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Abstract

Early development of the Alpine marmot (Marmota marmota), was investigated from birth to shortly after emergence for 13 pups born in captivity. Fifty variables relative to behavioural development and physical maturation were monitored each day. It appeared that most of the variability of the early development between juveniles resulted from differences in their body condition. Poorer body condition was associated with delayed early development.

The Alpine marmot typically has the same sequence of development that other altricial sciurid species except for the occurrence of hearing compared to the age of olfactory exploration and eyes opening. It seems that this specific pattern may be related to habitat (open or closed). The Alpine marmot has one of the slowest timing of development among squirrels and is among the heaviest species. However, tree squirrels tend to have a slower timing of development than ground squirrels although they are lighter. We propose that accelerated ontogeny of hibernators and allometric constraints act in opposite ways to shape the timing of development of sciurid rodents.
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Résumé

Le développement précoce de la marmotte alpine a été étudié entre la naissance et l'émergence, chez 13 marmottons nés en captivité. 50 variables physiques et comportementales ont été testées chaque jour. Les résultats obtenus montrent que la plus grande part de la variabilité interindividuelle est le résultat de différences dans la condition physique des jeunes. Une mauvaise condition est associée avec un développement retardé.

La marmotte alpine présente la même séquence de développement comportemental que les autres espèces altriciales de sciuridés excepté pour l'âge de première apparition de l'audition par rapport à celui d'ouverture des yeux et de l'exploration olfactive. Il apparaît que cette particularité pourrait être mise en relation avec le type d'habitat (ouvert ou fermé) de l'espèce considérée. La marmotte alpine présente l'un des développements les plus lents parmi les sciuridés et se positionne parmi les espèces les plus lourdes. Cependant, les écureuils arboricoles tendent à avoir un développement plus lent que celui des écureuils terrestres. Nous proposons l'hypothèse que la vitesse de développement des sciuridés est façonnée à la fois par l'ontogenèse accélérée associée aux écureuils hibernants et les contraintes allométriques, agissant en sens contraire.

Introduction
There is a body of theoretical work devoted to early development among sciurid rodents (e.g. Hirshfeld and Bradley 1977, Levenson 1979, Koeppl and Hoffmann 1981, Ferron and Ouellet 1985, Viljoen and Du Toit 1985). However, if growth and mass gain are well documented, few studies were devoted to behavioural ontogeny (Horwich 1972, Ferron 1984, Ferron and Ouellet 1991), or often anecdotal (e.g. Shaw 1925, Gander 1930, Blair 1942, Clark and Skryja 1969). In particular, we know little about the early development of marmots (Ferron and Ouellet 1991).

The Alpine marmot (Marmota marmota) is a hibernating species. Females give birth in a burrow to altricial neonates as other ground-dwelling squirrels (Marmota, Spermophilus and Cynomys spp.). Therefore pups from all species of ground-dwelling squirrels are reared under similar conditions from birth to the first emergence above ground and probably undergo similar selection pressures. The ontogeny of the Alpine marmot is then expected to follow a sequence of development similar to other hibernating ground squirrels as suggested by Ferron (1991). We describe here the early ontogeny of 13 captive juvenile Alpine marmots from birth to weaning.

Interindividual variability of the early development results from interactions between environmental factors and individuals as early as their conception (Case 1978). Food restriction as well as environmental manipulation during the early postnatal period are well known to induce pervasive and frequently persistent perturbations of the development (Levine and Otis 1958, Denenberg 1964, Barnes, et al. 1968, Altman, et al. 1970, Levitsky and Barnes 1970, Sykes and Cheyne 1976, Hall, et al. 1979), up to abnormalities in bone and muscle development, and associated reduction in growth rate (Platt and Stewart 1962). Furthermore, in addition to natural interindividual variability, differences in body condition between young might induce some variability of their early development. Here, we investigated for an interindividual variability in early development of Alpine marmot correlated to body condition of pups.

There is a great variability among mammalian species growth patterns too (Zullinger, et al. 1984, Kirkwood 1985, Pontier, et al. 1989). This interspecific variability reflects phylogenetical, ecological and allometrical constraints (Ferron 1981, Peters 1983, Gaillard, et al. 1997). Sciurid rodents show both a great variability of habitat used as well as adult body mass. Moreover, accelerated ontogeny has been highlighted as a distinct advantage for hibernating ground squirrels that have to grow fast and store enough fat in a limited time to survive hibernation (Clark 1970). We then compared the behavioural ontogeny of 7 sciurid species belonging to ground squirrels, tree squirrels and flying squirrels.

Materials and Methods

The social unit

The Alpine marmot is a monogamous and territorial ground-dwelling squirrel (Perrin, et al. 1993, Perrin, et al. 1993). Family groups are composed of an adult  male and  female generally monogamous (Goossens, et al. 1996, Goossens, et al. 1998), and their offspring from successive litters. Mating takes place in early April, two weeks following emergence from hibernation. After 30 days of gestation (Psenner 1957), the resident female gives birth to 2 to 7 pups (Allainé, et al. 1998), in a room of the burrow shared with other family group members. Pups lactate within the burrow and emerge above ground when weaned and mobile enough to avoid predators.

Trapping and Housing condition

Marmots were captured in box-traps with a central release in the Haute Maurienne valley in the French Alps (45(29'N, 6(59'E). Gestation of females was diagnosed in the field by manual palpation and confirmed with X-ray photographs a week prior to parturition. Pregnant females were housed in two-room cages 90x70x50 cm per room, connected by a pipe 18cm in diameter and 60cm in length. The first room was the nest chamber, filled with hay and maintained in complete darkness excepted a red light for observation and a highly sensitive camera for recording. The second room was provided with sawdust, food and water ad libitum, and was lighted under artificial light following the natural photoperiod which allowed for direct observations.

Data recording

Thirteen juveniles belonging to three different litters (A, B and C) have been monitored from birth to their 55th day. We identified pups by the letter of their litter and by a number.

At birth, pups were sexed according to their ano-genital length (AGL) (Zelenka 1965) and individually marked with an odourless felt-tip pen. Each day, pups were measured, weighed and their behaviour was observed and tested. However, to avoid disturbing mothers, some pups were not handled before the second days. When fur appeared, young were marked with eosin, a more permanent dye. Handling was made each day at the same time with a different pair of surgical gloves for each litter to minimise disturbance and to avoid mixing odours on pups. Fifty variables including eight points of body development and 42 behavioural items were daily monitored and tested from birth to the 8th week. We used the method of Ferron (1981, 1984) and Ferron and Ouellet (1991) to record behavioural development.

Interindividual variability analysis

To investigate age variability in which these behaviours appeared, we split the 50 variables in six categories: Physical Maturation (PM), Locomotion (L), Comfort (C), Alert and Exploration (AE), Feeding (F), and Social behaviours (S). We then performed Principal Component Analyses (PCA) on each table relative to each variable category. Tables were composed of the 13 lines (individuals) and five columns (behaviours). Only five variables were taken into account for each category because of theoretical constraints of the PCAs performed on small samples. The choice of these five behaviours in each category was made according to their high coefficient of variation. PCAs were performed using ADE v4 software (Chessel and Doledec 1996).

We considered that body mass has two components: a structural one relative to the skeleton size and another one relative to the body condition (Dobson 1992). We estimated the structural component of pups performing a PCA on four skeleton measurements: Total length (TL), Tibia length (TL), Ulna length (UL) and Zygomatic arch breadth (ZB). Scores on the first axis represent a skeletal size index. We regressed this skeletal index on the natural logarithm of the total body mass. The residuals of the regression constituted an index of pup condition. Correlation between juvenile condition and the timing of early development was investigated using Spearman rank correlation test.

Interspecific analysis

Recording behavioral development has only recently been standardised (Ferron 1981), and any comparison between species is difficult (Horwich 1972). Only six squirrel species, including M. marmota have been studied with comparable methods: Spermophilus columbianus, S. lateralis and M. monax (ground squirrels), Tamiasciurus hudsonicus (Tree squirrel) and Glaucomys sabrinus (Flying squirrel) (Ferron 1981, Ferron and Ouellet 1991). Incomplete data are also available for Sciurus carolinensis (Horwich 1972). We then mainly referred to these 7 species. We first compared sequence and timing of early development of the marmot species using respectively a Spearman rank correlation test and a sign test. Data concerning mean and standard deviation were available and allowed us to compare the variability in age of appearance of each behaviour using coefficients of variation. Comparison of the sequence of early development between all species was performed using a Friedman test. Nonparametric tests used to compare early development of these sciurid species were performed using SIMSTATW v1.21 software (Péladeau 1997).

Results

Five pregnant females were caught between the end of April and mid May 1996. Five litters (A, B, C, D, and E) were born between May 16th and May 27th. Litter sizes at birth were respectively 7, 4, 5, 3, and 5 (
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=4.8, SD=1.48). Two litters were lost. Litter D was eaten by the mother three days following birth and pups of litter E died because of lack of mother care within the first week. Mother of litter A ate three of her young at birth.  We provided milk to two pups of litter A at 15 and 25 days because of their extreme scrawniness and dehydration. Pups that died were significantly (Mann-Whitney U test, U=6.0, p=0.0003) lighter at birth (
[image: image2.wmf]x

=27.73, SD=2.56), than pups that were successfully reared up to weaning (
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=34.9, SD=3.0).

Males had longer AGL than females at birth (
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=4.70 mm ± 0.96; 
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=2.62 mm ± 0.61; t-test, t=4.01, p=0.001). Because we were unable to sex the pups eaten by mother A, only 21 of the 24 neonates were sexed. The sex ratio (number of males / litter size) was 0.62, 13 to 8, males to females. If we exclude the litter A in which 3 pups were not sexed, the overall sex ratio was 0.59. All pups could not be weighed at birth; therefore, pups were weighed at the age of two days. They weighed in average 33.14g (range 25g - 42g). Their total length from the snout to the beginning of the tail ranged from 10cm to 11cm. They were born hairless excepted very short vibrissae and several thin hairs around the snout. Pinnae were in down position and the auditory canal was closed hermetically. All toes were fused together and nails were translucent. The skin was pink, wrinkled and somewhat flaccid. Head was roughly cylindrical with a hooked nose. Eyeballs were flat and made a dark spot under the skin.

Behavioural Development

First week

Pups had disorganised movements when searching for mother's teats (i.e. rooting). They were able to reorient themselves onto their belly after 4 to 120 seconds when we put them on their back. Similar to Marmota monax (Hamilton 1934, Ferron and Ouellet 1991), they emitted weak vocalizations mainly when they were attached to teats or disturbed. By the second day, young could move short distances using only their forelegs. Lack of coordination caused them to walk around usually always on the same side (circular crawling). At the end of the first week, the improvement of neuromuscular coordination allowed forward linear crawling using exclusively their forelegs.

Second week

Rooting and circular crawling disappeared. The neuromuscular coordination was sufficient to allow backward linear crawling to avoid unpleasant stimuli and pups turned their head away when touched. Pups Alpine marmots stretched one's body lying on a side and closed their hands spasmodically. When they were tickled, pups scratched themselves with hind legs but without orientation of the leg or of the head toward the stimulating zone.

Third week

When pups were tickled, they tried to scratch themselves with their hind legs, pointing their legs towards the stimulated zone but without contacting it. When they rolled onto their side or back, they were able to reorient themselves immediately on their belly. They began to use their hind legs and they grasped objects touching their fore paws. They walk irregularly and when they were startled, they hold up their head. This tetrapod movement was characterized by the body lifting up off the ground with the belly and the chin scrapping against the floor; but pup regularly fell down again. Hind paws closed spasmodically.

fourth week

When they were tickled, pups scratched their body with effective contact of their hind legs with the stimulating zone and their head directed toward it. Pups walked on all four but the chin still scrapped the floor.

fifth week

Pups had regular walking without the help of their chin. They grasped objects that touched their feet. Sometimes, pups tried to whistle like adult marmots but the emitted sound was just hiccup series. Juveniles climbed spontaneously over objects instead of turning around or trying to go below. They began to lick anything they encountered. They slept in a "curled sitting posture" (Ferron and Ouellet 1991) as adults. Teat seeking disappeared and sign of anal gland evagination occurred when handled.

Sixth week

Juveniles can shake their body and self-scratching was now performed on three feet. During alert, juveniles adopted a typical sitting posture and they whistled like adults. They were sufficiently skilful to climb obstacles of 30cm high. They washed their fur and all their body and cleaned their face with one fore leg. They nibbled all objects they approached. At this age, pups interacted socially with each other. Typically they performed social grooming, play, sniffing and greeting. From the day 39, they began to actively explore their nest chamber and to investigate the pipe leading to the light. They ingested solid food standing up on their four legs. Around day 40, they mutually bit each other and during handling anal glands were fully evaginated. External stimulation with a wet brush no longer induced excretion. Pups were able to eat on three feet holding food in a single fore paw. Stretching was performed on the belly without rolling on one side. During encounters with sibling they performed tooth chattering. The first emergence from the dark room occurred around day 43.

Seventh week

Pup alpine marmots had sufficient neuromuscular coordination to run without falling. They exhibited their teeth during the play with siblings. They were able to jump and they could eat in a sitting posture holding food with their two fore paws. They drunk water, brought hay back in the nest and performed tail flagging when meeting a play partner.

Eighth week

Pups began to use latrines, stood up in an upright posture during alert and had tail piloerection when participating in agonistic confrontations. They could bite when handled. They washed their face in a sitting posture with their two hands. They pulled out food from siblings and sometimes hid their faeces taking back hay with a fore leg.

Interindividual variability and body condition

Mean, range and standard deviation of age at which the 50 variables occurred, are given in table 1. Coefficient of variations of the age of first appearance of each behaviour were relatively low (
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) and constant except for FLC which is near 99.5%. However, the mean age of first appearance of forward linear crawling is the fourth day (
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), except one pup for which it is the fifteenth day.

The five variables chosen in each category are marked with an asterisk in table 1. The six PCAs showed the same pattern where all the 5 variables of each category were correlated in the same way with the first axis of each PCA. Eigenvalues and correlation circle of the PCA on feeding behaviours are given in figure 1a and 1b. This singular pattern indicates the occurrence of a "size effect" in all the six PCA. Our data set containing ages at which appear variables, the first axis in the six PCAs represents an index of increasing precocity. The general pattern then opposed pups of litter A the least precocious to all other juveniles (figure 1c). In all the six analyses but one, litter A was split into two groups: A3 and A4 less precocious than A1 and A2. For all six categories, the ordination of pups along the first axis from the least to the most precocious was A4 and A3, A2 and A1, litters B and C. The ordination of pups according to the precocity of their development was determine by a Friedman test on the ordination of pups along the first axis of the six PCA (
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=51.38; df=12; p=0.0001).

The regression of the skeletal index on the natural logarithm of the body mass was strongly significant (R2=0.9845, p<10-5) and residuals were used as an indication of the body condition of pups. Mean condition of pups measured on different times was positively correlated with the precocity of development and particularly during the first two weeks (Table 2).

Interspecific analysis of early development

Sequence of early development is almost identical between the two marmot species M. marmota and M. monax (Spearman rank correlation, r=0.91, n=37, p<0.0001), but the timing of early development of M. marmota is strongly delayed compare to M. monax (Sign test, n=37, Z=3.29, p=0.001). We compared the variability of the first appearance of each behaviour for this two species. Each behavior's coefficient of variation was similar for the two marmot species except for FLC which was about 0% for M. monax and 99.5% for M. marmota. However, this great variability probably resulted from a unique pups and would not be considered as a general trend. Moreover, no systematic bias was found between the variability of these two species. (Sign test on coefficient of variation, n=35, Z=1.35; P=0.18).

Sequence of early development is also similar across 6 squirrel species (Friedman test on the age of appearance of 34 behaviours for 6 species of squirrels M. marmota (This study), M. monax (Ferron and Ouellet 1991), S. columbianus, S. lateralis, T. hudsonicus and G. sabrinus (Ferron, J. 1981, 1984); c2=179.85, df=33, p<0.00001). We ranked these 6 squirrel species plus S. carolinensis according to their precocity of development using a Friedman test on age of occurrence of all the same behaviours available (n=22; 
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=70.87; df=6; p<0.00001). The observed rank from the more precocious to the latest is S columbianus, S. lateralis, M. monax, T. hudsonicus, S. carolinensis, G. sabrinus and M. marmota. Table 3 gives adult body mass and hibernating status for these 7 species. According allometric constraints, a negative relationship between adult body mass and precocity of development is expected but not such relationship was observed (Spearman rank correlation test, r=-0.14, n=7, p=0.760).

Discussion

Neonates disappearance

Eleven neonates were cannibalized during the week after birth. We could not determine if mothers have killed their pups or eaten them after their natural death. The early death of such a proportion of newborn young seems to be too high and lead us to suspect mothers killing all or some of their litter. Although species, such as the guinea-pig (Caviaca porcellus) never eat their new-borns (J. Coulon, Pers. Com.), cannibalism and infanticide at birth are common in mammals and particularly among rodents (Ostermeyer and Elwood 1983, Labov, et al. 1985, Elwood 1992).

Catching and handling wild animals associated with the stress of captivity may incite mothers to kill their young. However, disappearing pups were significantly lighter and Ferron's experiment on M. monax doesn't experiment the same mortality (Ferron and Ouellet 1991).

Maternal infanticide was once described as a manifestation of social pathology (see Labov, et al. 1985, for a review). Suggestion that it might be part of reproductive strategy that maximises inclusive fitness has emerged during the past twenty years (Wilson 1975, Hrdy 1977). Indeed, mothers may kill newborns to adjust the litter size to the number of offspring they can rear successfully (Labov, et al. 1985). This can be observed in case of large litters (Day and Galef 1977, Gandelman and Simon 1978), of food shortage (Bronson and Marsteller 1985, Perrigo 1987), and of disturbance to the pups (De Santis and Schmaltz 1984), or to the parents (Rowel 1961, Zymny 1965, Lane-Petter 1968). Females may also manipulate litter sex ratio to increase their fitness (see Clutton-Brock and Iason 1986, for a review). But killing the young might also be a way to limit the loss of energy invested in reproduction as it failed (De Santis and Schmaltz 1984). If mother can detect the bad value of certain pups as suggested by Reynolds (1981) and De Santis (1984), she could kill them to avoid the cost of lactation that is the main cost of reproduction (Oftedal 1985). Our results do not allow us to choose among these explanations.

Intraspecific variability and body condition

The first age of appearance for each behavior varied greatly among pups. Pups can be ranked along an axis of precocity for every behavior considered. Prematurity may explain why several pups are less precocious than others. Captivity may be stressful to the mother and cause pups to be born prematurely. In this case, they will be lighter and their development might be delayed.

However, prematurity does not explain within litter differences. Moreover our results show that body condition of newborns, particularly during the first two weeks after birth, was the main factor that shaped the timing of their early development. Pups in better body condition during the first two weeks develop faster.

Two main causes might explain body condition differences between and within litters. Stress of capture and captivity might decrease the quantity and/or quality milk production. Because mothers did not react similarly to the stress of the capture and to captivity, it might induce between litters differences in body condition of pups and then influence their timing of early development. Indeed, bad mother nutrition during gestation and/or undernurrishment during the lactating period is well known to delay various aspects of psychomotor development (Frankova and Barnes 1968, Ottinger and Tanabe 1968, Altman, et al. 1971, Smart and Dobbing 1971, Massaro, et al. 1974, Hall, et al. 1979), social ontogeny, and exploratory activity (Simonson, et al. 1967, Simonson, et al. 1969, Frankova 1973, Sykes and Cheyne 1976) of pups as soon as the first week of life. Within litter differences in body condition may result from sibling competition. Indeed, after several days two pups of the litter A (A1 & A2) have supplanted the two other ones (A3 & A4). The total nutriment production of the mother was probably low and A1 & A2 monopolised most of the mother nutriment production during pregnancy and lactating period (Altman, et al. 1970). Great differences in body mass, size and locomotor abilities within litters at the time of emergence, was similarly observed in the field. We propose then that the degree of variability between sibling at the time of emergence represents the degree of between-sibling competition for resource from pregnancy to the end of lactating period.

Interspecific approach of the early development

Sequence of early development

Sequence of early development is almost identical between the two marmot species M. marmota and M. monax. Both these species are altricial species that stay in a burrow during all the pre-weaning period (Ferron 1981) and have to cope with similar selection pressure shaping their pattern of development. It appeared that the sequence of early development between birth and weaning is also similar across 7 squirrel species belonging to different group M. marmota (This study), M. monax (Ferron and Ouellet 1991), S. columbianus, S. lateralis, T. hudsonicus and G. sabrinus (Ferron, J. 1981, 1984) and Sciurus carolinensis (Horwich 1972).
The main difference between sequences of development among squirrel species appeared to be the age of hearing compared to the age at which eyes were fully opened (Table 4). Opening of the eyes occurred in S. columbianus, M. monax and M. marmota few days before hearing whereas it occurred nearly ten days after hearing in S. lateralis, T. hudsonicus and G. sabrinus. Moreover the three species which hear before seeing, begin olfactory exploration before seeing too. In all cases but M. monax, olfactory exploration begins before opening of the eyes. Then, two kinds of development occur among squirrels. In some species auditory function appears before olfactory and visual functions whereas other species have olfactory and visual functions before hearing. Neither the social level and the time of emergence nor the allometric relationship between the body mass and the length of early development period may explain this difference (Table 4). However, species inhabiting open habitat develop vision and olfactory functions first, whereas species inhabiting closed habitat develop hearing first (Table 4). The faster development of hearing is thus correlated with the reduced possibility to detect predators by the sight or the olfaction. This observed pattern would be a component of reproductive strategy that maximises survival of pups at the time of emergence under predation risk.

Timing of early development

Our study shows that the timing of development is related to the age of emergence (Ferron 1981; 1984). The timing of early development of M. marmota is strongly delayed compare to M. monax. However, among the 37 variables available for the two species, five appeared at a younger age in M. marmota than in M. monax and three at the same age (Table 5). Among these eight behaviours, three of them are related to walking, three others to sociality for which the Alpine marmot have the highest level among marmots, and the two last to neural maturation. At this time we are unable to propose any explanation for this specific pattern.

According to the allometric effect of body mass (Peters 1983) we may expect a negative relationship between the precocity of development and the adult body mass of the species considered (Case 1978, Ferron and Ouellet 1985). We do not observe such a relationship (Table 3). We rather observe that non-hibernating species are less precocious than hibernating species excepted M. marmota, which is the heaviest one. This may be the consequence of an accelerated ontogeny among ground squirrels as proposed by Neal (1965) and Clark (1970) that allows them to develop enough to survive hibernation.

We then propose that the pattern of early development in squirrels is governed at least by two factors acting in an opposite way. First, according to the allometric constraints, early development should be delayed in larger species. Indeed among hibernating species, we observe a negative relationship between the precocity of the development and the adult body mass as expected from allometric laws. Second, according to the accelerated ontogeny hypothesis, early development should be more precocious among hibernators. Combining these constraints allows to better understand why Spermophiles are more precocious for their early development than lighter non-hibernators squirrel species such as G. sabrinus and T. hudsonicus. Probably the allometric constraint is too high for allowing M. marmota to become more precocious than lighter non-hibernating species. However, more data are needed to better understand how these factors determine the timing of the early development. Particularly, several confounding factors may act upon development. Non-hibernating studied species are also tree or flying squirrels and their specific habitat seems correlated with complex locomotion (Ferron, J. 1981, 1984), and thus delayed development. Non-hibernating status acts then in the same way than the complexity of habitat.

The ontogeny of sciurids depends on many factors. Two major kinds of factors shape the ontogeny. The first one such as the type of landscape inhabited, the social level and the size may act through natural selection to shape the genetic basis of the ontogeny. The second kind of factor such as resource availability may act directly upon ontogeny mainly by delaying it. More studies concerning different populations of a species, as well as numerous different sciurid species inhabiting very different habitats and with different ways of life are needed before beginning to obtain a global sight of their development process.
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