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Abstract
Radiations of ectothermic vertebrates across cold climates depend on the coordinated evolution of
multiple traits that compensate for the constraints imposed by limited and fluctuating resources, such
as temperature, food and oxygen. One of nature’s most prolific such radiations, Liolaemus lizards, has
diversified across the extreme cold climates of the Andes and Patagonia. Remarkably, the prevailing
patterns of reptile herbivory are opposed by Liolaemus which, in contrast with lizards generally, have
repeatedly evolved plant consumption across small-bodied species from cold climates. Herbivory is
hypothesized to depend on the evolution of multiple traits that maximize absorption of nutrients from
an intrinsically poor-quality diet, such as increases in gastrointestinal tract size and increases in the
density of nematodes in the intestine that may assist with plant digestion. Here, a comparative phylo-
genetic approach across Liolaemus species is implemented to test these hypotheses, which have only
been investigated nonphylogenetically. Results reveal that intestine length increases consistently with
increasing herbivory, whereas stomach size or nematode load are not associated with plant consump-
tion. Body size plays no role in herbivory either. Consequently, this evidence places emphasis on the
enlargement of the intestine to facilitate the evolution of herbivory in cold climates.
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Introduction

Lizards have radiated across most regions on Earth, including extreme cold cli-
mates at high latitudes and elevations (Pianka & Vitt, 2003; Pough et al., 2015; Roll
et al., 2017; Vidan et al., 2019). Evidence suggests that the saturation of novel eco-
logical opportunities encountered by ancestral lineages in such environments was
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facilitated by innovative adaptations in life history (Shine, 2005; Pincheira-Donoso
et al., 2013; Ma et al., 2018), ecophysiological (Meiri et al., 2013; Pough et al.,
2015) and ecological traits (Pough, 1973; Espinoza et al., 2004; Sites et al., 2011),
whereas the role of body size remains contested (Slavenko et al., 2019).

The evolution of herbivory has been implicated with the prolific radiation of
Liolaemus lizards across the Andes and Patagonia in South America (Espinoza
et al., 2004; Reaney et al., 2018). In fact, while herbivory has predominantly
evolved among large-sized, warm-climate lizards that maintain high body temper-
atures (Pough, 1973; Iverson, 1982; King, 1996; Vitt, 2004), plant consumption
has evolved in multiple independent episodes across small-sized Liolaemus species
from cold climates that maintain low body temperatures (Espinoza et al., 2004;
O’Grady et al., 2005). A potential explanation for these unusual correlated adap-
tations with herbivory is that low climatic temperatures are counterbalanced by
increasing rates of body heating in species with smaller body sizes, thus facilitat-
ing digestion of plant matter (Espinoza et al., 2004; Pincheira-Donoso et al., 2008).
However, given the poorly nutritious, fibrous nature of plants (Karasov & Martinez
del Rio, 2007), and the lack of enzymes for their digestion in vertebrates (Stevens
& Hume, 1995), it has been hypothesized that enlargements of the gastrointesti-
nal tract (Chivers & Hladik, 1980; Schieck & Millar, 1985; O’Grady et al., 2005;
German et al., 2010), and increases in the nematode and microbe colonies in the
gut (Sokol, 1967; Nagy, 1977; Iverson, 1982; Dearing, 1993; O’Grady et al., 2005)
would critically contribute to maximize rates of nutrient absorption. Although these
hypotheses can have key implications for our understanding of the changes under-
gone by ectotherms during invasions of cold climates, only one comparative, but
nonphylogenetic study has addressed them in Liolaemus (O’Grady et al., 2005).

Here, I implement a comparative phylogenetic study to investigate the hypothe-
ses that herbivory is associated with enlargement of the gastrointestinal tract and
with larger body size, and that plant consumption correlates positively with the
density of nematode gut colonies across Liolaemus species varying extensively in
their geographic locations, body sizes and levels of herbivory.

Materials and methods

To investigate the above hypotheses about correlated evolution with transitions to
herbivory, I compiled a comparative dataset spanning body size, gastrointestinal
tract, population density of gut nematode colonies, and dietary data from 19 species
of the Liolaemus genus distributed across a wide range of climatic and geographic
regions (Supplementary table S1). First, I obtained fine-scale dietary data by direct
surgical inspection of the gut contents of 422 preserved specimens, given the advan-
tages of this method for accurate estimation of diet relative to other widely used
methods, such as fecal analyses (Pincheira-Donoso, 2008). The gut contents of each
individual specimen were spread in water in a Petri dish to count the numerical fre-
quency of each dietary item, and to estimate their volume calculated from measures
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of length and width. To estimate relative volumes of plant versus animal matter,
the Petri dish was placed on a graph paper sheet with identical quadrats – the num-
ber of quadrats covered with each of these items was then scaled to 100% to work
out the relative contribution of each to the total gut content volume. Second, I used
snout-vent length (SVL) as a proxy for body size, given its predominant use in stud-
ies of lizards (Meiri, 2008), and given its widespread correlation with life history,
ecological and morphological traits (Peters, 1983; Shine, 2005; Pincheira-Donoso
& Hunt, 2017; Stark et al., 2020), including in Liolaemus (Espinoza et al., 2004;
Pincheira-Donoso & Tregenza, 2011; Pincheira-Donoso et al., 2018). Third, mea-
sures of gastrointestinal tract length were taken separately for stomach and intestine
given that fermentation and absorption of nutrients is known to predominantly take
place in the intestine (Stevens & Hume, 1995; O’Grady et al., 2005). Therefore, the
effects of selection on gut length are expected to differ between these two regions of
the tract, even if the lengths of both structures scale allometrically to some extent.
Finally, nematode colonies were measured by counting the total number of individ-
ual nematodes found along the intestine.

All analyses were performed using a Liolaemus molecular phylogenetic tree
(Pincheira-Donoso et al., 2017) containing 15 out of the 19 species in our dataset.
Prior to analyses, all variables were transformed to natural logarithms to meet
assumptions of parametric analyses (Zar, 2009). To perform tests of the hypothe-
ses, we implemented a series of phylogenetic linear models in the R package nlme
(Pinheiro et al., 2018). Given the strong allometric association of the components
of the gastrointestinal tract (stomach and intestine) with body size (see Results and
discussion, below), for the tests of the core hypotheses that the lengths of these
anatomical structures are a function of variation in the degree of herbivory, we per-
formed phylogenetic analyses of covariance with SVL as covariate to control for
the effects of body size. These analyses were performed using the same package
nlme. All analyses were conducted in the software R (R Development Core Team,
2017).

Results and discussion

Levels of herbivory vary extensively across Liolaemus species, ranging from 2.81 ±
7.69% of the entire volume of dietary contents in L. monticola (range: 0-30%,
median: 0%) to 81 ± 25.69% in L. jamesi (range: 7.5-100%, median: 90%). Con-
trary to predictions, regression analyses failed to identify an effect of body size
on the proportion of plant matter across the diets of species when performing
phylogenetic (estimate = −0.88, t = −0.7, df = 13, P = 0.49, n = 15) and con-
ventional analyses (R2 = 0.06, F1,17 = 1.08, t = 1.04, P = 0.31, n = 19 species;
fig. 1a). Increases in body size, however, strongly predicted increases in both stom-
ach (R2 = 0.68, F1,17 = 35.31, t = 5.94, P < 0.00001, n = 19) and intestine
length (R2 = 0.54, F1,17 = 19.84, t = 4.45, P < 0.001, n = 19), whereas stomach
and intestine lengths correlated positively (r = 0.77, P < 0.05). Although reptile
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herbivory has predominantly been associated with larger body size (Pough, 1973;
Cooper & Vitt, 2002), and this prediction was previously supported by nonphylo-
genetic evidence in a set of Liolaemidae species (O’Grady et al., 2005), it is not
surprising to find the opposite relationship. In a comparative study, Espinoza et al.
(2004) showed that herbivory in Liolaemidae deviates from the well-established
“rules of reptilian herbivory”(Vitt, 2004), as these lizards have high levels of plant
consumption in cold environments and small body sizes. The diversification of
Liolaemidae lizards was accelerated by their occupation of the vast ecological
opportunity that emerged with the uplift of the Andes (Pincheira-Donoso et al.,
2015; Reaney et al., 2018; Esquerré et al., 2019), creating hotspots of species rich-
ness toward high, cold-climate elevations (Schulte et al., 2000; Pincheira-Donoso et
al., 2018; Jara et al., 2019). Given the strong ecophysiological constraints imposed
by low temperatures, the successful radiation of Liolaemidae across the extreme
Andean and Patagonian climates has been associated with their reductions in body
size, which would facilitate more effective thermoregulation for metabolic pro-
cesses, including digestion of increased proportions of plant matter in their diets
(Espinoza et al., 2004; Pincheira-Donoso et al., 2008). Why are herbivorous Lio-
laemus not consistently smaller in body size then? Very likely because herbivory
is also common among Liolaemus species from low-elevation deserts (Donoso-
Barros, 1966; Cei, 1993; Pincheira-Donoso & Núñez, 2005), which would therefore
erode an ecogeographical signal.

Tests of the second hypothesis that increased levels of herbivory are associated
with an enlargement of the gastrointestinal tract confirmed a significant increase in
intestine length as the proportion of plant matter increases when performing both
conventional (F2,16 = 9.89, estimate = 0.11, P < 0.01, n = 19 species; fig. 1b)
and phylogenetic analyses of covariance with SVL as covariate (F2,12 = 9.01,
estimate = 0.11, P = 0.01, n = 15 species). Therefore, these findings are consis-
tent with the expectation that transitions toward herbivory correlate with increased
intestine surface to maximize the absorption of nutrients. However, whereas the
length of the stomach shows a slight tendency to elongate with increasing herbivory
across species, this association remained nonsignificant with both conventional
(F2,16 = 3.73, estimate = 0.05, P = 0.07, n = 19 species; fig. 1c) and phyloge-
netic analyses of covariance with SVL as covariate (F2,12 = 3.57, estimate = 0.05,
P = 0.08, n = 15). Such discrepancy between the enlargement of the intestine and
stomach can be interpreted as further support for the hypothesis that increasing her-
bivory relies on anatomical adjustments that maximize the absorption of nutrients
from an intrinsically low-energy diet (Karasov & Martinez del Rio, 2007; Smil,
2013; Scharf et al., 2015), which takes place mostly in the intestine. It remains pos-
sible that variation in the length of gut structures is not exclusively adaptive, but
also influenced by phenotypic plasticity (Naya et al., 2007; Zandonà et al., 2015;
Kohl et al., 2016). This hypothesis is an interesting prospect for further comparative
studies.
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Figure 1. Associations between herbivory and multiple traits across Liolaemus species. Increases in
body size do not predict increasing herbivory (a). In contrast, components of the gastrointestinal tract
length increase with increasing proportions of plant consumption, although this relationship is only
significant for intestine length (b) but not for stomach length (c). No evidence for an association
between herbivory and the density of nematode colonies in the gut was observed (d).

Finally, the third hypothesis that increased levels of herbivory are associated with
higher nematode load was rejected by both conventional (R2 = 0.02, F1,17 = 0.34,
t = 0.59, P = 0.57, n = 19; fig. 1d) and phylogenetic analyses (estimate = 0.27,
t = 0.52, df = 13, P = 0.62). Parasite number is not influenced by body size either
(estimate = 1.9, t = 0.88, df = 13, P = 0.39, n = 15). Therefore, in contrast
with previous nonphylogenetic evidence (O’Grady et al., 2005), these results fail
to attribute to nematode colonies a role in the digestion of plant matter in Liolae-
mus. In contrast, this role may in fact be played by microbial colonies, which have
been found to be linked with plant consumption in these lizards (Kohl et al., 2016,
2017).

Collectively, these findings identify a primary role for intestine evolution in the
transitions toward herbivory in Liolaemus lizards, challenging the previously sug-
gested roles for body size and nematode load (O’Grady et al., 2005). More widely,
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these findings suggest interesting opportunities to address the impact that the sig-
nificant enlargement of a highly energetically costly trait (i.e., the gastrointestinal
tract) can have on the expression of trade-offs with other energetically costly traits
during evolutionary radiation across extreme climates. Key biological processes
such as brain development (Aiello & Wheeler, 1995; Striedter, 2005; Smil, 2013)
and reproduction (Roff, 2002; Scharf et al., 2015) are energy-demanding and could
therefore be prime candidate traits to be affected by trade-offs resulting from the
allocation of energy into gastrointestinal enlargement during herbivory evolution
(Aiello & Wheeler, 1995; Kaufman et al., 2003).
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