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ABSTRACT
Mesosaurid biology has been subject of continuous debate since the first description of Mesosaurus 
tenuidens by Paul Gervais in 1867. Controversy surrounds their environmental and feeding preferences. Most 
studies suggested that mesosaurids were marine reptiles and perhaps piscivorous predators. Nonetheless, 
recent work suggests that they inhabited a salty, eventually hypersaline shallow epicontinental sea and 
that pygocephalomorph crustaceans were their preferred food item. Here, we present results of the 
first biomechanical study about optimal swimming capabilities in Mesosaurus tenuidens, which along 
with the comparative analysis of the limb morphology support the hypothesis that these animals were 
slow swimmers living in shallow waters. The study is based on the revision of several almost complete 
mesosaurid specimens and isolated, well-preserved bones housed in palaeontological collections in 
Uruguay, Brazil, France and Germany. We studied the relative size and proportions of the bones, as well as 
their morphology and anatomical position to produce a three-dimensional reconstruction of the original 
appearance of an undamaged, complete skeleton. Our results suggest a fairly low optimal swimming speed 
for mesosaurids, which is consistent with capture of fairly slow prey like pygocephalomorphs, possibly by 
filter-feeding, rather than by active pursuit of fast prey.
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Introduction
The Early Permian mesosaurids, which have a Gondwanan dis-
tribution, are the oldest known fully aquatic amniotes (Modesto 
2006; Piñeiro 2006; Canoville and Laurin 2010; Piñeiro, Ferigolo, 
Ramos, et al. 2012). These vertebrates are characterised by their 
elongated skulls, numerous long and slender teeth, paddle-like 
limbs and greatly thickened (pachyostotic) trunk ribs (Gervais 
1865; MacGregor 1908; Oelofsen and Araújo 1987, among oth-
ers). A recent study suggests that they inhabited hypersaline 
water bodies where biodiversity was particularly low (Piñeiro, 
Ramos, et al. 2012). The recent discovery of an isolated fossil 
embryo and a pregnant female (Piñeiro, Ferigolo, Meneghel, et al. 
2012) suggests that mesosaurs were viviparous or ovoviviparous. 
Studies of gastric contents and coprolites (Raimundo-Silva and 
Ferigolo 2000; Piñeiro, Ramos, et al. 2012), along with exami-
nation of the tooth microstructure (Pretto et al. 2014), suggest 
that mesosaurids ate mostly pygocephalomorph crustaceans. 
Some authors have suggested that these early amniotes were 
probably anguilliform swimmers (Braun and Reif 1985; Carroll 
1985; Houssaye 2009, 2013); however, little is known about their 
swimming capabilities and prey capture strategies.

Swimming speed provides important information for under-
standing the behaviour of extinct taxa. Two important charac-
teristics of swimming speed are the critical swimming speed, 
which is the maximum speed that can be sustained, and the opti-
mal swimming speed, which minimises the energy required to 
move the body for a unit of length (Motani 2002). Despite the 
importance of swimming speed to understand behaviour, studies 
estimating swimming speeds among extinct vertebrates, and par-
ticularly reptiles, are scarce. Massare (1988) developed a method 
that provides a rough estimate of swimming speed through 
simple morphometric variables such as body width (without 
limbs) and length. Although this model is useful, the calculation 
errors made during the conception of Massare’s (1988) inference 
model (Motani 2002) and, to a lesser extent, some assumptions 
and simplifications of body shape may lead to an overestima-
tion of the inferred speeds. Furthermore, the model estimates 
critical swimming speed, but that parameter also depends on 
critical metabolic rate, which is difficult to ascertain for extinct 
animals. The first quantitative inference models for metabolic 
rate have been developed recently (e.g. Montes et al. 2007) and 
Motani (2002) proposed several modifications that improved 
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2  J. VILLAMIL ET AL.

comparative anatomical and physiological approaches based on 
the study of almost complete mesosaur specimens and a recon-
structed 3D skeleton of a young adult individual.

Materials and methods
To calculate the optimal swimming speed, we had first to estimate 
body mass and surface by generating a skeletal reconstruction 
using several articulated and almost complete mesosaur skele-
tons, some of which preserve the approximate surface of the soft 
tissues (see Figure 1 and SOM). We also used very well-preserved  
isolated bones belonging to individuals at various inferred 
ontogenetic stages. Reliable bone measurements and proportions 
allowed the development of a fairly accurate three-dimensional 
restoration of the skeleton using modelling clay. The specimens 
studied are housed in palaeontological collections of the Fac-
ultad de Ciencias, Montevideo, Uruguay (FC-DPV), Museu de 
Ciências Naturais, Fundação Zoobotânica do Rio Grande do Sul 
(MCN-PV), Porto Alegre, Brazil, Instituto de Geociencias, sector 
de Paleontología of the São Paulo University (GP-2E), São Paulo, 
Brazil; Muséum National d’Histoire Naturelle (MNHN), Paris, 
France, and from the Senckenberg Institute (SMF-R), Frankfurt, 
Germany. The revision of these skeletons allowed knowing the 
almost exact number of cervical (12 or 13), dorsal (21), sacral 
(2) and caudal (60–65) vertebrae and the length of these verte-
bral segments, as well as the proportions of the head and neck  
with respect to the dorsal segment and the total length of the 

 substantially the accuracy of Massare’s model. Firstly, Motani’s 
model estimates optimal instead of critical swimming speed, 
which can be calculated without previous knowledge about crit-
ical metabolic rate. However, Motani (2002) improved inference 
of metabolic rates, through a double logarithmic plot with 95% 
prediction bands, based on published data of reptile metabolic 
rates. Also, he introduced a correcting factor to compensate for 
errors in the estimated values of the model’s constants, but the 
estimation of body mass and surface area was not calculated by 
approximated geometric shapes, a problem that makes Massare’s 
model fail to account for taxonomic differences in general body 
shape, making comparisons between species unrealistic (Motani 
2002). Instead, Motani (2002) used Paleomass (Motani 2001), a 
programme that allows the estimation of surface area and body 
mass from orthogonal views.

Recently, numerous studies have focused in solving several 
biomechanical aspects of swimming through computational sim-
ulations (Lauder 2010; Tytell et al. 2010; Bergmann and Iollo 
2011; Tokić and Yue 2012). However, due to the uncertainties 
related to energetics and hydrodynamics of extinct animals, com-
putational simulations do not necessarily improve the accuracy 
of estimates.

In this article, we use a biomechanical model developed by 
Motani (2002) to estimate, for the first time, the optimal swim-
ming speed in the Early Permian mesosaurid Mesosaurus ten-
uidens (Gervais 1865). We also discuss the results provided by 

Figure 1. Best specimens of Mesosaurus tenuidens used in this study. (a) sMF-r 4712; (B) sMF-r 4528, part and counterpart; (c) Fc-DPV 2318, a juvenile specimen from 
the Early Permian Mangrullo Formation of Uruguay. (D) and (E) gP-2E 5767 and 5647, respectively, adult specimens from the Early Permian iratí Formation of Brazil. (F) a 
juvenile specimen from the Early Permian iratí Formation of Brazil. scale bars: a, B, D, E: 20 mm; c and F: 10 mm.

D
ow

nl
oa

de
d 

by
 [

Jo
aq

uí
n 

V
ill

am
il]

 a
t 1

0:
09

 2
4 

A
ug

us
t 2

01
5 



HIsTORICAL BIOLOGy  3

 skeleton, including the long tail. These data were useful to pro-
duce the first known tridimensional skeletal reconstruction 
of Mesosaurus tenuidens (a young adult) (Figure 2) based on 
comparative anatomo-osteological studies of different meso-
saurid specimens, along with silhouettes of the body (Figure 3)  
that improved the accuracy of the measurements taken for 
the calculation of surface area and mass. Estimates of surface 
area and volume were calculated using the model proposed by 
Motani (2001), where the body is represented by the sum of 
super-elliptical sections (see Figure 3(A)). The equations given by  
Motani (2001) were used, except for the perimeter equation, 
where there is an exponent error. Instead of this equation, a 
numerical approximation of the perimeter was used (see SOM 
for the subroutine used and explanations about the error).

Figure 2. three-dimensional reconstruction of the skeleton of a young adult Mesosaurus tenuidens performed by Pablo Núñez. anatomical advice from graciela Piñeiro 
and Melitta Meneghel.

Figure 3. a. Mesosaur three-dimensional model used to calculate the swimming speed (a). Mesosaur lateral and dorsal silhouettes obtained by drawing directly from 
pictures of the reconstructed three-dimensional skeleton that was measured to provide the model (B)–(c).

The optimal swimming speed (Uopt) was calculated under the 
application of the model developed by Motani (2002) as

 

where �p represents the hydrodynamic efficiency of the swim-
ming mode, considered as 0.51, which represents the mean of 
the values proposed for axial undulatory swimming (Taylor 1952; 
Gillis 1996, 1997; Tytell et al. 2010). �A is the aerobic efficiency of 
the muscle, considered to be 0.20 following Massare (1988). Mb 
is the basal metabolic rate, in Watts. It is estimated using equation 
3, presented below. ρ is the water density; λ is the general correc-
tion factor of the equation, interpreted as the ratio between the 

(1)Uopt =

(

�p�AMb

0.5��SCd

)0.3333
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4  J. VILLAMIL ET AL.

swimming speed estimates. For some of our estimates, λ values 
proposed by Motani (2002) for several Mesozoic marine reptiles 
were used. We also calculated λ by the ratio between active and 
passive drag (Hind and Gurney 1997) following the equations for 
active and passive drag proposed by Takagi et al. (1999). Finally, 
Uopt was determined using Equation (1’) (Table 1).

Results
The optimal swimming speed estimated ranges from 0.15 to 
0.86 m/s under both normal salinity (5% salinity, ρ = 1020 kg/
m3) and hypersaline conditions (39% salinity, ρ = 1278 kg/m3), 
considering λ values from 0.2 to 2.8 (Table 1). The interval of 
potential salinity conditions likely covers the range of values that 
plausibly occurred in the environment of Mesosaurus tenuidens 
(see Piñeiro, Ramos, Goso, Scarabino, and Laurin, 2012).

Comparison with swimming speed estimates for other extinct 
reptiles and measured for extant aquatic reptiles shows that 
mesosaurs were relatively slow swimmers (Table 2).

Discussion
Except for λ = 0.20, the different values of λ that were used here 
seem not to affect dramatically the optimal swimming speed 
calculated in both normal and hypersalinity conditions (Table 1). 
If λ is a constant related with the swimming mode, as Hind and 
Gurney (1997) suggested, the value of 0.20 indicated by Motani 
(2002) for ichthyosaurs is probably unrealistic for Mesosaurus, 
given the morphological differences between these two taxa that 

active and passive drag (Hind and Gurney 1997). S is the surface 
area of the body and Cd is the drag coefficient, obtained from

where W and L are the maximum diameter and length of the 
specimen, respectively, and Cf is the skin friction component 
of the drag, considered here as an interval between 0.005 and 
0.01 that represents a transition from a smooth-turbulent line 
(Cf = 0.005) to a fully rough one (Cf = 0.01) (Hoerner 1965).

Mb (basal metabolic rate) is estimated as

where m is the mass and PI is half the width of the prediction 
interval for metabolic rate, which varies with the mass as

The inclusion of λ in Equation (1) is subject to debate because of 
the lack of theoretical support of this parameter (Motani 2005), 
so a more basic form of Equation (1) could be

Therefore, different λ values, and also Equation (1’), were used 
in order to evaluate the effects of the use of λ in the optimal 

(2)Cd = Cf

[

1 + 1.5(W∕L)1.5 + 7(W∕L)3
]

(3)Mb = 0.140m0.802
⋅ 10±PI

(4)PI = 0.430
[

1.01 + 1.04 ⋅ 10−2
(

log (m) + 0.585
)2
]0.5

(1’)Uopt =

(

�p�AMb

0.5�SCd

)0.3333

Table 2. optimal swimming speed of extant and extinct (†) aquatic reptiles compiled from the literature.

Note: U
opt

: optimal swimming speed; tl: total length.
*speed empirically determined from one specimen.
**U

opt
 values considering λ values from 0.82 to 2.8 and excluding λ = 0.20.

Taxon Uopt range (m/s) Uopt average (m/s) TL (m) source
ichthyosauria†
Stenopterygius (0.38–1.1) 0.65 (0.45–2.40) Motani (2002)
Mosasauridae†
Platecarpus (0.26–0.55) 0.38 4.0 Motani (2002)
Plesiosauroidea†
Plesiosaurus (0.34–0.71) 0.49 2.94 Motani (2002)
Cryptoclidus (0.35–0.70) 0.51 4.0 Motani (2002)
Pliosauroidea†
Rhomaleosaurus (0.33–0.69) 0.48 3.34 Motani (2002)
Extant aquatic reptiles
Crocodylus porosus (0.25–0.51) 0.41 (0.36–0.98) Elsworth et al. (2003)
Amblyrhynchus crystatus 0.45* 0.45* 0.97 Bartholomew et al. (1976)
Mesosauria†
Mesosaurus tenuidens (0.15–0.55)** 0.35** 0.826 this study

Table 1. Parameter values of Motani’s (2002) model and optimal swimming speed estimates for the Mesosaurus tenuidens 3D reconstruction (see soM for the specimens 
used) considering several λ values and water density (ρ) for normal marine and hypersaline conditions.

Notes: tl: total length; S: surface; V: volume; m: mass; C
d
: drag coefficient; Pi: prediction intervals for metabolic rates; M

b
: metabolic rate; U

opt
: optimal swimming speed; 

ρ: density of the water; λ: correction factor. Values of tl, S, V, m, C
d
, Pi and M

b
 are the same for each water density condition under different λ values, so are not shown.

*lambda values calculated following the equations for active and passive drag proposed by takagi et al. (1999).

TL (m) S (m2) V (m3) m (kg) Cd PI Mb (w) Uopt (m/s) ρ (kg/m3) λ source
0.826 0.1015 0.00089 0.9065 (0.00512−0.01024) 0.4328 (0.0478−0.3505) (0.21–0.51) 1020 1

(0.17–0.41) 1.9 Motani (2002)
(0.22−0.55) 0.82 Motani (2002)
(0.15−0.36) 2.8* this study
(0.36−0.88) 0.20 Motani (2002)

0.826 0.1015 0.00089 1.135 (0.00512−0.01024) 0.4331 (0.0572−0.4200) (0.21−0.51) 1278 1
(0.17−0.41) 1.9 Motani (2002)
(0.22−0.54) 0.82 Motani (2002)
(0.15−0.36) 2.8* this study
(0.35−0.86) 0.20 Motani (2002)D
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HIsTORICAL BIOLOGy  5

not be especially high. Moreover, it must be noted that the mass, 
volume and surface of the legs are not considered in the model 
due the mathematical complexity that this involves, so the drag 
that they produced is not included. During swimming, the limbs 
are commonly positioned to the sides of the body; therefore, 
their contribution to drag is probably low (Figure 4). The posi-
tion of the limbs suggested for mesosaurids during swimming is 
anatomically plausible. It is also observed among extant aquatic 
reptiles, such as marine iguanas, water monitors and crocodiles.

Recently, Tokić and Yue (2012) used an expression to estimate 
the skin friction component of the drag (Cf) that shows a discrete 
jump when transitioning from laminar to turbulent regime at 
Re = 5.0 × 105. The use of this expression at transitional Reyn-
olds numbers as we have for Mesosaurus teunuidens swimming 
at the speed reported for marine iguanas would be inadequate. 
Also, this equation yields only approximate results because Cf 
also depends on the texture of the skin (Burdak et al. 1986). How-
ever, the equations suggested in the literature for estimating skin 
friction with roughness introduces additional parameters that 
are unknown for mesosaur skin (see Hoerner 1965), increasing 
even more the uncertainties linked with the model. Alternatively, 
based on Hoerner (1965), we use a range of Cf that represent a 
transition from a smooth-turbulent line (Cf = 0.005) to a fully 
rough one (Cf = 0.01). The relation between Cf and Uopt shows 
that the effect of different skin friction coefficients on swimming 
speed is relatively weak, so the Motani’s model (Motani 2002) 
is not particularly sensitive to changes in the skin friction drag 
(see SOM Figure 3).

Mesosaurids presumably had much less evolutionary time 
to adapt to the aquatic environment than Mesozoic aquatic rep-
tiles, which may also explain the relative low inferred swimming 
speeds. Some Mesozoic marine reptiles show conspicuous mor-
phological adaptations for fast aquatic locomotion (e.g. most ich-
thyosaurs), which are not present in Mesosaurus. Even so, most 
Mesozoic aquatic reptiles were probably not much faster than 
Mesosaurus. Therefore, both morphology and the inferred speed 
of Mesosaurus tenuidens suggest fairly low sustained swimming. 
In addition, the anguilliform mode of swimming previously 
proposed for mesosaurids (Braun and Reif 1985; Carroll 1985; 
Houssaye 2009, 2013) implies that maximal efficiency occurs at 

imply different swimming modes (Braun and Reif 1985; Car-
roll 1985; Massare 1988; Motani 2005). Therefore, considering 
the values used by Motani (2002), it is more plausible that λ 
ranged between 1.9 and 0.82, values that were suggested for less 
efficient swimmers than ichthyosaurs, as mesosaurs probably 
were, and particularly λ  =  1.9 is probably the most adequate 
value, considering that is the one that Motani (2002) used for 
axial undulatory (anguilliforms) swimmers. However, Schultz 
and Webb (2002) suggested that drag of a self-propelled body 
should be 3–5 times greater than the theoretical drag. If theo-
retical drag can be treated as a passive drag, this implies λ values 
markedly higher than those indicated by Motani (2002). In this 
sense, the mesosaur’s specific λ calculated from active and passive 
drag (Takagi et al. 1999) (λ = 2.8) is the only value that reflects 
the relationship between active and passive drag that has been 
proposed by Schultz and Webb (2002), and therefore, it has a 
stronger theoretical support than the other values proposed in 
the literature. However, given that the equations proposed by 
Takagi et al. (1999) were proposed for human swimmers and 
these were not validated in other animals, this estimation of λ 
should be considered tentative.

Considering both seawater and hypersaline density conditions, 
and λ values of 1.9 and 2.8, the optimal swimming speed from 
0.15 to 0.41 m/s estimated for an adult (Total length = 0.826 m) of 
Mesosaurus tenuidens is very close to the range of extant reptiles 
performing anguilliform swimming. Therefore, our results seem 
to be congruent with the anguilliform mode of swimming previ-
ously suggested for mesosaurids (Braun and Reif 1985; Carroll 
1985; Houssaye 2009, 2013). Comparisons with Mesozoic marine 
reptiles (Table 2) show that the optimal swimming speed range 
of Mesosaurus tenuidens is very close to that of Platecarpus, and 
relatively lower than plesiosaurids and pliosaurids, but contrast 
markedly with ichthyosaur speed. However, differences in size 
between these taxa are evident and should be taken into account.

Taking into account the pachyosteosclerotic ribs and verte-
brae present in Mesosaurus (Houssaye 2009), the mass estimated 
under hypersaline water density is probably more realistic than 
that estimated under seawater density, inasmuch as our estimates 
of mass are based on volume. However, this approach is valid 
only if the water density remained sufficiently constant through 
time for the additional density attributed to salinity to constitute 
a selective pressure that drove bone histology to a fairly extreme 
pachyosteosclerosis. If water density did not remain constant, 
mass should be estimated independently from water density. In 
this alternative scenario, changes in water density would have 
affected only drag and we would expect a speed decrease in 
hypersaline conditions. Moreover, Equation (1) is more sensi-
tive to changes in mass than changes in drag, because metabolic 
rates vary potentially with mass (see Equation (3)). However, ρ 
(density) affects speed linearly and it is weakly related with the 
drag coefficient through Reynolds number. Therefore, it is possi-
ble that even considering an equal mass for both normal marine 
and hypersaline conditions, Equation (1) fails to reflect the real 
effects of water density on swimming speed. As we estimate met-
abolic rates through mass, and pachyosteoclerosis increases it, 
metabolic rates increases according to the formula. However, 
pachyosteosclerosis does not imply higher metabolic rates; on the 
contrary, pachyosteosclerotic (or simply osteosclerotic) taxa are 
typically slow swimmers, and hence, their metabolic rate should 

Figure 4. anatomical reconstruction of Mesosaurus tenuidens in its environment, 
showing the suggested posture of the front- and hindlimbs while swimming at its 
optimal speed. outline from flesh-in skeleton-based reconstruction performed by 
Paleoartist roman yevseyev following anatomical advice by graciela Piñeiro and 
Melitta Meneghel.
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6  J. VILLAMIL ET AL.

these taxa are ambush predators, suggest that slow swimmers 
often adopt that predatory strategy (Hulse 1974; Pooley and 
Gans 1976; Diana 1980; Schaller and Crawshaw 1982; Daven-
port et al. 1984; Fish 1984; Sidis and Gasith 1985; Pooley 1989; 
Harper and Blake 1991; Elsworth et al. 2003). Plesiosaurids and 
Mesozoic crocodyliforms were presumably ambush predators 
because of their relatively low optimal swimming speeds, as 
that of extant crocodylians (Fish 1984). However, mesosaurs 
may not have been ambush predators because their prey were 
slow (see below).

The presence of a high and long tail in mesosaurids and the 
absence of extremely modified, fin-like appendicular elements, 
as well as the low optimal swimming speed estimated and the 
anguilliform (or sub-anguilliform) mode of swimming that has 
been inferred for Mesosaurus, support the idea that this early 
aquatic amniote would not have been a pursuit predator. Given 
that mesosaurids seem to have eaten mostly small pygoceph-
alomorph crustaceans, they would needed have to swim fast 
to catch their prey (Piñeiro, Ramos, et al. 2012; Ramos 2015) 
(Figure 5). Here, we assume that pygocephalomorphs swam no 
faster than extant crustaceans of similar body shape, namely 
freshwater shrimps and marine peracarids. At body sizes sim-
ilar to those of the Mangrullo pygocephalomorphs most often 
found in gastric contents and coprolites of Mesosaurus tenuidens 
(3–20 mm total body length) (Ramos 2015), these taxa develop 
maximum sustained swimming speeds of about 0.12 m/s (Cowles  
and Childress 1988). The lateral orientation of mesosaurid teeth 
(Piñeiro, Ferigolo, Ramos, et al. 2012; Pretto et al. 2014) suggests 
that they captured pygocephalomorphs, perhaps individually, 
as argued by Modesto (2006), or by a filter-feeding mechanism, 
possibly depending on the size of the prey (see Figure 5 for a 
recreation of the trophic structure of the mesosaur commu-
nity). There are no extant analogues among aquatic reptiles, but 
mesosaurid locomotion may be compared with that of Ambly-
rhynchus cristatus, a marine (coastal) squamate that does not 
need to swim very fast because it is herbivorous (Shepherd and 
Hawkes 2005).

The optimal swimming speed estimated here represents only 
a rough (although the only available) estimate of the locomotor 
capabilities of Mesosaurus tenuidens, and hence, the resulting 
values should be interpreted accordingly. Several studies have 
demonstrated that temperature influences swimming speed in 
reptiles (Elsworth et al. 2003) through an influence over the met-
abolic rate and muscle activity, and therefore, over the energy 
available for locomotion (Bennett 1982, 1990, 1994; Elsworth 
et al. 2003). Although the speed variation due to temperature 
is partially provided by the use of a metabolic rate range in 
the model, the way in which temperature affected the optimal 
swimming speed in an extinct taxon is difficult to assess. Given 
these additional sources of uncertainty (and those mentioned 
above, linked to the model), the range of optimal swimming 
speed for Mesosaurus tenuidens may be broader than estimated 
here. Even considering the relatively warm temperate and arid 
climate suggested for southern Gondwana after the end of the 
Late Carboniferous glaciation and for the beginning of the Per-
mian (Chumakov and Zharkov 2002), temperature-dependent 
variations in mesosaurid swimming speed were unlikely to reach 
values in the range of active pursuit predators.

lower optimal swimming speeds than carangiform swimmers 
(Tytell et al. 2010). The anguilliform mode of swimming char-
acterises most of the extant aquatic or semi-aquatic reptiles, 
and it has been suggested for some crocodilians (e.g. Fish 1984; 
but see Houssaye 2013), marine iguanas and water monitors in 
which propulsion occurs through axial undulatory movements 
that involve mostly the long and strong tail. Anguilliform swim-
ming has been interpreted as a low-efficient mode of swimming 
(Fish 1984), but recently Tytell et al. (2010) have pointed out that 
anguilliform swimmers are more efficient than carangiform ones 
at low swimming speed.

Among undulatory swimmers, high optimal swimming speeds 
are generally observed in carangiform swimmers, which unlike 
anguilliform ones tend to minimise the motion in the anterior 
part of the body (Tytell et al. 2010). Carangiform swimmers com-
monly present (a) deep, high aspect ratio tail, (b) narrow caudal 
base, and a (c) streamlined, (d) deep body, with the maximum 
depth situated about the middle of the body (Magnussen 1978; 
Weihs and Webb 1983; Massare 1988). These morphological char-
acters are present in most ichthyosaurs, which were interpreted as 
pursuit predators that reached (in the case of Stenopterygius, for 
instance) an optimal swimming speed of 1.1 m/s, and were prob-
ably the fastest aquatic reptiles that ever existed (Massare 1988). 
Even though an anguilliform mode of swimming (Braun and Reif 
1985; Carroll 1985; Houssaye 2009, 2013) seems to be the best 
option for small animals not fully adapted to the open marine 
environments, the anatomical construction of the axial skeleton 
of Mesosaurus tenuidens would have constrained lateral, undula-
tory movements of the body as dorsal vertebrae are firmly joined 
to each other, lack intercentra and display almost horizontal zyga-
pophyses (Modesto 1996; personal observation). Having also a 
well-developed pachyosteosclerotic ribcage and no differentiated 
lumbar region, mesosaurs had a rather stiff trunk. Moreover, the 
presence of accessory articulation structures (zyganthrum and 
zygosphene) (Romer 1956; Carroll 1985; Piñeiro 2004) reduces 
the allowed movement between vertebrae and increases the 
stiffness, particularly of the dorsal region, which can be seen in 
most of the articulated partial or complete skeletons preserved 
(Modesto 1996; personal observation, see Figure 1). Therefore, 
we assume that the tail provided most of the thrust and velocity 
control involved in swimming, the waves starting in the pelvic 
region and progressing to the tip of the somewhat compressed 
tail. During swimming, the forelimbs were disposed along the 
sides of the chest while the hind limbs were situated parallel to 
the tail, in a horizontal plane or with the plantar surface towards 
the tail in a streamlined position. It is also possible that the feet 
may have occasionally contributed some propulsion. Steering 
was accomplished either with the webbed feet or by turning their 
heads and necks sideways in a moderate curve or both, in addi-
tion to involving the tail. Thus, considering this axial structure, 
which reduces substantially the axial movements of the anterior 
part of the body, and the inferred participation of the tail as the 
main propulsion organ, the mesosaur type of swimming shows 
some differences from the basic anguilliform pattern and may 
more properly be considered as sub-anguilliform.

Swimming speed constrains the mode of prey capture. The 
low optimal swimming speed range observed in extant croco-
dylians, freshwater turtles and some teleosts, and the fact that 
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