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ABSTRACT

Mosquitofish (Gambusia holbrooki) are native to the southeastern United States but
invasive elsewhere, and are dominant predators in many ecosystems that they inhabit.
Information on dispersal behavior will help better understand and predict mosquitofish
metapopulation dynamics and invasions. | experimentally tested dispersal behavior of individual
mosquitofish under a range of laboratory conditions relevant to field situations. Preliminary
experiments showed that gender, lighting conditions, hunger and acclimation time did not
significantly affect net dispersal rate. Power analysis based on this preliminary experiment
determined that 6 replicate fish were sufficient for each subsequent experiment; I used 24 fish,
and each fish was tested one time. Three factors that potentially could affect net swimming rate
were tested: habitat of origin (permanent vs. temporary waters), water depth (3-24 mm), and the
interaction between water depth and leaf litter type (upland and wetland). Fish from a temporary
pond dispersed significantly faster than fish from a permanent pond, and fish dispersed
significantly faster in deeper water than in shallower water. However, leaf litter significantly
inhibited fish dispersal at all depths tested. Based on these experiments, G. holbrooki disperse
more readily through relatively open and deeper (several centimeters) pathways between habitats
such as roadside ditches, drainage canals and trails in flooded conditions. My results are useful
for understanding mosquitofish dispersal behavior based on the abiotic and biotic factors
examined in this experiment. | predict that mosquitofish can spread from a point of introduction

at about 800 m per day, given and unobstructed path of only > 6 mm depth.
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INTRODUCTION

Dispersal is an important process because it generates metapopulation structure and gene
flow (Endler, 1977; Kareiva, 1990; Hanski and Gilpin, 1991; Tilman, 1994) and because motility
correlates with an organism’s ability to invade new habitats (Ehrlich, 1986; Lodge, 1993b; Sakai
et al., 2001). Dispersal can prevent negative effects of inbreeding (Ralls et al., 1979) and permits
colonization of new habitats (Amezaga et al., 2002). Organisms with poor dispersal ability risk
reduced access to genetically diverse mates, food resources and refugia. Various definitions of
dispersal appear in the literature (Howard 1960; Koening et al. 1992), but | operationally define
dispersal as movement of an organism from one place to another, including the phenomena of
migration and invasion (Wiens 2001). Dispersal may be limited by absence of habitat
connections (e.g. corridors) and organism adaptations, or obstacles between habitats. Inability to
successfully traverse obstacles can negatively influence populations by diminishing rates of
reproduction and survival, which over time will reduce population growth rates (Dunning et al.,
1992; Noss et al., 1996; VVos and Chardon, 1998; Clark et al., 2001), and gene flow between
separated populations (Jaeger et al., 2005).

Two major threats to biodiversity in freshwater systems are related to dispersal:
biological invasions (Elton, 1958) and habitat modification or destruction (Everett, 2000).
Ecological changes caused by invasive organisms such as the zebra mussel (Dreissena
polymorpha) and salmonids are well documented in lacustrine and riverine systems (Moyle,
1986; Krueger and May, 1991; Lodge, 1993a; Johnson and Carlton, 1996; Kolar and Lodge,

2000). However, few studies of invasions have examined dispersal ability alone (Rehage and



Sih, 2004), which is of particular importance to understanding invasions and better predicting
spread of introduced species.

Landscape modification, such as road construction (Diamondback, 1990; Bennett, 1991;
Noss and Cooperrider, 1994), can affect aquatic ecosystems by changing the physical
environment, altering animal behavior and increasing the spread of exotic species (Trombulak
and Frissell, 2000). Roads may unequally affect ecosystems and species because roads alter
population sizes, species composition and hydrology, and negatively affect ecosystems that form
aquatic landscapes (Trombulak and Frissell, 2000). Ditches often are associated with roads, and
permit the spread of introduced species (Taylor et al., 1984; Duryea et al., 1996; Swanson et al.,
1996); invasions can go unnoticed for a long time in previously isolated habitats (Mura, 2001)
such as wetlands. Some fish can exploit temporary connections due to weather events (hurricanes
and flooding) and further spread into naturally fishless wetlands through roadside ditches and
other hydrological connections.

Many studies have examined the importance of wetland connectivity to fish assemblages
(Kushlan, 1976; Snodgrass et al., 1996; Poizat and Crivelli, 1997; Baber et al., 2002). However,
research on linkages among “isolated” wetlands that are naturally fishless is limited (King et al.,
1996; Tiner et al., 2002, Eason and Fauth, 2002), including studies on invasions and dispersal.
Understanding how fishes invade isolated, ephemeral wetlands is important for understanding
how to prevent the invasions in the first place.

Mosquitofish (Gambusia holbrooki and Gambusia affinis, Poecilidae) are among the 100
worst invasive species in the world (ISSG, 2000); because they disperse well following
introduction to a new region. Mosquitofish can survive in stagnant water, and have been

introduced to many wetlands outside their native range for biological control of mosquitoes



(Leyse et al., 2004). Poeciliid fishes, including mosquitofish, have generation times notably
shorter than other fish groups and live-bearing females can store sperm from many males; one
fertilized female can start a new population with little or no damaging founder effects (Chesser et
al., 1984; Zane et al., 1999). Thus, mosquitofish and other poeciliids (e.g., guppies, sailfin molly)
can quickly establish large populations after dispersing into a new habitat. For example,
Gambusia originally was released into disturbed areas of Australia and New Zealand, but has
since spread into less-developed areas (Arthington and Lloyd, 1989). After colonizing a new
habitat, mosquitofish are major predators that affect entire food webs. Gambusia holbrooki
caused declines of some endemic North American fishes (Meffe et al., 1983; Meffe 1984) by
eating their eggs and newly hatched fry. Mosquitofish also prey on amphibian eggs and tadpoles
(Gamradt and Kats, 1996; Goodsell and Kats, 1999), as well as invertebrates (Courtenay and
Meffe, 1989). The combination of r-selected life history traits and aggressive predation make
mosquitofish an important invader, but information on their dispersal behavior is lacking.
Short-term behavioral tests can determine key information (Milinski and Heller, 1978;
Gilliam and Fraser, 1987; Abrahams and Dill, 1989) useful in predicting long-term population-
level responses in natural systems (Rehage, 2003), and are needed to study dispersal (Rehage and
Sih, 2004). To date, little research has examined the importance of behavior in the success or
failure of fish species invasions (Holway and Suarez, 1999; Sol et al., 2002). | experimentally
tested the effects of six variables on dispersal behavior of Gambusia holbrooki: gender, hunger
state, acclimation time, source habitat, water depth, and leaf litter type. The first three variables
were examined in preliminary experiments to determine their effect on net dispersal time, which
allowed me to conduct more powerful subsequent experiments. The latter three variables were

tested because they relate to mosquitofish dispersal behavior in nature. | generated data useful



for predicting mosquitofish dispersal behavior and the limits of that dispersal into otherwise

fishless isolated wetlands. My results will be useful for understanding mosquitofish dispersal

behavior based on the abiotic and biotic factors examined in this experiment.

My initial predictions were:

1) Net dispersal rates of fish in dark conditions will be significantly faster than fish in lighted
conditions. | expected fish would disperse faster in the dark to avoid potential nocturnal
predators.

2) Net dispersal rate of females will be significantly faster than that of males. Females would
disperse to look for more food resources and also to avoid predators.

3) For different pretrial conditions (hunger state and acclimation time), net dispersal rate of
satiated fish having long acclimation periods will be faster than other treatment
combinations. | expected fish that are satiated to have more energy, and a longer
acclimation time allows fish to better acclimate to new surroundings.

4) Fish from a temporary pond will have significantly faster net dispersal rates than fish from a
permanent lake. Fish from a temporary pond are in a habitat with high hydrological
variation, and when the water rises fish will explore new areas and therefore disperse
faster.

5) Increasing water depths (3, 6, 12, 24 mm), with (6 mm) being average body height, will cause
fish to swim at progressively slower rates. At shallow depths, fish will disperse faster in
an attempt to find deeper water.

6) Different water depths with different leaf litter types (upland and wetland) will cause
differences in net dispersal rates, with fish in either litter type and 12 mm and 24 mm

depth conditions dispersing faster than fish in the 3 mm and 6 mm depth conditions with



leaf litter. | predict that leaf litter type alone will not significantly affect net dispersal rate.
At deeper depths with leaf litter fish will disperse because at shallow depths with leaf

litter there will not be sufficient space for fish to move.



MATERIALS AND METHODS

Many factors may affect mosquitofish dispersal. | observed the effect of six variables
(gender, hunger state, source habitat, water depth, and leaf litter type) on dispersal behavior,
recorded as the time required for a fish to travel a set distance and expressed as net dispersal rate.
| chose water depth and leaf litter type because they are obstacles mosquitofish should encounter
when dispersing into isolated wetlands. | conducted preliminary experiments to gather
information on variation in swim rate. While conducting the preliminary experiments | also
recorded gender, acclimation time, lighting treatment, and hunger state to determine how they
affected net dispersal rate. Second, | tested fish from two different habitats (temporary and
permanent) to determine if habitat of origin affected net dispersal rate. Third, | conducted an
experiment with four different water depths, and my final experiment included all combinations
of the four depths and upland and wetland litter (Figure 1, Table 1). Statistical tests were
conducted after each experiment; the logical sequence of experiments allowed greater power of
subsequent experiments and reduced the number of possible treatments. Below is an explanation

of methods used in all experiments, followed by a description of each unique experiment.
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Figure 1: Experiment Flow Chart

Preliminary experiments tested effects of lighting, gender, hunger state and acclimation time on
net dispersal rate. Fish from two different habitats (temporary and permanent) were tested for the
second experiment. The third experiment tested different water depths, and the fourth and final
experiment tested leaf litter in conjunction with water depth.



Table 1: Experimental Designs

Table shows each experiment conducted and the treatments used therein.

Water

. N Hunger | Acclimation Pond Litter
Experiment | Lighting | Gender State | Time (min) Type I(_ni\r/r?)l Type
1. Lightand | Male, Fed, Permanent,
Preliminary Dark Female | Not fed 0,2and 10 Temporary 6 None
2. Habitat . Male, Not fed
Light Female 24 h 5 Temporary 6 None
3. Water . Male, Not fed 3, 6,
Depth Lght | comale | 24h ° Temporary | 15 5, | None
4. Leaf litter Upland
. Male, Not fed 3,6, |
X Light Female 24 h 5 Temporary 12. 24 Wgtland
Depth litter




Methods and Materials Common to All Experiments

Fish were collected for preliminary experiments from Lake Claire and its neighboring
pond ~50 m to the west (hereafter Pond 1) on the University of Central Florida (UCF) Orlando
campus (Figure 2). The first experiment compared dispersal rates of fish from Lake Claire and
Pond 1. Subsequent experiments used only fish from Pond 1.

I collected fish using minnow traps (Aquatic Eco-Systems, Inc., Apopka, FL) baited with
canned tuna or by dipnetting. Fish were transferred in 18.93 L buckets of pond water to the Field
Research Building on the UCF campus. Fish were housed in 45.5 L Nanotanks (Transworld
Aquatic Enterprises, Inc., Los Angeles, CA) (Figure 3) containing dechlorinated tap water with
standard filtration and fed ad libitum with Tetramin fish flakes at least 24 h before experiments.
This protocol acclimated fish to laboratory conditions and standardized hunger levels.

Experimental trials were conducted in arenas (3 m x 0.08 m x 0.10 m), arrayed in two
sets of six (twelve total) within the Field Research Building (Figures 4 and 5). Arenas were filled
with dechlorinated tap water. An individual fish was transferred by aquarium net into a holding
zone (0.12 m x 0.08 m x 0.10 m), which was partitioned from the rest of the arena by a Plexiglas
door. All doors had 10 4-mm drilled flow holes and were attached to a dowel rod that rested
across the top of the arena. Doors hinged up and opened simultaneously when | pulled a
common, 80-pound test fishing line. To ensure fish did not escape from the holding zone, each
door had a transparent, flexible plastic flap attached to its bottom. Each arena was drained
through plumbing at the finish-line end after each trial, and arenas were re-filled with

dechlorinated tap water to remove residual chemical cues left by previous fish. Arenas were



surrounded by black plastic to ensure human movement around them did not affect fish behavior
(Figure 5).

In all trials, fish were timed with a stopwatch to the nearest 1/100s, beginning when doors
were opened until fish reached a finish line 2.58 m away from the door (Figure 4). | observed
fish crossing the end line using a mirror attached above the arenas, to prevent behavioral
responses to my observation. Fish were observed for 30 minutes; if a fish did not cross the finish
line within 30 minutes, the time was recorded as 30 minutes for statistical analysis. For each fish,
I recorded its arena number, time to finish, site of origin, body height (mm), standard length

(mm), and gender (Figure 6).
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Figure 2: Aerial Photo of the University of Central Florida (UCF) Campus

Location of Pond 1 and Lake Claire, where fish were collected for experiments. Insert shows the
location of the UCF campus and Orange County, Florida.
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Figure 3: Fish Housing

Nanotanks contained 45.5 liters of water and housed fish before and after each experiment.

2.58m

0.12m e 0.30m
et Y ~—

f N / i

downspouts drain

.08m
1l

Dowel rod with doors finish line

Figure 4: Arena Setup

Testing arenas consisted of six downspouts fitted with plastic end caps. Fish were put into a lane
behind Plexiglas doors measuring 96 cm?. Total distance between start and finish lines was 2.58
m.
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Figure 5: Arenas in the Biology Field Research Center

Top: In this photo, a wide view of both arenas which are screened by black plastic with lighting
above. Arenas are screened to prevent interference with fish behavior by activities in the room.
Bottom: A close-up of one set of six arenas inside the opaque screening.
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Figure 6: Fish Measurements

Standard length measured from snout to caudal peduncle (distance between orange lines), height
measured at the highest point on each fish (yellow line). Fish (A) is a female and fish (B) is a
male. Photo courtesy of Richard Moore.
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Preliminary Experiments

I examined variation in net dispersal rate among individuals, for the purpose of
determining replication levels for later experiments. In preliminary experiments, fish were
exposed to different hunger (24 hours pre-trial without food or fed) and acclimation (0, 2, or 10
min) treatments, and | tested for differences in net dispersal time when arenas were lit by Philips
Cool White Plus 40 watt, 1.22 meter light bulbs that were 0.76 meters above the arenas or in dim
light. I predicted that net dispersal rates would differ significantly among treatments, with
satiated female fish in dark conditions and having a long acclimation period dispersing at a faster
rate. Water depth in each lane was standardized to 6 cm (10x average body height). Data were
analyzed as a completely randomized design with the non-parametric Mann-Whitney and
Kruskal-Wallis tests because data could not be transformed to meet the assumptions of normality

and homogeneity of variance.

Habitat Experiment

The first main experiment tested for differences in net dispersal rate among fish collected
from two habitats: permanent Lake Claire and the nearby Pond 1, a temporary pond. | predicted
that fish from different habitats would have significantly different net dispersal rates, with fish
from temporary ponds dispersing at a faster rate. Some experimental conditions were determined
from preliminary experiments (above). Fish were not fed for 24 hours before the trial to
standardize hunger state. All arenas were filled to 6 cm depth and were lit by Philips Cool White
Plus 40 watt, 1.22 meter light bulbs that were 0.76 meters above the arenas. For this experiment
24 fish were tested from each of the temporary (Pond 1) and permanent (Lake Claire) habitats.
All trials were run on one day to eliminate temporal variation and fish from temporary and

permanent ponds were randomly placed in individual testing arenas to account for any possible
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spatial variation. Data were analyzed using one-way analysis of variance for a completely
randomized design with two treatments. Net dispersal rate data were log-transformed for

normality and homogeneity of variance.

Water Depth Experiment

For this experiment fish were only obtained from Pond 1. | predicted that net dispersal
rate would differ significantly with water depth, so that fish in shallow water disperse faster.
Water depths in the arenas were calculated as ratios of body heights from analyses in preliminary
experiments, in which the mean height of the 221 fish was 6 mm + 1.9 mm (mean + SD), and
fish ranged from 4 mm to 12 mm standard height. Individual fish were randomly exposed to one
of four depths: 3 mm, 6 mm, 12 mm, or 24 mm. However, all six arenas that comprised one array
were interconnected by plumbing, so treatments were randomly assigned to each array instead of
each lane. All trials were run on one day to eliminate temporal variation. | analyzed data using
two-way ANOVA for a completely randomized design with four levels of one treatment (depth),
and two levels of gender. Net dispersal rate was log-transformed for normality and homogeneity
of variance. Body dimensions were also recorded for fish in this experiment; | regressed net
dispersal rate (m sec™) against the water depth:body height ratio of individual fish to verify that
they were consistent with those of preliminary experiments and to express experimental results

relative to the size of each fish.

Litter and Depth Experiment

For the final experiment, fish from Pond 1 were exposed to one of four depths (3 mm, 6

mm, 12 mm or 24 mm) crossed with two litter types: upland or wetland. I predicted that fish in

16



both litter types and the 12 mm and 24 mm depths would disperse faster than fish in the 3 mm
and 6 mm depth conditions.

| calculated the amount of litter to add to each lane from leaf-litter densities in wetland
and upland habitats on the UCF campus. Ten 0.1 m? quadrats were tossed behind my back and
the litter in each quadrat was collected in plastic grocery bags. | dried litter for 24 h at 105°C in
paper bags that had been dried and weighed the day before. After 24 h, mean mass was
determined. Mean litter mass (g/m?) averaged 295 g/m? in wetland and 1265 g/m? in upland
corresponded to 70 g wetland litter and 303 g upland litter per arena. | also gathered leaf litter
from three 9 m? plots in both wetland and upland sites in individual 121 L lawn bags to be dried
and used later in the experiments. Wetland litter was composed of pond cypress (Taxodium
distichum) needles with some maidencane (Panicum hemitomum), while upland litter was
composed of long leaf pine (Pinus palustris) needles, and live oak (Quercus virginiana), myrtle
oak (Quercus myrtifolia) and chapman oak (Quercus chapmanii) leaves.

For these experiments, all lanes were first filled with the appropriate depth of water and
then litter that had soaked in dechlorinated water for 24 h was carefully added. Each arena aged
for 24 h so litter could settle and leach out chemicals, as it would in nature. Only 12 trials could
be run per day, so I conducted six trials with upland and six trials with wetland litter each day
with the placement of treatments randomized among days (Figure 7). Arenas were drained
between trials and a 6.5 hp shopvac (RIDGID, St. Louis, MO) was used to clean out the lanes
after each trial. Data for the completely randomized 4x2 factorial design were analyzed with the
non-parametric Mann-Whitney test because data could not conform to normality and
homogeneity of variance. All data were analyzed data using SPSS V. 11.5 (SPSS Inc., Chicago,

IL, USA). Power analysis was conducted with JMP 6.0 (SAS Institute, Cary, NC).
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Litter/Depth Experiment

Day 1 Day 2 Day 3 Day 4
u w w u u w W U
3 6 24 12 12 24 6 3
Day 5 Day 6 Day 7 Day 8
U W w U U w W u
24 12 3 6 6 3 12 24
Day 9 Day 10 Day 11 Day 12
w U u w w U U w
3 6 3 6 12 24 12 24
Day 13 Day 14 Day 15 Day 16
w u u w w u u W
24 12 24 12 6 3 6 3

Figure 7: Litter/Depth Experimental Set-up

Sixteen day experimental set up for the Litter/Depth experiment. On each day six trials were with
wetland litter and another six trials were with upland litter each with a different depth of water.
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RESULTS

Preliminary Experiments

I determined N = 24 was needed in Experiments 1, 2 and 3 for each treatment based on a post
hoc power analysis conducted on preliminary data. Neither lighting, gender, or pretrial
conditions (feeding and acclimation period; Figure 8) significantly affected net dispersal time of
mosquitofish. Therefore, all subsequent experiments were conducted with full lighting (for more
accurate timing) and a mixture of genders (which were recorded nonetheless for post hoc
analysis). Also, fish in subsequent experiments were held for 24 hours pre-trial to standardize

hunger, and acclimation periods in holding zones were 5 minutes.

Habitat Experiment

Habitat of origin significantly affected net dispersal rate of mosquitofish (ANOVA: Fy 44=
10.142, p = 0.003); on average, fish from the permanent Lake Claire required 47.5% more time
to disperse 2.58 m than fish from the nearby temporary pond (Figure 9). There was no significant
difference in net dispersal rate between genders (ANOVA: Fy 44=0.137, p = 0.713) nor any

gender x pond interaction (ANOVA: Fy 44=0.001, p =0.972).
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Pretrial Conditions
Figure 8: Preliminary Experiments

(A) Net dispersal rate (m sec™) in relation to lighting treatments, with one outlier visually
eliminated. Lower and uL:)per boundaries are the 25™ and 75" percentile, with whiskers above and
below at the 90" and 10" percentile. The median is depicted by the line within the box. No
significant difference existed between treatments (Mann-Whitney, Z=-1.041, p=0.298). (B) Net
dispersal rate (m sec™) in relation to gender (female and male), with one outlier visually
eliminated. No significant difference existed in net dispersal time (Mann-Whitney, Z=-0.952,
p=0.341). (C) Net dispersal rate (m sec™) in relation to four different pretrial conditions, with
one outlier visually eliminated: 1) no food for 24 hours, 2 minute acclimation; 2) fed 2 hours
before, no acclimation time; 3) fed 2 hours before, 10 minute acclimation; 4) fed 2 hours before,
2 minute acclimation. No significant difference existed (Kruskal-Wallis p=0.545) in net dispersal
rate based on pretrial conditions.
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Figure 9: Habitat of Origin

Net dispersal rate (mean and 95% C.1., in m sec™) of fish in relation to habitat of origin. Note the
logarithmic scale of the abscissa. Fish from a temporary ponds dispersed significantly faster
(ANOVA: Fy 44= 10.142, p=0.003) than fish from a temporary pond. Gender (ANOVA: Fj 44=
0.137, p=0.713) and the gender x pond interaction (ANOVA: F; 44= 0.001, p=0.972) did not
significantly affect net dispersal time.
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Water Depth Experiment

Fish in deeper water dispersed significantly faster (ANOVA: F3g,= 9.666, p<0.0001)
than fish in shallow water (Figure 10). Mosquitofish dispersed significantly faster in water 12-24
mm deep, than in water 3-6 mm deep. Dispersal rate was intermediate (mean = 0.008 m sec™) at
water depths of 6-12 mm. As observed for absolute depths (experimental treatments), net
dispersal rate increased significantly with the ratio of water depth to body height (p< 0.0001;

Figure 11) though substantial variance existed around this trend (1-R°= 0.774).

Litter and Depth Experiment

Both total water depth (Mann-Whitney p=0.031, d.f. =3) and leaf litter type (Z=-2.172,
Mann-Whitney p=0.030) significantly affected dispersal (Figure 12). However, the depth effect
was accentuated by the strong negative effect of leaf litter on net dispersal rate. Leaf litter
created a complex 3-dimensional matrix for the fish to navigate and greatly reduced dispersal.
Only with 24 mm water levels and wetland litter did fish disperse at a non-zero rate. One
individual fish dispersed in each of the 12 mm deep/wetland litter and 24 mm deep/upland litter
treatments and six fish dispersed in the 24 mm deep/wetland litter treatment. When statistics
were calculated without 24 mm wetland data no significant depth affect existed (Kruskal-Wallis
p=0.355), indicating that the 24 mm wetland treatment was solely responsible for significant
results. Gender of the fish did not significantly affect net dispersal rate (Kruskal-Wallis p=0.816,
d.f. =1).

In summary, lighting condition, gender and pretrial condition did not significantly affect
net dispersal rate; however, habitat of origin, water depth, and leaf litter significantly affected net
dispersal rates. On average, mosquitofish from a temporary pond dispersed faster than those

from a permanent pond, and fish dispersed faster in deep water and when leaf litter was absent.
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Figure 10: Water Depth

Net dispersal rate (mean and 95% C.1., in m sec™) in relation to depth (mm). Fish in deeper
water dispersed significantly faster than fish in shallow water (ANOVA: F3g,= 9.666, p<0.0001).
Letters join treatment means that did not differ significantly (Tukey’s HSD; p>0.05).
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Figure 11: Depth/Height Interaction

The relationship between net dispersal rate (m sec™) and depth/height for mosquitofish. Most
fish dispersed at about the same rate regardless of depth/height, until this ratio was less than one-
half or two-thirds of body height. Regression equation: (rate(m s ™) = 0.0064 log(depth/height) +
0.0084, 1-R?=0.774, p<0.0001).
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Figure 12: Litter and Depth Experiment

Water depth significantly affected net dispersal time (Mann-Whitney p=0.031) when combined
with leaf litter in this experiment. Type of leaf litter also significantly affected net dispersal time
(Mann-Whitney p=0.030) of the fish. Box plots that appear as lines are because fish did not
disperse to the finish line within 30 minutes (in fact, most fish did not disperse out of the holding

areas).
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DISCUSSION

Mosquitofish are a dominant predator in most habitats they enter and are responsible for
the decline in indigenous fish, invertebrates and amphibians and change community structure
(Courtenay and Meffe 1989) so it is important to eliminate mosquitofish dispersal corridors
(Rupp 1996). My experiments showed that mosquitofish dispersed well through relatively low
complexity habitat and in water deep enough to maintain gill immersion regardless of gender,
hunger, and lighting conditions. Understanding mosquitofish dispersal is important because they
prey on local fauna (Meffe et al., 1983; Meffe, 1985) and are an important invasive species in
many parts of the world (ISSG, 2000). Mosquitofish also use natural (Snodgrass et al., 1996;
Taylor, 1997) or man-made wetland connections (Taylor et al., 1984; Duryea et al., 1996;
Swanson et al., 1996); the ability of mosquitofish to gain access to these waterways is enhanced
by deliberate introductions for mosquito control (Leyse et al., 2004).

Negative effects of mosquitofish on wetland communities extend beyond those for
mosquito control. Initially it was thought that mosquitofish eliminated mosquitoes by eating
larvae (Krumholz, 1948) but a debate continues on whether they effectively control mosquitoes
(Courtenay and Meffe, 1989). Mosquitofish introduction has negative consequences for
everything but the mosquitofish because they are very destructive to the community structure of
the habitats they invade (Lloyd et al., 1986; Courtenay and Meffe, 1989; Belk and Lydeard,
1994; Gamradt and Kats, 1996; Webb and Joss, 1997; Goodsell and Kats, 1999; Baber and
Babbitt, 2003).

Considered together, mosquitofish from temporary ponds with ~ 1 cm of water depth and

a relatively clear path are likely to quickly disperse into hydrologically connected habitats.
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Mosquitofish have few limitations to spreading into new habitats, which may be related to their
status as one of the 100 worst invasive species (ISSG, 2000) The ability of mosquitofish to
colonize new habitats and re-colonize after extinction events make them a model organism for
the study of metapopulation dynamics (Gilpin and Hanski, 1997; Bascompte and Sole, 1998;
Dieckmann et al., 2000; Doebeli and Killingback, 2003).

My results showed a difference in dispersal behavior phenotype between the temporary
and permanent populations | tested, but whether that difference is genetically-based is unknown.
Individuals that disperse into temporary ponds may take advantage of increased food availability
and reduced predation by larger fish, and continue to reproduce. Many temporary ponds persist
less than a year, depending upon interannual climate variation. If fish in temporary habitats
disperse again (before a pond dries down) then the disperser genotype will persist (or even
increase) in a population. Also, the depths of hydrological connections are critical for this
dispersal, given the observed effect of depth on dispersal rates.

Gender-specific dispersal in animals has been observed in many studies (Escorza-Trevino
and Dizon 2000; Julliard, 2000; Proctor et al., 2004). However, gender was repeatedly tested in
my study and did not affect the net dispersal rate of mosquitofish. Based on my results,
mosquitofish dispersal ability is not gender-specific. Mosquitofish have a one-to-one sex ratio at
birth, but as they mature the sex ratio becomes female-biased (Snelson, 1989). As adults, females
are typically larger than males and one gravid female can found a new population (Meffe and
Snelson, 1989). However, it appears unlikely that populations would be founded by a single
gravid female, unless by a stochastic process, given no gender difference in dispersal and the fact

that smaller males disperse faster in shallower water than larger females. Therefore, it is unlikely
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that mosquitofish populations should exhibit strong founder effects. Instead, it is more likely that
populations are founded by multiple individuals of both sexes.

To determine if hunger state affected dispersal behavior | subjected mosquitofish to two
different hunger treatments: not fed for 24 hours or fed 2 hours prior to trials. Like gender,
hunger had no significant effect on dispersal. | had predicted that satiated mosquitofish would
disperse more quickly because the food would provide energy. I did not provide food at the end
of the arena because | wanted to measure dispersal without the influence of prey searching
behavior. Other studies have also examined the effects of hunger on dispersal behavior of
animals (Levin, 1994; Osmundson, 1998). Outcomes depended on the organism tested, the
question asked, and the experimental design. It is possible that longer periods without food
would yield different results for mosquitofish.

Lighting can affect animal behavior in many habitats (Petrell and Ang, 2001). The same
was not true for mosquitofish: dispersal rate did not differ significantly between light and dark
conditions. My results indicate that mosquitofish will disperse as long as there is a sufficient
hydrological connection, whether it is day or night.

Mosquitofish dispersed in depths as shallow as 3 mm, although dispersal at this depth
was restricted. In the absence of leaf litter, net dispersal rate increased progressively as water
depth increased from 3-24 mm. Combined with results from the gender, light and hunger trials,
the water depth experiment shows that mosquitofish can disperse under diverse conditions
(Rehage and Sih, 2004) provided hydrological connections are unimpeded. At any body height,
diminishing water depth increasingly inhibited dispersal, but these small fish still dispersed in

water depths as shallow as 3 mm. If mosquitofish are introduced in a region, they likely will
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invade temporary ponds and other aquatic habitats using ephemeral connections as shallow as 1
cm depth and relatively free of obstacles such as leaf litter.

The ability of an invasive species to spread depends on factors such as distance among
habitats and rate of dispersal (Parker and Reichard, 1998). Variation in dispersal distances and
rates is well documented for many invasive taxa (Swingland, 1983; Bradford and Taylor, 1997).
I found that most mosquitofish dispersed at rates of ~ 0.01m/s with only 12-24 mm of water and
an unimpaired pathway. Based on a 24-h dispersal behavior and observed rates, mosquitofish
disperse at a rate of ~864 m/day or 25,791 body lengths per day (33.5 mm mean body length).
Extrapolated to natural conditions, it is little wonder that mosquitofish spread rapidly into a
region upon introduction.

Some small fish preferentially inhabit shallow areas as a means to avoid large piscivorous
fish (Bain et al., 1988). Mosquitofish may practice this avoidance behavior (Garcia-Berthoun,
1999), and if so, are likely to disperse through shallow connections between habitats.
Mosquitofish can disperse into “isolated” wetland habitats and any others that are hydrologically
connected to their present habitat.

A landscape feature that increases potential mosquitofish spread to new areas is the
construction of roads and drainage ditches (Trombulak and Frissell, 2000) that form more direct
corridors between aquatic habitats. Ditches create connections where previously there were none,
and create dispersal corridors for mosquitofish (Courtenay and Meffe, 1989). Changes caused by
widespread road construction and drainage structures have changed landscape hydrology and
probably promoted spread of mosquitofish within their native range (SE USA) and in regions

where they are exotic. Mosquitofish can survive and reproduce under diverse conditions
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(Courtenay and Meffe, 1989), including low oxygen levels (McKinsey and Chapman, 1998)
which gives them an advantage compared to many other fish.

The addition of leaf litter to the testing arenas increased the complexity of the
experimental conditions, and greatly reduced dispersal rates of mosquitofish. Many studies have
examined the effect of habitat heterogeneity on dispersal (Turner, 1987; Kolasa and Pickett,
1991; Hansson et al., 1995; Gardner et al., 1989; Johnson et al., 1992). In my experiment
mosquitofish did not disperse in shallow water in the presence of either leaf litter type, possibly
because pathways for dispersal were limited. Based on my results, mosquitofish are unlikely to
disperse through upland litter unless water depths exceed 24 mm. It is much more likely that
mosquitofish disperse between wetlands via shallow natural (deer paths) or anthropogenic (trails,
ditches, etc.) corridors that lack leaf litter. A clear management application that emerges from
this study is to re-fill unused ditches, such as plow lines used to contain wildfires. Harvesting and
burning of leaf litter also eliminate potential obstacles to mosquitofish dispersal and may be
selectively managed to mitigate mosquitofish spread. Mosquitofish entry into isolated wetlands
could be managed by maintaining paths and corridors with upland litter that would permit natural
drainage yet block mosquitofish access. Alternatively, shallow mosquitofish dispersal corridors
(e.g., trails in wetland vegetation) could be blocked by shallow earthen berms, or unneeded
ditches and fire breaks could be plowed under to eliminate the corridors.

This series of short-term laboratory experiments is relevant to future studies of
mosquitofish metapopulation dynamics (Hanski and Gilpin, 1991) and invasiveness. With this
foundation researchers can undertake studies determining how mosquitofish populations are
spatially structured and how their dispersal affects community structure. Understanding more

about dispersal behavior will help manage mosquitofish invasions around the world. Future
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experiments could be conducted on: 1) genetics of mosquitofish from different habitats that have
different dispersal rates, 2) dispersal through more types of litter with varying percentages of
total biomass found in nature, 3) dispersal through non-linear corridors, 4) mosquitofish in
natural habitats, 5) whether or not the presence of upland litter will prevent dispersal of

mosquitofish into new habitats (a field experiment).

31



REFERENCES

Abrahams MV, Dill LM, 1989. A determination of the energetic equivalence of the risk of
predation. Ecology 70:999-1007.

Amezaga JM, Santamaria L, Green AJ, 2002. Biotic wetland connectivity — supporting a new
approach for wetland policy. Acta Oecol 23:213- 222.

Arthington AH, Lloyd LN, 1989. Introduced poeciliids in Australia and New Zealand. In:
Ecology and Evolution of Livebearing Fishes (Poeciliidae). (Meffe GK, and Snelson FF,
eds). Englewood Cliffs, New Jersey: Prentice Hall,; pp. 333-348.

Baber MJ, Babbitt KJ, 2003. The relative impacts of native and introduced predatory fish on a
temporary wetland tadpole assemblage. Oecologia 136:289-295.

Baber MJ, Childers DL Babbitt KJ, Anderson DH, 2002. Controls on fish distribution and
abundance in temporary wetlands. Can J Fish Aquat Sci 59:1441-1450.

Bain MB, Finn JT, Booke HE, 1988. Streamflow regulation and fish community structure.
Ecology 69:382-392.

Bascompte J, Sole RV (Eds), 1998. Modeling Spatiotemporal Dynamics in Ecology. Springer,
Berlin.

Belk MC, Lydeard C, 1994. Effect of Gambusia holbrooki on a similar-sized, syntopic poeciliid,
Heterandria Formosa: competitor or predator? Copeia 2:296-302.

Bennett AF, 1991. Roads, roadsides, and wildlife conservation: a review. In: Nature conservation
2: the role of corridors (Saunders DA and Hobbes RJ, eds). New South Wales, Australia:
Surrey Beatty and Sons, Chipping Norton. pp. 99-118.

Bradford MJ, Taylor GC, 1997. Individual variation in dispersal behavior of newly emerged
chinook salmon (Oncorhynchus tshawytscha) from the Upper Fraser River, British
Columbia. Can J Fish Aquat Sci 54:1585-1592.

Chesser RK, Smith MW, Smith MH, 1984. Biochemical genetics of mosquitofish. I11. Incidence
and significance of multiple insemination. Genetica 64:77-81.

Clark BK, Clark BS, Johnson LA, Haynie MT, 2001. Influence of roads on movements of small
mammals. Southwest Nat 46:338-344.

32



Courtney WR, Meffe GK, 1989. Small fishes in strange places: a review of introduced
Poeciliids. In: Ecology and Evolution of Livebearing Fishes (Poeciliidae). (Meffe GK,
and Snelson FF, eds). Englewood Cliffs, New Jersey: Prentice Hall; pp. 333-348.

Diamondback. 1990. Ecological effects of roads (or, the road to destruction). In: Killing roads: a
citizen’s primer on the effects and removal of roads (Davis J, ed) Biodiversity special
publication. Earth First!, Tucson, Arizona; pp. 1-5.

Dieckmann U, Law R, Metz JAJ (Eds), 2000. The Geometry of Ecological Interactions:
simplifying Spatial Complexity. Cambridge University Press, Cambridge.

Doebeli M, Killingback T, 2003. Metapopulation dynamics with quasi-local competition. Theor
Pop Bio 64:397-416.

Dunning JB, Danielson BJ, Pulliam HR, 1992. Ecological processes that affect populations in
complex landscapes. Oikos 65:169-175.

Duryea R, Donnelly J, Guthrie D, O’Malley C, Romanowski M, Schmidt R, 1996. Gambusia
affinis effectiveness in New Jersey mosquito control, pp. 95-102. In: Proceedings of the
83" Meeting of the New Jersey Mosquito Control Association, Inc.

Eason GE, Jr., Fauth JE, 2001 Ecological correlates of anuran species richness in temporary
pools: A field study in South Carolina, USA. Israel J Zool 47: 347-365.

Ehrlich PR, 1986. Which animal will invade? In: Ecology of Biological Invasions of North
American and Hawaii (Mooney HA, Drake JA eds). New York, New York: Springer-
Verlag; pp 79-95.

Elton CS, 1958. The Ecology of Invasions by Animals and Plants. Chicago, IL: University of
Chicago Press..

Endler JA, 1977. Geographic Variation, Speciaton and Clines. Princeton, New Jersey: Princeton
University Press.

Escorza-Trevino S, Dizon AE, 2000. Phylogeography, intraspecific structure and sex-biased
dispersal of Dall’s porpoise Phocoenoides dalli, revealed by mitochondrial and
microsatellite DNA analyses. Molec Ecol 9:1049-1060.
Everett RA, 2000. Patterns and pathways of biological invasions. TREE 15:177-178.

Gamradt SC, Kats LB, 1996. Effect of introduced crayfish and mosquitofish on California newts.
Conserv Biol 10:1155-1161.

Garcia-Berthou E, 1999. Food of introduced mosquitofish: ontogenetic diet shift and prey
selection. J Fish Biol 55:135-147.

33



Gardner RH, O’Neill RV, Turner MG, Dale VH, 1989. Quantifying scale-dependent effects of
animal movement with simple percolation model. Landscape Ecol 3:217-228.

Gilliam JF, Fraser DF, 1987. Habitat selection under predation hazard: test of a model with
foraging minnows. Ecology 68:1856-1862.

Gilpin ME, Hanski IA (Eds), 1997. Metapopulation Biology: Ecology, Genetics, and Evolution.
New York: Academic Press.

Goodsell JA, Kats LB, 1999. Effect of introduced mosquitofish on pacific treefrogs and the role
of alternative prey. Conserv Biol 13:921-924.

Hanski WE, Gilpin M, 1991. Metapopulation dynamics: brief history and conceptual domain.
Biol J Linn Soc 42:3-16.

Hansson L, Fahrig L, Merriam G, 1995. Mosaic Landscapes and Ecological Processes. London:
Chapman and Hall.

Holway DA, Suarez AV, 1999. Animal behavior: an essential component of invasion biology.
TREE 14:328-330.

Howard WE, 1960. Innate and environmental dispersal of individual vertebrates. Am Midl Nat
63:152-161.

ISSG, 2000. 100 of the world’s worst invasive alien species: a selection from the global invasive
species database. Invasive Species Specialist Group, University of Auckland, Auckland.

Jaeger JAG, Bowman J, Brennan J, Fahrig L, Bert D, Bouchard J, Charbonneau N, Frank
K, Gruber B, von Toschanowitz KT, 2005. Predicting when animal populations are at
risk from roads: an interactive model of road avoidance behavior. Ecol Model 185:329—
348.

Johnson AR, Wiens JA, Milne BT, Crist TO, 1992. Animal movements and population dynamics
in heterogeneous landscapes. Landscape Ecol 7:63-75.

Johnson LE, Carlton JT, 1996. Post-establishment spread in large-scale invasions: dispersal
mechanisms of the zebra mussel Dreissena polymorpha. Ecology 77:1686-1690.

Julliard R, 2000. Sex-specific dispersal in spatially varying environments leads to habitat-
dependant evolutionary stable offspring sex ratios. Behav Ecol 11:421-428.

Kareiva PM, 1990. Population dynamics in spatially complex environments: theory and data.
Phil Trans R Soc Lond B 330:175-190.

King JL, Simovich MA, Brusca RC, 1996. Species richness, endemism and ecology of
crustacean assemblages in northern California vernal pools. Hydrobiologia 328:85-116.

34



Koening WD, Pitelka FA, Carmen WJ, Mumme RL, Stanback MT, 1992. The evolution of
delayed dispersal in cooperative breeders. Q Rev Biol 67:111-150.

Kolar CS, Lodge DM, 2000. Freshwater nonindigenous species: interactions with other global
changes. In: Invasive Species in a Changing World (Mooney HA, Hobbs RJ (Eds.).
Washington DC: Island Press; pp. 3-30.

Kolasa J, Pickett STA, 1991. Ecological Heterogeneity. New York: Springer-Verlag.

Krueger CC, May B, 1991. Ecological and genetic effects of salmonid introductions in North
America. Can J Fish Aquat Sci 48:1.

Krumholz LA, 1948. Reproduction in the Western mosquitofish, Gambusia affinis affinis (Baird
and Girard), and its use in mosquito control. Ecol Monographs 18:1-43.

Kushlan JA, 1976. Environmental stability and fish community diversity. Ecology 57:821-825.

Levin PS, 1994. Small-scale recruitment variation in a temperate fish: the roles of macrophytes
and food supply. Env Biol Fish 40:271-281.

Leyse KE, Lawler SP, Strange T, 2004. Effects of an alien fish, Gambusia affinis, on an
endemic California fairy shrimp, Linderiella occidentalis: implications for conservation
of diversity in fishless waters. Biol Consev 118: 57-65.

Linehan JE, Gregory RS, Schneider DC, 2001. Predation risk of age-0 cod (Gadus) relative to
depth and substrate in coastal waters. J Exp Biol and Ecol 263:25-44.

Lloyd LN, Arthington AH, Milton DA, 1986. The mosquitofish — a valuable mosquito-control
agent or a pest? In: The Ecology of Exotic Animals and Plants: Some Australian Case
Histories (Kitching RL, ed). Brisbane, Australia: Wiley and Sons; pp. 6-27.

Lodge DM, 1993a. Biological invasions: lessons for ecology. TREE 8:133-137.

Lodge DM, 1993b. Species invasions and deletions: community effects and responses to climate
and habitat change. In: Biotic Interactions and Global Change (Kareiva PM, Kingsolver
JG, Huey RB, eds). Sunderland, Massachusetts: Sinauer. pp 367-387.

McKinsey DM, Chapman LJ, 1998. Dissolved oxygen and fish distribution in a Florida Spring.
Env Biol Fish 53:211-223.

Meffe GK, 1985. Predation and species replacement in American Southwestern fishes: a case
study. Southwest Nat 30:173-187.

35



Meffe GK, Hendrickson DA, Minckley WL, Rinne JN, 1983. Factors resulting in decline of the
Sonoran topminnow (Atheriniformes: Poeciliidae) in the United States. Biol Conserv
25:135-1509.

Meffe GK, Snelson Jr. FF, 1989. An Ecological Overview of Poeciliid Fishes. In: Ecology and
Evolution of Livebearing Fishes (Poeciliidae). (Meffe GK, and Snelson FF, eds).
Englewood Cliffs, New Jersey: Prentice Hall, pp. 13-32.

Milinski M, Heller R, 1978. Influence of a predator on the optimal foraging behaviour of
sticklebacks (Gasterosteus aculeatus L.). Nature 275:642-644.

Moinard, C, Statham, P, Haskell, MJ, McCorquodale C, Jones, RB Green PR, 2004. Accuracy of
laying hens in jumping upwards and downwards between perches in different light
environments. Appl Anim Behav Sci 85:77-92.

Moyle PB, 1986. Fish introductions into North America: patterns and ecological impact. In:
Ecology of Biological Invasions of North America and Hawaii (Mooney HA, Drake JA,
eds). New York: Springer-Verlag; pp. 27-43.

Mura G, 2001. Updating Anostraca (Crustacea, Branciopoda) distribution in Italy. J Limnol
60:45-49.

Noss RF, Cooperrider AY, 1994. Saving nature’s legacy. Washington D.C.: Island Press.

Noss RF, Quigley HB, Hornocker MG, Merrill T, Paquet PC, 1996. Conservation biology and
carnivore conservation in the Rocky Mountains. Conserv Biol 10:949- 963.

Osmundson DB, Rye RJ, Tucker ME, Burdick BD, Elmblad WR, Chart TE, 1998. Dispersal
patterns of subadult and adult Colorado Squawfish in the Upper Colorado River. Trans
Am Fish Soc 127:943-956.

Parker IM, Reichard SH, 1998. Critical issues in invasion biology for conservation science. In:
Conservation Biology for the Coming Decade, 2™ ed (Fiedler PL,Kareiva PM, eds). New
York: Chapman Hall; pp. 283-305.

Petrell, RJ, Ang KP, 2001. Effects of pellet contrast and light intensity on salmonid feeding
behaviours. Aquaculture Engineering 25:175-186.

Poizat G, Crivelli AJ, 1997. Use of seasonal flooded marshes by fish in a Mediterranean wetland:
timing and demographic consequences. J Fish Biol 51:106-119.

Proctor MF, McLellan NB, Strobeck C, Barclay RMR. Gender-specific dispersal distances of
grizzly bears estimated by genetic analysis. Can J Zool 82:1108-1118.

Ralls K, Brugger K, Ballou J, 1979. Inbreeding and juvenile mortality in small populations of
ungulates. Science 206:1101-1103.

36



Rehage JS, 2003. Traits underlying invasiveness: A comparison of widespread and endemic
species in the genus Gambusia (Poeciliidae). Dissertation. U of Kentucky, Lexington,
KY

Rehage JS, Sih A, 2004. Dispersal behavior, boldness, and the link to invasiveness: a comparison
of four Gambusia species. Biol Invasions 6:379-391.

Sakai AK, Allendorf FW, Holt JS, Lodge DM, Molofsky J, With KA, Baughman S, Cabin RJ,
Cohen JE, Ellstrand NC, McCauley DE, O’Neil P, Parker IM, Thomson JN, Weller SG,
2001. The population biology of invasive species. Annu Rev Ecol Syst 32:305-332.

Snodgrass JW, Bryan AL, Lide RF, Smith GM, 1996. Factors affecting the occurrence and
structure of fish assemblages in isolated wetlands of the upper coastal plain, USA. Can J
Fish Aquat Sci 53:443-454.

Snelson, Jr. FF, 1989. An Ecological Overview of Poeciliid Fishes. In: Ecology and Evolution of
Livebearing Fishes (Poeciliidae). (Meffe GK, and Snelson FF, eds). Englewood Cliffs,
New Jersey: Prentice Hall,; pp. 13-32.

Sol D, Timmermans S, Lefebvre L, 2002. Behavioral flexibility and invasion success in birds.
Anim Behav 63:495-502.

Swanson C, Cech Jr. JJ, Piedrahita RH, 1996. Mosquitofish, Biology, Culture and Use in
Mosquito Control. Mosquito and Vector Control Association of California and University
of California, Sacramento, CA.

Swingland IR, 1983. Intraspecific differences in movement. In: The Ecology of Animal
Movement (Swingland IR, Greenwood PJ eds). Oxford, UK: Clarendon Press; pp. 102-
115.

Taylor CM, 1997. Fish species richness and incidence patterns in isolated and connected stream
pools: effects of pool volume and spatial position. Oecologia 110:560-566.

Taylor JN, Courtenay Jr. WN, McCann JA, 1984. Known impacts of exotic fishes in the
continental United States. In: Distribution, Biology and Management of Exotic Fishes
(Courtenay WR, Stauffer JR, eds.). Baltimore, MD: John Hopkins University Press; pp.
322-373.

Tilman D, 1994. Competition and biodiversity in spatially structured habitats. Ecology 75:2-16.
Tiner RW, Bergquist HC, DeAlessio GP, Starr MJ, 2002. Geographically isolated wetlands: a
preliminary assessment of their characteristics and status in selected areas of the United

States. US Department of the Interior, Fish and Wildlife Service, Northeast Region,
Hadley, MA.

37



Trombulak SC, Frissell CA, 2000. Review of Ecological Effects of Roads on Terrestrial and
Aquatic Communities. Conserv Biol. 14:18-30.

Turner MG, 1987. Landscape heterogeneity and disturbance. New York: Springer-Verlag.

Vos CC, Chardon JP, 1998. Effects of habitat fragmentation and road density on the distribution
pattern of the moor frog Rana arvalis. J Appl Ecol 35:44-56.

Webb C, Joss J, 1997. Does predation by the fish Gambusia holbrooki contribute to declining
frog populations? Aust Zool 30:316-324.

Wiens JA, 2001. The landscape context of dispersal. In: Dispersal (Clobert J, Danchin E, Dhondt
AA, Nichols JD, eds.). New York, NY: Oxford University Press; pp. 96-109.

Zane L, Nelson WS, Jones AG, Avise JC, 1999. Microsatellite assessment of multiple paternity
in natural populations of a live-bearing fish, Gambusia holbrooki. J Evol Biol 12:61-69.

38



APPENDIX A: Preliminary Data

39



L-D min sec 1/100th tottime sex length height pretrial
Dark 1 55 20 115.2 F 35 5 1
Dark 2 54 16 174.16 F 32 6 1
Dark 6 10 4 370.04 F 34 5 1
Dark 11 13 37 673.37 F 24 4 1
Dark 4 11 24 251.24 F 27 6 1
Dark 5 3 14 303.14 F 32 7 1
Dark 5 31 25 331.25 F 38 9 1
Dark 6 59 36 419.36 F 34 7 1
Dark 8 17 15 497.15 F 35 8 1
Dark 10 18 36 618.36 F 21 3 1
Dark 12 45 14 765.14 F 30 8 2
Dark 12 20 35 740.35 F 43 8 2
Dark 12 18 37 738.37 F 44 9 2
Dark 12 26 17 746.17 F 36 6 2
Dark 1 37 39 97.39 F 43 8 2
Dark 12 48 13 768.13 F 40 8 2
Dark 6 16 51 376.51 F 31 7 3
Dark 3 26 88 206.88 F 32 6 3
Dark 155 0 0 930 F 46 9 3
Dark 155 0 0 930 F 45 10 3
Dark 4 17 0 257 M 30 5 4
Dark 4 34 0 274 M 22 4 4
Dark 5 44 0 344 F 32 5 4
Dark 6 15 0 375 M 38 7 4
Dark 9 23 0 563 F 31 6 4
Dark 7 45 0 465 M 20 3 4
Dark 1 35 0 95 F 38 6 4
Dark 2 17 0 137 M 25 3 4
Dark 4 35 0 275 M 38 8 4
Dark 2 45 0 165 F 42 8 4
Dark 4 0 241 M 40 8 4
Dark 5 0 303 F 41 8 4
Dark 3 21 0 201 F 38 9 4
Dark 5 36 0 336 M 30 6 4
Dark 155 0 0 930 F 35 7 4
Dark 2 31 0 151 M 31 6 4
Dark 4 7 0 247 F 34 6 4
Dark 5 2 0 302 F 32 5 4
Dark 5 6 0 306 M 18 3 4
Dark 155 0 0 930 F 38 7 4
Dark 5 30 0 330 F 32 6 4
Dark 1 12 0 72 F 22 3 4
Dark 155 0 0 930 F 35 6 4
Dark 155 0 0 930 M 32 6 4
Dark 155 0 0 930 M 17 2 4
Dark 0 17 0 17 F 35 7 4
Dark 4 35 0 275 M 26 4 4
Dark 3 56 0 236 F 32 5 4
Dark 15.5 0 0 930 M 26 5 4
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APPENDIX B: Habitat Data
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Pond type min sec 1/100th totaltime sex length height
P 30 5 0 1805 m 21 3
P 2 42 16 162.16 f 29 8
P 3 18 2 198.02 m 30 7
P 6 57 71 417.71 m 27 4
P 4 33 81 273.81 f 33 6
P 5 49 23 349.23 f 31 6
P 30 5 0 1805 m 20 3
P 5 41 12 341.12 m 32 4
P 30 5 0 1805 f 24 5
P 9 20 16 560.16 m 29 6
P 16 2 37 962.37 m 29 6
P 10 23 1 623.01 f 38 7
P 15 41 82 941.82 f 42 9
P 3 51 71 231.71 m 19 3
P 9 2 37 542.37 m 27 5
P 15 9 52 909.52 m 35 7
P 2 45 61 165.61 m 27 5
P 30 5 0 1805 f 41 8
P 13 17 42 797.42 m 21 4
P 30 5 0 1805 f 25 6
P 30 5 0 1805 f 27 6
P 11 31 43 691.43 m 32 7
P 1 27 32 87.32 f 34 7
P 8 4 65 484.65 m 31 5
T 9 30 41 570.41 f 41 10
T 0 42 33 42.33 m 29 5
T 30 5 0 1805 f 38 8
T 3 57 5 237.05 m 41 12
T 6 29 86 389.86 f 39 10
T 4 16 11 256.11 m 26 5
T 4 50 81 290.81 m 29 7
T 2 19 30 139.3 f 36 8
T 1 3 55 63.55 f 29 7
T 3 8 67 188.67 m 25 6
T 4 23 48 263.48 f 43 10
T 11 28 8 688.08 f 41 10
T 4 11 9 251.09 f 38 9
T 5 28 63 328.63 f 28 8
T 9 15 56 555.56 m 33 9
T 1 49 30 109.3 f 37 9
T 3 4 19 184.19 m 31 6
T 2 29 54 149.54 f 29 7
T 0 48 23 48.23 f 34 7
T 3 11 57 191.57 f 30 6
T 6 51 3 411.03 f 32 8
T 30 5 0 1805 m 36 8
T 4 29 81 269.81 f 26 5
T 1 0 69 60.69 m 25 6
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APPENDIX C: Water Depth Data
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Pond type min sec 1/100th totaltime depth sex length height
T 6 36 66 396.66 1/2x f 27 5
T 9 46 14 586.14 1/2x m 29 6
T 12 51 10 771.1 1/2x m 32 6
T 14 28 48 868.48 1/2x m 30 6
T 30 5 0 1805 1/2x m 25 5
T 30 5 0 1805 1/2x f 37 8
T 3 45 23 225.23 1/2x m 24 4
T 7 30 79 450.79 1/2x f 30 5
T 15 40 34 940.34 1/2x m 27 5
T 30 5 0 1805 1/2x f 34 8
T 30 5 0 1805 1/2x f 37 8
T 30 5 0 1805 1/2x m 35 7
T 0 57 20 57.2 1/2x m 30 4
T 2 32 6 152.06 1/2x f 29 5
T 30 5 0 1805 1/2x f 35 8
T 30 5 0 1805 1/2x f 35 7
T 30 5 0 1805 1/2x m 39 10
T 30 5 0 1805 1/2x f 38 8
T 3 28 37 208.37 1/2x f 24 5
T 5 21 86 321.86 1/2x f 25 5
T 6 39 41 399.41 1/2x m 22 4
T 30 5 0 1805 1/2x f 35 8
T 30 5 0 1805 1/2x f 37 7
T 30 5 0 1805 1/2x m 38 7
T 5 21 78 321.78 X m 32 6
T 5 54 16 354.16 X m 27 5
T 9 23 5 563.05 X f 33 7
T 15 37 0 937 X f 35 6
T 16 10 2 970.02 X f 38 7
T 30 5 0 1805 X f 40 10
T 2 17 42 137.42 X f 36 7
T 3 49 48 229.48 X m 35 6
T 5 16 93 316.93 X m 29 5
T 5 28 89 328.89 X f 39 8
T 12 34 67 754.67 X f 33 6
T 30 5 0 1805 X f 42 10
T 4 53 60 293.6 X f 28 6
T 4 53 68 293.68 X f 24 5
T 7 3 89 423.89 X m 29 6
T 8 36 13 516.13 X f 38 7
T 9 3 85 543.85 X m 26 5
T 18 26 55 1106.55 X f 34 9
T 5 43 12 343.12 X f 31 5
T 7 1 9 421.09 X f 27 6
T 7 13 13 433.13 X f 30 6
T 8 2 61 482.61 X m 28 5
T 21 3 72 1263.72 X m 35 7
T 30 5 0 1805 X f 37 9
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APPENDIX D: Litter/Depth Data
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