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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 as well as body mass 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 as 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 the kind of environment (open or closed). The Alpine marmot has one of the slowest timing of development among ground dwelling 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 both accelerated ontogeny of hibernators and allometric constraints act in opposite ways to shape the timing of development of sciurid rodents.
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Introduction
Early development from birth to weaning is a crucial process as it shapes all future abilities of new individuals and the duration of the pre-weaning periods during which pups are especially vulnerable to environmental pressures [Robbins, 1979 #3921; Price, 1985 #3920]. Early development affects the quantity and the quality of the lineage of these organisms [Trivers, 1973 #231; Trivers, 1985 #103], and thus it represents an important component of mammalian reproductive strategy [see \Stearns, 1976 #987; Stearns, 1992 #1944, for a review].

There is great variability among mammalian growth patterns [Zullinger, 1984 #3923; Kirkwood, 1985 #3924; Pontier, 1989 #1924]. Interspecific variability is a phylogenetic character which reflects evolutionary differences between species [Gaillard, 1997 #1979] whereas interindividual variability results from interactions between environmental factors and individuals as early as their conception [Case, 1978 #1628]. 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, 1958 #2363; Denenberg, 1964 #2361; Barnes, 1968 #2358; Altman, 1970 #2346; Levitsky, 1970 #2364; Sykes, 1976 #2347; Hall, 1979 #2344], up to abnormalities in bone and muscle development and associated reduction in growth rate [Platt, 1962 #2367]. Undernourishment acts upon many kinds of behaviour such as locomotion [Gramsbergen, 1992 #2339], alertness, exploration [Hall, 1979 #2344] and sociality [Frankova, 1973 #2349]. The lack of milk increases resource competition within litters and leads stronger pups to monopolize all available milk [Altman, 1970 #2346, this study]. Remaining young fade away and die. In this case, a great variability between juveniles belonging to the same litter is thus expected .

There is a body of theoretical work devoted to early development among sciurid rodents [e.g. \Hirshfeld, 1977 #1667; Levenson, 1979 #1297; Koeppl, 1981 #1301; Ferron, 1985 #1307; Viljoen, 1985 #1295]. Development usually expresses the adaptation of organisms to their environment [Case, 1978 #1628; Robbins, 1979 #3921; Robbins, 1983 #3922]. Particularly, accelerated ontogeny would be 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 #904]. If growth and mass gain are well documented, there are few studies devoted to behavioural ontogeny [[Horwich, 1972 #2119; Ferron, 1984 #2134; Ferron, 1991 #1595]], and mainly anecdotal and descriptive [e.g. \Shaw, 1925 #2107; Gander, 1930 #2122; Blair, 1942 #2121; Clark, 1969 #1671].

We know little about the early development of marmots [Ferron, 1991 #692]. Moreover, the lack of any standardised method applied to behavioural data recording precludes comparisons between species [but see \Horwich, 1972 #2119; Ferron, 1981 #1300]. Furthermore, interspecific analyses should be performed cautiously because intraspecific variability may be greater than interspecific one [Wroot, 1987 #1972; Ferron, 1984 #2134].

The Alpine marmot (Marmota marmota) is an 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). Furthermore, in addition to natural interindividual variability, differences in body condition between young might induce some variability of their early development.

We describe here the behavioural ontogeny and body development during the pre-weaning period of 13 alpine marmots born in captivity, and we investigate the effect of body condition of the pups on their early development.

Methods and Materials

The social unit

The Alpine marmot is a monogamous and territorial ground-dwelling squirrel [Perrin, 1993 #498]. Family groups are composed of an adult pair; one adult male and one adult female which mates exclusively with each other [but see \Goossens, 1996 #1815]; and of their offspring of successive litters. Mating takes place in early April during the two weeks following emergence from hibernation. After 30 days of gestation, the resident female gives birth to 2 to 7 pups in a room of a burrow shared with other family group members. Pups stay in this burrow during all the lactating period and emerge above ground as soon as they are able to eat solid food and to move well enough to escape from predators.

Trapping and Housing condition

Capture sessions were made in the Haute Maurienne valley in the French Alps (45°29'N, 6°59'E). Marmots were caught with box-traps with central. Gestation of females were diagnosed in the field by manual palpation and confirmed with X-ray photographs in the week before parturition.

Pregnant females were housed in cages composed of two rooms of the same size (90x70x50 cm), connected up together with a pipe of 18cm diameter and 60cm length. The first room was the nest chamber, that was full of hay and maintained in complete obscurity excepted a red light for observation and recording by a high sensitive camera. The second room was provided with sawdust, food and water ad libitum, and was lighted under artificial light following the same photoperiod as in the field. It allowed direct observations.

Data recording

Pups were sexed and individually marked from the first day with felt-tip odourless. Each day, pups were measured, weighed and their behaviour was observed and tested. However not all pups were handle before the second days to avoid disturbing mothers. When fur appeared, young were marked with eosin, a more permanent dye. Handling was made each day at the same time with a pair of surgical gloves for each litter to minimise disturbance and to avoid mixing odours on pups. Fifty variables including 8 points of body development and 42 behavioural items were daily monitored and tested. Behavioural data recording and test of behavioural items was performed according to Ferron (1981; 1984) and to Ferron and Ouellet (1991). These 42 behaviours have been observed every day from birth to the 8th week.

Inter-individual variability analysis

We performed a hierarchical ANOVA to compare male and female masses within litters. 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 #931]. We estimated the structural component of the body mass of pups performing a Principal Component Analysis (PCA) on four skeleton measurements: Total length (TL), Tibia length (TL), Ulna length (UL) and Zygomatic arch breadth (ZB). Scores of the first axis of this analysis represent a skeletal index. We performed thus a simple regression of this skeletal index on the natural logarithm of the total body mass. The residuals of this regression constituted an index of pup condition.

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). Only 5 variables were taken into account for each category because of theoretical constraints of the PCAs performed on small sample. The choice of these 5 behaviours in each category was made according to their high coefficient of variation. Principal Component Analyses on each table relative to each variable categories were performed to investigate the variability of the age at which these behaviours appeared. These tables were composed of the 13 lines (individuals) and five columns (behaviours). PCAs were performed using ADE v4 software [Chessel, 1996 #2360]. Univariate statistical analyses were performed using SIMSTATW v1.21 software [Péladeau, 1997 #2366].

Results

Five pregnant females were caught between the end of April and mid May 1996. They gave birth between May 16th and May 27th to 24 juveniles belonging to 5 litters (A, B, C, D, and E). Litter sizes at birth were respectively 7, 4, 5, 3, and 5 (
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 SD=1.48). Two litters were lost within a few days. Litter D was entirely eaten by the mother during the three days following birth. Pups of litter E died because of lack of mother care. Three young of litter A were also eaten by their mother on their birth day. Finally, 13 juveniles belonging to 3 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.

Pups were sexed at birth according to their ano-genital length (AGL) [Zelenka, 1965 #3437]. At birth, males had longer AGL than females (
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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 numbers of males and females were respectively 13 and 8 for an overall sex ratio of 0.62 (number of males / litter size). If we exclude the litter A in which 3 pups were not sexed, the overall sex ratio was 0.59.

Body Development

Because we were unable to weighed all pups at birth, we compared masses of pups when they were two days old. At this age, pups weighed in average 33.14g (range 25g - 42g). Males were in average 7.78% heavier than females (F=22.58, df=1,4 p<0.0001). 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. Toes of the four limbs were all 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. Data concerning early growth  of young alpine marmots will be published elsewhere.

First week

Hair appeared from the muzzle to the end of the back. Sometimes a thin dark line appeared along the spine. Eyes began to form a ball under the skin and eyelids had a median fissure. Pinnae were now up and a fissure appeared where the auditory canal will further take place. Forefoot toes were fully separated and external hind-foot toes started to do so. Nose was turned-up and lower incisors pushed-up the gum.

Second week

Hairs appeared gradually on all four limbs, on the belly, and on the tail. Hind-foot toes were fully separated and all umbilical cords fell down. Eyeballs made big bumps under the skin and eyelids had median fold with several eyelashes. Eyelids reacted by spasmodic contractions when they were delicately touched with a finger. The anterior part of the body was far better developed than hind one.

Third week

A little white spot appeared on each upper eyelid. The lower gum was well developed. The fissure of auditory canal became deeper but was still closed.

Fourth week

Lower incisors cut the gum. Eyes started to open around the 24th day and were fully opened on the 27th day. At 30 days, auditory canals were opened and pups reacted to a sudden noise (snapping). Fur was now complete and thick.

Fifth week

Upper incisors cut the gum. Anal glands were well developed and began to be exhibited by pups when handled. At this time pups looked like adults and started a period of corporal growth only. Body no longer changed except head which was still more sharp than adults one.

Neuro-motor and 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. As Marmota monax [Hamilton, 1934 #1124; Ferron, 1991 #692], they emitted weak vocalizations mainly when they were attached to teats or when they were disturbed. Since the second day, they were able to move by themselves along short distances using only forelegs. Lack of coordination caused them to walk around usually always on the same side (circular crawling, [Ferron, 1981 #1300]). At the end of the first week, the improvement of neuromuscular coordination allowed the forward linear crawling. The forelegs mainly performed crawling while hind legs were not used in this type of movement. Rubbing a wet cotton-brush simulating mother's tongue on ano-genital zone induced excretion.

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 on a side and closed their hands spasmodically. When they were tickled, pups scratched by 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 hold up one's head at stop when they were surprised and moved with irregular walking. This tetrapod gait is characterized by the body, lifting up off the ground with the belly and the chin scrapping against the floor; but the pup is still regularly falling down. 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 noise 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, 1991 #692] as adults. Teat seeking disappeared and sign of anal gland evagination occurred when handled.

Sixth week

Juveniles began to perform body shaking 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 that 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 ligth. 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.

Mean, range and standard deviation of the ages at which the 50 variables occurred, are given in Table 1

Interindividual variability and Body condition

The five variables chosen in each category are marked with an asterisk in table 1. The 6 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. As an example, the correlation circle of the PCA on feeding behaviours is given in figure 1b. This singular pattern indicates the occurrence of a "size effect" that is that in all the 6 PCA, there is a principal effect that hides all other effects. Our data set containing ages at which appear variables, the first axis in the six PCAs represents a precocity index. 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. A Friedman test on the ordination of pups along the first axis of the six PCA is strongly significant (
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=51.38, df=12; p=0.0001) and then determine the ordination of pups along the axis of precocity. The regression of the skeletal index on the natural logarithm of the body mass was strongly significant (R2=0.9845, p<10-5) and gave us an estimation of the body condition of the pups. Spearman rank correlation tests for different duration after birth, between the mean condition of pups on these duration and the ordination of pups along the axis of precocity, indicates that the correlation between precocity of development and the body condition of pups was significant during the 8 first weeks after birth, and particularly during the first 2 weeks (Table 2). 

Discussion

Cannibalism

Cannibalism and infanticide at birth are common in mammals and particularly among rodents [Ostermeyer, 1983 #1340; Labov, 1985 #2350; Elwood, 1992 #2375]. During many years, cannibalism have been described as a manifestation of social pathology [see \Labov, 1985 #2350, for a review], but suggestion that it might be part of reproductive strategy that maximises inclusive fitness has emerged during the past twenty years [Wilson, 1975 #2380; Hrdy, 1977 #2378]. Indeed, mothers may eat newborn to adjust the litter size to the number of offspring they can rear successfully [Labov, 1985 #2350]. This can be observed in case of large litters [Day, 1977 #2377; Gandelman, 1978 #2376], of food shortage [Bronson, 1985 #2382; Perrigo, 1987 #2381], and of disturbance to the pups [De Santis, 1984 #2383], or to the parents [Rowel, 1961 #2384; Zymny, 1965 #2120; Lane-Petter, 1968 #2385]. Females may also manipulate litter composition to increase their fitness. Sex ratio adjustment is indeed considered as a way to maximize fitness [see \Clutton-Brock, 1986 #236, for a review]. But Cannibalism might be also a way to recover a part of energy invested when reproduction failed.

Captivity obviously disturbed and stressed recently trapped wild mothers. Food was provided ad libitum but was artificial one. Juveniles were eaten in a large litter (n=7). Finally, the sex ratio of the manipulated litter was 0.75 and it was 0.59 in unmanipulated ones. This latter value is exactly that observed at emergence of juveniles from natal burrow in the field (Allainé and Graziani, unpublished data). Therefore, our results do not allow us to choose among these explanations.

Intraspecific approach of the early development

Sexual dimorphism

The Alpine marmot is a monogamous mammal. Sexual selection is thus expected to be low and consequently sexual dimorphism is expected to be low or absent [Kleiman, 1977 #1612; Mock, 1990 #1613]. Our results showed that there is a small but significant sexual size dimorphism at birth. Juvenile males were heavier than juvenile females. Such sexual dimorphism does not exist in Marmota monax [Ferron, 1991 #692] although adult males were slightly heavier than adult females [Snyder, 1961 #2371; Nuckle, 1982 #2365]. This dimorphism of juvenile alpine marmots is still observed at weaning [Allainé, 1998 #2356]. We then suspect that mothers may provide more care to their sons than to their daughters [Clutton-Brock, 1991 #177]. However, this sexual dimorphism remains quite low (1.15 for 1).

Interindividual variability and body condition
Our results show that all pups can be ranked along an axis of precocity that is the main source of variability among pups. It appeared that the body condition of newborn particularly during the first two weeks after birth was the main factor that strongly shaped the timing of their early development. Pups in better body condition during the first two weeks have the faster development.

Less than adequate nutrition during lactating period delays various aspects of psychomotor development [Frankova, 1968 #2362; Ottinger, 1968 #2345; Altman, 1971 #2357; Smart, 1971 #2370; Massaro, 1974 #2348; Hall, 1979 #2344] as well as social ontogeny and exploratory activity [Simonson, 1967 #2369; Simonson, 1969 #2368; Frankova, 1973 #2349; Sykes, 1976 #2347] as soon as the first week of life.

The range of the age of appearance of each behaviour is larger in our study than that of M. monax. Our results showed that this great variability was mainly due to differences in body condition of pups during the lactating period and particularly during the first two weeks. We observed between litters as well as within litters a great variability in precocity of juveniles associated to their body condition.

Because mothers were fed with the same quantity and quality of food, if between-litter differences in body condition came from quantity or quality of milk produced by the mother, within litter differences may only come from the combined effects of the quantity of milk ingested by pups and their efficiency to metabolize ingested milk. The variability in the quantity of ingested milk may be induced both by mother production and sibling competition. As litter size were comparable (4 or 5), between litter differences in milk ingested per juvenile resulted from mother production and may vary because mothers did not react similarly to the stress of capture and captivity. Within litter differences in body condition may result from sibling competition. Indeed, after several days 2 pups of the litter A (A1 & A2) have supplanted the two other ones (A3 & A4). Probably the total milk production of the mother was too low and A1 & A2 monopolised most of the mother milk production [Altman, 1970 #2346]. Great differences in body mass, size and locomotor abilities within litters at the time of emergence was regularly 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 during the lactating period.

Interspecific approach of the early development

Most studies about development were conduced before the emergence of a standardised method of data recording. Thus, any comparison between species is difficult [Horwich, 1972 #2119]. However, five other squirrel species have been studied with comparable methods (Spermophilus columbianus, S. lateralis, Tamiasciurus hudsonicus, Glaucomys sabrinus [Ferron, 1981 #1300] and M. monax [Ferron, 1991 #692]), and we then mainly referred to these species.

Sequence of early development

It appeared that sequences of physical maturation between birth and weaning were almost identical across ground dwelling squirrels [Shaw, 1925 #2107; Johnson, 1927 #2104; Wade, 1927 #2113; Hamilton, 1934 #1124; Mayer, 1954 #2105; Neal, 1965 #1977; Pengelley, 1966 #1345; Clark, 1970 #904; Morton, 1971 #1676; Ferron, 1981 #1300; Ferron, 1984 #2134; Ferron, 1991 #692, this study]. They rather differed in the chronology of their development, which was closely adjusted to the age of emergence [Ferron, 1981 #1300]. The similarity in their early development is not surprising because all these species are altricial species that stay in a burrow during all the pre-weaning period [Ferron, 1981 #1300].

The main difference between sequences of development among squirrels species appeared to be the age of hearing compared to the age at which eyes were fully opened (Table 1). Opening of the eyes occurred in S. columbianus, M. monax and M. marmota few days before hearing [Ferron, 1981 #1300; Ferron, 1991 #692, this study], whereas it occurred nearly ten days after hearing in S. lateralis, T. hudsonicus and G. sabrinus [Ferron, 1981 #1300]. 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 ground squirrels. Some species have auditory function enable first confront to olfactory and visual functions whereas other species have olfactory and visual functions enable 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 3). However, species inhabiting open habitat develop vision and olfactory functions first, whereas species inhabiting closed habitat develop hearing first (Table 3). 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.

Timing of early development

According to the results of Ferron (1981; 1984), our study shows that the timing of development is globally related to the age of emergence. Among the 50 studied variables, only five appeared at a younger age in M. marmota than in M. monax (FFTS, HFTS, IW, PL, OE) and three at the same age (HEA, AG, FAGE) (table3). 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 #3927] we may expect a negative relationship between the precocity of development and the adult body mass of the six species considered. The lightest species are expected to develop faster than others [Case, 1978 #1628; Ferron, 1985 #1307]. We ranked the six species (Table 4) according to their precocity of development (Friedman test on age of occurrence of all behaviours available for all species; 
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=68.36; df=5; p<0.0001). We do not observe the expected relationship between precocity of development and adult body mass. We rather observe that non-hibernating species (G. sabrinus and T. hudsonicus), 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. 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.

We propose then that the pattern of early development in ground squirrels is governed globally by two factors acting in an opposite way. First, according to the allometric constraints, early development should be delayed in bigger species. Second, according to the accelerated ontogeny hypothesis, early development should be more precocious among ground squirrels hibernators. Combining these two 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 to 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.

Our results support Ferron's claim, that interspecific comparisons should be performed very cautiously because interindividual variability may be greater than interspecific one. The ontogeny of sciurids is a multifactorial process that depends of many kinds of 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 bases of the ontogeny. The second factor such as the resource availability may acts 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 the development process.
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