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Climate often regulates different aspects of the life cycle and activity of amphibians.
Climatic seasonality may impose severe restrictions on breeding patterns of direct-
developing terraranan frogs. We studied the influence of abiotic cues on calling activity
of males of the direct-developing frog Oreobates discoidalis in the Yungas forests of
north-western Argentina. Vocalization activity and daily emission pattern of the vocal
repertoire were registered with a frog-logger, and climatic variables were registered
with a data logger. We sampled two reproductive seasons from 2010 to 2011. We used
ordinal logistic regression to evaluate the relationship between independent climatic
variables and the intensity of calling activity. The calling season of males of
0. discoidalis was triggered by the first rainfall of the aestival season. The species
could be defined as crepuscular—nocturnal with a calling activity peak at dusk.
Sporadic calling activity during day time was associated with conditions of high
humidity and rainfall. Both the emission and the intensity of the advertisement call
activity were influenced by time of the day, high levels of relative air humidity and
presence of rainfall; air temperature was not a determinant factor in the calling activity
of this frog species. Territorial calls were strongly associated with full chorus activity
that could be associated with a mechanism of inter-male spacing.

Keywords: frog-logger; ordinal logistic regression; Terrarana; abiotic cues; territorial
call; encounter call

Introduction

Climate directly affects many species via physiological constraints associated with
species’ tolerance and seasonal timing of activities such as growth and reproduction (Todd
et al. 2011). Particularly, water availability and temperature regulate almost every aspect
of the life cycle and activity of amphibians (Brattstrom 1979; Hillman et al. 2009). The
rate of evaporative water loss affects daily and seasonal activity patterns of terrestrial
anurans, hence reproductive activities such as male vocalization, oviposition and
development of embryos are strongly influenced by rainfall and air humidity (Wells 2007).

Subtropical montane regions with strong climatic seasonality may impose severe
restrictions on breeding patterns in direct-developing terraranan frogs, whose eggs are
deposited in terrestrial habitats (Hedges et al. 2008). The Yungas’ robber frog, Oreobates
discoidalis (Peracca 1895), lives and breeds under the thick and wet understory of the
Yungas Andean forests NW Argentina (Vaira 2002). O. discoidalis is the species with the
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southernmost distributional range of the megadiverse family Craugastoridae (Padial et al.
2008, 2014).

During the breeding season, males of O. discoidalis show a marked territorial
behaviour and elaborated vocal repertoires (i.e. advertisement, territorial and encounter
calls), used in agonistic interactions (Akmentins 2011). How often each vocalizations type
is emitted by males during their daily cycle of vocal activity is still unknown. It might be
expected that aggressive calls, associated with spacing between territorial males (Wells
1977), will be more frequently registered during advertisement call activity peaks.

The aim of this study was to determine the influence of abiotic cues on seasonal and
daily patterns of calling activity of males of O. discoidalis in the Yungas forests of north-
western Argentina, and to determine the dial emission patterns of the different types of
calls (i.e. advertisement, territorial and encounter call) of the vocal repertories of this
species.

Materials and methods
Study site

We conducted the field work in the locality of Jaire (24°01'8.7"S, 65°23/28.1"W, datum
World Geodetic System (WGS) 84; 1703 m asl), Jujuy province, north-western Argentina.
The study area is an upland mosaic of patches of well-preserved Yungas forest with
patches of second-growth forests. Combined data on rainfall and air temperature show a
highly seasonal climate pattern for the area, with a mean annual temperature of 17.5°C and
mean annual precipitation of 1100 mm. The climate presents a marked seasonality, with a
rainy period during the warmer months from October to May, and a dry season during the
coldest months from June to September (Figure 1).

Data collection

We collected data during two sampling periods, the first from September 2010 to February
2011 and the second from September 2011 to February 2012.

We used an automated recording device or ‘frog-logger’ in order to determine: (1) the
influence of abiotic cues on the vocalization activity of males of O. discoidalis and (2) the
daily emission pattern of the different call types of the vocal repertoire of this species. The
frog-logger was constructed following Peterson and Dorcas (1994), with a type I tapes
(TDK® A90, TDK Corporation, Tokyo, Japan). The frog-logger was housed in a
watertight plastic box and the external microphone was covered using a plastic cone and
attached to a tree 1.5 m above the ground. Coupled with the recording device we deployed
a data logger (HOBO® U10-003 Temp/RH Data Logger Onset Co., Cape Code, MA,
USA) for the recording of both air temperature and relative humidity (RH).

Before the deployment of the frog-logger device, we visited the study area on a weekly
basis (or more than one time per week in the case of precipitation occurrence) at the
beginning of September in each sampling season (Vaira 2002). Each time we conducted
aural transect surveys during daytime (between 17:00 and 18:00h) and night (between
21:00 and 22:00 h) to detect vocal activity (Zimmerman 1994). When we detected calling
activity (considered as the start date of the breeding season), we deployed the frog-logger.
We considered vocalization activity ceased after 7 consecutive days without registered
vocalizations on tapes (the last day with registered vocalizations was considered the end of
calling season). After the withdrawal of the frog-logger, we continued visiting the study
area (on a weekly basis) until March to confirm that frogs had not resumed calling activity.
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Figure 1. Monthly mean air temperature (line) and cumulative rainfall (bars) at San Salvador de
Jujuy, NW Argentina (18 km from the study area). Data are from 2010 (top) and 2011 (below).

The frog-logger recorded for 1 min every hour. Tapes were changed once every 3% days.
Recordings were later digitized and analysed. For each 1-min interval recording, we
identified the type of emitted vocalization (advertisement call, territorial call and encounter
call), following Akmentins (2011). The intensity of the advertisement call activity was
quantified according to the numerical classification scheme used by Bridges and Dorcas
(2000) as follows: 0 = no vocalization; 1 = only one male vocalizing; 2 = multiple males
vocalizing, but not a full chorus and 3 = many males vocalizing in a full chorus.

To calculate the average calling intensity, full chorus frequency, territorial call
frequency and territorial call frequency in each day hour, we only used days with 24 h of
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continuous registries and with at least one 1-min period with registered calling activity.
We also noted the presence/absence of rainfall by hearing the sound of raindrops on the
plastic hood of microphone (only heavy and moderate rainfall was detected with this
method). The data logger was programmed to simultaneously register with frog-logger
records the weather variables at hourly intervals.

Statistical analysis

We used ordinal logistic regression (OLR) with a logit-link function to evaluate the
relation between independent variables and intensity of calling activity of O. discoidalis.
This statistical method was selected because the response variable ‘intensity of vocal
activity’ is an ordinal variable with four levels ordered sequentially. The OLR assumes
that relations between the explanatory variables and the dependent ordinal variable are
independent of the categories presented by the ordinal variable, and therefore changes in
explanatory variables cause the same change in the ratio of cumulative probability of all
categories. This assumption was verified through the test of parallel lines (Hosmer and
Lemeshow 2000; Agresti 2007). The goodness of fit of the logistic model was assessed
using Wald’s y? test. Critical P-value to determine statistical significance was set to
<<0.05. Independent variables were time of the record (h), relative ambient humidity
(%RH), air temperature (°C) and presence/absence of rainfall at the time of calling
records. To ensure the independence of predictor variables, we calculated Pearson
correlation coefficients for all pairwise combinations of independent variables.
We considered r = (0.70 a suitable criterion for omitting a variable (Fielding and
Haworth 1995; Tabachnick and Fidell 2006).

Results

We obtained a total of 924 1-min interval records from the two sampling periods. Of which
587 registries were from the first breeding season, beginning on 8 December 2010 and
extended until 4 January 2011 (a span of 27 days). During the second breeding season,
beginning on 21 November 2011 and extended until 9 December 2011 (span of 19 days),
we obtained 337 1-min intervals registries.

Advertisement call activity showed a peak of calling intensity at sunset between 20:00
and 21:00h, the calling activity continued through the night and decreased after dawn
(Figure 2).

Daytime advertisement call activity (between 06:00 and 19:00 h) was about 30% of the
total calling records (80 of 273 of advertisement call registries in both seasons). Diurnal
vocal activity was related to high RH (95.6 £ 7.0%), and the presence of rainfall in half of
these registries.

We graphically examined the relation between the number of daily amount of 1-min
registries with advertisement call activity and environmental conditions (daily amount of
1-min registries with rainfall and daily means of temperature and RH) during the 2010
breeding season (Figure 3). At the beginning of the breeding season, from 9 to 26
December 2010, advertisement call activity was coupled with rainfall. Subsequent to this
date, the vocalization activity dropped suddenly despite rainfall presence and high average
values of air humidity remaining close to saturation values (100% RH).

The lowest temperature at which vocalization activity was recorded was 6.9°C (full
chorus activity at 23:00h on 12 December 2010, 94.7% RH and presence of rainfall).
The highest temperature at which vocalization activity was recorded was 22.6°C, on this
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Figure 2. Daily calling patterns of males of O. discoidalis. Mean calling activity was calculated by
averaging the recorded calling activity levels for each day hour over all days with 24 h of continuous
registry and at least 1 h with call activity. Black arrows indicate dawn and dusk.

occasion territorial calls of an isolated male were registered (19:00h on 12 November
2010, 83.8% RH). Temperatures below or above the range of registered vocalization
temperatures are very infrequent: only six registries were below 6.9°C, corresponding to
0.5% of the entire hourly registries; records above 23°C represent only the 6.7% of the
hourly registries (Figure 4). The minimum percentage of relative air humidity at which
vocalization activity was recorded was 74% RH; on this occasion, sporadic advertisement
calls of several males were registered (20:00h on 25 November 2011, 18.9°C). In both
calling seasons, relative air humidity registered during calling activity of the frogs was
restricted to the higher percentages compared with the entire range of hourly registries
(Figure 4).

Because correlation coefficients ranged well below the suggested cut-off, all
explanatory variables were included in the OLR analysis. The test indicated no significant
difference for the corresponding regression coefficients across the response categories
(x? = 13.109; df = 8; P = 0.12), suggesting that the model assumption of parallel lines
was not violated in the model. The overall fit of the model was significant ( )(2 = 155.27;
df =4; P <0.001), so we can assume that there is a relation between the dependent
variable and the independent variables. Based on the observed significance levels of the
resulting OLR model, relative air humidity, rainfall and time of the day (later in the day)
were positively related to the intensity of vocal activity (Table 1). Air temperature was not
related significantly to the vocalization activity of O. discoidalis (Table 1).

Territorial calls were heard most often at night and sporadically with daylight showing
a similar daily pattern to the full chorus activity (Figure 5), with a strong correlation
(Spearman’s rank correlation = 0.88; P < 0.001). Territorial calls were frequent and
without a clear pattern of variation during the calling season.

The encounter calls were difficult to distinguish from ambient noise, particularly
during heavy rainfall or full chorus activity. These calls were less frequent than territorial
calls and did not show a noticeable circadian pattern: they seem to be heard regardless of
the time of the day (Figure 5). The relation between frequency of occurrence of the
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Figure 3. Vocalization activity and climatic data of first reproductive season of O. discoidalis
(2010). Top: daily average of air temperature (°C) and relative air humidity (RH%). Bottom: number
of hours at which calling activity was recorded and number of hours with rainfall each day. We only
considered days with 24 h of continuous recordings.

encounter calls and full chorus activity was not statistically significant (Spearman’s rank
correlation = 0.31; P = 0.14), but was related to frequency of occurrence of territorial
calls (Spearman’s rank correlation = 0.55; P = 0.005). These results should be taken with
caution as they could be biased due to an incomplete registry.

Discussion

The calling activity of Yungas’ robber frog O. discoidalis in the study area was relatively
short and largely restricted to the onset of summer and the rainy season. Most anuran
species of Yungas forests are pond breeders and show a more prolonged calling season
until the end of summer (Vaira 2002).
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Figure 4. Registries of air temperature (°C) and relative air humidity (RH%) at the study site of
both calling seasons (2010—2011) during the 1-min records with advertisement calling activity of
males of O. discoidalis (black circles), and hourly registries of air temperature and RH without
calling activity (white squares). Minimum convex polygons (black dashed lines) include all
registries associated with vocalization activity.

The daily cycle of vocalization of these leaf litter dwelling frogs could be defined as
crepuscular—nocturnal, with calling activity peaks at dusk. Nocturnal calling activity is a
common feature in terraranan frogs, with a vocalization activity peak at dusk and also a
less intense peak at dawn (Drewry and Rand 1983; Liiddecke et al. 2000; Duellman and
Lehr 2009; Hilje and Aide 2012; Ospina et al. 2013).

Emission of advertisement call and intensity of the activity (e.g. full choruses) were
highly influenced by the time of the day and environmental conditions of high relative air
humidity and/or presence of rainfall. The influence of abiotic cues such as relative air
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Table 1. OLR results of the influence of abiotic cues on calling activity of males of O. discoidalis.

Estimate Std. error Wald Df P

Threshold

[Activity = 0] 6.34 1.19 28.01 1 <0.001

[Activity = 1] 6.71 1.20 31.30 1 <0.001

[Activity = 2] 7.35 1.20 37.38 1 <0.001
Time of registry 0.04 0.01 11.71 1 <0.001
Ambient temperature (°C) 0.01 0.03 0.08 1 0.77
RH% 0.06 0.01 38.92 1 <0.001
Precipit. = 0 —0.98 0.17 35.18 1 <0.001
Precipit. = 1 0 - - 0 -

Notes: Intensity of the advertisement call activity: 0 =no vocalization; 1 = only one male vocalizing;
2 = multiple males vocalizing, but not full chorus formation; 3 = many males vocalizing in a full chorus.
Precipit. = 0 (without rainfall); precipit. = 1 (with rainfall).

humidity on calling activity in anurans is strongly dependent on the reproductive mode,
time of activity (diurnal/nocturnal), temporal pattern of reproduction (explosive breeders/
prolonged breeders), habitat (terrestrial/arboreal/aquatic), mating system, among other
characteristics of each species (see Oseen and Wassersug 2002). In the particular case of
terrestrial frogs, high air humidity levels avoid desiccation during calling activity
(Woolbright 1985; Fogarty and Vilella 2001; Hauselberger and Alford 2005). In contrast
to the negative effect in calling activity of arboreal species of Terrarana (Ospina et al.
2013), rainfall seems to be a trigger of calling activity in ground-dwelling species (Navas
1996; Van Sluys et al. 2012).

Occasionally, males of O. discoidalis were active during daylight. Diurnal vocal
activity in direct-developing frogs could be considered as an opportunistic behaviour
associated with particular conditions of high humidity and/or rainfall presence (Navas
1996; Van Sluys et al. 2012).

Surprisingly, air temperature was not a significant predictor of calling activity for
O. discoidalis. The range of temperatures of vocal activity of this direct-developing frog
was almost equal to the daily range of ambient temperatures; higher temperatures than
23°C were infrequent and occur during daytime, when males were mainly inactive.
Temperature plays an important role limiting the vocalization activity of terraranan
species that inhabit upland localities or tropical regions (Navas 1996; Van Sluys et al.
2012). O. discoidalis inhabits a middle altitudinal range (from 900 to 1900 m asl) of the
subtropical Andean Yungas forests, consequently males are not exposed to thermal
extremes during their daily vocalization period.

Territorial calls recorded in males of O. discoidalis were described as a long-distance
territorial interaction, proposed as associated with the defence of males’ vocalization sites
(Akmentins 2011). In this study, we registered these calls most often at the beginning of
the night and strongly associated with full chorus activity peaks. This association
reinforces the idea that these types of aggressive calls act as a mechanism of inter-male
spacing (Wells and Schwartz 2007). Moreover, the unclear daily pattern in the emission of
encounter calls might be partially attributed to the lower frequency of these vocalizations
compared with the dominant frequency of advertisement and territorial calls (Akmentins
2011), so that frog-loggers may not register these calls due to the ambient noise.

Direct-developing frog species are independent of water bodies for reproduction, but
they have a strong dependence on water/moisture availability in their habitat (Gonzales-
Voyer et al. 2011). Understanding the interactions between abiotic cues and calling
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Figure 5. Frequency of occurrence of full chorus activity (top), frequency of occurrence of
territorial calls (centre) and frequency of occurrence of encounter calls (below) during the daily cycle
of vocal activity of males of O. discoidalis. Frequencies were calculated with the number registries at
each day hour over all days with 24 h of continuous registries and at least 1 h with call activity.

activity at different temporal scales (e.g. monthly, daily and hourly) of terrestrial breeding
frogs that inhabit in forested areas is essential when conducting biodiversity inventories.
Terraranans frogs are usually underestimated in amphibians’ biodiversity inventories,
mainly because of their cryptic life habits and because they do not use water bodies for
reproduction (Duellman and Lehr 2009).

Future scenarios of climate change predict more ‘tropical’ conditions for the subtropical
Yungas forest of NW Argentina, with an increment in temperature and precipitation
(Gonzéles et al. 2008). Long-term monitoring of reproductive phenology with a
combination of automated recording systems and data loggers for climatic conditions could
help to detect possible shifts in the breeding behaviour of Yungas forests’ amphibians in
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response to changes in the climatic conditions (Todd et al. 2011; Ospina et al. 2013; While
and Uller 2014).
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