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Abstract Young Nile crocodiles Crocodylus niloticus start to produce calls inside the egg and carry on emitting sounds after hatching. These vocalizations elicit maternal care and influence the behaviour of other juveniles. In order to investigate the acoustic structure of these calls, focusing on a possible individual signature, we have performed acoustic analyses on 400 calls from ten young crocodiles during the first 4 days after hatching. Calls have a complex acoustic structure and are strongly frequency modulated. We assessed the differences between the calls of the individuals. We found a weak individual signature. An individual call-based recognition of young by the mother is thus unlikely. In other respects, the call acoustic structure changes from the first to the fourth day after hatching: fundamental frequency progressively decreases. These modifications might provide important information to the mother about her offspring—age and size—allowing her to customize her protective care to best suit the needs of each individual. Electronic supplementary material Supplementary material is available in the online version of this article at http://dx.doi.org/ 10.1007/s00114-006-0156-4 and is accessible for authorized users. A. L. Vergne : A. Avril : N. Mathevon (*) ENES EA3988, Université Jean Monnet, 23 rue Michelon, 42023 Saint-Etienne cedex 2, France e-mail: [email protected] N. Mathevon ‘The BioAcoustics Team’, Université Paris XI NAMC CNRS UMR8620, Bât. 446, 91405 Orsay cedex, France S. Martin La Ferme aux Crocodiles, 26700 Pierrelatte, France
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Introduction In vertebrates, acoustic communication is widespread among mammals, birds, amphibians and fishes (Bradbury and Vehrencamp 1998), whereas most reptiles seldom use vocal signals (Young 2003). Nevertheless, all crocodilian species have a repertoire of acoustic signals potentially allowing information transfer between individuals in a great variety of contexts (Britton 2001). Young crocodiles start to vocalize inside the egg (prehatching calls) and carry on emitting sounds after hatching (e.g., post-hatching calls and contact calls), especially when they are seized (distress calls; Campbell 1973). Most of these calls induce parental care, e.g., leading the mother to open the nest, to take non-hatched eggs in its mouth to help hatching and to bring its young to water (Herzog 1975; Pooley 1977). During the first days after hatching, at least both parents, especially the female, remain strongly reactive to their young’s vocalizations—mainly to distress calls. This parental protection is likely to limit predation on newborn crocodiles (Staton 1978). Communication behaviour eliciting parental care has been widely described in both mammals and birds, in which «begging calls» are a way for the young to obtain resources from the adults. Besides the information related to the level of need of the emitter, individual identity is often an important cue carried by acoustic signals: by recognizing their own young, parents avoid giving care to non-related offspring (Halliday 1983). Well-developed individual acoustic signatures have especially been shown in the vocalizations of colonial birds and mammals, for which meetings between
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young and adults are impaired due to the great number of gathered individuals (Aubin and Jouventin 2002; Charrier et al. 2003). What about crocodilians? In a number of species, females defend their own nests and one can suppose that parental care is exclusively delivered to the direct offspring (Cott 1971). However, in some species, nest density can be relatively important, and thus the chance for young of different clutches to intermix may be high (Hunt and Watanabe 1982). In this context, do acoustic signals of newborns allow individual discrimination by parents? Until now, very few studies have attempted to decipher what information newborn crocodiles’ calls may convey, and the possibility for carrying individual identity has never been examined (Britton 2001). By focusing on the Nile crocodile Crocodylus niloticus, we aim to describe the acoustic structure of newborns’ distress call from hatching to the fourth day of life, investigating for a possible individual signature.



Materials and methods Recording conditions Recordings were performed between the 1st and 15th of July 2004 in La Ferme aux Crocodiles (Pierrelatte, France), a zoo accommodating about 400 adult Nile crocodiles. We recorded vocalizations of newborns (n=10) coming from five different clutches during their first 4 days after hatching. We do not know how many males contributed to the paternity of the examined newborns. It is likely, however, that it was not a single male that was responsible for siring all of the clutches. Each individual was identified with a branding (scale cut) and placed in an aquarium (water temperature, 28°C). To limit the effect of factors that can influence the spectral structure of the calls (e.g., motivational state of the animal), the crocodiles were recorded two to three times each day, at different hours. During the recording (Sennheiser MD 42 microphone; Marantz PMD670 tape recorder; sampling frequency 48 kHz), the young were held in hand at about 50 cm from the microphone and sometimes stimulated by slightly pinching the legs. The final data set was composed of 400 calls using ten calls chosen at random for each individual per day from those recorded. Analysis of acoustic parameters The young crocodile’s call is a modulated sweep with a fundamental frequency and associated harmonics (Fig. 1a). It can be divided into two temporal segments: an initial part defined by an ascending frequency modulation (FM upsweep) followed by a second part showing a descending frequency modulation (FM downsweep). We analysed a total of 400 calls (10/individual/day) using Syntana (Aubin 1994) and PRAAT softwares (http://www.fon.hum.uva.nl/praat/).



Naturwissenschaften (2007) 94:49–54



To describe the frequency modulation, we performed a spectrographic analysis (window size, 1,024) and considered four variables related to the fundamental frequency (Fig. 1a): the start frequency (Fstart, Hz), the maximal frequency (Fmax, Hz), the frequency at the first quartile of the FM downsweep (F1/4, Hz) and the final frequency (Fend, Hz). To enhance the reliability of the analysis, measures were performed on the third harmonic; the corresponding values of the fundamental frequency were then calculated by simple division. Five temporal variables were measured from the oscillogram (Fig. 1b): the duration of the FM upsweep (Dup, s), the duration of the FM downsweep (Ddown, s), the total duration of the call (Dtot, s) and the duration between the beginning of the call and the temporal position of F1/4 (D1/4, s). These measures were used to calculate the three following variables: the slope of the FM upsweep (FMup, Hz s−1) [calculated as (Fmax−Fstart)/Dup]; the slope of the first quartile of the FM downsweep (FMdown1, Hz s−1) [calculated as (F 1/4−Fmax)/(D1/4−D up)]; and the slope of the last three quartiles of the FM downsweep (FMdown2, Hz s−1) [calculated as (Fend−F1/4)/(Dtot−D1/4)]. To describe the amplitude change over time, we measured two variables from the oscillogram of the signal (Fig. 1b): the mean intensity of the entire call represented by the rootmean-square signal level (RMSaver, dB), and the time at which the highest amplitude in the calls occurs (Tmax, expressed in percentage in relation to the total call duration). In order to describe the energy spectrum of the call, four variables were measured from the power spectrum calculated with linear predictive coding method (Fig. 1c): the frequency of the first peak amplitude (F max1, Hz), the frequency of the second peak amplitude (Fmax2) and the intensity of these peaks (Imax1 and Imax2, respectively, normalized by calculating the ratios Imax/RMSaver). The centre of gravity (CG, Hz) was also calculated. Statistical analysis of acoustic features All the variables described above were considered for analysis except Fstart, Dup and FMup since most of the calls lack the FM upsweep. Before analysis, data normality and variance homoscedasticity were checked, and when they failed, data were log-transformed to fit normality. To test if the calls’ acoustic characteristics differ from an individual to another and/or between days, we performed analyses of variance (ANOVAs) for repeated measures, with individual identity as the between-groups factor and day as the within-group factor (α=0.05). The ANOVAs were followed by Fisher’s protected least significance difference post-hoc tests (α=0.05). To estimate the number of distinguishable individuals through each acoustic variable, wep calculated an informa-ﬃ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ tion capacity measure: H = log 2 ½Fnðk - 1Þ=kðn  k Þ, where F corresponds to the ANOVA F ratio, n to the number
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Fig. 1 Analysis of acoustic parameters of young Nile crocodiles’ calls. a Spectrogram (window size, 1,024). Young crocodiles’ calls all share the same basic acoustic structure: a fundamental frequency strongly modulated, accompanied by 12 to 20 harmonics. Twentysix percent of the calls show two temporal segments: an initial part characterized by an ascending frequency modulation (FM upsweep)



and a second part with a descending one (FM downsweep). Seventy-three percent of the calls present only the FM downsweep. b Oscillogram; c average power spectrum calculated from the total length of the call with the LPC method (applying linear predictive coding). See text for description of measured parameters



of calls and k to the number of individuals (Beecher 1989). 2H gives a theoretical estimate of the number of potential individual signatures achievable for a given variable. Besides univariate analysis, we used a multivariate approach to test if calls could be reliably classified according to (1) the identity of their emitter and/or (2) the day of emission. These multivariate analyses were done on the variables that were identified as potentially relevant by the repeated-measures ANOVAs (i.e., with p value 


accompanied by 12 to 20 harmonics (Fig. 1; Table 1). Twenty-six percent of the calls show two parts (Fig. 1a): a FM upsweep, characterized by a fundamental frequency starting at a low value of 521±185 Hz and rising to a maximal value of 763±175 Hz, followed by a FM downsweep, characterized by a fundamental frequency decreasing from the maximal value down to 226±49 Hz. Seventy-three percent of the recorded calls contain only the FM downsweep. Although the call bandwidth is wide, extending over about 14 kHz, most of the spectral energy is concentrated between 3.5 and 6 kHz. The more intense harmonics are generally the fifth, sixth, seventh and eighth.



Results Acoustic structure of calls: a harmonic series strongly modulated in frequency The recorded calls all share the same basic acoustic structure: a strongly modulated fundamental frequency,



An apparently weak individual signature For all acoustic variables, variance analyses reveal significant differences between individuals (Table 1; S1, S2 and S3 give an example of calls emitted by three different crocodiles on the first day after hatching). Nevertheless, Fisher’s least significance difference results show that no single variable permits the discrimination of an individual crocodile (Table 1). Moreover, the number of potential individual signatures for each variable never exceeds 9 and reaches only 2–4 for most of the considered variables
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Table 1 Mean±SD and analysis of variance of the measured variables for the ten individuals, a to j Variable



Dtot (n=400) Dup (n=104) Ddown (n=400) D1/4 (n=400) Fstart (n=104) Fmax (n=400) F1/4 (n=400) Fend (n=400) FMup (n=104) FMdown1 (n=400) FMdown2 (n=400) RMSaver (n=400) Tmax in percent (n=400) Fmax1 (n=400) Imax1 (n=400) Fmax2 (n=372) Imax2 (n=372) CG (n=400)



Mean±SD



206±39 ms 42±49 ms 194±34 ms 49±9 ms 521±185 Hz 763±175 Hz 497±80 Hz 226±49 Hz 5.04±3.06 kHz −5.44±3.01 kHz/s −2.55±0.92 kHz/s 0.098±0.056 Pa 40.16±12.57 3.0±1.49 kHz 50±9 dB 8.99±1.45 kHz 21±13 dB 1.42±1.13 kHz



ANOVA



Fisher LSD; groups of non-distinguishable crocodiles



df



F value



p value



9



18.5






9 9



15.7 15.7






9 9 9



56.0 86.0 22.7






9 9 9 9 9 9 9 9 9



25.2 5.5 21.1 6.3 15.2 13.8 5.4 2.2 23.3






(f,g,h,j)(a,e,i)(c,d,e)(b,c,d) Not studied (a,h,i,j)(f,h,i,j)(e,f,i)(a,e,d)(a,c,d)(b) (g,h,i,j)(f,h,i,j)(e,f,i)(a,d,e)(a,c,d)(b) Not studied (a,b,e,i)(a,b,i,j)(f,h)(g,j)(d)(c) (b,f)(b,j)(e,j)(e,i)(d,g)(h)(a)(c) (b,c,d,f,i)(c,d,i,j)(a,e,h)(g) Not studied (a,g,h,j)(a,d,h,j)(b,e,i)(c)(f) (c,d,e,f,h,i,j)(a,b,h)(a,g) (a,e,j)(a,e,h)(d,e,h)(b,c,d)(g,i)(f,j) (a,c,d,e,f,g,i)(a,b,c,g,i,j)(h) (a,f,g)(a,h,j)(b,c,i)(c,d,i)(d,e,i) (a,c,d,e,h,j)(d,f,j)(g,i)(b) (a,c,e,f,g,h,j)(b,d,i)(i,j) (a,b,c,e,f,g,h,i)(c,e,f,g,h,j)(a,b,d,i) (f,h,j)(a,c,i)(b,c,i)(b,d,c)(b,d,e)(a,j)(g)



Information capacity measure H



2H



2.05



4.13



1.93 1.93



3.81 3.81



2.85 3.16 2.19



7.19 8.91 4.58



2.27 1.17 2.14 1.27 1.91 1.84 1.16 0.51 2.21



4.82 2.25 4.41 2.41 3.75 3.57 2.23 1.42 4.64



The ten crocodiles (a to j) came from five different clutches as follows: (a,b)(c,d,e)(f)(g,h)(i,j). Dtot (s) total duration of the call; Dup (s) duration of the FM upsweep; Ddown (s) duration of the FM downsweep; D1/4 (s) duration between the beginning of the call and the temporal position of F1/4; Fstart (Hz) start frequency; Fmax (Hz) maximal frequency; F1/4 (Hz) frequency at the first quartile of the FM downsweep; Fend (Hz) final frequency; FMup (Hz s−1 ) slope of the FM upsweep [calculated as (Fmax−Fstart)/Dup]; FMdown1 (Hz s−1 ) slope of the first quartile of the FM downsweep [calculated as (F1/4−Fmax)/(D1/4−Dup)]; FMdown2 (Hz s−1 ) slope of the last three quartiles of the FM downsweep [calculated as (Fend−F1/4)/(Dtot−D1/4)]; RMSaver (dB) root-mean-square signal level; Tmax (expressed in percentage in relation to the total call) duration time at which the highest amplitude in the calls occurs; Fmax1 (Hz) frequency of the first peak amplitude; Fmax2 (Hz) frequency of the second peak amplitude; Imax1 and Imax2 intensity of Fmax1 and Fmax2, respectively, normalized by calculating the ratios Imax/RMSaver; CG (Hz) centre of gravity



(Table 1). Frequency cues, especially F1/4 and Fmax, appear as the most individualized variables, whereas temporal cues seem less relevant. The results of the multivariate approach also suggest a weak individual signature since only 61% of the calls are correctly classified by the discriminant analysis (number of variables, 15; Wilk’s lambda, 0.064; F=8.45; p


and Fend decrease with age (F1/4 at day 0=515±70 Hz, at day 3= 483±84 Hz; Fend at day 0=250±58 Hz, at day 4=210±39 Hz). However, it remains difficult to assign a given call to a given age by a multivariate analysis procedure as the discriminant analysis correctly classifies only 43% of calls (number of variables, 10; Wilk’s lambda, 0.756; F=3.48; p


Modifications of call characteristics within the first days of life



Discussion



Our results show that the acoustic structure of the crocodile call changes from day to day between hatching and the fourth day of life. Ten of the 15 variables analysed show significant differences (Table 2; S1, S4 and S5 give an example of call emitted by the same individual on the first 3 days after hatching). Whereas variables linked to frequency modulation (slopes) remain stable, variables related to call duration (Dtot, Ddown, D1/4) and to the fundamental frequency (F1/4 and Fend) vary with emission day. Some variables (RMSaver, Imax1, CG) seem to vary on a random basis between day 0 and day 3. Conversely, F1/4



This study aimed to assess (1) the possibility of an individual vocal signature in the calls of young Nile crocodiles and (2) the modifications affecting calls between hatching and the fourth day of age. Our results show first that it may be difficult to distinguish between individuals on the basis of their vocalisations alone, and, second, that the acoustic structure of the calls changes during the days following hatching. The lack of a strongly defined individual signature in young calls makes vocal recognition by the mother unlikely. It is of course possible that another communica-
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Table 2 Analysis of variance of the measured variables for the 4 days (D0–D3) after hatching Variable



Dtot Ddown D1/4 Fmax F1/4 Fend FMdown1 FMdown2 RMSaver Tmax (%) Fmax1 Imax1 Fmax2 Imax2 CG



ANOVA



Fisher LSD; groups of non-distinguishable emission days



df



F value



p value



3 3 3 3 3 3 3 3 3 3 3 3 3 3 3



5.2 8.7 8.6 1.0 12.0 20.0 0.6 0.16 14.3 2.7 13.1 14.1 1.1 2.1 23.2



0.002 


tion channel, e.g., chemical, olfactory or visual, could intervene, or that there would be a simpler ‘clutch’ signature instead of an ‘individual’ one. Thus, this study does not eliminate the potential for individual or clutch recognition, but merely shows that if it does occur, then it is unlikely to be through vocal means alone. Another possibility is that the young themselves recognize their mother through means that remain to be discovered. A final hypothesis could be that parental care is not restricted to the direct descendants. As adult crocodiles do not provide food but only repel predators, the cost of parental care could be trivial, and it is possible that the protection given to offspring is more collective than it was previously thought. Nile crocodiles are one of the more social crocodilian species; however, the extent to which they might show group parental care remains unclear. Finally, some authors emphasised the differences between regular “post-hatching calls,” which are emitted by the young emerging from the nest without any apparent stressing stimulus, and “distress calls”, which are produced when the animals are seized. Measurable differences between both calls’ structures have not yet been detected (Campbell 1973; Herzog and Burghardt 1977), and post-hatching, as well as distress calls, seems to have the function of eliciting adult assistance. However, there are some data in other animal groups showing that individual differences may be fewer in distress calls than in other types of signals (e.g., in birds, Charrier et al. 2001). Thus, it will be necessary to assess individual signature in naturally occurring hatching calls before generalizing the present result. Our results also emphasise that the fundamental frequency of the calls decreases with young crocodile age. A



(D0) (D1,D2,D3) (D0) (D1,D2,D3) (D0) (D1,D2,D3) (D0,D1,D2,D3) (D0) (D1.D2) (D2.D3) (D0) (D1.D2) (D3) (D0,D1,D2,D3) (D0,D1,D2,D3) (D0,D2) (D1) (D0,D3) (D0) (D1,D2,D3) (D0) (D1,D2,D3) (D0.D2) (D1) (D3) (D0,D1,D2,D3) (D0,D1,D2,D3) (D0) (D2.D3) (D1)



possible consequence is that a crocodile mother could be able to assess its offspring’s age/size and adapt its behaviour accordingly. Acknowledgments We warmly thank Luc Fougeirol and Clémentine Vignal for their support and advice, Erik Zornik for English improvement, as well as two anonymous referees and Dr. Czeschlik for their useful comments. This study was funded by ‘La Ferme aux Crocodiles’ and by a grant of the Institut universitaire de France (IUF) to N.M. This work complies with the current laws of France.
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