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Abstract: One of the main goals of community ecology is to measure the relative importance of environmental filters to under-
stand patterns of species distribution at different temporal and spatial scales. Likewise, the identification of factors that shape
symbiont metacommunity structures is important in disease ecology because resulting structures drive disease transmission.
We tested the hypothesis that distributions of virus species and viral families from rodents and bats are defined by shared re-
sponses to host phylogeny and host functional characteristics, shaping the viral metacommunity structures at four spatial scales
(Continental, Biogeographical, Zoogeographical, and Regional). The contribution of host phylogeny and host traits to the meta-
community of viruses at each spatial scale was calculated using a redundant analysis of canonical ordering (RDA). For rodents,
at American Continental scale the coherence of viral species metacommunity increased while the spatial scale decreased and
Quasi-Clementsian structures were observed. This pattern suggests a restricted distribution of viruses through their hosts, while
in the Big Mass (Europe, Africa, and Asia), the coherence decreased as spatial scale decreased. Viral species metacommunities
associated with bats was dominated by random structures along all spatial scales. We suggest that this random pattern is a result
of the presence of viruses with high occupancy range such as rabies (73%) and coronavirus (27%), that disrupt such structures.
At viral family scale, viral metacommunities associated with bats showed coherent structures, with the emergence of Quasi-
Clementsian and Checkerboard structures. RDA analysis indicates that the assemblage of viral diversity associated with rodents
and bats responds to phylogenetic and functional characteristics, which alternate between spatial scales. Several of these varia-
tions could be subject to the spatial scale, in spite of this, we could identify patterns at macro ecological scale. The application
of metacommunity theory at symbiont scales is particularly useful for large-scale ecological analysis. Understanding the rules
of host-virus association can be useful to take better decisions in epidemiological surveillance, control and even predictions of
viral distribution and dissemination.

Introduction

The distribution of species can either be explained by
random processes, as neutral theory explains (Chave 2004,
Hubbell 2005, Gonzalez 2009), or by environmental filters, as
Niche Theory proposes (Leibold et al. 2004, Lorencio 2007,
Morand and Krasnov 2010 chap. 7).

However, species distributions are influenced by the spa-
tial and temporal contexts in which they occur, thus, neutral
theory and niche theory should be tested across a different
scale of analysis. There is evidence for the influence of dif-
ferent abiotic factors like temperature and elevation that can
determine the organized distribution of species diversity,
depending on the spatial scale studied (Rahbek and Graves
2001). The differences in species distributions between scales
depend on three factors: physical barriers, the ability to co-oc-
cur, and their ability to disperse (Chase and Myers 2011). The
diversity of symbionts has not been excluded from this type of
analysis (Guernier et al. 2004). A large body of evidence sug-
gest that the distribution of symbionts, defined as all organ-
isms that must infect or inhabit hosts for at least part of their

life cycle (Mihaljevic 2012), also responds to environmental
filters determined by their hosts (Morand and Krasnov 2010,
Mihaljevic 2012, Dallas and Presley 2014). Host phylogeny
can act as an environmental filter to symbionts communites
due to their interaction in the evolutionary history, co-adap-
tation and ecosystem process in the community (Streicker et
al. 2010, Krasnov et al. 2014, Cordova-Tapia and Zambrano
2015). Similarly, the host functional characteristics can play
arole as an environmental filter due to shared life histories or
by spillover events (Davies and Pedersen 2008, Morand and
Krasnov 2010).

We used viral communities associated with rodents and
bats to analyse the effect of environmental filters. Rodents
and bats are the most diverse orders of mammals thus they
constitute suitable model taxa to explore the viral diversity
providing relevant information to understand the dynamics
of virus-host distribution (Lorencio 2007). These taxa have
been recognized as the main reservoirs of a high number of
zoonotic viruses, some of them with an enormous impact in
public and animal health (Luis et al. 2013, 2015). Besides
the individual approach, the study of the association between
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host and virus requires a clear understanding of the ecological
context of infection and transmission be required (Woolhouse
2001, Suzan et al. 2015, Johnson et al. 2016). Because the
host-virus system is intimately embedded within the commu-
nities, it is possible to recognize the existence of an organiza-
tion in the distribution of viral diversity and later recognize
the filters that allow or not to associate with a host (Suzén et
al. 2015). The dispersion of a virus within a host community
is accomplished through transmission events and may depend
on the viral richness present in the community, so it is com-
mon to have multi-pathogen systems that can be considered
as metacommunity (Suzan et al. 2015). Metacommunity
theory implemented in viral communities at different spa-
tial scales in combination with a redundancy analysis allows
identifying the factors that facilitate virus distribution among
hosts (Mihaljevic 2012, Dallas and Presley 2014, Suzan et
al. 2015). Based on the metacommunity structures proposed
by Leibold and Mikkelson (2002), and mechanisms for in-
fection and prevalence proposed by Suzan et al. (2015), we
can expect Random, Checkerboard and Clemenstian viral
structures. A widespread distribution of abundant reservoir
species are related with random structures while a limited
viral distribution or a high viral specificity are related with
Checkerboard or Clementsian structures (Suzan et al. 2015).
The factors that shape viral communities and their distribu-
tion through their host at different spatial scales have not
been studied. To measure the influence of the host phylog-
eny and functional characteristics of the host on viral com-
munity structure we hypothesized that both the expression
of Clementsian structures based on the Niche Theory would
prevail at different macroecological scales, and the host phy-
logeny will explain the viral metacommunity distribution as
response of the shared host evolutionary histories and eco-
logical relationships. We analyzed the contribution of phylo-
genetic and functional factors to the structure of viral meta-
communities associated with rodents and bats. In our model,
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the viral community is defined as all viruses detected in each
host species inside the geographic scale to analyze. In this
analysis, the metacommunities are composed by viral com-
munities linked by processes of dispersion and transmission
between hosts.

To consider the spatial scale, the first analysis of viral
metacommunities was performed on a Continental scale
considering the ocean as the main geographic barrier for
viral distribution. The subsequent macroecological scales
were selected by their similarity on diversity composition
as Biogeographical scales, recognized by their similarity in
plant diversity (Cox 2001). Zoogeographical scales by their
similarity in animal diversity (Holt et al. 2013), and Regional
scales that contain local shared evolutionary histories (Holt
etal. 2013).

Methods

We constructed a database based on reports of viruses
isolated or detected by molecular techniques in bats and ro-
dents. We recorded the host species, the virus species, and
viral family according to the International Committee of the
Taxonomy of Viruses (ICTV) (https://talk.ictvonline.org/).
The bat viruses information was collected from DbatVir da-
tabase (http://www.mgc.ac.cn/DBatVir/), and data from ro-
dents were collected by a literature search in Web of Science
(https://webotknowledge.com), Elsevier (https:/www.else-
vier.com/advanced-search) and World Wide Science (https://
worldwidescience.org/) with the keywords: “rodent”, “vi-
rus”, “PCR” and “wild”. The registered information was col-
lected from years 1956 to 2015 and only studies with mo-
lecular techniques were considered. The geographic location
was registered and classified into four spatial scales (Fig.
1): 1) According to the continental scale: America, Oceania
and “Big Mass” that includes Europe, Africa, and Asia. 2)
Biogeographical scale: Nearctic, Neotropical, Palearctic,
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Afrotropical, Indomalayan and Australian (Cox 2001) 3)
Zoogeographical scale: Nearctic, Panamian, Neotropical,
Palearctic, Afrotropical, Oriental, Saharo-Arabian, Sino-
Japaness, Madagascan and Australian (Holt et al. 2013).
4) Regional scales: North American, Mexican, Panamian,
South American, Amazonian, Palearctic, African, Guine-
Congolian, Madagascan, Indomalayan, Oriental, Saharo-
Arabian, Sino-Japaness, Novozelandic, and Australian
(Holt et al. 2013).

Detection of metacommunity structures

A presence-absence data matrix was constructed for
cach spatial scale and for each viral taxonomic level (spe-
cies and family), where the virus was the column and the
host the row. We obtained 62 rodent and 68 bat matrices, but
due to the measures and the capacity of the algorithm per-
formed in the metacommunity structure analysis, we could
only obtain results of 24 and 38 matrices respectively. To
evaluate the metacommunity structure of virus-host species
form each matrix, we measure three properties. The coher-
ence as the degree to which pattern can be collapsed into
a single dimension, turnover counting the number of spe-
cies replacements along the matrix and boundary cumpling
measuring how the edges of species boundaries are distrib-
uted along this dimension (Leibold and Mikkelson 2002).
The analysis of metacommunity structure was performed
with the metacom package (Dallas 2014) implemented in R
(R Core Team 2017), and the detection of metacommunity
structure was using the Presley’s decisions tree (Presley et
al. 2010).

Covariation of host characteristics with the viral
metacommunity structure

We measured the influence of the host phylogeny and
functional characteristics of the host on viral community
structure. The phylogenetic component was estimated taking
the two first components of the PCoA analysis on the phy-
logenetic distance matrix, which was obtained by extract-
ing the host species from the mammalian super-tree hosts
(Bininda-Emonds et al. 2007) with the “picante” package. We
include the body mass, litter size, number of litters per year
and trophic guild, as host functional characteristics that may
explain variation among hosts in viral community composi-
tion and their influence on the viral transmission. The vari-
ables were obtained from PanTHERIA database (Jones et al.
2009), Animal Diversity Web (http://animaldiversity.org) and
Encyclopedia of Life (http://eol.org/). A redundant analysis
of canonical ordination (RDA) has been performed to detect
the relationship between the host phylogenetic component
and host functional characteristics in the metacommunities
from each spatial scale to obtain the explaining percentage
on each one of detected metacommunity structures. The RDA
was calculated with the algorithm varpart (Peres-Neto et al.
2006) of “vegan” package (Oksanen et al. 2016) implemented
in R. This function performs a partition of the variation in
community data for the explanatory variables.
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Results

Database

The rodents’ database has 825 records, and includes 172
rodent host species, 124 virus species distributed in 23 viral
families, of which 70 species and 14 families are zoonotic.
The bats’ database has 4,659 records and includes 220 host
bats species, 174 virus species and 29 viral families of which
41 virus species and nine viral families are zoonotic.

Metacommunity structures

Rodents. We detected a Quasi-Clementsian structure in the
metacommunities of viruses in the American Continent, and
the distribution of these virus species was partly explained
by host phylogeny (29%). The Big Mass scale showed a
Clementsian structure explained by a low percentage of host
functional characteristics (0.2%) (Table 1). Oceania continent
was not included in the analysis because only four records
were obtained. At Biogeographical level, a Clemenstian struc-
ture was detected in the Nearctic region, a Quasi-Clementsian
structure in the Neotropic and Palearctic, and a random struc-
ture was found in the Afrotropical Region.

At Zoogeographical scale, only four regions were ana-
lyzed including Afrotropical with Quasi-Clemenstian struc-
ture, Nearctic with Clementsian and Palearctic and Oriental
with Random structures. At Regional scale, three regions
were analyzed including North Amercian, with Clementsian
structure, African and Palearctic with Random structures. No
relevant results were observed at metacommunities of viral
families, where the random structures dominated in all scales
except for Nearctic Biogeographic and Zoogeographic scale
where a Quasi-Clementsian structure was detected.

Chiropterans. Except for the Big Mass scale where a Quasi-
Clementsian structure was detected, the rest of the 19 viral
species metacommunities analyzed showed Random struc-
tures. Oceania continent with 11 records was not possible
to analyze. At biogeographic and zogeographical scale,
Afrotropical and Palearctic regions presented a Quasi-
Clemenstian structure, while we detected a Checkerboard
structure in the Neotropical zoogeographical region. Only the
Quasi-Clementsian structure of the Palearctic zone is main-
tained up to the Regional scale. At all scales, the host phylog-
eny and host functional characteristic explain the distribution
of the viral families (Table 2).

Discussion

Rodents

We observed different patterns at different scales of anal-
ysis. For example, in the American Continent the coherence
increases as the geographic scale decreases, as shown in re-
gional scales. Contrarily, in the Big Mass an opposite pattern
was found; the coherence decrease with a decreasing geo-
graphic scale (Fig. 2). In the American continent these pat-
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Table 1. Results of the analysis of coherence, range turnover, and boundary clumping for the viral metacommunities of rodents and
results of RDA analysis. Abs, embedded absences; SD, standard deviation; df, degrees of freedom. Q-Clem.=Quasi-Clementsian.

Boundary

Spatial chle / Coherence Turnover clumping Metacommunity RDA Analysis
Community Abs p Mean SD Rep p Mean SD  Index p df Structure varpart %
Continental

America 9 005 4924 2088 Random ggﬁgﬁ | 29/0.14
Big Mass 66 0.01 163.60 36.18 5884 0.03 10031.24 1874.44 2.18 0.00 41 Clementsian fun 0.26
Biogeographical

Nearctic 17 0.01 68.61 20.94 1865 0.01 365622 711.63 3.41 0.00 39 Clementsian phylo/fun 10/6.6
Neotropic 3 0.04 2974 13.19 1329 0.13 1906.22 377.90 2.63 0.00 24 Q-Clem. phylo+fun 0.9
Afrotropical 23 0.05 5223 1499 Random 0

Palearctic 96 0.00 256.43 36.10 6303 0.05 10560.87 2192.90 2.28 0.00 31 Q-Clem. phylo+fun 0.9
Zoogeographical

Palearctic 136 0.36 156.01 21.69 Random

Afrotropical 23 0.04 5132 13.82 1242 0.46 1461.81 29822 291 0.00 21 Q-Clem. phylo+fun 1.6
Regional 0

North America 17 0.01  66.50 19.94 1671 0.03 3192.51 684.30 3.72 0.00 37 Clementsian phylo/fun ~ 10.8/6.7
African 15 0.13 2929 944 Random phylotfun 19

Table 2. Results of the analysis of coherence, range turnover, and boundary clumping for the viral metacommunities of chiropters and
results of RDA analysis. Abs, embedded absences; SD, standard deviation; df, degrees of freedom. Q-Clem.=Quasi-Clementsian.

Boundary

Spatial Scale / Coherence Turnover clumping Metacommunity RDA Analysis
Community Abs P Mean SD Rep P Mean SD Index P df Structure varpart %
Continental
America 177 0.2187 130.817 37.5543 Random fun 0.8
Big Mass 782 032 866.77 85.77 Random phylo+fun 1.78
Biogeographical
Nearctic 32 055 41.88 1639 Random phylo+fun 2.41
Neotropic 97 0.67 10690 23.48 Random phylo+fun 1.7
Afrotropical 109 0.03 19229 3823 1606 0.14 4838.85 2167.68 7.77 0.00 14 Q-Clem. phylotfun  6.28
Palearctic 649 0.02 81598 70.05 8618 0.05 27181.60 9668.56 8.15 0.00 23 Q-Clem. 0
Indomalayan 28 0.23  37.93 8.29 Random phylot+fun  11.42
Zoogeographical
Nearctic 32 038 4731 17.34 Random phylo+fun 2.02
Neotropic 111 0.00 5291 1890 413 0.13 1066.47 436.64 2.15 0.00 7 Checkerboard phylo+fun  1.28
Palearctic 167 0.03 225.11 26.72 2150 0.19 395492 1368.93 3.95 0.00 17 Q-Clem. phylo+fun ~ 0.83
Afrotropical 88  0.02 153.69 27.66 768 0.09 319548 1421.86 7.03 0.00 14 Q-Clem. phylo+fun  8.01
Oriental 28 025 37.81 8.48 Random phylo+fun  11.42
Sino-Japanese 322 0.20 368.74 36.43 Random phylo / fun 7.5/6.09
Regional
South America 12 0.25 27.11  13.20 Random phylotfun  2.46
African 31 027 4446 1226 Random phylo+fun 1.79
gz:;‘;lan 27 0.06 4807 1122 Random phylo/fun  4.19/2.22
Oriental 11 048 14.03 433 Random phylotfun  28.76
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Figure 2. Structures of viral species metacommunities detected in rodents. Letters refer to the metacommunity structure: QC, Quasi-
Clementsian; C, Clementsian, R, Random. The areas represent the variable that explains the viral distribution within the metacommuni-
ties obtained by the RDA analysis. Black — regions without enough data to detect a structure.

terns may be explaining by the high influence of the latitudinal
gradient on the host distribution and by the island biogeogra-
phy and the edge effect because the American Continent has a
higher border surface (Lovejoy et al. 1986). Instead, the Big
Mass surface allows a homogeneous host distribution (Buckley
et al. 2010). At the Big Mass scale there are not strict physi-
cal barriers between bioregions and viruses are widely shared
at the edges, mainly at the Palearctic-Afrotropical edge. These
boundaries merged many years ago, forming a large area that
allowed this exchange of viral diversity, so they are now arbi-
trary limits (Morand and Krasnov 2010). Therefore, it was pos-
sible to detect a Clementsian structure in the Big Mass meta-
community, but when the spatial scale decreased we observed
a dominance of Random structures. At smaller communities,
the characteristics of the host species are more widely shared
without delimiting niches, and therefore the viral distribution
depends on its capacity of dispersion rather than local filters.

In the Nearctic Biogeographic region, the Clementsian
structure was explained by host phylogeny in 10% (Table
1), suggesting a phylogenetic signal and therefore, a higher
specificity for host clades. The Quasi-Clementsian structure
detected in the Neotropical Biogeographical region showed a
weak response to environmental host filters (0.9%). When we
compare these two regions, they show a response to a latitudi-
nal diversity gradient (Kaufman 1995, Gaston 2000, Guernier
et al. 2004), suggesting a greater diversity of host and viruses
in the tropics probably influenced by a constant temperature
(Morand and Krasnov 2010). This property facilitates the sur-
vival and viral mutations, facilitated by vectors proliferation,
incrementing the chance of spillover, giving rise to generalist
symbionts (Harvell et al. 2002).

The coherence in the structure of the Afrotropical zo-
ogeographical region increases by the loss of the Middle East

region, which was included at biogeographical scale and pre-
vented the potential viral dispersion. Functional and phyloge-
netic characteristics explained the random structure detected
in the African Region by 19% (Table 1). This percentage can
be explained by the absence of Thryonomys swinderianus
and Xerus erythropus, species in the African region who con-
tained extreme values in their phylogenetic characteristics. It
also shows a structure with a Clementsian tendency that is
disturbed by Mastomys natalensis, a rodent associated with
seven of the 14 viruses in this scale, in comparison with the
remaining 21 rodents that host 1-4 virus species. Also, it is the
only species in this level with reports of Banzi virus, Gairo
virus, Mopeia and Morongo virus. Probably because of its
anthropism and the most considerable sampling effort.

In Rodents we can assume that coherence decrease in vi-
ral families metacommunities may emerge due to the loss of
information of viral species characteristics when viral fami-
lies data was analyzed.

Chiropterans

The metacommunity structure of viral species associated
with bats was dominated by a Random structure, however,
the distribution of the viruses is not aleatory because most of
the metacommunities were explained by the host phylogeny
and functional characteristics. Besides some viruses associ-
ated with Chiropterans are cosmopolitan, like Rabies virus,
which have a wide range distribution within the metacommu-
nitiy preventing the detection of a coherent structure.

In chiropterans, contrary to rodents, higher coherence at
viral family scale suggests a clustering pattern of viral families.
Besides, their classification of viral species is more specific,
they even take the name of the host in which they were isolated.
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Figure 3. Structures of viral families metacommunities detected in chiropterans. Letters refer to the structure: QC, Quasi-Clementsian;
C, Clementsian, R, Random, CB, Checkerboard. The colors represent the variable that explains the viral distribution within the meta-
communities obtained by the RDA analysis. Black — regions without enough data to detect a structure.

The coherence of viral families metacommunities was
only detectable at Biogeographical and Zoogeographical
scales, while in the Continental and Regional scales the co-
herence cannot be observed. This result can be explained by
removal of the host and viral families with a wide range of
distribution, due that our model assumes a homogeneous dis-
tribution of host and viruses.

At America Continent scale, we detected several Random
and Checkerboard structures in viral families metacommuni-
ties due to the presence of cosmopolitan viruses with a high
sampling effort due to their public health relevance, such as
the Rhabdoviridae and Coronaviridae families, found in 73%
and 27% of the host species distributed in America respec-
tively.

In the Palearctic and Afrotropical Biogeographic re-
gions a Quasi-Clementsian structure was detected. When
analyzing the Palearctic region at Zoogeographical scale,
we can observe a coherence increase due to a separation of
random structures which belong to the Zoogeographical re-
gions Saharo-Arabica and Sino-Japanese (Fig. 3), with a low
sampling effort. Despite this, the Sino-Japanese region is
explained by phylogenetic (5.32%) and functional (6.09%)
characteristics but separately, because the region contains ex-
treme climates (Urteaga 1993) that could generate divergence
of host and viruses (Gorman et al. 1992).

The random structure observed in Oriental Regional scale
was explained by a high value (28.7%) of environmental host
filter (phylogeny + functional characteristics). This result
suggests that the absence of a coherent structure is resulted
by the poor sampling effort in the area.

The virus families’ distribution in the Quasi-Clementsian
structure detected in the Afrotropical Biogeographic region

is explained by environmental host filters (6.2%), however,
when the geographic scale decreases the coherence increases
with environmental host filter (8.2%). This increase of coher-
ence can be explained by the absence of Madagascan region
due to the geographic barrier that prohibits host migration.
Meanwhile, the host migration between African and Guineo-
Congolian Regions could be possible, explaining the decreas-
es of coherence and the random structures detected in these
two regions.

General patterns

In general, a higher number of Clementsian and Quasi-
Clementsian structures was observed in response to environ-
mental host filters. The viral distribution responds primarily
to dispersion filter by the geographic scale and secondly to
the host characteristics, being affected by two types of simul-
taneous filters, at different spatial scales.

Random structures are explained by taking into account
the information biases and the dynamism in which the eco-
systems are involved, undergoing constant changes, of which
we only manage to capture moments of their history. In spite
of random spatial structures, host-virus relationships can still
be highly specific, suggesting coevolution between hosts and
viruses (Drexler et al. 2010) including coronaviruses (CoV,
however our framework addressed to community scale can-
not measure these events. Even so, the rules of community
assembly are not a law, and they are only one of several
mechanisms that alternate, so it proposes the predominance
of Clements superorganism at macroecological level (Jaisson
2000). Thus, the study of such viral community assembly
rules must be deepened to understand these processes.
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Clarifying the influence of these environmental host fil-
ters, enables us to address the effect of differential study ef-
forts and also to plan surveillance systems and responds to
situations like emergent diseases. To understand and predict
viral transmission dynamics it is important to identify those
variables that explain viral distribution through their hosts. If
the viral distribution is explained by the phylogenetic compo-
nent we will be able to predict new hosts based on the phylo-
genetic similarity. Instead, if viral distribution is explained by
the functional component we could predict new hosts based
on functional traits similarity. We must not forget that multi-
ple factors interact and affect the direction of changes in viral
metacommunities so that their dynamism must be monitored
and understood by multidisciplinary approaches.

Conclusion

In general, it is more feasible to analyze the viral meta-
communities associated with rodents at viral species scale
by overlapping families, showing a weak phylogenetic sig-
nal between the host and the virus species. Bats, on the other
hand, showed more order at the viral family level due to viral
taxonomic classification, but also present more cosmopolitan
viruses.

These inferences were based on the currently available
data. Unfortunately, the present data set is insufficient to ana-
lyze the virus assemblages of small regions like the Australian
and Madagascan due to the scarcity of data. Our data set is
also likely to be biased because synanthropic species and vi-
ruses of public health relevance were sampled heavily, and
this likely interferes with the influence of natural structures.

However, at the macroecological level, viral metacom-
munities associated with Rodentia and Chiropterans showed
Clementsian structures or at least tended to them (quasi-Cle-
mentsians). The viral metacommunities mainly respond to
spatial abiotic constraints, and secondarily to host environ-
mental filters, which offer us an approach for the understand-
ing of these clusters that explain a part of the set.
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Appendix

Supplementary Table 1. Results of the analysis of coher-
ence, range turnover, and boundary clumping for the viral
families metacommunities of rodents and results of RDA
analysis. Abs, embedded absences; SD, standard deviation;
df, degree freedom.

Supplementary Table 2. Results of the analysis of coher-
ence, range turnover, and boundary clumping for the viral
species metacommunities of bats and results of RDA analy-
sis. Abs, embedded absences; SD, standard deviation; df, de-
gree freedom.

The file may be dowloaded from www.akademiai.com.
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