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Abstract

Vespertilionidae is the most diverse chiropteran family, and its diversity is concentrated in warm
regions of the World; however, due to physiological and behavioral adaptations, these bats also
dominate bat faunas in temperate regions. Here we performed a comparative study of vespertili-
onid assemblages from two broad regions of the New World, the cold and harsh Patagonia, versus
the remaining temperate-to-subtropical, extra-Patagonian eco-regions of the South American
Southern Cone. We took an ecomorphological approach and analyzed the craniodental morpho-
logical structure of these assemblages within a phylogenetic framework. \WWe measured 17 cranio-
dental linear variables from 447 specimens of 22 currently recognized vespertilionid species of the
study regions. We performed a multivariate analysis to define the morphofunctional space, and
calculated the pattern and degree of species packing for each assemblage. We assessed the im-
portance of phylogeny and biogeography, and their impact on depauperate (Patagonian) versus
rich (extra-Patagonian) vespertilionid assemblages as determinants of morphospace structuring.
We implemented a sensitivity analysis associated to small samples of rare species. The morpho-
logical patterns were determined chiefly by the evolutionary history of the family. The Patagonian
assemblage can be described as a structurally similar but comparatively depauperate ecomorpho-
logical version of those assemblages from neighboring extra-Patagonian eco-regions. The
Patagonian assemblage seems to have formed by successively adding populations from Northern
regions that eventually speciated in the region, leaving corresponding sisters (vicariants) in extra-
Patagonian eco-regions that continued to be characteristically richer. Despite being structurally
akin, degree of species packing in Patagonia was comparatively very low, which may reflect the ef-
fect of limited dispersal success into a harsh region for bat survival.
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With 47 genera (Hoofer and Van Den Bussche 2003; Simmons
2005) and some 407 species (Simmons 2005; Lack and Van Den
Bussche 2010; Van Den Bussche and Lack 2013), Vespertilionidae is
the most diverse chiropteran family (Hoofer and Van Den Bussche
2003) second only to Muridae among mammals (Lack and Van Den
Bussche 2010). Vespertilionids as a group are nearly cosmopolitan
(Kawai et al. 2002; Gardner 2007), and so are distributed in every
continent except Antarctica, and in all major islands except
Greenland (Gardner 2008). The greatest diversity of the family is
concentrated in warm regions of the world; however, due to their
metabolic and behavioral adaptations, these bats dominate bat as-
semblages of temperate regions (Hoofer and Van Den Bussche 2003;
Stevens 2004). Nearly all members of this family are exclusively in-
sectivorous, and despite their diversity, vespertilionids exhibit rela-
tively modest interspecific morphological variation (Nowak 1999;
Lack and Van Den Bussche 2010).

Vespertilionid bats from southern South America represent an
interesting study group given the latitudinal variation in species
composition, and the variation of morphofunctional structure of
those assemblages. Species richness increases from the polar to trop-
ical regions generating a ubiquitous latitudinal gradient of biodiver-
sity with tropical latitudes supporting relatively more life zones than
cool or temperate environments (Patterson et al. 2003; Willig et al.
2003; Stevens 2004, 2006). South America spans the most extensive
continuous latitudinal gradient in the Southern Hemisphere, and bat
species diversity has responded to this gradient (Koopman 1982;
Stevens 2004; Stevens et al. 2006). The morphofunctional structure
of these assemblages may have been shaped by any one of the fol-
lowing three processes: 1) a simple increase in the total morpho-
logical space occupied, chiefly due to the addition of new divergent
species or lineages; 2) an increase in the degree of species packing
(Patterson et al. 2003; Moreno et al. 2006; Villalobos and Arita
2014); 3) a discernible combination of the former two alternatives
occurs in a given environment, such that both packing and volume
are affected.

The vespertilionid bat fauna of the South American Southern
Cone represents an interesting opportunity to investigate properties
of morphofunctional spaces, such as packing and volume, in the
context of broad latitudinal variation. In this region, vespertilionids
are widely distributed and tend to dominate the local bat assem-
blages (Koopman 1982; Stevens 2004). Although little is known
about the diversity of vespertilionid bats in the temperate regions of
the Southern Cone, specifically Patagonia, the reported diversity is
low compared with subtropical areas of the same region (Barquez
et al. 1999; Barquez 2006). Patagonia sensu lato harbors endemic
species and unique populations of otherwise widespread species,
and here several vespertilionid species reach their southern distribu-
tional limit (Barquez et al. 1999).

It is productive to approach the study of assemblages varying
across the geographic space, such as those of Southern Cone vesper-
tilionid bats, from an ecomorphological perspective. This approach
relies on the assumption that a functional relationship exists be-
tween variation in the morphology of individuals or taxa and their
ecological variation including patterns of resource use (e.g.,
Wainwright 1994). It is assumed that ecological requirements and
evolutionary histories must have determined the size, shape, and
associated functions of living organisms (Wainwright 1994; Moreno
et al. 2006). Morphological variation often has helped provide in-
sight into ecological function within and among bats species
(Freeman 1981; Findley and Black 1983; Patterson et al. 2003). In
particular, craniodental morphology, given its direct relationship

with diet and resource partitioning, has been extensively studied in
bats (Freeman 1981; Swartz et al. 2003; Nogueira et al. 2009;
Santana et al. 2012).

Evolutionary history can determinate the structure of a contem-
porary assemblage (Simmons 2000). This becomes apparent when
we consider that aspects of an organism’s performance, such as
functional morphology, ecology, and behavior, may have been
shaped by adaptive evolution since the origin of a given lineage, and
preserved by common ancestry in descendant species. The evolution-
ary history of Vespertilionidae is complex and the phylogenetic rela-
tionships within the family still being resolved (Jones et al. 2002;
Lack and Van Den Bussche 2010; Van Den Bussche and Lack
2013). Vespertilionids represent an interesting case of evolutionary
radiation given its worldwide species richness (see above), but as a
group they exhibit relatively modest morphological disparity (Van
Den Bussche and Lack 2013). Thus, we expect that phylogenetic re-
lationships among the vespertilionid bats are fundamental in under-
standing the segregation of species in morphofunctional space and
in the way it maps onto the real-world ecological space.

Here, we studied morphospace structure of the Southern Cone
vespertilionid assemblage in an explicit phylogenetic framework.
We subdivided the analysis in Patagonian vs. extra-Patagonian ves-
pertilionid assemblages from Argentina, thus representing the major
geographic patterning due to the strong latitudinal gradient of the
whole region, and defined a multivariate morphofunctional space
using cranial variables. We assessed the importance of evolutionary
history and its impact on depauperate (Patagonian) versus rich
(extra-Patagonian) neighboring assemblages as determinant of mor-
phospace structure in this group. We show that species packing, and
to a lesser extent morphospace volume (species disparity), are the
chief structural aspects affected primarily by phylogeny and also
biogeography, and suggest that this may represent a key in the evo-
lutionary history of Vespertilionidae, the most diverse clade of bats.

Materials and Methods
Study region

We sampled specimens primarily from Argentina and also from
Uruguay, which together comprise much of the actual Southern
Cone, defined as the vast extra-tropical (Southern) region of South
America. This region presents an extremely diverse topography, cli-
mate (subtropical to polar), and vegetation, both considering com-
position and physiognomy. According to the biogeographic scheme
of Burkart et al. (1999), 15 continental eco-regions are represented
in Argentina, mainly subtropical and temperate environments
(Figure 1). To those, at least one distinct eco-region is added in
Uruguay (see below and Figure 1). Vespertilionid bats inhabit all
these eco-regions (see Barquez 2006). The Eastern or cis-Andean
Patagonian region, located south of the Colorado River in
Argentina, ranges from the 39° S to 55° S (Le6n et al. 1998).The flu-
vial basins of Rio Colorado and Rio Negro mark the limit between
the subtropical summer rain regime and the mid-latitude winter rain
regime (Mancini et al. 2005). For this reason, rainfall in Patagonia is
concentrated mainly in winter (much as snow) with a marked rain-
fall gradient from west to east (Ledn et al. 1998; Paruelo et al.
1998). Climate is cool-temperate with a mean annual temperature
range from 12°C in the north to 3°C in the south, with strong pre-
dominant eastward-direction winds (Paruelo et al. 1998). These cli-
matic factors have generated a steep vegetation gradient such that
two main eco-regions are recognized: the Patagonian Forest (austral
forest) and Patagonian Steppe (cool desert; Ledn et al. 1998).
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Figure 1. Study region and localities for vespertilionid bats from the Southern
Cone. Eco-regions following Burkart et al. (1999) and Olson et al. (2001).
Dotted line demarks the North Patagonian boundary (Rio Colorado).

Marginally, the Low Monte eco-region is also represented in the
NW of Patagonia (sensu Burkart et al. 1999). These conditions gen-
erate a climatic barrier causing to a marked decrease in mammals di-
versity in Patagonian environments, and even the isolation of
Patagonian populations in some species (e.g., Histiotus macrotus,
Lyncodon patagonicus, Schiaffini et al. 2013; Giménez et al. 2015)
as well as the emergence of endemism (e.g., Histiotus magellanicus,
Lasiurus varius, Myotis chiloensis, Barquez et al.1999). On this
basis, we classified the species and specimen according to their re-
cord localities as Patagonian or extra-Patagonian. Provenance of
extra-Patagonian specimens included the following eco-regions:
Yungas Montane Rain and Cloud Forest, Paranaense Lowland
Rainforest, Dry Chaco, Hummed Chaco, Low Monte, High Monte,
Parana Delta and Islands, Ibera Flood Plains, Savanna and
Malezales, Humid Pampas, Puna, and Espinal. We also included the
Uruguayan Savanna eco-region (sensu Olson et al. 2001) because we
included a specimen of Eptesicus brasiliensis from Uruguay.

Specimens and taxonomic considerations

The vespertilionid bat fauna in Argentina (Barquez 2006) includes
Eptesicus brasiliensis (Desmarest 1819); E. chiriquinus Thomas
1920; E. diminutus Osggod, 1915; E. furinalis (d’Orbigny and
Gervais 1847); Histiotus laephotis Thomas, 1916; H. macrotus
(Poeppig 1835), H. magellanicus Philippi, 1866; H. montanus
(Philippi and Landbeck 1861), H. velatus (1. Geoffroy Saint-Hilaire
1824); Lasiurus blossevillii (Lesson and Garnot 1826); L. cinereus
(Palisot de Beauvois 1796); L. ega (Gervais 1856); L. varius
Poeppig, 1835; Myotis albescens (Geoffroy Saint-Hilaire 1806); M.
chiloensis (Waterhouse 1840); M. dinellii Thomas, 1902; M. keaysi
Allen, 19145 M. levis (Geoffroy Saint-Hilaire 1824); M. nigricans
(Schinz 1821); M. riparius Handley, 1960; M. ruber (Geoffroy
1806) and M. simus Thomas, 1901. Some systematic instability sur-
rounds the validity of M. aelleni as species separate from M. chiloen-
sis, and of Dasypterus as a genus distinct from Lasiurus, and
Histiotus as a genus distinct from Eptesicus. First, Myotis is the
most diverse genus from Argentina and includes one questionable
Patagonian endemic M. aelleni (Baud 1979). Specimens attributed

to this name are known only from two close localities in Patagonia;
no new specimens have been captured since the original collection,
and one of the authors (ALG) has collected in both localities, as well
as the entire region, to obtain only typical Myotis chiloensis. Most
likely M. aelleni is a synonym of M. chiloensis (Barquez et al. 1999)
and so we excluded this taxon from the Patagonian species list.
Second, the lack of the minute first upper premolar has led several
authors to segregate Lasiurus ega in Dasypterus (Gardner 2007;
Kurta and Lehr 1995). Previous, karyotypic and phylogenetic stud-
ies have shown that L. ega is close to the rest of Lasiurini (Baker
et al. 1988; Morales and Bickham 1995; Hoofer and Van Den
Bussche 2003), thereby provisionally supporting the synonymy of
Dasypterus (Allen 1894) under Lasiurus (Gray 1831), and thus the
recognition of a single genus in the tribe (Hoofer and Van Den
Bussche 2003). Recently, Baird et al. (2015) recovered distinct
clades of yellow (Dasypterus), red (Lasiurus), and hoary (Aeorestes)
bats; we follow Baird et al. (2015) and recognize D. ega, L. blosse-
villii, L. varius and A. villosissimus (formerly L. cinereus villosissi-
mus) for the Southern Cone. Third, Histiotus has been consistently
recovered nested inside Eptesicus, sister to the Neotropical clade of
brown bats, and considered a subgenus of the latter (Hoofer and
Van Den Bussche 2003, Roehrs et al. 2010). Here we used Histiotus
informally (pending a thorough taxonomic review of Eptesicus) to
distinguish the large-eared brown bats from morphologically typical
Eptesicus.

Specimens and variables

We examined 453 skulls from specimens that represented the 22 rec-
ognized species of vespertilionids that occur in Argentina (see above;
Figure 1). Our sample included specimens from all eco-regions of
the study area, although the eastern steppe is underrepresented in
systematic collections. However, species from the few recorded east-
ern bat localities are the same as in the western localities we
sampled. The specimen list with localities of occurrence is given in
Supplementary Appendix 1. Data were obtained from specimens
stored in the following mammalian collections of Argentina:
(CML), Tucuman; Instituto
Argentino de Investigaciones de las Zonas Aridas (IADIZA),
Mendoza; Museo Argentino de Ciencias Naturales Bernardino
Rivadavia (MACN), Buenos Aires; Museo de La Plata (MLP),
Buenos Aires; Fundacién de Historia Natural Félix de Azara (CFA),
Buenos Aires; Museo Municipal de Ciencias Naturales Lorenzo
Scaglia (MMMP), Mar del Plata, Buenos Aires; Laboratorio de
Investigaciones en Evolucion y Biodiversidad (LIEB-M), Facultad de
Ciencias Naturales, Universidad Nacional de la Patagonia San Juan
Bosco, Chubut. In addition, we measured specimens of the Mammal
Collection of American Museum of Natural History (AMNH), New
York, USA. This set represented all the specimens available to us

Colecciéon de Mamiferos Lillo

from the study area. We included 51 additional specimens of seven
species with relatively small samples (7 < 10) from localities outside
the study area, in the sensitivity analysis described below (catalog
identification and provenance of these specimens in Supplementary
Appendix 2).

We selected 18 craniodental variables that accurately repre-
sented the size and shape of the vespertilionid bat skull and its major
structures (Figure 2). Many of these variables were taken or modi-
fied from Simmons and Voss (1998), Barquez et al. (1999), and
Giménez and Giannini (2011). The variables included were:
Condylobasal length (CBL); Postorbital constriction (PC);
Zygomatic breadth (ZB); Mastoid breadth (MB); Length of rostrum
(LR); Height of braincase (HB); Length of palate (LP); Length of
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maxillary toothrow (CM?); Breadth across molar (MM); Breadth
across canines (CC); Length of mandibular (LM); Length of man-
dibular toothrow (CM3); Height of mandibular body (HM); Length
of upper canine (LUC); Length of lower canine (LLC); Height of
coronoid process 1 (HC1); Height of coronoid process 2 (HC2);
height of coronoid process 3 (HC3). Measurements were taken with
a digital caliper to the nearest 0.01 mm.

On the basis of the geographical coordinates of collection local-
ities we assigned each specimen to an eco-region following the clas-
sification of Burkart et al. (1999) using the program DIVA-GIS
(Hijmans et al. 2005). In addition, for those specimens we defined
the categories “Patagonian” (with locality records ranging from
39° S to 55° S) and “extra-Patagonian” (with records located North
of 39° S within the study area). We included in the first group speci-
mens of the Patagonian endemic species Histiotus magellanicus,
Lasiurus varius and Myotis chiloensis, as well as Patagonian speci-
mens of H. macrotus and H. montanus. The remainder of specimens
are included in the extra-Patagonian group (Table 1). A single
record exists for Aecorestes villosissimus in northern Patagonia
(see Barquez et al. 1999); we considered this record as marginal and
so the species was included only in the extra-Patagonian set.

Data analysis
We used principal component analysis (PCA) to represent the mor-
phofunctional space occupied by vespertilionid specimens of our
sample. This analysis was performed upon a variance—covariance
matrix of untransformed morphometric data for all 453 specimens.
The PCA was performed with the statistic software InfoStat v. 2010
(Di Rienzo et al. 2010). We traced two minimum polygons on the
PCA ordination diagram, each joining specimens from either the
Patagonian or extra-Patagonian set.

In order to evaluate the pattern of species packing of each ves-

pertilionid set (Patagonian vs. non-Patagonian) in the craniodental

morphospace, we followed Schiaffini and Prevosti (2014) and calcu-
lated the Clark-Evans Index (CEI; Clark and Evans 1954). This
index measures the departure of the spatial distribution of objects a
random distribution, with the distance from one specimen to its
nearest neighbor as a measure of spacing (Clark and Evans 1954).
The CEI values vary between 0 and 2.15; the values near 0 corres-
pond to a clustered distribution (maximum aggregation), values

Table 1. Number of adult specimens used in this study broken
down by regions

Species Patagonian Extra-Patagonian
Eptesicus brasiliensis — 1
Eptesicus chiriquinus — 1
Eptesicus diminutus — 8
Eptesicus furinalis — 67
Histiotus laephotis — 8
Histiotus macrotus 30 15
Histiotus magellanicus 7 —
Histiotus montanus 4 4
Histiotus velatus — 4
Lasiurus blossevillii — 38
Lasirius varius 8 —
Aeorestes villosissimus — 32
Dasypterus ega — 17
Myotis albescens — 40
Myotis chiloensis 24 —
Myotis dinellii — 46
Myotis keaysi — 8
Myotis levis — 50
Myotis nigricans — 22
Myotis riparius — 21
Myotis ruber — N
Myotis simus — 2

Figure 2. Skull variables measured in vespertilionid bats from Argentina, show on a Histiotus macrotus specimen (LIEB-M 851 ). See text for abbreviations.

Scale 10 mm.
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near 1 correspond to a random distribution, and values near 2.15
correspond to a systematic (orderly) distribution (individuals equi-
distant from each other; Clark and Evans 1954). The CEI was calcu-
lated upon the centroid of species on the reduced PCA space (planes
axis 1 and 2) with 4,999 permutation using the package Spatstat
(Baddeley and Turner 2005) in software R 3.1.3 (R Core
Development Team, 2015). In addition, for each specimen set
(Patagonian versus extra-Patagonian) we measured the degree of
species packing calculated simply as the species density Ds=S/A
with S=species richness and A=area in reduced morphospace
(plane of PC axes 1 and 2, calculated in DIVA-GIS, Hijmans et al.
2005) as modified from Karr and James (1975; note that the authors
used the somewhat counterintuitive expression A/S instead). This
index was calculated in software InfoStat v. 2010 (Di Rienzo et al.
2010). The quantity A is measured in arbitrary units in morpho-
space so Ds was used only for inter-set (Patagonian vs. non-
Patagonian) comparisons.

To assess whether variation at the eco-regional scale (sensu
Burkart et al. 1999) may have influenced the morphological vari-
ation between groups, we applied redundancy analysis (RDA; Rao
1964; ter Braak 1995). RDA is the canonical form of PCA (Rao
1964; ter Braak 1995), an ordination technique with a linear con-
straint represented by the exploratory variables of an external ma-
trix (ter Braak 1995). In this study, the main matrix was our
morphological matrix represented by our 453 measured specimens
(of all 22 vespertilionid species) by the 18 craniodental variables.
The external matrix was composed by variables that contained the
binary assignment of the 453 specimens to each eco-region (sensu
previous section). This is a biogeographic approach in which we first
tested each eco-region individually with 4,999 Monte Carlo unre-
stricted permutations (alpha level 0.01), and then we included the
significant eco-regions in a model using a forward stepwise selection
procedure (ter Braak and Smilauer 1998).

We used a phylogenetic comparative method, canonical phylo-
genetic ordination (CPO; Giannini 2003), to evaluate effect of inter-
specific (historical) relationships on the morphofunctional variation
between groups. CPO is a form of canonical ordination, here RDA,
that uses main and external matrices (Giannini 2003). The main ma-
trix was our morphological matrix, and the external matrix was
composed by the set of 19 binary variables each representing a parti-
tion of the phylogenetic tree in Figure 3 as an unrooted network;
tree partition are equivalent to clades when the network is rooted,
so these variables encoded clade membership of each terminal. As in
the previous RDA, each tree partition was tested individually using
4999 unrestricted permutations of Monte Carlo (Giannini 2003)
and included in a final model using a forward stepwise selection pro-
cedure (ter Braak and Smilauer 1998). This variable set represented
a reduced tree matrix that best explained the phylogenetic effect on
morphofunctional total variation without redundance (see Giannini
2003). The phylogenetic tree (Figure 3) was based on Jones et al.
(2002); Hoofer and Van Den Bussche (2003), Bickham et al. (2004),
Stadelmann et al. (2007), Lack and Van Den Bussche (2010), Lack
et al. (2010), Roehrs et al. (2010). A more recent work (Shi and
Rabosky 2015) shows a phylogeny consistent with the one used in
this study.

We followed Morales and Giannini (2010) and Schiaffini and
Prevosti (2014) in using the same multivariate framework to assess
the possible co-variation between phylogeny (tree partitions) and
biogeography (eco-regions) using partial CPO (Giannini 2003). We
performed this analysis including three matrices: main morpho-
logical matrix, the external matrix of eco-regional, and the external
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Figure 3. Cladogram of vespertilionid bats from Argentina based on Jones
et al.2002; Hoofer and Van Den Bussche (2003), Bickham et al. (2004),
Stadelmann et al. (2007), Lack and Van Den Bussche (2010), Lack et al. (2010),
Roehrs et al. (2010). Tree partitions are indicated with numbers and corres-
pond to clades used in canonical phylogenetic ordination. Each taxon pre-
sents the clasification of Patagonian (P) or extra-Patagonian (XP). See
“Materials and Methods"” section.

matrix of non-redundant tree partitions (reduced tree matrix). All
canonical analyses were carried out using CANOCO 4.5 (ter Braak
and Smilauer 1998).

Finally, because some analyzed species were poorly represented
in collections (with specimens from Study Area) we applied a
scheme of sensitivity analysis to evaluate the effect of small samples
in the morphological patterns of Patagonian and extra-Patagonian
assemblages. We generated two additional datasets: 1) adding to the
sample more specimens for species with 7 < 10 from localities out-
side the study area (Table 2); and 2) removing from the original
dataset those rare species with smallest samples (2<35; i.e.,
Eptesicus chiriquinus, Eptesicus brasiliensis, Histiotus velatus, and
Myotis simus). In both cases, we performed the same analyses as
above (Table 2) and compared the results with those of our main
analysis, so evaluating the strength of patterns obtained for the
study area.

Results

The first two principal components explained 92.7% of the total
variation in the craniodental morphospace (APC1=73.1% and
APC2=19.6%). The variables best positively correlated with CP1
were condylobasal length (CBL), length of mandible (LM), and
zygomatic breadth (ZB); the PC2 axis was positively correlated with
length of rostrum (LR) and length of palate (LP), and negatively
with breadth across canines (CC), postorbital constriction (PO), and
height of braincase (HB; see Supplementary Material S1, and
Figure 4).

The general structure of morphospace was determined by
interspecific size variation along PC1; gracile versus robust skulls
defined the trend along PC2 (Figure 4A). Mapping Patagonian and
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Table 2. Number of adult specimens used in each of three multi-
variate analyses

Sensitivity analysis

Species Main More Fewer
analysis specimens specimens

Eptesicus brasiliensis 1 14 -
Eptesicus chiriquinus 1 N -
Eptesicus diminutus 8 12 12
Eptesicus furinalis 67 67 67
Histiotus laephotis 8 8 8
Histiotus macrotus 35 35 35
Histiotus magellanicus 7 7 7
Histiotus montanus 9 11 11
Histiotus velatus 4 6 -
Lasiurus blossevillii 38 38 38
Lasiurus varius 8 12 12
Aeorestes villosissimus 32 32 32
Dasypterus ega 17 17 17
Moyotis albescens 40 40 40
Mpyotis chiloensis 24 24 24
Myotis dinellii 46 46 46
Moyotis keaysi 8 11 11
Myotis levis 50 50 50
Myotis nigricans 22 22 22
Myotis riparius 21 21 21
Myotis ruber 5 N 5
Myotis simus 2 8 -

Main analysis included all specimens available of vespertilionid bats from
patagonian and extra-patagonian assemblages of Southern Cone. The first
sensitivity analysis included all specimens plus 51 additional specimens from
other regions of the South America of species represented in the previous sam-
ple by <10 specimens. Sample sizes are shown in the second data column
(“more specimens”). Specimen details in Supplementary Appendix 1 and 2.
The second additional analysis included all the specimens in the first ana-
lysis minus the species Eptesicus brasiliensis, E.chiriquinus, E.diminutus and
H.velatus (all with n < 5).

extra-Patagonian sets via minimum polygons showed a similar pat-
tern for both assemblages; smaller species (Myotis spp., Lasiurus
blossevillii and L. varius) toward the negative end of PC1 and larger
species (Eptesicus spp., Histiotus spp., Aeorestes villosissimus and
Dasypterus ega) placed toward the positive end of PC1. In turn, spe-
cies with slender skulls (Myotis spp., Eptesicus spp., and Histiotus
spp.) were located toward the positive end of PC2 and species with
short, robust skulls appeared toward the negative end of PC2
(Lasiurus spp.; Figure 4A and B). The morphospace area occupied
by Patagonian vespertilionids was about 30% smaller (7.33 arbi-
trary area units) than the extra-Patagonian space (10.52 area units).
If the marginally Patagonian specimen of Aeorestes villosissimus
was included, differences between sets are smaller. For reasons out-
lined above, the specimen was excluded and so the main differences
between sets are the lack in Patagonia of 1) very small species, and
2) larger species of lasiurines (i.e., Aeorestes villosissimus and
Dasypterus ega; Figure 3). Patagonian species or specimens tend to
be larger than their closer extra-Patagonian relatives (i.e., M. chi-
loensis vs. sister species of Myotis, Lasiurus varius vs. L. blossevillii,
Patagonian vs. extra-Patagonian Histiotus). Variation along PC2
did not allow a clear distinction of Patagonian vs. extra-Patagonian
vespertilionids, overall, the former set was nested within the extra-
Patagonian space. In addition, non-realized morphospace (i.e.,
empty areas among sampled specimens) corresponded largely to

spacing among genera in both the Patagonian and extra-Patagonian
sets, but it was more evident in the former due to its lack of species
of Eptesicus sensu stricto (Figure 4).

Pattern of species packing, as estimated by the Clark-Evans
Index (CEI), indicated that both groups had clustered species distri-
butions although CEI was lower for the extra-Patagonian as com-
pared to the Patagonian group (CEI=0.0488, P=0.0004;
CEI=0.1951 P=0.0004, respectively). Degree of species packing,
as estimated by species density Ds, was 2.7 times greater for the
extra-Patagonian set as compared with the Patagonian counterpart
(Ds=0.68 and Ds=1.81, respectively).

Redundancy analyses (RDA) showed that two Patagonian eco-
regions (Forest and Steppe), together with three non-Patagonian
eco-regions (Humid Pampas, Savanna and Malezales, and Puna) sig-
nificantly (P <0.01) explained ~13% of the total morphological
variation (Table 3). The eco-regions that presented higher contribu-
tion (>1.5%) were Patagonian Forest and Steppe, and Humid
Pampas (Table 3). Phylogeny was the most important factor to ex-
plain the morphofunctional variation with all clades individually
significant (P < 0.01, Table 4), and ten clades selected to compose
the reduced external matrix (clades: 2, 13, 18, 11, 19, 6, 4, 3, 5 and
9, with P<0.01; Table 4). Just the best three tree partitions ex-
plained together as much as 66.9% of total morphological variation,
those of clade 2, separating Myotis from species from the rest of ves-
pertilionids; clade 13, which includes L. varius and L. blossevillii;
and clade 18, which includes Eptesicus species (Figure 3). Partial
CPO showed a small but significant fraction of morphological vari-
ation associated with eco-regions that was independent of phyl-
ogeny (just 1.2%). The two more important eco-regions were again
Patagonian Forest and Steppe.

Sensitivity analyses

The first additional analysis including 51 specimens of rare species
from localities outside the study area showed essentially the same
pattern of assemblages (Patagonian and extra- Patagonian) in the
morphofunctional  space (cf. Figure 4 with
Supplementary Material S2). The amount of variation explained by
PC axes 1 and 2 was practically the same (see Figure 4 and
Supplementary Material S2). The first additional RDA, showed
similar results, indicating as important the Patagonian Forest (4%)
and Humid Pampas (2.7%) eco-regions (Supplementary Material
S3). Likewise, partial CPO confirmed these results and included an
additional important eco-region (Guianan Moist Forest sensu Olson
et al. 2001) due to geographic expansion of study area. Phylogeny

multivariate

was again the most important factor affecting the morphological
pattern of assemblages mostly due to the same tree partitions as in
the main analysis. The first two partitions selected were the same,
with clade 2 (Myotis) and 13 (Lasiurus) explaining the great major-
ity (57.8%) of morphofunctional variation, only slightly less than in
the main analysis (~ 59.7%; see Supplementary Material S4).

The additional analysis excluding rare species (7 < 5; see above),
showed a morphofunctional pattern of species identical to the previ-
ous analysis (cf. S5 with Figure 4 and Supplementary Material S2).
The second additional RDA selected the same eco-regions but with
different importance (Humid Pampas=4%, and Patagonian
Forest =2.7%, respectively; Supplementary Material S6). The par-
tial CPO analysis showed Humid Pampas and Low Monte as the
most important eco-regions. Likewise, the second additional CPO
showed a strong influence of phylogeny and the tree partitions that
explain the most variation were the same (clades 2 and 13
clades; see Supplementary Material S7) as in the main analysis.
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Figure 4. Ordination diagram of principal components analysis. (A) Segregation of the Patagonian and extra-Patagonian vespertilionid species from Argentina;
polygons include patagonian (continuous line) and extra-patagonian (dotted line) species. Black symbols: endemic species from Patagonia. Eptesicus brasiliensis
(open square), E. chiriquinus (), E. diminutus (), E. furinalis (m); Histiotus laephotis (), H. macrotus ('), H. magellanicus (A), H. montanus (A), H. velatus (A),
Lasiurus blossevillii (¢), L. varius (#), Aeorestes villosissimus (()), Dasypterus ega (¢), Myotis albescens (0), M. chiloensis (®), M. dinellii (®), M. keaysi (white ),
M. levis (=), M. nigricans (e), M. riparius (¥), M. ruber (¥), M. simus ("). B) Vectors show the strengh of correlation of each variable with the plane of PC1 and
PC2, and morphotypes ends for each component (b1: M. levis ICM 2120; b2: L. blossevillii MMPM 642; b3: ICM 4075; b4: H. macrotus LIEB-M 851; b5: D. ega

MMPM 647). See text for abbreviations.

Table 3. Results of redundancy analysis for patagonian and extra-patagonian vespertilionid from argentina

Analysis Variables Variance F-value P-value

Individual Patagonian Forest 0.057 27.063 0.0002
Humid Pampas 0.030 13.716 0.0002
Dry Chaco 0.020 8.968 0.0008
Patagonian Steppe 0.012 5.515 0.0054

Forward stepwise selection Patagonian Forest 0.057 27.063 0.0002
Humid Pampas 0.031 15.045 0.0002
Patagonian Steppe 0.017 8.283 0.0002
Savanna and Malezales 0.012 6.002 0.004
Puna 0.013 6.365 0.0008

Values significant at the P =0.01. In bold the most important eco-regions selected by the model.

In conclusion, our additional analyses, which constituted effective
tests of the results seen in our main analyses, demonstrated that the
effect on the results of sample size in rare species was negligible.

Discussion

Vespertilionid bats are key components of all Neoptropical chirop-
teran assemblages. This represents the only one bat family that has

been able to diversify in cold environments as extreme as Patagonia
(Koopman 1982; Lack and Van Den Bussche 2010). Only one spe-
cies from another bat family, the molossid Tadarida brasiliensis is
widely recorded in Patagonia (Barquez et al. 1999), co-occurring
with vespertilionid bats here and elsewhere in the American contin-
ent. The vespertilionid Patagonian assemblage is distinctive in hav-
ing fewer (just five) species than other Neotropical assemblages,
endemics varius and  Histiotus

including  two (Lasiurus
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Table 4. Results of canonical phylogenetic ordination for patago-
nian and extra-patagonian vespertilionid bats from Argentina

Analysis Variables Variance F-value  P-value
Individual 2 0.326  281.294 <0.001
10 0.368  218.294 <0.001
14 0.271  168.043 <0.001
15 0.265  163.168 <0.001
3 0.235  138.562 <0.001
4 0.206  117.326 <0.001
12 0.189  105.372 <0.001
16 0.173 94.421 <0.001
11 0.157 83.986 <0.001
13 0.155 82.713 <0.001
5 0.135 70.568 <0.001
6 0.088 43.385 <0.001
17 0.067 32.571 <0.001
19 0.051 24.070 <0.001
7 0.036 16.986 <0.001
18 0.036 16.950 <0.001
9 0.030 13.864 <0.001
8 0.029 13.482  <0.001
Forward stepwise selection 2 0.326  218.294 <0.001
13 0.271  303.605 <0.001
18 0.072 97.313  <0.001
11 0.067  113.961 <0.001
19 0.004 36.079 <0.001
6 0.010 18.461 <0.001
4 0.009 16.916 <0.001
3 0.008 15.580 <0.001
5 0.003 5.741 <0.001
9 0.002 3.376  0.0054

Clades are numbered as in Figure 3. Values significant at the P=0.01. In bold
is the most important partition tree selected by the model.

magellanicus), one nearly endemic species (Myotis chiloensis), and
two species with distinct (larger) Patagonian populations (Histiotus
macrotus and H. montanus). Redundancy analyses (see below) also
demonstrated statistically that the Patagonian assemblage is a nat-
ural one. In contrast, extra-Patagonian vespertilionid assemblages
are characteristically richer, with many species shared across several
eco-regions. As many as 17 species inhabit those eco-regions and
just two species (H. macrotus and H. montanus) are shared with
Patagonia.

Patagonian exclusive or semi-exclusive species, as well as distinct
populations of widespread species, are best described as vicariant
with respect to closely related extra-Patagonian species or popula-
tions. Specifically, Myotis chiloensis is sister to a group containing
the extra-Patagonian neighbors M. albescens, M. nigricans and M.
levis (Ruedi et al. 2013), and Lasiurus varius is a very distinctive
species but most similar to the extra-Patagonian, widespread L.
blossevillii of which the former was long considered a junior syno-
nym (see Barquez et al. 1999). Likewise, although a comprehensive
phylogeny of Histiotus is still lacking, the endemic H. magellanicus
was recently accepted as a valid species with respect to H. montanus
(see Giménez et al. 2012 and citations therein), and H. macrotus
may prove to be a composite taxon with separate populations in
Patagonia (Giménez et al. 2015). Of these Patagonian vicariant
events, two have been dated the one involving Myotis chiloensis at
5.5 My (Ruedi et al. 2013), and the one involving Lasiurus varius at
~7 My (Baird et al. 2015; both cases are point estimates of relatively

wide time intervals).

In ecomorphological terms, the Patagonian assemblage structur-
ally is a subset of the extra-Patagonian group. The former occupies a
widely overlapping portion of morphospace that is only about 30%
smaller than the area covered by the considerably richer extra-
Patagonian assemblage. The Patagonian set is depauperate in species
and this is directly reflected in the degree of species packing. Thus,
the occupied morphospace is roughly similar, with the same pattern
of packing (clustered distributions), different degree of packing, and
some functionally important Specifically, the
Patagonian set lacks representatives of large lasiurine species,

differences.

Aeorestes villosissimus and Dasypterus ega (with the former only
marginally present in northern Patagonia), so the space region of
relatively large vespertilionids with robust skulls, which is a morph-
ology often related to a durophagous diet (i.e., consumption of
large hard-bodied prey such as large beetles; Freeman 1979, 1981)
appeared empty. Second, the absence of morphologically typical
(i.e., not long-eared) Eptesicus species generates a greater portion
of potential but presently unrealized morphospace inside the
Patagonian polygon. This is more remarkable considering that
typical Eptesicus species from other continents commonly occupy
temperate or cold regions to some extent comparable to Patagonia
(e.g., North American E. fuscus, Kurta and Baker 1990). Regarding
degree of species packing, the extra-Patagonian assemblage is 3.4
times richer in species within a morphospace that is only some 40%
larger than the space occupied by the Patagonian assemblage, which
results in 2.7 times greater species density (Ds) in the former. Often
such differences have been related with environmental productivity
(Currie et al. 2004) as this factor grossly determines the availability
of resources in each environment (Currie et al. 2004; Stevens 2004;
Buckley et al. 2010; McNab 2010). Some of the extra-Patagonian
eco-regions (e.g., Southern Yungas Montane Rain and Cloud Forest,
Dry Chaco) exhibit much more favorable climatic conditions and
concomitantly, higher productivity, which may translate into a
greater availability of food resources throughout the year, thus
packing more species of different sizes and ecological roles. In con-
trast, Patagonian environments (i.e., Patagonian Forests and
Steppe), with a colder, strongly seasonal climate, and lower product-
ivity, may exhibit great fluctuations in insect abundance throughout
the year (Mazia et al. 20065 Ruggiero et al. 2009) which might not
allow the maintenance of many resident species and abundant popu-
lations. These factors are known to profoundly affect bat survival
and size of bat populations (Glanz 1982; McNab 1982; Speakman
and Thomas 2003; Boyles et al. 2008). Through their likely physio-
logical effects, these factors may also explain the fact that
Patagonian vespertilionid species or specimens are larger than their
closest extra-Patagonian vicariants (e.g., L. wvarius larger than
L. blossevillii, M. chiloensis larger than extra-Patagonian species of
its sister group).

Despite these clear differences, both species sets showed a com-
parable morphofunctional structure, with a clustered species distri-
bution (low CEI values) that depicted a strong sub-aggregated
pattern largely due to spacing among genera. For this reason, phyl-
ogeny explained much of the observed morphofunctional pattern, as
revealed by the phylogenetic comparative analysis (CPO). In fact,
the structure of this space was so embedded in phylogeny that the
only overlapping groups were Eptesicus and Histiotus, which are
today classified as congeneric (Hoofer and Van Den Bussche 2003;
Roehrs et al. 2010; Van Den Bussche and Lack 2013). The tree par-
tition that separated Myotis from the remainder of species was the
more important one. At a global scale, Myotis represents one of the
greatest diversifications among mammals (Hoofer and Van Den
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Bussche 2003; Stadelmann et al. 2007; Ruedi et al. 2013, 2015) des-
pite being one of the most conservative clades within the family
(e.g., conservative, unreduced dental formula, ancestral karyotype,
etc.; Bickham 1979; Hoofer and Van Den Bussche 2003; Bickham
et al. 2004; Wilson 2007). Myotis is also an ancient clade dated be-
tween 30 Ma (back in the early Oligocene of Europe; Hoofer and
Van Den Bussche 2003; Lim 2009) and 26 Ma (Ruedi et al. 2013).
The endemic New World clade originated ~12 Ma (Ruedi et al.
2013), while the South American branch of this group emerged
some 7-10 Ma in the middle Miocene (Stadelmann et al. 2007), i.e.,
prior to the Great American Biotic Interchange maximum. In our
study area, Myotis is the most diverse genus within the family; in
both the Patagonian and extra-Patagonian sets the morphospace
occupied by Myotis species is not shared with any other vespertili-
onid genus. Except for the related Eptesicus and Histiotus, this is
true for all other genera, so this pattern in the Southern Cone likely
reflects a larger, perhaps global pattern for the family, which is
thought to vary morphologically only modestly among lineages,
even among its most distantly related members (Lack and Van Den
Bussche 2010; Van Den Bussche and Lack 2013). Because
Vespertilionidae experienced an early diversification that included a
rapid evolution in temperate environments following a quick cosmo-
politan expansion, the need of specialized divergence was reduced
(Lack and Van Den Bussche 2010) and the morphospace structure
never really expanded to radically new morphotypes, as in several
other bat groups (e.g., phyllostomid bats; Baker et al. 2012).

The variation of morphological patterns observed in morpho-
space was only limitedly affected by biogeography, i.e., by the classi-
fication in eco-regions (only ~13% of total variation). However, it
is remarkable that even if marginal, this variation was primarily
related to the Patagonian Forest and Steppe eco-regions. The eco-
regional variation was very low (just 1.2%) but still statistically sig-
nificant when evaluated independently of phylogeny. This means
that biogeography largely co-varied with phylogeny, as demon-
strated in many vespertilionoid clades (e.g., Miniopterus, Appleton
et al. 2004; Myotis, Ruedi et al. 2013), and that the former contrib-
uted some to explain the morphological variation of vespertilionid
bats in the South American Southern Cone.

In conclusion, we showed that the Patagonian assemblage is a
structurally similar but depauperate ecomorphological vicariant of
those assemblages from richer eco-regions located immediately
North of Patagonia, regions that encompass temperate and subtrop-
ical environments that may have acted as sources of species, and to-
gether with Patagonia comprise the extra-tropical Neotropics or the
South America Southern Cone. Historically, the Patagonian assem-
blage seems to have formed by successively adding vicariant species
or populations sister to corresponding species or lineages in extra-
Patagonian eco-regions, which were characteristically richer. This
process is demonstrably old, particularly older than the GABI max-
imum. The harsh environmental conditions of Patagonia may have
prevented the success of possibly many colonization events so that
the present species richness remains low; still, representatives of sev-
eral key morphotypes, corresponding to specific vespertilionid lin-
eages, did establish in Patagonia so the morphofunctional structure
of the assemblage remained quite similar to the original extra-
Patagonian assemblages. However, degree of species packing was
comparatively very low, which may reflect the combined effect of
limited dispersal success and relatively poor local conditions for bat
populations to establish in Patagonia.
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