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Mosquitofish (Gambusia affinis) is an example of a freshwater fish species whose remarkable diffusion outside its native
range has led to it being placed on the list of the world’s hundred worst invasive alien species (International Union for
Conservation of Nature). Here, we investigate mosquitofish shoaling tendency using a dichotomous choice test in which
computer-animated images of their conspecifics are altered in color, aspect ratio, and swimming level in the water column.
Pairs of virtual stimuli are systematically presented to focal subjects to evaluate their attractiveness and the effect on fish
behavior. Mosquitofish respond differentially to some of these stimuli showing preference for conspecifics with enhanced
yellow pigmentation while exhibiting highly varying locomotory patterns. Our results suggest that computer-animated
images can be used to understand the factors that regulate the social dynamics of shoals of Gambusia dffinis. Such
knowledge may inform the design of control plans and open new avenues in conservation and protection of endangered
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Introduction

In the last few decades, conservationists have increasingly called
for action to protect native animal species and habitats from
“biological invasions” of invasive alien species. The presence of
animals and plants that adversely affect both the ecological
integrity and the local economy in areas in which they are not
indigenous 1s common across the globe [1,2,3,4,5,6]. Their
dispersal is often due to voluntary and involuntary human
activities [6,7]. The negative impact of invasive alien species on
biodiversity is second only to habitat loss [8,9]. In the United
States, the economic and environmental costs due to these species
were recently estimated to be $120 billion per year [10] and the
extinction of 750,000 species [9]. At least 138 of the invasive alien
species in the United States are fish [11,12] (these statistics have
presumably increased in the two decades since their last
assessment).

Gambusia affinis is an example of a social freshwater fish native to
the eastern United States whose diffusion was actively driven by
humans in the nineteenth century for its use as mosquito control
agent in wetland areas [2,13,14,15,16]. Such use has resulted in
the common terminology ‘“‘mosquitofish”. The remarkable inva-
sion of mosquitofish in the environment and their negative impact
on indigenous animal communities [7,13,15,16,17,18,19] has led
to it being placed on the International Union for Conservation of
Nature’s list of the world’s hundred worst invasive alien species [6].
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Specifically, mosquitofish are responsible for the impairment of
foraging success, decreased survival rate, and reduction in
reproduction rate of several native fish of comparable size
[13,18,20,21,22,23] and amphibians’ tadpoles [17,24], which
cannot effectively compete with this highly adaptive colonizer.

Mosquitofish exhibit both social and anti-social behavior
between genders [15,25,26] and their interactions with other fish
of similar size are generally competitive if not predatorial
[18,21,22,27]. The investigation of the behavioral response of
mosquitofish in controlled environments can aid a better
understanding of the determinants of their social interactions in
ecological contexts. For example, social recognition in mosquito-
fish has been found to be primarily affected by visual [28,29] and
chemical cues [29], whose synthesis allows individuals to respond
quickly to the presence of conspecifics and predators [29].
Increasing the group size has been observed to improve the speed
and the accuracy of predator detection [30]. Furthermore, it has
recently been demonstrated that mosquitofish shoaling tendency is
determined by interactions between nearest neighbors in the form
of attraction forces and repulsion mediated by changes in speed
[31]. Males’ social rank and females’ mate choice have been
demonstrated to be correlated with color patterns [28,32].
Individual personality traits in mosquitofish have been shown to
be persistent in time and correlated to the social or aggressive
tendencies of the individuals [33].
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Computer-animated images have recently emerged as a
powerful tool to investigate fish behavior by administering
controlled stimuli [34,35,36,37,38,39]. The use of computer
animations allows for the isolation of specific visual cues from
potential confounds arising from auditory, electrical, flow, and
chemical confounds while offering a precise, consistent, inexpen-
sive, high-throughput, and easily manageable non-invasive meth-
odology to investigate fish behavior [39], especially when coupled
with automated video tracking [40,41]. The use of such stimuli has
been successfully implemented to investigate the behavioral
response of several social species, such as three-spined sticklebacks
[42], swordtails [43,44], pipefish [45], cichlids [46], tiger barb
[47], and zebrafish [48,49,50,51,52,53].

This study seeks to evaluate how systematic changes of the
visual characteristics of animated images of mosquitofish shoals
versus unaltered images of mosquitofish shoals may affect isolated
focal fish. Specifically, we investigate mosquitofish preference and
locomotory patterns in a dichotomous choice test, in which images
are systematically altered in their color, aspect ratio, and
swimming depth in the water column.

Materials and Methods

The experiment described in this work was approved by the
Polytechnic Institute of New York University (NYU-Poly) Animal
Welfare Oversight Committee  AWOC-2012-102. Both the
housing and the experimental procedure were designed to
minimize stress in the animals.

Animals and Housing

One hundred mosquitofish (Gambusia affinis) were procured from
an online aquarium source (LiveAquaria.com, Rhinelander,
Wisconsin, USA). Fish were acclimated for a minimum of two
weeks in the vivarium facility housed in the Department of
Mechanical and Aerospace Engineering at NYU-Poly prior to the
experiments. According to their mean body length, which was
circa 3+0.5 cm, mosquitofish were sexually mature young adults
[2]. Individuals of this size are known to display prominent
shoaling tendencies [15,25]. Following [31], sixty females of
mosquitofish were selected for this study based on their strong
gregarious tendency [25,26,54]. Mosquitofish were housed in a
holding tank 90 cm long, 30 cm wide, and 40 cm high, with a
capacity of 110 I and a fish density equal to 0.54 fish/1. The water
temperature was maintained at 27%+0.5°C and pH at 7.2. The
holding tank was equipped with an external overflow filtration
system (Marineland, Emperor 400 BIO-Wheel) and was illumi-
nated by full spectrum fluorescent lights for ten hours each day in
accordance with the circadian rhythm of the species (see [15,55]).
Fish were fed with commercial flake food (Hagen Corp., Nutrafin
max, USA) after the end of daily experimentation.

Apparatus

The test tank used for the experiments was 50 cm long, 25 cm
wide, and 30 cm high, with a capacity of 36 1. Water quality and
temperature of the holding and test tanks were kept the same by
using comparable external overflow filter and heater (Elite, A750).
Both the filter and the heater were removed from the test tank
during the trials to facilitate the localization of fish. The test tank
was illuminated by two 8 W fluorescent lamps (All-Glass
Aquarium, preheat aquarium lamp, U.K.) placed over the two
short sides of the test tank. A bird’s-eye view of the test tank was
obtained by positioning a webcam (Logitech, Webcam Pro 9000)
approximately 120 cm above the water’s surface to minimize the
distortion produced by the curvature of the lens while providing an
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ample resolution for fish tracking. The test tank was equipped with
two monitors (Dell E117FPc LCD Monitor, Round Rock, TX,
USA) positioned adjacent to the two short sides. The bottom
surface of the tank was covered with an opaque plastic blue sheet
to optimize fish detection based on the comparison with
preliminary experiments using either white or black colored
surfaces. To isolate the experimental environment and provide a
homogeneous background to the fish, the two longitudinal sides of
the test tank were also covered with the same opaque plastic sheet
and the background color of the screens was selected to be blue.
Figure 1 shows a schematic of the experimental setup.

Animated Images

Five replicas of a picture of an adult female mosquitofish of
three cm body length, viewed in the sagittal plane, were oriented
in a face-centered cubic system (two-dimensional) to form a virtual
shoal whose inter-fish distances were maintained constant in each
experimental condition following the experimental design of [48]
for zebrafish (see Figure 2A). The group size is compatible with
other studies on mosquitofish shoaling and perceptual numerosity
[56]. Such unaltered virtual shoal was modified by either varying
the aspect ratio or the color of the mosquitofish. Compressed or
clongated mosquitofish were obtained by changing the body
length to two or four cm (see Figure 2E and Figure 2D). Color
variations consisted of changing the pigmentation of mosquitofish
in the unaltered images into yellow or red (see Figure 2C and
Figure 2B). Between conditions, the geometric extent of the virtual
shoal was kept constant at nine cm X nine cm and inter-fish
distance was consistently varied to accommodate for alterations of
mosquitofish aspect ratio. Specifically, the average inter-fish
distance was three cm for the natural aspect ratio and four or
two cm for elongated or compressed images, respectively (see
Figure 2).

For each screen, the virtual shoal horizontally traversed a
25 cmx26 cm focal region in multiple sweeps corresponding to
the portion of tank side wall below the water surface. The starting
location of the virtual shoal image was randomized in all videos.
The speed of the virtual shoal was kept constant in each sweep
across the screen and was varied between sweeps in each video.
Specifically, the speed was maintained at a mean value of 1.5 cm/
s and a standard deviation of 1 cm/s in each video. During each
sweep, the center of the virtual shoal was either 6 cm (shoal
moving in the tank top half) or 18 cm (shoal moving in the tank
bottom half) from the water surface. In most videos, the vertical
position of the shoal was randomized so that in half of the sweeps
the virtual shoal was traversed in the bottom half of the tank. In
the remaining videos, the virtual shoal was maintained in the
bottom or top half of the tank for all the sweeps. When at the
boundary of the stimulus side, the shoal image was mirrored so
that the orientations of the fish images were always facing the
direction of travel. Specifically, the images swam out of the focal
region in the screen to enter again by swimming in the opposite
direction.

Five minutes long videos were used as “stimuli” in the choice
test and were shown simultaneously to a single focal fish for each
trial. The same videos were used across the ten trials of each
experimental condition. The background of the screen was blue
during both the acclimatization and experimental periods.

Procedure

Experiments were performed in an isolated facility at the
Department of Mechanical and Aerospace Engineering at NYU-
Poly under controlled conditions.
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Figure 1. Schematic of the experimental setup. The test tank was equipped with two monitors, two lamps, and a bird’s-eye camera (one
monitor and a lamp are pulled aside in this picture to show the projected animated images). The blue background of the images was compatible
with the tank background. The bird’s-eye camera recorded the fish motion from above while the two lamps provided homogeneous illumination.
doi:10.1371/journal.pone.0054315.g001

Figure 2. Array of animated images used in the experiments. Naturally colored mosquitofish (A) were juxtaposed to red (B) and yellow (C)
colored images, respectively. The effect of the image aspect ratio was investigated by confronting images of mosquitofish with natural body shape
(A) with longitudinally elongated (D) and compressed (E) images. Dimensions of the images are indicated in the figure.
doi:10.1371/journal.pone.0054315.g002
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Ten trials were executed for each experimental condition from
April to May 2012. Focal fish were tested from 2 pm to 7 pm.
Each fish was tested once. In each experimental condition, the
position of the two computer-animated shoals was equally
alternated between left and right screen to limit potential
confounds. Mosquitofish were manually captured by a net and
placed into the test tank. Each trial lasted 15 minutes and consisted
of an acclimatization and an observation period. The acclimati-
zation period was ten minutes [33], during which time each focal
fish was allowed to swim freely in the test tank while the two
screens displayed a blue background. Subsequently, a five minute
experimental session was video-recorded to score fish behavior in
the presence of the stimuli.

Six experimental conditions were performed in this study to
explore the effect of computer-animated images of shoals of
mosquitofish altered in color, aspect ratio, and swimming depth on
live fish behavior. As sight is the dominant sense in mosquitofish
[2,28], the selection of the experimental conditions was based on
[48] where comparable alterations in the appearance of visual
stimuli showed increased or reduced preference of zebrafish
(whose dominant sensing modality is also vision [28,57]). In each
experimental condition, individual focal fish were shown two
different computer-animated shoals on the screens, except for the
control condition in which two identical animated shoals were
provided. Fish were confronted with the following five pairs of
juxtaposed stimuli in which the vertical position of the virtual
shoals was randomized in the videos: two unaltered images (Con);
unaltered and red colored images (Red); unaltered and yellow
colored images (Yel); unaltered and longitudinally elongated
images (Elo); and unaltered and longitudinally compressed images
(Com) (see Figure 2). In condition Dep, fish were confronted with
videos of unaltered images in which the vertical position was kept
in the bottom half of the tank on a side and in the top half of the
tank of the other.

Data Acquisition

Fish position was collected through a vision system comprising a
computer (Dell, Vostro 220 s, 3 GB of RAM, 2:5 GHz Pentium
dual core 5200 processor, Ubuntu 11:04 32-bit) and a webcam
mounted above the experimental apparatus (Logitech, Webcam
Pro 9000). Data acquisition followed the procedure in [41] in
which the x and y positions of the fish were measured relative to
the origin o of the xy-coordinate system located at the center of the
experimental tank with axes along the tank walls. A dual-camera
setup could have been alternatively used to track three-
dimensional positions and bending motions [58]. However, this
implementation is limited by considerable computational costs
which are not warranted by the selected experimental protocol,
which only uses the linear distance between the focal animal and
the stimuli [59,60,61,62]. Furthermore, mosquitofish are freshwa-
ter fish species that live principally in proximity of the water
surface [15,63] and thus are not expected to considerably vary
their swimming depth.

Here, videos were analyzed offline using a custom tracking
algorithm to extract fish position data described in [41]. The test
tank was virtually divided along its longitudinal axis into three
distinct regions following the proportions observed in [52], that is,
two stimulus areas 6.5 cm wide proximal to the screens and a third
region in the center of the test tank that was 37 cm wide. The time
spent by fish in each of these regions was calculated over the five
minute experimental session for each trial. Further insight into the
interaction between fish and animated images was garnered by
analyzing the behavior of mosquitofish using a dedicated software
(The Observer 2.0, Noldus, Wageningen, The Netherlands). Based
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on the literature on the bechavior of this species
[15,18,19,25,54,64], as well as preliminary observations, we
scored the following behavioral patterns: “swimming” (the fish
moved while not in contact to the stimulus walls), “freezing” (the
fish remained completely motionless), and “thrashing” (the fish
was moving back and forth against the stimulus walls while its
head was physically in contact with the glass).

Statistical Analysis

For each experimental condition, the statistical significance of
fish preference was ascertained using a chi-square test, where the
time spent in the two stimulus regions of the test tank were
juxtaposed and the expected distribution was taken as uniform
(intra-condition preference). Fish preference was the percentage of
the time spent in the stimulus area of the altered image out of the
time where the fish is present in either stimulus regions (in
condition Con, the left stimulus region was taken as “altered” and
in condition Dep, the stimulus region for virtual shoals in the tank
bottom half was taken “altered”). The variation of observed mean
percent preference from the event of no preference was measured
for each experimental condition as in [65]. Since this test
juxtaposed the two stimuli, one degree of freedom was used.

A one-way analysis of variance (ANOVA) was used for assessing
the variation of the total time spent by fish in each of the three
regions of the test tank during each five minute experimental trial
(inter-condition preference). In this analysis, condition was
considered as the independent factor while the time spent by fish
in both the stimulus regions and in the center were the dependent
variables. The control condition Con was not included in the
analysis on fish preference.

A one-way ANOVA was used to investigate both the frequency
and duration of the three considered behavioral patterns among
the experimental conditions. In other words, frequency and
duration of fish behaviors were evaluated for swimming, freezing,
and thrashing in each experimental condition. Data analysis was
carried out using Statview 5.0. The significance level was set at
p=0.05 for all analyses. Fisher’s protected least significant
difference (PLSD) post-hoc tests were used where a significant
main effect of the condition variable was observed.

Results

We found that mosquitofish preference and behavior were
influenced by varying the features of computer-animated images of
conspecifics in a canonical dichotomous choice test. Results on
preference and behavior are presented in Figure 3 and in Figure 4,
respectively. Specifically, we observed that mosquitofish displayed
a robust preference for animated images of conspecifics with
enhanced yellow pigmentation, and that preference was not
influenced by any other alteration. Moreover, the frequencies of
the three behaviors were influenced by altering any of the features
of the computer-animated images, yet the total time spent
exhibiting each behavior was generally unaffected.

Altered Images: Intra- and Inter-condition Preferences
When considering intra-condition preference, mosquitofish
significantly preferred to spend time in the vicinity of the animated
images of their conspecifics as their pigmentation is changed to
yellow (4 [1]=5.818, p=<0.01). Preference was not found to be
statistically significant in any other condition (see Figure 3).
When considering inter-condition preference, a significant
difference was not observed either in the time spent in the
stimulus regions or the central area (data not shown). Investigating
into differences between conditions, post-hoc comparisons re-
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Figure 3. Fish preference for the altered animated shoal. Histograms of fish preference in percentage (p<<0.01). A negative value indicates a

preference for the unaltered images.
doi:10.1371/journal.pone.0054315.g003

vealed that the time spent in the altered stimulus region was never
significantly different. Condition Red presented the maximum
time spent in the center region, that was found to be significantly
higher than in conditions Elo and Com (60.0 s and 59.8 s,
respectively). TFurthermore, condition Elo showed the highest
amount of time spent in the unaltered stimulus region and post-
hoc comparisons revealed a significant difference compared to
conditions Red and Yel (48.6 s and 53.9 s, respectively). Notably,
condition Con, in which similar animated stimuli were experi-
mentally compared, was not considered here.

Behavioral Analysis

Duration and frequency of behaviors were evaluated for each
condition (see Figure 4). An effect of the condition was not found
in the total time spent swimming. The highest amount of time
spent swimming was observed in condition Red (241.0 s) and
significant differences between experimental conditions were not
found through post-hoc comparisons. Similarly, no condition
effect was observed either for the time spent freezing and thrashing
with conditions Con and Com showing the highest amount of time
(50.6 s and 49.9s, respectively) spent in these behaviors.
Significant differences between experimental conditions were not

Swimming

Freezing

found through post-hoc comparisons for both freezing and
thrashing.

On the other hand, a significant condition effect was found for
the frequencies of behaviors. Specifically, a significant condition-
effect was found for swimming (F5 54 =4.735, p=0.01) with the
highest number of events observed in condition Con (33.9). Post-
hoc comparisons revealed that the swimming frequency in
condition Con was significantly higher than conditions Red, Yel,
Elo, and Dep and that the swimming frequency in condition Com
was significantly higher than conditions Yel, Elo, and Dep. The
frequency of freezing was also found to be affected by the
condition (F554=25.743, p=0.01). Specifically, condition Con
showed the highest freezing frequency (30.0) and post hoc-
comparison revealed that it was significantly different than all the
other conditions. Moreover, the number of freezing events in
condition Com was also found to be significantly higher than
condition Elo. Finally, thrashing behavior was also affected by the
condition (I5 54 =2.593, p=0.05) with condition Com displaying
the highest frequency (11.1) and post-hoc comparisons indicating a
significant difference with respect to conditions Con and Yel.

Thrashing
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Figure 4. Frequency and duration of fish behaviors. Histograms of time spent (top) and mean number of events (bottom) by fish swimming,
freezing, and thrashing, respectively, in the experimental conditions. Error bars refer to the standard error. Means not sharing a common superscript

are significantly different (Fisher's PLSD, p<<0.05).
doi:10.1371/journal.pone.0054315.9g004
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Discussion

The results obtained here demonstrate for the first time that
single individuals of the invasive freshwater fish species Gambusia
affiis [15,16] respond differently to computer-animated shoals of
their conspecifics depending on their color, aspect ratio, and
swimming depth in the water column. These findings are
consistent with results on the social behavior of comparable visual
fish species, such as sticklebacks [42,66] and zebrafish
[41,48,49,50,52,53], studied using computer-animated images.
Specifically, phenotypic varieties of zebrafish were found to react
differently to animated images of their conspecifics depending on
similarities of their stripe patterns [48,52] and color pigment [48].
Similar results on zebrafish shoaling preference were obtained in
other studies using canonical preference tests with live stimuli [59]
and bioinspired robots [65,67].

As depicted in Figure 3, mosquitofish are strongly attracted to
animated images of their conspecifics when such images are
artificially altered to exhibit an increased yellow pigmentation.
The importance of pigmentation in choice behavior of fish is
widely documented in the literature [68] and attraction towards
yellow-colored computer-animated images of conspecifics was also
found in zebrafish in [48]. Therein, such attraction was attributed
to good health conditions and reproductive maturity signaled by
yellow pigmentation of zebrafish. Large amounts of yellow
pigmentations in male mosquitofish are generally related to higher
social ranks in mosquitofish populations [32]. Specifically,
dominant mosquitofish males can be visually identified based on
the abundance of yellow pigment on their dorsal fin and along the
dorso-lateral region of the body [32]. Social hierarchy in males is
also a determinant of the attraction of mosquitofish females for
them [26], which also rests upon melanism [64]. Mosquitofish
females tend to avoid sexual harassment of subordinate males (by
reducing their inter-individual distance) [25,26,54,69], while they
are attracted towards dominant males. These social behaviors can
be interpreted as the result of the balance between costs (higher
competition for food and parasite transmission) and benefits
(diluted sexual harassment) of shoaling in female mosquitofish
[26]. In this direction, we interpret the observed preference of
female mosquitofish for the yellow colored images as the natural
consequence of their attraction towards dominant males. On the
contrary, we speculate that the abundance of yellow pigmentation
could result in an aversive response of subordinate males, avoiding
the aggressive dominant males [26,32].

Mosquitofish are never significantly influenced negatively in
their preference by altered images (see Figure 3) even those
evoking typical small freshwater fish predators, such as the
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[18,21,22] and amphibians [13,17] of similar size play an
important role in their ecological success [33].

A large variation of behavioral activity is found for mosquitofish
as the computer-animated images are changed. The relatively
small frequencies of the three behaviors for condition condition
Yel, as compared with the control condition condition Con,
indicate that female mosquitofish tend to steadily interact with the
yellow colored images without displaying sudden changes in their
locomotory pattern observed in other conditions (see Figure 4).
Similar results are found in [48] for zebrafish.

The results of this study may offer further insight into the social
behavior of an ecologically problematic animal species [2,13,16],
that is receiving an increasing interest from the scientific
community for its negative impact on economy and biodiversity
[4,5]. Exploring the determinants of social response in mosquito-
fish at a species-specific level may inform the design of control
strategies and open new avenues in conservation and protection of
endangered animal species. For example, these findings could be
mtegrated in the design of self-propelled bioinspired robotic-fish
[65,67] for deployment in wild ecological communities to
modulate mosquitofish behavior and protect relevant nesting sites
and nursery areas of native species.

Acknowledgments

The authors would like to gratefully acknowledge Dr. N. Abaid for
valuable help on the statistical analysis and for reviewing the manuscript,
Mr. J. Laut for the technical support with the tracking software, Dr. A.
Facci and Mr. Vladislav Kopman for their support on the figures, and Dr.
Sachit Butail for reviewing the manuscript and useful discussions. The
authors would also like to express their gratitude to the anonymous
reviewers for their careful reading of the manuscript and for giving useful
suggestions that have helped improve the work and its presentation.

Author Contributions

Conceived and designed the experiments: GP MP. Performed the
experiments: JCL. Analyzed the data: GP. Wrote the paper: GP MP.

8. Millennium-Ecosystem-Assessment (2005) Ecosystems and human well-being:
biodiversity synthesis. Washington, DC: World Resources Institute.
9. Raven PH, Johnson GB (1992) Biology. St. Louis, MO: Mosby Year Book.

10. Pimentel D, Zuniga R, Morrison D (2005) Update on the environmental and
cconomic costs associated with alien-invasive species in the United States. Ecolog
Econom 52: 273-288.

11. Courtenay WR (1993) Biological pollution through fish introductions. In:
McKnight BN, editor. Biological pollution: the control and impact of invasive
exotic species. Indianapolis: Indiana Academy of Science. 35-62.

12. Courtenay WR (1997) Nonindigenous fishes. In: Simberloff D, Schmitz DC,
Brown TC, editors. Strangers in Paradise. Washington DC: Island Press. 109—
122.

13. Lawler S, Dritz D, Strange T, Holyoak M (1999) Effects of introduced
mosquitofish and bullfrogs on the threatened California red-legged frog. Conserv
Biol 13: 613-622.

14. Lloyd L. An alternative to insect control by ‘mosquitofish’, Gambusia affinis. In:
George TDS, Kay BH, Blok ], editors; 1986; Brisbane, Australia. 156-163.

15. Pyke G (2005) A review of the biology of Gambusia affinis and G holbrooki. Rev Fish
Biol Fisher 15: 339-365.

January 2013 | Volume 8 | Issue 1 | 54315



20.

21.

27.

28.

29.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

. Pyke G (2008) Plague minnow or mosquito fish? A review of the biology and

impacts of introduced Gambusia species. Annu Rev Ecol Evol Syst 39: 171-191.

. Kats L, Ferrer R (2003) Alien predators and amphibian declines: review of two

decades of science and the transition to conservation. Divers Distrib 9: 99-110.

. Keller K, Brown C (2008) Behavioural interactions between the introduced

plague minnow Gambusia holbrooki and the vulnerable native Australian ornate
rainbowfish Rhadinocentrus ornatus, under experimental conditions. J Fish Biol 73:
1714-1729.

. Rehage S, Barnett B, Sih A (2005) Behavioral responses to a novel predator and

competitor of invasive mosquitofish and their non-invasive relatives (Gambusia
sp.). Behav Ecol Sociobiol 57: 256-266.

Meffe GK (1983) Attempted chemical renovation of an arizona springbrook for
management of the endangered sonoran topminnow. N Am J Fisher Manag 3:
315-321.

Laha M, Mattingly HT (2007) Ex situ evaluation of impacts of invasive
mosquitofish on the imperiled Barrens topminnow. Environ Biol Fish 78: 1-11.

. Belk MC, Lydeard C (1994) Effect of Gambusia holbrooki on a similar-sized,

syntopic poeciliid, Heterandria formosa: competitor or predator? Copeia 2: 296
302.

. Alcaraz C, Bisazza A, Garcia-Berthou E (2008) Salinity mediates the competitive

interactions between invasive mosquitofish and an endangered fish. Oecologia

155: 205-213.

. Komak S, Crossland MR (2000) An assessment of the introduced mosquitofish

(Gambusia affinis holbrook) as a predator of eggs, hatchlings and tadpoles of native
and non-native anurans. Wildlife Res 27: 185-189.

. Dadda M, Pilastro A, Bisazza A (2005) Male sexual harassment and female

schooling behavior in the eastern mosquitofish. Anim Behav 70: 463-471.

. Pilastro A, Benetton S, Bisazza A (2003) Female aggregation and male

competition reduce costs of sexual harassment in the mosquitofish Gambusia
holbrooki. Anim Behav 65: 1161-1167.

Barrier RFG, Hicks BJ (1994) Behavioral interactions between black mudfish
(Neochanna diversus Stokell, 1949: Galaxiidae) and mosquitofish (Gambusia affinis
Baird & Girard, 1854). Ecol Freshw Fish 3: 93-99.

Lanzing WJR, Wright RG (1982) The ultrastructure of the eye of the
mosquitofish Gambusia affinis. Cell Tissue Res 223: 431-443.

Ward A, Mehner T (2010) Multimodal mixed messages: the use of multiple cues
allows greater accuracy in social recognition and predator detection decisions in
the mosquitofish, Gambusia holbrooki Behav Ecol 21: 1315-1320.

. Ward AJW, Herbert-Read JE, Sumpter DJT, Krause J (2011) Fast and accurate

decisions through collective vigilance in fish shoals. Proc Natl Acad Sci 108:
2312-2315.

Herbert-Read J, Perna A, Mann R, Schaerf T, Sumpter D, et al. (2011) Inferring
the rules of interaction of shoaling fish. Proc Natl Acad Sci 108: 18726-18731.
MecAlister WH (1958) The Correlation of Coloration with Social Rank in
Gambusia Hurtadoi. Ecol 39: 477-482.

Cote J, Fogarty S, Weinersmith K, Brodin T, Sih A (2010) Personality traits and
dispersal tendency in the invasive mosquitofish (Gambusia affinis). Proc R Soc B:
Biol Sci 277: 1571-1579.

Woo KL, Rieucau G (2011) From dummies to animations: a review of
computer-animated stimuli used in animal behavior studies. Behav Ecol

Sociobiol 65: 1671-1685.

. D’Eath RB (1998) Can video images imitate real stimuli in animal behaviour

experiments? Biol Rev 73: 267-292.

Rosenthal GG (2000) Design considerations and techniques for constructing
video stimuli. Acta Etholog 3: 49-54.

Rosenthal GG (1999) Using video playback to study sexual communication.
Environ Biol Fish 56: 307-316.

Baldauf SA, Kullmann H, Bakker TCM (2008) Technical restrictions of
computer-manipulated visual stimuli and display units for studying animal
behaviour. Ethology 114: 737-751.

Gerlai R (2010) High-throughput behavioral screens: the first step towards
finding genes involved in vertebrate brain function using zebrafish. Molecules
15: 2609-2622.

Green J, Collins C, Kyzar EJ, Pham M, Roth A, et al. (2012) Automated high-
throughput neurophenotyping of zebrafish social behavior. J Neurosci Meth
210: 266-271.

Abaid N, Spinello C, Laut J, Porfiri M (2012) Zebrafish (Danio rerio) responds to
images animated by mathematical models of animal grouping. Behav Brain Res
232: 406-410.

Mazzi DK, R., Bakker TCM (2003) Female Preference for Symmetry in
Computer-Animated Three-Spined Sticklebacks, Gasterosteus aculeatus. Behav
Ecol Sociobiol 54: 156-161.

PLOS ONE | www.plosone.org

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

Mosquitofish Response to Computer-Animated Images

Rosenthal GG, Wagner Jr WE, Ryan M] (2002) Secondary reduction of
preference for the sword ornament in the pygmy swordtail Xiphophorus nigrensis
(Pisces: Poeciliidae). Anim Beh 63: 37-45.

Butkowski T, Yan W, Gray AM, Cui R, Verzijden MN; et al. (2011) Automated
interactive video playback for studies of animal communication. J Vis Exp 48: 1
6.

. Robinson-Wolrath SI (2006) Video playback versus live stimuli for assessing

mate choice in a pipefish. Environ Biol Fish 75: 409-414.

Baldauf SA, Kullmann H, Thunken T, Winter S, Bakker TCM (2009)
Computer animation as a tool to study preferences in the cichlid Pelvicachromis
taeniatus. ] Fish Biol 75: 738-746.

Clark DL, Stephenson KR (1999) Response to video and computer-animated
images by the tiger barb, Puntius tetrazona. Environ Biol Fish 56: 317-324.
Saverino C, Gerlai R (2008) The social zebrafish: behavioral responses to
conspecific, heterospecific, and computer animated fish. Behav Brain Res 191:
77-87.

Pather S, Gerlai R (2009) Shuttle box learning in zebrafish (Danio rerio). Behav
Brain Res 196: 323-327.

Gerlai R, Fernandes Y, Pereira T (2009) Zebrafish (Danio rerio) responds to the
animated image of a predator: Towards the development of an automated
aversive task. Behav Brain Res 201: 318-324.

Luca RM, Gerlai R (2012) In search of optimal fear inducing stimuli: differential
behavioral responses to computer animated images in zebrafish. Behav Brain
Res 226: 66-76.

Rosenthal G, Ryan M (2005) Assortative preferences for stripe patterns in
danios. Anim Behav 70: 1063-1066.

Turnell ER, Mann KD, Rosenthal GG, Gerlach G (2003) Mate choice in
zebrafish (Danio rerio) analyzed with video-stimulus techniques. Biol Bull 205:
225-226.

Smith CC, Sargent RC (2006) Female fitness declines with increasing female
density but not male harassment in the western mosquitofish, Gambusia affinis.
Anim Behav 71: 401-407.

Zahill G (2002) Clock mechanisms in zebrafish. Cell Tissue Res 309: 27-34.

. Agrillo C, Dadda M, Serena G, Bisazza A (2008) Do fish count? Spontaneous

discrimination of quantity in female mosquito fish. Anim Cogn 11: 495-503.
Fleisch VC, Neuhauss SCF (2006) Visual behavior in zebrafish. Zebrafish 3:
191-201.

Butail S, DA P (2012) Three-dimensional reconstruction of the fast-start
swimming kinematics of densely schooling fish. ] R Soc Interface 9: 77-88.
Engeszer R, Wang G, Ryan M, Parichy D (2008) Sex-specific perceptual spaces
for a vertebrate basal social aggregative behavior. Proc Natl Acad Sci 105: 929
933.

Harcourt JL, Sweetman G, Johnstone RA, Manica A (2009) Personality counts:
the effect of boldness on shoal choice in three-spined sticklebacks. Anim Behav
77: 1501-1505.

Pritchard V, Lawrence J, Butlin R, Krause J (2001) Shoal choice in zebrafish,
Danio rerio: the influence of shoal size and activity. Anim Behav 62: 1085-1088.
Wright D, Krause ] (2006) Repeated measures of shoaling tendency in zebrafish
(Danio rerio) and other small teleost fishes. Nat Protoc 1: 1828-1831.
Brookhouse N, Coughran J (2010) Exploring the potential for an ecology-
specific, physical control method of the exotic pest mosquitofish, Gambusia
holbrooki. Ecol Manag Restor 11: 226-228.

Bisazza A, Pilastro A (2000) Variation of female preference for male coloration
in the eastern mosquitofish Gambusia holbrooki. Behav Genet 30: 207-212.

. Polverino G, Abaid N, Kopman V, Macri S, Porfiri M (2012) Zebrafish response

to robotic fish: preference experiments on isolated individuals and small shoals.
Bioinspir Biomim 7: 036019.

Kiinzler R, Bakker TCM (2001) Female preferences for single and combined
traits in computer animated stickleback males. Behav Ecol 12: 681-685.
Abaid N, Bartolini T, Macri S, Porfiri M (2012) Zebrafish responds differentially
to a robotic fish of varying aspect ratio, tail beat frequency, noise, and color.
Behav Brain Res 224: 545-553.

McRobert SP, Bradner J (1998) The influence of body coloration on shoaling
preferences in fish. Anim Behav 56: 611-615.

Smith CC (2007) Independent effects of male and female density on sexual
harassment, female fitness, and male competition for mates in the western
mosquitofish Gambusia affinis. Behav Ecol Sociobiol 61: 1349-1358.

Meffe GK, Snelson FF (1989) An ecological overview of Poeciliid fishes. In:
Meffe GK, I SF, editors. Ecology and Evolution of Livebearing Fishes
(Poecilivdae). Englewood Cliffs, NJ: Prentice Hall Inc. 13-31.

January 2013 | Volume 8 | Issue 1 | 54315



