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Fig. 4. Relationship between Eutherian body mass (g) and the complexity indices of (a) the total gastrointestinal tract (GIT), (b) the large
intestine and (c¢) the stomach, with several taxa displayed individually. Data from Table S1.
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of the body size-diet data scatter indicates underlying
ecological constraints. On the small end of the body size
spectrum (from 10 g upwards), any dietary option ap-
pears open to mammals (Fig. 1), although the opportu-
nity to feed selectively on high-quality feeds, which are
accessible in sufficient abundance at this size scale, may
lead to a higher proportion of species feeding on high-
quality (low-fibre) diets (Huemag, 2000; Crauss et al.,
2013). At increasing body size, animals have to ingest
food that is more abundant at larger spatial scales and
hence inherently of lesser quality (cf. lack of low-fibre
diets at increasing size in Fig. 1b), or they have to spe-
cialize on exclusive carnivory (Fig. la), being mostly
limited to large prey in terrestrial ecosystems but free to
use large or small prey in aquatic environments (Hie-
MAE, 2000; CARBONE et al., 2014).

Hindgut convergence with diet and
stomach homoplasy

A basic assumption underlying the hypothesis of a link
between diet and GI tract complexity is that descriptions
of complexity actually reflect physiological function.
The relationship between dietary fibre and large intes-
tine complexity — and hence also total GI tract complex-
ity — at the levels of all Eutheria, Afrotheria and Laura-
siatheria (Table 3) suggests such functionality at this GI
tract section. Even if microbial digestion can occur at
relevant magnitudes in large intestines of low complexi-
ty, as in camelids or ruminants (Artiodactyla), and some
herbivores can lack a caecum altogether, such as sloths
(Pilosa-Folivora) or Hippopotamidae (Artiodactyla),
more complex large intestines are mainly linked to more
fibrous diets, and hence also to body mass. The only ma-
jor exception to this rule is in the Carnivora where those
species with a high dietary fibre intake (Ursidae, includ-
ing the totally herbivous giant panda, Ailuropoda mel-
anoleuca) lack a caecum (Liu, 1984). In contrast, many
strictly carnivorous species from other Carnivora taxa
have a caecum (McGrosky et al., 2016). For example, a
caecum is present in the pinniped families Otariidae (fur
seals and sea lions), Odobenidae (walrus) and Phocidae
(true seals), but also in Canidae, in Hyaenidae, Felidae,
Herpestidae and Viverridae (LANGER, 2017). Yet, when
considered beyond the presence or absence of a cae-
cum, increased large intestine complexity represents a
convergent, albeit not obligatory, adaptation to fibrous
diets.

By contrast, stomach complexity is neither linked to
fibre nor body mass across all Eutheria or individual sub-
groups. Although stomach complexity is often linked to
herbivory (ALEXANDER, 1993), this relationship does not
hold for the smallest (Myomorpha) and largest (Cetacea)
taxa with highly complex stomachs. Complex stomachs
hence represent only a taxon-specific characteristic (Fig.
3f), without global convergent function. Actually, while
the general function of the complex stomachs of mam-
malian herbivores is generally well understood (LANGER,
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1988; STEVENS & HUME, 1998), the Cetacea and Myomor-
pha still challenge our functional understanding of com-
plex stomachs.

Cetacea: phylogenetic inertia or/and
functional adaptation?

This challenge of functional understanding can be met
with a certain ease in Cetacea, where the complex stom-
achs can be understood as examples of phylogenetic
inertia - because their closest relatives among the Arti-
odactyla, the Hippopotamidae (NIkAIDO ef al., 1999; Ga-
TESY et al., 2013), also have complex stomachs (LANGER,
1975, 1976), as do other artiodactyl groups (Tayassui-
dae, Camelidae and all Ruminantia subgroups) (LANGER,
1973). Even though Cetacea stomachs are, in their de-
tailed anatomy, more dissimilar to the stomachs of other
artiodactyl groups than those are amongst themselves
(LANGER, 2001), it is assumed that Cetacea derived from
an Artiodactyl lineage that had adapted to herbivory and
underwent a secondary transition to carnivory (THEWIS-
SEN et al., 2011; WANG et al., 2016). GINGERICH (2015)
suggested that various reports of predominantly herbivo-
rous Artiodactyla feeding opportunistically on nestling or
fish adds credibility to the concept that a herbivore could
transition to a carnivorous feeding habit. A recent compi-
lation of a larger number of observations where Hippo-
potami either scavenged carcasses or hunted themselves
further supports this concept (DUDLEY ef al., 2016). That
the transition from herbivory to secondary carnivory oc-
curred in a group with complex stomachs could be con-
sidered a sheer coincidence, making the stomachs of
cetacea an example of evolutionary contingency (ERwIN,
2006) rather than convergence.

Cetacea have adapted to their new feeding niche:
In a comparative molecular study positive selection for
proteinase and lipase enzymes was found in Cetacea, as
is appropriate for a carnivorous diet, as well as a loss
of pancreatic RNASEL! that is considered a requirement
for herbivory (Wanc et al., 2016). Similarly, Cetacea
have reduced numbers of genes, or nonfunctional genes,
coding for bitter, umami, sweet or sour taste perceptors
compared to herbivores (FENG et al., 2014; KisHIDA et al.,
2015; Liu et al., 2016). Just as many taste receptors may
be of no use to Cetacea, there is no evident benefit of a
complex stomach; the simple-stomached Pinnipedia cov-
er a nutritional range similar to that of Cetacea, includ-
ing filter-feeding in the pinniped Lobodon carcinophaga
(MARTENSSON et al., 1994). Early propositions that com-
plex stomachs of Mysticeci are functionally similar to
those of Ruminantia due the detection of volatile fatty
acids, equating the chitin component of krill to plant fibre
(HerwIG ef al., 1984), did not explain the adaptive value
of the similarly complex stomachs of the closely related
Odontoceti. Actually, the energy derived from microbial
fermentation in a baleen whale’s forestomach is dramati-
cally lower than that typically measured in a herbivorous
foregut fermenter (OLSEN & MATHIESEN, 1996). However,
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one can speculate that complex macroanatomical struc-
ture such as a composite stomach may be more difficult
to lose than enzymes or taste receptors. A comparison of
the stomach capacity (measured by gut fill) allows the
speculative assumption of a comparative reduction in
size in the Cetacea as compared to Artiodactyla (PEREZ et
al., 2017), facilitating the hypothesis that retrogression is
taking place to a certain extent. The lack of a nonglandu-
lar forestomach in the odontocete Iniidae (river dolpins)
and Ziphiidae (beaked whales) (LANGER, 2017), poten-
tially a secondary loss based on limited embryological
evidence (JuNGkLAUS, 1897), might point into the same
direction. However, even though simple stomachs can
also expand enormously to accommodate a gorging food
intake strategy in large terrestrial carnivores, the volume
capacity that comes with a forestomach may be beneficial
for Odontoceci and Mysticeci alike: The nutritional ecol-
ogy of the Mysticeci, with spatially lumped, large pack-
ages of krill available during limited periods of time may
make a forestomach with a certain voluminous capacity
adaptive. Odontoceci, which do not chew their food but
may swallow large numbers, or even large pieces of prey,
may similarly benefit from capacious forestomachs.

Even if the general presence of complex stomachs
in Cetacea was considered an example of phylogenetic
inertia, this would not necessarily rule out new adaptive
functional relevance of these structures. Even though
some authors consider functional interpretations a vain
effort (e.g., MEaD, 2007), the adaptive value of complex
stomachs in Cetacea has traditionally focussed, apart
from the mentioned emphasis on fermentative microbi-
al digestion of krill, either on the function of storage or
trituration. MoriMoTO et al. (1921) delivered a detailed
discussion why convincing evidence for a trituration
or ‘gizzard’ function is lacking. These authors already
mention another macroanatomical observation on the
stomach of the beaked whales that appears difficult to
reconcile with a mere concept of phylogenetic inertia.
In this group, a series of compartments in the so-called
‘connecting stomach’ have evolved that vary in number,
up to 10 in Mesoplodon bidens and M. europaeus (MEAD,
2007). While these structures are still not described in a
conclusive or satisfactory manner (LANGER, 2017), they
represent new morphological features without equiva-
lent in non-Cetacea. Other potential functions of ceta-
cean stomachs, apart from the evident food storage and
the debated trituration and microbial fermentation, may
be related to feeding during deep dives under extreme
pressure. For example, Mesoplodon densirostris — with
only 3—5 connecting chambers (MEeap, 2007) — habitu-
ally does not dive as deep as Ziphius cavirostris (BAIRD
et al., 2006; Tyack et al., 2006) with its 8—9 connecting
chambers (MEaD, 2007), and diving depths for Berardius
bairdii with its 7—10 connecting chambers (MEaD, 2007)
were also spectacularly deep (MiNaMIKAWA et al., 2007).
Whether this is a spurious finding or describes a relevant
pattern, and what adaptations are required for feeding
and stomach storage and digestion under high pressure,
remains to be explored.
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Myomorpha: enigmatic stomach complexity

The adaptive value of the complex stomachs of Myomor-
pha cannot be explained by phylogenetic inertia. It ap-
pears unlikely that Myomorpha forestomachs serve for
the digestion of plant fibre as suggested by VoronTsov
(1967/1969), because microbial fibre digestion rather oc-
curs in the caecum of Myomorph rodents (SAKAGUCHI et
al., 1981). CArRLETON (1973) elaborated two additional
hypotheses. The first suggests that a nonglandular stom-
ach compartment might serve for additional trituration of
the food bolus (comparable to the hypothesis mentioned
above in Cetacea); however, given the high chewing ef-
ficiency of myomorph rodents (LEg, 1993; Fritz et al.,
2009a), a relevance of such additional trituration might
be questionable. The second hypothesis suggests that an
aglandular stomach compartment might allow a more
thorough digestion of the food by salivary enzymes, in
particular amylase (CARLETON, 1973). Another aspect
is the storing function of an extended gastric volume —
although, as mentioned above for the Cetacea, simple
stomachs can easily accommodate large volumes of food
by simple expansion, so that the evolution of a forestom-
ach does not appear as a stringent necessity for an in-
creased intake capacity. A more recent set of hypotheses
is linked to putatively protective microbial effects. For
example, forestomach microbiota might neutralize spe-
cific dietary toxins (KoHL & DEARING, 2012; KoHL ef al.,
2014b). Compared to herbivorous foregut fermenters,
myomorph forestomachs harbour a different microbiome
with more lactobacilli (KoHL ef al., 2014a; SHINOHARA et
al., 2016). Because these might have antifungal prop-
erties, SHINOHARA et al. (2016) hypothesized that com-
plex stomachs in Myomorpha could be an adaptation to
granivory and scatter hoarding, as seeds are susceptible
to mould (Janzen, 1976). These hypotheses await com-
prehensive comparative evaluation.

Relations between stomach and large
intestine

The typical classification of herbivores into foregut or
hindgut fermenters (Janis, 1976; Van SoEsT, 1996; StTE-
VENs & HuMmE, 1998), together with the observation that
many eutherian groups have an emphasis on either one
of these fermentation sites, leads to the intuition that
stomach and large intestine complexity should be cor-
related negatively. However, this expectation was only
met in conventional statistics (Table 6), whereas statis-
tics including phylogeny indicated that within lineages
or among closely related lineages, increases in stomach
complexity are rather positively than negatively linked
to increases in large intestine complexity, regardless of
whether all species with a combination of non-complex
stomachs and non-complex large intestines were exclud-
ed or not. Only if the dataset is artificially constrained
to the “Ungulata” — Perissodactyla + Artiodactyla — did
we find the expected relationship. These results caution
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against transferring observations from a phylogenetically
limited dataset, intuitive as they may appear.

Conclusion and outlook

With respect to macroscopic anatomy, the capacity of
the GI tract (CHIVERS & HLADIK, 1980; LANGER & SNIPES,
1991) may be a more relevant proxy for GI tract func-
tionality than a scoring of complexity. However, such
measures are inherently more difficult to determine than
complexity indices that reflect (dimensionless) shape,
and they require simultaneous documentation of the body
mass of the respective specimens. Until such data on ca-
pacities are widely available, the present study represents
a comprehensive test of macroanatomical patterns of the
GI tract of most eutherian taxa.

Our scores of complexity yield different results for
the stomach and the large intestine. Complex large intes-
tines can be linked to high-fibre diets, and while this is
not necessarily true the other way round, they therefore
represent an example of convergent evolution. Corre-
spondingly, there are only relatively few morphological
changes that produce diversity in the large intestinal mor-
phology, in particular, the taeniae, haustra and semilunar
folds that facilitate a volume increase of, and influence
digesta transit through, the large intestine (LANGER, 1991;
LANGER & TakAcs, 2004), which are shared by a large
number of different taxa. By contrast, stomach morphol-
ogy displays an intriguing, apparently unsystematic ar-
ray of arrangements and shapes (LANGER, 1988; LANGER,
2017). As homoplasies, these structures characterize
phylogenetic lineages, to the extent of being diagnostic
indicators of the respective phylogenetic groups.
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