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Abstract. Calling activity of anuran assemblages were related to seasonal changes in
weather factors such as temperature and rainfall. We evaluated the suitability of these
variables as determinants of activity of an assemblage and compared them against a
sinusoidal model that considered month as a “latent variable” related to seasonality.
Activity patterns were assessed in a ten-species assemblage of anurans in southern
Uruguay. The sinusoidal function of month explained a larger proportion of the
variability in activity and was more parsimonious than models that considered weather
variables. At a seasonal scale, activity is determined by a circannual rhythm and/or
responses to complex seasonal changes in environmental conditions. The sinusoidal
model that uses parameters with clear biological interpretation is a good descriptor of
seasonal trend in a community structure, and could be applied in other assemblages to

test its generality.
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Introduction

Temporal variation in species acti-
vity is of primary concern to un-
derstand species interactions and co-
existence in communities (Schoener
1974, Sandvik et al. 2002). Empirical
work shows that variation in
phenological or seasonal successions
are common in a variety of organisms,
such as flowering plants (Kochmer and
Handel 1986), freshwater cladocerans

(Gillooly and Dodson 2000), marine
organisms (Yamahira 2004), seasonally
migrating birds (Pearce-Higgins et al.
2005), and seasonally  breeding
mammals (Kenagy and Bartholomew
1985, Sinclair and Goseline 1997). For
ectothermic organisms such as amphi-
bians, seasonal changes in reproductive
periods, feeding activity, and growth
rates have been a main focus of concern
(Bradshaw and Holzapfel 2007, Hartel
et al. 2007).
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From a theoretical standpoint se-
veral factors may act as potential
causes of phenological variation. These
ultimate factors comprise temporal
resource partitioning, tracking of
seasonal resources, predator avoidance,
positive interactions, physiological
constraints, and chance (see Morin
1999, DeCoursey 2004, Nelson 2005,
Bradshaw and Holzapfel 2007).
However, the empirical identification
of the underlying determinants of
phenological patterns is a difficult issue
because the experimental control of
variables is precluded at the required
scale of study, while the exploration of
variable correlations are undermined
by the Ilarge covariation among
potential determinants of community
structure (Maurer 1999, Shipley 2000).
Consequently, it is crucial to identify a
methodological approach that allows to
overcoming this covariation structure.
In particular, a method is required that
allows to discern how the effects of
particular variables interact to create an
endogenous seasonal trend (Nelson
2005, Bradshaw and Holzapfel 2007).

In spite of the above-mentioned
shortcomings, temperature and rainfall
have repeatedly been identified as the
main determinants of seasonal va-
riation in anuran community activity
(e.g. Blair 1961, Inger 1969, Crump
1982). Rainfall has been proposed as
the main factor regulating circannual
activity in tropical regions (Duellman
1978, Aichinger 1987, Arzabe et al
1998), while a combination of
temperature and rainfall has been
suggested as the circannual activity
determinants in temperate regions
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(Wiest 1982, Jorgensen 1992, Rossa-
Feres and Jim 1994). Further, when a
correlation between amphibian activity
and these variables was not detected at
a seasonal scale, some authors argue
that the cause of this inconsistency was
the abnormal behavior of temperature
or rainfall in the research period, or
they identified other particular envi-
ronmental variables as determinants
like changes in wind speed, humidity,
or a combination of unknown variables
(Pombal 1997, Avila and Ferreira 2004).

In this work, we fit a sinusoidal
model to anuran calling activity to
describe the circannual component of
the activity in a 12 month period by
estimating two parameters with clear
biological interpretation: mean richness
(or abundance), and the amplitude in
the seasonal fluctuation (maximum
deviation from the mean richness or
abundance). We also compare and
discuss fit of the sinusoidal model with
those of traditional linear models of
particular environmental variables like
temperature and rainfall in a system
seasonally dynamic. With applied this
methodology to study the activity
patterns of an anuran assemblage in
temperate Uruguay, and compare our
approach with other traditional
correlation analysis.

Materials and Methods
Study area and sampling design

We monitored anuran activity at Espinas
stream, Maldonado, Uruguay (34°47°S,
55°22°W; - Fig. 1). Espinas is a two-kilometer
long stream, belonging to a small catchment at
the southern edge of the Sierra de Animas
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ridge, which drains to the De la Plata River. It
is an open lotic water body dammed at the
lowermost portion, making it a lentic-like

environment. Our sampling design was
focused on the lower Espinas and on
ephemeral flooded marginal areas. The

Espinas stream basin is covered with floating
vegetation, and is surrounded by a native
forest dominated by Eupatorium buniifolium,
Eryngium sp., Colletia paradoxa, Solanum
glaucophyllum, and a few introduced species
(Parkinsonia aculeata, Genista sp.). The climate
is warm temperate with an annual average
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temperature of 22.7 °C (maximum) and 10.7 °C
(minimum) and an accumulated annual
rainfall of 1,100 mm (Fig. 2).

We surveyed the study area every month
during two-night fieldtrips along seven
predefined sampling sites (Fig.1l) from
September 1998 through April 2000, except for
February 1999 and December 1999. Surveys
were performed between 21:00 hrs and 1:00
hrs when the largest number of individual
frogs and species were active (Cardoso and
Martins 1987, Pombal 1997).
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Figure 1. Map of Uruguay showing the location of the Espinas Stream, Maldonado.
A detailed diagram of the seven sampling sites (black dots) in the study area is shown in

the inset.

North-West | Zool, 4, 2008



32

Canavero, A. et al.

24 22
20
22
18
20 16
T 18 14 R
12
16
10
14 8
12 6
4
10
2
8 . . . . . . . . . o

SONDJFMAMJJASONDUJTFMA
1998-2000

Figure 2. Mean monthly temperatures (T) and monthly rainfall (R) during the study
period in the Carrasco International Airport weather station distant 60 Kilometers
of the study area. Sampling months 1 and 20 correspond to September 1998 and

April 2000, respectively.

Activity measurement and modeling

The species richness of calling frogs was
estimated from the total number of calling
species. In addition, the abundance for each
species was estimated by ranking the number
of calling males (Bridges and Dorcas 2000) at
seven sampling sites (Fig. 1). The activity of
anuran species can be quantified as rank
abundance estimations of calling males (e.g.
Moulton et al. 1996, Shirose et al. 1997) as
follow: 1 (one calling male), 2 (two or three
calling males), 3 (more than three calling
males with calls being distinguishable from
each other), and 4 (a chorus, in which
individual calls can not be distinguished). On
each sampling date, we considered only the
highest rank recorded for each species in the
seven sampling sites (Gottsberger and Gruber
2004).

To analyze the temporal structure of the
anuran assemblage, we studied the variation
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in species richness (S = number of species
calling) and the accumulated abundance
estimates (A = sum of the estimated
abundances of all active species). We first
explored the linear association between S or A
with temperature (T) and rainfall (R)
(equations 1 to 3 and 5 to 7 in Table 1). This
association followed the methodological
approach presented in studies of amphibian
calling phenology elsewhere (e.g. Pombal
1997, Bertoluci 1998, Prado et al. 2005). Next,
we fit a sinusoidal function with a 12 month
period (equation 4 and 8 in Table 1), assuming
a circannual cycle of activity (see Nelson 2005,
Bradshaw and Holzapfel 2007). The month
enters as the time variable (see Table 1,
equations 4 and 8).

All statistical analyses were performed
with Statistica version 6.0 (StatSoft, Tulsa, OK,
USA). The Nonlinear Estimation (NLE)
module of Statistica (StatSoft) was used to
estimate the parameters and its standard



Activity patterns in anurans

errors of each model (Table 1). Model
parameters were estimated with an iteration
procedure that minimized the sum of squares
(Hilborn and Mangel 1997). To minimize loss
function (least squares) in the NLE we used
the Levenberg-Marquardt algorithm. Using
the Hessian matrix, the matrix of second-order
(partial) derivatives, we calculated the
standard error of the parameters of each
model considering the nonlinear model fitting
y = f(6,x) with the given data X; and Y;, i =
1,...,m where Xjis of dimension k and 0 is of
dimension n. The Levenberg-Marquardt
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method seeks 6, the solution of 6 (locally)
minimizing:
g(0)=2"\(Y; - f(0,Xy))

The Levenberg-Marquardt finds the solution
applying the routine:
0+1=6; - (3" + ADY'J'(Y - f(8Xy))

iteratively, where:

Y is the m x 1 vector containing Yi,...,Ym,

Xis the m x k matrix containing Xj,...,Xm,

J is the m x n Jacobian matrix f(6,X) w.r.t 6,

D is a nxn diagonal matrix to adjust scale
factors.

Table 1. List of models that were used to estimate species richness (S,
equations 1-7), and accumulated abundance estimates (A, equations 8-
14). Model variables: T = temperature, R = rainfall, and M = sampling
month. Parameters in models 4 and 8: a = mean value of S (equation 4) or
A (equation 8), b = amplitude of the function (maximum deviation from
the mean value of S, a), ¢ = correction factor that synchronizes the
seasonal variation in activity with that of the model.

Model  Equation No. of parameters
1 S=a+bT 2
2 S=a+bR 2
3 S=a+bT+cR 3
4 S=a+bsin[2n (M+c)/12] 3
5 A=a+bT 2
6 A=a+bR 2
7 A=a+bT+cR 3
8 A=a+bsin[2a(M+c)/ 12] 3

Model selection

The relative goodness-of-fit of alternative
models were compared with the fast stepwise
procedures (FSP) proposed by Hongzhi and
Lan (1989), as an analog of the Akaike

information criterion (see Hilborn and Mangel
1997). Our best-fitting model was the one that
minimized the equation: log (SSQi) + 2k / n,
where SSQy is the residual sum of squares for
the model with k parameters, and n is the
number of sampling months (n = 18). All
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models were ranked according to this
criterion, where the model with the lowest
value of FSP corresponds to the most
parsimonious model.

Results
Seasonal activity patterns

Ten anuran species, belonging to six
families (Bufonidae, Cycloramphidae,
Hylidae, Leiuperidae, Leptodactylidae,
and Microhylidae), were calling during
the study period (Table 2). Even
though no species showed calling
activity during the whole study period,
Hypsiboas pulchellus, Pseudis minuta, and
Physalaemus gracilis presented a broad
period of activity, which comprised a
total of ten, eight, and seven months
respectively (Table 2). On the other
hand, Odontophrynus americanus,
Leptodactylus  gracilis, ~Rhinella  gr.
granulosus, and Elachistocleis bicolor
showed a pattern of activity mainly
restricted to the summer months (Table
2). The other species that composed the
assemblage (Leptodactylus ocellatus, L.
latinasus, and Scinax granulatus) had
intermediate activity periods during
the warmer seasons (Table 2).

During any sampling period, up to
seven species displayed synchronous
calling activity (Table 2). These peaks
in species richness and accumulated
abundance occurred in December 1998,
January 1999, and October 1999 (Fig. 3
and 4). During May and June 1999 (end
of autumn and beginning of winter),
we did not hear calls but frogs were
observed foraging in the study area.
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Model selection

Although statistically significant,
linear models that incorporated both
abiotic variables explained a small
proportion of the total variability found
in our assemblage activity (<35 %). In
addition, those linear models that only
included temperature produced the
lowest FSP and higher R? values than
those that only included rainfall (tab.3).
In contrast, sinusoidal function models
accounted for a large portion of the
total variation (around 80 %) in both
activity variables, S and A (models 4
and 8, Fig. 3 and 4), and were the most
parsimonious of all (lowest FSP
values).

Discussion

We found that the calling activity
pattern in the studied anuran
community was better described (i.e.,
higher R?> and lower FSP) by a
sinusoidal model that included only
the variable month than by the more
commonly used linear models of
temperature and/or rainfall (e.g.
Pombal 1997, Bertoluci 1998, Prado et
al. 2005). This result strongly indicates
that, in our system, the annual pattern
of amphibian calling activity is mainly
determined by a response to all the
components of seasonal variation or a
variable that synthesize the envi-
ronmental seasonal trends (e.g.
photoperiod, see Bradshaw and
Holzapfel 2007) rather than by a
specific response to temperature or
rainfall. As we pointed out in the intro-
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Table 3. Estimated parameters, FSP values, and explained variance (R?) for each model.
Abbreviations as in Table 1. Values in parentheses are 1 SEM. Boldface indicates most
parsimonious models.

Model FSP R
1 $=-175(208)+033(0.12) T 2.044 032
2 $=321(1.23)+0.01 (0.01) R 2202 0.02
3 $=-207(228)+0.33 (0.12) T +0.004 (0.01) R 2.150 033
4 S=347(0.24) + 3.20 (0.35) sin [2m (M - 0.81 (0.19)) / 12] 1.503 0.85
5  A=-258(6.76)+0.76(039) T 3.066 0.19
6  A=731(3.62)+0.03 (0.04) R 3137 0.05
7 = - 4.63 (7.27) + 0.73 (0.40) T + 0.03 (0.03) R 3158 0.23
8  A=9.33(0.91) +8.84 (1.34) sin [2n (M - 0.63 (0.27)) / 12] 2.672 0.75

SONDJF MAMJJASONDJTFDMA

1998-2000

Figure 3. Adjustment of the sinusoidal model to the species richness: S (model 4 in
Table 3). Data points represent observed values.
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Figure 4. Adjustment of the sinusoidal model to the accumulated abundance estimates:
A (model 8 in Table 3). Data points represent observed value

duction, several ultimate factors could
shape the evolution of phenological
variation in organism assemblages,
while other factors (called proximates)
provide the direct stimuli or
physiological regulation of seasonality
(Morin 1999, DeCoursey 2004, Nelson
2005, Bradshaw and Holzapfel 2007).
This kind of seasonal activity pattern
has  elements of  endogenous
timekeeping (e.g. melatonin hormone,
see Jorgensen 1992, DIstria et al. 1994)
combined with exogenous components,
probably photoperiod, that synchro-
nize the cycle to the local seasonal time
(DeCoursey 2004, Nelson 2005,
Bradshaw and Holzapfel 2007).

A statistical concept that has to be
considered is that of “latent variables”
(Everitt 1984, Shipley 2000, Nespolo et

al. 2003). A latent variable represents
hypothetical constructs (e.g. size) or
complex variables that by their nature
or available information cannot be
directly measured (Everitt 1984,
Shipley 2000). A typical example of a
latent variable in biology is body size
(Nespolo et al. 2003). Different
measures of organism attributes are
related with its size, as body mass, total
length, or length of some structures,
but not a single variable can be
assumed as a perfect representation of
body size (Nespolo et al. 2003). To
work with a latent wvariable, an
observable variable that is closely
associated with the latent variable state
can be used, as body mass is used to
approximate body size (Shipley 2000).
Season, as a determinant of community
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structure, is a clear example of a latent
variable (Shipley 2000). Seasonal
dynamics imply a complex pattern of
variation in the biotic and abiotic
environment in which a community is
inserted, and in the endogenous
seasonal cycles of the organisms’
physiology. This variation involves
changes in a large set of physical
variables like temperature, rainfall,
humidity, and solar radiation, among
others, and in biotic variables such as
hormone levels, amount and quality of
available resources, and predation
pressure (Morin 1999). In order to work
with season, a good representation in
most systems is the month in which a
community is observed.

At this time the relationship
between the results of our analysis and
the underlying causal structure should
be considered. In our analysis, month is
used as an observable variable that is
well correlated with the latent variable
season. If the effect of season is fully
mediated by rainfall and/or tempe-
rature, the analysis should identify
rainfall and/or temperature as signi-
ficantly associated with commu-nity
structure with the larger pro-portion of
the explained variance. However, if
additional components of seasonal
change in the biotic and/or abiotic
conditions affect community structure,
the month will be signi-ficantly
associated with community structure;
in spite of the fact that also effects of
temperature and/or rainfall may exist
too. Lastly, if the community responds
to an underlying seasonal change, like
photoperiod and/or an endogenous
variable, while the monthly variation in
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temperature and rainfall are just
variables that covariate with season,
the main descriptive variable would be
the month (Shipley 2000, Bradshaw
and Holzapfel 2007). Although we
cannot disentangle the last two
scenarios, we found that the
temperature and the rainfall did not
play the main role presented in other
works in driving the seasonal trends in
anuran activity.

Finally, the significant associations
between amphibian activity and
weather conditions reported elsewhere
are not statistical artifacts. These
studies highlighted the dependencies
of the observed associations on the
temporal scale of analysis. Further, the
change on the observed associations
takes place because of a change in the
underlying causal structure at different
scales of analysis (Donnelly and Guyer
1994). Several physiological charac-
teristics of anurans such as ectothermy,
high integumentary permeability, and
humidity-dependent egg development,
obligate them to adjust their daily
activity in response to changes in
temperature and rainfall (Stebbins and
Cohen 1997, Bradshaw and Holzapfel
2007). Accordingly, previous studies
have reported a significant association
between anuran calling activities and
weather conditions like temperature
and rainfall at a smaller scales, such as
daily or weekly (Cardoso and Martins
1987, Donnelly and Guyer 1994, Oseen
and Wassersug 2002, Gottsberger and
Gruber 2004, Saenz et al. 2006). Thus, it
appears that anuran calling activities
work primarily at two temporal scales:
1) a seasonal scale in which the anuran
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calling activity has a circannual rhythm
and/or a response to the complex
change in environmental conditions
related to season, and 2) a short time
response in which temperature or
rainfall are two important variables
allowing anuran species to call de-
pending on their own life histories.

The present study attempted to
improve our understanding of the
determinants of community structure.
Our particular goal was to develop a
simple model to describe the seasonal
trend in community structure, based on
a robust estimation of two parameters
with clear biological interpretation.
This model allowed us to properly
identify the role of particular weather
variables on the seasonal patterns of an
amphibian community structure. The
methodology herein introduced a new
approach to analyze seasonal patterns
in community structure, condensing
the cycles in a simple function, which
could be used as the base for com-
parison among different communities.
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