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Abstract

:

Current knowledge regarding the vocal behavior in tropical non-passerines is very limited. Here, we employed passive acoustic monitoring to study the vocal activity of the white-tipped dove (Leptotila verreauxi) at three sites over a year in the Brazilian Pantanal. The diel pattern of vocal activity showed a bimodal pattern, with significantly higher vocal activity after sunrise than during the other hours of the day, in agreement with prior studies on this species and other members of Columbidae. The species was vocally active throughout the year, but vocal activity was maximum during May-June and lowest during January-February. Relative air humidity was positively associated with vocal activity, which may be related to the improvement of sound transmission under more humid conditions, but it could also be related to foraging efficiency due to a higher availability of invertebrates on wetter days. Vocal activity was not related to the mean air temperature or daily rainfall. Acoustic monitoring proved to be a useful tool for monitoring this shy forest species, for which a minimum number of three monitoring days was needed to detect a reliable vocal activity rate. Future studies should evaluate its use for monitoring other species of doves and pigeons that are secretive or threatened.
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1. Introduction


The study of avian acoustics has attracted the interest of ornithologists for centuries [1,2]. Birds vocalize to defend territories and attract mates, but they are also used to signal food resources and predators or to maintain group contact [3,4,5]. The vocal activity of birds is influenced by a large number of endogenous (e.g., breeding status and hormones; [6]) and exogenous factors (e.g., photoperiod, weather, moonlight, and background noise; [7]). Therefore, the study of diel and seasonal patterns in the vocal activity of birds may provide valuable information on the ecology of the monitored species and the context of vocal behavioral responses. However, despite the large number of studies addressing this topic [5,7], much work is still needed.



The lack of knowledge regarding avian vocal behavior is particularly apparent for tropical birds since they are less studied than birds from temperate zones [7,8]. However, the study of vocal behavior in tropical birds is interesting since most of the knowledge acquired in temperate areas on song function and its relationship to weather conditions and bird vocal activity may not be extrapolated to tropical regions [8,9]. Vocal behavior in tropical birds is less restricted to the breeding period than that occurring in temperate areas [10,11,12], involves large contributions of duets and female song [9], and can be affected by the presence of more diverse ecosystems [13]. Among tropical birds, most previous research on diel and seasonal variations in vocal behavior has involved passerines as target species (e.g., [10,11,12,14,15], but see [16]). Similarly, the majority of studies assessing the relationship between weather conditions and the vocal behavior of tropical birds have focused on passerines, with a limited number of studies testing the impact of weather conditions on non-passerines [8,17,18,19]. However, Passeriformes is just one of the 28 avian orders [20]. Therefore, it is interesting to perform detailed research on bird vocal behavior across a broader taxonomic spectrum, since vocal behavior and vocal ability may have evolved independently in different bird orders [7,21].



Passive acoustic monitoring is a promising method used to monitor vocally active wildlife species and its use has widely increased over the last decade [22]. This technique has proven to be especially helpful in replacing field surveys when direct counts or visual surveys are logistically difficult or involve high monetary and time efforts [22,23]. Acoustic monitoring is also an alternative method for monitoring common bird species under adequate environmental conditions (e.g., windless and rainless days, [24,25]), but also for monitoring birds inhabiting inhospitable or difficult-to-access sites, such as islands and rainforests [26,27], as well as for surveying nocturnal and rare species [18,28]. Passive acoustic monitoring has also allowed researchers to study the vocal behavior of several tropical bird species (e.g., [11,14,15]), but it has been rarely applied to study bird vocal behavior, particularly at a large temporal scale.



The white-tipped dove (Leptotila verreauxi) is a common resident bird species in the Brazilian Pantanal for which available information about its ecology and vocal behavior is very limited. It is a large and widespread Neotropical diurnal dove that can be found in scrub, woodland, and forest habitats, but also occurs in southernmost Texas and central Argentina [29]. The white-tipped dove is classified as a least-concern species by the International Union for Conservation of Nature [30]. This non-flocking species is usually found individually or in pairs [31,32] and is omnivorous, foraging mostly on the ground within vegetation to feed on seeds, berries, and insects. The species has been considered shy and wary [29], which may explain the reduced knowledge about its ecology (but see [31,32,33,34]). The best method for monitoring this species is by detecting its particular call, which was described by Skutch (1964) as “one of the most characteristic bird notes through large part of the year” in Central America. We selected the white-tipped dove as a study species because we aimed to improve our understanding about the vocal behavior of tropical non-passerines, and because its secretive behavior combined with its particular call suggests that the use of passive acoustic monitoring might be a potential solution for obtaining new life history information on this enigmatic species. The call of the white-tipped dove consists of two mournful notes at the same pitch (Figure 1). The call starts with an introductory hoot followed by a longer, more audible, hollow note, “woo-woooooo” ([32], Figure 1). The same individual may sing repeatedly every 5–10 s [29].



In this study, we monitored the vocal behavior of the white-tipped dove over an annual cycle at three sites in the Brazilian Pantanal with an aim to improve our knowledge regarding the vocal behavior of tropical non-passerines. We aimed to (1) evaluate the effectiveness of passive acoustic monitoring as a tool for the study of the shy white-tipped dove; (2) describe and analyze the diel and seasonal patterns of vocal behavior of the species to gain insights into the ecology of the white-tipped dove, and identify the periods (hours and months) with the highest vocal activity; (3) assess the relationship between vocal activity of the white-tipped dove and weather conditions; and (4) estimate the minimum number of recording days required for obtaining a vocal activity rate (VAR) value with low error. The VAR, defined as the number of bird vocalizations detected per unit time of recording, is a soundscape index whose basic assumption is that bird VAR is density-dependent, and therefore, changes in the VAR should be related with changes in bird abundance (e.g., [35,36,37]). Therefore, the VAR can be used to predict bird abundance around sound recorders (see [26]), but also for monitoring population changes at a long temporal scale (see application in [38]). However, there is very limited information about the minimum number of days that recorders need to be deployed in the field for recording a reliable VAR [39], and thus, we aimed to provide new insights into this issue. Our results about the utility of passive acoustic monitoring, coupled with automated signal recognition software, might be used to guide future studies with critically endangered doves with a similar call structure, such as the blue-eyed ground dove (Columbina cyanopis) [40].




2. Materials and Methods


2.1. Study Area


Our study was carried out in the northeastern part of the Brazilian Pantanal close to SESC Pantanal (Poconé municipality, Mato Grosso, Brazil; 16°30′ S, 56°25′ W; Supplemental Figure S1). The surveyed area comprised three acoustic monitoring stations located near the Cuiabá River, a main tributary of the Paraguay River. The study area is a seasonal floodplain, which is inundated from October to April due to flooding of the Paraguay River. The vegetation is dominated by savannas and different forest formations [41]. A detailed description of the plant community in the study area and the effect of flood seasonality on the local avian community can be found in [42]. The regional climate is tropical and humid, with average annual temperatures around 24 °C and mean annual rainfall ranging from 1000 to 1500 mm.




2.2. Acoustic Monitoring


The three surveyed acoustic monitoring stations were separated by 1300 and 2200 m (Supplemental Figure S1). One Song Meter SM2 recorder (Wildlife Acoustics, www.wildlifeacoustics.com) was deployed at each acoustic monitoring station and operated daily from 8 June 2015 to 16 June 2016. The recorders were programmed to record (.wav format and in stereo) the first 15 min of each hour in 24/7 mode with a sampling rate of 48 kHz and a resolution of 16 bits per sample. Recordings were saved on SD memory cards (approximately 250 h of maximum storing). The devices were powered by four 1.5 V alkaline batteries (approximately 160-h autonomy) and checked every week to download data and replace the batteries. The threshold distance at which the Song Meter SM2 recorder is able to record bird vocalizations may differ among studies according to monitored species (e.g., as a function of main vocalization frequency) and main habitat surveyed (lower in forested areas, [43]). However, several studies have found that very few bird calls recorded with the Song Meter SM2 recorder are detected beyond 100 m (see [44] and references therein), with maximum detection ranges for the recorder around 200 m [45,46]. Although we did not have proper data for estimating the distance at which the white-tipped dove call could have been recorded by the Song Meter SM2, we believed that the risk of recording the same individual from two different stations should be very low based on the findings already mentioned (described detection radius for the recorder and working in a forested area) and great distance among sampling stations (minimum of 1300 m). A total of 23,916 15-min recordings were collected (8044 in Station A, 8075 in station B, and 8122 in Station C; Supplemental Figure S1).




2.3. Acoustic Data Analyses


We only analyzed the left channel of the recordings using the automated signal recognition software of Kaleidoscope Pro 5.1.9h (Wildlife Acoustics, www.wildlifeacoustics.com). Kaleidoscope scans the recordings looking for targeted signals based on the following signal parameters: minimum and maximum frequency ranges (Hz), minimum and maximum times of detection (s), and maximum intersyllable gap (ms). First, we parameterized 97 calls of the white-tipped dove recorded in the Brazilian Pantanal to introduce reliable signal parameters in Kaleidoscope (Figure 1 and Supplemental Table S1). White-tipped dove calls were parameterized from spectrograms using Raven Pro 1.5 [47]. The signal parameters introduced in Kaleidoscope were the following: minimum and maximum frequencies (100 and 1000 Hz, respectively), minimum and maximum lengths of detection (0.5 and 2 s, respectively, to detect overlapping individuals), and maximum inter-syllable gap (0.4 s). The maximum intersyllable gap is defined as the maximum allowable distance between syllables of the same vocalization; therefore, syllables separated by less than 0.4 s were considered for our study to be part of the same call. We used this value to identify as a single call the two syllables of the call of the white-tipped dove. Nonetheless, the employed parameter allowed us to identify the second syllable, which is the most constant and predominant one [29,32], even if the first syllable was not uttered or was emitted at a low intensity. In this first step, Kaleidoscope scanned the recordings and detected all candidate sounds within the introduced signal parameters.



In the second step, we used the cluster analysis function of Kaleidoscope. Kaleidoscope automatically estimates the discrete cosine transform coefficients (DCTs) of the spectrum of those candidate sounds that fitted within the signal parameters introduced. A Hidden Markov model is built from the vector of the DCTs of each candidate sound, and the vectors are automatically clustered using K-means clustering. Candidate sounds are categorized into clusters (groups of similar candidate sounds). Vocalizations are moved to existing clusters if they are similar to existing clusters, while new clusters are formed if candidate sounds are more different than the defined “maximum distance from the cluster center to include outputs” (see below). Candidate vocalizations are also sorted within clusters according to similitude. Thus, most of the candidate sounds of each cluster are the same sound type, and the first sounds of each cluster can be considered as the most representative of the cluster. We fixed the parameter “maximum distance from cluster center to include outputs” to the maximum value (2.0) since we aimed to identify as much white-tipped dove calls as possible. This parameter varies from 0 to 2 and has a great impact on the number of detected signals, with larger values resulting in a large number of detected signals. Nonetheless, the number of false positives (misclassified signals) is also increased when using large values (see quantitative analyses in [12]).



In the last step, each cluster created by Kaleidoscope was named as “white-tipped dove” or “other sounds” according to whether a call of the white-tipped dove was found within the first 50 candidate sounds of each cluster. Candidate sounds within the cluster “other sounds” were not checked and were excluded from the study, while every candidate sound of the cluster “white-tipped dove” was visually and/or acoustically checked by the same observer (CPG), to remove false positives from the database. Additionally, we evaluated the effectiveness of the cluster analysis function applied by Kaleidoscope Pro (recognizer hereafter). We estimated the precision of the recognizer, which is a common index of recognizer performance defined as the number of true positives divided by the total number of detected signals [48]. Here, we estimated the precision by dividing the total number of white-tipped dove calls detected by the total number of candidate sounds within the clusters labeled as “white-tipped dove” (see similar approximation in [18]). Additionally, we calculated the recall rate of the recognizer, defined as the proportion of target species vocalizations detected by the recognizer [48]. This index was estimated by dividing the total number of white-tipped dove calls automatically detected by the software Kaleidoscope by the total number of calls of the dove in the selected dataset [18,48]. The total number of calls within each recording was always checked by the same observer (CPG) by visually and acoustically checking 180 recordings. We checked a total of 108 15-min recordings with the presence of the species, according to Kaleidoscope (three recordings per station and month), and 72 recordings randomly selected among those recorded between 06:00 and 09:00, when the vocal activity of the species reached its maximum (see results, two recordings per site and month). Recordings were reviewed blinded with respect to date, site, and number of calls detected by Kaleidoscope.




2.4. Weather Data


We collected weather data from a meteorological station within the study area (Supplemental Figure S1). The following weather data were collected during the study period: daily mean air temperature (°C), daily relative air humidity (%), and daily rainfall (mm). We checked that the three weather variables included in the analyses had low collinearity (maximum collinearity was 0.39 between daily mean air temperature and daily relative air humidity [49]).




2.5. Statistical Analyses


In order to determine the hours and the months with significantly higher and lower vocal activity of the white-tipped dove, we fitted a generalized linear mixed model (GLMM). The GLMM (Gaussian error structure) was fitted using the mean number of calls detected per hour (log-10 transformed) during each month as the response variable, recording hour and month were introduced as factors, and station (three categorical levels) was used as the random factor to control for intersite variations. We used the mean number of calls detected per hour in each month rather than the total number of calls detected per hour in each month to control for the variable number of recording days per month (e.g., the study ended on 16 June 2016). We used Tukey’s post hoc tests to identify those hours and months with significantly higher vocal activity.



We fitted the GLMM (Gaussian error structure) to assess the impact of weather conditions on the vocal activity of the white-tipped dove. The daily number of calls detected was used as the response variable; weather variables (daily mean air temperature, daily relative air humidity, and daily rainfall) were included in the model as predictors; and station (three categorical levels) was also included as the random factor to control for variations among sites. We focused the analyses on the period between 1 May 2016 and 16 June 2016, the two months with significantly higher vocal activity of the species during the study period (see results). For each GLMM, we evaluated model performance by plotting standardized residuals versus fitted variables, histogram of residuals, and normal Q-Q plots.



We also estimated the minimum number of recording days required for estimating a VAR of the white-tipped dove with low error. To do this, we created curves of the coefficient of variation (CV) [50] of the VAR of the white-tipped dove as a function of monitoring days. This analysis was carried out by considering all possible combinations of recording days during the last fortnight of May (15–31 May 2016), which was the fortnight with the maximum calling activity of the species. We established that the CV should be lower than 20% to consider the VAR reliable [39,51]. Statistical analyses were run in R 3.6.2 [52], using the specialized packages “multcomp” [53] for post hoc comparison tests and “gtools” [54] for estimating all possible combinations from 1 to 15 monitoring days. The level of significance was p < 0.05.





3. Results


The Kaleidoscope output reported a total of 657,293 candidate sounds that matched the signal parameters, of which 338,045 were within the cluster “other sounds”. The precision of the recognizer was 87.2% since 278,372 calls of the white-tipped dove were detected among the 319,248 candidate sounds within the “white-tipped dove” cluster. Most of the misclassified sounds in the “white-tipped dove” cluster were bird vocalizations of similar frequencies and with a similar call duration to that of the white-tipped dove, such as the great-horned owl (Bubo virginianus) and the Chaco Chachalaca (Ortalis canicollis), but some cow (Bos taurus) calls were also misclassified. The recall rate of the recognizer was 78.5% (7586 calls detected among the 9659 annotated calls in the 180 recordings of the validation dataset). The species was detected at the three acoustic monitoring stations, with a variable number of calls per station between 60,681 and 112,877.



3.1. Diel Activity Pattern


The vocal activity of the white-tipped dove was almost restricted to the daytime with very few calls recorded at night (Figure 2 and Supplemental Table S2). The diel pattern of vocal activity showed a bimodal pattern. The first, and the highest, peak of vocal activity occurred after sunrise and extended from 06:00 to 09:00 (Figure 2, mean of 28.9 calls detected per recording between 06:00 and 09:00). After sunrise, the vocal activity decreased until prior to sunset, when a second and lower peak of vocal activity occurred (Figure 2, mean of 18.9 calls detected per recording between 16:00 and 17:00). The GLMM showed that the white-tipped dove exhibited the highest vocal activity at 08:00 (Table 1, mean of 31.1 calls per recording at 08:00), but it did not differ from the vocal activity that occurred at 06:00 and 07:00, while the significant lowest vocal activity occurred between 19:00 and 04:00, when vocal activity was zero or very reduced (see Supplemental Figure S2 for Tukey’s post hoc comparisons).




3.2. Seasonal Activity Pattern


The white-tipped dove was vocally active over the annual cycle. The species was detected on 97.5% of the monitored days. The vocal activity of the species showed clear seasonality and reached its maximum value during the month of May, followed by the months of June 2015 and June 2016, with a mean value of 22.8 calls detected per recording during these months (Figure 3 and Supplemental Table S3). In contrast, the vocal activity of the species was low from January to February (mean of 1–5 calls detected per recording, Figure 3). According to the GLMM, the vocal activity of the species significantly differed among the monitored months (Table 2), with May being the month with the greatest vocal activity and February with the lowest vocal activity (see Supplemental Figure S3 for Tukey’s post hoc results).




3.3. Environmental Predictors


The vocal activity of the white-tipped dove during the analyzed period (1 May–16 June 2016) was significantly associated with the daily relative air humidity (Table 2); the species produced the largest number of calls on days with high relative air humidity (Figure 4). However, the vocal activity was not significantly associated with the daily mean air temperature or daily rainfall (Table 2).




3.4. Monitoring Protocol


The VAR of the white-tipped dove decreased sharply with the increasing number of monitoring days (Figure 5). The declining pattern found among the three monitored stations was similar, and we estimated that three monitoring days was the minimum survey effort required to obtain a VAR with a CV < 20%. This CV could decrease to values around 10% when recording during seven consecutive days (Figure 5).





4. Discussion


In this study, we monitored the vocal behavior of the white-tipped dove over a complete annual cycle and validated the use of acoustic monitoring for future surveys aiming to monitor this species. Vocal behavior of the white-tipped dove varied with the time of day, time of season, and air humidity. The diel pattern of vocal activity of the species was almost completely restricted to the daytime, with no calls detected between 19:00 and 03:00. This time period during which the species was vocally silent was between sunset and sunrise throughout the study period. The higher rate of vocal activity was reached during the first three hours after sunrise (06:00–08:00) and the two hours prior to sunset (16:00–17:00). This bimodal pattern of calling activity at the daily scale is in agreement with the pattern described for other members of Columbidae, such as the pale-vented pigeon (Patagioenas cayennensis) and the Scaled Pigeon (Patagioenas speciosa) [55]. The first three hours after sunrise were also defined as “a time of high calling activity” for the white-tipped dove in south Texas [56]. However, in Costa Rica, the species was declared to be most vocally active in the warmer parts of the day, toward noon and in the early afternoon [31]. These results might be related to the existence of regional differences in the diel pattern of vocal activity of the species, but are more likely due to the different methodologies employed. However, as Skutch [31] did not provide any description of how vocal activity was measured, it is not possible to clarify this issue. We would like to highlight that our data was collected on a reduced number of acoustic monitoring stations and thus some of our generalizations may require further research on a larger number of sites to obtain more robust conclusions. Similarly, further research should try to consider the number of birds vocalizing around recorders and territory size of the monitored species as covariates to refine our approach and increase our understanding about vocal behavior of non-passerine tropical birds.



The white-tipped dove vocalized daily throughout the monitored annual cycle, but the vocal activity showed clear seasonality. According to the detected seasonal pattern of vocal activity, the breeding season of the species in the Brazilian Pantanal seems to occurs from April onwards, when the flooded season usually ends [41,42]. The proposed breeding season is in agreement with anecdotal records of active nests found in Brazil (March–May [29]) and with the nesting ecology reported for Costa Rica, where most nests were found after March [31]. It is known that, in Costa Rica, Surinam, and Argentina, the white-tipped dove is able to breed throughout the year [29,31,32]. The seasonal character of the study area, a floodplain wetland subject to a monomodal inundation cycle, may force the white-tipped dove to breed during the available time window between when one flooded season ends and the next flood pulse starts. Nonetheless, further research is needed to evaluate whether the nesting ecology of the species is influenced by the flood dynamics of the Brazilian Pantanal. We cannot rule out the possibility that the low vocal activity found during January and February may be related to a decrease in the amount of time that individuals spent vocalizing near the sound recorders during the wet period, when the inundated area becomes restrictive to foraging [42,57]. Indeed, in the Pantanal, the percentage of trees producing flowers and mature fruits reaches its minimum value during the peak of the wet season [58]. Therefore, lower food availability and flooding during the wet season may have forced the white-tipped dove to perform larger movements when looking for food and thus to spend less time singing around the recorders. The lower vocal activity during the wet season might be also related to reduced motivation for vocalizing display during the non-mating season, as demonstrated in several tropical birds (e.g., [10,51,59,60])



The vocal activity of the white-tipped dove was positively associated with the relative air humidity. Our results agree with previous studies that found higher vocal activity during days with greater air humidity in both passerines and non-passerines (e.g., [17,61,62]). The increase in vocal activity at higher humidities might be related to more efficient sound transmission under these circumstances, although this effect should be very small for sounds below 1000 Hz, such as the white-tipped dove call [63]. In agreement with what has been proposed for other tropical bird species [17,62], the increase in vocal activity under more humid conditions could be related to a higher foraging efficiency, and therefore more energy and time available for calling, due to an increase in the availability of invertebrates on more humid days [64]. Bird vocal activity on rainy days could decrease since vocalization under these circumstances can be inefficient due to the masking effect of rain [65,66] or because individuals may search for shelter [67]. However, we did not find any relationship between the vocal activity of the white-tipped dove and daily rainfall. The number of rainy days during the analyzed period (1 May–16 June) was very low (only five days had accumulated rainfall higher than 1 mm), which may have reduced our ability to find a relationship between daily rainfall and the vocal activity of the white-tipped dove, in contrast to what has been found in several other non-passerines (e.g., [66,68,69]). Cooler temperatures may increase sound transmission [70]. Indeed, several studies have found greater vocal activity in non-passerines at cooler temperatures (e.g., [17,62,66,71]), including previous research on the ferruginous pygmy-owl (Glaucidium brasilianum) in the Brazilian Pantanal [51]. Nonetheless, the vocal activity of the white-tipped dove was not significantly associated with mean air temperature. The differences found among studies might be related to differences in the daily patterns of activity among species, since the white-tipped dove showed a more constant pattern than the ferruginous pygmy-owl, whose vocal activity was concentrated at dawn, when the air temperature reaches the lowest values of the day.



Acoustic monitoring, coupled with the cluster analysis function of Kaleidoscope Pro, was useful in studying the vocal behavior of the white-tipped dove. The recall rate (78.5%) of the recognizer can be considered high when compared with the values obtained in previous studies (e.g., [72,73,74]) and is in agreement with that found in a prior study that also used the Kaleidoscope for monitoring the vocal behavior of two potoos (Nyctibius griseus and Nyctibius grandis) in the study area (the recall rate ranged between 74% and 85%, [18]). Most of the white-tipped dove vocalizations not detected by Kaleidoscope were attributed to calls uttered by the species presumably from long distances according to the low sound level of some of the calls annotated in the validation dataset (pers. obs). In these cases, we were able to detect these calls on the spectrogram viewer or when hearing the recordings, but their pattern might have been too weak to be detected by Kaleidoscope. The precision of the recognizer was high (87%), and although a lower value should not have influenced our results, since every event was verified, it would have precluded the use of the technique in future surveys due to the very large number of candidate sounds that need to be verified. Previous studies found a much lower precision recognizer when using the same approach with the two potoos (9%–29%, [18]). The high vocal activity and simple call of the white-tipped dove may have facilitated the creation of specific clusters for the species through the cluster analysis function, which, combined with the narrow frequency of the call of the species, may have reduced the number of misclassified sounds within the “white-tipped dove” cluster and partly explain the high precision found in our study.



We estimated that three monitoring days were sufficient for detecting a reliable VAR of the species (CV < 20%). We are aware that this value was estimated on the basis of our recording schedule (15 mins per hour in 24/mode), but future studies aiming to monitor the white-tipped dove should not record during the night, since this species was never detected between 19:00 and 03:00. Although we had no data to assess the relationship between VAR and white-tipped dove abundance around recorders, we believe that our assessment of the number of days required for estimating a reliable VAR might be helpful for future studies aiming to monitor that or other bird species, due to reduced number of studies dealing with this issue. However, to estimate the minimum effort required to obtain a reliable VAR should be a prerequisite for any future monitoring program aiming to obtain robust conclusions. To the best of our knowledge, only two previous studies have evaluated the number of monitoring days needed to estimate a reliable VAR for terrestrial bird species, which followed the same approach that we employed. In both cases, the authors estimated a minimum number of nine monitoring days to obtain a low-error VAR (CV < 20%) for the monitored species (see [39,51]). Our results suggested that the VAR of the white-tipped dove was very consistent among days and that this index might be useful for evaluating population changes over time and space [26]. It could also be used as an index to evaluate future habitat changes in the Brazilian Pantanal [75] due to the common and forested character of the white-tipped dove habitat.



Our study increases our knowledge regarding the vocal behavior of tropical non-passerines, in addition to the seasonality of the Pantanal, the world’s largest wetland [76], and the relationship between tropical bird vocal activity and weather conditions. More specifically, our results suggest that passive acoustic monitoring, coupled with the cluster analysis function of Kaleidoscope, is an effective technique to study the vocal behavior of the white-tipped dove. The use of autonomous recording units should be evaluated to monitor the current distribution and population trends of critically endangered doves, such as the purple-winged ground dove (Claravis geoffroyi [77]) and the blue-eyed ground dove [40].
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The following are available online at https://www.mdpi.com/1424-2818/12/10/402/s1. Figure S1: Location of the three acoustic monitoring stations and the weather station in the Brazilian Pantanal (Pantanal of Mato Grosso, Poconé municipality, Mato Grosso, Brazil). The inset shows the location of the study area (red square) and the Brazilian Pantanal. Scale bar: 1 km. Figure S2: Plot showing the results of Tukey’s post hoc test for the factor of Hour. Different letters indicate significant differences in the vocal activity of the White-tipped Dove among hours according to Tukey’s test. Figure S3: Plot showing the results of Tukey’s post hoc test for the factor of Month. Different letters indicate significant differences in the vocal activity of the White-tipped Dove among months according to Tukey’s test. Table S1: Mean ± SD (and range) of the acoustic parameters of the call of the White-tipped Dove in the Brazilian Pantanal. A total of 97 calls from the three monitored acoustic stations were measured. Recordings were collected using a Song Meter SM2 recorder (Wildlife Acoustics), and call measurements were performed using Raven Pro 1.5. Table S2: Number of White-tipped Dove calls detected per hour at three monitoring stations in the Brazilian Pantanal. The total number and percentage of calls detected per hour, with respect to the total number of calls, are also shown. Vocal activity was monitored with acoustic monitoring from 8 June 2015 to 16 June 2016 at three acoustic monitoring stations. Table S3: Number of White-tipped Dove calls detected per month and station in the Brazilian Pantanal. The total number and percentage of calls detected per month, with respect to the total number of calls, are also shown. Vocal activity was monitored with acoustic monitoring from 8 June 2015 to 16 June 2016 at three acoustic monitoring stations.
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Figure 1. Sonogram of a typical call of the white-tipped dove recorded in the Brazilian Pantanal, showing the two syllables. 
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Figure 2. Diel vocal activity pattern of the white-tipped dove in the Brazilian Pantanal. Vocal activity was monitored using autonomous sound recorders from 8 June 2015 to 16 June 2016 at three acoustic monitoring stations. The diel pattern is expressed as the mean number of calls detected during each recording hour (UTC-4) per station. 
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Figure 3. Pattern of seasonal vocal activity of the white-tipped dove in the Brazilian Pantanal. Vocal activity was recorded using autonomous recording units from 8 June 2015 to 16 May 2016 at three acoustic monitoring stations. The seasonal pattern is expressed as the mean number of calls detected per recording at each station and month. 
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Figure 4. Scatterplot showing the variation in the daily vocal activity of the white-tipped dove as a function of the daily relative air humidity during the period of 1 May–16 June 2016. Vocal activity was monitored using autonomous sound recorders at three acoustic monitoring stations, with data from the different stations represented by different symbols. The line of the linear regression between daily vocal activity and relative air humidity is shown in black, and 95% confidence intervals are shown in gray. 
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Figure 5. Coefficient of variation (%) of the daily vocal activity rate of the white-tipped dove as a function of monitoring days. Calling activity was recorded using autonomous sound recorders during the last fortnight of May in the Brazilian Pantanal at three acoustic monitoring stations. The different symbols show the coefficients of variation of the vocal activity rate at the three acoustic monitoring stations monitored. 
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Table 1. Results of variance partitioning analysis performed to test the effect of recording time and month on the vocal activity of the white-tipped dove in the Brazilian Pantanal. The effect of recording hour and month on the vocal activity of the species was assessed with a generalized linear mixed model using the mean number of calls detected per recording time during each month as the response variable, recording hour and month as factors, and station as the random factor. Vocal activity was monitored using autonomous recording units from 8 June 2015 to 16 June 2016 at three acoustic monitoring stations. Sq = squares. df = degrees of freedom. Den df = Denominator degrees of freedom.
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	Variable
	Sum Sq
	Mean Sq
	df
	Den df
	F
	p





	Hour
	261.60
	11.38
	12
	898
	104.63
	<0.0001



	Month
	31.42
	2.62
	23
	898
	24.09
	<0.0001
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Table 2. Results of the generalized linear mixed model analysis used to test the effects of weather conditions on the vocal activity of the white-tipped dove in the Brazilian Pantanal. The daily number of calls detected was used as the response variable, weather conditions were predictors, and station was included as the random factor. Vocal activity was monitored using autonomous recording units from 1 May 2016 to 16 June 2016 at three acoustic monitoring stations.
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	Variable
	Estimate
	Std. Error
	t-Value
	p





	Intercept
	−587.80
	513.41
	−1.145
	0.254



	Mean air temperature (°C)
	−11.71
	8.99
	−1.302
	0.195



	Air humidity (%)
	16.74
	6.79
	2.466
	0.015



	Daily rainfall
	2.12
	4.23
	0.500
	0.618
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