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EFFECTS OF ELEVATION ON LITTER-SIZE VARIATION AMONG
LIZARD POPULATIONS IN THE SCELOPORUS GRAMMICUS
COMPLEX (PHRYNOSOMATIDAE) IN MEXICO

Aurelio Ramirez-Bautistal, Adrian Leyte-Manriquel-4, Jonathon C. Marshall2, and Geoffrey R. Smith3

ABSTRACT—We examined the effect of elevation on litter-size variation in viviparous lizards of the Sceloporus grammicus
complex in 10 states of Mexico. Female snout—vent length (SVL) decreased with increasing elevation, and absolute litter size
based on embryos also tended to decrease with increasing elevation. However, after controlling for variation in female body
size, we found that litter sizes tended to be relatively larger at higher elevation. Elevation therefore appears to influence
litter size in these lizards; however, relatively little of the variation is explained by elevation; thus, other factors are likely
making substantial contributions to the observed litter-size variation. The S. grammicus complex appears to be a good model
system for examining the underlying causes of geographic and elevational variation in lizard life histories.

RESUMEN.—Examinamos el efecto del altitud en la variaciéon del tamano de camada de las lagartijas viviparas del com-
plejo Sceloporus grammicus en 10 estados de México. La LHC de las hembras disminuy6 con la altitud, y el tamafio abso-
luto de camada, calculado con base en el nimero de embriones, también tendié a disminuir. No obstante, después de
controlar la variacién en el tamafio corporal de las hembras, encontramos que los tamafos de camada tendieron a ser
relativamente més grandes en altitudes mayores. La altitud, por tanto, parece influir en el tamafio de camada de estas lagar-
tijas; sin embargo, la altitud explica relativamente poco de la variacion, por lo que, es probable que otros factores con-
tribuyan substancialmente a la variacién observada en el tamaio de camada. El complejo S. grammicus parece ser un buen
sistema para estudiar las causas fundamentales de la variacion geogréfica y altitudinal en la historia de vida de las lagartijas.

Intraspecific studies among many popula-
tions of lizards have revealed geographic varia-
tion in life history characteristics, such as lit-
ter size, and age and size at maturity (Tinkle
and Ballinger 1972, Howland 1992, Niewia-
rowski 2001). Elevation can play an important
role in determining intraspecific life history
variation in lizards (Ballinger 1979, Grant and
Dunham 1990, Adolph and Porter 1993, 1996,
Ballinger et al. 1996, Sears 2005). Previous stu-
dies of a variety of lizard species have found
apparent elevational effects on litter or clutch
size; the litter or clutch sizes have both been
shown to increase or decrease with elevation
depending on the species (Rocha et al. 2002,
Smith et al. 2003, Jin and Liu 2007, Rojas-
Gonzilez et al. 2008). However, most of these
studies compare only one pair or just a few
populations from each elevation.

We examined elevational effects on litter-size
variation in several populations within the
Sceloporus grammicus complex. Previous stu-
dies have examined intraspecific variation in
life history traits of S. grammicus; however,
these studies either examined high-elevation
populations only (Lemos-Espinal et al. 1998) or

did not explicitly examine elevational variation
(Ramirez-Bautista et al. 2004). We predict a
decrease in litter size as elevation increases (i.e.,
one can speak of an optimization of litter size
correlated with snout—vent length of females;
Ramirez-Bautista et al. 2006, Hernindez-Sali-
nas et al. 2010). This relationship may result
from the different environments in which these
lizards occur. One possible explanation for these
reproductive traits in the environments which
S. grammicus inhabits stems from life history
evolutionary theory based on r strategy, which
could be supported because S. grammicus does
invade (colonize) new habitats in its range (Mor-
ales 1988).

Our data were compiled from unkarotyped
museum samples; therefore, all individuals were
simply taken to be members of the S. grammi-
cus complex rather than assigned to a chromo-
some race, subspecies, or species. Given the
apparent close phylogenetic relationships and
the nebulous species boundaries between groups
within this species complex (Arévalo et al.
1991, Marshall et al. 2006), we feel that our
comparison of litter sizes is appropriate for
examination of the potential role of elevation in
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Fig. 1. Map of Central Mexico showing localities where samples were collected. Samples were pooled and categorized
by political state boundaries and elevation: HEP = high-elevation population, MEP = medium-elevation population, and

LEP = low-elevation population.

explaining litter-size variation in these lizards
(i.e., the confounding effects of phylogenetic
constraints should be minimal compared to
the proximate variation or local adaptation).

STUDY AREA

We conducted our study of populations be-
longing to the Scelopororus grammicus com-
plex in 30 localities (Table 1) from 10 states of
Mexico (Puebla [PUE], Distrito Federal [DF],
Estado de México [EDOMEX], Querétaro
[QRO], Hidalgo [HGO], Morelos [MOR], Gua-
najuato [GTO], Michoacan [MICH], Oaxaca
[OAX], and Guerrero [GRO]; Table 1). Popula-
tions were pooled based on their elevation, (1)
high-elevation populations (HEPs; 28003420 m;
EDOMEX, QRO, and DF); (2) medium-eleva-
tion populations (MEPs; 2000-2700 m; OAX,
HGO, DE and EDOMEX); and (3) low-elevation
populations (LEPs; 1000-1875 m, PUE, GTO,
GRO, MOR, MICH, and OAX; Fig. 1, Table 1).

General vegetation type was oak-pine for-
est for HEPs; oak-pine, pine, scrub, and xero-
phytic and tropical forest for MEPs; and pine,
scrub, and xerophytic and tropical forest for

LEPs (Rzedowski 1978; Table 1). The climate
of the localities where specimens were col-
lected varied according to vegetation type and
altitude (Table 1). Mean annual precipitation
ranged from 683.7 to 820.7 mm in low-eleva-
tion sites (30 years), 454.0 to 1041.2 mm in
medium-elevation sites (37 years), and 859.3
to 1892.6 mm in high-elevation sites (13 years)
(Garcia 1981).

METHODS

Females analyzed in this study were taken
from the Coleccion Nacional de Anfibios y
Reptiles (CNAR) and the Coleccién de An-
fibios y Reptiles del Museo de Zoologia de la
Facultad de Ciencias (MZFC) of the Universi-
dad Nacional Auténoma de México (UNAM).
Specimens were collected in the years 1975—
1995. We organized adult females (n = 215)
and neonates (n = 170) by state and elevation
groups (HEP, MEPR, and LEP; Fig. 1). For each
female we used a caliper to measure snout—
vent length (SVL) to the nearest 0.1 mm. In
addition, we recorded the number of embryos
in each oviduct (or uterus; Ramirez-Bautista et



LITTER SIZE IN SCELOPORUS GRAMMICUS 217

2011]

£F.10,001 £SLTLTE oeradue) andydoaax ‘ouid ‘qnads daT 00LT oLoD nYIIY
J1€,31,96 u£8,90,LT prunyqns ourd 9sa10§ [eordon dd1 €91 XYO ODN
/£€.L8:96 BV FVLT prumnyqns 1sa101 [eordoy 4T g/81 XVO L0S
85,5€.66 450,£€,81 prumyqns 1s010§ [eordon ddT CeLT oun 00xe],
4£2.08.66 WL0SSLT prunyqns qnaos 9sau0j [eordon Eicil 09€T [0} ) ogupued[yn
BjRp OU ®jep ou rjRp Ou ®jRp OU dAN 00S% HDOIN BjRp OU
BlRp OU ejRp OU vjRp OU ejRp OU dHAIN 00S3 YOI 0[9209],
OF LV.56 JAEFEIT prumy 1s010§ [eordon dAN 0093 XVO AN
BjRp OU rjRp OU prumny aurd 9sauoj [eordon dHAN 00S% XVO voexXR()
4LT,TE96 A8, EELT pruny ourd 9sa10§ [eordon dHIN 0085 XYO OS
JS8,£€.96 WLGTELT prumy ourd 9sauxoj [eordon dAN <B0% XVO AdS
08, EV466 /BB.8E.81 prumyqns 159105 [eordon) dAN 0003 (0)' ) oudnay,
M€ TV.86 08,8008 oreradwoy J[eo-ourd dAN 00L3 O9H OUNd
A£€,11.66 88,7508 oyeroduray ondydosex ‘qnos dAN 0093 09H dON
J1€,8€.86 JAT,01,08 oreradwoy Jeo-ourd dAN 0053 O9H (O
.8,L0,66 0¥ ,8€.08 oyeroduray ourd ‘ondydorax ‘qnios dAN 01¥3 09H INS
10,8%.86 B6E.90,0C oeradu ondydosox ‘quios dHIN 0,8 09H eINYOT]
BT1,£2.86 L0C.S0.02 ojerodway aurd OonAydotex ‘qnios dAN GGG 05H ogupurmy,
S, 12.86 A€ TE0C oeradus) ourd ondydoax ‘qnios dHIN L0Bg 09H ooudy
V8,L0,66 4/8€,90,08 Arpruros ondydosax ‘qnos dAN 0003 09H eqnoely
/6L, T0.86 WLT1,0S,6T prunyqns yeo-surd dAN 6083 and uedneusig)
60,75.86 OT, 1761 oyeraduray yeo ‘ourd ‘ondydorox dAN 7655 XANOAH upORNYHoaY,
A¥,90,66 F0,08,6T oreradway yeo ‘ourd “ondydosex dAN 00L3 XAWOAH uedpeqy,
.8€,80.66 A0S, 1861 oresaduay ourd ‘ondydo.ox dAN 00%3 Aaa vdepedez]
.80,01,66 480,52,61 oresodua) ourd onAydotax ‘qnios dAN 0S£3 ad VO
6S,60.86 ,9C,0G.61 greroduwoy aurd OonAydotex dAN 00€3 Ad urOROAOD)
.80,01,66 480,52,61 orerodura) ourd onfydoox dAN 00€% ad ks
vjRp OU ®jep Ou ®jep Oou ®jep Oou dIH 0083 ) [0) vjRp OU
J0€,91,66 WLB,0E,6T oreradwoy yeo-ourd ddaH 060€ XAWOAd urde)
98,6166 J0€,ST6T oyeroduray J[eo-surd ddH 003€ aa oosnly
opmIsuo| apmner| ayewtr|) odA) uoneoToA A103030 ([sewr) aelg A1eoo]
uoneAS[q opmny

= QDN ‘®pmojoday, zni) vjueg = NS ‘01pry 2p vdeloN
-MON = JDN Zoaen( ap ugpiuQ = [ ‘9yiodely oLrenjueg

K10 BORXR() 1SBIYLON

INAN ©odayewio)) 0genues = H§ XO[0X 0Ipad URS = XJS 001y [H [PuomeN onbied = DAN A1) BONYIEJ 1589
NS ‘OI9PRIN 'V OARISNY) = VD) ‘Zoen[ ojiuag = [{ 'S9IeuIpIood pur ‘@jewr ‘epmne ‘9d4} uoneiosaa ‘(uonemdod

uonead[a-mo[ = JH7 ‘vonemdod uoneaspe-umipowt = g ‘wonemdod uoneAsP-ysi| = JHH) A1059180 UOHRAS[S ‘918]S :SONIEIO] APMS 91} JO SORSLIOIBIRYD [RIUSWUOINAUY T ATAV],



218

MEP

LEP

HEP

0.00

T
0.44 0.89 1.33 1.78

Fig. 2. Cluster analysis showing populations grouped by
elevation: HEP = high-elevation population, MEP = me-
dium-elevation population, and LEP = low-elevation
population.

al. 2004, Hernandez-Salinas et al. 2010) and the
elevation where each individual was collected.

We used ANOVA to analyze the variation
of female SVL among population groups. An
ANCOVA was also performed using female
SVL as a covariate, litter size as the dependent
variable, and elevation group as the indepen-
dent variable. Correlation analysis was used to
determine how litter size was related to fe-
male SVL in all groups (based on elevation).
In addition, we performed a similarity analysis
(cluster analysis) to see how the elevation
groups (elevation) clustered in relation to litter
size and female SVL. We performed a post
hoc Tukey’s HSD test to compare neonate
SVL (n = 170 from 6 populations) among ele-
vation groups.

Finally, we used linear regression to exam-
ine the relationship between elevation and
female SVL and between elevation and litter
size. Because litter size can be affected by
female SVL, we used the residuals (of the lit-
ter size on female SVL regression) in another
regression with elevation to examine the re-
lationship independent of body size effects.
Standard parametric statistical tests were used
whenever assumptions were met. Statistical
analyses were performed with Infostat 1.1.

RESULTS
Female body size differed among elevation

groups (Fy 919 = 32, P < 0.001). Mean SVL of
females was lower in HEPs (49.1 mm, SE =
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0.77, range 37.0-58.0, n = 39) than in MEPs
(55 mm, SE = 0.50, range 40.0-69.0, n = 155)
and LEPs (57.4 mm, SE = 1.07, range 46.0—
68.0,n = 25).

A similarity analysis with SVL and litter size
among elevation groups showed 2 groups: (1)
HEP females with smaller SVL and litter size
and (2) MEP and LEP females with larger
SVL and litter size (Fig. 2). In addition, a simi-
larity analysis among populations (30 localities
in 10 states) generated 6 different groups. The
first corresponded to the population from
Guanajuato (GTO-LEP); the second included
Querétaro and Michoacdn populations (QRO-
HEP and MICH-MEP); the third included
Puebla, Oaxaca, and Morelos populations (PUE-
MEPR OAX-LEP, OAX-MEP, and MOR-MEP);
the fourth included Hidalgo populations (HGO-
MEP); the fifth included both medium- and
high-elevation populations of the Estado de
México (EDOMEX); and the last group in-
cluded Guerrero and Distrito Federal popula-
tions (GRO-LEPR, GRO-MEP, DF-MEP, and
DF-HEP; see Table 1 for localities and eleva-
tion categories for each state).

Snout—vent length of neonates at birth var-
ied among elevation groups (ANOVA: Fy 47
= 23.51, P = 0.001). Mean SVL for HEPs was
lower (23.0 mm, SE = 0.45, range 15.0-32.0,
n = 125) than that of LEPs (29.8 mm, SE =
0.64, range 24.0-32.0, n = 15) and MEPs (27.7
mm, SE = 0.64, range 19.0-32.0, n = 30). A Tu-
key’s HSD test showed that SVL of neonates
differed between HEPs and LEPs (P = 0.001)
and between HEPs and MEPs (P = 0.01), but
not between LEPs and MEPs (P > 0.05). SVL
of offspring from EDOMEX-HEP (19.9 mm,
SE = 0.43, range 15-30, n = 72) was smaller
than SVL of offspring from DF-MEP (27.2
mm, SE = 1.08, range 19.8-32, n = 10) and
DF-HEP (27.2 mm, SE = 0.43, range 21-32,
n = 53) populations. However, the larger SVLs
were from GTO-LEP (29.8 mm, SE = 0.64,
range 25-32, n = 15), MOR-MEP (29.1 mm,
SE = 0.56, range 26-32, n = 11), and HGO-
MEP (29 mm, SE = 1.28, range 22-32,n = 9)
populations (Fig. 1).

Litter size was correlated with female
SVL from HEPs (r2 = 0.35, P = 0.001), MEPs
(2 = 0.27, P = 0.001), and LEPs (/2 = 0.17, P
= 0.02; Fig. 3). The residuals of the litter size
on female SVL regression showed a margin-
ally significant increase with elevation (residu-
als = 0.76 + 0.0003SVL; n = 215, r2 = 0.014,
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Fig. 3. Relationship of litter size to SVL for female lizards
of the Sceloporus grammicus complex from Mexico: a, high-
elevation population; b, medium-elevation population; and
¢, low-elevation population.
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P = 0.007). An ANCOVA showed differences in
litter size among elevation groups (Fg 915 =
32.6, P = 0.001). Tukey’s HSD test showed no
significant difference in litter size between
HEPs (4.0, SE = 0.19) and LEPs (4.1, SE =
0.28; P = 0.66). However, litter size from MEPs
was higher (5.1, SE = 0.13) than from HEPs
(P = 0.001) and LEPs (P = 0.001).

DiscussIoN

Female SVL differed among HEPs, LEPs,
and MEPs. Females from low-elevation groups
had a larger mean SVL than females from high-
elevation groups. The difference in SVL is a
pattern that has been observed in another Sce-
loporus grammicus population from different
elevations (Ramirez-Bautista et al. 2006, Her-
nandez-Salinas et al. 2010). The pattern could
result from evolutionary adaptation of the liz-
ards to their local environments (Guillette 1982,
Ramirez-Bautista et al. 2004). Smaller SVL in
HEPs could be related to a need for faster
growth rate, earlier maturity, and shorter repro-
ductive periods at higher elevations than for
MEPs and LEPs (Fig. 2). Other studies on S.
grammicus have shown that populations from
high-elevations have smaller absolute litter
sizes than populations from low elevations
(Lemos-Espinal et al. 1998, Ramirez-Bautista
et al. 2004, 2006). As in other populations of
S. grammicus, this pattern is also found in
populations of various species from tropical
and temperate environments (e.g., Sceloporus
jarrovi and Sceloporus ochoterenae [Smith et
al. 1994, 2003], Mabuya agilis [Rocha et al.
2002], and Xenosaurus platyceps [Rojas-Gon-
zéilez et al. 2008]).

Offspring from HEPs were smaller than
those from MEPs or LEPs. Such a pattern
could be related to environmental factors such
as temperature and precipitation. Smaller
neonate SVLs in HEPs could also be related
to a shorter embryonic development period
than found in MEPs and LEPs; embryonic
development occurred during the cool winter
months (October—-March) and birth occurred
from March through August when tempera-
ture and food resources are higher. These fac-
tors permit the neonates to have a faster
growth rate and to reach sexual maturity at a
smaller SVL (Lemos-Espinal et al. 1998,
Ramirez-Bautista et al. 2004, Iraeta et al.
2006).
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Another factor to consider is the availability
of food resources during embryonic develop-
ment, which could obviously affect birth size
(Guillette and Casas-Andreu 1980, Guillette
1982). However, it should be noted that SVL
of adults and neonates showed extensive varia-
tion even within elevational groups, which
may indicate that populations in the same geo-
graphical and environmental area differ mor-
phologically because of adaptations in repro-
ductive strategies (Fig. 1; Tinkle et al. 1970).
This could indicate that although some popu-
lation means get smaller with increased eleva-
tion, the populations also share similarities in
SVL and litter size with geographically close
populations (Table 1). However, we do not mean
that S. grammicus does not show any pheno-
typic plasticity associated with the SVL, such
as reproductive patterns of females and litter
size. These data could indicate that popula-
tions of the S. grammicus complex are in the
process of speciation (Leyte-Manrique et al.
2006). Such speciation processes have been
shown in the S. grammicus complex from ge-
netic and molecular evidence (Arévalo et al.
1991, Marshall et al. 2006).

The larger mean litter size associated with
MEPs could mean that these populations expe-
rience a higher predation pressure than HEPs
and LEPs and that increased litter size is a
response to this environment (Ramirez-Bau-
tista et al. 2004). In addition, MEP neonates
were larger than HEP or LEP neonates, again
possibly reflecting higher predation pressure
on neonates in the MEP population. Other
studies of S. grammicus populations from high
elevations have shown that offspring, adults,
and litter sizes are smaller than those from
LEPs (Lemos-Espinal et al. 1998, Ramirez-
Bautista et al. 2004). Taken together, these stu-
dies suggest that life history variation among
elevational groups tends to be greater than
variation within elevational groups, at least for
some traits.

Elevation is known to be important in influ-
encing intraspecific life history variation in
lizards (Ballinger 1979, Michaud and Echter-
nacht 1995, Jin and Liu 2007). Life history
variation along an elevational gradient arises
from proximate environmental factors (Grant
and Dunham 1990, Sears 2005), genetic or
ultimate factors (Smith et al. 1994, Ballinger et
al. 1996), or the interaction of proximate and
genetic factors (Iraeta et al. 2006). Environ-
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mental factors and the influence of these fac-
tors on the evolution of life histories, specifi-
cally reproductive strategies as observed in
this study, indicate that adaptive processes in
local conditions (Shine 2005) respond in varia-
tion of litter size and female SVL at different
elevations. The temperature gradient associated
with elevation is possibly the most important
environmental factor and influences not only lit-
ter size but also reproductive cycles and embry-
onic development. The temperature factor is
somehow also expressed in the phenotypic
variation females exhibit in SVL (Shine 2005,
Du et al. 2005) as reported in this study.

Indeed, the general relationships of litter
size and elevation and the variation in the rela-
tionship between SVL and litter size among
populations (Fig. 3) suggest that elevation and
other factors (not analyzed in this study; i.e.,
habitat use, diet, population dynamics, sexual
behavior, and geographical distance) are likely
playing a large role in the variation of litter size
in the S. grammicus complex observed in this
study.
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