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Abstract
As body size strongly determines the biology of an organism at all levels, it can be
expected that miniaturization comes with substantial structural and functional constraints. Dwarf snakes of the genus Eirenis are derived from big, surface-dwelling
ancestors, considered to be similar to those of the sister genus Dolichophis. To better
understand the structural implications of miniaturization on the feeding apparatus in
Eirenis, the morphology of the cranial musculoskeletal system of Dolichophis schmidti
was compared with that of the miniature Eirenis punctatolineatus and E. persicus using
high-resolution µCT data. The gape index was compared between D. schmidti and
14 Eirenis species. Our results show a relatively increased neurocranium size and
decreased maximal jaw muscle force in E. persicus, compared with the D. schmidti,
and an intermediate situation in E. punctatolineatus. A significant negative allometry in gape index relative to body size is observed across the transition from the
Dolichophis to Pediophis and Eirenis subgenera. However, the gape index relative to
head size showed a significant negative allometry only across the transition from
the Dolichophis to Pseudocyclophis subgenus. In Dolichophis–Eirenis dwarfing lineages,
different structural patterns are observed through miniaturization, indicating that
overcoming the challenge of miniaturization has achieved via different adaptations.
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1 | I NTRO D U C TI O N

convergent phenomenon is quite common across several clades
of reptiles (see Hanken and Wake, 1993). In snakes, for example,

As body size strongly determines the biology of an organism at all

dwarfism is well known in Bitis (Lenk et al., 1999), Lampropeltis

levels (e.g., morphology, physiology, ecology, behavior), it can be

(Pyron and Burbrink, 2009), Leptotyphlops (Hedges, 2008),

expected that miniaturization comes with substantial structural

Tantilla (Wilson and Mata-Silva, 2014), and Eirenis (Mahlow et al.,

and functional constraints (Schmidt-Nielsen, 1984; Boback and

2013).

Guyer, 2003; Pyron and Burbrink, 2009). However, the fact that

The genus Eirenis currently comprises about 24 species, classi-

miniaturization evolved many times independently across the

fied into four subgenera (Eirenis Jan, 1863; Pseudocyclophis Boettger,

animal kingdom indicates that it also comes with benefits, such

1888; Eoseirenis Nagy et al., 2003; Pediophis Fitzinger, 1843)

as improved predator avoidance, exploitation of alternative food

(Figure 1). The genus Eirenis Jan, 1863 forms the sister group to big,

resources, utilization of physically smaller niches, and attaining

surface-dwelling species of the genus Dolichophis, and are thought

reproductive maturity at an earlier age (Zimkus et al., 2012). This

to represent their ancestral condition (Schätti, 1988; Schmidtler,

Journal of Anatomy. 2020;00:1–15.
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F I G U R E 1 Phylogenetic relationships among the genus Eirenis and closely related snakes of the genera Dolichophis and Hierophis
(following Figueroa et al., 2016). The scale bar indicates percentage of genetic variation among the taxa

1993; Schätti and Utiger, 2001; Nagy et al., 2003; Pyron et al., 2013;

adaptations for feeding on hard prey (Herrel and Holanova, 2008;

Figueroa et al., 2016; Zaher et al., 2019).

Schaerlaeken et al., 2012). However, the allometric changes in skull

Eirenis is distributed across western Asia, southeastern Europe, and
northeastern Africa (Schmidtler and Schmidtler, 1978, Rajabizadeh et al.,

shape due to the decrease in body size (see Hanken, 1983) may possibly also predispose these animals to feeding on arthropod prey.

2012, 2016, Mahlow et al., 2013). Except for the subgenus Eoseirenis,

Here, we predict that Eirenis miniature subgenera have evolved a

dwarfism occurs in all species of the subgenus Pseudocyclophis, as well

different cranial morphology depending on their body size and diet.

as in some species of the subgenera Eirenis and Pediohphis, containing

We hypothesized that (a) cranial morphology in miniature Eirenis lin-

species with <500 mm total (snout to tail) adult size (Mahlow et al.,

eages is different than in Dolichophis; and (b) cranial morphology in

2013). They are known to have a cryptic lifestyle, being found mainly

Eirenis lineages and Dolichophis reflect a suite of structural adapta-

under stones (Terent év and Chernov, 1965; Shwayat et al., 2009). Just

tions in relation to body size and prey hardness allowing them to take

as for Eirenis, some information on the external morphology and taxon-

prey items despite smaller body size and/or higher prey hardness. To

omy of the genus Dolichophis is available in the literature (Schätti, 1988;

test this, we provide a detailed structural comparison of the cranial

Venchi and Sindaco, 2006). These snakes are diurnal surface-dwellers,

design and the feeding apparatus of Dolichophis and Eirenis snakes.

with an average adult body size of about one meter and a half.
A considerable evolutionary decrease in size from a Dolichophislike ancestor to the miniature Eirenis implied an evolutionary modifi-

2 | M ATE R I A L S A N D M E TH O DS

cation of the feeding apparatus, and a considerable shift in their diet.
Dolichophis snakes (maximum size: about 2500 mm, average range:

We examined the morphology of the cranial musculoskeletal system

700–1200 mm) feed on a variety of food items, including small mam-

in Dolichophis and Eirenis. Anatomical dissection and three-dimen-

mals, birds, lizards, and more rarely on bird eggs, arthropods, and

sional reconstructions of the musculoskeletal anatomy of the feed-

even other snakes (Terent év and Chernov, 1965; Göçmen et al., 2008;

ing apparatus are used to visualize and describe the musculoskeletal

Lelièvre et al., 2012; Rajabizadeh, 2018). Eirenis (Pediophis) puncta-

differences between Dolichophis (large bodied, proxy for the ances-

tolineatus (maximum size: 758 mm, average range: 350–550 mm)

tral phenotype) and Eirenis (two independent lineages of a derived

feeds mainly on lizards (family Lacertidae) and arthropods (of orders

dwarfed phenotype).

Orthoptera, Coleoptera, Hymenoptera, Scolopendromorpha), while
Eirenis (Pseudocyclophis) persicus (maximum size: 371 mm, average
range: 250–350 mm) feeds nearly exclusively on arthropods (Terent

2.1 | Specimens

év and Chernov, 1965; Çiçek and Mermer, 2007; Rajabizadeh,
2018). The capacity, especially as a miniature species, to consume

In this study, Dolichophis schmidti (Nikolsky, 1909) is considered

prey items bearing a hard exoskeleton suggests the presence of

as a proxy of the ancestral state. Eirenis (Pseudocyclophis) persicus

|
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(Anderson, 1872) and Eirenis (Pediophis) punctatolineatus (Boettger,

com; Vlassenbroeck et al., 2007) and rendered using Amira V. 5.4.1

1892) represent two subgenera that comprise dwarfed snakes

(Mercury Systems of Visage Imaging GmbH).

(Figure 2).
Four adult specimens (one Dolichophis schmidti, one Eirenis
punctatolineatus, and two Eirenis persicus) were CT-scanned.

2.3 | Osteology and myology

Moreover, four additional specimens (two D. schmidti and two
E. punctatolineatus) were dissected for osteological examinations

For the descriptions of the bony structures, the terminology used

(Table 1). Concerning the number of teeth, both data of CT-

follows that of Romer (1956) and Bullock and Tanner (1966). Muscles

scanned specimens and literature data (Schätti, 1987; Mahlow

were identified following Das and Pramanick (2019).

et al., 2013) were considered. All of the specimens were pre-

As an estimate for muscle performance, the average physio-

served originally in 96% ethanol for few days (depending on the

logical cross-sectional area (hereafter PCSA) of each muscle was

size of the specimen) and then moved to 75% ethanol for long-

defined. The PCSA of a muscle is its cross-sectional area perpen-

term preservation.

dicular to the fibers and is an indicator of its maximum force output
(McMahon, 1984; Herrel et al., 1997, 1998; Biewener, 2003). We
measured it using the relation:

2.2 | 3D reconstructions

PCSA =

The micro-CT scans of the heads of three snake specimens were per-

v
lf

(1)

formed at the Centre for X-ray Tomography of the Ghent University
(Masschaele et al., 2007), using the HECTOR micro-CT scanner

where v is the muscle volume and lf is the average muscle fiber length

(Masschaele et al., 2013). Each specimen was µCT-scanned twice,

(McMahon, 1984; Biewener, 2003). All PCSA values were multiplied by

first without any contrast agent, and then after staining with phos-

a maximal force per unit of surface of 40 N/cm2 (Herrel et al., 2007) to

phomolybdenic acid (PMA). Staining specimens with PMA allows a

obtain an estimate of maximal muscle force. Morphometric data on the

detailed discrimination of soft tissue with µCt scanning (Descamps

muscles were gathered by calculating the fiber lengths and volumes

et al., 2014). A tube voltage of 130 kV was used. The number of pro-

of these muscles using the measurement and surface area modules in

jections and voxel size of the scanned specimens are presented in

AMIRA. As muscle fibers appeared to run throughout the entire length

Table 1.

of the muscles, it is possible to measure fiber length as the total muscle

The raw data were processed and reconstructed using the in-

length from the origin to insertion (Vincent et al., 2009). But, to ensure

house CT software Octopus (http://www.octop
usrec
onstr
uction.

about the parallel alignment of the muscle fibers throughout the entire
muscle, we made slices across the length of each jaw muscle (using
oblique slice modules in AMIRA) and followed at least three muscle

A

B

fibers from the origin to insertion and measured the average length of
these fibers.
We measured the volume (in mm3) and length (in mm) of the
following cranial muscles of which it has been shown that they are
important during snake feeding (Cundall and Gans, 1979; Cundall,
1983; Kardong, 1986; Kardong et al., 1986; Schwenk, 2000; Moon
et al., 2019): levator anguli oris (LAO), adductor mandibulae externus

C

medialis profundus (AEMP), adductor mandibulae externus superficialis (AES), pseudotemporalis (Psu), depressor mandibulae (DM),
pterygomandibularis (PTM), pterygomandibularis accessories (PTM
accessories), protractor pterygoidei (PP), levator pterygoidei (LP),
and protractor quadrati (PQ).

2.4 | Gape
To compute gape, cross-sectional area of the posterior oral cavity
and anterior esophagus appears to be critical (Cundall et al., 2014).
The lengths of the lower jaw and suspensory elements, and the
width of the head, have been hypothesized to be particularly imF I G U R E 2 Eirenis punctatolineatus (a), E. persicus (b), and
Dolichophis schmidti (c) in their natural habitat

portant because they could affect the maximum size of the mouth
opening (Miller and Mushinsky, 1990; Cundall and Greene, 2000;

4

|

RAJABIZADEH et al.

TA B L E 1

List of the examined specimens as well as the number of projections and voxel size of the scanned specimens

Dissected

Number of projections

Voxel size (µm)

CT-scanned

Regular

PMA-stained

Regular

PMA-stained

√

1762

862

19.863

0.055

890

11.261

0.011

Species

SVL (mm)

Dolichophis schmidti

750

Dolichophis schmidti

600

√

—

Dolichophis schmidti

700

√

—

Eirenis punctatolineatus

408

Eirenis punctatolineatus

399

√

Eirenis punctatolineatus

368

√

Eirenis persicus

233

√

1802

1632

6.2

0.008

Eirenis persicus

277

√

1683

—

9.454

—

√

1781
—
—

King, 2002; Hampton and Moon, 2013). These morphological indi-

head width and SVL) has been questioned recently (Cundall et al.,

cators of gape did not prove to be the best indicators of actual gape,

2016), to reduce the measurement errors, only one person (A.

since the gape values they produced differed significantly from

Avci) performed all the measurement, solely on preserved speci-

the empirically determined gapes in alive specimens (Hampton and

mens. For the scaling analysis of the gape index, reduced major axis

Moon, 2013) probably because the properties of soft tissues may

(RMA) regression of the log-transformed variables (y-axis) against

be critical in determining maximum gape areas or angles (Close and

the log-transformed head length and log-transformed snout–vent

Cundall, 2014; Close et al., 2014; Cundall et al., 2014). But, cranial

length (x-axis) was computed, which is more robust in preventing

measurements provide a good estimate of actual gape in preserved

spurious correlations which arise from the use of ratios in regres-

specimens that is comparable among the taxa and lineages. Hence,

sion analysis (Rayner, 1985). With these RMA regression results,

to calculate a gape index, we followed King (2002) and Miller and

we tested whether the slope of gape index remained the same or

Mushinsky (1990) formula:

changed with a decrease in body and head size in 14 Dolichophis–
Eirenis lineages, including D. schmidti, and all Eirenis species. We

𝜋 × (jaw length) × (jaw width)
.
Gape index =
4

(2)

then compared the allometry of the slopes with those predicted
values under a model of geometric similarity (McMahon, 1984).
The significance of the difference between the observed slopes

Jaw length was measured from the posterior end of the ret-

and those predicted under a geometric similarity model in gape

roarticular process to the tip of the dentary. Following King (2002)

index was checked by testing for correlation between residual and

and Miller and Mushinsky (1990), jaw width was measured in live

fitted values, following Taskinen and Warton (2013). Allometric

specimens, as the transverse distance at the jaw articulation,

analyses were performed using lmodel2 package (Legendre, 2018)

when applying pressure on the posterior portion of the head to

and smatr package (Warton et al., 2012).

spread the quadrates and mandibles laterally. The computed gape

To visualize the allometry of gape size in a phylogenetic context,

index represents the cross-sectional area as the area of an ellipse

we used a phylomorphospace approach. In this analysis, the clado-

with major and minor axes equal to jaw length and jaw width, re-

gram is a pruned tree, modified after Nagy et al. (2003), comprising

spectively (see King, 2002). This index is based on the expected

Dolichophis schmidti and 14 Eirenis species (as mentioned above). The

contributions of the head width and length to swallowing ability

phylogenetic tree was projected into a biplot of log-transformed av-

(Miller and Mushinsky, 1990; King, 2002). Since an insufficient

erage total length versus average gape size of the examined spec-

number of live Eirenis specimens were available, we used the pre-

imens. The analysis was performed using the phylomorphospace

served museum samples and measured the head width as a proxy

function in phytools package v. 0.6–60 (Revell et al., 2012). All analy-

of jaw width. Hence, we computed a proxy of gape index in seven

ses were performed in the R environment (R Core Team, 2014).

specimens of Dolichophis schmidti and 245 specimens belonging
to 14 species (of four subgenera) of the genus Eirenis, including
subgenus Pseudocyclophus (E. occidentalis, E. persicus, E. nigrofasciatus, E. walteri, E. angusticeps); subgenus Eirenis (E. aurolineatus,
E. modestus); subgenus Eoseirenis (E. decemlineatus); and subgenus

3 | R E S U LT S
3.1 | Descriptive osteological comparison

Pediophis (E. barani, E. coronelloides, E. eiselti, E. levantinus, E. rothi,
E. punctatolineatus) (for details of the examined museum speci-

The skull of Dolichophis schmidti is long and elliptic, well-ossified,

mens see Table S1). Length measurements used to calculate gape

and composed of robust and thick bones. On the tip of the snout,

index were carried out using calipers to the nearest 0.1 mm. Since

the single, pyramid-shaped premaxilla is wedged between the nasals

the accuracy of morphological measurements of snakes (especially

(Figures 3–5).
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The neurocranium is long, composed of thick, compactly ossified

connecting the maxillae to the pterygoids. The left and right maxillae

bones that are attached to each other by completely fused sutures

are curved bones, posteriorly somewhat broadened, connected to

to form a complete enclosure for the brain.

the flattened ventral surface of the ectopterygoid, medially articu-

The palatomaxillary arches are composed of thick bony ele-

lating with the ventral surface of the prefrontal via a mesial process.

ments. The left and right palatines are long and narrow bones, each

Each maxilla bears sockets for 11 (11–13) anterior teeth of similar

of them articulating with the prefrontal process of the maxilla lat-

size after a space (nearly one tooth length) are followed by two big-

erally and with the pterygoid posteriorly. Each palatine bears a lon-

ger teeth (about 1.5 times longer than the anterior teeth).

gitudinal row of nine posteriorly curved teeth of similar size. The

The left and right mandibles are long, dorsally concave, con-

pterygoids are a pair of long, flattened, bar-like, slightly bended ele-

nected to each other anteriorly by an elastic ligament. Each mandible

ments, extending from the posterior end of the palatines to the pos-

unit is composed of two major bones, the compound bone and the

terior mandibles. Each of the pterygoids bears a row of 14–15 teeth

dentary. The dentary forms approximately the anterior half of the

(add to the literatures data: 14–19) on its anterior half. The tooth

lower jaw and bears 12 (12–17) teeth that decrease in size toward

rows end at the level of basisphenoid and exoccipital suture, where

the posterior dentary.

the pterygoid bends toward the posterior mandible. The ectoptery-

The skull bones in Eirenis punctatolineatus are generally similar

goids are flat bones, anteriorly bifurcated, and posteriorly notched,

to those of Dolichophis schmidti, but they are less robust and thick,

F I G U R E 3 Lateral views of the skulls
of Dolichophis schmidti (top), Eirenis
punctatolineatus (middle), and Eirenis
persicus (bottom)

6
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F I G U R E 4 Dorsal views of the skulls
of Dolichophis schmidti (top), Eirenis
punctatolineatus (middle), and Eirenis
persicus (bottom)

having less denticulate sutures and looser articulation with one an-

and second (axis) cervical vertebrae. The dentary bears sockets for

other. Compared to D. schmidti, in E. punctatolineatus the neurocra-

20 (17–22) teeth that decrease in size toward the posterior side.

nium is relatively wider, bearing a less elaborated V-shaped pair of

Compared to E. punctatolineatus and D. schmidti, the skull in Eirenis

crests on the parietal bones. The premaxilla is smaller, less projected

persicus is more round and the skull bones are generally thinner, less

anteriorly, and wedged between the tips of nasals dorsally. Maxillary

robust, and attached to each other by smooth and open sutures. The

teeth are homogenous, and there are 19 (17–21) teeth of similar size

neurocranium is wider, oval-shaped, bearing no elaborated V-shaped

on each maxilla. Each palatine bears a row of 10 (10–12) teeth of

pair of crests on parietal bones, and the braincase is larger. The max-

the same size. Each pterygoid bears a row of 18–19 (16–22) similarly

illary teeth are homogenous, and there are 13–16 (13–17) similarly

sized teeth extending nearly across the length of the bone. The pter-

sized teeth on each maxilla. The premaxilla is smaller, not projected

ygoids project beyond the brain case to the level of the first (atlas)

anteriorly, and wedged between the tips of nasals dorsally. Each

RAJABIZADEH et al.
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F I G U R E 5 Ventral views of the skulls
of Dolichophis schmidti (top), Eirenis
punctatolineatus (middle), and Eirenis
persicus (bottom)

palatine bears a row of 8–11 similarly sized teeth. Each pterygoid

Dolichophis schmidti, of three jaw adductor muscles, the levator an-

bears a row of 10–16 (10–17) teeth of similar size on its anterior two

guli oris is the most anterior and superficial. It is a triangularly shaped

thirds. Each dentary bears sockets for 14–18 teeth that decrease in

muscle, originating from the lateral wall of the parietal bone (just in

size posteriorly. Teeth in E. persicus are generally conically shaped and

front of the supratemporal) and the upper half of the postorbital, and

blunt compared with the more elongated and sharper teeth in E. punc-

inserts onto a point near the middle of the mandible on the lateral

tatolineatus and D. schmidti.

edge of the anterior portion of the compound bone. The adductor
mandibulae externus medialis profundus is largely covered by the le-

3.2 | Qualitative myology

vator anguli oris and the adductor mandibulae externus superficialis.
It is a triangular muscle, originating primarily from the sagittal crest of
the parietal bone and inserting onto the dorsomedial and dorsolateral

The levator anguli oris, adductor mandibulae externus medialis

surfaces in front of the dorsal groove of the compound bone. The

profundus, adductor mandibulae externus superficialis, and pseu-

adductor mandibulae externus superficialis is the largest adductor

dotemporalis are responsible for closing the lower jaw (Figure 6). In

muscle, covered anteriorly by the levator anguli oris. It is a triangular

8
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F I G U R E 6 Cranial muscles in
Dolichophis schmidti. For abbreviations,
see materials and methods, subtitle
osteology, and myology

muscle that originates on the anterolateral edge of the quadrate bone

and inserting on the lateral, posterior, and ventral surfaces of the

and inserts broadly along the lateral surface of the compound bone

postarticular process of the mandible. This muscle protracts the

between the quadrato-mandibular joint and the insertion point of the

mandible. The pterygomandibularis accessories is a short muscle,

levator anguli oris. The pseudotemporalis is a long and narrow mus-

originating along the dorsolateral surface of the pterygoid bone and

cle, mainly covered by the adductor mandibulae externus medialis

inserting on the medial surface of the mandible, close to but below

profundus, that originates from the lateral wall of the parietal bone

the quadrato-mandibular articulation. The pterygomandibularis ac-

(just below the origin of the adductor mandibulae externus medialis

cessories is a broad muscle originating on the ventral and lateral

profundus) and inserts between the insertion points of levator anguli

sides of the basisphenoid; it extends across the posterior pterygoid

oris and adductor mandibulae externus medialis profundus.

bone and inserts on the dorsomedial surface of the pterygoid. The

The musculus depressor mandibulae originates from the ante-

musculus levator pterygoidei originates from the postorbital–pari-

rior lateral and medial, proximal end of the quadrate and inserts

etal articulation and inserts broadly on the pterygoid, along its dor-

onto the dorsomedial aspect of the retroarticular process. The pter-

sal surface. The muscle protractor quadrati is a thin and flat muscle,

ygomandibularis is an elongated, pyriform muscle, originating at the

originating from the ventral surface of the basioccipital and insert-

anterodorsal edge of the ectopterygoid (ectopterygoid–maxilla

ing on the distal end of the quadrate and the associated region of

articulation), extending between the mandible and the pterygoid,

the compound bone.

|
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In the E. punctatolineatus and Eirenis persicus, the levator anguli

exhibited significant negative allometry compared with the

oris and adductor mandibulae externus superficialis are more or less

slopes predicted by a model of geometric similarity in the transi-

similar to those described for D. schmidti, but the adductor mandib-

tion from Dolichophis schmidti to Eirenis, Eoseirenis, and Pediophis

ulae externus medialis profundus has a broader insertion along the

subgenera, but these characters decreased nearly isometrically

anterior dorsal groove of the compound bone. The pseudotempora-

in Dolichophis schmidti–Pseudocyclophis subgenus. In conclusion,

lis in Eirenis punctatolineatus and Eirenis persicus is more rectangular

Eirenis snakes of the subgenera Eirenis and Pediophis have rela-

in shape than in D. schmidti. The rest of the cranial muscles are more

tively larger head (both longer and wider), and those of the sub-

or less similar to those of the D. schmidti.

genus Eoseirenis have a relatively longer head for their body size,
compared with D. schmidti. Also, all Eirenis subgenera except
Pseudocyclophis have a relatively larger gape index for their body

3.3 | Quantitative myology comparison

size, compared with D. schmidti, but this characters decreased
nearly isometrically in Dolichophis schmidti to Pseudocyclophis

Muscle volume, muscle fiber length, and physiological cross-sec-

subgenus (Tables 3 and 4) (Figure 8).

tional area (PCSA) of the 10 cranial muscles that are responsible for
feeding in Dolichophis schmidti, Eirenis punctatolineatus, and Eirenis
persicus are presented in Table 2. The maximal muscle force gener-

3.4.2 | Scaling to head length

ated by the cranial muscles, scaled to the respected head length of
each species, is presented in Figure 7.

When scaling head dimensions to head length, gape index exhibited
a significant negative allometry in the Pseudocyclophis subgenus
(p = .66 in E. walteri) (Table 3), but decreased nearly isometrically in

3.4 | Scaling of head dimensions

the Eirenis, Eoseirenis, and Pediophis subgenera (except for E. modestus and E. coronelloides). Therefore, Eirenis snakes of the subgenus

3.4.1 | Scaling to snout-vent length

Pseudocyclophis have a relatively larger gape index for their head
size, compared with D. schmidti.

In scaling of head characters to the snout–vent length, the
head width and the gape index exhibited a significant negative
allometry compared with the slopes predicted by a model of

4 | D I S CU S S I O N

geometric similarity in the transition from Dolichophis schmidti
to the Eirenis and Pediophis subgenera, but these characters

Our results indicate clear osteological and myological differences

decreased nearly isometrically in D. schmidti to Eoseirenis and

between the dwarfed Eirenis species and Dolichophis. Variation in the

Pseudocyclophis subgenera (except in E. occidentalis) (Tables

cranial morphology could be explained partly as a result of mechani-

3 and 4). In scaling to the snout–vent length, the head length

cal (physical) interactions among the skeletal, nervous, and sensory

TA B L E 2 Muscle volume, muscle fiber length, and physiological cross-sectional area (PCSA) of feeding muscles in Dolichophis schmidti,
Eirenis punctatolineatus, and Eirenis persicus
Muscle volume (cm3)

PCSA (cm2)

Muscle fiber length (cm)

Muscle

D. schmidti

E. punctat.

E. persicus

D. schmidti

E. punctat.

E. persicus

D. schmidti

E. punctat.

E. persicus

Levator anguli oris

0.069224

0.007826

0.000657

1.6048

0.6717

0.2694

0.043

0.012

0.002

Adductor mandibulae
externus medialis
profundus

0.102108

0.006625

0.000676

1.1613

0.3373

0.1365

0.088

0.02

0.005

Adductor mandibulae
externus superficialis

0.302775

0.017456

0.001874

1.2285

0.3946

0.2196

0.246

0.044

0.009

Pseudotemporalis

0.014611

0.001947

0.000148

1.1146

0.3489

0.1571

0.013

0.006

0.001

Depressor mandibulae

0.090764

0.006013

0.000578

1.6105

0.5729

0.2172

0.056

0.01

0.003

Pterygomandibularis

0.141221

0.01213

0.001469

2.442

1.0255

0.4758

0.058

0.012

0.003

Pterygomandibularis
accessories

0.0393

0.002869

0.000466

1.5362

0.6352

0.2849

0.026

0.005

0.002

Protractor pterygoidei

0.06665

0.004799

0.000598

1.6927

0.6801

0.2967

0.039

0.007

0.002

Levator pterygoidei

0.045953

0.00369

0.000404

1.1687

0.5464

0.2885

0.039

0.007

0.001

Protractor quadrati

0.035044

0.002227

0.000289

1.0818

0.34

0.1616

0.032

0.007

0.002
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F I G U R E 7 Maximal muscle force
(N) of feeding muscles, scaled to the
SVL (cm), in Dolichophis schmidti, Eirenis
punctatolineatus, and Eirenis persicus

TA B L E 3 Results of reduced major axis regression of log10 -transformed gape index against log10 -transformed snout–vent length and
log10 -transformed head length
Gape index (cm2)/SVL (cm)

Gape index (cm2)/HL (cm)

Slope

CI 97.5%

Y intercept

R2

p

Slope

CI 97.5%

Y intercept

R2

p

D. schmidti–E. occidentalis

2.107

2.287

−3.636

.980

.195

1.781

1.855

−0.049

.995

.000

D. schmidti–E. persicus

1.939

2.151

−3.137

.970

.530

1.852

1.934

−0.162

.995

.002

D. schmidti–E. nigrofasciatus

2.069

2.286

−3.521

.977

.473

1.916

2.001

−0.257

.996

.053

D. schmidti–E. walteri

2.136

2.462

−3.723

.959

.327

1.908

2.007

−0.244

.995

.066

D. schmidti–E. angusticeps

2.049

2.270

−3.464

.976

.612

1.914

2.001

−0.252

.996

.052

Subgenus
Pseudocyclophis

Eirenis
D. schmidti–E. aurolineatus

1.313

1.521

−1.273

.950

.000

2.082

2.281

−0.506

.981

.358

D. schmidti–E. modestus

1.410

1.576

−1.568

.910

.000

1.844

1.961

−0.147

.973

.011

1.735

2.043

−2.533

.939

.082

2.071

2.228

−0.490

.988

.313

D. schmidti–E. barani

1.406

1.515

−1.541

.963

.000

1.937

2.018

−0.293

.989

.119

D. schmidti–E. coronelloides

1.387

1.513

−1.497

.979

.000

1.826

1.905

−0.120

.995

.000

D. schmidti–E. eiselti

1.503

1.588

−1.831

.939

.000

1.982

2.056

−0.357

.973

.627

Eoseirenis
D. schmidti–E. decemlineatus
Pediophis

D. schmidti–E. levantinus

1.348

1.475

−1.373

.967

.000

2.037

2.170

−0.441

.984

.549

D. schmidti–E. rothi

1.594

1.767

−2.106

.959

.000

1.992

2.110

−0.374

.987

.886

D. schmidti–E. punctatolineatus

1.203

1.313

−0.927

.908

.000

1.928

2.063

−0.255

.946

.283

Note: Significant values are in bold.

components during head development at reduced size (Hanken,

4.1 | Brain size variation

1983). Maintenance of the skull functions becomes more difficult as
external dimensions are constrained, so different structures will re-

The occurrence of a larger and more oval-shaped braincase in

spond differently to changes in scale in order to maintain functional

Eirenis snakes indicates that during the evolutionary transforma-

efficiency (Hanken, 1983).

tion across the Dolichophis–Eirenis lineages, brain size likely does
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TA B L E 4 Results of reduced major axis regression of log10 -transformed head length and log10 -transformed head width against log10 transformed snout–vent length
HL/SVL
Subgenus

Slope

HW/SVL
CI 97.5%

Y intercept

R2

p

Slope

CI 97.5%

Y intercept

R2

p

Pseudocyclophis
D. schmidti–E. occidentalis

1.185

1.288

−2.02

.978

.001

0.928

1.033

−1.527

.966

.159

D. schmidti–E. persicus

1.048

1.165

−1.608

.97

.357

0.896

1.015

−1.436

.958

.079

D. schmidti–E. nigrofasciatus

1.081

1.203

−1.707

.975

.136

1.000

1.123

−1.744

.970

.999

D. schmidti–E. walteri

1.122

1.299

−1.831

.96

.105

1.022

1.207

−1.810

.948

.773

D. schmidti–E. angusticeps

1.072

1.196

−1.681

.974

.189

0.989

1.113

−1.710

.969

.837

D. schmidti–E. aurolineatus

0.621

0.738

−0.342

.933

.000

0.684

0.812

−0.805

.935

.000

D. schmidti–E. modestus

0.756

0.844

−0.747

.919

.000

0.644

0.754

−0.688

.839

.000

0.833

0.98

−0.974

.944

.03

0.901

1.103

−1.450

.914

.281

D. schmidti–E. barani

0.72

0.792

−0.629

.948

.000

0.689

0.748

−0.815

.956

.000

D. schmidti–E. coronelloides

0.758

0.829

−0.748

.979

.000

0.629

0.707

−0.641

.966

.000

D. schmidti–E. eiselti

0.749

0.808

−0.722

.918

.000

0.755

0.809

−1.008

.911

.000

D. schmidti–E. levantinus

0.656

0.734

−0.442

.956

.000

0.687

0.776

−0.811

.948

.000

D. schmidti–E. rothi

0.795

0.901

−0.857

.946

.001

0.799

0.904

−1.145

.947

.001

D. schmidti–E. punctatolineatus

0.613

0.674

−0.322

.927

.000

0.584

0.706

−0.487

.788

.000

Eirenis

Eoseirenis
D. schmidti–E. decemlineatus
Pediophis

Note: Significant values are in bold.

not scaled isometrically with body size. The size of the neuro-

relative brain size and survival (Sol et al., 2008) and innovative be-

cranium in the Dolichophis–Eirenis lineage indicates that minia-

havior (Lefebvre et al., 2004).

ture Eirenis snakes likely have a relatively larger brain size than
Dolichophis snakes.
Many examples of negative allometry of the brain size relative to

4.2 | Cranial variation

body size have been reported in the dwarfed vertebrates (Roth et al.,
1995; Yeh, 2002; Weston and Lister, 2009). Bauchot (1978) argues

Negative allometry of the gape index relative to body size, ob-

that generally negative allometry of the brain size relative to body

served across the transition from the Dolichophis to Pediophis

size is typical of vertebrates more generally.

and Eirenis subgenera, suggests that during the miniaturization in

Brain size and body size present an excellent example of two

these subgenera, they achieved a greater gape index compared

highly positively correlated traits across various taxonomic levels

with the ancestral condition, while an isometric decrease in gape

(Striedter, 2005). Various explanations have been proposed re-

index is observed during the transition from the Dolichophis to

garding the negative allometry of brain size relative to body size.

Eoseirenis and Pseudocyclophis subgenera. Considering the large

Roth et al. (1995), in studying miniaturization in plethodontid sal-

body size of Eirenis (Eoseirenis) decemlineata (maximum body size

amanders, observed that although the brain in Thorius loses cells

900 mm) and the fact that miniaturization did not occur in this

during miniaturization, there is a minimal threshold for the number

lineage, the isometric decrease in the gape index in this lineage is

of brain neuronal cells to maintain proper function. So, in closely

not surprising.

related taxa, the larger relative brain size in the miniature descen-

The difference in gape index in the rest of the subgenera could

dants may refer to the structural and functional consequences of

be explained based on differences in prey type. Hence, while

dwarfing. Negative allometric decrease in brain size through min-

Eirenis and Pediophis feed on arthropods and lizards (Terent év and

iaturization may reflect a size threshold for the brain to maintain

Chernov, 1965; Çıçek and Mermer, 2007; Shwayat et al., 2009),

all neuronal activities required (Hanken and Wake, 1993), as has

Pseudocyclophis snakes feed on arthropods exclusively (Terent év

been suggested for different amphibians and reptiles (e.g., Roth

and Chernov, 1965). Many studies showed a correlation between

et al., 1995; Striedter, 2005). Larger relative brain size is an ad-

gape index and the prey type eaten in snakes (King, 2002; Vincent

vantage for dwarfed evolved descendant (genus Eirenis), since it

et al., 2007; Vincent et al., 2009; Brecko et al., 2011; Hampton, 2011;

is generally associated with increased cognitive abilities. Recent

Hampton, 2014). In a gape-limited predator, maximum gape size pri-

comparative analyses have shown positive associations between

marily determines the size, shape, and the type of the prey that can
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TA B L E 5 Descriptive comparison of gape index and PCSA of jaw
muscles between Dolichophis schmidti, Eirenis punctatolineatus, and
Eirenis persicus
D. schmidti/
E. punctatolineatus

D. schmidti/
E. persicus

Gape index

3.2

16.7

Levator anguli oris

2.0

5.5

Adductor mandibulae
externus medialis profundus

2.4

5.5

Adductor mandibulae
externus superficialis

3.0

9.0

Pseudotemporalis

1.3

4.3

Depressor mandibulae

2.9

6.6

Pterygomandibularis

2.7

5.8

Pterygomandibularis
accessories

3.1

4.9

Protractor pterygoidei

3.0

6.1

Levator anguli oris

3.2

8.7

Adductor mandibulae
externus medialis profundus

2.7

5.6

Note: The numbers indicate how the gape index and PCSA of jaw
muscles of D. schmidti are larger than those traits in E. punctatolineatus
or E. persicus. Both gape index and PCSA have the same scale, mm2.

during miniaturization among Eirenis subgenera, only the subgenus
Pseudocyclophis achieved a relatively greater gape size relative to its
head size. Increased gape size relative to the head length could aid
in the intraoral transport (Vincent et al., 2006). Hence, although the
Pseudocyclophis lineage does not eat large and diverse prey, but their
increased intraoral transport may enable them to swallow more massive, yet elongate prey like centipedes (personal observation) without the necessity for exceptionally large gape relative to body size.
F I G U R E 8 Phylomorphospace showing the relationships
between the log10 -transformed gape index against log10 transformed snout–vent length (a) and log10 -transformed gape
index against the log10 -transformed head length (b) among
Dolichophis schmidti (sch) and 14 species of the genus Eirenis
(subgenus Pseudocyclophus (E. occidentalis (occ), E. persicus (prs),
E. nigrofasciatus (nig), E. walteri (wal), E. angusticeps (ang)); subgenus
Eirenis (E. aurolineatus (aur), E. modestus (mod)); subgenus Eoseirenis
(E. decemlineatus (dec)); and subgenus Pediophis (E. barani (bar),
E. coronelloides (cor), E. eiselti (eis), E. levantinus (lev), E. rothi (rot),
E. punctatolineatus (pun)). The dash line indicates the slope of the
log–log regression of area (y) against length (x) under isometric
scaling (area = 2)

4.3 | Jaw muscle variations
Data on the PCSA of dwarfed lineages are not available for other
reptiles. A qualitative comparison of the available PCSA data of
jaw muscles (Table 5) reveals that the PCSA data of D. schmidti are
about 2–3.2 times larger than that in E. punctatolineatus (except for
the pseudotemporalis). Moreover, the PCSA data of D. schmidti are
around 4.9–9 times larger than that in E. persicus. The similarity in
PCSA between E. punctatolineatus and D. schmidti could be explained
by their similarity in diet.
Superimposing the PCSA data of the species studied here with

be successfully ingested (Cundall and Greene, 2000). A larger gape

the data for an ontogenetic series of a colubrid snake, Nerodia

should increase the variety of prey shapes and sizes that can be con-

fasciata (Vincent et al., 2007), we assessed the general conse-

sumed and increase the energy acquisition (Forsman, 1996).

quence of miniaturization (Figure 9). Interestingly, the PCSA data

Hence, the increased gape size relative to the body size in Eirenis

for the snakes in our study do not follow the ontogenetic pat-

and Pediophis is likely an adaptation that enables them to feed on a

tern described for N. fasciata. The slopes of jaw muscles' PCSA

variety of food items (e.g., arthropods and lizards) even at small size.

against head length exhibit a very strong positive allometry in

When exploring the gape index relative to head length, nega-

banded water snakes (Vincent et al., 2007). This contrasts data

tive allometry only observed in Pseudocyclophis, suggesting that

found in our own work for the snakes of the Dolichophis–Eirenis
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F I G U R E 9 The relationships between jaw muscle physiological cross-sectional areas (PCSA) and head length in banded water snakes
(Nerodia fasciata) (circle) and Dolichophis–Eirenis lineage (E. persicus (c), E. punctatolineatus (b), and D. schmidti (a)) (triangle). Continuous line
indicates the linear regression line among the N. fasciata specimens. Dotted lines indicate the slope predicted under a model of geometric
similarity (area = 2). For the abbreviation of muscle names, see Table 2

lineages that show a more or less isometric pattern (slope = 2).

in Tehran for a postdoc grant (2018) that allowed him to work at

Currently, in the ontogenetic series of reptiles studied (Erickson

the MNHN in Paris.

et al., 2003; Herrel and O'Reilly, 2005; Herrel et al., 2006;
Vincent et al., 2007; Pfaller et al., 2011; Erickson et al., 2014;
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