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AsstracT: - We used data from 10 years of continuous, concurrent monitoring of oak toads at eight isolated,
ephemeral ponds in Florida longleaf pine-wiregrass uplands to address: (1) did weather variables affect
rriovement patterns of oak toads?; (2) did pond hydrology and the condition of surrounding uplands affect
pond selection by adults or juvenile recruitment?; (3) were population trends evident?; and (43 did a classical
mietapopulation model best represent their population ecology? Of 4076 oak toads captured, 92.2% were
adults. Substantial (n > 30 exiting juveniles) recruitment ocenrred onl y t]nee times {once each at three ponds
during two years). Males outnumbered females (average for all years 2.3:1). Most captures occwrred during
Mav-September Adult captures during June-~August increased with hexmer rainfall but were not influenced
by the durations of preceding dry p»rmds Movement patterns of metamorphs suggested that oak toads
ernigrated when moisture conditions become favorable. Pond use by adults was correlated with maximum
change in pond depth (May-September). Juvenile recruitment was negatively correlated with minimum pond
depth and the number of weeks since a pond was last dry, and positively correlated with the maximum number
of weeks a pond held water continuously. The number of breeding adults and juvenile recruitment were
highest at ponds within the hardwood-invaded upland matrix. The direction of most immigrations and
ernigrations was nonrandom, but movement occurred from all directions, and the mean direction of pond
entry and exit did not always correspond. A total of 21.1% of individuals was recaptured; 13.3% of first captures
were recaptured during the same vear, and 7.7% during a subsequent year. Only 1.9% of captured oak toads
moved among ponds, m()@tl» within a distance of 132 m. We did not detect adult populatlon trends over the 10-
yr studied. Presence or absence at ponds in any given year was a poor indicator of overall use. We saw little
evidence of local extinction or “rescue,” but were unable to determine whether juveniles returned to natal
ponds or colonized new ponds for breeding as adults. Oak toad conservation can best be ensured by
maintaining multiple ponds within a landscape to increase the probability of recruitment within the land-
scape neighborhood during at least some years and at some ponds, and to increase the likelihood of inter-

pond movement.
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A DEARTH of long-term studies of amphibian
populations restricts our understanding of
population dynamics and our ability to distin-
guish  true populatlon trends from natural
fluctuations (Blaustein, 1994). The few long-
term studies typically have been conducted at
a single site (Dodd, 1992; Semlitsch et al.,
1996). Such studies provide important infor-
mation about life history and patterns of pond
use, but cannot provide the larger, landscape-
level perspective that is gamed by sampling
multiple ponds within a andscape The Iogls—
tical and fiscal constraints that prevent in-
tensive sampling at multiple ponds often lead
to “snapshot” sampling to assess amphibian
distribution or richness by presence/absence
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surveys (Skelly et al., 1999; Skelly et al., 2003).
Such surveys are hkelv to miss species presence
and certainly miss information on population
and metapopulation dynamics.
Metapopulation theor\/ which holds that
subpopulations become Iocallv extinct and are
recolonized by migrations from other sub-
populations (Hanski and Simberloff, 1997),
is a popular paradigm and is increasingly ap-
plied to amphibian ecology. Most studies use
presence/absence surveys at ponds to deter-
mine the occurrence of populations. Presence
of a species followed by absence (no detection)
the following year indicates extinction, whereas
absence followed by presence during the
next vear indicates recolonization (see review
in Marsh and Trenham, 2001). This “ponds as
patches” (Marsh and Trenham, 2001) ap-
proach assumes, in part, that (1) surveys at
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ponds detect the presence or absence of
a species; (2) absence is in fact an indicator
of local extinction; and (3) recolonization, or
inter~pond movement, is a common occur-
rence but decreases with increasing distances
among ponds. However, each of these assump-
tions is questionable. Many amphibian species
skip breeding during some years but are
nonetheless present (i.e., not extinct) in the
surrounding uplands (Semlitsch, 1996). Many
amphibians also visit ponds mainly during
short, explosive breeding periods, increasing
the likelihood that they will be considered
“absent” (Greenberg and Tanner, 2004).
Finally, many pond-breeding amphibian spe-
cies are highly philopatric, thus reducing the
likelihood of inter-pond movement (Blaustein
et al, 1994). The temporal and spatial
variability in breeding, recruitment, popula-
tion structure, and metapopulation organiza-
tion—or lack thereof—can be captured only
with intensive, concurrent, and continuous
mark-recapture sampling of multiple ponds
within a landscape over an extended period.

Like many amphibian species in the south-
eastern United States, oak toads (Bufo querci-
cus) breed primarily in isolated, temporary,
fish-free ponds (Moler and Franz, 1987) but
inhabit the surrounding uplands during most
of their adult lives. Hamilton (1955) described
them as “extraordinarily abundant.” Carr
(1940) wrote that . .. “Today I believe it would
be possible to cross S central Florida by car and
at no time be in a situation where the calls of
quercicus were not audible.” Documentation
of their basic natural history has been limited
primarily to observation (Carr, 1940; Hamil-
ton, 1955; Wright, 2002) or studies at a single
site (Dodd, 1994). Because there have been no
studies of oak toads at a broad spatial and
temporal scale, little is known of how the
condition of surroundmg uplands affects pond
use, how weather affects activity and breeding,
what factors influence the selection of breed-
ing ponds by adults, or the likelihood of
successful recruitment. To our knowledge, no
studies have addressed the spatial and tem-
poral dynamics of breeding ecology and re-
cruitment, or whether a metapopulation
model best describes the population ecology
of oak toads.

We used data from 10 years of continuous,
concurrent monitoring at eight isolated,

ephemeral ponds in Florida longleaf pine
(Pinus palustris)-wiregrass (Aristida beyrichi-
ana) uplands to examine spatial and temporal
ecology of oak toads. Half of the ponds were in
sandhills that had been invaded by hardwoods
and sand pine (Pinus clausa) as a consequence
of fire suppression, and half were in regularly
burned, savanna-like sandhills. We asked (1)
did weather variables affect movement pat-
terns of oak toads?; (2) did pond hydrology and
the condition of surrounding uplands affect
pond selection by adults, or juvenile recruit-
ment?; (3) were population trends detected?;
and (4) did a classical metapopulation model
best represent the spatial and temporal dy-
namics of oak toad breeding, recruitment,
and movement?

METHODS

Our study ponds were eight small (0.1-0.37
ha), isolated, ephemeral smkho]e ponds in
longleaf pine-wiregrass sandhills on the Ocala
National Forest, Marion and Putnam Coun-
ties, Florida. Ponds 1-4 were in sandhills that
had been invaded by hardwoods and sand
pine as a result of fire suppression. Despite at-
tempts at habitat restoration (hardwood reduc-
tion) by burning at 1-4 year intervals during
the past two decades, hardwood density and
wiregrass cover remained patchy. Ponds 5-8
were in savanna-like sandhills with a continu-
ous wiregrass ground cover, widely spaced
longleaf pine trees, and few hardwoods. Since
1976 this upland matrix has been burned
regularly at 2-3 year intervals (for more de-
tailed habitat characteristics see Greenberg,
2001). Ponds 1-3 were closely spaced (all
within 132 m of one another) within 10-30 m
of the regularly burned sandhills on one side,
separated by a sand road. Ponds 1-7 were all
within about 0.7 km of one another. Ponds 7
and 8 were approximately 9.5 km south of
the others.

Drift Fence Sampling

We installed drift fences 7.6-m long and
spaced 7.6-m apart around the perimeter of
each pond near the high water line, such that
50% of each pond was fenced, with fences and
spaces equally distributed around the entire
pond. The distances between fences and pond
edges varied with pond depths. We placed
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pitfall traps (19-1 buckets) inside and outside
of each end of each fence (four buckets per
fence) to detect directional movement by
amphibians to and from ponds. We placed
a sponge in each pitfall trap, and moistened
them as needed during trap checks to reduce
the likelihood of desiccation. We positioned a
double- or single-ended funnel trap at
the midpoint of each fence on both sides
(two per fence).

We checked the traps three times weekly
from February 1994 through January 2004.
We measured the snout-vent length (SVL),
and mass to the nearest 0.1 g using a hand-held
Pesola spring scale, of all juveniles and about
half of all first- Laptured adults (some were not
measured if capture rates were high). Adults
were sexed and marked by pond number and
year of capture by toe clipping. Males could be
distinguished from females by having a dark-
colored throat and dusky venter (Wright,
2002). Oak toad metamorphs could be distin-
guished from southern toad (B. terrestris)
metamorphs by their more prominent light
middorsal stripe, often orange toes, and head
shape (southern toads have a more spatulate
head and flatter nose). Newly metamorphosed
toads were not marked, as they were too small
to toe-clip (mean SVL of juveniles June—
October, all years, was 11.7 mm but many
were 6-8 mm SVL). Animals were released on
the opposite side of the fence from their
capture point.

We measured water depths weekly begin-
ning in March 1994, and recorded tempera—
ture and rainfall dally at 0700 h beginning in
April 1994. Beginning in January 1997, we
recorded minimum and maximum daily tem-
perature, and barometric pressure and relative
humidity were recorded using automatic
loggers at 3-h intervals. We used a Geographic
Positioning System (GPS) to estimate inter-
pond distances.

Statistical Analyses

We used Wright's (2002) cohort classifica-
tions based on estimated growth rates to
classify individuals as <I-yr old “juveniles”
(<20 mm), or 1-yr-old (20-29 mm), or 2-yr-old
(30-39 mm) “adults”. Both the juvenile and
1-yr-old categories likely included some non-
breedmg subadults. For statistical analyses we
considered all individuals >20 mm as adults.

We used repeated measures 2-way Analysis
of Variance (ANOVA) to test for differences in
pond use between upland matrices and among
years by all adults (entering and exiting), and
by recruits (using only exiting neonates as
a conservative estimate of recruitment). Data
were standardized to number of captures per
100 trapnights for these analyses, because
ponds of different sizes had different numbers
of traps, and some traps were flooded (closed)
during high water. Virtually all (98.5%) move-
ment by adult oak toads occurred during May—
September, and most (95.0%) movement by
juveniles occurred during June-October. We
included only these months in our analyses of
upland matrix treatment effects to reduce
potential bias introduced by having more traps
closed and different proportions of total traps
closed among ponds during winter flooding,
when oak toad captures were negligible.

We used stepwise multiple regression to
explore the relationship between landscape-
level (ponds combined) movement (captures
per 2-3 day trapcheck interval) of adults and
juveniles (separately) and weather variables
including: cumulative rainfall, number of prior
2-3-day trapcheck intervals with no (<0.3 ¢m)
rainfall, temperature (mean minimum, mini-
mum, mean maximum, maximum, and mean
daily), barometric pressure (mean daily, min-
imum, maximum, and maximum change per
2-3 day trapcheck interval), relative humidity
(mean daily, minimum, maximum, and maxi-
mum change per 2-3 day trapcheck interval),
and an interaction term between cumulative
precipitation and maximum change in baro-
metric pressure per 2-3 day trapcheck in-
terval. For adults we performed two stepwise
regressions: one using both year-round data, to
determine whether weather variables affected
the commencement of activity in spring, and
another using only ]une—AuGust data (when
92.6% of captures occurred), to examine the
relationship between weather variables and
capture rates during their peak active season.
For juveniles we limited our correlation data-
set to months when they were most frequently
captured (June-October) and years when
recruitment was substantial (n > 30) — 1994,
1998, and 2002.

To assess whether hydrology affected pond
selection by breeding adults we used stepwise
multiple regression to correlate rainfall and




December 2005]

HERPETOLOGICA

425

hydrological characteristics of ponds during
May-September, and the number of first-
captured adults (May-September). Capture
data were standardized to number per 100
trapmofhts and log-transformed. Independent
variables (per pond for 10 years; n = 80) were:
number of weeks a pond was dry; number of
weeks a pond was wet (>2 cm); minimum,
maximum, and maximum change in depth;
number of times a pond refilled after drying;
number of weeks since a pond was last dry (0 if
it was dry during the first week of May when
the data period bedan) maximum number of
weeks a pond c(mtmuouslv held water; total
precipitation; and an interaction between the
maximum number of weeks a pond continu-
ously held water and the number of weeks
since a pond was last dry.

To assess whether pond hydrology and
breeding effort affected recruitment rates,
we used stepwise multiple regression to
correlate the number of breeding adults,
rainfall, and hydrological characteristics of
ponds (using the variables described above)
during May-September with oak toad re-
cruitment (exiting juveniles, June-October).
We used standardized (per 100 trapnights)
capture data for adults and recruits.

We used a compass to obtain an azimuth
from the center of each pond to every pitfall
trap. Under the assumption that captures by
intermittent, equally spaced drift fences per-
mitted detection of directional movement in
some (if not 50%) proportion to its occurrence,
we used the nonparametric Rayleigh test (Zar,
1984) to determine whether the annual emi-
gration or immigration movements of adults or
juveniles (if n > 30) were nonrandom.

We used paired t-tests to compare the
proportion of first-captured males to females
per pond, and a 1-way ANOVA to examine
whether the proportion of males differed
among years, using ponds as replicates. One-
way ANOVA also was used to assess whether
the proportion of males to females differed
among months, using years as rep]icates
(ponds combined). Only months (for analyses
using months), or vears (for analyses using
vears) lmxmg n > 10 sexed adults were
included in analyses. Student’s f-tests were
used to compare SVL and mass between male
and female oak toads. We omitted 1994 data
from these analyses because oak toads were

not sexed that year. We examined adult popu-
lation trends over the 10-year study period
using Pearson’s product-moment correlations
between study year and number of first-
captured adults. We used square-root or
log-transformations on data to reduce hetero-
scedasticity. All proportions were arcsine
square-root transformed for analyses.

REesuLTs
Population Structure

We captured a total of 4076 oak toads
during our 10-yr study. Most (92.2%) were
adults (>20 mm); relatively few juveniles
(7.8%) were captured. Substantial recruitment
(n > 30 juveniles exiting a pond) was detected
only 3 times (at Ponds 2 and 4 during 1994,
and at Pond 3 in 1998). Males (69.4% * 2.1%)
were captured more frequently than females
(average for all years 30.6% * 2.1%) during
all years (t = —3.61; df = 170; P < 0.0001).
However, the ploportlon of males was signif-
icantly higher in 2001 and 2002 than in most
other years (there were fewer males in 1998
than in 1997, and 1997 did not differ from
2002) (Fgs3 = 12.98; P < 0.0001). The pro-
portion of males to females was similar among
tested months (June—September) (F5 55 = 0.66;
P = 0.5855). Adult males were smaller (mean
SVL = SE 28.7 = 0.1 mm; ¢ = 1581; df =
1388; P < 0.0001) and lighter (mean mass =
SE 2.1 * 0.0g;, t = 17.70; df =1313; P <
0.0001) than females (mean SVL #+ SE 31.5 *
0.2 mm; mean mass = SE 29 * 0.1).
Mean (= SE) SVL and body mass of juveniles
(defined as <20 mm) were 11.8 = 0.2 mm
(range 6-19 mm) and 0.25 = 02 ¢, respectively.

Influence of Weather on Movement

Oak toad activity was highly seasonal.
Nearly all (98.5%) adult captures occurred
during May—September; peak movement
(92.6%) was June-August (Figs. 1, 2). Most
(95.0%) movement by juveniles occurred
during June-October. When vear-round data
were used movement by adult oak toads was
positively correlated with cumulative rainfall
(P < 0.0001), maximum temperature (P <
0.0001), and an interaction between cumulative
rainfall per trapcheck interval and the number
of prior trapcheck intervals having no rainfall
(P < 0.0001) (F34;0 = 99.66; P < 0.0001;































