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Figure 2. A, relationship between maternal snout—vent length (SVL; in centimeters) and the position of the anterior egg (in centimetres) in
early pregnancy (pink circles) and late pregnancy (light blue triangles).
the 95% con dence interval. B, the in uence of li er size (number of neonates) on absolute abdominal displacement (in centimeters), which

represents the shi in position of the anteriormost egg within the mother’s body. Li er size was adjusted for maternal SVL (residuals).
ed linear regression and the grey area the 95% con dence interval.

represents the

We found that the rst embryo moved anteriorwards (< 19%
of maternal body length) into areas occupied by viscera be-
fore pregnancy.  is shi was closely related to the number of
developing embryos and their additive volume increase. Each
embryonic package conformed to local space constraints within

e line representsthe  ed linear regression and the shaded areas

eline

the maternal abdomen (e.g. more slender in thinner parts of the
maternal body). Also, female vipers stretched their spine in a way
that increased the e ective length of the trunk region, thereby
increasing the space available for the developing o spring. No
changes were observed in tail length, supporting the hypothesis
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Figure 3. A, vertebral unit length (in centimeters) measured at ovulation (“Early”), at the end of pregnancy (99 + 0.33 days; “Late”) and a er
parturition (within 24 h; “Post™). Vertebral unit measurements were estimated from a segment combining seven vertebrae and the associated
seven intervertebral spaces. B, maternal snout-vent length (SVL; in centimeters) measured at ovulation (“Early”), at the end of pregnancy
(“Late™) and a er parturition (“Post™) .Di erentle ersindicate signi cantdi erences between groups.

that spinal exibility was related to abdominal burden and not a
measurement artefact (Luiselli 2005).

Similar exibility might be common in other types of animals,
but taxa presumably di er in the degree to which modi cations
of maternal morphology can accommodate a large volume of

reproductive material within the abdomen. Research on humans
provides strong evidence of volumetric constraints on carrying
the developing embryo: other internal organs are displaced by
the fetus as pregnancy progresses, and mothers make postural
adjustments (Whitcome et al. 2007, Bivid-Roig et al. 2019) that
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Figure 4. Relationship between absolute decrease in maternal snout—vent length (SVL) at parturition and relative li er mass (the ratio of li er

mass to female postpartum body mass). e line represents the

Table 2. Determinants of reproductive e ort, including li er mass
(A) and relative li er mass (B). We tested the separate and combined
in uences of body size [snout-vent length (SVL)], size-adjusted
(residuals) abdominal displacement (AD ) and size changes
(Delta_SVL) at parturition (SVL changes). We used stepwise

model selection based on the corrected Akaike information criterion
(AICc) to select the most appropriate model. K refers to the number
of parameters and w, to the AlCc weight.

Model k AlCc AAICc w, Log-likelihood
(A) Litter mass

SVL + DeltaSVL 4 168.7 0 099 -79.3
SVL+AD_, 4 1777 901 001 -838
SVL 3 17972 1103 O -86.26
Delta_SVL 3 18699 1817 0 -89.83
Null 2 19094 2224 O -93.18
AD__, 3 19104 2235 0 -91.92
(B) Relative

li ermass

Delta SVL 3 -21.81 O 0.74 14.51
SVL + DeltaSVL 4 -1964 217 025 14.87
AD_, 3 -1298 884 001 10.09
SVL+AD,_, 4 -1059 1123 O 10.35
Null 2 -853 1329 0 6.55
SVL 3 -625 1556 0 6.73

e selected model appears in bold.

expand thoracic volume (Bellemare et al. 2003) and modify
lumbopelvic morphology (Whitcome et al. 2007). Invertebrates
with exible abdomens exhibit signi cant distension during

ed linear regression and the grey area the 95% con dence interval.

reproduction (Wintle and Reinhardt 2008, Starck et al. 2018),
and even the hard exoskeleton of brachiuran crabs has enough
elasticity to accommodate the clutch (Hines 1992).

Our data on snakes captured from the eld shortly before
parturition suggest that spinal exibility is not a consequence of
prolonged captivity and is found in other species. Snakes are of
particular interest because many species (including vipers) in-
gest meals that are large relative to the body size of the predator,
causing massive distension of the body (e.g. Glaudas et al. 2019).
Asaresult, snakes of all age classes and both sexes might be under
intense selection to be able to increase space exibly within the
trunk, by traits such as increased numbers of scale rows (Shine
2002) and increased elasticity of the skin in relevant regions of
the body (Tomasheski et al. 2003). Hence, snakes might be pre-
adapted to some of the morphological changes required to in-
crease abdominal volume for a developing li er. Nonetheless,
some ecotypes of snakes might be under selection to minimize
bodily distension; for example, a slender body shape might
facilitate locomotion through the trees and through under-
ground tunnels (Pizza o et al. 2007) or within narrow crevices
(Goodman et al. 2009). Snakes that use arboreal habitats exhibit
low reproductive output and adaptive modi cations of internal
anatomy that reduce distension by eliminating anterior—pos-
terior overlap between ovaries on le  and right sides of the body.
In extreme cases, burrowing snakes exhibit the complete loss of
one oviduct (Blackburn 1998). Likewise, the propulsive role of
the hindbody in aquatic locomotion might impose strong  tness
penalties on distension of this region, resulting in an anterior
shi of the developing li er in aquatic snakes (Shine 1988b).

e structural changes that we found are related to embryonic
water intake and the increase in volume (Lourdais et al., 2015).
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Table 3. Variation in maternal snout-vent length (SVL; in centimeters) and tail length (TL; in centimetrs) before and a er parturition in
21 Vipera berus, 19 Vipera aspis and 18 Coronella austriaca. All females were captured in the eld in late pregnancy. We provide the results of
Tukey’s tests for time e ects for each species from the general model on morphological traits (SVL or TL). Individual identity was treated as a

random factor. See main text for statistics.

Preparturition TL  Postparturition TL  Tukey’s test

Species Preparturition SVL  Postparturition SVL  Tukey’s test
Vipera berus 52.07 £ 0.76 51.00 £ 0.74
Vipera aspis 52.08 £ 1.07 51.25+0.98
Coronella austriaca  50.08 + 1.22 4936+ 124

<.0001
.0006
.0044

6.5+0.70 6.61 +0.49 97
6.73+1.15 6.79 + 0.62 .99
10.02 +1.24 10+1.25 99

e selected model appears in bold.

O spring water demand is high during pregnancy, resulting in a
potential con ict over this resource with the mother (Dupoué et
al. 2015b, Deze eretal. 2021) and also among siblings (Bonnet
et al. 2017). Maternal morphological adjustments reported
here provide a robust way to alleviate these potential con icts.
Although modi cations to the vertebrae during pregnancy are
widespread in mammals (including rats, sheep, monkeys and
humans), many of these cases might not be similar functionally
to the situation that we have documented in vipers. In pregnant
mammals, the most common change is a temporary increase
in bone density and mineralization, which might function to
counteract removal of minerals from the maternal system by
the developing fetus, and for milk production a er birth (Hood
2012). Neither of these reproduction-related demands apply to
the lecithotropic vipers (Lourdais et al. 2002a), although the
time course is broadly similar, i.e. most gains in bone density are
lost soon a er parturition (Bowman and Miller 2001). Perhaps
the closest parallel to the viper situation involves spinal elong-
ation in naked mole-rats. Well-established queens of this eu-
social rodent have elongated bodies owing to enhanced rates
of growth of lumbar vertebrae during early pregnancies (Henry
et al. 2007).  ese changes allow females to carry large li ers
in utero, while remaining su ciently slender to move through
narrow burrows within the colony (Henry et al. 2007). Although
the rodent example involves changes in vertebral shape (rather
than simply in spacing) and is permanent rather than transitory,
the selective advantage might be similar to that driving spinal
elongation in pregnant snakes.

In vipers, the increase in spine length must be driven by inter-
vertebral spaces, not by ossi cation of vertebrae per se, because
the increased body length reverses immediately a er partur-
ition. s case is therefore unlike reports on Galapagos iguanas,
in which the length of major bones can decrease during periods
of prolonged food shortage (Wikelskiand  om 2000). Instead,
the proximate mechanism in vipers might involve reversible hor-
monally induced e ects on musculoskeletal structure. For ex-
ample, increased rates of secretion of relaxin during pregnancy
mediate lumbar adjustments and confer increased joint laxity
that facilitates birth in women (Amarasekera 2012). More gen-
erally, the space between adjacent vertebrae in humans can vary
with a circadian rhythm, re ecting forces imposed by upright vs.
horizontal postures by day vs. at night (Green and Sco  2017).
Increased ligament laxity is a plausible explanation for the pat-
tern observed in vipers. Even if maternal morphology returns to
pre-pregnant conditionssoona er parturition, the physiological
consequences of such adjustments might continue for a longer
period, as observed in humans (Cherni et al. 2019).  us, for

example, (Olsson et al. 2000) reported that the decrease in run-
ning speeds associated with pregnancy in lizards is manifested
for a least a week a er the animals give birth. e maternal re-
sponses that increase available abdominal volume to hold the
developing li er might involve multiple pathways and multiple
parts of the body, requiring signi cant time to reverse.

Future research

Our study extends a previous nding of morphological changes
(abdominal skin distension; Lourdais et al. 2017) and reduced
water allocation per o spring (Bonnet et al. 2017) in vipers.

ese combined results provide support to all ve potential
mechanisms to allow an increased total volume of developing
0 spring (Table 1). Future work could examine how the import-
ance of these space-creating mechanisms varies across species
and sexes. For example, we might expect that spinal elongation
and skin elasticity would be more frequent in females if these
traits evolved to accommodate reproductive requirements. We
would also expect elongation but not skin distensibility in a
species where bodily distension imposes negative tness conse-
quences (e.g. in arboreal, fossorial and aquatic snakes). Finally,
the degree of exibility in body volume should be highest in
regions of the body where such distension ful Is an important
role. In snakes, such tness-relevant regions would include the
stomach in both sexes (but only in species that consume large
prey) and the hindbody in females (but not in the extreme rear
part of the body in aquatic snakes, nor the overall body in ar-
boreal and fossorial taxa). It would also be of great interest to
clarify the proximate mechanisms that induce spinal elongation
and skin distensibility; for example, do hormones associated
with pregnancy directly a ect these exibility-conferring traits?

SUPPLEMENTARY DATA

Supplementary data is available at Biological Journal of the
Linnean Society online.
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