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ABSTRACT

Phylogenetic signal is often read as evolutionary conservatism, but the same pattern can arise
from retention of the ancestral state and repeated origins of the derived state. We tested this in
Xenarthra using phylogenetic comparative analyses, ancestral state reconstructions, climatic
associations, and tests of correlated evolution with diet, across 24 extant and extinct taxa and
2002 posterior trees. Fossoriality showed strong marginal phylogenetic structure (D = −0.85),
yet ancestral state reconstructions indicated that this pattern reflects retention of the ancestral
non-fossorial state rather than conservation of fossoriality. Fossoriality evolved repeatedly
within Mylodontoidea, consistent with parallel evolution associated with shared morphological
predispositions and similar ecological contexts. Precipitation regimes were associated with
fossoriality, but the association reversed after excluding the lowest values, rejecting a simple
climatic preference and pointing instead to precipitation as a viability filter rather than a driver.
We also found support for correlated evolution between fossoriality and animal-based diets,
although the direction of this relationship remains unresolved. Our results show that strong
phylogenetic signal can mask repeated origins of a derived state, and that specialized lifestyles
are better explained by interactions among phylogenetic history, environmental filtering, and
foraging opportunity than by any single driver.

Keywords: ancestral state reconstruction; correlated evolution; fossoriality; phylogenetic signal;
precipitation; Xenarthra.

INTRODUCTION

The diversification of lifestyles is a central dimension of mammalian ecological evolution,
reflecting different strategies for exploiting the environment. Occupying terrestrial and
arboreal strata imposes distinct functional and ecological demands associated with
locomotion, foraging, protection, and climatic exposure. Among these specializations,
fossoriality (i.e., the habit of digging and/or living in underground structures) has evolved
repeatedly and can provide protection against predators, access to resources, and buffering
against surface climatic conditions (Dondas et al., 2009; Hopkins, 2005; Vleck, 1981; Milling
et al., 2018). Its evolution, however, involves a distinction between morphological capacity
and ecological viability. Anatomical specializations enable excavation, whereas
environmental conditions determine where digging is feasible and what benefits can be gained
from it.
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The traditional climatic hypothesis proposes that underground environments provide refuge
from thermal or hydric stress, linking fossoriality to arid or thermally extreme environments
(McNab, 1966; Gamble et al., 2000; Hasiotis et al., 2004; Baldo et al., 2016). However, the
conditions that make burrows beneficial are not necessarily those that facilitate excavation.
Subsurface resources (e.g., roots, tubers, fungi, and invertebrates) may provide additional
benefits, whereas soil properties impose mechanical and energetic constraints (Vleck, 1981;
Vizcaíno et al., 2001; Doody et al., 2024). In excessively dry environments, reduced
availability of subsurface resources or increased excavation costs may limit the exploitation of
this stratum (Frank et al., 2012; Lopes et al., 2017). Thus, an association between fossoriality
and precipitation may reflect not a direct climatic preference, but rather exclusion from
environments where conditions are unsuitable (Pinkert et al., 2025).

Xenarthra provides a suitable system for investigating these relationships because it combines
ecological and morphological diversity with an evolutionary history documented by both
extant and fossil representatives (Gaudin & Croft, 2015). The group encompasses lineages
with different lifestyles, ranging from predominantly arboreal to terrestrial forms, some of
which exhibit specializations for excavation (Gaudin & Croft, 2015). The South American
ichnofossil record highlights the importance of this strategy (Buchmann et al., 2009; Dondas
et al., 2009). Large paleoburrows (tunnels) are primarily attributed to extinct giant ground
sloths, documenting extensive underground construction during the Neogene and Quaternary
(Buchmann et al., 2009, 2016; Dondas et al., 2009; Frank et al., 2011, 2013). Nevertheless,
the function of these structures and the environmental conditions associated with the evolution
of excavation remain uncertain (Lopes et al., 2017).

Beyond climate, resource exploitation may also have contributed to dietary diversification.
Excavation provides access to food resources that are unavailable or less accessible at the
surface, and dietary strategies involving animal matter, such as omnivory and specialized
myrmecophagy, may be associated with this specialization (Vleck, 1981; Gaudin & Croft,
2015). Morphological traits, environmental conditions, and dietary strategies are often
interdependent. The ability to exploit the subsurface may precede dietary shifts, whereas
favorable environmental conditions may turn this capacity into new foraging opportunities.
Correlated evolution between ecological traits can reveal such associations, although it cannot
establish their causal or temporal direction. However, these associations may also reflect
broader differences among lineages, including their lifestyles and morphological
characteristics, and therefore do not necessarily indicate that fossoriality promoted dietary
shifts.

Distinguishing among these processes requires explicit consideration of phylogeny. The
distribution of ecological traits may exhibit strong phylogenetic structure because closely
related species share morphological, environmental, and dietary attributes, making it difficult
to distinguish evolutionary conservatism from recurrent ecological associations (Boratyński et
al., 2017; Pinkert et al., 2025). Summary metrics such as Fritz and Purvis' D for binary traits
and Pagel's λ and Blomberg's K for continuous traits quantify phylogenetic clustering, but
cannot independently identify which states are conserved or determine the number, direction,
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or timing of evolutionary transitions (Fritz & Purvis, 2010; Pagel, 1999; Blomberg et al.,
2003). Ancestral state reconstructions and tests of correlated evolution complement these
measures.

Here, we investigate the evolution of fossorial specializations in Xenarthra and their
associations with environmental conditions and dietary strategies. First, we quantify the
phylogenetic structure of fossoriality and climatic variables. Next, we assess whether
excessively arid conditions constrain the occurrence of fossorial specializations, rather than
representing a gradient that directly favors their evolution. Finally, we test for correlated
evolution between fossoriality and dietary strategies and reconstruct ancestral states to
investigate the evolutionary history of these transitions. We expected the distribution of
fossoriality to reflect both evolutionary history and environmental constraints on underground
exploitation, and its evolution to be associated with dietary strategies that expand foraging
opportunities. Thus, we aim to understand how morphological predispositions, environmental
conditions, and ecological opportunities have been associated with the evolution of
fossoriality in Xenarthra.

METHODS

Occurrence data and climatic variables

We compiled occurrence data for 24 Xenarthra species, including extant and extinct taxa from
Folivora, Vermilingua, and Cingulata. All fossil records were obtained exclusively from the
Paleobiology Database (PaleoBioDB; https://paleobiodb.org; Varela et al., 2014). We
extracted values for the 19 bioclimatic variables for the Last Glacial Maximum (LGM;
approximately 21 ka) from the PaleoClim database (http://www.paleoclim.org), at a spatial
resolution of 5 arc-minutes (Brown et al., 2018). For each taxon, environmental values were
extracted at the corresponding occurrence localities and summarized using the median,
resulting in one climatic value per species for each variable.

The LGM was selected as a common environmental reference for three reasons: (i) it
represents one of the most abrupt climatic transitions of the Quaternary, providing a scenario
of extreme environmental conditions (Clark et al., 2009); (ii) it corresponds to an interval with
a relatively high abundance of dated Quaternary Xenarthra fossils, allowing greater
consistency in comparisons among occurrence records (Cione et al., 2009); and (iii) it is one
of the periods for which comprehensive and relatively well-established paleoclimatic
reconstructions are available (MARGO Project Members, 2009; Kageyama et al., 2018;
Tierney et al., 2020). The LGM was used as a standardized spatial environmental reference
for comparing taxa, rather than as a representation of the climatic conditions experienced
during the origin or evolution of fossoriality. Therefore, climatic values were not interpreted
as direct evidence of the temporal context in which the trait originated, but as a common
environmental characterization of occurrence localities.
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Selection of climatic variables

To reduce collinearity among predictors without introducing selection bias associated with the
realized niches of the species, we generated 10000 random points across the geographic extent
represented by the climatic raster and calculated variance inflation factors (VIFs) for the 19
bioclimatic variables (Table S1). This procedure allowed us to assess collinearity across the
available environmental space, independently of the taxa's occurrence distributions, thereby
avoiding having the species composition of the sample determine predictor selection.
Variables with VIF > 3 were removed from subsequent analyses (Zuur et al., 2009; Table S2).

Phenotypic trait coding

Fossoriality and diet were coded individually for each taxon based on morphological and
paleobiological evidence available in the literature. We did not adopt generalizations based
solely on higher taxonomic categories, such as families (Gaudin & Croft, 2015).

Fossoriality was coded as a binary trait: 0 = absence of fossorial adaptations, including
ambulatory, graviportal, suspensory, and other non-digging forms; and 1 = presence of
fossorial adaptations, including subterranean, digging, and/or burrowing forms. Diet was also
coded as a binary trait: 0 = strict herbivory, with no consumption of animal matter; and 1 =
diet including animal matter, encompassing generalist omnivory, insectivory, myrmecophagy,
and termitophagy.

Phylogeny and phylogenetic uncertainty

We used the posterior sample of phylogenies published by Presslee et al. (2019), comprising
two combined MCMC runs after removal of the burn-in period, with a monophyly constraint
imposed on Bradypus and all included non-folivoran outgroups. Fossil taxa lacking molecular
data but used to inform the fossilized birth-death prior were pruned from the trees, resulting in
24 Xenarthra terminals spanning Folivora, Vermilingua, and Cingulata (Presslee et al., 2019).
We retained all 2002 posterior trees to propagate phylogenetic uncertainty throughout all
comparative analyses, including estimates of phylogenetic signal, regressions, ancestral state
reconstructions, and tests of correlated evolution.

Phylogenetic signal

We assessed the phylogenetic structure of climatic variables and fossoriality before
investigating their associations. For continuous climatic variables, we calculated Pagel's λ
(Pagel, 1999) and Blomberg's K (Blomberg et al., 2003) across each of the 2002 posterior
phylogenies using the phytools package (Revell, 2012). Pagel's λ quantifies the extent to
which the covariance structure among taxa corresponds to that expected from their
phylogenetic relationships, whereas Blomberg's K compares the observed phylogenetic
structure with the expectation under a Brownian motion model.
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For fossoriality, coded as a binary trait, we calculated Fritz and Purvis' D statistic (Fritz &
Purvis, 2010), implemented in the phylo.d function of the caper package (Orme et al., 2018).
The D statistic evaluates the phylogenetic clustering of state 1 (presence of fossorial
adaptations) relative to two expectations: a random distribution of states among terminals (D
= 1) and a distribution expected under a threshold Brownian motion model (D = 0). Negative
values indicate stronger clustering than expected under this model. Although it quantifies the
phylogenetic structure of trait distribution, D cannot independently identify which lineages
retained a particular state, nor the number, direction, or timing of evolutionary transitions.
These questions were investigated through ancestral state reconstructions. Trees containing
zero-length branches were corrected using dispRity::remove.zero.brlen (Guillerme, 2018)
before the analyses.

Phylogenetic logistic regression

We tested the association between climatic variables and fossoriality while accounting for
phylogenetic non-independence among taxa. To this end, we fitted phylogenetic logistic
regressions using the phyloglm function from the phylolm package (Ho & Ané, 2014), with
the logistic_MPLE method. Models were fitted independently to each of the 2002 posterior
trees, using 1,000 bootstrap replicates per fit to estimate confidence intervals for the
coefficients. Coefficients and their corresponding intervals were subsequently summarized
across trees using medians and 95% intervals. We also extracted the residual phylogenetic
parameter α from each model, which quantifies residual phylogenetic correlation after
accounting for the climatic predictor. Lower α values indicate stronger residual phylogenetic
dependence, whereas higher values indicate weaker correlation among residuals associated
with shared evolutionary history. Models that failed due to boundary estimates or convergence
problems were excluded from the corresponding summaries.

Additionally, we conducted a common-support analysis for precipitation of the warmest
quarter (BIO18), restricting models to values equal to or greater than 89.5 mm, corresponding
to the lowest BIO18 value among fossorial taxa. This restriction removed the
low-precipitation range represented exclusively by non-fossorial taxa, allowing us to evaluate
the association between precipitation and fossoriality within the portion of environmental
space where both states were represented. The upper limit was not restricted, thereby retaining
records of high precipitation, including the few non-fossorial taxa occurring under these
conditions, whose influence on the estimated association was also of interest.

Ancestral state reconstruction

We reconstructed ancestral fossoriality states at selected nodes using the Fossil command in
BayesTraits v4 (Meade & Pagel, 2023). This approach allows the state of a focal node to be
constrained to either 0 or 1 and estimates the corresponding marginal likelihood through
stepping-stone sampling (Xie et al., 2011). Nodes were selected based on the maximum clade
credibility tree (MCCT) from Presslee et al. (2019), which was used exclusively to establish
correspondence among homologous nodes across the different posterior topologies. Each node
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was then evaluated separately under the Fossil 0 and Fossil 1 models across all 2002 posterior
trees, thereby propagating phylogenetic uncertainty into the ancestral state reconstructions.

For each node, marginal likelihoods were estimated using 500 stones, with 50,000 iterations
per stone. The log Bayes factor was calculated as:

log𝐵𝐹 = 2 × (log𝑀𝐿
𝐹𝑜𝑠𝑠𝑖𝑙0

− log𝑀𝐿
𝐹𝑜𝑠𝑠𝑖𝑙1

)

Positive values favor state 0, corresponding to the absence of fossorial adaptations, whereas
negative values favor state 1. Evidence strength was interpreted according to Kass and Raftery
(1995).

Correlated evolution between fossoriality and diet

We tested whether fossoriality and diet exhibited correlated evolutionary histories using the
independent and dependent models implemented in BayesTraits v4 (Pagel & Meade, 2006;
Meade & Pagel, 2023). The independent model estimates transition rates for the two traits
without allowing the rate of change in one trait to depend on the state of the other. In contrast,
the dependent model allows the transition rates of each trait to vary according to the state of
the other, making it possible to test whether the evolution of one trait is associated with
changes in the transition dynamics of the second.

Marginal likelihoods were estimated through stepping-stone sampling, using 500 stones with
50,000 iterations per stone. All other model settings followed the default values in
BayesTraits v4. The log Bayes factor was calculated as:

log𝐵𝐹 = 2 × (log𝑀𝐿
𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡

− log𝑀𝐿
𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡

)

Positive values indicate greater support for the dependent model, whereas negative values
favor the independent model. Evidence strength was interpreted according to Kass and
Raftery (1995).

Sensitivity analysis

Because some fossoriality state assignments were uncertain, we assessed the sensitivity of our
results to alternative codings. Eight taxa were identified as ambiguous, generating 256
possible coding configurations (2^8). These configurations were used to assess the sensitivity
of the D statistic and of the phylogenetic logistic regression coefficients to alternative
fossoriality coding decisions. For both the D statistic and the phylogenetic logistic regression
coefficients, each of the 256 configurations was evaluated across a random subset of 202
posterior trees (approximately 10% of the 2002 trees), selected with a fixed random seed (42).
This subset was used to reduce computational demand while retaining variation across
posterior topologies, and the same subset was used for all configurations. To reduce
computational demand, the sensitivity analysis of the phylogenetic logistic regression was run
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without bootstrap replicates, using point estimates of the coefficient and α for each tree; the
main analysis used 1000 bootstrap replicates per fit to estimate confidence intervals for the
original coding.

For the correlated evolution analysis, we additionally evaluated uncertainty in the coding of
both traits. Combining alternative fossoriality and diet codings resulted in 8192 possible
configurations. From this set, we randomly sampled 500 configurations and fitted the
independent and dependent models using the same analytical procedure described above.
Unsuccessful fits were excluded, and the distribution of the resulting log-BF values was used
to assess the robustness of the inference to uncertainty in trait coding.

RESULTS

Retention of the ancestral state and repeated origins of fossoriality

Ancestral state reconstructions conducted across all 2002 posterior trees consistently favored
the absence of fossorial adaptations as the ancestral state at all major xenarthran nodes
examined. Median log-BF values favored the non-fossorial state at the root of Xenarthra
(3.82), Cingulata (2.96), Pilosa (10.65), Megalocnidae (13.65), Megatherioidea (13.69),
Mylodontoidea (10.48), and the crown group of Mylodontidae (7.75). The only node favoring
the fossorial state was the terminal pair Mylodon darwinii + Glossotherium robustum (median
log-BF = −2.99). Reconstructions also indicated independent origins of fossoriality within
Mylodontoidea, associated with the lineages Scelidotherium + Scelidodon, Lestodon,
Paramylodon, and Mylodon + Glossotherium (Figure 1).

Phylogenetic structure of fossoriality and precipitation regimes

Fossoriality exhibited strong marginal phylogenetic structure, with a median Fritz and Purvis'
D of −0.85 across the 2002 posterior trees (95% interval = [−1.28, −0.44]; Figure 2). D was
negative in 99.7% of trees, and Brownian motion was rejected in all trees. Across the 256
alternative coding configurations, each evaluated across 202 posterior trees, D remained
below 1 in all configurations and was negative in 82% of configuration-level medians (median
D across configurations = −0.279; 95% interval = [−0.886, 0.134]). Per-tree median D was
negative across all 202 trees (median = −0.282; 95% interval = [−0.513, −0.021]). The
original coding produced one of the most negative estimates (D = −0.844), near the lower
bound of the distribution of configuration-level medians, whereas the global median across all
configurations remained negative (−0.277). The magnitude, but not the sign, of D was
therefore sensitive to coding decisions (Figure S1).

All climatic variables retained after VIF screening showed varying degrees of phylogenetic
signal across the 2002 posterior trees. Precipitation of the warmest quarter (BIO18; Figure S2)
showed the strongest signal (median λ = 1.00; 95% interval = [0.99, 1.00]), followed by
precipitation seasonality (BIO15; Figure S2; median λ = 1.00; 95% interval = [0.84, 1.00])
and precipitation of the coldest quarter (BIO19; median λ = 0.99; 95% interval = [0.92, 1.00]).
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Temperature seasonality (BIO4) showed an intermediate signal (median λ = 0.83; 95%
interval = [0.00, 1.00]), whereas mean diurnal range (BIO2) and precipitation of the driest
month (BIO14) showed little or no detectable phylogenetic signal (median λ ≈ 0; 95% interval
= [0.00, 0.00] and [0.00, 1.00], respectively). Blomberg's K estimates were 0.317 for BIO14
(95% interval = [0.092, 0.429]), 0.574 for BIO15 (95% interval = [0.211, 0.735]), 1.012 for
BIO18 (95% interval = [0.674, 1.295]), 0.442 for BIO19 (95% interval = [0.171, 0.671]),
0.276 for BIO2 (95% interval = [0.071, 0.371]), and 0.320 for BIO4 (95% interval = [0.105,
0.505]).

Association between fossoriality and precipitation regimes

Phylogenetic logistic models were successfully fitted across 1,814 posterior trees.
Precipitation of the warmest quarter showed a positive association with fossoriality across all
successfully fitted trees (median coefficient = 0.95; 95% interval = [0.52, 1.18]; Figure 3A).
Precipitation seasonality showed a negative association (median = −1.36; 95% interval =
[−1.52, −0.63]). The remaining climatic variables showed no detectable association with
fossoriality. The residual phylogenetic parameter α after including precipitation of the
warmest quarter had a median of 0.046 (95% interval = [0.042, 0.051]). The coefficient for
this variable showed a weak positive correlation with α across trees (r = 0.26; Figure 3B).

In the analysis restricted to precipitation of the warmest quarter values equal to or greater than
89.5 mm, the coefficient for this variable changed from positive to negative (median = −0.34;
95% interval = [−0.43, −0.02]; Figure 4B), contrasting with the positive association observed
in the full sample (Figure 4A).

The sensitivity analysis indicated that the climatic association was robust to alternative trait
codings. Across the 256 configurations, each evaluated across 202 posterior trees, the
coefficient for precipitation of the warmest quarter was positive in 97.5% of configurations
(median = 0.429; 95% interval = [0.000, 1.392]). The original coding yielded a coefficient of
0.943, at the 87.5th percentile of the distribution but within its 95% interval (empirical p =
0.129). The residual phylogenetic parameter α remained low across all configurations (median
= 0.057; 95% interval = [0.022, 0.091]), and the original coding was not extreme (empirical p
= 0.582; Figure S3).

Correlated evolution between fossoriality and diet

The dependent model of correlated evolution was favored over the independent model
(log-BF = 2.39). Among the 500 alternative coding configurations sampled from the 8192
possible combinations, 500 yielded successful fits, of which 97.6% favored the dependent
model (Figure S4). The observed Bayes factor corresponded to the 18th percentile of the
distribution, and the median BF across configurations (3.96) was 1.66 times the observed
value. The dependent model was favored (BF > 0) in 97.6% of configurations, with positive
evidence (BF > 2) in 88.0% and strong evidence (BF > 6) in 32.6%.
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DISCUSSION

The false paradox of phylogenetic signal

Fossoriality showed negative marginal phylogenetic structure, a pattern conventionally read as
evolutionary conservatism. Ancestral state reconstructions, however, favored the non-fossorial
state at all major xenarthran nodes examined, with fossoriality arising independently in
several Mylodontoidea lineages. These results are not contradictory. D quantifies the
phylogenetic clustering of a binary trait but cannot identify which state is ancestral or
conserved, nor the number, direction, or timing of transitions (Fritz & Purvis, 2010). Here, the
signal results from two coinciding patterns: widespread retention of the ancestral non-fossorial
state and restriction of the derived state to Mylodontoidea. It therefore describes how the trait
is distributed on the tree, not the conservation of fossoriality. Pagel’s λ and Blomberg’s K
share this interpretative limitation (Pagel, 1999; Blomberg et al., 2003; Revell et al., 2008;
Münkemüller et al., 2015), which is a warning against reading marginal patterns as
mechanisms rather than a flaw of the statistics. Similar patterns may arise whenever a derived
phenotype evolves repeatedly within a restricted portion of the phylogeny, particularly among
lineages sharing ecological contexts (Hardy & Pavoine, 2012; Losos, 2011). Because
precipitation of the warmest quarter and precipitation seasonality are themselves strongly
structured, part of the clustering in fossoriality probably also tracks the retention of
precipitation regimes across lineages. The magnitude of D was sensitive to trait coding, but its
sign was not: D remained negative across all alternative configurations, so the direction of the
signal is robust even though its magnitude should not be overinterpreted.

Phylogenetic concentration and its inferential consequences

All seven fossorial taxa belong to Mylodontoidea, whereas the 17 non-fossorial taxa are
distributed among non-mylodontoid Folivora, Vermilingua, and Cingulata (Figure 1).
Although reconstructions indicate independent origins, these occurred within a single clade
whose lineages share part of their history, morphology, and ecological context. The effective
number of independent observations for the fossorial state is therefore smaller than the
number of taxa exhibiting it, and climatic and dietary associations cannot be fully separated
from membership in Mylodontoidea. This restricts the scope of our inferences without
invalidating them. The converse is equally informative: non-fossoriality persisted across
lineages and under a wide range of precipitation regimes, so an equally important question is
why non-fossoriality remained the predominant condition throughout xenarthran
diversification. Our results address the conditions associated with the origin and distribution
of fossoriality within Mylodontoidea; they do not claim to identify a general law of xenarthran
evolution.

Precipitation regimes and fossoriality

The classical climatic hypothesis predicts that fossoriality is favored in arid or thermally
extreme environments, where burrows buffer adverse surface conditions (McNab, 1966;
Gamble et al., 2000; Hasiotis et al., 2004; Baldo et al., 2016). Our results support neither this
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hypothesis nor a simple preference for wetter environments. Precipitation of the warmest
quarter was positively associated with fossoriality in the full sample, but this slope was
produced by non-fossorial taxa occupying a dry range (< 89.5 mm) where no fossorial taxon
occurs. Within the range where both states co-occur, the association was flat to slightly
negative (Figure 4B). Precipitation seasonality was negatively associated with fossoriality.
The association is therefore non-monotonic: fossoriality is absent under the driest regimes but
does not increase continuously with precipitation. This pattern is more consistent with a
viability filter than with a direct climatic driver. The restricted model has limited power (N =
12, five non-fossorial taxa), and its cutoff is defined by the lowest fossorial value, so we treat
the flat-to-negative slope as weakening, not rejecting, a monotonic effect. Because
precipitation is phylogenetically structured, the empty dry portion of the gradient is also
compatible with Mylodontoidea occupying wetter regions for reasons unrelated to excavation.
Thermal buffering may still contribute, but thermoregulation alone does not explain the
observed distribution.

Edaphic mechanism: a hypothesis to be tested

The combination of a positive association in the full sample, a flat-to-negative association
within common support, and a negative association with seasonality points to an indirect
pathway through substrate properties. Cohesion, bulk density, hardness, and penetration
resistance vary with moisture and affect the energetic cost of excavation (Mouazen et al.,
2002; Ebensperger & Bozinovic, 2000), and in seasonal tropical and subtropical environments
precipitation of the warmest quarter may partly index seasonal soil moisture (Romañach et al.,
2005; Zelová et al., 2011). This is consistent with the absence of fossorial specializations in
megatheriids, nothrotheriids, and glyptodonts associated with arid environments (McDonald,
2005; Zurita et al., 2011), and with their concentration in Mylodontidae from humid or
seasonally humid settings (Bargo et al., 2000; Pujos et al., 2017; de Oliveira & Santos, 2018).
We measured no soil properties, and resource availability or clade geography offer equally
compatible explanations, so this remains a hypothesis. It generates testable predictions:
paleoburrow localities should concentrate on substrates of intermediate moisture and low
penetration resistance, and fossorial taxa in drier areas should coincide with more friable soils.

The foraging hypothesis and the association with animal-based diets

The dependent model of correlated evolution was favored over the independent model, and of
the 500 alternative coding configurations that fitted successfully, 97.6% favored the dependent
model, so the association is robust to coding uncertainty. It is also asymmetric: the only
non-fossorial species with an animal-based diet is the strictly arboreal myrmecophage
Cyclopes didactylus (Best & Harada, 1985; Hayssen et al., 2012). Animal-based diets can thus
occur without fossoriality, whereas fossoriality was uncommon among lineages lacking
animal-based diets. The traits are associated but not mutually dependent. This supports the
hypothesis that subsurface exploitation provides additional foraging opportunities (Gaudin &
Croft, 2015), in line with evidence of animal matter in the diet of Mylodon darwinii (Tejada et
al., 2021). The analysis does not establish causal or temporal direction: fossoriality may
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facilitate access to animal resources, animal-based diets may favor digging, or both may
covary with a third factor such as precipitation regime. Finer dietary resolution is needed to
identify which resources are most closely associated with fossoriality.

Parallel evolution under shared conditions

Fossoriality did not originate at the base of Mylodontoidea but evolved independently in
different lineages within it. This is consistent with parallel evolution among lineages sharing
morphological and ecological backgrounds. Mylodontoids exhibit robust forelimbs, enlarged
claws, and well-developed musculature (Bargo et al., 2000; de Oliveira & Santos, 2018;
Patiño et al., 2021), which likely provided the capacity for excavation, whereas precipitation
regimes and foraging opportunities conditioned its viability. These three
dimensions—morphological predisposition, environmental constraint, and ecological
opportunity—need not operate independently: morphology enables excavation but does not
determine its adoption; environment delimits where it is viable without inducing it; and
subsurface resources may favor its maintenance (Gaudin & Croft, 2015; Presslee et al., 2019;
Sansalone et al., 2020; Serio et al., 2020; Pinkert et al., 2025). This integrated scenario
explains repeated origins within Mylodontoidea without requiring inheritance from a deeply
specialized ancestor.

Implications for phylogenetic comparative studies

A strongly negative D could be read as evidence of conservatism, yet fossoriality was not
ancestral in Xenarthra or Mylodontoidea. Marginal measures of phylogenetic signal should
therefore be treated as properties of trait distributions, not as evolutionary mechanisms.
Combining ancestral state reconstructions, ecological covariates, and tests of trait association
helps distinguish retention of ancestral states, repeated evolution of derived ones, and shared
environmental context (Schultz et al., 1996; Cunningham et al., 1998; Freckleton et al., 2002;
Revell, 2010). This distinction is particularly important when a binary trait is concentrated in
a single clade and environmental variables are also phylogenetically structured.

Limitations

Climatic values come from an LGM surface projected onto localities of taxa of different ages,
so they do not necessarily represent conditions contemporary with the fossils or with the
origin of the traits; other periods could test whether the associations hold through time. The
sample (N = 24) limits power, particularly in the logistic regressions and correlated evolution
tests, and the concentration of fossorial taxa in Mylodontoidea limits the separation of
fossoriality effects from clade membership. The fossil record is unevenly distributed across
taxa, regions, and periods, so precipitation values may partly reflect preservation and
sampling biases. Trait coding required interpretation for extinct taxa; although sensitivity
analyses show the results do not depend on a single configuration, the diet category pools
distinct strategies and a single median per species ignores variation among localities.

CONCLUSIONS
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Fossoriality in Xenarthra is not a deeply conserved ancestral state but a specialization that
evolved repeatedly within Mylodontoidea. Its strong phylogenetic signal is a false paradox: it
reflects retention of non-fossoriality rather than conservation of excavation. Precipitation
appears to act as a viability filter, potentially mediated by substrate mechanical properties,
rather than as a direct driver of fossoriality evolution. The evolution of excavation depends on
the interplay between morphological capacity and foraging opportunities. The evolutionary
history of fossoriality in Xenarthra is therefore less about a specific climate and more about
the interaction between predisposition, opportunity, and constraint.
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Figures and table legends

Figure 1. Maximum clade credibility tree of 24 Xenarthran species, based on the
posterior sample of 2002 trees from Presslee et al. (2019). Tip colors indicate fossorial
state: blue = non-fossorial (0); red = fossorial (1). Branch lengths are proportional to time.

Figure 2. Distribution of Fritz & Purvis's D statistic across 2002 phylogenetic trees. The
dashed red line marks D = 0 (Brownian motion); the dashed dark green line marks D = 1
(random phylogenetic structure); the solid black line marks the median (D = −0.85); dotted
black lines mark the 95% interval across trees ([−1.28, −0.44]). Values of D < 0 indicate
greater phylogenetic clustering than expected under Brownian motion; D = 0 is consistent
with Brownian motion; D = 1 is consistent with random phylogenetic structure; D > 1
indicates greater dispersion than expected under random evolution. In 99.7% of trees, D was
negative.

Figure 3. Results of phylogenetic logistic models across 1814 successfully fitted trees. (A)
Histogram of the coefficient of precipitation of the warmest quarter (bio_18) across trees. The
dashed red line marks zero; the solid black line marks the median (0.95); dotted black lines
mark the 95% interval across trees ([0.52, 1.18]). The coefficient was positive in 100% of
trees. (B) Relationship between the coefficient of bio_18 and the residual phylogenetic signal
(α) across trees. Each point represents one tree. The red line shows the linear regression; r =
0.26.

Figure 4. Predictive curves of fossoriality probability as a function of precipitation of the
warmest quarter (bio_18). Thin lines represent predictions from individual phylogenetic
logistic models fitted; the shaded band represents the 95% interval of predictions across trees;
the thick red line represents the median prediction. Points show observed data, with vertical
jitter for visualization. (A) Full model (N = 24). The dotted vertical line marks the lower
bound of the common climatic support (bio_18 = 89.5 mm), and the shaded rectangle
indicates the range of bio_18 occupied by fossorial species. (B) Model restricted to the
common climatic support (bio_18 ≥ 89.5; N = 12). The median curve is flat or slightly
negative, indicating that the positive association observed in the full model was driven by
non-fossorial species in very dry climates (bio_18 < 89.5), rather than by a positive preference
for wetter climates among fossorial lineages.

Figure S1. Sensitivity of Fritz and Purvis' D to alternative fossoriality codings. Each of
the 256 coding configurations for the eight ambiguous taxa was evaluated across a random
subset of 202 posterior trees (approximately 10% of the 2002 trees). Points show median D
per configuration; vertical bars show the 95% interval across trees. The original coding is
highlighted. Configurations are ordered by median D. Per-tree median D (across
configurations) was negative for all 202 trees (median = −0.282; 95% interval = [−0.513,
−0.021]).
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Figure S2. Distributions of phylogenetic signal metrics across 2002 posterior trees for six
bioclimatic variables: mean diurnal range (bio_2), temperature seasonality (bio_4),
precipitation of the driest month (bio_14), precipitation seasonality (bio_15),
precipitation of the warmest quarter (bio_18), and precipitation of the coldest quarter
(bio_19). For each variable, panels show Blomberg's K, associated P-values for K, Pagel's λ,
and associated P-values for λ. Blomberg's K values were generally below 1, whereas Pagel's λ
was close to 1 for bio_15, bio_18, and bio_19, indicating stronger phylogenetic dependence
for precipitation-related variables.

Figure S3. Sensitivity of the phylogenetic logistic regression to alternative trait codings.
Distribution of the coefficient for precipitation of the warmest quarter (BIO18) across 256
coding configurations, each fitted across 202 posterior trees. The solid red line marks the
coefficient for the original coding (0.943); the dashed grey line marks the mean of the
distribution (0.429). The coefficient was positive in 97.5% of configurations, and the original
coding fell within the 95% interval of the distribution (empirical p = 0.129). The residual
phylogenetic parameter α remained low across all configurations (median = 0.057; 95%
interval = [0.022, 0.091]), and the original coding was not extreme (empirical p = 0.582).

Figure S4. Sensitivity of the correlated-evolution test to alternative trait codings. Each of
the 500 valid coding configurations (sampled from the 8192 possible combinations of
fossoriality and diet states for the eight ambiguous taxa) was fitted under the independent and
dependent models of correlated evolution in BayesTraits v4, and the resulting Bayes factor
(BF = 2·ΔML) was computed for each configuration. (A) Distribution of BF across the 500
configurations. The solid red line marks the observed BF for the original coding (BF = 2.39);
the dashed black line marks the median BF across configurations. The shaded area indicates
configurations with BF greater than the observed value. (B) Empirical cumulative distribution
of BF across configurations. The observed BF falls at the 18th percentile, indicating that
approximately 82% of alternative codings yield a BF greater than the one obtained with the
original coding. (C) Running mean of BF as configurations are added in their original order;
the shaded band shows the running 95% confidence interval. The mean stabilizes well before
the full set of configurations is reached, indicating that the estimate is not driven by a small
subset of codings. (D) Detail of the distribution between BF = −2 and BF = 8, highlighting the
position of the observed BF relative to the bulk of the distribution. Across all panels, the
dependent model was favored over the independent model in 97.6% of the configurations (BF
> 0).

Table S1. Bioclimatic variables extracted from the Last Glacial Maximum (~21 ka) using
the PaleoClim database at 5 arc-minutes resolution. All 19 variables were initially
considered; six were retained after variance inflation factor (VIF) screening (see Table S2).

Table S2. Variance inflation factor (VIF) for the 19 bioclimatic variables, calculated on
10000 random points sampled across the geographic extent of the raster. VIF was
computed on the available environmental space, independently of species occurrences, to
avoid selection bias based on the realized niche. Variables with VIF > 3 were removed prior to
downstream analyses.
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Variable Bioclimatic variable Status after VIF screening 

BIO1 Annual Mean Temperature Excluded 

BIO2 Mean Diurnal Range Retained 

BIO3 Isothermality Excluded 

BIO4 Temperature Seasonality Retained 

BIO5 Max Temperature of Warmest Month Excluded 

BIO6 Min Temperature of Coldest Month Excluded 

BIO7 Temperature Annual Range Excluded 

BIO8 Mean Temperature of Wettest Quarter Excluded 

BIO9 Mean Temperature of Driest Quarter Excluded 

BIO10 Mean Temperature of Warmest Quarter Excluded 

BIO11 Mean Temperature of Coldest Quarter Excluded 

BIO12 Annual Precipitation Excluded 

BIO13 Precipitation of Wettest Month Excluded 

BIO14 Precipitation of Driest Month Retained 

BIO15 Precipitation Seasonality Retained 

BIO16 Precipitation of Wettest Quarter Excluded 

BIO17 Precipitation of Driest Quarter Excluded 

BIO18 Precipitation of Warmest Quarter Retained 

BIO19 Precipitation of Coldest Quarter Retained 

 



 
 Variable VIF 

BIO2 1.192 

BIO4 1.446 

BIO14 2.858 

BIO15 1.200 

BIO18 1.745 

BIO19 2.256 


