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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 three 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. 53 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
Development is known to be of a great importance for individuals as it contribute to their fitness [Lindström, 1999 #88]. It is usually found that the earlier an individual's development is disturbed, the stronger are the effects [Desai, 1997 #90; Henry, 1996 #91]. There is a body of theoretical work devoted to early development among sciurid rodents [e.g. \Hirshfeld, 1977 #1; Levenson, 1979 #2; Koeppl, 1981 #37; Ferron, 1985 #22; Viljoen, 1985 #62]. However, if growth and mass gain are well documented, studies devoted to behavioral ontogeny were often unsatisfactory [e.g. \Shaw, 1925 #57; Gander, 1930 #28; Blair, 1942 #7; Clark, 1969 #12]. Nevertheless, several studies had performed a width survey of the entire early development of some sciurids [Horwich, 1972 #34; Ferron, 1984 #21; Ferron, 1991 #23], but data about the early development of marmots remain scarce.

The Alpine marmot (Marmota marmota) is a hibernating species. Females give birth in a burrow to altricial neonates, as do all other ground-dwelling squirrels (Marmota, Spermophilus and Cynomys sp.). All pups of ground-dwelling squirrels species give birth in a burrow to altricial neonates and therefore were probably reared under similar conditions from birth to the first emergence above ground and probably undergo similar selection pressures during this period. 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).

While interspecific variation in vertebrate growth has been examined with respect to adult body size, basal metabolic rate, diet, and mortality [Case, 1978 #9; Kunz, 1995 #75; Lack, 1968 #74; Ricklefs, 1973 #73], causes and consequences of intraspecific variation have been received less attention [but see \Lindström, 1999 #88]. Interindividual variability of the early development results from interactions between environmental factors and individuals as early as their conception [Case, 1978 #9]. Food restriction as well as environmental manipulation during the early postnatal period may induce pervasive and frequently persistent perturbations of the development [Levine, 1958 #41; Denenberg, 1964 #16; Barnes, 1968 #6; Altman, 1970 #4; Levitsky, 1970 #42; Hall, 1979 #31; Sykes, 1976 #61], up to abnormalities in bone and muscle development, and associated reduction in growth rate [Platt, 1962 #53]. Furthermore, in addition to natural interindividual variability, differences in body condition between young might induce some variability of their early development.

There is a great variability among mammalian species growth patterns [Zullinger, 1984 #65; Kirkwood, 1985 #36; Pontier, 1989 #54]. This interspecific variability reflects phylogenetical, ecological and allometrical constraints [Gaillard, 1997 #26; Ferron, 1981 #20; Peters, 1983 #52]. 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 #11].

The aim of this work is three fold. We first described precisely the early growth and behavioural ontogeny from birth to weaning of juvenile alpine marmots born in captivity from wild trapped mothers. We then investigated interindividual variability in early development of alpine marmot in relation to body condition of pups. Finally we compared the behavioural ontogeny of 7 sciurid species belonging to ground squirrels, tree squirrels and flying squirrels and the growth of several species of ground-dwelling squirrel.

Materials and Methods

The social unit

The Alpine marmot is a socially monogamous and territorial ground-dwelling squirrel [Perrin, 1993 #50; Perrin, 1993 #51]. Family groups are composed of an adult male and female which mate generally monogamously [Goossens, 1996 #30; Goossens, 1998 #29], 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 #55], the resident female gives birth to 2 to 7 pups [Allainé, 1998 #3, This work], 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.

Data recording

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 palpation and confirmed with X-ray photographs. 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 were collected on juveniles belonging to three different litters (A, B and C). They have been monitored from birth to weaning. We identified pups by the letter of their litter and by a number. At birth, pups were sexed according to their ano-genital distance [Zelenka, 1965 #64] and individually marked with an odorless felt-tip pen. Each day, pups were measured (total length, ulna length, tibia length and zygomatic arch breadth), weighed and their behavior was observed and tested. 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 minimize disturbance and to avoid mixing odors on pups.

Interindividual variability analysis

Behavioral development:

Fifty three variables including eight points of body development and 45 behavioral items were daily monitored and tested from birth to the 8th week. We used the standardized method of Ferron (1981, 1984) and Ferron and Ouellet (1991) to record behavioral development and be able to compare ontogeny of different species. To investigate age variability in which these behaviors appeared we performed a Friedman test on the age at which appeared each behavior for each pup. Pups were then ranked according to their precocity. Low mean rank of the age of first apparition of behaviors then correspond to high precocity.

Physical development:

Sigmoid curves were generally assumed to offer the best compromises for studying mammalian growth [Zullinger, 1984 #65; Georgiadis, 1985 #68; Gaillard, 1997 #26]. When examination of the diagram of residual dispersion showed us that growth was not linear, we therefore modeled our data using the general Chapman-Richards model [Richards, 1959 #69] modified according to Gaillard [, 1997 #26]. We fitted growth curves to our data according to the following equation:
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where

Wt is the body weight at age t

K is the asymptotic body weight

m is a form parameter that locates the inflexion point on the weight axis

a is the relative growth rate

t0 is the age at which the inflexion point occurs

This model allows flexibility in form, ranging from a monotonic convex increase to a monotonic concave increase. Between these extreme cases, any sigmoid curve can be found. Such variability in growth form is encoded by the form parameter, “m”. Thus m(0 when growth follows the monomolecular model (no inflexion point), approaches 1 when growth follows the Gompertz model (inflexion point at about 36.8%), and equals 2 when growth follows the logistic model (inflexion point at 50% of the asymptotic body mass). The highest growth rate (HGR) obtained during growth was thus the value obtained at t0 for the derived function of the model.

Growth rate were computed using the formula of Brody [, 1945 #76]:
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where IGR is the "instantaneous" growth rate and M1 and M2 represent weight or linear measurements made at times t1 and t2 respectively. When plotted on a logarithmic scale versus age on an arithmetic scale, linear segments indicate periods when growth increments were a constant percentage of previous size. IGR were calculated for each week (i.e. t2-t1=7 days) for four measurements (body mass, body length, tibia length, and zygomatic arch breadth (head width)). Tow IGR were identical when the ratio M2/M1 was constant (i.e. percentage of growth were constant).

We used the ANOVA test for repeated measures with one grouping factors (litter or sex), using mean values for the six first weeks of age. Effect of litter and sex on the four measurements and their IGR were tested independently because of the small sample size.

Correlation between condition and early development:

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 #17]. We estimated the structural component of pups performing a principal component analysis on four skeleton measurements: Total body length, tibia length, ulna length and head width. Scores on the first axis represent a skeletal size index. We regressed the natural logarithm of the body mass by this skeletal index. The residuals of the regression constituted an index of pup condition. At each time, the lower residuals pups had, the lower condition they were. Correlation between juvenile condition and the behavioral precocity of pups was investigated using Spearman rank correlation test.

We used the ANOVA test for repeated measures with one grouping factors (litter or sex), using mean values for the six first weeks of age. Effect of litter and sex on the body condition were tested independently because of the small sample size.

Rajouter test condition sur dev physique

Interspecific analysis

Behavioral development

Recording behavioral development has only recently been standardized [Ferron, 1981 #20], and any comparison between species remain difficult [Horwich, 1972 #34]. Including our work on M. marmota, only six squirrel species 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 #20; Ferron, 1991 #23]. Incomplete data are also available for Sciurus carolinensis [Horwich, 1972 #34]. We mainly referred to these 7 species. We first compared sequence and timing of early development of the marmot species using respectively Spearman rank correlation test and Sign test. Comparison of precocity and sequence of early development between all species was performed using Friedman test on the mean age of appearance of several behavior available in the literature for all compared species.

Physical development

Table 7 present some life history traits found in literature concerning 21 squirrel species. When growth curves but not exact values were given in the paper, we fitted Chapman-Richards model to estimate birth, weaning and adult body weight. We compared during all the pre-weaning period IGR for weight and body length between M. monax and M. marmota. For all species we compared computed IGR for body mass between birth and emergence from the nest.

All nonparametric tests were performed using SIMSTATW v1.21 software [Péladeau, 1997 #48]. Non-linear regression were performed using NLREG software [Sherrod, 1992-1995 #67] and growth curves were fitted using a combination of Gauss-Newton and Levenberg-Marquardt algorithms [Dennis, 1981 #71]. Multivariate analysis were performed using A.D.E. software v 4.0 [Chessel, 1996 #10; Thioulouse, 1997 #77]. ANOVA tests were computed with STATISTICA
 [StatSoft France, 1996 #92]

Results

At birth

Three pregnant females were caught between the end of April and mid May 1996. Three litters (A, B, and C) were born between May 16th and May 27th. Litter sizes at birth were respectively 7, 5 and 4 (
[image: image3.wmf]x

=5.33, SD=1.52). Three pups of litter A were eaten by the mother several hours after birth. We provided milk to two other pups of this litter (A3 and A4) between 31 to 40 days old because of their apparent scrawniness and dehydration. A3 and A4 were discarded for interspecific analysis because we considered that without help, these tow pups will probably never emerge from their natal burrow. Then they are not representative of successfully reared pups.

Males had longer ano-genital distance than females at birth (
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=4.36 mm, SD=0.69; 
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=3.23 mm, SD=1.1; Mann-Whitney U Test, U=3, p=0.0261). The sex ratio (number of males / litter size) was 0.69, 9 males to 4 females. All pups were weighed at 1 day old. They weighed in average 32.81g (SD=4.16, range 25.5g - 39g) corresponding in average to 0.76% of the mother weigh. At the first emergence from the burrow, they weighed in average 242.25g (SD=56.97, range 176g - 364.5g) corresponding in average to 6.52% of the mother weigh Their total length from the snout to the beginning of the tail ranged from 9.5cm to 10.9cm. 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.

General development

Behavioral Development

First week: Pups had disorganized 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 #32; Ferron, 1991 #23], 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 ( finger on the nose) and pups turned their head away when touched. Alpine marmots pups stretched their 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 with a wisp of straw, 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, 1991 #23] 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 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. 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 42.

Seventh week: Alpine marmot pups had sufficient neuromuscular coordination to run without falling. They exhibited their teeth during their 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.

Physical development

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 sharper than adult ones.

Interindividual variability

Variability of the early behavioral development

Mean, range and standard deviation of age at which the 53 variables occurred in pups not supplied with milk are given in table 1.  Variability of age at which appeared each behavior is somewhat high. The mean number of days between the first and the last occurrence of a behavior is 9.32 days (SD=3.98) representing 22% of the mean age of weaning. The ontogeny of pups follows a specific sequence of development (Friedman test, n=13, 
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=625.15; df=52; p<0.0001). However, if all pups follow the same sequence of development, they differed by the timing of their development. Male pups acquired tested behaviors earlier than females do (Friedman test, n=53, df=1; 
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=5.45; p<0.019). Moreover all pups differed from each other (Friedman test, n=53, 
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=242.12; df=12; p<0.0001). They were ranked from the most to the least precocious as follow: B1, B3, B2, B4, B5, C1, C3, C2, C4, A1, A2, A3, A4.

Variability of the early physical development

Interindividual variability of growth pattern was the higher in the litter A whereas litter C was the most homogenous Figure 1.

We were able to isolate three stages in mass gain of young alpine marmot. First of all they grew regularly at about 5 grams/day (
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). Young nearly stopped growing during a period of 7 days situated around "eating solid food" and "emergence". Afterwards, their growth rate became much higher for litter A and C (growth rate multiplied in average by 3), whereas growth continued at the same rate for litter B. This break in growth pattern was less marked for the three other measurements. Mass gain between birth and emergence from the burrow was not linear. Fitting Chapman-Richards model on data from birth to the end of the break in mass gain pattern, showed that all pups had sigmoidal mass gain with an inflexion point near 20 days old (
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. The highest growth rate observed for mass gained (HGRw) between birth and the break varied from 3.37 g/d to 10.60 g/d (
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Between birth and weaning (6 first weeks), both week and litter had significant effect on bw, bl, tl and hw (Table 2A). Moreover, in all the four cases, the interaction Week*Sex was no significant indicating the same growth pattern between sexes. On the other hand, the interaction Week*Litter was significant in all the four cases indicating different growth patterns between litters. Week and litter strongly influenced all IGRs (Table 2B) but there was no sex effect on IGR. HGRw was influenced by litter (ANOVA; F=8.226;df.=2,5; p=0.012), but not by sex (ANOVA; F=2.426;df.=1,5; p=0.163). HGRw was also correlated with the weaning weight (Spearman rank correlation test n=13, r = 0.6813, p=0.010), but not with the birth weight (Spearman rank correlation test n=13, r = 0.4704, p=0.105) indicating that the size at birth was no a factor shaping the growth pattern whereas the highest growth rate influence the weaning weigh.

Whatever the week pups can be ranked (Friedman test) according to their IGR for body mass (n=8, (2=26.1593, df=12, p=0.0102) and tibia length (n=8, (2=23.9341, df=12, p=0.0208) but neither for body length (n=8, (2=16.5206, df=12, p=0.1685) nor for head width (n=8, (2=10.7308, df=12, p=0.5521). IGR for body weight and body length were negatively correlated with litter size during the two first weeks (Spearman rank correlation test: n=13; respectively r=-0.94 p<0.0001; r= ‑0.89 p<0.0001; r=-0.68 p=0.01; r=-0.66 p=0.01). However, during the 6th week (time of emergence) IGR for body weight were positively correlated with litter size (Spearman rank correlation test: n=13; r=0.89; p<0.0001), but IGR for body length was not correlated with litter size (p>0.70).

Correlation between body condition and early behavioral and physical development

The linear regression of the skeletal index on the natural logarithm of the body mass was strongly significant (R2=0.9846, p<10-4) and residuals were used as an indication of the body condition of pups. There was a strong week and litter effect but no sex effect on condition of pups (ANOVA for repeated measure: F=25.45****; df.=7,70 - F=20.19****; df.=2,10 - F=0.014; df.=1,11). Moreover, mean condition during the first two weeks was highly correlated with birth mass and emergence mass (Spearman rank correlation test n=13, respectively r = 0.8886 p<0.0001 and r = 0.5989, p=0.031). HGRw which occurred in average around the 20th day was highly correlated both with the mean condition of pups during the three first weeks and with the mean condition during the third week (Spearman rank correlation test: n=13, r = 0.7857, p=0.001; n=13, r = 0.7967, p=0.001).

Mean condition of pups measured on different week was negatively correlated with the age of first apparition of tested behaviors and particularly during the first two weeks (table 3). Behavioral precocity was negatively correlated with birth mass (Spearman rank correlation test n=13, r = -0.8143, p=0.001) but not with emergence mass (n=13, r = 0.0769, p=0.803). Behavioral precocity was positively correlated with IGRhw (n=13, r=0.7172, p=0.006) and IGRtl (n=13, r=0.5809, p=0.037), but not with IGR of other physical measurements. Thus, when pups had low instantaneous growth rate for head width and tibia length, they developed more precociously. Behavioral precocity was not correlated with HGRw (n=13, r=-0.0879, p=0.775).

Interspecific analysis of early development

Behavioral development

M. marmota and M. monax followed the same sequence of behavioral development (Friedman test, c2=70.11, df=37, p<0.0008), but the timing of early development of M. marmota is strongly delayed (table 6) compare to M. monax (Sign test, n=38, Z=3.4066, p=0.0003). Sequence of early development is also similar across 6 squirrel species (Friedman test on the age of appearance of 31 behaviors for 6 species of squirrels M. marmota (This study), M. monax [Ferron, 1991 #23], S. columbianus, S. lateralis, T. hudsonicus and G. sabrinus (Ferron, J. 1981, 1984); c2=165.29, df=30, 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 behaviors available (table 4), (n=22; 
[image: image12.wmf]2

r

c

=63.7841; 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, M. marmota and G. sabrinus. Table 5 gives adult body mass and hibernating status for seven squirrel 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= 0.07, n=7, p=0.879).

Physical growth

We computed IGR for mass gain from birth to weaning for 21 squirrels species (table 6). IGR was not correlated with birth weight, weaning weight or adult body weight nor with litter size and sociality level but IGR was positively correlated with hibernation length (r=0.74, p=0.0024) and negatively correlated with gestation length (r=-0.63, p=0.0092). Hibernator squirrels have higher IGR than non hibernator squirrels (Mann-Whitney U test: n=19, u=11, p=0.0574). Moreover, IGR was negatively correlated with the age of weaning (r=-0.57, p=0.0084). Gestation length was positively correlated with the age of weaning (Spearman rank correlation test n=15, r = 0.61 p<0.015) but not with the birth weight (Spearman rank correlation test n=16, r = 0.36 p<0.167).

Discussion

Intraspecific variability of the early development

At birth, young marmots were typically altricial mammals as other ground squirrels. Growth pattern of alpine marmots is split in tow part: a first one with a lower growth rate than the second, separated by a break. This break takes place just before or at the beginning of the transition period during which pups begin to eat solid food but continuing to suckle. In the first part (from birth to eating solid food) pups have a sigmoidal growth, at least for mass gain. After this break the growth rate is about 3 time higher. An hypothesis is that these young suffered from low resource level before to be able to feed by themselves. Lactation plus eating solid food by themselves would allowed them an ad libitum access to resource and then to grow at the maximum rate allowed by their metabolism. Koeppl and Hoffmann [, 1981 #37] found a negative relationship between litter size and IGR of characters during the preweaning period and a positive one in the early postweaning period. They hypothesized that this switch would be due to restricted food source (mother's milk) before weaning that limits growth rate and to more abundant food source after weaning because of the autonomy of pups for feeding. We found a similar relationship between litter size and IGR for mass and size. The observed pattern is thus compatible with Koeppl and Hoffmann hypothesis.

As shown for several other squirrels species (Spermophilus columbianus: [Wroot, 1987 #81]; Marmota flaviventris: [Van Vuren, 1990 #82]; Marmota monax: [Ferron, 1991 #23]), there was a great intraspecific variability in growth between all reared young. If the general shape of the growth curve remain sigmoïdal, we found a strong differnce of instantaneous growth rate between liters.

No sexual dimorphism was found in this study although previous work showed that males were heavier at birth than females [Allainé, submit #93; Graziani, 1999 #89], and that this difference remains up to hibernation [Allainé, 1998 #3]. This study show that during all the lactating period, males and females showed the same pattern of development.

This study shows that in addition to litter effect, body condition of pups is an important component of individuals that strongly influence the physical ontogeny of pups. Moreover young alpine marmots weighted in average 242g at the first emergence from the burrow whereas in the field they weighted in average 366g [Allainé, 1998 #3]. Mothers of our experiment came from an other valley than weaned pups weighted in the field. It is thus difficult to compare these values. Nevertheless if in our experiment mothers were fed ad libitum, captivity may be stressful to the mother diminishing their milk production. Lack of milk induce higher level of within litter competition for teats and then within litter variability in body condition.

The first age of appearance for each behavior varied greatly among pups. Pups can be ranked along an axis of precocity according to the first age of appearance of behaviors. Captivity may be stressful to the mother and cause pups to be born prematurely. Prematurity may explain why several pups are less precocious than others. In this case, they will be lighter [Glöckner, 1986 #80] 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 behavioral developmental development. Pups in better body condition during the first two weeks develop faster.

Pre and/or postnatally restraint stressed mothers were known to produce lighter pups with partly delayed appearance of certain developmental landmarks [Barlow, 1978 #79]. 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 [Wainwright, 1983 #78; Frankova, 1968 #24; Ottinger, 1968 #47; Altman, 1971 #5; Smart, 1971 #60; Massaro, 1974 #43; Hall, 1979 #31], social ontogeny, and exploratory activity [Simonson, 1967 #59; Simonson, 1969 #58; Frankova, 1973 #25; Sykes, 1976 #61] of pups as soon as the first week of life. Moreover, low milk production by stressed mother might induce between sibling competition for milk leading to within litter differences in pup condition. After several days two pups of the litter A (A1 & A2) have supplanted the two other ones (A3 & A4) cf figure 1. The total nutriment production of the mother was probably low and A1 & A2 monopolized most of the mother nutriment production during pregnancy and lactating period [Altman, 1970 #4]. Great differences in body mass, size and locomotor abilities within litters at the time of emergence, was similarly observed in the field (unpublished data).

We propose then that condition of pups shapes the pattern of physical and behavioral development. Thus, the degree of variability between sibling at the time of emergence represents the degree of between-sibling competition for resource from conception and/or birth to the end of lactating period.

Interspecific approach of the early development

Early behavioral 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 #20] 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, 1991 #23], S. columbianus, S. lateralis, T. hudsonicus and G. sabrinus (Ferron, J. 1981, 1984) and Sciurus carolinensis [Horwich, 1972 #34].
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 9). 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 also before seeing. 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 10). However, species inhabiting open habitat develop vision and olfactory functions first, whereas species inhabiting closed habitat develop hearing first (Table 10). 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 maximizes 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 46 variables available for the two species, only eight appeared at a younger age in M. marmota than in M. monax (table 9). Among these eight behaviors, 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 #52] we may expect a negative relationship between the precocity of development and the adult body mass of considered species [Case, 1978 #9; Ferron, 1985 #22]. We do not observe such a relationship. 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.

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.

Early physical development

It is impossible to assign particular growth rate to any species because of the large range of intraspecific variability [Kiell, 1978 #83;Levenson, 1979 #2; Wroot, 1987 #81; Ferron, 1991 #23, this study]. However, repeated comparison with numerous species lead us to stress some correlation between environmental factors and some life history traits of various sciurid species. According to the allometric effect [Case, 1978 #9; Peters, 1983 #52], we expected a negative relationship between IGR and adult body mass but no such a relationship was observed. As hypothesized by several authors [Mayer, 1954 #84; Clark, 1970 #11; Morton, 1971 #85; Wroot, 1987 #81], we rather observed an accelerated ontogeny when species have to cope with harsh condition. This study show that natural selection seems to favor accelerated ontogeny to achieve a sufficient development level to survive to harsh winter condition measured as hibernation length. The longer will be hibernation period needed to survive winter, the faster will be the ontogeny. Moreover, the length of the dependant period of the pup from the mother (gestation and lactation) is also reduced. All the reproductive process (gestation, physiological [Maxwell, 1975 #86], and physical ontogeny, is then accelerated in species which have to cope with harsh condition during several week of the year.

Nevertheless, figure 4, shows that if we consider hibernator squirrels with an adult body mass above 800 grams, there is a strong negative correlation between adult body mass and IGR (Spearman rank correlation test: n=3, r=-1; p<0.0001) as expected under the allometric hypothesis. In the other hand, if we consider only hibernator squirrels with an adult body mass bellow 800 grams, there is a strong positive correlation between adult body mass and IGR (Spearman rank correlation test: n=13, r=0.91; p<0.0001). In this case, there is a complete correlation between hibernation length and adult body mass (Spearman rank correlation test: n=7, r=1; p<0.0001).

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. The same pattern was observed for growth. Combining these constraints allows to better understand why Spermophiles are more precocious for their early behavioral development than lighter non-hibernators squirrel species such as G. sabrinus and T. hudsonicus. Moreover, probably the allometric constraint is too high for allowing M. marmota and M. monax to become more precocious than lighter non-hibernating species. It is likely that above a weight threshold (around 800g for sciuridae ?) the allometric effect surpass the accelerated ontogeny induced by harsh winters. 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.
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Legends :

Table 1: Mean, range and standard deviation of age at which the 50 variables occurred in 11 newborn alpine marmot pups not supplied with milk.

Table 2: ANOVA for repeated measure (Week), with one grouping factor (Litter or Sex) : A) on body weight, body length, tibia length and head width and interaction between week and litter or sex effects; B) on IGR for body weight, body length, tibia length and head width and interaction between week and litter or sex effects; *(p<0.05); **(p<0.01); ***(p<0.001); ****(p<0.0001)

Table 3 : Spearman rank correlation test between mean pup condition and Growth rate for body weight (GRbw), body length (GRbl), tibia length (GRtl), head width (GRhw), and Instantaneous growth rate for body weight (IGRbw), body length (IGRbl), tibia length (IGRtl), head width (IGRhw)

Table 4 : Spearman rank correlation test between mean pup condition on different length period and the precocity (mean rank of age of first appearance of the 53 tested behaviors)

Table 5: Ages of first appearance of some behaviors in 7 sciurids species

Table 6: Rank of increasing precocity in relation to the rank of increasing adult body mass and hibernating status.

Table 7: Several life history traits for 21 squirrels species. t2 and t1 are the age for which we have computed IGR. This period represents approximately the lactating period. 1) sociality level according to Michener (1983) 1: Asocial; 2: Single-family Female Kin Clusters; 3: Polygynous; 4 Harems; 5: Monogamous. 2) Hibernation status; NH non hibernator, OH occasional hibernator, H hibernator. a) data computed fitting Chapman-Richards model on original data. b) Gaillard et al. (1997); c) Anthony & Foreman (1951) and Johnson (1927); d) Ferron (1984); e) Maxwell & Morton (1975); f) Dunford (1977); g) review in Blumstein & Armitage (1998); h) Kenagy & Barnes (1988); i) Rieger (1996); j) Tomish (1962); k) Shaw (1925); l) Michener (1998); m) Heaney (1984); n) Mayer & Roche (1954); o) Boag, & Murie (1981); p) Morton & Tung (1971); q) .

Table 8: Ages of apparition and type of behaviors for which M. marmota was as precocious as M. monax or more precocious.

Table 9: Ages at which several points of development occurred for 7 species compared to Squirrel group GS: Ground squirrel, TS: Tree squirrel, FS: Flying squirrel, adult body  mass, time of emergence, degree of sociality according to Michener (1983) 1: Asocial; 3: Polygynous; 5: Monogamous, and type of environment (Ferron 1981) O: Open lands RS: Rock slide, C: Closed lands

Figure 1 (A to L) growth plot of four physical measurements (Body mass, Body length, Tibia length and Head width) as a function of age. Vertical lines represent standard deviation.

Figure 2: A to D: respectively plot of the mean ± SD of weight, body length, tibia length and head width from 0 to 50 days. E to H: IGR (Solid line) and GR (dotted line) for 7 days intervals from 0 to 50 days for the four physical measurement.

Figure 3: Plot of IGR related to adult body mass (AW) for 21 squirrel species.      : Hibernators with AW > 800g;     : Hibernators with AW < 800g;     : Occasional hibernators;      : Non hibernators.
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Table 4

N Rho P

IGRbw

104 0.349 <0.0001

IGRbl

104 0.331 0.001

IGRtl

104 0.250 0.011

IGRhw

104 0.219 0.026

GRbw

104 0.389 <0.0001

GRbl

104 0.296 0.002

GRtl

104 0.289 0.003

GRhw

104 0.224 0.022
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Table 5 

N Rho P

Week 1 13 -0.709 0.007

Week (1+2) 13 -0.648 0.017

Week (1+2+3) 13 -0.522 0.067

Week (1+2+3+4) 13 -0.511 0.074

Week (1+2+3+4+5) 13 -0.467 0.108

Week (1+2+3+4+5+6) 13 -0.566 0.044

Week (1+2+3+4+5+6+7) 13 -0.539 0.058

Week (1+2+3+4+5+6+7+8) 13 -0.533 0.061
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Table 6 

Behaviors

Marmota 

marmota

Marmota Monax

Sciurus 

carolinensis

Spermophilus 

columbianus

Spermophilus 

lateralis

Tamiasciurus 

hudsonicus

Pinna up (PU) 2.73 0.00

Delay between eyelids separation up to fully open eyes (DOE) 2.82 1.9 0-2

Forward linear crawling (FLC) 4.55 0 2.00

Fore-foot toes fully separated (FFTS) 5.36 12.8

Close fore paw (CFP) 7.55 6

Umbilicus fallen down (UFD) 8.3 6.9 3.5 5.5 5.7 11.2

Backward linear crawling (BLC) 9.7 3.6 12.0 11.3 19.5 11.3

Yawning (YAW) 10.09 5.4 22.00 3.10 3.20 4.80

Hind-foot toes fully separated (HFTS) 12.82 19.2

Rhythmic motion of foot (RMF) 13.91 2.7 5.50 2.80 2.60 3.20

Irregular walking (IW) 19.09 22.2 23.00

Effective grasping by fore paw (EGFP) 19.18 11.6 8.50 9.90 6.10 6.00

Lower incisors cut (LIC) 21.36 20.3 20.00 16.20 17.50 17.70

Scratching with effective contact (SEC) 22.91 10.8 22.00 9.80 12.90 4.40

Olfactory exploration (OE) 23.36 26.5 15.90 22.30 28.40

Scratching with orientation of head (SWOH) 26.6 4.5 32.0 11.9 6.0 5.4

Eyes fully open (EFO) 26.73 23.20 29.00 21.10 25.30 31.40

Hearing (HEA) 28.45 31.5 24.50 22.30 18.30 21.10

Spontaneous climbing (SC) 31.36 28.1 25.00 17.90 31.40 31.40

Sleeping posture: curled sitting (SPCS) 33.82 29.7 21.00 14.00 22.00 30.00

Regular walking (RW) 34.0 25.6 22.0 15.1 21.1 26.5

Upper incisors cut (UIC) 34.45 25.9 36.50 19.80 21.20 27.90

Scratching on three feet (STF) 35.27 34.9 36.00

Chewing the fur of fore paw (CFFP) 36.18 34.2 46.00 22.70 29.90 33.50

Plain walking (PW) 36.36 28.1 29.20

Body shaking (BS) 36.45 28.8 22.00

Chewing the fur of hind paw (CFHP) 36.73 35.5 38.00 31.50 31.40 36.20

Alert posture on all four (AAF) 36.73 26.4 32.70

Nibbling (NIB) 37.00 30.1

Allogrooming (AG) 37.09 39.3 44.00 25.20 33.80 37.60

Play (PL) 37.36 42.8 40.40

Sitting alert posture (SAP) 38.27 32.4 41.80

Feeding posture : on four feet (FPFF) 39.73 32.2 38.40

Biting sibling (BIS) 39.82 37.2 46.20

Feeding on solid food (FSF) 40.00 32.1 47.00 23.80 39.90 38.40

Full Anal glands evagination (FAGE) 40.00 41.4

Elimination stimulus independent (ESI) 40.4 2.8 13.0 5.7 6.5 11.0

Chewing the fur of body (CB) 40.5 38.5 41.0 23.8 29.4 34.8

Feeding posture : on three feet (FPTF) 41.00 35.3

Chewing the fur of tail (CT) 41.0 38.3 45.0 24.5 33.5 39.8

Nose to nose smelling (NNS) 41.55 37.2

Emergence (EM) 41.82 32.9 33.80

Tail piloerection (TPE) 49.09 35.4

Upright alert posture (UAP) 50.27 37.8 46.60

Latrines (LAT) 50.45 42

Pull food from sibling (ROBF) 57.1 55.7 51.0 29.9 33.9 45.0
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Table 7

Species

Adult body 

mass rank

Increasing 

Precocity

Hibernating

G. sabrinus 1 1 No

T. hudsonicus 2 4 No

Spermohilus lateralis 3 6 Yes

S. columbianus 4 7 Yes

Sciurus carolinensis 5 3 No

M. monax 6 5 Yes

M. marmota 7 2 Yes


Figure 1
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