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Changes in Reproductive Investment following Caudal Autotomy in
Viviparous Skinks (Niveoscincus metallicus): Lipid Depletion or
Energetic Diversion?

DaviD G. CHAPPLE,"?> COLIN J. McCOULL, AND ROY SWAIN
School of Zoology, University of Tasmania, Box 252-05, GPO Hobart, Tasmania 7001, Australia

ABSTRACT.—The effect of caudal autotomy on reproductive investment in females of a viviparous skink,
Niveoscincus metallicus, was investigated to examine the relative importance of lipid depletion and energetic
diversion to this activity. Although abdominal fat bodies are present, this species stores most of its energetic
reserves in the tail. Since caudal fat is preferentially aggregated toward the base of the tail, autotomy and
lipid depletion may be mutually exclusive events. Reproductive consequences following tail loss associated
with significant loss of caudal fat were compared with those following autotomy involving no fat loss in
two groups of females: females that had lost their tail during their most recent vitellogenic period; and
females in which tail loss had occurred in a previous reproductive season. Caudal autotomy during vitel-
logenesis resulted in a significant reduction in litter size, irrespective of the position of tail loss, suggesting
that smaller litters were a consequence of the diversion of energetic resources from reproduction to tail
regeneration, rather than the loss of fat reserves per se. However, offspring from mothers that experienced
tail loss during vitellogenesis without associated loss of fat reserves were significantly larger in size (snout-
vent length and mass) and had longer tails than those from any other group. We suggest that this was
probably achieved through facultative placental transfer during gestation, although the possibility that more
yolk was allocated to each egg cannot be discounted. Sprint speed and the size of abdominal fat reserves
at birth and postnatal growth were not correlated with either recency of autotomy or the location of the tail

break.

Caudal autotomy in lizards is an effective
means of escape from predators. However, al-
though there is an immediate survival benefit
from tail loss, tailless individuals may incur a
range of subsequent costs (Arnold, 1988). Tail
loss has been shown to inhibit locomotor per-
formance (Ballinger et al., 1979; Formanowicz et
al., 1990; Brown et al., 1995), decrease growth
rate (Ballinger and Tinkle, 1979; Smith, 1996),
reduce social status and mating opportunities
(Fox and Rostker, 1982; Martin and Salvador,
1993a; Salvador et al., 1995), alter foraging be-
havior (Martin and Salvador, 1993b), and reduce
the probability of future survival (Wilson, 1992;
Fox and McCoy, 2000). In addition, the impact
of autotomy on reproductive investment during
vitellogenesis is generally severe, resulting in
decreased clutch size or reduced yolk allocation
to each egg, or both (e.g., Smyth, 1974; Dial and
Fitzpatrick, 1981; Wilson and Booth, 1998).

Stored lipid reserves in lizards are a major
source of energy for reproductive events such as
vitellogenesis (Derickson, 1976, Doughty and
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Shine, 1998). Many lizards have lipid energy re-
serves in both the abdomen and tail, and in
some species caudal fat constitutes a substantial
proportion of the total energetic reserves (Clark,
1971; Dial and Fitzpatrick, 1981; Vitt and Coo-
per, 1986). Consequently, caudal autotomy has
the potential to reduce the amount of energy
reserves available for reproductive investment.
In addition, subsequent tail regeneration in-
volves intensive cellular and physiological activ-
ity to replace the caudal structures (Bellairs and
Bryant, 1985) and may itself be energetically ex-
pensive. Accordingly, autotomy may lead to the
diversion of energetic resources from reproduc-
tion or growth (Congdon et al., 1974; Vitt et al.,
1977; Dial and Fitzpatrick, 1981). Hence, ener-
getic restrictions, which are believed to cause
the reduced levels of reproductive investment
following autotomy may result from either di-
rect depletion of caudal lipids or diversion of
energy allocated to reproduction, or both.
Previous studies of tail loss have been unable
to decouple the effects of each of these energy
depleting processes. This is in part caused by a
common assumption that caudal fat is depleted
as a result of tail loss. However, recent work on
our test species, Niveoscincus metallicus, has
shown that the majority of naturally occurring
tail breaks do not result in the direct depletion
of caudal fat since lipid is aggregated in the
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proximal regions of the tail (Chapple and
Swain, 2002). Consequently N. metallicus offers
the possibility of determining the relative costs
of lipid depletion and energy diversion on re-
productive investment by comparing the repro-
ductive costs of tail breaks that result in lipid
depletion and those that do not. In this paper,
we examine the impact of naturally occurring
tail breaks on litter size and offspring pheno-
type and evaluate relative importance of lipid
depletion and energetic diversion as sources of
reproductive costs.

MATERIALS AND METHODS

Study Species.—The metallic skink, N. metalli-
cus, is a small viviparous skink (45-60 mm
snout-vent length, SVL) that is widely distrib-
uted throughout Tasmania and the southeastern
corner of the Australian mainland. Both abdom-
inal and caudal fat stores are present in this spe-
cies, although the majority (55-75%) of these re-
serves are located in the tail, mostly (~ 90%)
within the proximal third of the tail (Chapple
and Swain, 2002). Females reproduce annually
with vitellogenesis beginning in late summer
(March in our population), approximately one
month after parturition. The first matings occur
in autumn (April) with sperm stored overwinter
by females until ovulation and fertilization in
spring (September) following emergence (Jones
and Swain, 1996). Niveoscincus metallicus re-
mains primarily lecithotrophic (Jones et al,
1998; Thompson et al., 1999), although a degree
of facultative placentotrophy has been demon-
strated (Swain and Jones, 1997, 2000a,b).

Collection of Animals and Laboratory Housing
Conditions.—We collected lizards from around
Clarence Lagoon (146°19'E, 42°04'S), a small
glacial lake located on the edge of the Central
Plateau World Heritage area in central Tasmania
(970 m). They were captured by hand or by
noose and transported back to the laboratory,
where they were housed in pairs in terraria (20
X 30 X 10 cm) lined with absorbent bedding.
We provided upturned terracotta pots as cover
and basking surfaces beneath 25-W lights that
provided 10 h of basking per day, and a tem-
perature gradient of 12-35°C within each con-
tainer. Fluorescent lighting provided 14 h of
light each day at natural levels. Ambient tem-
perature was maintained around 12-14°C. We
fed the lizards a diet of mealworms (Tenebrio lar-
vae), commercial cat food and mashed banana.
Water was available ad libitum.

Determination of Tail Regeneration Rates.—We
estimated the rate of tail regeneration in the
field from data obtained in the laboratory. Fif-
teen adult females, collected in September 1999,
were held on ice until fully torpid, and complete
tail autotomy induced through the basal frac-
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ture, leaving a stump of ~ 10 mm. We main-
tained these animals under laboratory condi-
tions for four months, taking monthly measure-
ments of total tail length and regeneration
length (£ 0.1 mm) to determine the rate of tail
regeneration.

The rate of tail regeneration under laboratory
conditions was 1.78 *= 0.03 mm/week (mean *=
SE). However, since both photoperiod and tem-
perature influence the rate at which tail regen-
eration occurs (e.g. Turner and Tipton, 1972;
Ndukuba and Ramachandran, 1988; Ramachan-
dran and Ndukuba, 1989), the estimated field
regeneration rate was adjusted accordingly. We
provided animals with 10 h of radiant heat each
day. However, at Clarence Lagoon the average
daily access to sunlight during the activity sea-
son is only 6.3 h (Bureau of Meteorology data).
Assuming that there is a 10-15% loss of activity
time resulting from constraints such as rain and
cloud, the basking opportunities at Clarence La-
goon are approximately 50% of those in the lab-
oratory. Consequently, we assumed that the rate
of tail regeneration under field conditions is half
that found in the laboratory (i.e, 0.89 mm/
week).

Formation of Experimental Groups.—To calculate
each female’s original tail length, and hence es-
timate the point at which autotomy occurred,
we regressed tail length (TL) against SVL in 10
pregnant females that lacked any evidence of
caudal autotomy. For these females, there was a
significant relationship between SVL and TL
(TL = 1.16 X SVL + 5.28; R? = 0.73; P = 0.0001).
The regression equation was used to estimate
the original tail lengths (OTL) of the remaining
animals that displayed signs of previous tail
loss. By dividing the distance from the vent to
tail break by the OTL, the relative position of
the tail break along the length of the original
tail was estimated.

We assumed that late stage females with re-
generated portions of the tail between 16-30
mm in length had experienced tail autotomy
during vitellogenesis for the current reproduc-
tive period (after allowing for the May to Sep-
tember/October hibernation period). All ani-
mals in the process of regenerating the tail were
assumed to be incurring an energetic cost. Us-
ing both the position of tail loss and the length
of the regenerated tail, we assigned animals to
one of four groups using the following criteria.

Group 1: Animals with tail breaks within the
proximal third of the tail and regeneration be-
tween 16 and 30 mm in length; that is, females
that experienced significant loss of caudal fat (~
90%) during vitellogenesis for their current
pregnancy and were still undergoing regenera-
tion. (Animals with less than 16 mm regenera-
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TABLE 1. Estimated relative position of tail loss (*
SE) and tail regeneration length (mm * SE) for Ni-
veoscincus metallicus assigned to each group.

Position of Regeneration

Group N tail loss length (mm)
1 10 0.20 = 0.03 22.64 = 1.70

2 8 0.19 = 0.03 34.58 + 1.32

3 14 0.50 = 0.03 21.35 = 1.33

tion were deemed to have autotomized during
gestation and were excluded from our study).

Group 2: Animals with tail breaks within the
proximal third of the tail and regeneration of
more than 35 mm in length; that is, females that
experienced significant loss of caudal fat (~
90%) during a previous breeding season and
had completed regeneration (control for tail
loss).

Group 3: Animals with tail breaks within the
distal region of the tail and regeneration be-
tween 16 and 30 mm in length; that is, females
that experienced minimal loss of tail fat (= 10%)
from autotomy during vitellogenesis for their
current pregnancy but were still undergoing re-
generation (control for fat loss).

Group 4: Animals exhibiting no signs of pre-
vious tail loss (control for both fat loss and tail
loss).

Experimental Procedure.—We collected 42 preg-
nant females shortly before parturition in early
February 2000. Dissection of animals collected
at the same time for other purposes confirmed
that embryos were fully developed and had
reached stage 40 (staging according to Dufaure
and Hubert, 1961). Upon return to the labora-
tory, we weighed each female (£ 0.1 mg) and
took measurements of SVL, tail length, tail
break length and tail regeneration length (* 0.1
mm). From these measurements we assigned
10, 8, 14, and 10 females to groups 1, 2, 3 and
4, respectively. The mean regeneration length
and estimated position of tail loss for each
group is provided in Table 1. Since the tail base
(i.e., break length) may grow during tail regen-
eration (Tinkle, 1967), the true position of tail
loss was probably slightly more proximal. How-
ever, our groups were sufficiently distinct (Table
1) for this to have no bearing on our selection
of groups.

Each female was given a unique toe-clip, and
animals were randomly housed in pairs. All fe-
males gave birth within two and a half weeks
of arrival in the laboratory. Terraria were
checked twice daily for newborns, and these
and their mothers were removed immediately.
Females within each pair never overlapped in
the timing of parturition, and in every instance
the mother of the newborns was unambiguously
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determined through abdominal palpation. We
measured the sprint speed of each neonate
within 24 h of birth. Neonates were warmed to
26°C (optimal performance temperature: Mc-
Coull, 2001) and sprinted along a track main-
tained at 26 * 1°C. Photodiodes linked to a
computer generated two estimates (each of 50
cm) for each trial, the fastest of which was taken
as the measure of sprint speed (m s™).

We chose two juveniles at random from each
litter and maintained them in the laboratory to
assess growth rate. In the case of litter sizes of
two, only the growth rate of one individual was
measured. These juveniles were weighed (+ 0.1
mg) and measured (SVL, tail length; = 0.1 mm)
within 24 h of birth and every two weeks for
eight weeks. Juveniles were fed mashed banana
and cat food and housed in groups of 4-6. All
juveniles appeared to gain equal access to food
and basking surfaces. They were released at the
site of maternal capture after the experiment.
The remaining neonates, along with their moth-
er, were killed by exposure to —20°C (Cogger,
1992) and dissected for assessment of abdomi-
nal fat reserves. The number of corpora lutea
was used to confirm litter size and the stomach
was dissected to ensure that there were no con-
sumed stillborns.

Data Analysis.—Discriminant function analy-
sis was conducted using the DISCRIM routine
of SYSTAT 5.2 for Macintosh (L. H. Wilkinson,
H. A. Hill, S. Mialla, and E. Vang, Systat, Inc.,
Evanston, IL, 1992) to test the validity of our
assignment of animals to groups. All maternal
and offspring data were incorporated in the
analysis except those for postnatal growth rate,
where three datapoints were missing because of
the death of juveniles. Litter averages were used
wherever data were obtained from more than
one animal in a litter. Juvenile growth rate was
calculated using the increase in SVL over the
eight-week period. Snout-vent length was cho-
sen because mass, especially in small lizards,
may reflect changes in recent nutritional history
rather than change in body size (Dunham,
1978).

Differences between the four experimental
groups in terms of maternal investment and off-
spring morphology were analyzed by MAN-
COVA using SYSTAT 5.2 with maternal SVL as
the covariate. Significant response variables
identified by this procedure were subsequently
analyzed using a one-way ANCOVA design
with maternal size (SVL) as the covariate. As-
sumptions of the analysis were checked by test-
ing for homogeneity of variances and homoge-
neity of slopes using standard methods (Ta-
bachnick and Fidell, 1989). If the covariate was
not significant, the analysis became a one-way
ANOVA. Posthoc HSD (when ANOVA) or LSD
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TABLE 2. Litter size and relative clutch masses
(RCM—combined clutch mass/postpartum maternal
mass) for female Niveoscincus metallicus assigned to
each of four groups according to the time and extent
of tail loss. Asterisk indicates that the covariate, ma-
ternal SVL, was not significant; therefore, actual
means are shown and the statistics are derived from
an ANOVA. Means (and least-squares means) with the
same superscript are not significantly different as de-
termined by posthoc LSD or HSD tests.

R Least- ANCOVA /ANOVA*
Offspring squares
trait Group mean SE df F P
Litter size 1 288 0.19 3,37 3.81 0.018
2 348> 0.22
3 2.82¢  0.16
4 349>  0.19
RCM* 1 0.25* 0.02 3,38 190 0.146
2 0.29:  0.02
3 0.23*  0.15
4 0.260  0.02

(when ANCOVA) tests were used to investigate
differences between groups.
RESULTS

A single discriminant function was revealed,
based upon a correlation between high values
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for juvenile mass and SVL and low values for
litter size and relative clutch mass. Thirty of the
42 individuals (71%) were reclassified correctly
into the groups to which they were assigned.
Group 1 was the least satisfactory, with two an-
imals moved to Group 2 and three animals to
Group 3. Three animals from Group 2 were
placed in Group 4, one from Group 3 was as-
signed to Group 4, two from Group 3 moved to
Group 1, and one animal from Group 4 was al-
located to Group 3. Consequently, we consid-
ered our assignment of females to each of the
four groups to be valid.

MANCOVA conducted on all response vari-
ables, using maternal SVL as covariate, was sig-
nificant (by Pillai Trace, F,,5, = 1.661; P =
0.046), identifying litter size, juvenile mass, and
neonatal SVL for further analysis.

Mean litter sizes were significantly larger in
Groups 2 and 4 than in Groups 1 and 3 (Table
2). Relative clutch mass (RCM), measured as lit-
ter mass/postpartum maternal mass, did not
differ significantly (Table 2).

Offspring mass differed significantly among
groups with mothers from Groups 1 and 3 giv-
ing birth to heavier offspring (Table 3). Al-
though neonatal SVL differed significantly, this
was limited to Group 3 juveniles which were

TABLE 3. Morphological and performance characteristics of newborn Niveoscincus metallicus from mothers
assigned to each of four groups according to the time and extent of tail loss. Means are calculated from litter
averages for each mother. The covariate (maternal SVL) was nonsignificant for each analysis; therefore ANOVA
was used. Means with the same superscript are not significantly different as determined by post hoc HSD tests.

ANOVA
Offspring trait Group Mean SE df F P
SVL (mm) 1 23.342b 0.20 3,38 5.77 0.0024
2 22.82° 0.22
3 23.552 0.13
4 22.79° 0.12
Mass (mg) 1 241.812 7.03 3,38 3.70 0.0198
2 219.93v 5.76
3 241.98° 5.44
4 222.94> 5.73
Tail length (mm) 1 26.192> 0.33 3,38 3.26 0.0319
2 26.47*> 0.78
3 27.382 0.33
4 25.71° 0.25
Fat stores (mg) 1 2.372 0.45 3,38 0.54 0.6584
2 2.332 0.31
3 2.492 0.24
4 1.972 0.22
Sprint speed (m s ) 1 0.36° 0.01 3,38 0.65 0.5889
2 0.392 0.02
3 0.38* 0.01
4 0.382 0.02
Growth (mm) 1 1.38° 0.13 3,35 1.84 0.1578
2 1.812 0.21
3 1.312 0.14
4 1.492 0.11
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larger than those from Groups 2 and 4 (Table
3). Mean juvenile tail length also differed sig-
nificantly, but the only significant difference was
between juveniles born to Group 3 females and
those born to Group 4 females (Table 3). There
were no differences in the locomotor perfor-
mance of neonates, abdominal fat stores at birth,
or the rate of growth over the first eight weeks
(Table 3).

DiscuUssiON

Female N. metallicus that experience tail autot-
omy during vitellogenesis, regardless of the
amount of tail lost (i.e., Groups 1 and 3), suffer
substantial reductions in litter size (~ 17.5%)
compared to females with no previous tail au-
totomy or those that experienced tail loss dur-
ing a previous season. The magnitude of the re-
sponse observed is similar to the figure of 14%
reported for Morethia boulengeri (Smyth, 1974),
an oviparous skink that also has both abdomi-
nal and caudal energy reserves. Our values are
considerably less than those found in species
that lack abdominal fat bodies. In such species,
clutch/litter sizes are severely reduced follow-
ing autotomy (55% in Hemiergis peronii: Smyth,
1974; 55-100% in Ctenotus taeniolatus: Taylor,
1984 cited in Wilson and Booth, 1998; and 75%
in Eulamprus quoyii: Wilson and Booth 1998). Be-
cause skeletochronology data indicate that N.
metallicus females at Clarence Lagoon have a re-
productive life of 9-12 yr (McCoull, 2001), a
17.5% reduction in one breeding season is un-
likely to have a substantial impact on lifetime
fecundity.

Previous studies of the effect of caudal autot-
omy on reproductive investment have agreed
that costs are incurred as a consequence of en-
ergetic restriction, but they have been unable to
pinpoint the principal source of these costs
(Smyth, 1974; Dial and Fitzpatrick, 1981; Wilson
and Booth, 1998). Niveoscincus metallicus pro-
vides an opportunity to separate the direct costs
associated with autotomy (loss of energy re-
serves) from the indirect costs (regeneration
costs), because most caudal fat (~ 90%) is ag-
gregated within the proximal third of the tail
(Chapple and Swain, 2002). Because fewer than
30% of breaks occur in this region, most tail
breaks in this species do not result in a signifi-
cant loss of caudal fat (Chapple and Swain,
2002). Because our data indicate that reduction
in clutch size following recent tail loss is inde-
pendent of the direct loss of energy reserves, we
conclude that, in N. metallicus, diversion of en-
ergy to fuel tail regeneration is the major cause
of reproductive costs associated with autotomy.
However, the reduction in reproductive invest-
ment following autotomy may also be caused by
several possible behavioral modifications. Tail-
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less lizards have been observed to modify their
thermoregulatory behavior (Martin and Salva-
dor, 1993c¢), alter their habitat use, and reduce
activity (Formanowicz et al., 1990; Martin and
Salvador, 1992; Downes and Shine, 2001), and
experience decreased foraging efficiency (Mar-
tin and Salvador, 1993b). Such behavioral mod-
ifications have the potential to restrict reproduc-
tive investment through decreased nutritional
condition and energy intake and conversion.

Although an effect of tail loss on clutch/litter
size has been demonstrated on several occa-
sions, we are not aware of any other study that
has determined whether such reduction in re-
productive investment affects juvenile pheno-
type. Our data provide indirect evidence that,
although loss of any part of the tail during vi-
tellogenesis results in smaller litters in N. metal-
licus, the substantial loss of fat involved in prox-
imal breaks may have additional consequences
for offspring phenotype. The offspring from
mothers with regenerating distal breaks were
significantly larger (SVL and mass), and had
longer tails, than those from any other group.
Thus, although the regeneration cost incurred
by autotomy anywhere along the tail during vi-
tellogenesis resulted in reduced litter size, fe-
males that retained their caudal fat stores were
apparently able to increase the size of their re-
maining young, an option not available to fe-
males that suffered proximal tail breaks. Fe-
males that lose their entire tail will suffer a two-
fold energetic cost: in addition to losing impor-
tant energy stores, the cost of regeneration will
itself be much greater than that required to re-
generate only a section of the tail.

In N. metallicus postnatal growth rate is in-
dependent of size at birth, so there is no short-
term capacity to compensate for small birth size
(Swain and Jones, 2000a). Because larger off-
spring sometimes show improved survival un-
der poor environmental conditions (Ferguson
and Fox, 1984; Sinervo, 1990; Sinervo et al.,
1992), size at birth may be a particularly im-
portant parameter in N. metallicus. Although
larger females do not ovulate larger eggs in N.
metallicus, they do produce larger young as a
result of facultative placentotrophy (Swain and
Jones, 2000a,b). It appears more probable that
increased size at birth in young whose mothers
experienced distal tail breaks is achieved
through facultative placentotrophy during ges-
tation rather than by increased vitellogenesis be-
fore ovulation.
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