was present in the intervening 
period or not.

To determine if all males of each group had lost weight during their first and 
their final night at the breeding aggregation, only those animals were analysed 
that stayed at the breeding aggregation for more than one night after the feeding 
treatment. When measurement data of the final night were missing, the data of 
the last measurement was taken instead (N = 17).

Chorus tenure

The chorus tenure of each male was recorded and compared between all groups. 
As the weather condition was different every night, this could have had an impact 
on the chorus tenure of the treated male. To avoid such seasonal effects, we paired 
Fed1, Fed2 and control males by night.

recording of Calls

On several nights between 31st of May and 18th of June 2002 the rate of calling 
was recorded at the two study ponds. In addition, there were recordings at all four 
ponds between 24th of May and 14th of June 2003. Calls were recorded using 
several recorders (Sony Professional Walkman WM6DC and Marantz PMD 430) 
and microphones (Vivanco EM32) simultaneously. The recordings started after 
the breeding aggregation had settled and the calling sites/territories had been es-
tablished. We moved slowly towards a group of calling males and recorded one or 
several cycles of calling. During a cycle, each male was recorded a minimum of 5 
– 10 minutes. Males stopped calling only briefly when approached. Most record-
ings were made between 2300 and 0130. During recordings, the air and water 
temperature near calling males was measured by means of a digital thermometer.
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The recordings were used to determine the calling rate of males. For statisti-
cal analysis of calling rate, the values of Fed1 and Fed2 males were pooled and 
compared to the control group using a paired design to control for variability 
in calling rate due to variation in chorus size (Meuche & Grafe unpublished, 
[49]) and temperature [49-51] factors known to strongly influence calling rate. 
To control the impact of these social and climatic factors, one control male and 
one fed male, which had been calling simultaneously, were paired. In addition, 
only those callers that were both calling in the same microhabitat (water or land) 
were compared. To avoid pseudoreplication, males were marked individually by 
toe-clipping [46].

Since the arrival of males was highly synchronized (Meuche & Grafe unpub-
lished), it is unlikely that differences in calling rate between control and fed males 
are the result of different times of arrival. If not stated otherwise, means ± SD are 
given, and all tests are two-tailed.
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note
table 1 – Changes in weight and condition

Medians of changes in weight and condition for Fed1, Fed2 and Control (K) 
males during the reproduction season in the year 2002.
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mirror-induced Behavior 
in the magpie (Pica pica): 

evidence of self-recognition

Helmut Prior, Ariane Schwarz and Onur Güntürkün

ABstrACt
Comparative studies suggest that at least some bird species have evolved men-
tal skills similar to those found in humans and apes. This is indicated by feats 
such as tool use, episodic-like memory, and the ability to use one's own expe-
rience in predicting the behavior of conspecifics. It is, however, not yet clear 
whether these skills are accompanied by an understanding of the self. In apes, 
self-directed behavior in response to a mirror has been taken as evidence of 
self-recognition. We investigated mirror-induced behavior in the magpie, a 
songbird species from the crow family. As in apes, some individuals behaved 
in front of the mirror as if they were testing behavioral contingencies. When 
provided with a mark, magpies showed spontaneous mark-directed behavior. 
Our findings provide the first evidence of mirror self-recognition in a non-
mammalian species. They suggest that essential components of human self-rec-
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ognition have evolved independently in different vertebrate classes with a sep-
arate evolutionary history.

Author summary 
A crucial step in the emergence of self-recognition is the understanding that one's 
own mirror reflection does not represent another individual but oneself. In non-
human species and in children, the “mark test” has been used as an indicator of 
self-recognition. In these experiments, subjects are placed in front of a mirror and 
provided with a mark that cannot be seen directly but is visible in the mirror. 
Mirror self-recognition has been shown in apes and, recently, in dolphins and 
elephants. Although experimental evidence in nonmammalian species has been 
lacking, some birds from the corvid family show skill in tasks that require per-
spective taking, a likely prerequisite for the occurrence of mirror self-recognition. 
Using the mark test, we obtained evidence for mirror self-recognition in the Eu-
ropean Magpie, Pica pica. This finding shows that elaborate cognitive skills arose 
independently in corvids and primates, taxonomic groups with an evolutionary 
history that diverged about 300 million years ago. It further proves that the neo-
cortex is not a prerequisite for self-recognition.

introduction 
Since the pioneering work by Gallup [1], a number of studies have investigat-
ed the occurrence of mirror-induced self-directed behavior in animals of a great 
range of species. Most animals exposed to a mirror respond with social behavior, 
e.g., aggressive displays, and continue to do so during repeated testing. In a few 
ape species, however, behavior changes over repeated presentations with a mirror. 
Social behavior decreases, and the mirror is used for exploration of the own body. 
This suggestive evidence of self-recognition is further corroborated by the mirror 
and mark test. If an individual is experimentally provided with a mark that can-
not be directly seen but is, however, visible in the mirror, increased exploration of 
the own body and self-directed actions towards the mark suggest that the mirror 
image is being perceived as self. Fairly clear evidence of this has been obtained for 
chimpanzees [1], orang-utans [2], and pygmy chimpanzees [3]. In gorillas and 
gibbons, some authors reported failure of self-recognition [4,5] whereas others 
reported positive findings in at least one individual [6,7]. It should be mentioned 
that even in the chimpanzee, the species most studied and with the most convinc-
ing findings, clear-cut evidence of self-recognition is not obtained in all indi-
viduals tested. Prevalence is about 75% in young adults and considerably less in 
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young and aging individuals [8]. Findings suggestive of self-recognition in mam-
mals other than apes have been reported for dolphins [9] and elephants [10]. In 
monkeys, nonprimate mammals, and in a number of bird species, exploration of 
the mirror and social displays were observed, but no hints at mirror-induced self-
directed behavior have been obtained [5]. Does this mean a cognitive Rubicon 
with apes and a few other species with complex social behavior on one side and 
the rest of the animal kingdom on the other side? This might imply that animal 
self-recognition is restricted to mammals with large brains and highly evolved 
social cognition but absent from animals without a neocortex.

Within humans and apes, self-recognition might reflect a homologous trait, 
whereas findings in other mammals hint at a convergent evolution. A likely reason 
for such convergent evolution of self-recognition in dolphins and elephants is the 
convergent evolution of complex social understanding and empathetic behavior 
[10]. If self-recognition is linked to highly developed social understanding, some 
birds species, in particular from the corvid family, are likely candidates for self-
recognition, too. A number of studies from the past years have demonstrated an 
elaborated understanding of social relations, in particular during competition for 
food. It has been shown that own experience in pilfering caches facilitates predict-
ing similar behavior in others [11], and that magpies [12] and scrub jays [13] 
remember who of their conspecifics observed them during storing. Thus, food-
storing birds might be particularly apt in empathy and perspective taking, which 
have been suggested to coevolve with mirror self-recognition [14].

An investigation of self-recognition in corvids is not only of interest regarding 
the convergent evolution of social intelligence, it is also valuable for an understand-
ing of the general principles that govern cognitive evolution and their underlying 
neural mechanisms. Mammals and birds inherited the same brain components 
from their last common ancestor nearly 300 million years ago and have since 
then independently developed a relatively large forebrain pallium. However, both 
classes differ substantially with regard to the internal organization of their pal-
lium, with birds lacking a laminated cortex but having developed an organization 
of clustered forebrain entities instead [15]. In some groups of birds and mammals, 
such as corvids and apes, respectively, brain to-body ratios are especially high [16], 
and these animals are able to generate the same complex cognitive skills [17]. This 
is indicated by feats such as tool use and tool manufacture [18,19], episodic-like 
memory [20], and the ability to use own experience in predicting the behavior of 
conspecifics [11]. Although it has been shown that some birds, e.g., Grey Parrots 
[21], use mirrors with skill in order to localize and discriminate objects, no experi-
mental evidence of self-recognition has been obtained in birds so far.

  



In the present study, magpies were chosen for several reasons. They are food-
storing corvids that compete with conspecifics for individually cached and memo-
rized hoards. They thus live under ecological conditions that favor the evolution 
of social intelligence [12,17]. They achieve the highest level of Piagetian object 
permanence [22], which is also achieved by apes, but not by monkeys. In addi-
tion to showing social understanding during competition for food [12], magpies 
are curious and prone to approach new situations, making them ideally suited 
for an experiment that requires spontaneous interaction with a new and puzzling 
context.

Mirror behavior in animals goes through several stages. In all species tested so 
far, inspection of the mirror and social behavior has been observed. In species with 
mirror self-recognition, some of the individuals also show evidence of inspection 
of their own body and testing for behavioral contingencies after familiarization 
with the mirror. For example, they move back and forth in front of the mir-
ror, and this might indicate that they check to which degree the mirror image is 
coupled to their own movement. Individuals achieving this stage often also pass 
the mirror and mark test.

In our experiments, we began with open mirror exploration, and then we 
assessed preference for the mirror and quantified mirror-induced behaviors 
under highly standardized conditions in a two-compartment cage with one 
side containing a mirror. Subsequently, we investigated spontaneous self-di-
rected behavior in individuals provided with a mark, and finally, we carried 
out a series of mark tests and control tests that were designed as to ensure ap-
propriate control and exclude the possibility that findings are due to operant 
conditioning. Marked individuals (cf. Figure 1) were given a small number of 
tests, and we applied two types of appropriate controls. The birds were either 
marked with a brightly colored (yellow or red) or a black (sham) mark. Han-
dling and somesthetic input was thus identical for all marks, but the black 
mark was practically not visible on the black feathers of the throat. In half of 
the trials, a mirror was placed with the reflective surface towards the animal; 
in the other half of trials, the mirror was replaced by a nonreflective plate of 
the same size and position. Therefore, the possibility to see a colored spot on 
the own body by means of the mirror was the only predictor of an increase of 
behavioral activities towards the marked (or sham-marked) region (Figure 2) 
in the different experimental conditions. Each bird was tested twice in each of 
the conditions, resulting in eight tests per bird.
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Figure 1. Magpie with Yellow Mark

Figure 2. Examples of the Behaviors That Were Used for Quantitative Analysis (A) Attempt to reach the mark 
with the beak; (B) touching the mark area with the foot; (C) touching the breast region outside the marked 
area; (D) touching other parts of the body. Behaviors (A) and (B) entered the analysis as mark-directed behavior; 
behaviors (C) and (D) and similar actions towards other parts of the body were considered self-directed, but not 
related to the mark.

  



results and discussion 
open mirror test

In baseline trials with a nonreflective plate, there was no remarkable behavior in 
front of the plate in any of the individuals. With a mirror, the behavior of the 
magpies clearly differed. Initial exploration of the mirror was characterized by 
approaches towards the mirror and looks behind the mirror. Also, social behavior 
occurred, such as aggressive displays towards the mirror and jumping towards 
the mirror as in a fight. In three individuals, Gerti, Goldie, and Schatzi, social 
behaviors were transient, i.e., they were reduced already on the second exposure 
or completely ceased to occur. In the other two birds, Harvey and Lilly, social 
behaviors, in particular aggressive and submissive displays, continued to be fre-
quent. On several trials, Harvey also picked up little, but conspicuous, objects and 
posed, accompanied by wing-flipping, in front of the mirror holding the objects 
in the beak. This courtship-like behavior vanished after a few trials, and was never 
seen on later tests, which were characterized by aggressive displays. In the open 
mirror experiment, however, mainly two of the birds (Goldie and Harvey) took 
part, whereas the other three birds only occasionally visited the location of the 
mirror. Therefore, we proceeded with a highly standardized protocol for mirror  
exploration.

mirror Preference and standardized mirror exploration

In these tests, birds could choose between two identical compartments of a cage, 
one equipped with a mirror and the other with a nonreflective plate instead of the 
mirror. Table 1 gives the time the birds spent with view on the mirror and shows 
how many bouts of close inspection of the mirror, of looks behind the mirror, of 
contingent behavior, and of social behavior were displayed by the birds. Three of 
the individuals (Gerti, Goldie, and Schatzi) spent a considerable amount of time 
in the compartment with the mirror, whereas the two other birds (Lilly and Har-
vey) appeared to avoid the compartment with the mirror. In the three birds with 
a preference for the mirror, behavior was characterized by close visual exploration 
of the mirror image. In addition, Gerti and Schatzi repeatedly looked behind the 
mirror and showed several bouts of behavior indicating contingency testing. Sub-
jects moved their head or the whole body back and forth in front of the mirror 
in a systematic way. In Goldie, contingent behavior was not demonstrated in this 
test, but demonstrated later in the mark test. Harvey and Lilly never showed any 
hint of such behavior. It is noteworthy that those birds that had a high interest in 
the mirror and also showed social displays only in the first tests were those that 
showed at least some evidence of self-directed behavior on later tests.
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Table 1. Behavioral Data from Mirror Preference and Standardized Mirror Exploration

mark test

In a first exposure to a mirror with a mark, three out of five birds showed at least 
one instance of spontaneous self-directed behavior. In the subsequent quantitative 
analysis, which compared the behavior in the mirror and mark condition with a 
condition without a mirror, mark-directed behavior in two of the birds, Gerti and 
Goldie, was significantly higher in the critical mirror and mark condition than 
in the other conditions. There were no instances in any of the birds of pecking at 
the reflection of the mark in the mirror. Figure 3 shows the quantitative amount 
of behavior towards the mark region as a proportion of all behaviors towards the 
own body for these two birds. Contrary to the absolute counts, this proportion 
will only increase with a specific effect on mark-directed behavior but not as a 
consequence of a possible overall increase in behaviors towards the own body. It 
can be seen that mark-directed behavior was only significantly enhanced when a 
mirror was present and the mark was colored and thus visible for the birds. The 
detailed frequencies in the different conditions are given in Table 2. The compari-
son of the frequencies of behaviors directed towards other parts of the body clearly 
shows that the mark-directed behaviors in the mirror and colored mark condition 
cannot be explained by a general increase of behavioral activity. A specific increase 
of mark-directed behavior in presence of a mirror is corroborated by the fact that 
mark-directed behavior ceased within trials as soon as the bird had removed the 
mark. In Figure 4A, performance of Gerti in a single test with change of marks is 
shown (see also Table 3). As this is only one test, findings should be interpreted 

  



with some caution, but consistent with the between-sessions comparison in the 
first test series, mark-directed behavior was high when the mark was visible in 
the mirror and low with the black control mark that was not visible. Figure 4B 
shows the results of an additional test with two sessions in the mirror and col-
ored mark (yellow) condition and two control sessions with colored marks and a 
nonreflective plate instead of the mirror. Also in this case, mark-directed behavior 
only occurred with the mirror. With colored mark and mirror, over the two tri-
als, there were five mark-directed actions per trial and 12 actions towards the rest 
of the body, whereas there was no mark-directed behavior at all when the bird 
wore a colored mark but no mirror was present. Again, findings clearly show that 
this significant difference cannot be explained by an unspecific increase in overall 
behavioral activity, as the overall rate of behaviors directed towards the own body 
was similar. These quantitative data are rather conservative as Gerti and Goldie 
removed the mark after a few minutes on most of the trials with a color mark and 
a mirror, and after removal of the mark, no mark-directed behaviors occurred.

Figure 3. Proportion of Self-Directed Behavior towards the Mark Area Expressed as a Proportion of Overall 
Self-Directed Behavior in Subjects Gerti and Goldie. Grey bars refer to tests with a colored mark (yellow or red), 
black bars to tests with a black control mark (sham condition). In Gerti (p < 0.005, Fisher exact test), as well as 
in Goldie (p < 0.05, Fisher exact test), mark-directed behavior was significantly enhanced in the colored mark 
and mirror condition.
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Table 2. Frequencies of Self-Directed Behaviors in the Mark Test

Figure 4. Proportion of Self-Directed Behavior towards the Mark Area in Additional Tests. (A) Proportion of 
mark-directed behavior by Gerti in a test session with change of marks in consecutive 5-min intervals. The color 
of each bar refers to the color of the mark used and subsequent 5-min periods of the test. Activity towards the 
mark was high for all colored marks, but low in the control condition (black mark). In all of the color conditions, 
the bird removed the mark. (B) Results from the first set of additional controls with a grid in front of the 
experimental cage instead of a Plexiglas wall. In the colored mark and mirror condition, mark-directed behavior 
was higher than in the colored mark and no-mirror condition (p < 0.02, Fisher exact test).

  



Table 3. Frequencies of Self-Directed Behaviors in the Mark Test

Whereas mark-directed behaviors were virtually absent when the birds were 
tested without a mirror but with a colored mark, there were a few instances of 
mark-directed behavior in the mirror condition with a black control mark (Fig-
ure 3). It may well be that the black paper mark was slightly visible on the black 
plumage. This is supported by the observation that if the black mark condition 
elicited behavior, it was in the “mirror present” trials. This is an indirect support 
for the interpretation that the behavior towards the mark region was elicited by 
seeing the own body in the mirror in conjunction with an unusual spot on the 
own body.

Evidence from the quantitative data is corroborated by the qualitative behav-
ior of the birds. Self-directed activity began after looks into the mirror and visual 
exploration of the mirror image, and it ceased as soon as the bird had successfully 
removed the mark. This is unlike chimpanzees, which, after discovering that the 
mark is inconsequential, rapidly lose interest [23]. The reason for the difference 
could be that bird's feathers are of considerably higher importance for survival 
than a patch of hair in chimps. This interpretation is supported by data showing 
that birds spend about one quarter of their resting time with preening and are 
often seen to interrupt sleeping in complete darkness only to preen [24].

Two of the other three birds reacted to the mirror with excited behavior char-
acterized by frequent jumping and running within the cage, and the last bird 
showed a high number of attacks towards the mirror in one trial, but not in the 
other. The subject Schatzi, which had shown spontaneous mark-directed behavior 
during an earlier exposure, showed no significant mark-directed behavior in this 
series of tests, although there were two instances of mark-directed behavior in the 
mirror and color condition and no mark-directed behavior in the other condi-
tions.

Interestingly, the behavior in the mark tests corresponded to interest in the 
mirror in the standardized mirror exploration test. Those individuals that showed 
at least one instance of mark-directed behavior were the same that had shown 
a high interest in the mirror in the preference test, and the individual strongly 
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avoiding the mirror in the choice test (Harvey) showed a high amount of attack-
like behavior in the mark test.

One might ask why rather clear evidence was observed in two individuals 
and weaker evidence in another one, but not in all of the five birds. The propor-
tion of positive findings is, however, well in the range of what has been found in 
apes. In chimpanzees, the species best studied and showing the clearest evidence 
of mirror-induced self-directed behavior, a considerable number of individuals 
typically produce negative findings [8,25]. Of 92 individuals tested by Povinelli 
et al. [8], only 21 demonstrated clear and nine weak evidence of self-exploration, 
with about 75% prevalence in young adults of 8 to 15 y. Only half among those 
with clear evidence of self-exploration passed the mark test. Thus, our data do not 
only qualitatively, but also quantitatively, match the findings in chimpanzees. As 
a note of caution, we would like, however, to emphasize that the number of birds 
we tested is too small for a definitive estimate of the distribution within the popu-
lation. Thus, further studies must assess whether the typical frequency of mirror-
induced self-directed behavior in magpies is comparable to that in chimpanzees.

Altogether, results show that magpies are capable of understanding that a mir-
ror image belongs to their own body. We do not claim that the findings demon-
strate a level of self-consciousness or self-reflection typical of humans. The find-
ings do however show that magpies respond in the mirror and mark test in a 
manner so far only clearly found in apes, and, at least suggestively, in dolphins 
and elephants. This is a remarkable capability that is at least a prerequisite of self-
recognition and might play a role in perspective taking. It thus could be essential 
for the ability of using own experience to predict the behavior of conspecifics 
[11]. Magpies are corvids, which belong to the order of Passeriformes, a phyloge-
netic group characterized by large brains relative to body weight [26]. The relative 
brain size of passeriform birds is similar to primates in allometric analyses, and 
within the Passeriformes, corvids stand out with particular high relative brain size 
[27]. Thus, magpies belong to a group of animals with very high relative brain 
size (see also Table 4).

We used a small number of tests as it was crucial to ensure that possible self-di-
rected behavior of the birds represented a spontaneous response to seeing the own 
body in the mirror. Epstein et al. [28] reported that prolonged operant condition-
ing of isolated components of the mark test in pigeons could produce a behavioral 
pattern that superficially looks like mirror-induced mark-directed behavior. This 
study could, however, not be replicated [29], and these authors also found reduc-
tion of self-directed behavior in pigeons in the conditions with a mirror, which 
strikingly contrasts with our findings in magpies. Additionally, extremely long 
periods of exposure to mirrors without specific training of self-related actions did 
not produce any kinds of behavior that was centered on the mark in monkeys 

  



[30,31]. Lastly, the mark test is only one piece of evidence of mirror-induced 
self-recognition in animals. Of equal importance are previous inspections of the 
mirror, such as during looks at the back side of the mirror, and exploration of 
mirror properties, such as during contingent behavior [1,8,10,32]. Our magpies 
showed self-related behavior in front of the mirror after a rather short cumulative 
exposure time and without being specifically trained to do so. In addition, when 
confronted with mirrors the first time, they displayed similar sequences of behav-
ior as described in apes [1,2,3,8,32]. Although the mark test has been criticized 
[33,34], the main objections have been ruled out [23], and it remains one of the 
most useful tests for self-recognition in comparative studies [35]. When magpies 
are judged by the same criteria as primates, they show self-recognition and are on 
our side of the “cognitive Rubicon.” One should keep in mind that though mir-
ror self-recognition reflects a crucial step in the emergence of self-recognition, the 
fully fledged capacity is complex, and comparative [36,37], clinical [38], and de-
velopmental studies [39] suggest an overall gradual development of this capacity.

Table 4. Brain Weights, Body Weights, as Well as Percent Brain-to-Body Weights of Some of the Different 
Species That Have Been Tested with Mirrors

Cognitive and neurobiological studies of the last decade have shown that 
birds and mammals faced a similar selection pressure for complex cognitive abili-
ties, resulting in the evolution of a comparable neural architecture of their fore-
brain association areas [40] as well as their cognitive operations [17,41–43]. This 
high degree of evolutionary convergence is especially visible for the cognitive  

Mirror-Induced Behavior in the Magpie (Pica Pica) 173

  



174 Animal Behavior: An Evolutionary Approach

abilities of corvids and apes [17]. By demonstrating self-recognition in the mirror 
by magpies, the present study shows that even the neural capacity for distinguish-
ing self and others has evolved independently in the two vertebrate classes and 
that a laminated cortex is not a prerequisite for self-recognition.

materials and methods 
Five adult hand-raised magpies served as subjects throughout the study. These 
birds had been used before in a study on the development of object permanence 
and in patterned string problems. Investigation of behavior towards a mirror con-
sisted of three steps.

open mirror exploration
In a 4 × 4-m room, a mirror 55-cm wide and 40-cm high was placed on the 
ground, leaning against a pole, and slightly tilted. The position of the mirror was 
in the middle of one of the walls with about 1.5-m distance from the wall, allow-
ing the birds to move around the mirror. The tested subject could move freely in 
the room. After a baseline trial with the mirror replaced by a grey, nonreflective 
plate, five test sessions of 30-min duration were given to each of the birds. The 
behavior of the birds was observed from an adjacent room by means of a video 
system, and trials were videotaped.

mirror Preference and standardized mirror exploration
For a quantitative estimation of the interest in the mirror, a cage with two oppo-
site compartments was used. Compartments 60 × 100 × 60 cm (length × height 
× width) were identical except that there was a mirror at the end of one of the 
compartments and a grey, nonreflective plate of the same size in the other com-
partment. Between the compartments, there was a partition with two overlapping 
walls so that the birds could move freely between compartments but could not see 
from one compartment into the other. Each of the birds received five consecutive 
trials of 20 min on separate days. The time the birds spent in the compartment 
with the mirror was measured, and based of the videotapes bouts of close mir-
ror inspection, looks behind the mirror, bouts of contingent behavior, and social 
behaviors were counted.

mark test
In the mark test, each subject was involved in eight test sessions with the condi-
tions, (1) mirror and colored mark, (2) mirror and black mark, (3) no mirror 

  



with colored mark, and (4) no mirror with black mark. One session lasted 20 
min. Each condition was replicated once, and two colors, either yellow or red, 
were used for the colored mark. Thus, our subjects were marked in all conditions 
to prevent cueing by somesthetic input, but the black mark in condition 2 was 
practically not visible on the black feathers of the throat. Such sham marking, 
which also had been used in studies with dolphins and elephants [9,10], has the 
advantage that no anesthesia is needed, and it provides a rather rigorous control 
as except for the difference in appearance, every detail of the procedure is perfectly 
matched to the conditions with a color mark. In the no-mirror controls, the mir-
ror was replaced by a nonreflective flat grey plate of the same size and in the same 
position. Conditions, including usage of the two marking colors yellow and red, 
alternated in balanced order. Colored marks and black control marks were fixed 
below the beak onto the throat region (Figure 1). Different pigeon breeds are 
blind to this area even during strong convergent eye movements [44]. In magpies, 
the visual field has not been studied in detail. However, the position of the eyes 
and the optical axis is comparable to that of pigeons. Thus, the assumption is jus-
tified that the spot used for marking was far outside the magpies' visual field. This 
is, furthermore, strongly corroborated by the behavioral data, as there was virtu-
ally no mark-directed behavior if magpies wore a colored mark in the no-mirror 
condition. In each of the conditions, every detail regarding the handling of the 
birds was identical, except that the birds could see the reflection of the yellow or 
red mark in the mirror and colored mark condition, but not in the various other 
conditions.

scoring of Behaviors

Before testing, we protocolled all behaviors observable. Then two observers (oth-
ers than those assessing the mirror test) independently scored videotapes several 
times, and a list emerged of 18 behaviors with high interobserver agreement and 
high reliability over repeated scorings. The list included behaviors not relevant 
for the question of this study (like moving slowly or fast or jumping in the cage), 
and for the present study, we focused on a subset of behaviors diagnostic of the 
animals responding to the mirror. First, social behaviors that could be observed 
with high reliability were agonistic displays, either submissive or attack-like. Dur-
ing submissive behavior, the bird faces the mirror (or another bird), has its back 
lowered, its wings slightly spread, and often flips its wings. During aggressive 
displays, the bird takes an upright position with elongated neck and/or performs 
attack-like behaviors towards the mirror (c.f. [45] for pictures of typical displays 
by magpies). Secondly, we recorded all behaviors directed towards a bird's own 
body, such as touching any part of the body with the beak or the foot, and we 
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assessed whether the action was directed towards the regions near the mark or 
elsewhere.

Before the first mark test, birds were familiarized with the experimental cage 
and the mirror for at least 5 d. The experimental cage was 120 × 100 × 60 cm (l × 
h × w) and had a grid floor. The walls also consisted of a grid except for one long 
wall, which in most of the tests consisted of Plexiglas in order to provide a good 
view of the bird. The mirror or the nonreflective plate was always placed on the 
ground at the same short wall of the cage.

At the beginning of a test, a bird was taken from its home cage and brought 
to an adjacent room, where the colored mark or the control mark was fixed. The 
bird was held by one of the experimenters such that the throat region below the 
beak was exposed. The head of the bird was shielded by the hand of the experi-
menter holding the bird so that the bird could not see the fixing procedure. The 
other experimenter then fixed the self-adhesive colored or black mark. Except for 
the color of the mark, the handling procedure was exactly the same in each of the 
experimental conditions. Although the dots used for marking were self-adhesive, 
we prepared them with double-sided adhesive tape in order to ensure good fixa-
tion. The weight of a dot was 16 µg and the diameter 8 mm.

After completion of testing of all birds in each of the conditions twice, further 
tests were applied for the subject Gerti, who showed very clear and consistent self-
directed behavior. First of all, a mirror test with four consecutive phases of 5 min 
was carried out, and in each phase, a new mark was fixed (yellow, blue, black, or 
red). Secondly, additional tests comparing the behavior in the colored mark and 
mirror condition with that in the colored mark and no-mirror condition were 
carried out with a normal cage grid instead of a Plexiglas wall in front of the cage. 
In experiments with dolphins [9], the interpretation of the subjects' behaviors 
was complicated by the fact that the animals had apparently used the reflecting 
sidewalls of their pool in addition to the mirror provided by the experimenters. 
Although reflectance by the Plexiglas front was not likely, we sought additional 
controls to ensure that the presence or absence of the mirror was the only predic-
tor of differences in mark-directed behavior.

While the birds were being set into or removed from the experimental cage, 
room lights were switched off. A test began by turning the lights on. Experiments 
were monitored via a video system from an adjacent room, and all tests were vid-
eotaped. From videotapes, the frequency of behaviors directed towards the own 
body were scored. Actions towards the marked region with the beak or the foot 
entered the analysis as mark-directed behavior (see Figure 2); all other behaviors 
towards the own body, such as touching the breast region with the beak, preening 
of the tail or wings, were considered not mark related. Likewise, all social behav-
iors, such as aggressive displays in front of the mirror, were scored. Figure 2 shows 

  



examples of the behaviors used for quantitative analysis. Quantitative assessment 
of behavior based on the video tapes was carried out independently by two ob-
servers (H. P. and O. G.). Their scores were highly correlated (r = 0.98), and the 
combined score from both assessments was used for further analysis.
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Precocious locomotor 
Behavior Begins in the egg: 

development of leg muscle 
Patterns for stepping in the 

Chick

Young U. Ryu and Nina S. Bradley

ABstrACt
Background

The chicken is capable of adaptive locomotor behavior within hours after 
hatching, yet little is known of the processes leading to this precocious skill. 
During the final week of incubation, chick embryos produce distinct repet-
itive limb movements that until recently had not been investigated. In this 
study we examined the leg muscle patterns at 3 time points as development of 
these spontaneous movements unfolds to determine if they exhibit attributes 
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of locomotion reported in hatchlings. We also sought to determine whether the 
deeply flexed posture and movement constraint imposed by the shell wall mod-
ulate the muscle patterns.

Methodology/Principal Findings

Synchronized electromyograms for leg muscles, force and video were recorded 
continuously from embryos while in their naturally flexed posture at embry-
onic day (E) 15, E18 and E20. We tested for effects of leg posture and con-
straint by removing shell wall anterior to the foot. Results indicated that by 
E18, burst onset time distinguished leg muscle synergists from antagonists 
across a 10-fold range in burst frequencies (1–10 Hz), and knee extensors 
from ankle extensors in patterns comparable to locomotion at hatching. How-
ever, burst durations did not scale with step cycle duration in any of the mus-
cles recorded. Despite substantially larger leg movements after shell removal, 
the knee extensor was the only muscle to vary its activity, and extensor muscles 
often failed to participate. To further clarify if the repetitive movements are 
likely locomotor-related, we examined bilateral coordination of ankle mus-
cles during repetitive movements at E20. In all cases ankle muscles exhibited 
a bias for left/right alternation.

Conclusions/Significance

Collectively, the findings lead us to conclude that the repetitive leg movements 
in late stage embryos are locomotor-related and a fundamental link in the es-
tablishment of precocious locomotor skill. The potential importance of differ-
ences between embryonic and posthatching locomotion is discussed.

introduction 
Chicks emerge from the egg after 21 days of incubation equipped to walk, swim 
and airstep [1]–[3]. Chicks begin moving embryonic day (E) 3. The movement 
(e.g., embryonic motility) is spontaneously generated throughout embryogenesis 
until hatching [4]–[6], which appears to be the only sensory-triggered behavior 
during embryonic development [5], [7], [8]. Embryonic motility is episodically 
generated by a recurrently connected excitatory network within the spinal cord 
that is transiently silenced by activity-dependent depression [9], [10]. Motility is 
initially driven by acetylcholine, then glutamate by E8-E10 [11]. The temporal 
features of the activity play an instructive role in motor neuron pathfinding [12], 
[13], and possibly the flexor-extensor and interlimb alternations for stepping 
[14]. However the relationship between the early network for motility and the 
locomotor network is uncertain [15], [16].
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Leg movements during motility at E9 are characterized by alternating flexion 
and extension muscle synergies [17], [18] and joint excursions [19], [20]. Yet, 
electromyographic (EMG) and kinematic patterns appear to break down between 
E12 and E15 [17], [19], [21]. Recent studies indicate that a distinctly different 
pattern of repetitive leg movements (RLMs) emerges between E15 and E18 [22], 
[23]. RLMs are also composed of alternating flexion and extension, but the fre-
quency range (1–10 Hz) far exceeds that for E9 motility (0.2–2 Hz). Interestingly, 
the RLM frequency range is similar to the combined ranges for three locomotor 
forms in hatchlings: walking, swimming and airstepping [2]. Together these find-
ings raise the possibility that RLMs are an essential link between early motility 
and locomotion.

Leg muscles also express membership in either the flexor synergy for leg pro-
traction (swing) or the extensor synergy for leg retraction (stance) during walking, 
swimming and airstepping [2]. Variations in muscle burst patterns across these 
behaviors appear to be due to differences in limb loading. For example, extensor 
burst duration exhibits a close association with step cycle duration during stance 
(walking), but a weak association during buoyancy (swimming) and limb suspen-
sion (airstepping). Differences in knee extensor activity also distinguish the three 
locomotor patterns from one another. During walking there are two knee exten-
sor bursts; one in the latter part of swing to extend the knee and advance the foot, 
and one in late stance to propel the body forward [1]. Only the duration of the 
knee extensor burst in the stance phase co-varies with step cycle duration.

We reasoned that locomotor pattern generation must be established prior to 
hatching, given that chicks walk within hours afterwards. We also reasoned that 
RLMs might employ locomotor patterns given the similarities in cycle frequency 
range. However, in our previous study we observed that RLMs exhibited consid-
erable variability in EMG activity [23]. This variability obscured ready identifica-
tion of a fundamental pattern resembling any of the locomotor patterns observed 
in hatchlings. Thus, in this study we extend earlier findings by reporting quanti-
tative analyses for the burst patterns at 3 ages. One aim was to determine if the 
EMG patterns for RLMs resemble any of the three locomotor patterns in hatch-
ings. In addition, our earlier kinematic study of motility between E9 and E18 
suggested that mechanical constraints due to growth of the body within a fixed 
egg volume increasingly alters joint kinematics between E15 and E18 [22]. Thus, 
differences we might find between locomotor and RLM muscle patterns could 
be attributable to constraints that include placement of flexor muscles at their 
shortest length and extensors at their greatest length. Therefore, another aim was 
to determine if EMG patterns would appear more similar to locomotor patterns 
when the shell constraint was removed. We provide evidence that EMG patterns 
for RLMs share some features common to locomotor behaviors at hatching, and 
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the first evidence of alternating interlimb stepping in the embryo. We also provide 
evidence that the effects of shell removal were limited to the primary knee exten-
sor, the only muscle that is known to distinctly vary its participation across the 
three locomotor behaviors in hatchlings [2].

results 
We report EMG analyses for intralimb coordination based on 1206 RLM se-
quences. These data represent control conditions at E18 (386 RLM, 11 embryos) 
and E20 (353 RLM, 12 embryos), and the experimental condition, foot-free, at 
E20 (467 RLM, 9 embryos). The sample was drawn from a larger sample of 1569 
RLMs whose rhythm properties were previously reported [23]. For these analyses, 
we excluded RLMs in which the tibialis anterior (TA), an ankle flexor and the 
reference muscle for our analyses, was the only rhythmically active muscle or if 
there were fewer than 10 rhythmically stable RLMs representing an experiment. 
EMG patterns at E15 are also reported (10 embryos).

leg muscle Participation varied within and between 
experiments

The wide array of RLM rhythm frequencies and combinations of active muscles 
reported in our previous study raised the possibility that RLMs are a collection of 
rhythmic behaviors. Kinematic differences between RLMs, such as ankle motions 
that were in phase with proximal joints (Figure 1A) or out phase (Figures 1B, 3A) 
might be evidence of different limb behaviors. Quantitative analyses for this study 
extended those results revealing that the combination of active muscles varied 
markedly throughout every experiment, even in RLMs only seconds to minutes 
apart, though conditions were seemingly unchanged. In one E20 experiment for 
example, 4 leg muscles participated during one RLM (Figure 1A). Approximately 
20 min later, a rhythmic sequence of TA bursts was spontaneously initiated that 
lacked rhythmic activity in the other EMG channels. It was followed immediately 
by a sequence of 6 TA cycles that included bursting in the sartorius (SA), a hip 
flexor (Figure 1B). In other RLMs during this experiment, TA sequences were 
accompanied by bursts in the femorotibialis (FT), a knee extensor (Figure 1C). 
To determine if there were any consistencies in recruitment, we determined the 
participation rate for each muscle across RLM cycles for each experiment. Based 
on within-subject averages (Figure 1D), the SA participated in nearly half of all 
RLM cycles at E18 (48%) and E20 (52%), FT participated in more than a third 
(38–40%), and the lateral gastrocnemius (LG), an ankle extensor, was least likely 
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to participate at both E18 (26%) and E20 (13%). However, rates of participation 
for each muscle varied widely across experiments at both ages (Figure 1D).

Figure 1. Variability in muscle participation during RLMs. RLMs from an E20 experiment are shown (A–C). 
A: This RLM consisted of 10 TA bursts and 9 rhythmically stable cycles (6.8±0.9 Hz). Vertical bars identify TA 
burst durations. Flexors (TA and SA) were coactive and reciprocally active with extensors (FT and LG). FT burst 
onsets preceded LG burst onsets. Flexors were active during flexion (downward deflections) of all 3 leg joints 
and extensors were active during extension (upward). B: Only TA and SA were active during 6 rhythmically 
stable RLM cycles (8.9±0.2 Hz). These cycles were preceded by several rhythmic TA bursts that did not meet 
criteria for either burst duration or rhythm stability (see Methods). Ankle excursions were minimal and opposite 
in direction of hip and knee. C: Only TA and FT were rhythmically active during 4 RLM cycles (4.1±0.7 Hz). 
Joint excursions were small and variable. D: The incidence of SA, FT, and LG bursts during RLMs is plotted for 
E18 (N = 11) and E20 (N = 12) embryos. The number of bursts detected by analysis methods was normalized to 
the total number of TA cycles per experiment (participation rate); 1 = always participated, 0 = never participated. 
Lines connect rates for each of the 3 muscles per experiment. SA was not implanted in 3 experiments (E18) and 
the LG implant was lost in 1 (E20). Abbreviations: SA, sartorius; TA, tibialis anterior; FT, femorotibialis; LG, 
lateral gastrocnemius.
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Figure 2. RLMs at E15. RLMs for 3 experiments are shown. A force transducer resting on the hip monitored 
general body displacements during recordings. Kinematic methods were not applied in these experiments. A: LG 
was rhythmically active for 3 cycles (3.2±1.0 Hz) and FT was coactive with LG. B: LG was rhythmically active 
for 3 cycles (6.4±0.5 Hz) and TA was reciprocally active with LG. C: TA was rhythmically active for 4 cycles 
(4.8±0.6 Hz), FT was coactive, and an LG burst was also detected by analysis methods (☆).

RLM sequences were difficult to detect at E15 due to the low amplitude and 
irregular bursting that dominated recordings. Based on a stable burst rhythm in 
one muscle, though not necessarily TA, 160 EMG sequences (N = 10 embryos) 
were examined for muscle patterns. Participation of a second muscle was detected 
in 24 RLMs (15%). In these instances FT bursts occurred synchronously with 
repetitive LG bursting (Figure 2A); TA bursts alternated with LG (Figure 2B); or 
FT bursts occurred synchronously with TA (Figure 2C). Participation of a third 
muscle was observed only twice (Figure 2C; see also [23] Figure 1F). Thus at 
E15, rhythmic RLM bursting was more readily apparent than any RLM muscle 
pattern.

Figure 3. SA and LG bursts exhibited reliable onset patterns by E18. Data for an E18 experiment are shown. A: 
This RLM was 6.5 s long. Dashes underscore 15 TA bursts (2.4±0.5 Hz). TA amplitude was reduced 50% in this 
record to clearly visualize FT and SA traces. B–C: Larger scatter plots include trend lines for regression analyses. 
The number of bursts (N) in each trend analysis is indicated. In the small plots offset to the right, SA and LG 
burst onsets are normalized to the concurrent TA cycle duration (0–1) and plotted against TA cycle frequency 
(Hz). B1: SA burst onsets clustered near 0 s (slope = 0.03, R2 = 0.02). B2: SA relative onsets clustered early in 
the cycle (0–0.2) at all frequencies. C1: LG onset latency strongly co-varied with cycle duration (slope = 0.78, 
R2 = 0.76). C2: LG bursts clustered in the latter half of TA cycles with 82.8% of bursts falling between relative 
onsets of 0.5 and 1.0.
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rlm muscle Patterns also exhibited reliable Features

Though participation rates varied substantially across RLMs in an experiment, 
burst onsets for participating muscles were distinct. SA bursts began nearly 
synchronous with TA burst onset at both slower and faster RLM frequencies at 
both E18 and E20, with a mean onset latency of ±30 ms. An exemplary RLM 
and analyses for one E18 experiment are shown in Figure 3. The regression plot 
for SA burst onsets indicated SA onset latency clustered around 0 ms, the slope 
near 0.0 (Figure 3B1). Relative onsets fell mostly between 0–0.2 across a TA 
frequency range of 1–7 Hz (Figure 3B2). Slopes approximating 0.0 were found 
in 13 of 16 experiments at E18 and E20 combined. 

When LG activity was well-formed, it alternated with TA bursts (Figure 
3A). For example, regression results for the same E18 experiment indicated 
LG burst onsets co-varied closely with TA cycle duration (Figure 3C1). Rela-
tive onsets fell mostly in the latter half of the TA cycle at all RLM frequencies 
(Figure 3C2). These results were typical at both E18 and E20. LG onset closely 
varied with cycle duration in 6 of 9 experiments (R2>0.6), and was weak in 
only 2 (R2<0.4). Also, more than 60% of LG bursts began in the latter half of 
the TA cycle in 5 experiments (e.g., relative onset of 0.5–1.0), and no bias was 
found in 4 experiments. 

The knee extensor, FT, also alternated with TA, but onset trends were distinct 
from LG. FT bursts exhibited 3 onset patterns relative to the TA cycle: early 
(relative onset <0.5), late (relative onset >0.5), or double bursting (early and late) 
at both E18 and E20. All 3 patterns were found within single experiments, as il-
lustrated by 2 RLMs in Figure 4A. During the 1st RLM (Figure 4A1) an FT burst 
began in the first half of each cycle, and included a double burst in cycle 3 (☆). 
During the 2nd RLM approximately 30 s later (Figure 4A2), FT bursts began 
in the latter half of cycles 2–4. FT burst onsets for this experiment modestly co-
varied with TA cycle duration, and 2 clusters, early and late, were observed in the 
relative onset plot (Figure 4A3, bottom plot). FT burst onset varied closely with 
cycle duration in only 7 of 17 experiments (R2>0.6). FT onset varied weakly in 8 
experiments (R2<0.4), as exemplified by the E20 experiment in Figure 4B. In the 
latter experiment, FT bursts began early in cycles 2–6 (Figure 4B1), and during 
the experiment relative onsets fell mostly between 0.2–0.5 over a frequency range 
of 2–8 Hz (Figure 4B2, bottom plot). More than 60% of FT bursts began in the 
first half of the TA cycle in 10 of 17 experiments, and a bias for the latter half of 
the cycle was found in only 4 experiments. FT findings did not differ between 
E18 and E20. 
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Figure 4. FT onset exhibited multiple trends. Data for an E18 (A) and E20 experiment (B) are shown. A1: FT 
bursts began in the first half of 4 TA cycles (3.9±0.5 Hz), accompanied by a 2nd burst in cycle 3 (☆). A2: In the 
next RLM 30 s later, FT bursts began in the latter half of TA cycles 2–4 (3.0±0.8 Hz). A3: FT onset and cycle 
duration (top) moderately co-varied (slope = 0.59, R2 = 0.48). Relative onset (bottom) was broadly distributed 
at all frequencies. 55% of FT bursts began in the latter half of the TA cycle. B1: FT bursts began in the first half 
of cycles 2–6 (4.2±0.6 Hz). B2: FT onset weakly varied with cycle duration (slope = 0.33, R2 = 0.33) and 84% 
of FT bursts began in the first half of the TA cycle.

Burst durations were brief for all muscles at all TA burst frequencies. Average 
TA burst durations slightly exceeded 60 ms and averages for SA, LG, and FT 
ranged from 45 to 60 ms at E18 and E20. Regression analyses revealed that SA, 
LG, FT and TA burst durations did not vary with TA cycle duration. Both slope 
and R2 were approximately 0.0 in 89% of all burst duration analyses (N = 76 
regressions, E18 and E20 combined).

Foot-Free

Following removal of egg shell anterior to the foot (foot-free), E20 embryos ex-
tended the leg beyond the egg and produced larger joint excursion ranges during 
some RLMs (9 embryos). Compare the joint angle amplitudes for 2 RLMs from 
a single experiment during control (Figure 5A) and foot-free conditions (Figure 
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5B), noting differences in scale. There was also an increase in cycle frequencies 
greater than 6 Hz. However, few differences were observed in EMG patterns be-
tween conditions. For example, in the experiment shown, SA burst onset latencies 
mostly fell between 0–0.1 s, weakly varying with cycle duration during both con-
ditions (Figures 5A1, 5B1). Similar SA results were obtained in 6 of 6 foot-free 
experiments. LG burst onset varied closely with cycle duration during control and 
foot-free RLMs (Fig. 5A2, 5B2). LG onset closely varied with cycle duration and 
a late relative onset was the predominant pattern in 4 of 6 foot-free experiments. 
Participation rates for foot-free experiments (Figure 5C) were also similar to E20 
control data (Figure 1D).

Figure 5. Control and foot-free RLMs during an E20 experiment. A: A control RLM of 8 cycles is shown (4.0±1 
Hz). B: A double horizontal line identifies the end of one foot-free RLM (6.8±0.7 Hz) and start of another much 
slower RLM (3.1±0.7 Hz). Note differences in kinematic scales and also the faster frequencies during foot-free 
RLMs. A1and B1: SA onset latencies were similar for control (A1: slope = 0.08, R2 = 0.20) and foot-free RLMs 
(B1: slope = 0.09, R2 = 0.38). Relative onsets for SA were also similar. A2 and B2: LG onset strongly co-varied 
with cycle duration in both conditions (A2: slope = 0.63, R2 = 0.73; B2: slope = 0.89, R2 = 0.94). A3 and B3: 
Control FT burst onset (A3) displayed 2 regression trends (open circles: slope = 0.10, R2 = 0.30; closed circles: 
slope = 0.80, R2 = 0.93) that sorted by relative onset (open circles 0–0.5; closed circles 0.5–1.0). FT onset 
during foot-free RLM (B3) closely varied with cycle duration (slope = 0.86, R2 = 0.97), and exhibited a bias for 
late relative onset. C: SA, FT, and LG participation rates are shown for 9 foot-free experiments. The SA implant 
was lost in one experiment and the LG was in another.
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FT onset was more likely to vary closely with TA cycle duration during 
foot-free experiments (5 of 7) than E20 control experiments (5 of 10). For 
example, FT burst onsets for the control data in the experiment shown in 
Figure 5 suggested there were 2 recruitment patterns (open and closed circles) 
across the entire range in cycle duration (Figure 5A3, left plot). The relative 
onset plot (Figure 5A3, right plot) revealed that the burst onsets sorted as 
early (open circles) and late (closed circles) in the TA cycle. The onset latency 
for early bursts was weakly associated with TA cycle duration; whereas, onset 
for late bursts was strongly associated. During foot-free RLM, early bursts 
were no longer observed at lowest RLM frequencies (Figure 5B3, right plot). 
Collectively, FT exhibited a distinct relative onset bias (>60% of sample) in 9 
of 10 control experiments, and a preference for early onset (7 experiments). In 
contrast, only 4 of 7 foot-free experiments exhibited an FT relative onset bias, 
2 early and 2 late. FT onset was also more likely to overlap TA activity during 
foot-free RLMs (33±11% of cycles) compared to control (15±15%, p<0.011), 
but burst durations (TA 65 ms, FT 55 ms) and duration of overlap (≈ 20 ms) 
were similar between conditions.

interlimb Alternation during rlms

Given some RLM features appeared to be similar to locomotor patterns while 
others were more ambiguous, we implanted leg muscles bilaterally at E20 in 
4 experiments to determine if both legs were active during RLMs. We found 
that all experiments exhibited evidence of interlimb coordination. For ex-
ample, in Figure 6A, the right TA and LG were alternately active, as were the 
right and left TA, and the right LG alternated with and the left flexor digito-
rum profundus (toe flexor/ankle extensor, FDP). The plot of ankle markers 
tracking anterior-posterior displacements indicated that the legs were moving 
in opposite directions, as during fore-aft foot trajectories while walking. Burst 
analyses for this experiment indicated that 56% of all cycles for the right 
LG (N = 211) were accompanied by bursts in the left LG or FDP. Results 
indicated that 50% of left FDP bursts began mid cycle (0.4–0.6). In the 4 
experiments combined, EMG bursts were detected in the left leg during 49% 
to 62% of rhythmic sequences in the right leg, and the majority of left bursts 
began mid cycle (Figure 6B). A plot of burst frequencies for each leg (4 ex-
periments) verified that these interlimb events fell within the RLM frequency 
range (Figure 6C).
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Figure 6. Interlimb coordinated during RLM at E20. Interlimb data are shown for 4 experiments at E20. A: A 
3-burst sequence in the right (R) TA (3.4±1.2 Hz) alternated with a 4-burst sequence in the left (L) TA (4.0±0.7 
Hz). R TA bursts also alternated with R LG bursts; L TA bursts alternated with left flexor digitorum profundus 
(L FDP) bursts. Anterior (upward)/posterior (downward) displacements of the 2 ankles were out of phase with 
one another. B: Left ankle extensor burst onsets were normalized to right extensor burst cycles (relative phase) 
and phase values were binned in 0.05 increments before plotting the distribution of interlimb phase patterns. 
The majority of left leg bursts fell between relative phases of 0.4–0.6 in all 4 experiments. C: The burst frequency 
distributions for the cycles plotted in B are shown for each leg (L TA and R TA). TA burst frequencies ranged 
from 1 to 10 Hz for both legs in each experiment.

discussion 
rlm Patterns resemble locomotor Patterns

Our first aim was to determine if EMG patterns for RLMs resemble any of the 
three locomotor patterns in hatchings. During walking, swimming and airstep-
ping, several features are characteristic of leg muscle activity [1], [2]. Nearly all leg 
muscles exclusively participate in either the flexor synergy for limb protraction or 
extensor synergy for limb retraction. Burst onsets are close in time for flexor synergists 
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(i.e., TA, SA). The ankle extensor (LG) alternates with flexors and the overlap 
between the bursts is little or none. In addition, activity of the knee extensor (FT) 
is distinctly different from other leg extensors. FT bursts twice per step cycle in 
walking and swimming, and once during airstepping; one FT burst begins dur-
ing flexor activity in all 3 forms of locomotion. Our results indicated that EMG 
patterns for RLMs shared these features. SA burst onsets were closely associated 
with TA onset, regardless of TA burst frequency (Figure 3B). The ankle extensor, 
LG, was consistently recruited in the interval between TA bursts (Figures 1, 3). 
Recruitment of the knee extensor, FT, was distinct from LG; it most often began 
early in the cycle, but it could also burst late or twice per cycle (Figures 3–5). Also, 
like locomotion, RLMs could include alternating interlimb coordination (Figure 
6). This array of similarities leads us to propose that RLMs in late-stage embryos 
are locomotor-related behavior.

Was there a match between the RLM burst pattern and any of the 3 locomotor 
forms at hatching? The RLM frequency range (1–10 Hz) embraced the combined 
cycle frequencies for the 3 locomotor behaviors at hatching [2]. On average, RLM 
frequencies at E18 (4 Hz) and E20 (5.4 Hz) were faster than the approximate 
averages for walking (2.8 Hz) and swimming (3.3 Hz), but airstepping (5.1 Hz) 
includes the higher frequencies common to RLMs. Though studies of locomotor 
patterns for hatchlings used the LG as reference for analyses, it also appears that 
the relative timing of burst onsets during RLMs closely resembled airstepping 
EMG [1], [2]. During RLMs, LG began in the latter half of the TA cycle and 
was immediately followed by the next TA burst (Figures 1, 3). FT began near 
TA offset and before onset of the next LG burst (Figures 1, 4–5). Extrapolating 
from published averages for airstepping (see [2] Figure 5), LG appears to begin 
in the later 40% of the TA cycle. A single FT burst begins near the end of the TA 
burst and terminates during the LG burst [2]. Further, during airstepping exten-
sor burst durations are brief (<100 ms) and vary independent of cycle duration, a 
feature that was also typical of RLMs.

Features that distinguish rlms from locomotor Behaviors

RLM EMG patterns also differed from airstepping. RLMs included burst fre-
quencies below 3.5 Hz, a broader spectrum of FT onsets, and short lasting TA 
bursts that did not co-vary with cycle duration. Whereas during airstepping, TA 
burst durations are longer and scale with the step cycle [2]. The absence of cova-
riation between extensor burst and cycle duration also distinguished RLMs from 
locomotion and swimming, for extensor bursts during stance (locomotion) and 
limb retraction (swimming) closely co-vary with the step cycle [2]. Thus, the ab-
sence of scaling between burst and cycle duration distinguished RLMs from all 
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3 posthatching forms of locomotion. The absence of burst scaling during RLMs 
could be an indication that proprioception at E18–E20 is not sufficiently mature 
to code movement dynamics [24]. However, longer extensor bursts are observed 
during hatching at E20 [17], possibly as embryos extend their legs into the shell 
wall to rotate their posture [25]. Thus, another possibility is that during most 
RLMs, the leg was not adequately loaded by foot contact with the shell to modu-
late extensor activity, for there were a few instances when LG burst durations were 
modestly lengthened (Figures 5A, 6A). On the other hand, flexor burst dura-
tions were probably not modulated by a load because flexor muscles operated in 
a shortened range due to the postural constraint imposed by the shell. It is also 
possible that descending pathways are required to modulate burst duration in ovo 
but that they do not modulate RLM activity.

shell removal did not enhance locomotor Features of rlms

We also considered the possibility that the extreme flexed posture imposed by 
shell constraint could mediate a set of cues that might mask locomotor patterns 
for airstepping, walking and/or swimming, and match force output to the lim-
ited movement space. The extreme flexed posture in ovo during the final days 
of incubation puts flexors at their most shortened length and all leg extensors 
at their greatest length. Thus our second aim was to determine if EMG patterns 
would appear more similar to one or more locomotor patterns when the shell 
constraint was removed. We reasoned that if leg movements were unconstrained, 
movements would be larger, plus flexor muscle lengths and loads would increase 
as extensor lengths decreased. However our results indicated that the temporal 
structure of RLM EMG activity was preserved, despite substantial increases in 
joint excursion range after shell removal (Figure 5B) and a significant increase in 
cycle frequency [23]. The resilience of the pattern during larger excursions was 
consistent with the observation that TA and SA burst onsets co-varied even when 
the ankle rotated out of phase with the hip and knee during control RLM (Figures 
1B, 3A). FT onset was the only measure that exhibited a modest variation with 
shell removal. FT onset was more likely to co-vary with TA cycle duration, but 
relative onset was more ambiguous or shifted from an early to late burst in the TA 
cycle (Figure 5B3); and the incidence of briefly overlapping TA and FT activity 
significantly increased.

It was somewhat surprising to us that the EMG pattern for RLMs at E20 was 
not more mutable during the larger unconstrained motions, given the embryo 
would hatch and walk within 24 hrs. Any of the possible mechanisms discussed 
above might account for the minimal effect of shell removal. Also, the sensory 
cues for larger motions may have been insufficient because the embryo was in a 
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side lying position and the leg flexors experienced less gravitational loading than 
if held vertically suspended, as during airstepping studies. Further, shell removal 
did not appreciably alter head/neck/spine flexion, and these inputs might act to 
reduce descending drive to spinal motor networks during foot-free as well as con-
trol experiments. On the other hand, it may be instructive that recruitment of FT, 
the muscle with the most varied pattern during control RLMs, was also the only 
muscle responsive to motion-related changes. The early and late onset variability 
in FT seems to be comparable to the onset shifts also seen in the vastus lateralis, a 
knee extensor in cat, during the ballistic motions of paw shaking [26], [27].

rlm Pattern and rhythm have different developmental 
time Frames

In our previous study we propose that RLM rhythm generation may be modular 
because stable rhythms appeared to be isolated to individual muscles [23]. The 
same array and distribution of rhythms were observed by E15. Our present find-
ings extend these results, suggesting that rhythm is established within a motor 
pool before it is expressed by an array of motor pools to form the RLM pattern. 
Participation of two muscles was infrequent at E15 but well established at E18. 
Studies of fictive locomotion and scratching in adult preparations have also ob-
served that rhythmic activity in motor neuron pools can be sustained or resumed 
without temporal resetting as some motor pools drop out [28]–[31]. These obser-
vations led to proposals that central pattern generation for rhythmic limb move-
ments involves two or more levels of control, i.e., one for rhythm and another 
for pattern (see [32] for a recent review). Thus, the differences in developmental 
time frame found for RLM rhythm and pattern generation in our studies appear 
to provide support for the proposal that pattern and rhythm generation involve 
multiple levels of control.

The developmental time frames for rhythm and pattern generation ex-
tend even more broadly than addressed by our present data. Repetitive limb 
movements are slow (0.2–2 Hz) at E9 [20], and temporally irregular between 
E12 and E15 [17], [19], [22]. The slow rhythms at E9 are likely produced by 
transient spinal network dynamics resulting from immature membrane prop-
erties [33], [34], and their progressive maturation may partially account for 
the temporal irregularities preceding emergence of RLM rhythms at E15. We 
do not know the mechanisms responsible for RLM rhythms, but descending 
pathways are well established by E15 [35], [36], and might provide excitatory 
drive as maturing spinal neurons lose their intrinsic excitability. Both slow 
and fast rhythms are also expressed in adult lamprey locomotion [37]. The 
slow frequencies are attributed to neural membrane properties, and the fast 
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frequencies are attributed to recurrent excitation within the neural network 
(see [38] for a recent review). Our results suggest that the RLM pattern ap-
pears 1 to 3 days after RLM rhythm, however RLM pattern development 
may begin with the emergence of alternating flexor and extensor synergies 
by E9 [18]. Some of the subsequent transformations are likely attributable to 
maturation of membrane properties such as persistent inward currents [39]. 
However, the emergence of the FT double burst and its variants at E18 may 
require development of additional mechanisms such as another control layer 
in CPG circuitry [32]. Maturation of sensory inputs may also shape FT burst 
patterns [2]; however FT double bursting is retained in fictive locomotion 
after hatching, suggesting that it is centrally specified [40].

In sum, our present study of RLM burst patterns completes the first de-
tailed studies of RLMs in the chick embryo. Findings revealed that despite 
considerable variations in the ensemble of active muscles during RLMs, burst 
patterns adhered to a common template. The template consisted of alternat-
ing flexion and extensor synergies, but also included burst patterns that distin-
guished knee extensor activity from ankle extensor activity. These findings are 
consistent with essential features of locomotor behaviors in hatchlings, and 
appear most similar to airstepping. Thus we conclude that RLMs in the late 
stage embryo are locomotor-related and produced by the developing neural 
circuits for locomotion. Our findings also suggest that RLM patterns are only 
modestly impacted by small modifications in physical constraint. Whether 
more dramatic changes in environmental conditions and postural context can 
significantly impact late stage embryonic behavior remains to be explored. 
Finally, our results lead us to conclude that RLM rhythm and pattern have 
different developmental time frames and that further study of their develop-
ment may advance our understanding of locomotor control.

materials and methods 
Fertile Leghorn chicken eggs were incubated under standard conditions with 
a temperature-controlled humidified incubator (37.5°). Eggs were maintained 
under similar conditions in a temperature-controlled chamber during prepa-
ration and recording. The first day of incubation was E0 and the present stud-
ies were conducted at E15, E18 or E20. Age was verified at the end of experi-
ments using staging criteria by Hamburger and Hamilton [41]. The viability 
of the embryo was assessed throughout the experiment by visually monitoring 
pulse rate and tracking body displacements with a force transducer (FT03C, 
Grass Instruments) placed in contact with the thigh [42]. If either indicator 
suggested the embryo was deteriorating, the experiment was terminated. All 
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procedures were approved by the University Institutional Animal Care and 
Use Committee.

emG, video and Force recordings

Embryos were prepared for synchronized electromyographic (EMG) and video 
recording of leg movements in the egg. A sagittal view of the leg was obtained 
by creating a window in the shell and dissecting egg membranes. Leg muscles 
were implanted with silver bipolar electrodes (o.d. 50 µm), including the sartorius 
(SA), a hip flexor; femorotibialis (FT), a knee extensor; tibialis anterior (TA), an 
ankle dorsiflexor; and lateral gastrocnemius (LG), an ankle extensor. The location 
of EMG electrode tips was later verified by dissection after euthanizing the em-
bryo. In E18 and E20 embryos, modified minutin pins were inserted along the 
leg for digitizing hip, knee and ankle movements. In some experiments additional 
shell was removed anterior to the foot to reduce mechanical constraints on leg 
posture and movement (foot-free).

Synchronized EMG, force and video were recorded continuously for ≥3–4 
hours (Datapac 2K2, Run Technologies) on a grounded anti-vibration table. EMG 
was band pass filtered (100–1,000 Hz), amplified (×2000), and digitally sampled 
(4 kHz). Force signals were low pass filtered (30 Hz), amplified (×20,000) and 
digitized (500 Hz).

rlm Analyses

Sequences of repetitive muscle bursting that were accompanied by leg move-
ment were selected for analyses. The synchronized video and/or force record-
ings were used to confirm the presence of leg movements. The force recording 
was particularly useful for detecting RLM when joint motions were only a 
few degrees in magnitude due to spatial constraint but of sufficient force to 
produce rhythmic displacements of the body. EMG signals were rectified to 
detect burst onsets and offsets based on 3 criteria: burst threshold (2–4 times 
baseline amplitude), burst duration (20–400 ms), and inter-burst interrupt 
(20 ms) (Datapac 2K2). Baseline amplitude for each EMG channel was es-
timated from a quiescent 100 ms segment of recording at the start of the 
experiment. The threshold for each EMG channel was determined by pilot 
analyses of several RLMs and based upon the combined parameter set that 
captured the greatest number of EMG bursts. An example of the burst detec-
tion method is shown in Figure 7.
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Figure 7. Burst detection methods. After signal rectification and baseline offset adjustment to 0 µV, average 
baseline channel noise was estimated during a quiescent interval of 100 ms. In the above example, a threshold of 
15 µV (3 times baseline) for TA and LG burst detection is shown. EMG activity remaining above threshold for 
20–400 ms and surrounded by subthreshold signal for 20 ms or longer was defined as a burst. Examples of burst 
detection are indicated by the upward square wave defections in the threshold trace.

EMG burst and cycle measures were referenced to TA burst onset, because 
TA was the most reliably rhythmic of the muscles recorded [23]. Thus, TA cycle 
duration was defined as the time between consecutive TA burst onsets. Burst on-
set latencies for all other muscles were measured from onset of the preceding TA 
burst, with the exception of SA bursts that slightly preceded the concurrent TA 
burst. Latencies were divided by the concurrent TA cycle duration to obtain rela-
tive onset latencies. The time between offset of TA bursts and onset of antagonist 
muscles (FT, LG) was also calculated to determine if alternating bursts exhib-
ited some duration of co-activity with TA. Leg movement during the RLM was 
digitized and joint angles were calculated for display with the EMG traces using 
methods established for in ovo recordings [22], [43].

Analyses were limited to RLM cycles that were rhythmically stable (SD≤1 
Hz) for 4 or more consecutive TA bursts [23]. Regression analyses were used to 
examine linear trends in EMG burst parameters relative to TA cycle duration 
within an experiment, and coefficients of determination (R2) are reported. Data 
sets containing fewer than 20 bursts were excluded. The t-test for independent 
samples was used to compare subject means between age groups (E18 and E20) 
and conditions (control and foot-free). A p<0.05 was considered significant.
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ABstrACt 
Background

Exposure to androgens early in development, while activating adaptive ag-
gressive behavior, may also exert long-lasting effects on non-target compo-
nents of phenotype. Here we compare these organizational effects of perin-
atal androgens in closely related Nazca (Sula granti) and blue-footed (S. 
nebouxii) boobies that differ in neonatal social system. The older of two 
Nazca booby hatchlings unconditionally attacks and ejects the younger from 
the nest within days of hatching, while blue-footed booby neonates lack lethal  
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aggression. Both Nazca booby chicks facultatively upregulate testosterone (T) 
during fights, motivating the prediction that baseline androgen levels differ 
between obligately siblicidal and other species.

Methodology/Principal Findings

We show that obligately siblicidal Nazca boobies hatch with higher circulat-
ing androgen levels than do facultatively siblicidal blue-footed boobies, pro-
viding comparative evidence of the role of androgens in sociality. Although 
androgens confer a short-term benefit of increased aggression to Nazca boo-
by neonates, exposure to elevated androgen levels during this sensitive period 
in development can also induce long-term organizational effects on behavior 
or morphology. Adult Nazca boobies show evidence of organizational effects 
of early androgen exposure in aberrant adult behavior: they visit unattended 
non-familial chicks in the colony and direct mixtures of aggression, affiliative, 
and sexual behavior toward them. In a longitudinal analysis, we found that 
the most active Non-parental Adult Visitors (NAVs) were those with a history 
of siblicidal behavior as a neonate, suggesting that the tendency to show social 
interest in chicks is programd, in part, by the high perinatal androgens associ-
ated with obligate siblicide. Data from closely related blue-footed boobies pro-
vide comparative support for this interpretation. Lacking obligate siblicide, 
they hatch with a corresponding low androgen level, and blue-footed booby 
adults show a much lower frequency of NAV behavior and a lower probabil-
ity of behaving aggressively during NAV interactions. This species difference 
in adult social behavior appears to have roots in both pleiotropic and experi-
ential effects of nestling social system.

Conclusions/Significance

Our results indicate that Nazca boobies experience life-long consequences of 
androgenic preparation for an early battle to the death.

introduction 
The diversity of vertebrate social systems has motivated many studies regarding 
their evolutionary origins, but few have identified the key proximate controls. 
The central role of the endocrine system is well recognized, functioning at the in-
terface of the social environment and the physiology of organisms. It orchestrates 
behavioral responses to social cues in real time and the development of socially 
relevant behavioral and morphological phenotypes in ontogenic time [1]. The 
available data from behavioral endocrinology suggest the possibility that early 
exposure to androgens is required to trigger the attacks characteristic of the young 
of some vertebrates [2]. Studies of birds in particular have recently supported the 
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position that nestling social interactions are mediated by circulating androgens of 
maternal or endogenous origin [3]. The data from developmental endrocrinology 
suggest that such exposure, if it occurs during developmentally sensitive periods, 
could induce organizational effects [4] on behavior [5], [6] and/or morphology 
[7]–[9] that represent pleiotropic epiphenomena. To our knowledge, these two 
areas of study involving hormones have not been integrated to ask the question: 
when androgens are mobilized in the context of sibling aggression in developing 
vertebrates, do those androgens also induce enduring phenotypes affecting later 
life stages?

Here we explore the endocrine dynamics behind two divergent neonatal social 
systems in closely related seabird species [10], testing predictions regarding the 
regulation of androgens just after hatching, when lethal aggression is expressed 
in one of the species, and the potential long-term consequences of this exposure. 
Nazca boobies (Sula granti) raise only one offspring at a time, as do other pelagic 
seabirds, but often lay a second egg that counters the poor hatching success char-
acteristic of this species [11], [12]. Obligate siblicide solves the frequent problem 
of hatching both eggs: the older nestling (A-chick) unconditionally attacks its 
younger, smaller sibling (B-chick) and ejects it from the nest within days of hatch-
ing [13]. In facultatively siblicidal blue-footed boobies (Sula nebouxii), fatal sib-
ling aggression is conditional on food availability, and, if it occurs, does so later in 
the nestling period [14], [15]. Nazca booby neonates thus face a high probability 
of lethal fighting, while blue-footed booby neonates do not.

Obligate siblicide represents the maximum challenge posed in an aggressive 
contest: two neonates are confined together until one kills the other. The dra-
matic fitness consequences of poor performance in this social system should lead 
to strong selection for adaptations related to siblicide in Nazca boobies, such as 
an endocrine milieu that facilitates the rapid onset of aggressive behavior. Dur-
ing fights, both Nazca booby hatchlings facultatively upregulate testosterone [T; 
3], in accord with the Challenge Hypothesis [2], implicating testosterone in a 
quick and forceful transition to combat. While potentially critical to facilitating a 
rapid mobilization of T for aggression, high perinatal androgens can also induce 
long-term phenotypic effects, such as impaired immune function, compromised 
future reproduction, and developmental instabilities [8], [16]–[18]. Following 
the demonstration that both first- and second-hatching Nazca booby nestlings 
temporarily up-regulate T during fights [3], we predicted that Nazca booby neo-
nates also maintain a higher baseline level of potentially costly androgens than do 
species lacking obligate siblicide. Blue-footed boobies provide the complement 
for a powerful comparative test of this idea, given their phylogenetic [10], mor-
phological, behavioral, and ecological [19] similarities to Nazca boobies, includ-
ing siblicidal behavior [13]. Blue-footed booby neonates receive no benefits of 
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androgen-based aggression at hatching, so the long-term costs of early exposure to 
these agents should cause selection to penalize high circulating androgens related 
to neonatal aggression. We compare hatchling androgen levels in the two species 
to ask whether Nazca boobies hatch with higher concentrations of androgens than 
do blue-footed boobies.

Elevated steroid concentrations during developmentally sensitive periods can 
have organizational effects on the central nervous system and program certain fac-
ets of behavior; the effect of uterine androgen exposure on adult social phenotype 
of mice is a well known example [20]. Unusual social interest of non-breeding 
adult Nazca boobies in conspecific and heterospecific nestlings [21], [22] provides 
an opportunity to examine organizing effects of androgens on behavior. These 
Non-parental Adult Visitors (NAVs) search the breeding colony for unguarded 
nestlings, join them at the nest, and display parental/courtship behavior, aggres-
sion, and sexual behavior in various mixtures [21]. No satisfactory ultimate ex-
planation for this phenomenon exists; NAV behavior confers no obvious fitness 
benefits on individuals [23], yet is ubiquitous among both sexes at our study site 
[21] and elsewhere in the species' range [Malpelo Island, Colombia, F. Estela, 
pers. comm]. On the proximate level, NAVs were reported to have higher corti-
costerone levels and lower T than non-NAVs, consistent with an activational role 
in this behavior [24]. We used complete life histories of birds in our long-term 
study population in a longitudinal test of the hypothesis that the neonatal T surg-
es that accompany siblicide-related aggression induce organizational effects on 
the tendency to show NAV behavior in adulthood, by asking whether siblicidal 
individuals perform NAV behaviors at a higher frequency than do nonsiblicidal 
individuals.

While attendance of active nests by nonbreeders is a well-documented aspect 
of prospecting behavior in many bird species [25], this intense social interest of 
adults in unrelated young is virtually unreported elsewhere in the literature [21], 
although it may occur in other species at low frequency, until now misidentified 
as poor parental behavior or as anomalous. We present the first report of NAV be-
havior in the closely related blue-footed booby (Sula nebouxii) from observations 
performed in a dense breeding colony on Isla Lobos de Tierra, Perú. Our previous 
understanding of blue-footed booby behavior comes from a breeding colony in 
the Galápagos Islands, with inter-nest distances ranging between 3.3—377 m 
[26]. NAV behavior was observed on only one occasion during 46 person-years 
of field work in and around that colony. In Perú, however, blue-footed booby 
colony density was comparable to the density of the Nazca booby nests where we 
studied them in the colony at Punta Cevallos, Española Island, Galápagos [27], 
[28]. Ecological factors, such as high nesting density, may cause some populations 
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to show NAV behavior while others do not. Here, we compare NAV behavior of 
the two species from similar colony environments, integrating these data into the 
model of behavioral organization via early androgen exposure. With the contrast 
in neonatal androgen level established (see Results), we compare relative frequen-
cy of NAV behavior among Nazca boobies and blue-footed boobies and examine 
different types of NAV behaviors separately to test the following hypothesis: if 
androgens associated with siblicide organize NAV aggression, then blue-footed 
boobies should show NAV behavior less frequently and less aggressively than do 
Nazca boobies.

In summary, we use both longitudinal analysis and the comparative method 
to examine linkage among neonatal social system, androgen concentrations, and 
enduring behavioral effects of early exposure to androgens. We test two hypoth-
eses: that Nazca boobies hatch with higher baseline androgen levels than do blue-
footed boobies, in parallel with the contrast in lethal fighting among hatchlings; 
and that participation in the different neonatal social systems induces persistent 
developmental consequences for behavior.

results 
Androgens

All nestlings providing androgen (combined 5α-DHT and T) samples came 
from one- or two-egg clutches, and were categorized into four types: prod-
uct of single-egg clutch, product of a two-egg clutch in which only one egg 
hatched, first nestling in a two-nestling brood, and second nestling in a two-
nestling brood. ANOVA of androgen level, incorporating species, nestling 
type, and sex effects, and their interactions, revealed a significant species effect 
(Table 1, Fig. 1). Nestling history and some interaction terms also explained 
significant variation in androgen level (Table 1), but the species difference 
was the largest component of variance by far, with an ANOVA mean square 
exceeding that of the second largest component (nestling history) by a fac-
tor of 14 (Table 1). Removal of the non-significant effects from the model 
simplified the result, rendering the species * nestling history * sex interaction 
non-significant (F3,131 = 2.147, P = 0.10), and maintaining the strong species 
effect (F,131 = 78.814, P<10−6) and lesser nestling history (F3,131 = 6.702, P = 
0.0003) and nestling history * sex effects (F1,131 = 2.954, P = 0.035). With the 
exception of second-hatching nestlings, which typically are killed shortly after 
hatching, Nazca booby neonates had three times or more the androgen level 
of comparable blue-footed boobies (Fig. 1).
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Figure 1. Mean (±95% CI) androgen level in Nazca booby (NZBO) and blue-footed booby (BFBO) hatchlings. 
1EC = products of one-egg clutches, 2EC- = products of two-egg clutch where only one egg hatched, 2ECA+ 
= first hatchling from two-egg clutch where both eggs hatch, 2ECB+ = second hatchling from two-egg clutches 
where both eggs hatch.

Table 1. ANOVA results comparing androgen levels of Nazca and blue-footed boobies, incorporating effects of 
nestling type and sex and their interactions.

Behavior

Longitudinal data from Nazca boobies derived from two-egg clutches showed 
that siblicidal nestlings mature into adults that exhibit more NAV behavior than 
do non-siblicidal conspecifics (t-value = 2.468, df = 104, N = 108, P = 0.015; 
Fig. 2A). Specifically, siblicidal Nazca boobies displayed more frequent aggres-
sive NAV behavior as adults (t-value = 2.287, df = 104, N = 108, P = 0.024; Fig. 
2B), whereas the frequencies of affiliative and sexual NAV behavior did not vary 
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significantly with nestling social experience (t-value = 1.304, df = 104, N = 108, 
P = 0.195; t-value = 0.006, df = 104, N = 108, P = 0.995).

Figure 2. Number of NAV events (A: total, B: aggressive) performed by adults derived from two-egg clutches. 
Siblicidal individuals (2ECA+) are contrasted with non-siblicidal individuals (2EC-) whose sibling egg failed to 
hatch. Boxes and whiskers represent the middle 50% and middle 80% of the data, respectively.

We detected a far lower frequency of NAV behavior in Peruvian blue-footed 
boobies. When expressed as the number of NAV events per non-breeder present, 
scaled to observation effort, Nazca and blue-footed boobies performed 0.0725 
(95% CI = 0.0588–0.0862) and 0.0017 (95% CI = 0.0014–0.0018) NAV events/
nonbreeder/hour, respectively. Scaled to the number of unattended chicks avail-
able, we observed 0.0586 (95% CI = 0.0.0489–0.0683) and 0.0152 (95% CI = 
0.0138–0.0166) NAV events/unattended chick/hour in Nazca boobies and blue-
footed boobies, respectively. In each of these comparisons, neither mean is in-
cluded in the other mean's 95% CI. We predicted that if early androgen exposure 
organizes aggressive NAV behavior in boobies, then aggressive NAV interactions 
should represent a smaller fraction of the NAV repertoire in blue-footed boo-
bies than in Nazca boobies. We found support for this hypothesis: in most years, 
Nazca booby NAV events included significantly more aggressive and less affilia-
tive behaviors compared to blue-footed booby events (Table 2; log-linear analysis, 
Nazca booby frequencies differ from those of blue-footed boobies [P<<αcrit] in all 
years except 2001–02 [P = 0.24]).
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Table 2. Percentage of behavior types observed in NAV events, by species.

Most Nazca booby chicks show physical evidence of past aggressive NAV at-
tacks, including lacerations and bare patches of skin where down has been scraped 
away [21]. In contrast, we found 0 out of 1473 medium-sized blue-footed booby 
chicks had abrasions or missing down, suggesting that while aggressive NAV in-
teractions occur in blue-footed boobies, they are a milder form of the phenom-
enon. The absence of such markers is apparently not attributable to higher dura-
bility of blue-footed boobies' plumage or skin, because Nazca booby NAVs visit 
blue-footed booby chicks at our Galápagos study site and cause visible injuries to 
them [22].

discussion 
We found that hatchling Nazca boobies, facing a strong possibility of an immi-
nent fight to the death, emerge from the egg with a higher circulating androgen 
level than do blue-footed boobies, providing comparative evidence of the role 
of androgens in sociality. With the exception of B-chicks, which typically are 
killed shortly after hatching, Nazca booby neonates had three times or more the 
androgen level of comparable blue-footed boobies. Among these Nazca booby 
hatchlings, androgen level was not sensitive to the post-natal stimuli of the pres-
ence of a potential competitor (an egg) or to position in the laying sequence (Fig. 
1), suggesting that levels on the day of hatching reflect a species difference in 
exposure to androgens extending back in time into the embryonic period, rather 
than facultative upregulation after hatching.

Within the Nazca booby population, more than half of the clutches contain 
two eggs in most years [29], [30], and 68% of two-egg clutches produce two 
hatchlings [11], so more than 1/3 of all Nazca boobies experience the additional 
early androgen exposure associated with upregulation of T during obligate siblicide 
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[3]. Given the evidence that neonatal birds with altricial development experi-
ence organizational effects from post-hatching exposure (the first 30% of the 
nestling period) to steroid hormones [31], the early exposure of highly altricial 
Nazca boobies to a high androgen level is expected to coincide with a sensitive 
period in development. Accordingly, we found evidence of organizational effects 
of siblicide-related androgens in aberrant adult behavior. Siblicidal Nazca boo-
bies showed more frequent social attraction (NAV behavior) to unguarded chicks 
years later as a nonbreeding adult, compared to non-siblicidal Nazca boobies (Fig. 
2A). This predictive ability of siblicidal history was due to a significant association 
with the frequency of aggressive NAV interactions (Fig. 2B); it did not predict the 
frequencies of the affiliative or sexual components of NAV behavior. These results 
provide rare evidence from a natural population that social behavior (in this case, 
aggressive interest in non-familial young) expressed as an adult is conditioned by 
androgen exposure while young, which itself is related to the extreme social chal-
lenge faced by neonatal Nazca boobies.

Nazca boobies provide a rare example of a non-human animal known to ex-
press such widespread and varied social interest in unrelated young. Adolescent 
male, but not female, yellow-rumped caciques (Cacicus cela) persistently attack 
and attempt to copulate with fledglings, with unknown fitness consequences [32]. 
Black-legged kittiwake (Rissa tridactyla), nonbreeders also visit active nests where 
parents are absent, although this “squatting” behavior is interpreted as an assess-
ment of site quality, important for territory acquisition [33]. Neither of these 
cases nor more anecdotal reports seem to represent parallels to the Nazca booby 
situation, in which the motivation to visit active nests is clearly social interac-
tion with a chick, with fully mature adults of both sexes engaging in a variety of 
social behaviors. The aggressive component of NAV behavior of Nazca boobies 
shows an ontogenic linkage with androgen exposure experienced during siblicide 
events. This result prompts the expectation that the elevated androgens of Nazca 
boobies before siblicide, compared to blue-footed boobies (Fig. 1) and probably 
most other birds, also lead to the later expression of NAV behavior. Consistent 
with this expectation, NAV behavior occurs at low frequency in Peruvian (this 
study) and Galápagos (personal observation) blue-footed booby populations, and 
is unreported from central American colonies. Moreover, aggression represents 
a lower proportion of the NAV repertoire of blue-footed boobies compared to 
Nazca boobies (Table 1). The contrast in the NAV phenomenon among the two 
species is consistent with the hypothesis that perinatal androgens organize pro-
pensity to show NAV behavior, in a behavioral cascade rooted in the hatchling 
social environment. Experimental manipulation of perinatal androgen exposure 
in these species, with longitudinal followup of adult social behavior, can evaluate 
this idea further.
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Launching their infants into vastly different social systems, Nazca and blue-
footed boobies otherwise exhibit similar ecologies, life histories, and phylogenies, 
minimizing potentially confounding variables that would interfere with identi-
fication of the proximate regulators of these social systems. These species also 
provide an opportunity to assess life-long consequences of neonatal social system 
dynamics on phenotype via these proximate mechanisms. Here we demonstrate 
links between neonatal social system, androgen concentrations, and persistent 
phenotypic effects of early exposure to androgens. We suggest that the strong 
selection for the androgens that facilitate obligately siblicidal behavior in Nazca 
boobies outweighs any pleiotropic consequences arising later in life.

materials and methods 
Blood sampling and Assays

As part of a long-term study on this species we monitored over 16,000 Nazca 
booby nests at Punta Cevallos, Isla Española, (89° 37′ W, 1° 23′ S) in the Galá-
pagos Islands since 1984 in which laying dates, laying order, clutch size, hatching 
dates, and hatching order were recorded. We sampled first (CA) and second (CB) 
chicks from 15 nests with two egg clutches where both eggs hatched (2ECA+ 
and 2ECB+, respectively), 15 nests with two egg clutches where either the first 
egg or the second egg was present at hatching of the other egg but did not hatch 
itself (2EC-), and 15 chicks from one-egg clutches (1EC). Chicks were sampled 
within 24 hours of hatching, usually between 10am–1pm. Approximately 200 µl 
of blood was taken from the brachial vein using a 27 ½ gauge needle and unhepa-
rinized microcapillary tubes and then collected in 1.5 mL Eppendorf microcen-
trifuge tubes. Typically, sampling time was 3 min., in rare cases 5–8 min. Samples 
were processed within 1–2.5 hrs of collection. We centrifuged blood samples in 
the field for 10 minutes, then removed a known volume of serum which was 
stored separately in tubes containing 750 µl absolute EtOH. Red blood cells were 
resuspended in ca. 500 µl of 70% EtOH. All samples were stored at ambient tem-
perature for 1 month before refrigeration upon arrival at Wake Forest University. 
Hormones were extracted and assayed at the University of Maryland. DNA was 
extracted from red blood cells for PCR sex identification at Wake Forest Univer-
sity [34].

We monitored 925 blue-footed booby nests in Dec 2006 on Isla Lobos de 
Tierra (80° 51′ W, 6° 24′ S), Perú which already contained eggs, using only nests 
that contained one- or two-egg clutches. We collected blood samples from chicks 
within 24 hours of hatching using the same procedure used for Nazca boobies. 
We sampled 16 first and second hatchlings from two-egg clutches (2ECA+ and 
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2ECB+, respectively), 16 chicks from two-egg clutches where one egg did not 
hatch (2EC-), and 16 chicks from one-egg clutches (1EC). Hormone samples 
were extracted at Wake Forest University and assayed at the University of Mary-
land, DNA was extracted from red blood cells for PCR at Wake Forest Univer-
sity.

After double ether steroid extraction (85% recovery), androgens (5α-DHT 
and T) were assayed via radioimmunassay (RIA; 35) for chicks from both species. 
The RIA was validated for parallelism, sensitivity (10pg/ml), accuracy, and preci-
sion (<10% CV) for serum from both species.

Behavioral observations

Nazca Boobies

In January 2005, we placed distinctive blue plastic bands on all adult nonbreeders 
and failed breeders that had known nestling histories (age, clutch size, hatching 
order and siblicidal/non-siblicidal) in the “study area,” a subsection of the Nazca 
booby colony at Punta Cevallos [28]. The numbers on the bands could be read 
easily from a distance. From January 19, 2005–Mar 31, 2005, each afternoon 
between ca. 1300–1630 hrs, two observers systematically patrolled the study area 
recording all NAV events, the identity of the NAVs, and the nest number of the 
chick victims (504 person/hrs in total). Any NAV interaction of the three classes 
between a plastic-banded nonbreeder and a chick was recorded as a NAV event; 
repeated NAV interactions of a given behavior type between the same individu-
als in one day were all considered as the same “NAV event” [23]. NAV behavior 
classes included the following: aggressive (biting, shaking, or jabbing), affiliative 
(attending the chick with little interaction, preening, presenting gifts of feathers 
or pebbles), or sexual (attempted copulation with chick). Some analyses used an 
extended data set to include NAV observations recorded during the breeding sea-
sons of 2001–02 and 2002–03 using the same methods.

In 2004–05, an average of 33.0 banded Nazca booby nonbreeders (SD = 17.0) 
was present at mid-day in the observation area over the course of the NAV obser-
vation period. During the subsequent afternoon hours, we observed an average of 
9.22 active NAVs (SD = 5.1) in the study area and a mean of 1.85 NAV events per 
person-hour (SD = 1.28; n = 1750 NAV events). The study area had an average of 
130.3 medium-sized chicks in the colony (>than 20 days old; <fledging age), 66.8 
of which (SD = 19.2) were unattended on average.

Correct assessment of the relative frequency of NAV behavior required adjust-
ment for variation in colony attendance among individuals. We performed nightly 
band re-sight surveys of the study area in which we noted all plastic banded birds. 
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Only birds present on at least 5 nights during the period of the NAV observations 
were considered colony residents and all others were excluded from the analysis. 
In addition, a bird had to be of “nonbreeder” status on at least one of the nights 
present to be included in the analysis as a potential NAV.

Blue-Footed Boobies

We conducted systematic behavioral observations in a large blue-footed booby 
colony on Isla Lobos de Tierra, Perú (80° 51′ W, 6° 24′ S) in Dec 2006. Patrolling 
a subsection of the colony, we recorded all NAV behaviors and categorized them 
as aggressive, affiliative, or sexual, and noted the time of day. We performed 30 
hours of behavioral observations over the course of five days (29 Dec 2006 to 2 
Jan 2007; Day 1: 1000–1600 hrs; Days 2–4: 930–1630 hrs; Day 5: 930–1230 
hrs). We patrolled an area with hundreds of unattended medium-sized chicks 
(between 20–100 days old), and even higher numbers of non-breeding adults, in 
which abundant opportunity for NAV interactions existed. Because adults were 
unbanded and so unrecognizable, we were unable to determine how many, if 
any, adults were involved in repeated NAV events with a particular chick. As a 
consequence, our assumption that each NAV event was independent may not be 
strictly true. To perform a single loop of the area required 30 minutes; for each 
pass of the colony we recorded each NAV interaction with a given chick as a new 
event due to the ample number of nonbreeders in the colony and relative high 
probability that the NAV was a new bird. We distinguished affiliative NAVs from 
parents by observing the chicks' responses to the attending adults, as in Nazca 
booby chicks [21]: blue-footed booby chick victims of NAV behavior tuck their 
bills under and push their forehead to the ground, leaving the backs of their necks 
exposed in a submissive posture, during the interactions.

An average of 1950.7 nonbreeders (SD = 90.1) were present during the middle 
of the day in the observation area during the five days of behavioral observations, 
and we observed a mean of 3.23 NAV events per person-hour (SD = 0.33, n = 
165 NAV events). Chick attendance by blue-footed booby parents (85.6%) was 
higher than by Nazca boobies (44.4%), which may have limited opportunity for 
blue-footed booby nonbreeders to show NAV behavior. However medium-sized 
chicks (>20 days, <fledging age) were abundant: the observation area had 1473 
medium-sized chicks and an average of 212.3 (SD = 31) chicks that were unat-
tended, or three times the number of available Nazca boobies at Punta Cevallos.

statistical Analyses

We compared androgen levels using a three-way ANOVA (main effects species, 
sex, and nestling type, after checking homogeneity of variances using Levene's 
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Test (F15, 126 = 1.73, P>0.05) and normality using a normal probability plot of 
residuals. Untransformed data showed a tendency to non-normality, which was 
corrected by log-transformation, and we used log-transformed androgen level in 
the ANOVA.

To test the organizational effects hypothesis with data from Nazca boobies, 
using R [38], we fitted a generalized linear mixed model to frequency of total 
NAV events of different types performed by an individual, using nestling his-
tory, sex, and age as fixed effects and number of nights presents in the colony 
as a nonbreeder as a random effect. Nestling history was a dichotomous vari-
able describing whether or not a nonbreeder derived from a two-egg clutch was 
siblicidal as a chick. The residuals of the dependent variables followed a negative 
binomial, or “zero-inflated Poisson” distribution, so we specified the model for 
an “overdispersed Poisson” distribution. Using the t-value output, we determined 
significance with a two-tailed test with α = 0.05.

To compare the frequencies of NAV behavior types across species, we first 
used a log-linear analysis on Nazca booby data alone to test for temporal variation 
across years, and found a significant year x behavior type interaction (Maximum 
Likelihood χ2 = 202.05, df = 6, P<0.01). As a result, we did not collapse all Nazca 
booby data into a single sample for comparison with the single year of data from 
blue-footed boobies, instead comparing each year of Nazca booby data with the 
single year of blue-footed booby, adjusting the P values for multiple comparisons 
with the false discovery method [36], [37]. The false discovery method computes 
a critical α level (αcrit) for each comparison, to which the P value is compared to 
determine significance.
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ABstrACt 
Background

We conducted a large-scale transcriptomic profiling of selected regions of the 
central nervous system (CNS) across three species of honey bees, in foragers 
that were performing dance behavior to communicate to their nestmates the 
location, direction and profitability of an attractive floral resource. We used 
microarrays to measure gene expression in bees from Apis mellifera, dorsata 
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and florea, species that share major traits unique to the genus and also show 
striking differences in biology and dance communication. The goals of this 
study were to determine the extent of regional specialization in gene expres-
sion and to explore the molecular basis of dance communication.

Principal Findings

This “snapshot” of the honey bee CNS during dance behavior provides strong 
evidence for both species-consistent and species-specific differences in gene ex-
pression. Gene expression profiles in the mushroom bodies consistently showed 
the biggest differences relative to the other CNS regions. There were strong 
similarities in gene expression between the central brain and the second tho-
racic ganglion across all three species; many of the genes were related to me-
tabolism and energy production. We also obtained gene expression differenc-
es between CNS regions that varied by species: A. mellifera differed the most, 
while dorsata and florea tended to be more similar.

Significance

Species differences in gene expression perhaps mirror known differences in 
nesting habit, ecology and dance behavior between mellifera, florea and dor-
sata. Species-specific differences in gene expression in selected CNS regions 
that relate to synaptic activity and motor control provide particularly attrac-
tive candidate genes to explain the differences in dance behavior exhibited by 
these three honey bee species. Similarities between central brain and thoracic 
ganglion provide a unique perspective on the potential coupling of these two 
motor-related regions during dance behavior and perhaps provide a snapshot 
of the energy intensive process of dance output generation. Mushroom body 
results reflect known roles for this region in the regulation of learning, mem-
ory and rhythmic behavior.

introduction
Animal brains are composed of anatomically distinct regions which are further 
made up of spatially and functionally coherent populations of neurons and glia. 
They specialize in processing different kinds of signal input from the animal's 
internal and external environment and integrate the information to mount an 
appropriate physiological and behavioral response. Even though many molecular 
processes are considered universal to all cells, transcriptomics and in situ hybrid-
ization analysis have revealed extensive localized regulation of genes expressed in 
the brain in both vertebrates and invertebrates [1]–[3]. Studies of mammals and 
song birds have revealed strong connections between brain-region specific gene 
expression and behavior [4], [5].
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The brain of the honey bee, Apis mellifera, is among the best studied insect 
brains, from neuroanatomical, neurochemical and neurophysiological perspec-
tives [6]–[8]. In addition, numerous brain-region specific analyses of gene ex-
pression exist for the honey bee, but they are largely limited to analyses of single 
genes via in situ analysis [9]–[11]. Although honey bees have been used for several 
large-scale analyses of behaviorally related gene expression at the whole brain level 
[12]–[14], large-scale transcriptomic comparisons of different brain regions in the 
bee brain have not yet been conducted. This information would be helpful to our 
understanding of how known regional differences in structure and function in the 
bee brain relate to behavioral regulation.

We performed the current study with two goals in mind. Firstly, to carry out 
a transcriptomic profiling of selected regions of the honey bee brain to determine 
the extent of regional specialization in gene expression. A recent neuroanatomical 
analysis [15] of dance language [16], the famous communication system used by 
honey bee foragers to communicate to their nestmates the location, direction and 
profitability of an attractive food source they encounter in the environment, sug-
gested that multiple brain regions are involved in the perception and production 
of dance communication, meaning that regional analysis of brain gene expression 
will be required to understand this remarkable system. Therefore, our second goal 
was to explore the honey bee CNS at the transcription level to get a picture of 
how the different regions might contribute to the behavioral output associated 
with dance communication.

Honey bee foragers need to carry out a spectrum of sensory information pro-
cessing not only to navigate but also to produce the dance language. These include 
visual information about the landscape and location, direction information, mea-
surement of distance, measurement of gravity to name a few. Based on previous 
neuroanatomical and behavioral studies in honey bees and other insects, we know 
that the following CNS regions are likely to be involved in sensory processing 
and regulation of dance: 1) the optic lobes (OL), which receive sensory input 
from the compound eyes and the ocelli and are comprised of 3 distinct neuro-
pils, the lamina, medulla and lobula [17]–[19]; 2) the mushroom bodies (MB), 
which consist of intrinsic neurons called Kenyon cells [20], [21] and a complex 
neuropil arranged into anatomically defined subparts strongly associated with ol-
factory learning, higher order visual processing, multi-modal sensory integration 
and general arousal [22]–[29]; and 3) the central brain (CB), which contains 
(among other neuropils) the central complex [30], a precisely arranged array of 
neurons implicated in the control of acoustic communication and coordinated 
movements during courtship in Drosophila (fruit fly) and gomphocerine grass-
hoppers [31]–[33], orientation to polarized light [34], [35]. We also included 
the second thoracic ganglion (TG) because it innervates and controls the body 
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parts involved in the dance output namely, the wings, the middle and hind legs, 
muscles of meso and metathorax and the articulation of the abdomen with the 
thorax through the propodeum [36]. The TG has also been implicated in coordi-
nating motor patterns, generating rhythmic movements in flies and crickets and 
gregarious behavior in locusts [37]–[39].

We exploited the striking differences in dance language that exist in the genus 
Apis [16], focusing on three species, A. mellifera, A. dorsata, and A. florea. A. 
mellifera, the cavity nesting Western honey bee, the model honey bee species for 
which we have the genome sequence and related genomic resources [40], is the 
species in which the dance language was first described. The other two species that 
are confined mostly to South Asia show some striking differences in the dance 
language [16]. Our previous study showed differences in gene expression between 
these species [13], but the study was conducted on whole brains, and more im-
portantly, it compared foragers and one-day-old bees, so it was not clear to what 
extent the differences were related to differences in dance behavior or differences 
in behavioral maturation.

We generated CNS region-specific profiles of gene expression for A. mellifera, 
dorsata, and florea individuals sampled directly from beehives while they were en-
gaged in dance behavior. We were particularly interested in testing for two types 
of patterns of CNS regional gene expression in association with dance behavior. 
Differences in gene expression between brain regions that are consistent across the 
three bee species should reflect intrinsic functional specialization within the Apis 
nervous system. By contrast, regional differences that are different across the three 
bee species (region by species interactions) may reflect differences that are related 
to species differences in behavior.

methods 
sample Collection and Processing

Dancing bees returning from successful pollen collecting trips were easily identi-
fied on honeycombs according to established criteria [41] and collected from 2–4 
natural colonies on location in Bangalore, India between 9 AM and 12 PM each 
collection day. Individuals were collected on liquid nitrogen and subsequently 
stored in ultra-low freezers. Samples were shipped on dry ice to the University of 
Illinois and stored at −80°C until processed further. 2 colonies from each species 
were used for subsequent analysis. Frozen brains were fixed in RNALater ICE 
(Ambion/Applied Biosystems, Austin, Texas) and dissections were carried out on 
fresh ice under a stereomicroscope (Olympus SXZ12). Fig. 1 shows the meridians 
along which the brain was divided to give the 3 brain regions studied. Due to  
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limitations of the technique the divisions were not precise and might have missed 
cell bodies that lie at the junction of two regions, e.g. some cell bodies that lie 
close to the antennal lobes and send their projections into the central complex 
might have been removed along with the antennal lobes [30]. However, a major-
ity of the cells that belong to a particular region were included. In order to include 
the central complex in the central brain region, we could only have the calyces 
of the mushroom bodies in the MB region. However, the calyces contain the cell 
bodies of the intrinsic Kenyon cells [20] where most (but not all) transcription 
takes place.

Figure 1. Schematic representation of brain with the regions that were used in the study. Dotted lines show the 
meridians of separation between the regions: a1 and a2–optic lobes, b1 and b2–mushroom bodies, c, d1 and d2 
mark the lines along which the sub-esophageal ganglion and the antennal lobes were removed. Brain schema in 
Figure 1, 2, 3 and 5 drawn after [71].

Extractions were carried out with RNAeasy (Qiagen, Valencia, California) 
kit and quantified using a Nanodrop™ spectrophotometer (Thermo Scientific, 
Wilmington, Delaware). 100 ng of each RNA sample was amplified using the 
MessageAmp kit (Ambion/Applied Biosystems, Austin, Texas). Amplified mRNA 
from OL, MB, CB and TG of each individual dancer (11–12 individuals/colony/
species) were used in labeling and hybridization as in previous studies [13].

microarray Analysis

We analyzed 4 CNS regions of 72 pollen dancers of 3 species on an A. mellifera 
brain EST microarray. This array has been shown to perform well for these species 
even though it was designed with mellifera sequences [13]. A loop design was em-
ployed for microarray analysis [42], with each CNS region compared to another 
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region belonging to the same species, on multiple arrays per species. A total of 117 
arrays were used in this study, each probing equal quantities of amplified mRNA 
(2 ug). CNS regions from individual bees were hybridized on each array.

data Analysis

Microarray data generated in this study meet Minimum Information about Mi-
croarray Experiment (MIAME) standards and are available at ArrayExpress [43] 
under accession number E-TABM-700. A total of 117 arrays were used for sta-
tistical analysis, after quality control analysis. Microarray features that received a 
“−100” flag by the scanning software GenePix or that had a median fluorescence 
intensity <300 were removed from the analysis [44]. Gene expression measure-
ments were log2-transformed and normalized using a LOWESS smoothing func-
tion. Microarray elements with missing information in more than two arrays or 
control sequences [44] were removed from the analysis. Data from duplicated 
spots were averaged and adjusted for global dye and microarray effects [45], [46]. 
In order to minimize errors and the occurrence of false positives, only genes that 
were expressed at detectable levels in at least 115 arrays of the quality tested 117 
microarrays were included in the data analysis. Thus 5182 or 74% of the genes 
on the arrays that passed the filter criteria can be considered to be ubiquitously 
expressed throughout the honey bee CNS, irrespective of species. The dataset 
for each species was then analyzed in two ways, separately subject to ANOVA 
(ANOVA 1) and combined in a single dataset before being subject to an ANOVA 
(ANOVA 2).

A linear mixed effect ANOVA model was used to describe the normal-
ized expression intensity (yjklmn or yijklmn) on a gene-basis: ANOVA 1: yjklmn = 
µ+Rj+Dk+Al+Bm+Hn+εiklmn; ANOVA 2: yijklmn = µ+Si+Rj+SRij+Dk+Al+Bm+Hn+εijk

lmn where µ denotes the overall mean, Si denotes the effect of the ith species, Rj 
denotes the effect of the jth region, Dk denotes the kth dye, Al denotes the effect 
of the lth array, Bm denotes the effect of the mth array batch, Hn denotes the ef-
fect of the nth bee, and εjklmn or εijklmn denotes the residual. The terms Hn, Al and 
ejklmn or eijklmn were treated as random effects and the remaining terms were treated 
as fixed effects. Statistical tests were based on a global variance model (F3). The 
false discovery rate criterion was used to adjust for multiple testing [47]. Statistical 
analyses were conducted using the SAS statistical package.

Results of a subsequent post-hoc t test were then used to carry out the sub-
sequent pattern analysis. Using a cut-off p value of 10−4 we coded a negative ex-
pression ratio (log2 fold change) between any two regions as −1, while a positive 
expression ratio was coded as 1. A non-significant expression difference was coded 
as 0. Expression profiles that compared all six possible contrasts MB-CB, CB-OL, 
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CB-TG, MB-OL, MB-TG and OL-TG were then used to cluster genes using a 
K-means clustering program. Contrasts that compared MB with another region 
gave the best clustering outcome and therefore only those 3 contrasts CB-MB, 
OL-MB and TG- MB were used for subsequent pattern analysis. 27 possible pat-
terns of gene expression profiles are possible in these 3 contrasts as summarized in 
Table 1. Depending on the expression profiles that the genes had in each species, 
they were grouped into one of the 27 patterns. GO enrichment analysis of genes 
showing a pattern of interest was carried out with a Chi-square test with Yates 
continuity correction [12]. Since this correction results in a conservative estimate 
of the p value, we used a cut-off of p = 0.01 for statistical significance. At this 
threshold, the number of false positives expected was several times lower than the 
actual significant results obtained. For example, out of 4590 comparisons that 
were carried out for genes that were upregulated in any one CNS region com-
pared to another (irrespective of species), 262 GO terms were identified at the 
significance level of p = 0.01, which is more than 5 times of the expected number 
of false positives (45.90) .

Table 1. The number of genes that showed each of 27 possible expression patterns.
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results 
CNS-Specific Differences in Honey Bee Gene Expression 
Consistent Across the species

A total of 5182 genes representing 74% of the genes present on the array passed 
through our analysis filters (see Methods). About half the genes showed no CNS-
specific pattern of expression, presumably reflecting genes involved in processes 
common to all nervous tissue, across all three species. There were significant differ-
ences in gene expression between CNS regions for ca 50% of the genes (ANOVA 
1, FDR<0.001; 2597 in mellifera, 2777 in dorsata and 2028 in florea). Approxi-
mately 50% of these have been annotated, largely on the basis of known functions 
in Drosophila melanogaster [40]. The MB was most different from the other 
CNS regions in gene expression and was thus a major contributor to this region 
effect. The average proportion of genes differentially expressed in MB was 72% 
compared to CB (1837 in mellifera, 1949 in dorsata and 1580 in florea), 60% 
compared to OL (1482 in mellifera, 1663 in dorsata and 1333 in florea) and 82% 
compared to TG (2177 in mellifera, 2204 in dorsata and 1704 in florea = 1704;). 
By contrast, the smallest difference in gene expression was observed between CB 
and TG. The average proportion of genes differentially expressed in TG compared 
to CB was 14% (461 in mellifera, 422 in dorsata, and 225 in florea).

Similar results were obtained in an independent clustering-based analysis 
that generated 27 distinct patterns of expression differences between the differ-
ent CNS regions (Table 1). The biggest gene cluster group (pattern #14) was 
comprised of genes that showed no region-specific pattern of expression. These 
genes again presumably reflect genes involved in processes common to all nervous 
tissue, across all three species. As in the analysis above, ca. 50% of genes showed 
this pattern in each species (1205 genes). More genes in this category were shared 
between mellifera and florea than either did with dorsata. Patterns 1 and 27 were 
the next major groups, wherein MB had a higher or lower expression level re-
spectively compared to the other regions. Again 50% of genes with these patterns 
were shared between the three species. Genes expressed at similar levels in MB 
compared to OL but differentially expressed compared to CB and TG were part 
of the next two major patterns (nos. 4 and 24).

To gain further insight into the possible functional significance of the consis-
tent differences in gene expression between CNS regions across the three species, 
we performed GO enrichment analyses on the groups of (GO annotated) genes 
that showed a directional bias of expression in one region compared to another in 
all 3 species. As with the previous analyses, results for MB compared to CB and 
TG yielded the most coherent patterns, while comparisons with OL or compari-
sons between OL, CB and TG did not show concordance between species. Figs. 2 
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and 3 summarize the results of the enrichment analysis of genes that were upregu-
lated in MB compared to CB and TG, respectively. An almost identical list of GO 
terms appeared in both comparisons, reflecting consistent themes for MB across 
the three species. Many of the enriched GO categories pertain to neuronal activity 
while other categories include those involved in cell surface receptor-linked signal 
transduction and intracellular signaling cascades, and genes that bind to other 
proteins (GO molecular function: protein binding).

Figure 2. Results of GO enrichment analysis of genes that showed consistent differences in gene expression 
across the three honey bee species in the mushroom bodies compared to central brain.

Figure 3. Results of GO enrichment analysis of genes that showed consistent differences in gene expression 
across the three honey bee species in the mushroom bodies compared to thoracic ganglion.
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The following are among the genes upregulated in MB compared to CB and 
TG in all three species that are known (primarily from functional analysis in 
Drosophila) to be involved in synaptic transmission: Inositol tris-phosphate re-
ceptor (Itp-r83a), known to be preferentially expressed in mushroom bodies of 
honey bees by in situ hybridization analysis [48], Ryanodine receptor (Drosophila 
ortholog Rya 44F), Nicotinic acetylcholine receptor and Muscarinic acetylcho-
line receptor; and Cacophony, a calcium channel gene whose protein product 
is involved in synaptic transmission that is implicated in Drosophila courtship 
behavior and adult locomotion, particularly adult male courtship song [49]. The 
following are among the genes upregulated in MB compared to CB and TG in 
all three species that are known to be involved in signal transduction: Shaggy, 
CAMKII known to be highly expressed in honey bee mushroom bodies by in 
situ hybridization analysis [50], Pka-R2 and Pka-c code for the regulatory and 
catalytic subunits of cAMP dependent protein kinase or PKA. Shaggy codes for a 
crucial protein kinase in Drosophila and is an important developmental gene that 
is also involved in regulation of circadian rhythms in the adult [51]. PKA plays an 
important role in development and is also involved in adult learning and memory 
[52], [53]. It is expressed at higher levels in the honey bee mushroom bodies com-
pared to the rest of the brain [54]. Calcium/calmodulin-dependent protein kinase 
II or CAMKII is involved in learning and memory, specifically long term memory 
and courtship behavior [55].

In contrast to these results for the MB, we did not detect any concordance in 
enriched GO categories for genes that are upregulated in OL compared to CB 
or TG across species. Furthermore, comparatively fewer genes (51 out of 502) in 
these comparisons showed similar patterns across the species.

CNS-Specific Differences in Honey Bee Gene Expression that 
vary by species

There were significant CNS region by species interactions in gene expression for 
ca 14% (709 of 5182) of the genes (ANOVA 2, FDR<0.001; Table 2). These re-
flect regional differences in gene expression that are different across the three bee 
species. These genes were then subject to a GO enrichment analysis (see Meth-
ods). Fig. 4 summarizes cases where there were differences between species in the 
GO classes that were enriched in genes upregulated in one CNS region compared 
to another (ANOVA 1). Consistent with the lack of across-species concordance 
for MB-OL comparisons, there were numerous cases of species-specific MB-OL 
differences. For example, genes upregulated in OL compared to MB in dorsata 
were greatly enriched for a number of GO classes that denote involvement in 
intracellular and cell-cell signaling and regulation of metabolism. On the other 
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hand, mellifera only showed an enrichment of mitochondrial genes upregulated 
in OL compared to MB while florea by contrast, showed an enrichment of signal 
transduction genes upregulated in MB compared to OL.

Figure 4. Results of GO enrichment analysis of genes that showed species by CNS region differences in gene 
expression, based on pair-wise comparisons of the CNS regions (p<0.01, Chi-Square test with Yates continuity 
correction). First column shows the species with relevant differences in behavior and ecology with phylogenetic 
ranking after [68], [69]. Upward arrows indicate upregulation of enriched genes of a given GO class in the first 
brain region of the pair, while downward arrows indicate upregulation of enriched genes of a given GO class in 
the second brain region of the pair. Abbreviations as in Table 1.

Table 2. Genes showing species by CNS region interaction at p<0.001.

Fig. 5 summarizes the bias in GO enrichment of genes that were differentially 
expressed in a given region of one species compared to another species (ANO-
VA 2). The most biased enrichment was observed primarily for comparisons of  
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mellifera CNS regions with corresponding regions in florea and dorsata. There 
were many more GO categories for enriched genes upregulated in florea and dor-
sata CNS regions compared to corresponding regions in mellifera, (32 out of 36 
and 26 out of 28 categories enriched in genes differentially expressed in florea 
and dorsata respectively, compared to mellifera). This is in contrast to the 5 GO 
categories enriched in florea and dorsata comparisons.

Figure 5. GO enrichment analysis of genes that showed significant differences in expression between species 
for a given CNS region highlighted in the brain schematic (p<0.04, Chi-Square test with Yates continuity 
correction). Upward arrows indicate an overrepresentation of upregulated genes of a given GO class in the first 
species of the pair, while downward arrows indicate overrepresentation of upregulated genes of a given GO class 
in the second species of the pair. Abbreviations as in Table 1.

discussion
This “snapshot” of the honey bee CNS during dance behavior revealed some in-
sights into how behavioral differences between species might be reflected in gene 
expression. The first insight that we gained was that the mushroom bodies were 
very different from the other CNS regions studied and consistently showed the 
biggest differences in terms of gene expression. In all three species, the mushroom 
bodies were the most different from the other regions in terms of gene expression. 
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In addition, genes involved in signaling and synaptic remodeling were seen to be 
upregulated compared to other CNS regions. Results from GO analyses highlight 
the function of the mushroom bodies in learning and memory, with enrichment 
in categories such as transcriptional regulation and ion channel activity, among 
others. These results are consistent with known roles for the mushroom bodies in 
the regulation of rhythmic behavior, learning and memory [28], [29], [33], [56], 
[57]. In addition, our results nicely correspond with earlier in situ hybridization 
data and immuno-staining data for genes like Inositol tris-phosphate receptor, 
CAMKII and PKA that were also shown to be highly expressed in mushroom 
bodies [48], [50], [54].

Our molecular data provide suggestive evidence for the mushroom bodies be-
ing an integration or “association” area in the honey bee CNS [58]. Since we have 
sampled bees while they were dancing, we are perhaps looking at that part of the 
CNS that plays the biggest role in processing sensory information and coordinat-
ing the dance output. It has been already shown that the small-type Kenyon cells 
of the mushroom bodies show prominent neural activity in foraging and dancing 
honey bees [57]. However, 2 alternate possible explanations must also be consid-
ered. Firstly, the mushroom bodies are the largest pair of neuropils in the honey 
bee brain containing 35% of neurons in the honey bee brain. They integrate 
information from various sensory modalities and thus play a central role in the 
insect brain [6]. Although we have controlled for the discrepancy in cell numbers 
between the different regions (see Methods), it is possible that the transcription 
pattern obtained in mushroom bodies reflects the multimodality of neurons and 
sensory processing in this part of the CNS. In other words, we are perhaps look-
ing at a chronic difference between mushroom bodies and other parts of the CNS 
in the honey bee that has nothing to do with the behavior that was being executed 
at the time of sampling. A third possibility is that the expression profile of honey 
bee mushroom bodies might be diagnostic of insects in general that have structur-
ally complex mushroom bodies like the hymenopterans (ants, bees and wasps), 
dictyopterans (cockroaches) and coleopterans (scarab beetles) [59]. Although not 
closely related, these insects share a marked flexibility in food acquisition behav-
iors.

Unfortunately, studies on other insects are insufficient for adopting or reject-
ing any of the 3 scenarios detailed above. There are only two other transcriptomic 
profiling studies of insect CNS regions and both were carried out on insects that 
have simpler and smaller mushroom bodies compared to honey bees, Drosophila 
melanogaster (fruit fly) [60] and Schistocerca gregaria (locust) [61]. Additionally, 
the animals in those studies were reared in the laboratory and not sampled while 
carrying out a specific behavior unlike our focal animals. Our approach, applied 
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to other species, might be very useful in exploring the functional significance of 
region-specific expression in the brain and relating it to evolutionary constraints.

There were far fewer instances of common gene regulation in the optic lobes 
across the three species. Evidence in other insects links body size to visual ability 
[62], [63], so the visual systems of the three honey bee species we studied could 
also be different due to marked differences in size [64]. Of the three species, only 
dorsata has the ability to fly in very low light conditions. Perhaps reflecting this 
special ability, the optic lobes showed enrichment of upregulated genes involved 
in intracellular and cell-cell signaling and regulation of metabolism.

We did not compare dancers with bees carrying out other behaviors because 
a previous study in honey bees showed that behaviors that are not temporally or 
physiologically well separated are also not well separated by gene expression [65]. 
As foragers are very different from workers that stay in the nest [12] the most 
logical comparison would have been foragers that dance with foragers that do not 
dance. However this distinction is often ephemeral and not chronic and perhaps 
more appropriate for quantitative proteomics [66]. Nevertheless, our study pro-
vides some hints into the neural and molecular workings of dance behavior. The 
similarities in gene expression between the central brain and thoracic ganglion 
provide a unique perspective on the coupling of these two regions during dance 
behavior. The central brain receives multisensory input like the mushroom bod-
ies does and also coordinates locomotion and rhythmic movement, while the 
thoracic ganglion receives motor signals from the central brain and provides mo-
tor output to the wings, legs and abdomen while generating complex movement 
patterns [37], [38], [67].

GO analysis reveals that, genes upregulated in both the central brain and tho-
racic ganglion were similar, mostly dealing with metabolism and energy produc-
tion. It is likely that these findings reflect the energy intensive process of mo-
tor signal transmission and neuronal firing that would be required in generating 
dance output. If this speculation is correct, then at least some parts of our “snap-
shot” reflect brain activity that is actually related to dance behavior, rather than to 
behavior that is regulated over a longer time scale, such as other aspects of forag-
ing behavior. If so, it is worth noting that the two species that showed the most 
differences in gene expression in the central brain and thoracic ganglion, mellifera 
and florea, are also the two species that show the biggest differences in dance “dia-
lects,” i.e., the precise relationship between dance movements and the distance 
to the food resource that they encode. This speculation suggests that the central 
brain and thoracic ganglion gene lists may be particularly valuable for providing 
candidate genes for distance-related aspects of dance communication.

Apis florea and dorsata showed more CNS-region-specific similarities in gene 
expression when compared to each other, and both showed more differences when 
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compared to mellifera. This cannot be attributed to evolutionary distance since 
recent phylogenetic analyses suggest that all three species are separated by 8–10 
million years [68], [69]. Instead, we speculate that this reflects the similarities in 
nesting habit, ecology and dance behavior that exist between florea and dorsata, 
and not mellifera (Fig. 4) [64]. Both florea and dorsata are open nesting bees 
that build a single honeycomb from a support, in contrast to mellifera, which is 
cavity nesting and builds multiple parallel honeycombs inside a tree cavity. Both 
florea and dorsata are endemic to South Asia and found in primarily tropical and 
subtropical ecosystems while mellifera is a Western honey bee that is found in 
both temperate and tropical environments. The dance language also shows strik-
ing differences, with florea dancers communicating reportedly exclusively in the 
visual modality while dorsata is able to use both visual and acoustic signals in 
its dance communication facultatively. mellifera on the other hand, constrained 
by the darkness of its hive, communicates with acoustic and vibrational signals. 
Genes that were upregulated in florea and dorsata central brain compared to mel-
lifera were enriched in GO classes morphogenesis, organogenesis and organ devel-
opment while genes whose products have signal transducer activity were enriched 
in florea and dorsata mushroom bodies compared to mellifera mushroom bodies. 
Probing these classes of genes in future studies might lead to a deeper understand-
ing of the molecular basis of species differences in Apis.

In another promising result, genes that were upregulated in mellifera mush-
room bodies compared to florea or dorsata were primarily involved in metabolism 
while genes enriched for catabolism were downregulated in florea and dorsata 
mushroom bodies compared to mellifera mushroom bodies. This result closely 
mirrors our earlier transcriptomic analysis of forager and one-day-old bees that 
also showed differences among these species in brain expression of metabolism 
genes [13]. Dyer [70] reported that mellifera colonies show higher rates of colony 
activity or “worker tempo” than florea or dorsata and have a higher colony meta-
bolic rate. We speculate that to the extent that brain metabolism reflects whole 
organism metabolic activity our molecular results might in some way reflect these 
behavioral differences. Four genes involved in metabolism that showed species dif-
ferences in both studies are alpha mannosidase (α-Man(II)b), Lethal (3) neo18, a 
serine-type carboxypeptidase (CG4678) and Ebony.

In addition to the four genes mentioned above, 34 other genes showed spe-
cies differences in expression in our earlier study and species by CNS region dif-
ferences in the present study. Some of the more obviously behaviorally related 
genes include orthologs of the Drosophila genes Doubletime (Dbt, also known 
as Discs overgrown), Synaptotagmin (Syt), Synaptotagmin IV (SytIV) and slow-
poke. These genes are involved in circadian rhythms (Dbt, slowpoke) which fig-
ure prominently in dance behavior; [15] and synaptic activity and motor control 
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(slowpoke and Synaptotagmins). They also provide good candidate genes to ex-
plore the molecular basis of dance language.

Acknowledgements 
We would like to thank Raghavendra Gadagkar for extensive support during field 
collections; P. Kondaiah for essential infrastructural support; K.A. Ponnana for 
assistance in the field; Thomas Newman for laboratory support; Axel Brockmann 
for developing the RNALater ICE protocol for honey bee brains; Jenny Fell for 
help with array spot finding; Edwin Hadley for help with figures; and members of 
Robinson lab for reviewing this manuscript; and anonymous reviewers for com-
ments that improved this manuscript.

Authors’ Contributions 
Conceived and designed the experiments: MSS GER. Performed the experiments: 
MSS. Analyzed the data: MSS SLRZ FH SZ. Contributed reagents/materials/
analysis tools: GER. Wrote the paper: MSS GER.

references
1. Sunkin SM, Hohmann JG (2007) Insights from spatially mapped gene expres-

sion in the mouse brain. Hum Mol Genet 16(R2): R209–R219. 

2. Hao Z, Ng F, Yixiao L, Hardin PE (2008) Spatial and circadian regulation of 
cry in Drosophila. J Biol Rhythms 23(4): 283–295. 

3. Sillitoe RV, Joyner AL (2007) Morphology, molecular codes, and circuitry pro-
duce the three-dimensional complexity of the cerebellum. Annu Rev Cell Dev 
Biol 23: 549–577. 

4. Hammock EA (2007) Gene regulation as a modulator of social preference in 
voles. Adv Genet 59: 107–127. 

5. Mello CV, Velho TA, Pinaud R (2004) Song-induced gene expression: A win-
dow on song auditory processing and perception. Ann N Y Acad Sci 1016: 
263–281. 

6. Menzel R, Giurfa M (2001) Cognitive architecture of a mini-brain: The hon-
eybee. Trends Cogn Sci 5(2): 62–71. 

7. Giurfa M (2003) Cognitive neuroethology: Dissecting non-elemental learning 
in a honeybee brain. Curr Opin Neurobiol 13(6): 726–735. 

  



234 Animal Behavior: An Evolutionary Approach

8. Ismail N, Robinson GE, Fahrbach SE (2005) Stimulation of muscarinic recep-
tors mimics experience-dependent plasticity in the honey bee brain. PNAS 
103(1): 207–211. 

9. Takeuchi H, Paul RK, Matsuzaka E, Kubo T (2007) EcR-A expression in the 
brain and ovary of the honeybee (Apis mellifera L.). Zool Sci 24(6): 596–603. 

10. Paul RK, Takeuchi H, Kubo T (2006) Expression of two ecdysteroid-regulated 
genes, Broad-complex and E75, in the brain and ovary of the honeybee (Apis 
mellifera L.). Zool Sci 23(12): 1085–1092. 

11. Mustard JA, Kurshan PT, Hamilton IS, Blenau W, Mercer AR (2005) Devel-
opmental expression of a tyramine receptor gene in the brain of the honey bee, 
Apis mellifera. J Comp Neurol 483(1): 66–75. 

12. Whitfield CW, Ben-Shahar Y, Brillet C, Leoncini I, Crauser D, et al. (2006) 
Inaugural article: Genomic dissection of behavioral maturation in the honey 
bee. PNAS 103(44): 16068–16075. 

13. Sen Sarma M, Whitfield CW, Robinson GE (2007) Species differences in brain 
gene expression profiles associated with adult behavioral maturation in honey 
bees. BMC Genomics 8: 202. 

14. Grozinger CM, Fan Y, Hoover SE, Winston ML (2007) Genome-wide analysis 
reveals differences in brain gene expression patterns associated with caste and 
reproductive status in honey bees (Apis mellifera). Mol Ecol 16(22): 4837–
4848. 

15. Brockmann A, Robinson GE (2007) Central projections of sensory systems 
involved in honey bee dance language communication. Brain Behav Evol 70: 
125–136. 

16. Dyer FC (2002) The biology of the dance language. Annu Rev Entomol 47: 
917–949. 

17. Bausenwein B, Fischbach KF (1992) Activity labeling patterns in the medulla 
of Drosophila melanogaster caused by motion stimuli. Cell Tissue Res 270(1): 
25–35. 

18. Wiitanen W (1973) Some aspects of visual physiology of the honeybee. J Neu-
rophysiol 36(6): 1080–1089. 

19. Varela FG (1970) Fine structure of the visual system of the honey bee (Apis 
mellifera). II. the lamina. J Ultrastruct Res 31(1): 178–194. 

20. Strausfeld NJ (2002) Organization of the honey bee mushroom body: Rep-
resentation of the calyx within the vertical and gamma lobes. J Comp Neurol 
450(1): 4–33. 

  



Transcriptomic Profiling of Central Nervous System 235

21. Rybak J, Menzel R (1993) Anatomy of the mushroom bodies in the honey bee 
brain: The neuronal connections of the alpha-lobe. J Comp Neurol 334(3): 
444–465. 

22. Gronenberg W, Lopez-Riquelme GO (2004) Multisensory convergence in the 
mushroom bodies of ants and bees. Acta Biol Hung 55(1–4): 31–37. 

23. Szyszka P, Galkin A, Menzel R (2008) Associative and non-associative plastic-
ity in Kenyon cells of the honeybee mushroom body. Front Syst Neurosci 2(3): 
10.3389/neuro.06.003.2008. 

24. Okada R, Rybak J, Manz G, Menzel R (2007) Learning-related plasticity 
in PE1 and other mushroom body-extrinsic neurons in the honeybee brain.  
J Neurosci 27(43): 11736–11747. 

25. Erber J (1978) Response characteristics and after effects of multimodal neurons 
in the mushroom body area of the honey bee. Physiol Entomol 3(2): 77–89. 

26. Locatelli F, Bundrock G, Müller U (2005) Focal and temporal release of glu-
tamate in the mushroom bodies improves olfactory memory in Apis mellifera. 
Journal of Neuroscience 25(50): 11614–11618. 

27. Ehmer B, Gronenberg W (2002) Segregation of visual input to the mushroom 
bodies in the honeybee (Apis mellifera). J Comp Neurol 451(4): 362–373. 

28. Lozano VC, Armengaud C, Gauthier M (2001) Memory impairment induced 
by cholinergic antagonists injected into the mushroom bodies of the honeybee. 
J Comp Physiol [A] 187(4): 249–254. 

29. Komischke B, Sandoz JC, Malun D, Giurfa M (2005) Partial unilateral lesions 
of the mushroom bodies affect olfactory learning in honeybees Apis mellifera 
L. Eur J Neurosci 21(2): 477–485. 

30. Homberg U (1985) Interneurones of the central complex in the bee brain (Apis 
mellifera, L.). J Insect Physiol 31(3): 251–261, 263–264. 

31. Strauss R (2002) The central complex and the genetic dissection of locomotor 
behavior. Curr Opin Neurobiol 12(6): 633–638. 

32. Wenzel B, Kunst M, Gunther C, Ganter GK, Lakes-Harlan R, et al. (2005) 
Nitric oxide/cyclic guanosine monophosphate signaling in the central complex 
of the grasshopper brain inhibits singing behavior. J Comp Neurol 488(2): 
129–139. 

33. Popov AV, Peresleni AI, Savvateeva-Popova EV, Wolf R, Heisenberg MER 
(2004) The role of the mushroom bodies and of the central complex of Droso-
phila melanogaster brain in the organization of courtship behavior and com-
municative sound production. J Evol Biochem Physiol 40(6): 641–652. 

  



236 Animal Behavior: An Evolutionary Approach

34. Homberg U (2008) Evolution of the central complex in the arthropod brain 
with respect to the visual system. Arth Struct & Dev 37(5): 347–362. 

35. Sakura M, Lambrinos D, Labhart T (2008) Polarized skylight navigation in in-
sects: Model and electrophysiology of e-vector coding by neurons in the central 
complex. J Neurophysiol 99(2): 667. 

36. Snodgrass RE (1956) Anatomy of the honey bee. Ithaca, N.Y.: Comstock Pub 
Assoc.

37. Heinrich R, Wenzel B, Elsner N (2001) Pharmacological brain stimulation 
releases elaborate stridulatory behavior in gomphocerine grasshoppers–conclu-
sions for the organization of the central nervous control. J Comp Physiol [A] 
187(2): 155–169. 

38. Heinrich R, Elsner N (1997) Central nervous control of hindleg coordination 
in stridulating grasshoppers. J Comp Physiol A 180(3): 257–269. 

39. Anstey ML, Rogers SM, Ott SR, Burrows M, Simpson SJ (2009) Serotonin 
mediates behavioral gregarization underlying swarm formation in desert lo-
custs. Science's STKE 323(5914): 627. 

40. Honeybee Genome Sequencing Consortium (2006) Insights into social insects 
from the genome of the honeybee Apis mellifera. Nature 443(7114): 931–
949. 

41. Frisch Kv (1967) The dance language and orientation of bees. Cambridge, 
Massachusetts: Harvard University Press.

42. Kerr MK, Churchill GA (2001) Experimental design for gene expression mi-
croarrays. Biostatistics 2(2): 183–201. 

43. ArrayExpress. [www.ebi.ac.uk_arrayexpress].

44. Whitfield CW, Cziko AM, Robinson GE (2003) Gene expression profiles in 
the brain predict behavior in individual honey bees. Science 302(5643): 296–
299. 

45. Cui X, Churchill GA (2003) Statistical tests for differential expression in cDNA 
microarray experiments. Genome Biol 4(4): 210. 

46. Wu H, Kerr MK, Cui X, Churchill GA (2003) MAANOVA: A software pack-
age for the analysis of spotted cDNA microarray experiments. In: Parmigiani 
GG, editor. The Analysis of Gene Expression Data: Methods and Software. 
Springer Verlag.

47. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practi-
cal and powerful approach to multiple testing. Journal -Royal Statistical Soci-
ety Series B 57: 289–289.

  



Transcriptomic Profiling of Central Nervous System 237

48. Kamikouchi A, Takeuchi H, Sawata M, Ohashi K, Natori S, et al. (1998) 
Preferential expression of the gene for a putative inositol 1, 4, 5-trisphosphate 
receptor homologue in the mushroom bodies of the brain of the worker hon-
eybee Apis mellifera L. Biochem Biophys Res Commun 242(1): 181–186. 

49. Smith LA, Peixoto AA, Kramer EM, Villella A, Hall JC (1998) Courtship and 
visual defects of cacophony mutants reveal functional complexity of a calcium-
channel α1 subunit in Drosophila. Genetics 149(3): 1407–1426. 

50. Kamikouchi A, Takeuchi H, Sawata M, Natori S, Kubo T (2000) Concentrat-
ed expression of Ca+2/Calmodulin-dependent protein kinase II and protein 
kinase C in the mushroom bodies of the brain of the honeybee Apis mellifera 
L. J Comp Neurol 417: 501–510. 

51. Martinek S, Inonog S, Manoukian AS, Young MW (2001) A role for the seg-
ment polarity gene shaggy/GSK-3 in the Drosophila circadian clock. Cell 
105(6): 769–779. 

52. Michel M, Kemenes I, Muller U, Kemenes G (2008) Different phases of long-
term memory require distinct temporal patterns of PKA activity after single-
trial classical conditioning. Learn Mem 15(9): 694–702. 

53. Müller U (2000) Prolonged activation of cAMP-dependent protein kinase 
during conditioning induces long-term memory in honeybees. Neuron 27(1): 
159–168. 

54. Muller U (1999) Second messenger pathways in the honeybee brain: Immu-
nohistochemistry of protein kinase A and protein kinase C. Microsc Res Tech 
45(3): 165–173. 

55. Joiner MA, Griffith LC (1997) CaM kinase II and visual input modulate 
memory formation in the neuronal circuit controlling courtship conditioning.  
J Neurosc 17(23): 9384–9391. 

56. Pascual A, Preat T (2001) Localization of long-term memory within the Dros-
ophila mushroom body. Science 294(5544): 1115–1117. 

57. Kiya T, Kunieda T, Kubo T (2007) Increased neural activity of a mushroom 
body neuron subtype in the brains of forager honeybees. PLoS ONE 2(4): 
e371. 

58. Okada R, Sakura M, Mizunami M (2003) Distribution of dendrites of de-
scending neurons and its implications for the basic organization of the cock-
roach brain. J Comp Neurol 458(2): 158–174. 

59. Farris SM (2008) Structural, functional and developmental convergence of the 
insect mushroom bodies with higher brain centers of vertebrates. Brain Behav 
Evol 72(1): 1–15. 

  



238 Animal Behavior: An Evolutionary Approach

60. Han PL, Meller V, Davis RL (1996) The Drosophila brain revisited by en-
hancer detection. J Neurobiol 31(1): 88–102. 

61. Roeder T, Schramm G, Marquardt H, Bussmeyer I, Franz O (2004) Differen-
tial transcription in defined parts of the insect brain: Comparative study uti-
lizing Drosophila melanogaster and Schistocerca gregaria. Invertebr Neurosci 
5(2): 77–83. 

62. Spaethe J, Chittka L (2003) Interindividual variation of eye optics and single 
object resolution in bumblebees. J Exp Biol 206(Pt 19): 3447–3453. 

63. Jander U, Jander R (2002) Allometry and resolution of bee eyes (Apoidea). 
Arth Struct & Dev 30(3): 179–193. 

64. Oldroyd BP, Wongsiri S (2006) Asian honey bees : Biology, conservation, and 
human interactions. Cambridge, Massachusetts: Harvard University Press.

65. Cash AC, Whitfield CW, Ismail N, Robinson GE (2005) Behavior and the 
limits of genomic plasticity: Power and replicability in microarray analysis of 
honeybee brains. Genes, Brain and Behavior 4(4): 267–271. 

66. Brockmann A, Annangudi SP, Richmond TA, Ament SA, Xie F, et al. (2009) 
Quantitative peptidomics reveal brain peptide signatures of behavior. Proceed-
ings of the National Academy of Sciences 106(7): 2383–2388. 

67. Wessnitzer J, Webb B (2006) Multimodal sensory integration in insects—to-
wards insect brain control architectures. Bioinspir Biomim 1: 63–75. 

68. Arias MC, Sheppard WS (2005) Phylogenetic relationships of honey bees 
(Hymenoptera:Apinae:Apini) inferred from nuclear and mitochondrial DNA 
sequence data. Mol Phylogenet Evol 37(1): 25–35. 

69. Raffiudin R, Crozier RH (2007) Phylogenetic analysis of honey bee behavioral 
evolution. Mol Phylogenet Evol 43(2): 543–552. 

70. Dyer FC, Seeley TD (1991) Nesting behavior and the evolution of worker 
tempo in four honey bee species. Ecology 78: 156–170. 

71. Brandt R, Rohlfing T, Rybak J, Krofczik S, Maye A, et al. (2005) Three-dimen-
sional average-shape atlas of the honeybee brain and its applications. J Comp 
Neurol 492(1): 1–19. 

  



Plant volatiles, rather 
than light, determine the 

nocturnal Behavior of a 
Caterpillar

Kaori Shiojiri, Rika Ozawa and Junji Takabayashi

ABstrACt 
Although many organisms show daily rhythms in their activity patterns, the 
mechanistic causes of these patterns are poorly understood. Here we show that 
host plant volatiles affect the nocturnal behavior of the caterpillar Mythimna 
separata. Irrespective of light status, the caterpillars behaved as if they were 
in the dark when exposed to volatiles emitted from host plants (either unin-
fested or infested by conspecific larvae) in the dark. Likewise, irrespective of 
light status, the caterpillars behaved as if they were in the light when exposed 
to volatiles emitted from plants in the light. Caterpillars apparently utilize 
plant volatile information to sense their environment and modulate their 
daily activity patterns, thereby potentially avoiding the threat of parasitism.
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introduction 
Photoperiod and the temperature are the most stable abiotic rhythms on the earth, 
and they are considered to be the principal exogenous factors that affect daily peri-
odicity of behaviors of all organisms, particularly nocturnal feeders [1]. Nonethe-
less, many cues, including biotic factors, are available to foraging organisms, and 
each cue may have different potentials in determining daily activity patterns. For 
example, biotic factors such as predation or foraging ability based on sensory mo-
dalities would influence diel activity patterns. What is not well understood is how 
abiotic and biotic factors act in concert to regulate the daily activity patterns of 
foraging organisms. For example, studies of the effects of photoperiod on herbivo-
rous insects typically place the insects on host plants, and behaviors are observed 
during different photoperiods. However, in addition to the light–dark cycle, the 
host plant is also potentially influencing the behavior of the insect because host 
plants are often not only food sources for herbivorous arthropods, but also their 
microhabitats. Host plants release odors, or volatiles, that have been shown to be 
influenced by photoperiod [2]. Thus, herbivorous arthropods are also confronted 
with a number of plant factors that potentially vary according to photoperiod and 
temperature, and it is critical to understand the role of each of these factors when 
determining the mechanisms regulating diel activity patterns.

Host plants are known to emit specific blends of volatiles in response to her-
bivory, and such volatiles are called herbivore-induced plant volatiles (HIPV) [3, 
4]. Interestingly, HIPV show diurnal patterns [2, 5, 6]. For example, corn plants 
infested by larvae of the noctuid Spodoptera exigua emit S. exigua–induced plant 
volatiles ( S. exigua–IPV) that attract parasitic wasps [7]. S. exigua–IPV are com-
posed of several monoterpenoids, sesquiterpenoids, green leaf volatiles, and the 
compound indole [7]. The production of S. exigua–IPV shows daily periodicity; 
emission increases in the daytime and decreases in the nighttime [2, 5]. Cotesia 
marginiventris, parasitic wasps of S. exigua larvae, are attracted to S. exigua–IPV 
in wind tunnel experiments [8], suggesting that the wasps actively search for S. 
exigua larvae during the day using S. exigua–IPV in the field. Maeda et al. (2000) 
also reported similar patterns in a tritrophic system consisting of kidney bean 
plants, the herbivorous mite Tetranychus urticae, and predatory mites Phytoseiu-
lus persimilis: the production of T. urticae–IPV that attract the predatory mites 
increases during the day and decreases in the night [6]. These data suggest that 
host plants during the nighttime are an enemy-free space due to the lack of HIPV 
production, and such diurnal changes in HIPV production may play an impor-
tant role in determining the day–night patterns of herbivorous insects.

Mythimna separata (Lepidoptera: Noctuidae) is a caterpillar that feeds on 
many graminaceous plant species. Corn plants infested by M. separata larvae emit 
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M. separata–IPV that attract the parasitic wasp Cotesia kariyai (Hymenoptera: 
Braconidae) [9]. Sato et al. (1983) reported that C. kariyai was diurnal whereas 
M. separata larvae fed and were active primarily at night and are thus nocturnal 
[10]. When studying the day–night patterns of M. separata larvae, they used pot-
ted corn plants as food and observed the feeding and hiding behavior of the larvae 
on these plants [10]. However, the behavior of the larvae might have been affected 
by the day–night patterns in the production of infested corn plant volatiles, and 
they did not investigate this potentially confounding factor. Here we show for 
the first time that differences in volatiles from corn plants (either uninfested or 
infested by M. separata larvae) under light and dark conditions are critical factors 
affecting the daily periodicity of this herbivorous insect. In fact, we show that 
volatile cues were more important than light cues in modulating the hiding be-
havior of M. separata. We discuss possible explanations for the evolutionary and 
ecological significance of host plant volatiles as diel cues in a tritrophic context.

results 
effects of light on the hiding Behavior of the larvae

When offered only artificial diet, the numbers of larvae exhibiting hiding behav-
ior were not different under the two light conditions (Figure 1, black lines: gen-
eralized linear model, p = 0.754). This suggests that light alone was not sufficient 
to affect the hiding behavior of the larvae.

effects of the Presence of Plants on the hiding Behavior of the 
larvae

The presence of plants affected caterpillar hiding behavior either positively or 
negatively relative to caterpillars without plants (generalized linear model, p < 
0.0001). The interaction between light conditions and plant factors was also sig-
nificant (generalized linear model, p < 0.0001).

Under the daytime light condition, the number of hiding larvae in the experi-
ment with corn plants nearby was 12% (at 2 h), 21% (4 h), 25% (6 h), and 19% 
(8 h) higher than without corn plants (Fisher's exact probability test, at 2 h: p = 
0.15, 4 h: p = 0.01, 6 h: p = 0.003, and 8 h: p = 0.03; Figure 1, black dashed line 
and green dashed line). Under dark conditions, on the other hand, the number of 
hiding larvae in the experiment with corn plants nearby was 14% (at 2 h), 35% 
(4 h), 30% (6 h), and 32% (8 h) lower than without corn plants (Fisher's exact 
probability test, at 2 h: p = 0.126, 4 h: p = 0.0002, 6h: p = 0.003, and 8 h: p = 
0.0012; Figure 1, black line and green line).
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Figure 1. Effects of Light and Uninfested Corn Plants on the Hiding Behavior of M. separata

(A) An illustration of the plastic cup in which the individual larvae are placed during the experiment.

(B) The graph shows the number of larvae hiding ( y-axis) in 8 h ( x-axis).

Asterisks (*) indicate the comparison between dashed lines (i.e., larvae under light with or without plants): 
A single asterisk (*) indicates 0.01 < p < 0.05, and double asterisks (**) indicate 0.001 < p < 0.01, by Fisher's 
exact probability test.

Plus signs (+) indicate the comparison between solid lines (i.e., larvae under dark with or without plants): 
double plus signs (++) indicate 0.001 < p <0.01, and triple plus signs (+++) indicate p < 0.001, by Fisher's exact 
probability test.

effects of the Plant volatiles on the hiding Behavior of the 
larvae

The experimental setups are illustrated in Figure 2A. The light conditions of the 
plants affected hiding behavior of the larvae (generalized linear model, Figure 2B: 
p < 0.0001 and Figure 2C: p < 0.0001). The light conditions of the larvae (generalized 
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linear model, Figure 2B: p = 0.809 and Figure 2C: p = 0.416) and the interactions 
between the light conditions of the plants and larvae (generalized linear model, 
Figure 2B: p = 0.9391 and Figure 2C: p = 0.4722) were not significant.

Figure 2. Effects of Light and the Volatiles from Plants under Either Light or Dark Conditions on the Hiding 
Behavior of M. separata
(A)  Experimental setups. Volatiles from corn plants were split into two airstreams and sent to incubators in 

which the larvae were kept under either dark or light conditions.
(B) Number of larvae hiding when exposed to uninfested corn plant volatiles.
(C) Number of larvae hiding when exposed to infested corn plant volatiles.

For (B) and (C), asterisks (*) indicate the comparison between the blue line and the black line (i.e., the 
comparison of the effects of volatiles from uninfested/infested plants under light with those under dark on the 
hiding behavior of the larvae under dark): A single asterisk (*) indicates 0.01< p <0.05, double asterisks (**) 
indicate 0.001 < p < 0.01, and triple asterisks (***) indicate p < 0.001, by Fisher's exact probability test. Plus 
signs (+) indicate the comparison between the green line and the red line (i.e., the comparison of the effects of 
volatiles from uninfested/infested plants under light with those under dark on the hiding behavior of the larvae 
under light): Triple plus signs (+++) indicate p < 0.001, by Fisher's exact probability test.
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When larvae were in the dark, the number of larvae hiding when experiencing 
volatiles from uninfested corn plants in light was 24% (at 2 h), 22% (4 h), 22% 
(6 h), and 42% (8 h) higher than those experiencing volatiles from uninfested 
corn plants in the dark (Fisher's exact probability test, at 2 h: p= 0.005, 4 h: p = 
0.027, 6 h: p = 0.030, and 8 h: p < 0.0001; Figure 2B). Likewise, when larvae 
were in the light, the number of larvae hiding when experiencing volatiles from 
uninfested corn plants in light was 12% (at 2h), 18% (4h), 40% (6h), and 38% 
(8 h) higher than those experiencing volatiles from uninfested corn plants in the 
dark (Fisher's exact probability test, at 2 h: p = 0.24, 4 h: p = 0.083, 6 h: p < 
0.0001, and 8 h: p < 0.0001; Figure 2B). These data indicate that it is not the light 
condition experienced by the larvae, but the volatiles from the corn plants (either 
under light or dark conditions) that affect the hiding behavior of the caterpillars.

The effects of volatiles on the larvae were similar on infested and uninfested 
plants. Irrespective of the light condition of the larvae, the number of larvae that 
hid when experiencing volatiles from infested corn plants in light was higher than 
larvae experiencing volatiles from infested corn plants in the dark (larvae under 
dark conditions: at 2 h (68%), 4 h (64%), 6 h (70%), and 8 h (44%); p < 0.0001 
for each observation time; larvae under light conditions: at 2 h (68%), 4 h (64%), 
6 h (56%), and 8 h (44%); p < 0.0001 for each observation time; Figure 2C).

discussion 
Studies of day–night (or light–dark) patterns of herbivorous insects typically place 
the insects on host plants, and their behaviors are observed during different pho-
toperiods. However, in this commonly used experimental design, light condition 
is confounded with other plant factors such as the emission of host plant volatiles. 
Sato et al. (1983) observed day–night behavioral patterns of M. separata larva on 
potted corn plants: The larva hid in a sheath of the host plant or underground 
during the day, and fed on the plants during the night [10]. Based on these data, 
they concluded that M. separata was nocturnal. However, while we were rear-
ing M. separata larvae on an artificial diet, we found that they did not exhibit 
this day–night behavioral pattern (Figure 1), suggesting that factors other than 
light could be important in determining the nocturnal behaviors that Sato et al. 
(1983) observed [10]. One important difference was that we used an artificial diet 
whereas Sato et al. (1983) used corn plants as food [10]. As clearly seen in Figure 
1, factors from uninfested corn plants in the light enhance the daytime behavior 
of hiding in a shelter for M. separata larvae, whereas factors from plants in the 
dark enhance the nighttime behavior of leaving the shelter and feeding.

As corn plants show diurnal variation in the production of volatiles [5], we 
hypothesized that a difference in the blend of volatiles from corn plants that  
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depends on light conditions affects the differences between daytime and nighttime 
behaviors of M. separata larvae. To test this hypothesis, we first provided volatiles 
from uninfested corn plants that were under either light or dark conditions, to 
the group of larvae in cups that were under either light or dark conditions (Figure 
2B). The data indicate that it is not the light condition of the larvae, but rather the 
volatiles from the uninfested corn plants that affect hiding behavior. We then re-
peated the experiments using corn plants infested by M. separata larvae as a source 
of volatiles. The larvae showed the same behavior as seen in the experiments using 
uninfested plants as an odor source: Irrespective of light conditions of the lar-
vae, significantly more larvae hid when volatiles from infested plants under light 
conditions were offered than when volatiles under dark conditions were offered 
(Figure 2C). It is important to note that the difference was more pronounced with 
volatiles from the infested plants (Figure 2C). Plant volatiles are known to have 
numerous functions, such as attracting herbivores [11, 12] and/or carnivorous 
natural enemies of herbivores [3, 4, 7], repelling herbivores [13, 14], and attract-
ing pollinators [15, 16], to name a few. Here, we suggest an additional function: 
Plant volatiles may affect the diurnal and nocturnal behavior of herbivores.

The circadian rhythms of insects have long been studied, and there are several 
potential causes for circadian rhythms [1]. We believe that the use of changes in 
host plant volatiles to alter diel patterns of feeding fits within a tritrophic frame-
work. Insect parasitoids typically forage during the day [10, 17] and use diurnal 
plant volatile emissions as foraging cues [2, 5]. Consequently, caterpillars using 
day–night changes in the profiles of host plant volatiles to regulate their own ac-
tivity rhythms could reduce the probability of parasitism by exploiting temporally 
available enemy-free space. Additional experiments are planned to determine (1) 
the compounds of plant volatiles that significantly affect the nocturnal behaviors 
of M. separata larvae either positively or negatively, and (2) if the modification 
of diel activity cycles by host plant volatiles is a widespread phenomenon in her-
bivorous insects, especially in those species that leave their host plants when not 
feeding.

materials and methods 
insects and Plants

M. separata was obtained from a culture reared at Tsukuba University in Tsukuba, 
Ibaraki, Japan. The insects were reared in our laboratory on artificial diet (Insecta 
LF, Nihon Nousan Kogyo, Yokohama, Japan) under conditions of 25 ± 2 °C, 
24-h dark, 50%–70% relative humidity. This photoperiodic regime was selected 
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to ensure that there would be no photoperiodically entrained diel periodicity at 
the time the different assays were carried out.

Potted corn plants ( Zea mays L. cv. Royal Dent) (three plants per pot) were 
grown in a growth chamber (25 ± 2 °C, 16:8-h light:dark), and 10-d-old plants 
were used in all experiments.

effects of light on the hiding Behavior of the larvae

Based on the data by Sato et al. (1983), M. separata larvae feed and are active pri-
marily at night [10]. They hide in the sheath of a host plant or under the ground 
during the day. Here, we focused on hiding as the criterion for diurnal behavior. 
We placed 57 third-stadium larvae in individual plastic cups (20-cm diameter and 
6-cm height) with filter paper shelters (folded in accordion manner: 4 × 4 cm), 
each with a piece of artificial diet (ca. 7 g). The top of each cup had a 5 × 5 cm 
nylon gauze window (Figure 1A). The cups were kept in an incubator under either 
6500 lux light conditions or dark conditions for 8 h at 25 ± 2 °C with 50%–70% 
relative humidity. We observed larval behavior every 2 h, to determine whether or 
not larvae were hiding in the shelters.

effects of the Presence of Plants on the hiding Behavior of the 
larvae

To study the effects of the host plants on the feeding behavior of the larvae, we 
conducted similar experiments as above, only with uninfested corn plants. Unin-
fested corn plants are those that have never experienced herbivory. We placed six 
pots of uninfested corn plants, each containing three plants of circa 30 cm height 
per pot, around the 57 cups containing third-stadium larvae in an incubator of 
the same climate conditions as above.

effects of the Plant volatiles on the hiding Behavior of the 
larvae

To test the hypothesis that host plant volatiles affect the diurnal feeding behavior 
of the caterpillars, we conducted similar experiments as above, with the addition 
of plant volatiles. Four pots of three plants each were placed into a 7,200-ml plas-
tic separable flask. Volatile flow emitted from the plants (under either light [6,500 
lux] or dark conditions) were collected in a 250-ml/min flow stream that was split 
into two, and each flow was directed to an incubator containing 50 third-stadium 
larvae. These larvae were housed individually in cups for 8 h under either light 
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(6500 lux) or dark conditions (Figure 2; 25 ± 2 °C, 50%–70% relative humidity). 
We checked whether the larvae were hiding in the shelters every 2 h. We used 
both intact and infested corn plants as the odor source. To obtain infested plants, 
we placed ten third-stadium M. separata larvae in each pot on the corn plants. Af-
ter 18 h, the larvae and their feces were removed, leaving behind a damaged area 
of circa 10% of the total leaf surface. In these experiments, all caterpillars were 
subjected to the same airflows; however, we independently tested day and night 
volatiles from infested and uninfested plants, and obtained similar results.

statistics

We analyzed the data in Figure 1 using generalized linear models and binomial 
errors with the software program R 1.7.0 for Windows [18] in order to test the 
hypothesis that it was not the light condition experienced by the larvae, but fac-
tors from intact corn plants that affected the hiding behavior of the caterpillars. 
Differences in hiding behaviors between different conditions of larvae (e.g., light 
conditions of larvae, and presence or absence of intact plants nearby) were ana-
lyzed. We also analyzed the data in Figure 2A and 2B with R to test the hypothesis 
that it was the volatiles from corn plants that affected the hiding behavior of the 
larvae and not the light condition experienced by the larvae. Differences in hiding 
behavior between different conditions of larvae (e.g., light conditions of larvae 
and the light condition of the plants) were analyzed. Then, the numbers of larvae 
hiding in different treatments were compared with Fisher's exact probability test.
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ABstrACt
Background

Hunting of male African elephants may pose ethical and risk concerns,  
particularly given their status as a charismatic species of high touristic value, 
yet which are capable of both killing people and damaging infrastructure.
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Methodology/Principal Findings

We quantified the effect of hunts of male elephants on (1) risk of attack or 
damage (11 hunts), and (2) behavioral (movement dynamics) and physio-
logical (stress hormone metabolite concentrations) responses (4 hunts) in Pi-
lanesberg National Park. For eleven hunts, there were no subsequent attacks 
on people or infrastructure, and elephants did not break out of the fenced re-
serve. For three focal hunts, there was an initial flight response by bulls pres-
ent at the hunting site, but their movements stabilised the day after the hunt 
event. Animals not present at the hunt (both bulls and herds) did not show 
movement responses. Physiologically, hunting elephant bulls increased faecal 
stress hormone levels (corticosterone metabolites) in both those bulls that were 
present at the hunts (for up to four days post-hunt) and in the broader bull 
and breeding herd population (for up to one month post-hunt).

Conclusions/Significance

As all responses were relatively minor, hunting male elephants is ethically 
acceptable when considering effects on the remaining elephant population; 
however bulls should be hunted when alone. Hunting is feasible in relative-
ly small enclosed reserves without major risk of attack, damage, or break-
out. Physiological stress assays were more effective than behavioral respons-
es in detecting effects of human intervention. Similar studies should evaluate 
intervention consequences, inform and improve best practice, and should be  
widely applied by management agencies.

introduction 
Successful lobbying against hunting practices by animal-welfare and animal-
rights groups [1] as well as limited data regarding the potentially negative 
long-term effects of direct intervention activities [2] has generated public 
concern around effects of management intervention on animal species. This 
is especially true for species that hold special appeal to humans in terms of 
their charisma, size, danger and drama associated with them [3], [4], and 
even more so if these same species appear on rare and/or endangered lists [3]. 
Management interventions that are perceived negatively also have the poten-
tial to reduce public appeal, and hence tourism, not only to specific reserves 
but to protected areas in general. In Africa in particular, many protected areas 
are dependent on the revenue generated by non-consumptive tourism [5], 
which therefore has implications for the continuation and very survival of its 
protected areas.
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African elephants (Loxodonta africana) hold special appeal to humans not 
only due to their high tourist value as one of the ‘Big 5’ species, but also because 
they are social animals that form strong and long-lasting bonds between indi-
viduals [6], resulting in humans developing a strong sense of empathy for them. 
Further, large animals such as elephants pose a potential danger to human life, to 
infrastructure, and can break out of the fenced areas in which they occur. Major 
management intervention such as hunting may elicit unpredictable, dangerous 
responses, and management agencies have to minimise such risks. From both 
ethical and conservation perspectives, it is therefore essential to quantify the ef-
fects of direct human intervention on animal populations.

Animal physiological stress can be measured non-invasively through the mea-
surement of glucocorticoid metabolites (i.e., cortisol or corticosterone) in faeces 
across a variety of taxa (e.g. 7. 8. [9]). This allows for an accurate assessment of 
stress without the bias of capture- or disturbance-induced increases in glucocorti-
coid levels (e.g. [8], [10], [11]). Stress assessment in wildlife serves as a forewarn-
ing of possible deleterious impacts from human activities [12].

We therefore aimed to determine the effect of direct human intervention 
on elephants in a small reserve through behavioral observations and the quan-
tification of the physiological stress responses using faecal hormone metabolite 
concentrations. Specifically, we determined whether, in response to hunting, 
elephant showed changes in their (1) movement patterns, (2) grouping pat-
terns (among the breeding herds), and (3) physiological stress levels. Further, 
we assessed whether physiological stress assays and behavioral observations 
corresponded. Most importantly, we assessed for extreme responses on the 
part of the elephants such as attacks on people, infrastructure, or breaking 
out from the reserve.

results 
‘major’ events

BE01 (BE = Bull elephant) was hunted in June 1996, was wounded by the client, 
and followed-up by the support-team. He charged, and was shot by the Profes-
sional Hunter, but managed to kill the Professional Hunter before collapsing. 
Apart from this, no other major incidents occurred as a result of any hunts, either 
among the remaining bulls or the breeding herds. Elephants did not break out 
of the Park or cause damage to infrastructure, and were not responsible for any 
tourist-related incidents relative to any of the eleven bull hunt events that oc-
curred in the Park.
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responses of individuals Present at the hunt of the targeted 
Bull

For the three hunt events where bulls were present, in all cases the bulls rapidly 
moved away from the hunt site, and displaced a relatively large distance. In gen-
eral, the bulls that were present increased their distance from the hunt site in the 
ten days following the hunt relative to the ten day prior to the hunt. There was 
no pattern for a change in the direction of movement of bulls associated with the 
hunted animal in the ten days before relative to after the hunts. For one hunt, 
the two bulls present at the hunt increased their daily displacement rate after the 
hunt, but this did not change for bulls present at the two other hunts. There was 
no clear pattern of shifting home range for those individuals present at the hunt 
event.

Physiologically, the maximum time taken for those bulls that were in the 
presence of the hunted bull to return to levels of faecal stress hormone me-
tabolite concentrations similar to their baseline levels in the one-month pe-
riod prior to the hunt event was four days, i.e. there was a clear, relatively 
short, physiological response (Figure 1). To assess a slightly longer physiologi-
cal response, we used a before-after control design. However, we factored out 
the four days after the hunt event to remove the extreme response indicated 
above. We thus compared the average stress levels over a one-month period, 
and compared the one month before the hunt to the one month starting five 
days after the hunt. There was no significant difference between the ‘one-
month before hunt’ average faecal stress hormone metabolite concentration 
and the ‘one-month after hunt’ average faecal stress hormone metabolite con-
centration (Wilcoxon signed-ranks test: T = −0.11, N = 6, P = 0.92). There 
was a significant increase in the six individuals' (that were present at the hunt 
events) average maximum (of the three maximum values) faecal stress hor-
mone metabolite concentration in the four-day period following the hunt 
relative to their ‘one-month before hunt’ baseline metabolite concentration 
values (Wilcoxon signed-ranks test: T = −2.20, N = 6, P = 0.028) (Figure 1). 
The hunt events therefore induced significant physiological stress responses 
in those individuals that were present at the actual hunting of the targeted 
individual. The behavioral observations of these same bulls showed that they 
exhibited a ‘flight’ response to the hunt events, but that their movements sta-
bilised after one day following the hunt. Thus the physiological stress response 
was more long-lived than the behavioral ‘flight’ response.
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Figure 1. The effect of bull hunts on other bulls present at the hunt. We present the faecal stress hormone 
metabolite concentrations of the six individual bulls that were in association with the respective targeted bulls at 
the time of their hunts. ‘*’ represents the individual's baseline stress hormone concentrations in the one-month 
period before the respective hunt event; ‘Φ’ represents the individual's baseline stress hormone concentrations 
in the one-month period after the respective hunt event. Vertical lines represent the first day relative to the hunt 
events when faecal samples from individuals were collected (0 = day of hunt, 1 = one day after hunt etc.). Up to 
four days passed after the hunt events before the individuals' faecal stress hormone metabolite concentrations 
were comparable with their initial (one month before hunt) baseline values. There was a significant increase 
between the maximum faecal stress hormone metabolite concentration and the respective ‘before hunt’ baseline 
faecal stress hormone metabolite concentrations (Wilcoxon signed-ranks test: T = −2.20, N = 6, P = 0.028).

response of individuals not in Close Proximity to the hunt of 
the targeted Bull

None of the four hunt events induced significant changes in the direction of 
movement relative to the respective hunt sites for any of the bulls or breeding 
herds not in close proximity to the hunt. (Table 1). Of the total number of bulls 
analysed, only 11% were found to move significantly further and 7% to move 
significantly closer to the respective hunt sites in the ten-day period following the 
hunt events (Table 1). For the breeding herds, 45% moved significantly further 
and 7% significantly closer to the respective hunt sites in the ten-day period fol-
lowing the hunt. (Table 1). Forty three percent of all the bulls analysed relative to 
the four hunt events showed an increase in their displacement rates following the 
hunts (Table 1); thus approximately half of the bulls increased and half decreased 
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their displacement rates following bull hunt events. Similarly, 45% of all of the 
breeding herds analysed showed an increase in their displacement rates following 
the hunt events (Table 1); thus approximately half of the herds increased and half 
decreased their displacement rates in response to bull hunt events.

Table 1. Effects of four hunts on the movement dynamics of bulls and breeding herds not present at the hunts 
of the targeted bulls.

Table 2. The effects of the four hunts on bulls' and breeding herds' ranging from one month before to one 
month after the respective hunt events

There was no significant change in the bulls' core home range sizes in response 
to the hunt in three cases (Wilcoxon signed-ranks test: Hunt of BE03: T = −0.31, 
N = 6, P = 0.75; Hunt of BE15: T = −0.56, N = 9, P = 0.58; BE28: T = −0.36, 
N = 10, P = 0.72), while there was a significant increase in the bulls' core home 
range sizes in the month after the hunt of BE56 occurred (T = −2.09, N = 10, P 
= 0.037) (Table 2).

There was no significant change in the respective breeding herds' core home 
range sizes in response to the hunt in three cases (Wilcoxon signed-ranks test: 
BE03: T = −1.46, N = 4, P = 0.14; BE15: T = −1.75, N = 5, P = 0.08; BE28: T = 
−1.42, N = 11, P = 0.16) (Table 2). As in the case of the bulls, there was a signifi-
cant increase in the breeding herds' core home range sizes in response to the hunt 
of BE56 (T = −2.29, N = 10, P = 0.022) (Table 2).
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For the animals not present at the hunt, we integrated the analysis of 
behavioral responses using a combined probabilities test. Bull hunt events 
did not have substantial impacts on the remaining elephants' movement dy-
namics, bulls' and breeding herds' distances from the hunt sites, direction of 
movements relative to the hunt sites, displacement rates, core home range 
sizes, and, for the breeding herds, the fission and fusion dynamics (P>0.05 for 
all tests) (Table 3).

Table 3. Overall effects of the four bull hunts on all the adult bulls and independent breeding herds analysed 
using combined probabilities tests (Sokal and Rohlf, 1981).

For individuals not associated with the hunted animal, average faecal stress 
hormone metabolite concentrations increased significantly relative to their respec-
tive baseline values in both the four-day (Wilcoxon signed-ranks test: T = −2.29, 
N = 10, P = 0.022) and the one-month (Wilcoxon signed-ranks test: T = −0.29, 
N = 10, P = 0.026) periods following the four hunt events (Figure 2) for the data 
pooled (averaged) for each of the individuals involved in more than one hunt. 
Individually, 11 of 14 bulls showed an increase in their average faecal stress hor-
mone metabolite concentrations in the four-day period following the hunt events 
relative to their baseline faecal stress hormone metabolite levels, and 12 of these 
bulls experienced increased average levels of faecal stress hormone metabolites 
relative to their baseline stress levels in the one-month period following the four 
hunt events (Figure 2).
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Figure 2. The effect of bull hunts on bulls not present at the hunt. We present the faecal stress hormone 
metabolite concentrations of individual bulls not associating with the targeted bulls at the time of their hunts. 
There was no significant increase between baseline: four day and baseline: one month average stress levels 
of individuals (Wilcoxon signed-ranks test: P>0.05 for all). When individuals were combined, there was a 
significant increase in baseline: four day and baseline: one month average stress levels (Wilcoxon signed-ranks 
test: P<0.05 for both).

The individual bulls' faecal stress hormone metabolite concentrations were 
higher during the four-day post-hunt period as opposed to the one-month post-
hunt period for BE03's, BE15's and BE56's hunts (Figure 2). This can be ex-
plained in terms of the fact that there were other bulls associating with these 
targeted individuals at the time of them being hunted. It is likely that these non-
hunted bulls emitted distress vocalisations for some period of time following the 
hunt event. Since elephant vocalisations can be transmitted over relatively long 
distances (e.g. [13], [14]), it is possible that these bulls' distress calls were received 
by the remaining bull population, resulting in a general increase in stress being 
induced. There were no real effects on other bulls from BE28's hunt (Figure 2).

All of the bulls for which faeces were collected experienced elevated stress hor-
mone concentrations in response to the four hunting events. This is in contrast 
to the behavioral observations, where only 11% of the bulls observed were found 
to significantly change their movement dynamics in terms of their distances from 
the respective hunt sites in the ten-day period following the hunt events, and only 
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half of them increased their core home range sizes in the one-month period follow-
ing the hunt events. Thus behavioral observations alone did not comprehensively 
quantify the effects of hunting individuals on the remaining bull population as 
behavioral responses relative to the hunt events were only observed for some indi-
viduals whereas increased physiological stress was detected for all individuals.

During the ‘before’ hunt periods, the adult females had higher frequencies of 
‘low’ stress levels while in the period following the hunt adult females had higher 
frequencies of ‘intermediate’ stress levels (Figure 3). This indicated a general phys-
iological stress response to the hunts. However, analyses of the breeding herds' 
movement dynamics showed no significant changes in response to the hunt events.

Figure 3. The effect of bull hunts on breeding herds. We present stress levels ‘before’ and ‘one month after’ the 
bull hunts as adult females' categorised faecal stress hormone metabolite concentrations (‘low’ = 6.3–40.67 
ng.g−1 and ‘intermediate’ = 40.68–75.05 ng.g−1; no ‘high’ concentrations were recorded).

We observed twelve herds before and after each hunt, and assessed a fission/
fusion response by measuring the percentage of time that they spent with other 
herds (fusion) or alone (fission). Breeding herds were found significantly more on 
their own as opposed to in groups of herds in the ten-day periods following the 
hunt events (Wilcoxon signed-ranks test: P<0.05 for all) (Table 4).

Table 4. The effect of the four hunts on the independent breeding herds' fission and fusion dynamics in the 
ten-day period before and after each hunt event.  
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discussion
In response to short duration hunting events, wildlife often exhibit short-term 
behavioral responses; however, corresponding physiological responses have not 
been measured. Behavioral responses by wildlife to hunting activity includes di-
rected movement away from hunters [15], changes in diet [16], distributional 
shifts [17], greater use of vegetative cover [15] or shifts in core area use within the 
home range [18]. Behavioral responses to hunting might also be related to prior 
experiences. For example, elk (Cervus elaphus) became less tolerant of hunter 
activity later in the hunting season, resulting in more extreme movements as 
the season progressed [15]. Despite a consistent behavioral response, we are not 
aware of any study documenting a physiological stress response to hunting. For 
example, in Spain, Dalmau et al. [19] did not find a relationship between hunt-
ing activity and stress in Pyrenean chamois (Rupicapra pyrenaica pyrenaica), as 
measured by faecal glucocorticoid metabolites. Despite the behavioral responses 
noted above, Millspaugh et al. [8] did not observe a correlation between hunting 
activity and faecal glucocorticoid metabolites in elk. Extending hunting hours did 
not increase corticosterone levels in mourning doves (Zenaida macroura) when 
compared with baseline values [20]. These studies of physiological stress collec-
tively point to the importance of physical and environmental (e.g., weather) stres-
sors. In contrast, we hypothesize that stress in elephants, which have a complex 
social system, might be heavily influenced by psychosocial stressors that result 
from hunting activity. Social vertebrates often exhibit increases in stress due to 
psychosocial stressors [21].

Many private reserves and protected areas in southern and eastern Africa make 
use of trophy hunting for income generation, and as a means of both eliminat-
ing ‘problem’ elephant bulls [22], [23] and manipulating the population's linear 
dominance hierarchy [24]. This is the first detailed study quantifying the effects 
of bull hunting on the remaining elephants. One might expect, particularly in 
a relatively small, confined population, that such direct management interven-
tion would significantly affect the remaining elephants. However, only one major 
reaction occurred, as a result of a poor kill, and the only notable minor behav-
ioral effects were short-term (one day) ‘flight’ responses by bulls present at the 
hunt. Physiologically, the induced stress response (both short and longer-term) 
manifested throughout the population, indicating communication amongst indi-
viduals, and may represent the reaction of elephants to each other's suffering (see 
[25]). The response from those individuals that were present at the hunts of the 
targeted bulls may have been transmitted by means of a ‘domino-effect’ through-
out the remaining bull population. Interestingly, our results indicate transmission 
of stress events from bulls to cows.
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Limited behavioral studies investigating the specific effects of direct human 
impact on elephants have been conducted. Poaching pressure leads to increasing 
group size [26], and ‘migration’ and aggregation into protected areas [27]. Culling 
causes disturbance [28], with elephant from a culled population shifting to drink 
more at night [22]. Four out of the 10 collared female elephants that were within 
7 km of a culled group undertook extreme direct movements of 23, 25, and 30 
km overnight or within two days of the cull, and which took them out of their 
then pre-determined range [29].

The results of this study can be applied by elephant managers in small reserves, 
and may contribute to future debates regarding the implementation of elephant 
population control through selective bull hunting (see [30] for a treatment of 
the broader ethical question of hunting elephants). We conclude that hunting 
bulls in the manner and frequency described here will have no major effect on 
the remaining elephant population. Despite the increase in faecal glucocorticoid 
metabolites, the stress response in elephants was short-lived and, in our opin-
ion, not detrimental (the peaks being lower than that shown to natural extreme 
stressors such as transport or extreme, loud, noises including thunderstorms [9]). 
However, bulls should preferably not be hunted when they are in musth as they 
are more aggressive and unpredictable than usual [31], [32]. Because of observed 
stress responses of bulls present at the hunt, best practice to reduce unnecessary 
stress indicates that bulls should only be hunted when they are alone. We also 
recommend that sufficient time (in this study found to be one month) between 
direct disturbance events be allowed to reduce the possibility of chronic stress (i.e. 
cumulative effects which were not assessed in this study) in the population. How-
ever, we also caution that the effects of disruption of the dominance hierarchy, 
through hunting, on stress levels, movements and other behavior has not been 
investigated, and may, in sustained hunting situations, be significant.

materials and methods 
Pilanesberg National Park (25°8′S–25°22′S; 26°57′E–27°13′E, 560 km2) is locat-
ed in the North West Province of South Africa. The area comprises predominantly 
hilly terrain and falls within the transition zone between the Kalahari Thornveld 
in the west and the Bushveld in the east. The habitat comprises Acacia and broad-
leaf bushveld, which ranges from closed thickets to open grasslands. The general 
vegetation type is classified as sourveld [33]. One major river system runs through 
the centre of the Park, and numerous non-perennial tributaries and streams and 
several small dams are scattered throughout. Rainfall occurs in summer, and is ap-
proximately 630 mm per annum. Temperatures range from a minimum of 1–5°C 
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in winter to a mean maximum of 28–31°C in summer. The park border fence is 
electrified and provides an effective barrier to elephants (no breakouts to date).

Elephants were introduced, mainly from Kruger National Park between 1981 
and 1998 [34]. In 1998, when the population was comprehensively identified 
to the individual level for the first time, there were 93 elephant, including 17 
individually recognizable independent males. These were males that had left the 
female groups, and were consistently alone or with other males. These ranged in 
age from 18 to 25 years old. There were also six older males (up to 35 years old) 
introduced to solve the rhino-killing problem (see [34]). By March 2002, there 
were 163 elephant, including 39 adult bulls between 12 and 40 years old, and 12 
known breeding herds.

Pilanesberg National Park leases out a hunting concession on an annual basis. 
The Board and Park management are responsible for formulating a hunting quota 
per species, which is revised annually based on species' abundance and the Park's 
objectives. Two elephant hunts are usually sold per annum, where each hunt gen-
erates an average of $10 000 (approximately R70 000). This revenue is fed back 
into the Park management.

In 1996, elephant bulls were identified as a major source of both black and 
white rhinoceros mortality in the Park [24]. The Park controlled these ‘problem 
animals’ by hunting two known culprits [34], as well as five problem animals 
(chasing rhino or damaging vehicles or infrastructure) between 1996 and 2001.

A total of eleven bulls were hunted from 1996 through 2003, with the last 
four hunts being intensively studied. (1) BE03 (prefix ‘BE’ denotes bull and ‘CE’ 
cow elephants, with a unique individual numerical code following) was hunted 
on the 16 April 2002. BE15 and BE30 were with him at the time of the hunt. 
(2) BE15 was hunted on the 30 July 2002. BE05 was with him at the time of 
the hunt. BE43 and CE01's herd were within 2 km of the hunt. (3) BE56 was 
hunted on the 9 May 2003. BE05, BE29 and BE37 were with him at the time of 
the hunt. (4) BE28 was hunted on the 7 August 2003. He was alone at the time 
of the hunt. A professional hunter, a Park representative, and a ground crew of at 
least four individuals always accompanied the client, and hunts took place from 
early to mid-morning. In ten of the 11 hunts, the bull was killed cleanly and went 
down almost immediately. The exception was a musth bull hunted in 1996, who 
was wounded by the client and killed by the professional hunter. For the four 
intensive hunts, targeted bulls were followed intensively in the week leading up 
to a hunt, and we recorded the bull's locations, associations with other bulls and 
breeding herds, and daily displacement rate.
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Behavioral observations

The effects of the hunts on the elephant population were divided into ‘major’ and 
‘minor’ events: ‘Major’ events included elephants breaking out of the Park, caus-
ing damage to infrastructure, and being responsible for tourist-related incidents 
(e.g. damaging vehicles, increased aggression etc.) associated with the hunt events. 
‘Minor’ events referred to less obvious responses of the remaining elephants to the 
hunt events. Since movement is often the easiest parameter to measure when as-
sessing the responses of animals to disturbance, we recorded the elephants' move-
ment dynamics in response to the hunt events. The effect of the hunt on the 
movement dynamics of the remaining elephant population was divided into the 
short- and longer-term, with the short-term referring to the ten-day period before 
and after the hunt and the longer-term being the period one month before and 
one month after the hunt. Only those bulls and individual breeding herds that 
were located at least ten times each in the month before and after the hunt were 
used in the analysis. No unusually different behavior was noted in any of the other 
animals that were excluded from the analysis for lack of sufficient sample sizes.

All elephants were identified using distinctive markings. Each of the matri-
archs of the twelve herds were radio-collared with VHF transmitters, which facili-
tated locating them. A concerted effort was made to locate as many individual el-
ephants as possible each day, and particularly for uncollared males, tourist guides 
criss-crossing the reserve (and who were familiar with the identities of individual 
males) helped with locations. All locations were confirmed by us. We searched 
intensively to find individuals that were with the hunted animal, or close-by. 
Each individual bull's and breeding herd's locations for the period ten days before 
and ten days after the hunt were mapped using Animal Movement extension in 
ArcView 3.1 (ESRI) [35], and a polyline indicating the direction moved between 
each point was created. The distance between each location point and the hunt 
site was calculated in ArcView and converted to km. Distances before and after 
each hunt event were contrasted using the Mann-Whitney U-test, with each indi-
vidual representing independent data points.

The direction of movement relative to the hunt site was calculated manu-
ally using printouts of each individual's movements from ArcView. The direction 
moved between two points (see Figure 1 x-axis for time interval between points 
for each individual per hunt) was determined by using the straight line between 
the first point and the hunt site as a reference line (i.e. 0° line on the protractor) 
and determining the angle between the reference line and the straight line drawn 
between the first and second points. This was done on a 0–180° scale, with 0–90° 
indicating movement towards the hunt, and 90–180° indicating movement away 
from the hunt. Each value was then assigned as ‘positive’ (towards the hunt) or 
‘negative’ (away from the hunt). Changes in direction moved before and after 

  



Risk and Ethical Concerns of Hunting Male Elephant 263

hunts were assessed using sign tests, with the average each individual representing 
independent (paired) data points. The direction data were then plotted against the 
distance data to illustrate the direct (short-term) effect of the hunt on the move-
ment dynamics of each individual bull or breeding herd.

The displacement rate of each bull and breeding herd in the ten-day period be-
fore and after each hunt event was determined by calculating the distance between 
each successive location point in ArcView, and then dividing the distance by the 
respective time interval. To remove any bias in the analysis for those individuals 
where more than one location per day was obtained, the first datum recorded per 
day was used in the calculation of rate of displacement. For the analysis of those 
bulls that were present at the actual hunting of the targeted individual, their first 
recorded displacement was their departure from the hunt site. Since only the first 
location for these bulls was used, the results would only be biased conservatively 
in favour of them increasing their distance from the respective hunt sites. Because 
the times of locations for each individual were different, the displacements were 
calculated and expressed in terms of km.h−1. The coefficient of variation (CV) 
[36] was calculated for each individual bull and breeding herd's displacement rate 
before and after the respective hunt events, with a higher CV indicating more 
erratic displacement rates. Displacement rates before and after each hunt event 
were contrasted using the Mann-Whitney U-test, with average values for each 
individual representing independent data points.

To determine whether the breeding herds showed a ‘fission’ or ‘fusion’ (i.e. 
whether the herds came together or dispersed) response following the hunts, the 
number of matriarchs (where one matriarch indicates the presence of one herd) 
seen together in the ten-day period before the respective hunt and in the ten-day 
period after the hunt was compared. We calculated the total number of sightings 
of each herd in the ten-day period before and after the hunt, and dividing these 
sightings into whether the herd was alone or with other herds. The frequency 
of being with other herds was calculated, so that each herd had one value repre-
senting their ‘grouping’ tendency before and one value representing their ‘group-
ing’ tendency after the hunt. Thus each independent datum represented a single 
breeding herd. The percentage sightings with other herds (fusion) was contrasted 
before and after each hunt event using the Wilcoxon test, with each herd repre-
senting independent (paired) data points.

Each individual bull's and breeding herd's locations (using the first location 
per day) for the period of one month before and one month after the hunt were 
mapped in ArcView (ESRI). Separate fixed kernel home ranges [35], using the 95 
% and 50 % probability contours, were plotted for the month before and after the 
hunt. These were then overlayed, and the percentage area overlay from the ‘before 
hunt’ home range and the ‘after hunt’ home range was computed to determine 
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whether a shift in home range (long-term effect) had occurred subsequent to 
the hunt. The core home range (area enclosed by the 50 % probability contour) 
from before and after the hunt were also determined, and represented as a factor 
increasing or decreasing relative to the ‘before hunt’ core home range area. Range 
sizes were contrasted before and after each hunt event using the Wilcoxon test, 
with each individual representing independent (paired) data points.

Data were not normally distributed (Kolmogorov-Smirnov test: P<0.05), and 
thus non-parametric tests (Sign test, Mann-Whitney U test, Wilcoxon signed-
ranks test) were used in the statistical analyses.

The overall patterns of behavioral response was tested using the Combined 
Probabilities Test. The ‘combined probabilities’ analysis allows for separate sig-
nificance tests on different data sets that test the same scientific hypothesis to be 
combined and analysed collectively [37]. The probability values obtained from 
the four separate analyses conducted for each of the individual bulls and the five 
analysis for each of the independent breeding herds relative to the hunt events 
(i.e. distance from hunt site, direction of movement relative to hunt site, displace-
ment rate, core home range sizes and fission and fusion responses (breeding herds 
only)) (see above for detail) were tested using combined probabilities [37]. These 
analyses reflect the more robust assessments of behavioral responses as the prob-
lem of pseudoreplication, which may be present in the individual based analyses, 
is largely negated.

Physiological stress response

Dung samples were collected throughout the study period from March 2002 to 
July 2003. The protocol for collecting, storing and processing the samples and 
the extraction of cortisol from the samples is extensively described elsewhere [11], 
[38].

Upon collection, each sample was allocated a unique numerical code and the 
date, time of sample collection, bolus measurements (top diameter, bottom diam-
eter and length), location (GPS co-ordinates and name of road nearest to sample), 
and the identification of the elephant known to have defecated were recorded. 
Some samples were collected without knowing which individual had deposited 
them. These samples were ‘sexed’ and aged by (1) referring to the spoor around 
the sample and (2) using the diameter of the bolus where adult (>15 yrs) bulls' 
boluses were generally found to have a minimum diameter of 12 cm, while adult 
(>15 yrs) cows' boluses generally had a minimum diameter of 10 cm, sub-adults 
(6–15 years) a minimum diameter of 6–9 cm, and juveniles (less than 6 years) a 
minimum diameter of less than 6 cm , based on samples from known individuals 
(pers. obs.).
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The actual time of sample collection was corrected per sample based on the 
estimated age of the sample. Thus if the sample was estimated as being 5 h old, 
then 5 h were subtracted from the ‘collected’ time to give a ‘corrected’ time.

A ‘lag-time’ of 36 h (the time taken for a ‘stressful’ event to be maximally 
detected in African elephant faeces [7], was used to correlate specific events with 
the faecal stress hormone metabolites present in the dung samples. We subtracted 
36 h from the ‘corrected time’ of each sample to give the actual time at which the 
stress occurred.

Samples were categorised into ‘low’, ‘intermediate’ and ‘high’ stress by deter-
mining the total range of faecal stress hormone metabolite concentrations from 
all samples collected (6.3–109.43 ng.g−1), the physiological stress response of el-
ephants [7], [9], and dividing them into three parts. Thus samples with 6.3–40-
.67ng.g−1 stress hormone metabolite concentrations = ‘low’ stress, samples with 
40.68–75.05ng.g−1 stress hormone metabolite concentrations = ‘intermediate’ 
stress, and samples with 75.06–109.43ng.g−1 stress hormone metabolite concen-
trations = ‘high’ stress. The basis for these categorisations is supported by the 
ACTH challenge results [7], [9].

There were a total of six bulls that were associating with the respective hunted 
bulls (within 10 m of the targeted bull) at the time of the hunt events. Baseline 
faecal stress hormone metabolite concentrations were obtained for each of these 
six bulls by averaging their respective ‘low’ stress level faecal metabolite concentra-
tions from one month before the hunt event (only the ‘low’ stress level category 
was used in order to account for individual variation in the stress response (e.g. 
[39], [40], [41]). The time taken for each of these six bulls to return to their 
respective baseline faecal stress hormone metabolite concentrations was deter-
mined by plotting their actual stress level concentrations against time (in terms 
of days after hunt event). The baseline faecal stress hormone metabolite concen-
trations for these six bulls after the hunt events was calculated by averaging their 
‘low’ stress level faecal metabolite concentrations for one month after their me-
tabolite concentrations had returned to their former baseline levels. The baseline 
faecal stress hormone metabolite concentrations of the individual bulls in the 
one-month before the hunt were tested for significant differences with (i) their 
baseline faecal stress hormone metabolite concentrations in over one-month after 
the hunt (i.e. controlling for change over time), and (ii) with the average of the 
maximum three faecal stress hormone metabolite concentration values obtained 
during the time that it took for each of the individuals to return to their baseline 
faecal stress hormone metabolite concentrations after the hunt. The Wilcoxon 
signed-ranks test was used.

Sufficient faecal samples in the one-month period following each hunt 
event were collected from fourteen individually identified adult bulls from 

  



266 Animal Behavior: An Evolutionary Approach

those not associating with the targeted bull at the time of his hunt. Four 
of these bulls were ‘replicates’ in that sufficient samples were collected from 
each of them relative to more than one hunt. The Analyses were conducted 
for a four-day (short term) and a 5–30 day (long-term) period following each 
hunt event. The average of the three maximum values obtained for each indi-
vidual was used. Baseline faecal stress hormone metabolite concentrations for 
each individual were calculated using the remaining samples in the ‘low’ stress 
level category collected throughout the broader study period. The 4 and 5–30 
day post-hunt values were tested for significance against the baseline aver-
age faecal stress hormone metabolite concentration value using the Wilcoxon 
signed-ranks test with each individual (paired) representing independent data 
points.

Insufficient identified faecal samples from individuals within a particu-
lar breeding herd precluded using an individual-based analysis for female re-
sponses. Instead, the adult (15 years and older, to exclude the possibility of 
age confounding the results) breeding herd animals' faecal stress hormone 
samples were combined to give a general breeding herd response to hunt 
events. This is made possible due to the fact that (1) members of the same 
herd show synchronous increases in stress hormone metabolites in response to 
‘stressful’ events [42, Millspaugh, unpublished data], and (2) the strong social 
bonds existing between different family groups (e.g. [6]) and the fact that el-
ephants can communicate over relatively long distances (e.g. [13], [14]) allow 
for the assumption that this synchronicity in stress hormone production will 
extend throughout the breeding herd population, particularly in a relatively 
small reserve such as Pilanesberg National Park. Data for one month follow-
ing each of the four hunts were categorised as being ‘After’ the hunt events. 
The remaining data were classified as being representative of ‘Before’ the hunt 
events. The respective samples were classified into ‘low’, ‘intermediate’ and 
‘high’ levels of stress. We used log-linear analyses [43] of the different catego-
ries (‘Low’, ‘Intermediate’ and ‘High’ stress) before versus after the hunt.
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ABstrACt 
Interventionist conservation management of territorial large carnivores has 
increased in recent years, especially in South Africa. Understanding of spa-
tial ecology is an important component of predator conservation and man-
agement. Spatial patterns are influenced by many, often interacting, factors 
making elucidation of key drivers difficult. We had the opportunity to study 
a simplified system, a single pride of lions (Panthera leo) after reintroduction 
onto the 85 km2 Karongwe Game Reserve, from 1999–2005, using radio-
telemetry. In 2002 one male was removed from the paired coalition which 
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had been present for the first three years. A second pride and male were in a 
fenced reserve adjacent of them to the east. This made it possible to separate so-
cial and resource factors in both a coalition and single male scenario, and the 
driving factors these seem to have on spatial ecology. Male ranging behavior 
was not affected by coalition size, being driven more by resource rather than 
social factors. The females responded to the lions on the adjacent reserve by 
avoiding the area closest to them, therefore females may be more driven by so-
cial factors. Home range size and the resource response to water are important 
factors to consider when reintroducing lions to a small reserve, and it is hoped 
that these findings lead to other similar studies which will contribute to sound 
decisions regarding the management of lions on small reserves.

introduction 
Interventionist conservation management of territorial large carnivores has in-
creased in recent years, especially in South Africa, where farmland has been reha-
bilitated to game reserves and many species have been reintroduced [1]–[3]. At 
least 37 reserves have reintroduced lions (Panthera leo) primarily for ecotourism, 
but also for ecological processes [3]–[5]. Understanding of spatial ecology is an 
important component of these two management objectives, both in planning 
prior to reintroduction, and in subsequent population management to ensure 
that the population introduced is not above carrying capacity and is representa-
tive of a natural population in terms of size and structure. Because these reserves 
manipulate both the resource (e.g. water provision and harvesting of prey species) 
and social environment (selective removals or supplementation of lion), separat-
ing the different competing drivers of spatial ecology is important in order to 
make the correct management decisions in such small reserves.

The home range of a carnivore is generally as large as is necessary but as small 
as possible to satisfy energetic needs [6], [7]. Upper limits are determined by 
energy expenditure during territorial defence [8] while lower limits are governed 
by food availability [9]. Adult male lions maintain a territory largely contiguous 
with that of their home range and discourage rivals from entering these by patrol-
ling, scent-marking and roaring [8]–[10]. Territorial males can protect their cubs 
from infanticide [11] in two ways: either directly by accompanying the pride and 
chasing out rival males [10], [12], or indirectly by maintaining the security of a 
territory [10].

Male lions show territorial behavior by roaring and scent-marking while pa-
trolling. Territorial displays are expensive because they separate the males from 
their females, increasing the risk of infanticide by invading males [13], [14].  
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Furthermore, roaring highlights the location of the males for intruding coalitions 
[15], [16], and is also energetically expensive, both in terms of the distances cov-
ered [8], and the energetic cost of roaring [17].

The two factors, advertisement and resources may influence territory size, 
shape, and usage in different ways [18], [19]. It is extremely difficult to separate 
out these two potentially confounding factors in natural circumstances. However, 
we had the opportunity to test their relative influences in an artificial situation 
where a single pride male and pair of females existed in a fenced reserve, and a 
second pride and male were in a fenced reserve adjacent of them. The fences were 
electrified and effectively lion-proof. Although from a small sample set, we were 
therefore able to separate our predictions of responses to social influences and re-
sources, and assess their relative input to lion behavioral decisions and subsequent 
costs.

We predicted that lions would respond towards resources such as prey, water 
and cover in all directions, but would respond to social influences only in the 
direction of the adjacent pride. We measured male and female range use, as well 
as male scent-marking and roaring in different parts of their range. We assess the 
relative influence that the social factors impose on the resource factors. We had 
the further advantage of an experimental manipulation of the system, whereby 
the social system was manipulated by the removal of one of the coalition males 
while holding resources constant.

methods 
study Area

Fieldwork was conducted on the 85 km2 Karongwe Game Reserve (24°13′S and 
30°36′E), located in the Limpopo Province, South Africa (Fig. 1). Altitude here 
varies from 489 m to 520 m above sea level. The reserve falls within the Savanna 
Biome [20] and lies within the Mixed Lowveld Bushveld [21]. The Greater Maka-
lali Conservancy borders Karongwe on its eastern boundary and is the only other 
reserve in the area that supports lions, which were introduced to Makalali in 1994 
(Fig. 1). Both reserves are fenced with lion-proof electric fences, and there is a 
road (15 m wide area) separating the two adjacent fences.

As the reserve's main function is eco-tourism a large number of species are 
present. Apart from lions, other large carnivores include leopards (Panthera 
pardus), cheetahs (Acinonyx jubatus), wild dogs (Lycaon pictus) and spotted 
hyeanas (Crocuta crocuta), and there are twelve ungulate species as potential 
prey.
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Figure 1. Location of Karongwe Game Reserve and the neighbouring Makalali Game Reserve in Limpopo 
Province, South Africa.

Field data Collection

The study was conducted over a six year period from October 1999 to October 
2005, totalling 2192 field days. During that time the lion population varied from 
four to a maximum of 11 individuals, with an average of eight. After three years, 
one of the males was removed from the coalition as they were considered to be 
removing too much prey [22].

A member of each subgroup was located twice daily where possible for the 
duration of the study (92.3%, n = 2024 days), using the standard method for 
radio telemetry tracking [23]. Most observations took place between 5:00–10:30 
(48.4%, n = 1809) and 15:30–20:30 (47.7%, n = 1782), with some observa-
tions at night (3.9%, n = 147). The nocturnal observations only covered the pe-
riod 2004 to 2005 and took place from 22h00 to 02h00. A specific nocturnal 
study was undertaken to focus on recording territorial behavior by the pride male 
from February 2005 to June 2005 (n = 48 nights, 12 sessions of four consecutive 
nights). Three shift times were chosen: 17:00–23:00, 21:00–04:00, and 23:00–
06:00 to incorporate dusk, the middle of the night, and dawn. One session for 
each shift time in each of the four moon phases was completed. Four nights were 
spent following the lions continuously from 17:00–06:00.

After locating the focal animal, the following data were recorded: date, time, 
location, GPS co-ordinate, daily belly score, and general behavior. The male was 
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followed by vehicle at a distance of 15–30 m. Lions were viewed using a spotlight 
with a red filter. Any territorial behavior activities were recorded and georefer-
enced. All movement and most territorial data were unfortunately only collected 
after the removal of one male. Therefore no direct comparisons between the one 
male and a two male coalition's behavior were possible. We realise that the data 
set is small (n = 1 pride), but we feel that the study nevertheless provides value as 
more and more managers are stocking such small reserves in a similar manner and 
can benefit from the experiences observed on Karongwe.

data Analysis

The data were imported into Arcview 3.2 for home range analyses and the delin-
eation of animal movement paths using the extension Animal Movement [24]. 
Home ranges were delineated using 95% kernel home ranges for point distribu-
tions, and 50% kernels to delineate core areas [25]–[28]. For purposes of this study 
areas that were defined by the 95% kernel that fell outside the reserve boundary 
were clipped as these could not contribute to the home range.

Social versus resource drivers of territorial behavior were contrasted using pref-
erence values for behaviors in a 1 km×1 km grid, i.e. we determined frequency of 
roaring and scent marking in each grid cell, and preference values for each grid 
cell. Grid preference was calculated as the ratio of use to availability [19], where 
a value of >1 indicated a preference and <1 indicated avoidance of an area. A two 
kilometre buffer zone along the boundary with the neighbouring pride was used 
to differentiate the response to social rather than resource stimuli. Resource limi-
tation and preference was measured on one scale by contrasting observed ranges 
with available ranges, and also assessing the influence of rivers [29]. The latter was 
done by determining the preference for areas within 500 m of drainage lines or 
rivers.

Because all of the observations made in this study are based on a single male/
coalition, a small female group, and a small subadult male group, we do not have 
a sample of truly independent samples and the conclusions should be viewed as 
preliminary, and will hopefully stimulate further work in this area.

results 
description of ranging Behavior

Two male lions were released onto the reserve in September 1999, and two lion-
esses were released a month later. The range available to the lions was 80 km2. 
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Table 1 shows the change in home range size during the study period. The pride's 
and the males' core home ranges were concentrated along the rivers (Fig. 2). The 
pride's home range (95% range 64.4 km2 and 50% core 10.3 km2) was larger 
than the males' home range (95% range 56.3 km2 and 50% core 5.0 km2) with 
the core double the size of that of the males. There was a noticeable difference be-
tween the summer home range (November – April) and the area utilised in winter 
(May – October). The lions (combined pride and males) utilised almost the whole 
reserve in summer (95% range 77.4 km2 and 50% core 10.6 km2) with a large 
core encompassing a larger area away from the rivers. The winter home range had 
a 95% range of 58.9 km2 and a 50% core of 6.1 km2. Almost 70% of the reserve 
lies within 500 m of generally permanent water, and 58.2% of the 95% summer 
home range, and 86.8% of the 50% summer core within 500 m of water; while 
99.1% of the winter core range was within 500 m of water.

Figure 2. Home ranges of (A) male coalition, (B) single male, (C) females before male was removed, and (D) 
females after removal of the male.
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Table 1. Combined male and female annual minimum convex polygon and kernel home range sizes, illustrating 
the expansion of the home range from 2000 to 2005.

The pride's home range expanded from 53.4 km2 to 56.8 km2 (Fig. 2). Before 
the male was removed the lionesses were observed to spend little or no time in 
the eastern side of the reserve, but included that area thereafter (Fig. 2). The pride 
males had a home range of 66.6 km2 and a core of 6.2 km2 that was reduced to 
47.4 km2 with a core of 4.8 km2 when the male was removed (Fig. 2).

home range response to resource and social Factors

Despite using an average of 82.2% (69.9–86.6%; n = 4) of the grid cells across 
the reserve, all lion groups selectively preferred only 21.7–31.3% (n = 4) of these. 
Almost all the cells in the eastern buffer zone were used (88.9–100%, n = 4) by 
the four lion groups (Table 2).

Table 2. The percentage of the reserve that is preferred, avoided, or used at availability by the different lion 
groups measured (a) across the whole reserve to indicate the proportion of the reserve that is utilised, and (b) 
within the 2 km buffer zone along the eastern boundary to indicate whether the buffer zone is preferred or 
avoided.
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Figure 3. Spatial distribution of lions. Areas preferred, avoided, or used according to availability for (A) male 
coalition, (B) single male, (C) females before male was removed, and (D) females after removal of the male. The 
red line indicates the edge of the 2 km buffer zone from the adjacent lion population to the east.

The coalition preferred cells scattered around the reserve and spent more time 
in those areas than the single male did (Fig. 3). The single male preferred areas 
mostly in the northern half of the reserve, which coincided with the female's pref-
erence, and was also along the major drainage lines.

The areas within 500 m of drainage lines were most preferred by all lion groups 
with the females showing the highest preference for these areas.

territorial behavior

Both the coalition and single male showed stronger preference for the buffer area 
(coalition preferred 38.9% of buffer and only 27.7% of the rest of the reserve; and 
the single male preferred 50% of the buffer and only 21.7% of the rest of the re-
serve). Figure 2 indicates that the core ranges were predominantly along drainage 
lines and indicates preference for those areas, as can also be seen in Figure 3. Point 
distribution in Figure 3 indicates that both the coalition and single male concen-
trated on the core areas along the rivers, as well as along the eastern fenceline. 
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Figure 4 indicates a similar pattern for locations where the males displayed ter-
ritorial behavior. The males therefore showed the most notable territorial behavior 
in response to the social factor in the east, as well as resource factors by defending 
their prime habitat within their home range.

Figure 4. Spatial patterns in territorial behavior indicated by density of behaviors across the reserve. Locations 
of (A) scent marks made by the pride males from 1999 to 2002, (B) scent marks by the single male from 2002–
2005, (C) roars by the pride males from 1999 to 2002 and (D) roars by the single male from 2002–2005.

The coalition preferred, while the single male showed a slightly weaker pref-
erence for scent marking within the buffer zone along the eastern boundary. In 
terms of roaring, both the coalition and the single male strongly preferred using 
the buffer zone.

Overall 624 scent marks were observed by the pride male/s, as compared with 
only 119 excretions. Additionally the pride male/s were heard roaring 578 times 
(Table 3), and 74.3% (n = 1313) of all territorial scent marks and roars occurred 
within drainage lines or within 500 m of water.
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Table 3. The effect of coalition size manipulation (male removal) on territorial behavior of pride males.

The single pride male scent marked at a rate of 1.1 scent marks/km. These 
included spay urinating on bushes (63.2%), of which he rubbed his body or 
head on the bush before urinating on 34% of the occasions, and urinating on the 
ground while scraping with the back feet (36.8%).

The single pride male roared at a rate of 0.6 roars/hour (n = 48). The male 
roared more frequently while alone than with pride members, with an average of 
2.0 roars/hour while alone compared to 0.4 roars/hour when not alone.

The pride male covered an average distance of 0.45±0.07 km/hr (n = 48). Fig-
ure 5 indicates movement paths on selected nights where more than 4 km were 
covered. The largest distance covered in one six hour observation was 12.0 km. 
On nine nights the pride male and any associated lions with him did not walk 
at all. The lions had a kill on three of those and the male was mating on two of 
the others. The pride male seemed to cover more distance while on his own than 
when other members of the pride were with him. This could be a general pattern 
but equally the small sample size (n = 1) could probably be as good an explana-
tion.

The distances he moved did not seem to be affected by cloud cover, time of 
night (17:00–00:00; 21:00–04:00; or 23:00–06:00), or the phase of the moon. 
However, there seemed to be an interaction between time of night and the moon 
phase, with the furthest distance being walked on full moon between 21:00–04:00 
(mean 6.4 km, n = 4), and the shortest distances being walked on new moon  
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between 17:00–23:00 (mean 0.3 km, n = 4). The male walked less than expected 
between 23:00–06:00 during all four moon phases, and more than expected be-
tween 21:00–04:00 during both full moon and the first quarter.

Figure 5. Selected nights showing movement paths travelled by the pride male, illustrating distance and path 
walked during territorial patrols.

discussion 
Lion home range sizes vary considerably across study areas, ranging from 20–45 
km2 in places like Manyara National Park and Ngorongoro Crater [30], [31] to 
2075 km2 in arid ecosystems such as Etosha National Park [32]. Even a study on 
the neighbouring reserve, Makalali, showed variability with home ranges varying 
from 24.9 km2 to 106.8 km2 [33]. Individual variability has been shown to be the 
largest source of variance in mean estimates of home ranges [34]. On the central 
and south-eastern basalt regions of Kruger National Park the home ranges were 
about 100 km2 [17], [35], whereas they were about 250 km2 on the northern 
basalt plains [36]. Thus in both Karongwe and Makalali lions seemed to occupy 
substantially smaller home ranges than in Kruger National Park. This was not due 
to the fence surrounding the reserve as the lions' overall range sizes were smaller 
than the reserve potentially allowed.

It has been variously suggested that home range size and configuration of 
large carnivores is influenced by patterns of resource distribution [7], [37], and by  
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social effects [19]. In this study both the pride males were unaffected by the pride 
to the east using the buffer area according to its availability, i.e. the males seemed 
to use the resources of their territory regardless of social influence. The females, 
however, tended to avoid the buffer area seemingly displaying a negative response 
to the social influences from the east. Females and their cubs are violently af-
fected by incoming males [38] and could be avoiding the area to prevent contact 
with potentially infanticidal males. [39] showed that new prides often settle ad-
jacent to their natal range but the pride females on Karongwe, which originated 
from neighbouring Makalali, were nevertheless cautious of this boundary area. 
It should be remembered that the study is only based on one pride resulting in a 
small sample size which could affect the results.

The males and females showed strong preference for drainage lines and rivers. 
This could be largely due to shifts in prey availability, opportunities for prey cap-
ture [29], or cover and protection for cubs [40], particularly as the area was most 
strongly preferred by the lionesses. Karongwe and Makalali are both small reserves 
where prey movements are constrained by fences, the only local movements being 
that prey moves closer to riverine and other water rich areas in winter. It is also 
important to note that Karongwe was stocked above herbivore carrying capacity. 
Therefore, there was no resource limitation but the lions still tracked the prey 
across seasons, indicating that this could be a resource driver of spatial ecology.

Although the pair of males used the buffer zone according to its availability, 
both the coalition and single pride male showed preference for both scent mark-
ing and roaring in this area, reflecting the social influence from the east. The 
pride male did most territorial patrolling while alone, when he could cover more 
distance, and not place pride members at unnecessary risk in the event of an 
encounter. Lionesses were observed to scent mark and roar, but usually while in 
the presence of the pride male, probably because roaring increases their risk of at-
tracting potentially infanticidal males [38]. [17] also noted that a lot of territorial 
behavior occurred along drainage lines in the nearby Kruger National Park. This 
could be because rivers are often natural borders between home ranges [17], or are 
areas that offer male lions better hunting opportunities [41].

Conclusions
Key results from our study are that male ranging behavior is possibly not affected 
by coalition size, and suggests it is more driven by resources than social factors. 
Female ranging on the other hand seemed to be driven by social factors above 
resources. Males changed their territorial behavior rather than ranging pattern 
in response to social influences. Although based on a small sample size, these re-
sults may have important implications for conservation management of small lion 
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populations. Social effects from surrounding reserves may lead to heterogeneity in 
ecological influences of lions, and need to be factored into management of prey 
populations (e.g. harvesting locations). Further, the removal of a male seems to 
have the advantage of decreasing prey off-take, but does not fundamentally shift 
ranging behavior, even in the presence of a heterogeneous social influence. This is 
relevant to shared-ownership reserves that have traversing restrictions for various 
operators. By the same token, social effects may influence the spatial distribution 
of tourism-attractive behaviors such as roaring and scent marking. Understanding 
of fundamental drivers of territorial behavior allows better planning and manage-
ment of adaptively managed reserves, and these results can potentially contribute 
to the management of other territorial species.
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ABstrACt
The introduction of predatory mammals to oceanic islands has led to the ex-
tinction of many endemic birds. Although introduced predators should fa-
vour changes that reduce predation risk in surviving bird species, the ability 
of island birds to respond to such novel changes remains unstudied. We test-
ed whether novel predation risk imposed by introduced mammalian preda-
tors has altered the parental behavior of the endemic New Zealand bellbird 
(Anthornis melanura). We examined parental behavior of bellbirds at three 
woodland sites in New Zealand that differed in predation risk: 1) a mainland 
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site with exotic predators present (high predation risk), 2) a mainland site 
with exotic predators experimentally removed (low risk recently) and, 3) an 
off-shore island where exotic predators were never introduced (low risk al-
ways). We also compared parental behavior of bellbirds with two closely relat-
ed Tasmanian honeyeaters (Phylidonyris spp.) that evolved with native nest 
predators (high risk always). Increased nest predation risk has been postulat-
ed to favour reduced parental activity, and we tested whether island bellbirds 
responded to variation in predation risk. We found that females spent more 
time on the nest per incubating bout with increased risk of predation, a strat-
egy that minimised activity at the nest during incubation. Parental activity 
during the nestling period, measured as number of feeding visits/hr, also de-
creased with increasing nest predation risk across sites, and was lowest among 
the honeyeaters in Tasmania that evolved with native predators. These results 
demonstrate that some island birds are able to respond to increased risk of pre-
dation by novel predators in ways that appear adaptive. We suggest that con-
servation efforts may be more effective if they take advantage of the ability of 
island birds to respond to novel predators, especially when the elimination of 
exotic predators is not possible.

introduction 
The majority of bird extinctions since 1800 have occurred on islands and the 
main cause of these extinctions has been the introduction of exotic predators [1], 
[2] often in close association with drastic habitat alterations [3], [4]. The impact 
of introduced predators on the native avifauna of oceanic islands is particularly 
profound because the birds evolved largely in the absence of many predators [e.g., 
5]. In continental areas, birds and predators have co-evolved over millions of 
years, and many behavourial and life history traits vary adaptively with risk of 
predation [6]–[9]. In contrast, native birds on predator-free islands appear to have 
lost adaptations to avoid terrestrial predators. Instead, they exhibit behaviors and 
life history traits (e.g. tameness, loss of flight, large size, low fecundity) that pre-
dispose them to population crises when predatory animals are introduced [10], 
[11], suggesting that they are evolutionarily ‘trapped’ [12], [13]. However, island 
birds ‘trapped’ by exotic predators are not necessarily condemned to extinction 
[13]. The relative risk of extinction will depend on the ability of a species to 
adjust behavioral traits or evolve in response to exotic predators. Yet, studies of 
trait changes in response to novel changes in predation risk among island birds 
are lacking. Here we present a detailed study of responses in island honeyeaters to 
variation in current and historic predation risk on New Zealand and Tasmania, 
Australia.
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New Zealand provides a typical example of problems arising from introduc-
tion of exotic predators. Extinctions of birds on oceanic islands such as New 
Zealand have been directly linked to human-induced habitat destruction and the 
introduction of predatory mammals [2]–[4], [14]–[16]. New Zealand was first 
settled by Maori in ~1300, and then by Europeans beginning in 1769. Both 
settlement phases were associated with the introduction of exotic mammalian 
predators; Maori introduced the Polynesian rat (Rattus exulans), while Europeans 
introduced the house mouse (Mus domesticus), two additional species of rats (R. 
rattus and R. norvegicus), the hedgehog (Erinaceus europaeus), the domestic cat 
(Felis catus), three mustelids (Mustela erminea, M. furo and M. nivalis) and the 
brushtail possum (Trichosurus vulpecula). These introductions contributed to the 
extinction of ~40% of all non-marine bird species in New Zealand [3], [16], [17] 
and pose a major threat to the survival of the remaining avifauna [18].

In this study we tested whether an endemic New Zealand songbird, the bell-
bird (Anthornis melanura), altered its parental behavior and life history traits in 
ways that might adapt it to the novel predation risk from introduced mammalian 
predators. In particular, increased parental activity at a nest can attract predators 
and increase nest predation rates [19]. Bird species adaptively differ in their rates 
of parental feeding visits to the nest during the nestling period related to risk of 
predation [8], [9], [20], [21]. Birds can also achieve lower activity during incuba-
tion by reducing the number of visits per unit time and increasing the length of 
time per bout sitting on the nest [22], [23]. Increased nest predation risk could 
also favour the evolution of shorter incubation periods to minimise the total time 
a nest is at risk [24], [25]. Bellbirds, therefore, might respond adaptively to the 
increased risk of predation by novel predators by lowering parental activity, in-
creasing length of incubation on-bouts, and shortening incubation periods.

We examined behavioral and life history responses in the bellbird to chang-
ing nest predation risk on differing time scales. A few New Zealand offshore is-
lands have never had exotic predators and provide a benchmark to compare with 
populations on the main New Zealand islands that have been exposed to novel 
predators beginning 700 years ago. As small islands might alter life history traits 
independently of predation risk (e.g. due to higher density), we also conducted a 
predator removal experiment on the mainland New Zealand to further examine 
whether bellbirds assess current predation risk and alter their behavior and life 
history traits accordingly. Finally, to examine the effects of historical predation 
risk, we compared parental behavior of bellbirds in New Zealand with two related 
honeyeaters (Phylidonyris spp.) in Tasmania, Australia. Tasmanian honeyeaters 
evolved with a variety of native mammalian predators, yet share a common ances-
tor with the bellbird. Thus, honeyeaters in Tasmania and New Zealand provide an 
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opportunity to examine differences in responses to differing long-term exposure 
to mammalian predators.

methods 
study Areas

The bellbird is a medium-sized honeyeater (26–34 g) endemic to New Zealand 
[26]. The abundance and range of bellbirds has decreased since human settle-
ment, but they survived within most native forest areas on the main islands of 
New Zealand and on several offshore islands [26]. Bellbirds were studied in three 
locations: (1) on Aorangi Island (35°28′ S, 174°44′ E), a forested island of ap-
proximately 66 ha, ~22 km off the east coast of the North Island where exotic 
mammalian predators have never existed, (2) in Waiman Bush (42°20′ S, 173°40′ 
E), a 65 ha native forest located 15 km from Kaikoura where all exotic predators 
were continuously removed throughout the year from 2004 to 2007, and (3) in 
Kowhai Bush (42°22′ S, 173°36′ E), a 240 ha native forest located 10 km from 
Kaikoura, South Island where all exotic predators are present.

Parts of Aorangi Island were cultivated by Maori until 1820, but it was then 
abandoned and the island has remained uninhabited and declared a nature re-
serve in 1929. Polynesian rats were never introduced during Maori settlement on 
the island and to this day it remains free of all introduced predatory mammals. 
The island is far enough from the mainland that gene flow is likely to have been 
minimal, a possibility that is supported by the slightly different coloration of 
birds compared to the mainland [27]. The only potential predators present on 
the island are native and include Australasian harrier (Circus approximans), long-
tailed cuckoo (Eudynamys taitensis), shining cuckoo (Chrysococcys lucidus) and 
perhaps the large Duvaucel's gecko (Hoplodactylus duvaucelii). In contrast, the 
mainland site at Kowhai Bush includes all species of exotic predators plus native 
avian predators. The birds in Kowhai Bush have co-existed with exotic mamma-
lian predators for at least the last 700 years, a situation typical of that faced by 
all surviving native species on the main islands of New Zealand. Waiman Bush 
is at the same elevation and includes the same native forest habitat and avifauna 
as Kowhai Bush. The two sites are separated by about 5 km of mostly cleared 
agricultural land although connected by continuous forest at a higher elevation. 
Beginning in 2004, all species of exotic mammalian predators were removed from 
Waiman Bush using 38 tunnel traps to control mustelids, rats and hedgehogs, 8 
Timms traps for possum and cat control, and 52 poison bait stations controlling 
rats and possums. A total of 90 stoats, 24 ferrets, 24 weasels, 23 possums, 137 
rats, 218 hedgehogs, and 32 cats were caught in traps during this period and an 

  



Introduced Mammalian Predators Induce Behavioral Changes 291

additional unknown number of animals were killed by poison from the bait sta-
tions (or through secondary poisoning). It is not possible to permanently remove 
all predators from mainland sites but similar efforts to control predators at other 
New Zealand sites have lead to increased nest success and population increases of 
many native birds [28], [29], a general pattern that is evident on our study site as 
well [30].

While Aorangi Island is located further north than Kowhai and Waiman Bush 
(7° on a north south axis), all three sites are lowland coastal forests with a similar 
canopy structure and experience a similar maritime climate. The composition of 
the forest differs slightly between Aorangi and the two mainland sites and this is 
reflected in the nest sites selected by bellbirds. On Aorangi Island most bellbird 
nests are built in weeping matipo (Myrsine divaricata), the native vine Muehlen-
beckia spp., and Coprosma macrocarpa [for details on vegetation see 31], [32], 
while in Kowhai and Waiman Bush bellbirds generally nest in kanuka (Leptosper-
mum ericiodes) and in the shrub Coprosoma robusta. Nests at all three sites are 
placed so that they are well-concealed by dense vegetation and it is unlikely that 
any differences in parental behavior between sites was due to differences in nest 
site placement.

We also studied honeyeaters in Tasmania, Australia to examine traits in a site 
where native predators have always existed. It is unknown which Australian hone-
yeater is phylogenetically the closest relative to the New Zealand bellbird [33], but 
we selected two species of native honeyeaters (crescent honeyeater Phylidonyris 
pyrrhoptera and New Holland honeyeater P. novaehollandiae) in Tasmania that 
are in the same family as bellbirds and so have a common ancestor. The crescent 
and New Holland honeyeaters are of similar size and morphology as the New 
Zealand bellbird, and the habitat preferences, life history traits, mating systems 
and parental behaviors are also similar among these three species. For example, 
mean clutch size is 2.8, 2.2 and 3.1 eggs in the crescent honeyeater, New Holland 
honeyeater and the bellbird, respectively; in all three species both the incuba-
tion and nestling period are 13–14 days long; all three species are socially mo-
nogamous and share parental care, whereby females are solely responsible for nest 
construction and incubation, but both sexes feed nestlings [26], [34]–[37]. The 
two Australian honeyeaters were studied in the Scamander Forest Reserve near St. 
Helens, Tasmania (41°27′ S, 148°15′ E). This is a 100 ha native forest block that 
is not subject to logging or hunting and contains a wide range of native predatory 
mammals and snakes. We chose to study honeyeaters in Tasmania because it is 
located at a similar latitude and experiences a similar maritime climate to our New 
Zealand study sites. Scamander Forest Reserve is also located at the same eleva-
tion as our New Zealand study sites and the forest structure is similar although 
it is dominated by gums (Eucalyptus spp.) with an acacia (Acacia spp.) and fern 

  



292 Animal Behavior: An Evolutionary Approach

understorey. Like the bellbird, the open-cup nests of the Tasmanian honeyeaters 
were placed in the shrub and canopy layer and well-concealed by surrounding 
vegetation.

Data on life history and nesting behaviors were collected at all study sites from 
October until December each year (Aorangi: 2004–2005; Waiman Bush: 2004–
2006; Kowhai Bush: 1998–2007; Tasmania: 2004–2005). Nests were found by 
following adults, and nests were monitored every 2–5 days to record nest success. 
Daily nest predation rates were calculated using the Mayfield method [38], [39]. 
We followed Hensler & Nichols [40] to calculate standard errors for Mayfield's 
daily predation probabilities, and analysed differences in daily predation rates us-
ing the CONTRAST program [41]. Clutch size was determined for accessible 
nests. For nests found during nest-building or egg laying, we measured incubation 
periods as the period from last egg laid to the last egg hatched (to an accuracy of 
2 days or less). To estimate parental visitation rates, we videotaped nests during 
both the incubation and the nestling stage using portable Sony Hi8 video cam-
eras. Nests were filmed for the first 6 hours of the day, starting within 30 min of 
sunrise, except on Aorangi in 2004 when nests were taped later in the morning. 
Despite this difference in protocol, we pooled data across years because we did 
not detect significant differences on Aorangi between 2004 and 2005 in parental 
visits during incubation (F1,17 = 0.001, p = 0.98), incubation attentiveness (F1,17 
= 3.6, p = 0.08), mean on-bout length (F1,16 = 0.14, p = 0.72), mean off-bout 
length (F1,16 = 3.05, p = 0.1), and nestling feeding visits (F1,20 = 2.86, p = 0.11) . 
Nests were filmed throughout the incubation period although we avoided film-
ing nests within the first few days after laying. Incubation videos were scored for 
number of parental visits to the nest, nest attentiveness (measured as percentage 
of 6 h that females sat on the nest), and mean duration of incubation on and off-
bouts [25], [42]. One incubation video from Aorangi was excluded because the 
female was extensively fed by her mate while on the nest, the only example of this 
behavior we noted. As we expected higher visitation rates on the island with no 
exotic predators, the high rate of male visits to this nest increased our estimate of 
total visitation rate, such that the removal of this outlier makes our test of higher 
visitation rates in the absence of exotic predators more conservative. Nests with 
nestlings were videotaped within one day of nestlings breaking primary pinfeath-
ers, to control for differences in developmental rates between locations or species 
and to quantify rates of parental visits to the nest to feed nestlings [9], [21].

Locating bellbird and honeyeater nests is time consuming, and given the high 
probability of nest failure (often before data on parental investment could be col-
lected), multiple seasons across sites had to be sampled to increase sample sizes. 
To control for repeat sampling of females or pairs across seasons (no repeat sam-
pling of females or pairs occurred within a season), we individually color-banded 
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77 and 64 adult bellbirds on Aorangi Island in 2004 and in Kowhai Bush from 
2000–2006, respectively. On Aorangi Island, nests of only one female were found 
in both seasons, and in Kowhai Bush nests of two females were found in two 
consecutive seasons. In all three cases banded females were paired with an un-
banded male of unknown breeding history. To avoid repeat sampling of females, 
we randomly selected one incubation video and one nestling stage video per fe-
male for the analysis. The wide spatial distribution of filmed nests at all sites also 
minimised the chances of resampling unbanded birds more than once.

We tested whether life history traits and parental behaviors varied among loca-
tions by conducting ANOVAs after ensuring that the assumptions of an ANOVA 
were met (homoscedasticity and normality). We used LSD post-hoc tests to ex-
amine differences among individual sites when the ANOVA was significant. All 
means are reported±standard error.

results
Daily nest predation rates for bellbirds were significantly lower on Aorangi Island 
(no exotic predators present) than in Waiman Bush (exotic predators removed) 
and Kowhai Bush (exotic predators present) (Figure 1). Daily predation rate was 
lower in Waiman Bush than in Kowhai Bush although the difference was not sig-
nificant (Figure 1). Over a nesting cycle spanning about 30 days, these differences 
give a probability of a nest surviving to fledge of 65% for bellbirds on Aorangi, 
39% for bellbirds in Waiman Bush and only 29% for bellbirds in Kowhai Bush.

Figure 1. Daily nest predation rates for bellbirds on Aorangi Island, where exotic predators were never 
introduced, in Waiman Bush, where exotic predators were removed, and in Kowhai Bush, where all exotic 
predators are present. Shared letters within bars denote non-significant (i.e., p>0.05) statistical differences using 
the CONTRAST program [41]. Figures above bars are the number of nests in each study site.
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Parental behavior varied among bellbird populations with the varying levels of 
predation risk. The number of parental visits to the nest during incubation varied 
significantly among the four sites (F3,61 = 5.12, p = 0.003, Figure 2). Bellbirds on 
Aorangi Island, where exotic predators were never introduced, and in Waiman 
Bush where predators were removed, visited their nests at similar rates. At both 
these sites bellbirds visited their nests more frequently than at Kowhai Bush, 
where a variety of exotic predators are present, and honeyeaters in Tasmania that 
evolved with native predators (Figure 2). We obtained the same results when we 
controlled for day of incubation and only included nests that were filmed during 
the middle of incubation (days 4–8 of a 14 day incubation period); parental visi-
tation rates during the middle of incubation differed among sites (F3,27 = 5.59, p = 
0.004) in a similar pattern: the rate on Aorangi was similar to the rate in Waiman 
Bush, which was higher than the visit rate in Kowhai Bush, which in turn was 
similar to that of honeyeaters in Tasmania.

Figure 2. The number of parental visits to the nest per hour during incubation for bellbirds on Aorangi Island, 
where exotic predators were never introduced, for bellbirds in Waiman Bush, where exotic predators were 
removed, for bellbirds in Kowhai Bush, where all exotic predators are present, and for honeyeaters in Tasmania, 
which evolved with a range of native mammalian predators. Shared letters within bars denote non-significant 
(i.e., p>0.05) statistical differences based on LSD tests. Figures above bars are the number of nests filmed in 
each study site.

Nest attentiveness (percent time females spend on the nest), in contrast to visit 
rates, did not differ among sites (F3,61 = 0.346, p = 0.8). Mean nest attentiveness 
by females was 67.8% (±1.59, n = 19) on Aorangi , 66.2% (±1.91, n = 17) in 
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Waiman Bush, 68.5% (±1.73, n = 22) in Kowhai Bush, and 68.6% (±2.31, n = 
7) in Tasmania. Thus bellbirds did not alter the total time spent incubating with 
increased predation risk but instead decreased the number of visits made to and 
from the nest by changing bout lengths.

The mean time females spent on the nest per incubating bout differed among 
the four sites (F3,60 = 3.58, p = 0.019, Figure 3a). Duration of on-bouts during 
incubation were similar on Aorangi (no exotic predators present) and Waiman 
Bush (predators controlled), but both were shorter than in Kowhai Bush (no 
predator control; Figure 3a). Honeyeaters in Tasmania had similar durations of 
on-bouts as bellbirds in Kowhai Bush and Waiman Bush, but significantly longer 
than bellbirds on Aorangi (Figure 3a). Duration of off-bouts (time females spend 
away from the nest during each recess) also differed among sites (F3,60 = 5.75, p 
= 0.002) and mirrored the pattern observed in on-bouts with bellbirds showing 
increasing times spent away from the nest as predation risk increased: bellbirds 
had the shortest off-bouts on Aorangi and the longest in Kowhai Bush (Figure 
3b). Honeyeaters in Tasmania had off-bouts similar to that observed in bellbirds 
in Kowhai Bush (Figure 3b).

Figure 3. The mean time females spent on the nest per incubating bout (mean on-bouts) and the mean time 
females spent away from the nest (mean off-bouts) for bellbirds on Aorangi Island, where exotic predators 
were never introduced, for bellbirds in Waiman Bush, where exotic predators were removed, for bellbirds in 
Kowhai Bush, where all exotic predators are present, and for honeyeaters in Tasmania, which evolved with a 
range of native mammalian predators. Shared letters within bars denote non-significant (i.e., p>0.05) statistical 
differences based on LSD tests. Figures above bars are the number of nests filmed in each study site.

Rate of parental feeding visits to the nest during the nestling period differed 
among all four sites (F3,37 = 19.274, p<0.0001) with bellbirds on Aorangi (no 
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predators present) visiting nests more frequently than at either Waiman Bush 
(predators removed) or Kowhai Bush (predators present; Figure 4). There was 
no significant difference between Waiman and Kowhai Bush, so our predator 
removal experiment did not change the feeding behavior of bellbirds. Parental 
feeding rates at both Waiman and Kowhai Bush were significantly higher than 
that observed in honeyeaters in Tasmania (Figure 4). When we controlled for 
brood size by only including nestling videos of 3-chick broods, nestling feeding 
rates still differed strongly among the sites (F3,19 = 9.623, p<0.0001), with the 
same significant differences among study sites.

Figure 4. The number of parental visits to the nest per hour to feed nestlings for bellbirds on Aorangi Island, 
where exotic predators were never introduced, for bellbirds in Waiman Bush, where exotic predators were 
removed, for bellbirds in Kowhai Bush, where all exotic predators are present, and for honeyeaters in Tasmania, 
which evolved with a range of native mammalian predators. Shared letters within bars denote non-significant 
(i.e., p>0.05) statistical differences based on LSD tests. Figures above bars are the number of nests filmed in 
each study site.

In contrast to parental behavior, bellbirds exhibited little change in other life 
history traits. Bellbird clutch size did not differ among the three sites in New Zealand 
(F2,117 = 0.251, p = 0.8). Mean clutch sizes were 3.14 eggs (±0.08, n = 57) on 
Aorangi (exotic predators never introduced), 3.08 eggs (±0.15, n = 12) in Waiman 
Bush (exotic predators removed experimentally), and 3.06 eggs (±0.09, n = 51) 
in Kowhai Bush (exotic predators present). The Tasmanian honeyeaters were not 
included in this analysis as sample sizes were small but all crescent honeyeaters 
laid 3 eggs (n = 6 nests) and all New Holland honeyeaters laid 2 eggs (n = 3).
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Incubation period also did not differ among the three sites in New Zealand 
(F2,22 = 1.073, p = 0.4). Mean incubation periods were 14.1 days (±0.21, n = 11) 
on Aorangi, 14.6 days (±0.43, n = 7) in Waiman Bush, and 14.9 days (±0.60, n = 
7) in Kowhai Bush. We were unable to gather enough information on incubation 
periods in Tasmanian honeyeaters, but published records indicate both crescent 
honeyeater (13.2±0.20 days, n = 5) [43] and New Holland honeyeater (13.4±0.12 
days, n = 19) [43] have shorter incubation periods than the New Zealand  
bellbird.

discussion 
We examined how an endemic island bird that evolved largely without terrestrial 
predators responds to the novel, and an unusually high, risk of predation due to 
the introduction of multiple, exotic, mammalian predators to New Zealand. We 
found that the presence of introduced mammalian predators in New Zealand 
over the past 700 years have induced shifts in parental behavior in the endemic 
bellbird that appear to be adaptive. These changes converge on behaviors seen in 
other species of honeyeaters endemic to Australia, which co-evolved with a variety 
of predators, and which presumably evolved to minimise the risk from predation. 
Our results suggest that bellbirds, and perhaps other endemic island birds, are 
not stuck in an evolutionary “trap” as has been proposed, but instead have some 
capacity to adapt to novel changes in environment including that posed by the 
introduction of exotic predators.

Following a hypothesis by Skutch [19], parental activity at the nest can at-
tract the attention of predators and increase nest predation risk [8], [9], [20]. An 
adaptive response would be to reduce activity with increasing predation risk [9], 
[23], [44], [45]. Our results suggest such adaptive responses in bellbirds: bellbirds 
on an offshore island without exotic predators and on the mainland predator- 
removal site had shorter on- and off-bouts that yielded higher parental visit rates 
than birds that have now co-existed with exotic predators for c. 700 years (Figures 
1, 2). Moreover, bellbirds that coexist with exotic predators had long on- and off-
bouts which reduced visit rates to a level similar to their Tasmanian relatives that 
evolved with mammalian predators (Figures 1, 2). Thus, our results suggest that 
New Zealand bellbirds are able to respond to exotic nest predation risk by altering 
their incubation behavior in a manner similar to related species of honeyeater in 
Tasmania in a period not exceeding 700 years.

In contrast, historical differences appear to remain for parental activity during 
the nestling period. Bellbirds that co-exist with exotic predators decreased their 
nestling feeding rates compared to birds on the offshore island without preda-
tors, as expected under an adaptive shift, but did not increase feeding when we 
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experimentally removed predators. Nevertheless, bellbirds on the mainland still 
fed their nestlings twice as often as honeyeaters in Tasmania suggesting the per-
sistence of higher rates of nest visitation in the presence of exotic predators. Al-
though we cannot rule out differences in diet between these species as a potential 
explanation, our results are also consistent with the view that bellbirds on the 
New Zealand mainland appear to be adapting to exotic predators but they retain 
behavioral traits present in naive populations.

Some life history traits appear to show little response to predation risk. In-
creased nest predation risk has been argued to favour decreased clutch size to 
reduce the number of nest visits that could attract the attention of predators and 
the overall period when the nest is vulnerable to nest predators [6], [19], [46]. 
Presentations of predator models have yielded clutch size reductions [47], [48], 
while a predator-removal experiment yielded no change in clutch size among 
eight coexisting passerine species [21]. Similar to the latter result, bellbirds did 
not reduce their clutch size and laid an average of 3 eggs (range of 2–4 eggs) at all 
sites despite the difference in predation risk among sites. Thus, this trait was less 
responsive than parental visitation rates to predation risk.

Female bellbirds increased the length of on- and off-bouts and thereby re-
duced parental activity, but did not increase their total incubation attentiveness 
with increased predation risk. Conway & Martin [23] found the same pattern 
across North American passerine species. Increased attentiveness can potentially 
shorten incubation and reduce nest predation risk [24], [25], but the lack of 
change in nest attentiveness is consistent with the lack of change in incubation 
periods that we observed. Increased attentiveness might compromise adult sur-
vival [24], [49]. Female bellbirds incubate alone, and males generally do not feed 
females during incubation (apart from the one exception noted in the Methods). 
As a result, females might require a set amount of time off the nest to replenish 
their resources to minimize mortality costs to themselves. Moreover even if fe-
males increased attentiveness, offspring might not have the physiological means 
to accelerate embryonic development. New Zealand songbirds typically have very 
long developmental periods that might reflect intrinsic mechanisms to enhance 
offspring quality and longevity that may not be altered by attentiveness. None-
theless, the end result is that nest attentiveness and incubation periods did not 
change with nest predation risk and further demonstrates that traits differ in their 
responsiveness to nest predation risk.

Island species are often thought to lack the ability to adapt to novel predators, 
but our data suggest that at least some traits have shifted or are plastic in response 
to predation risk in ways that appear adaptive. Adaptive phenotypic evolution has 
recently received considerable attention in the literature, because it offers opportu-
nities for new, innovative approaches to ecosystem management and conservation 
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efforts [13], [50]–[53]. An eco-evolutionary perspective has been promoted [13], 
[50], [53], whereby contemporary evolution arising from the novel interaction 
between invasive and native species is considered. In practice, a study aimed at de-
tecting the minimum thresholds of management required to induce the responses 
that allow the long-term persistence of native bird populations is now necessary 
to develop such a new management tool further. To this effect it would be useful 
to replicate our study using further removal experiments that varied in the extent 
to which predation risk is decreased, and to examine whether other island species 
have responded in a similar fashion as we found with bellbirds.

One of the main problems when attempting to measure contemporary evolu-
tion in native island birds in response to the introduction of exotic predators is 
that few island bird populations still exist in habitats that have not been affected 
by human-mediated changes. While changes in morphology and genetic variation 
can by studied by comparing current populations with museum collections [54], 
[55], the measurement of behavioral responses to introduced predators requires 
live bird populations in areas that remain relatively undisturbed by anthropo-
genic effects. Here, we had the opportunity to study such behavioral responses 
because of the unique situation in New Zealand where exotic predators were in-
troduced, but a few offshore islands remained undisturbed. While we report a 
phenotypic change in parental behaviors of bellbirds, we are uncertain about the 
relative contributions of genetic and non-genetic effects. Regardless, we believe 
that an improved understanding of the adaptive potential of species facing drastic 
environmental change and the rate at which such threatened species can achieve 
phenotypic adaptation can aid future management efforts for the conservation of 
threatened island bird species.
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