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Abstract
Considering the interplay between regional diversification and local community processes is a relatively nascent field of study.
Here, I examined the phylogenetic and functional structure of African muroid assemblages at both regional (eight bioregions) and
local (72 communities) levels to assess the relative roles of historical processes, environmental filtering and ecological interac-
tions in community assembly. In addition, I used patterns of phylogenetic and functional β diversity to separate the factors that
structure muroid assemblages. At the regional scale, none of the regions showed evidence of phylogenetic evenness, while two of
them (Congolian, Southern African) exhibited phylogenetic structure, probably due to the fact that the opportunity for in situ
speciation has been greater in these biogeographic regions, mostly in the Congolian rainforests. Functional clustering was
detected in the two northernmost regions, where conditions are more extreme, suggesting the existence of environmental
filtering. At a finer (local) scale, ~ 6% of the examined muroid communities had net relatedness index (NRI) values significantly
greater than expected by chance (NRI > 2), whereas no localities harboured muroid communities with NRI values significantly
lower than expected by chance (NRI < − 2). Thus, there was no evidence in support of a more prominent role of competition as
the scale decreases. Regional patterns of β diversity and phylogenetic β diversity suggest that phylogenetic structure in African
muroid assemblages may be explained by the history of speciation and dispersal of this taxonomic group. Finally, the lack of
concordance between phylogenetic and functional structure highlights the importance of considering the multiple facets of
biodiversity to study community assembly processes from an integrative point of view.
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Introduction

Despite being recognised as a continent (the second largest in
the world), Africa is essentially an island that has been con-
nected to other continental plates in the past. As a result of

their geological history, Africa has many varied climates and
many habitats (from deserts to rainforests) and this peculiarity
may have spurred diversification in this geographic region
(Huber et al. 2005; Le Houérou 2009). With its great size
and diverse environments, Africa harbours a high biodiversity,
including a large number of mammal species. In fact, local
mammalian communities in Africa present the highest species
richness in the world, which is mainly due to the high diver-
sification of large mammals (Nieto et al. 2005; Fjeldså and
Bowie 2008; Lorenzen et al. 2012). Although Africa is
recognised globally for hosting the largest remaining mamma-
lian megafauna on our planet, other mammalian groups also
exhibit a remarkable diversity on this continent. The radiation
of muroid rodents (superfamily Muroidea), the most diverse
clade of mammals (~ 1620 species accounting for 30% of
mammal species diversity), into the African continent consti-
tutes a paradigmatic example. In fact, in view of its exception-
al diversity in this region, some authors suggested an African
origin for muroids (Tong and Jaeger 1993). More recent
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studies (e.g. Lecompte et al. 2008; Schenk et al. 2013;
Alhajeri et al. 2016) have identified Southern Asia as the evo-
lutionary source of this superfamily, which is thought to have
colonised the African continent in several immigration events.
However, it is evident that African landscapes have played an
important role in the Muridae’s diversification. Proof of this is
the fact that the most speciose clade—the monophyletic sub-
family Murinae—radiated extensively within sub-Saharan
biotopes (145 out of the 519 species comprising this group
co-occur in Africa) (Steppan and Schenk 2017).

As a consequence of their diversity, generalist feeding
habits and high reproductive rates, the species of Muridae
comprise an important fraction in terms of numbers of indi-
viduals and biomass in most African mammal communities.
Muroid rodents play a key role in the ecosystem as seed dis-
persers (e.g. Midgley et al. 2002; Weighill et al. 2017), and
some species (e.g. Mastomys natalensis, Meriones shawi)
consume such large amounts of agricultural produce that they
are considered crop pests (see Swanepoel et al. 2017 and
references therein). In addition, they are also known as reser-
voirs and vectors for several human diseases like tularemia,
Lassa fever and salmonellosis (Luis et al. 2013). Taken togeth-
er, and considering their ecological, social and economic val-
ue, it is not surprising that rodents have long been a model
system for the study of taxonomic community structure in
Africa and other regions from an ecological (e.g. Fox and
Brown 1993; Stevens and Tello 2011) or epidemiological
(e.g. Suzán et al. 2008; Bai et al. 2009; Piudo et al. 2011)
perspective. Nevertheless, their representation in studies of
phylogenetic community structure, a relatively recent subdis-
cipline that places studies of ‘classic’ community structure
into a phylogenetic context (Webb et al. 2002; Tucker et al.
2016), is practically anecdotal (reviewed in Vamosi et al.
2009). Thus far, only two studies used a phylogenetic com-
munity ecology approach to study rodent community assem-
bly (Stevens et al. 2012; Dreiss et al. 2015).

The incorporation of phylogenetic data into studies of com-
munity assembly and structure allows the quantification of
evolutionary and ecological patterns within a historical frame-
work (Emerson and Gillespie 2008). Although most phyloge-
netic community ecology studies are performed at small spa-
tial scales (e.g. lakes, rivers), some authors have recently used
this approach to examine patterns of community assembly at
biogeographical scales where historical processes and biogeo-
graphic events (speciation, dispersal) may play a more impor-
tant role than ecological processes in determining which spe-
cies can be found in a given region or biome (e.g.
Cantalapiedra et al. 2013; Carvajal-Endara et al. 2017).
Hence, it is now widely accepted that biogeographic history
is of crucial importance in diversity gradients, which can be
now observed, and in the structure of biological assemblages
at broad geographic scales (Dreiss et al. 2015; Sobral and
Cianciaruso 2016). For example, phylogenetic clustering at

large spatial scales may be attributed to in situ diversification
and low dispersal rates within regions (dispersal filter), and
phylogenetic evenness may be attributed to colonisation of
lineages from distant origins as a result of environmental con-
ditions promoting dispersal (Cardillo 2011).

At a smaller scale, ecological processes (environmental
filtering, local competition) act as a finer sieve determining
the species composition of communities. Environmental fil-
tering can exclude taxa that do not have appropriate ecologi-
cally relevant traits; that is, environmental factors select spe-
cies with particular traits from a species pool but restrict the
persistence of those whose traits deviate from an optimal phe-
notype (Webb 2000; Cavender-Bares et al. 2006, 2009). Thus,
co-occurring species are likely to share traits that enable them
to persist in a defined environmental gradient leading to a
pattern of clumping. Alternatively, co-occurring species may
be more dissimilar than expected by chance if species tend to
competitively exclude their closest relatives, allowing the sta-
ble coexistence of functionally dissimilar species (Hardin
1960; MacArthur and Levins 1967; Kozak et al. 2005).
However, intense competition can also result in under-
dispersion if multiple species experience similar selection
pressures (Mayfield and Levine 2010). Finally, another point
of view claims that stochastic forces (i.e. random processes)
may also explain co-occurrence of species (Hubbell 2001).
Thus, the consideration of different spatial scales when exam-
ining the phylogenetic and functional structure of assemblages
is paramount in determining the role of biogeographic and
ecological processes for species assembly (Gómez et al.
2010; Luza et al. 2015; Sobral and Cianciaruso 2016; Ramm
et al. 2018). Thereby, it is feasible, for example, to identify
contact zones of faunas that come from different source areas
(leading to a signature of phylogenetic evenness) or regions
with elevated cladogenesis (leading to a signature phylogenet-
ic clustering). Nevertheless, it should be noted that the statis-
tical power of phylogenetic structure metrics is sensitive to the
size of the local communities relative to that of the regional
pool and, thus, results must be interpreted with caution (Kraft
et al. 2007).

The main goal of the present study was to assess the as-
sembly processes underlying the co-occurrence of muroid ro-
dents at two different spatial scales. Using both phylogenetic
relationships and functional similarities among species, I
assessed whether African muroid assemblages are determin-
istically structured at local and regional scales. From a phylo-
genetic perspective, and taking into account that muroid ro-
dents exhibit a conserved phenotype (Maestri et al. 2016,
2017; Verde Arregoitia et al. 2017), I expected the following:
(i) a prominent role of environmental filtering in determining
co-occurrence of species as previous studies carried out in
other small mammals have pointed out that phylogenetic clus-
tering is a more prevalent structuring pattern than phylogenet-
ic evenness in these communities (e.g. Cardillo et al. 2008;
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Lanier et al. 2013; Patrick and Stevens 2014, 2016). I also
tested the hypothesis that (ii) environmental filtering is stron-
ger at the regional scale than at a smaller scale, where biotic
interactions (competition) are expected to drive local assem-
bly patterns (Cavender-Bares et al. 2009). In addition, I quan-
tified the functional structure of muroid assemblages to test
the following predictions: (iii) muroid assemblages located in
the most forested areas (Congolian, Ethiopian region) exhibit
low levels of functional clustering due to heterogeneous hab-
itats with high productivity and multiple niches for exploita-
tion, allowing the settlement of lineages with different ecolog-
ical attributes; and (iv) muroid assemblages from savanna and
desert areas (Northern African, Saharan, Sudanian region) ex-
hibit high levels of functional clustering due to harsh environ-
ments with a less complex habitat structure and more limited
resources, which may select only those species able to cope
with these severe conditions. Further, I also tested the predic-
tions that (v) phylogenetic structure is a good surrogate for
functional structure (Cardillo et al. 2008; Graham et al. 2009);
(vi) that both phylogenetic and functional biodiversity in-
crease in a saturation fashion with increasing numbers of spe-
cies because the probability of adding new evolutionary line-
ages or taxa with novel ecological traits to an assemblage
decreases as assemblages becomemore taxonomically diverse
(Kluge and Kessler 2011); and (vii) that an increase in species
number at regional and local scales increases the level of both
phylogenetic and functional evenness (i.e. less clumping) be-
cause, in richer assemblages, competition has a strong influ-
ence limiting the co-occurrence of ecologically similar species
(Weiher and Keddy 1999; Sobral and Cianciaruso 2016).
Lastly, in terms of β diversity, I expected to find (viii) a greater
nestedness component in the northern regions (Sahara, North
Africa) as fauna assemblages inhabiting there are considered
as impoverished species subsets with respect to the sub-
Saharan Africa (Linder et al. 2012) and (ix) a grouping pattern
according to which local communities belonging to the same
region tends to aggregate together (lower dissimilarity) re-
gardless of the habitat in which these are settled on.

Material and methods

Phylogenetic tree

To quantify phylogenetic diversity, I used a recent maximum-
likelihood phylogeny of muroid rodents, which contains 900
of the approximately 1620 species that comprises this speciose
clade and whose divergence times were estimated using 28
fossil calibrations (Steppan and Schenk 2017). Steppan and
Schenk’s chronogram constitutes the most complete and ro-
bust phylogeny for this group and, given its resolution, pro-
vides a good framework for comparative studies. The original
chronogramwas prunedwith the drop.tip function of the ‘ape’

package in R (Paradis et al. 2004) to extract the phylogenetic
relationships only for the African taxa included in this phylo-
genetic tree. It resulted in a tree containing 157 species for
which I compiled morphological and ecological traits.

Functional traits

Functional traits are defined as morphological, behavioural, or
physiological characteristics that influence performance or fit-
ness and that respond to abiotic and biotic factors (Petchey
and Gaston 2006). I obtained information on 18 functional
traits for each species from the African Rodentia website
(from which the data on collections of African rats and mice
of the Royal Museum for Central Africa, the Royal Belgian
Institute of Natural Sciences and the University of Antwerp
are electronically accessible; http://projects.biodiversity.be/
africanrodentia), Mammals of Africa (Happold 2013) and
Rodents of Sub-Saharan Africa (Monadjem et al. 2015). I
compiled morphological (1, head and body length, HB; 2, tail
length, TL; 3, length of ear, E; 4, length of hind-foot, HF; 5,
greatest length of skull, GLS; 6, greatest width of skull, GWS;
7, length of molars, M1-M3), diet-related (8, insectivorous; 9,
herbivorous; 10, granivorous; 11, omnivorous), habitat-
related (12, forest; 13, open; 14, sandy; 15, rocky), and life-
style (16, terrestrial; 17, arboreal; 18, semiaquatic) traits. This
information was organised into a matrix of species versus
ecological traits. These 18 traits reflect ecological variation
(feeding and locomotor strategies, and habitat preferences)
that may be important for resource partitioning locally or en-
vironmental filtering regionally. Morphological traits were
corrected for phylogenetic history and size variation by
performing regression of each morphological variable
against HB using the phylogenetic size correction developed
by Revell (2009) as implemented in the R package ‘phytools’
(Revell 2012). To determine if these traits are conservative or
labile, the phylogenetic signal of each of the 18 traits was
measured. For the continuous (morphological) traits, the λ
statistic was used to quantify the phylogenetic signal. For
the binary traits, the phylogenetic signal was computed using
the D-statistic. Lambda and D-statistic were calculated in the
packages ‘phytools’ (Revell 2012) and ‘caper’ (Orme et al.
2013), respectively.

Definition of studied assemblages

I examined phylogenetic and functional diversity of muroid
assemblages at two different spatial scales: regional and local.
The regional scale comprises assemblages composed of spe-
cies occurring within different biogeographical regions in
Africa. Biogeographical regions were defined according to
Linder et al. (2012), who proposed the existence of seven
well-defined and consistent biogeographical regions in sub-
Saharan Africa (Afrotropical region) based on broad-scale
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patterns of floristic and zoological variation (Linder et al.
2012, Linder 2012). Regionalisation of the African biota pro-
posed by Linder et al. recognises the following broad regions:
Saharan, Sudanian, Congolian, Somalian, Ethiopian,
Zambezian and Southern African. I also included Northern
Africa as an eighth region. Northern Africa comprises the
region known as the Maghreb, consisting of Morocco,
Algeria and Tunisia and known in French colonial times as
Afrique du Nord. Although the biota of North Africa is usually
considered to be Palaearctic rather than Afrotropical (e.g.
Dowsett and Forbes-Watson 1993), I included this region to
obtain a picture as complete as possible of the diversity of
muroid forms present on this continent. In addition, there is
no consensus on where the Afrotropical zone begins; some
authors place the boundary along the northern margin (Cox
2001) or the middle (Linder et al. 2012) of the Sahara and
others along the Mediterranean coast (see e.g. Kreft and Jetz
2010). Thus, I considered Northern Africa as an additional
region to those considered by Linder et al. (2012) to avoid
potential bias with respect to this issue. At this point, it must
be noted that I obtained very similar results to those reported
here when this region was removed from the analyses. The list
of species occurring in each biogeographical region was ob-
tained by collating occurrence data for each taxa from distri-
bution maps from Mammals of Africa and a shapefile of
Africa in which each of the eight biogeographical regions
included in this study are delimited (readapted from Linder
et al. 2012).

At the local scale, I examined the species composition of 72
muroid communities at single localities distributed across
Africa (Table S1). Information on local communities was
gathered from the literature, mainly from peer-reviewed
journals like African Journal of Zoology, Journal of Tropical
Ecology and Journal of Mammalogy and books. Examined
communities were sampled in different habitats (mainly sa-
vanna, forest and grassland) in a total of 28 countries
(Table S1). The taxonomy was updated to reflect the current
version of the International Union for the Conservation of
Nature (IUCN 2018). I only included species for which there
were available phylogenetic data.

For the analyses conducted at a regional scale, I used all
African taxa included in the phylogeny (157 spp.), whereas
for the local analyses, I only considered those species present
in a given region (regional pool) instead of the total pool of
species. Thus, I used different species pools in conjunction
with different subsets of phenotypic data and pruned versions
of the original phylogenetic tree for each one of the eight
regions.

Quantifying phylogenetic diversity

To determine phylogenetic diversity, I computed the phyloge-
netic diversity (PD) index, the mean pairwise phylogenetic

distance (MPD) and the mean nearest taxon distance
(MNTD) for each of the 72 communities (local scale) and
the eight biogeographical regions (regional scale). PD is more
inclusive than a simple count of species, in that it quantifies
the evolutionary history of a pool of taxa (Faith 1992). This
metric is obtained by calculating the sum of the branch length
in a phylogeny that connects all species in a community and
the root. I tested whether PD values were lower (clustering) or
higher (evenness) that those expected by chance (α = 5%). In
addition to measuring PD, I quantified community phyloge-
netic structure along the gradient by using two commonly
used metrics: MPD and MNTD. The MPD computes the
mean phylogenetic distance between all pairs of species with-
in the same assemblage. This metric captures the overall phy-
logenetic dissimilarity of the taxa in a sample (the larger
branches of the tree) and, thus, is considered to be a ‘basal’
metric of phylogenetic diversity. The MNTD quantifies the
mean phylogenetic distance of each species with respect to
its nearest neighbour in the phylogenetic tree with which they
co-occur in the assemblage (‘terminal’ diversity) and, thus, is
considered a useful metric to detect finer scale phylogenetic
patterns (that is, interactions between closely related species
that are expected to be strong) (Webb et al. 2002).
Consequently, the two metrics are complementary; MNTD
captures the relationships between the most recent lineages,
whereas MPD provides information about the relationships
between older taxa. Importantly, MNTD is likely better at
capturing interspecific competition because it focuses on the
most closely related species in a community, whereas MPD is
more likely to detect the effects of environmental filtering. I
used the standardised effect size (SES) of MNTD and MPD,
known as the nearest taxon index (NTI) and the net related-
ness index (NRI), respectively, to test whether the phylogenet-
ic structure of the examined assemblages was more clustered
or dispersed than expected by chance. The observed values
were compared to null values obtained for random assem-
blages using the null model called ‘independent swap’, which
is the most conservative one in terms of rejecting the null and
it is optimal for presence/absence data (Swenson 2014). This
model reshuffles species association to site but randomises
matrix values, with the additional constraint that accepted per-
mutations must maintain site richness (total number of spe-
cies) and prevalence of species (frequency of species at site)
(Gotelli and Entsminge 2003). The null hypothesis predicts
that the mean SES is equal to 0, which characterises commu-
nities that are not deterministically structured. The SES distri-
bution ranges from 1 to − 1, and positive values indicate clus-
tering, while negative values indicate phylogenetic and mor-
phological evenness. Phylogenetic diversity indexes were cal-
culated using the ‘picante’ package in R (Kembel et al. 2010).
Finally, I explored whether there were any relationships be-
tween community species richness and phylogenetic commu-
nity structure (NRI and NTI) and PD.
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Quantifying functional diversity

To calculate the functional diversity of assemblages, I convert-
ed the ecological traits matrix into a similarity matrix using a
modified version of the Gower distance (Gower 1971). This
measure quantifies the functional distance between all species
by assigning equal weights to different types of variables (bi-
nary and continuous variables in this study). I then used the
Rao (1982) quadratic entropy index to quantify the functional
diversity of assemblages from the distance matrix. Rao’s in-
dex represents the average dissimilarity between all co-
occurring species in the same assemblage and is greater as
the number of functionally unique species increases
(Laliberte and Legendre 2010; de Bello et al. 2016). I com-
puted Rao’s index using the melodic function in R (De Bello
et al. 2016), which uses both abundance data (when available)
and presence/absence data (this study) for this purpose. In
addition, I computed the mean functional distance (MFD)
and the mean nearest pairwise functional distance (functional
MNTD) in a similar way to that previously described at both
regional and local scales. I examined the phenotypic structure
for morphological (variables 1–7) and ecological (variables 8–
18) traits separately and jointly.

Relationship between phylogenetic structure
and functional structure

To test to what extent phylogenetic structure is a good surro-
gate for the functional structure of assemblages, I examined
whether patterns of phylogenetic and trait diversity (NRI,
NTI) were significantly correlated by means of Pearson’s
correlations.

Beta diversity

I examined phylogenetic β diversity of the studied regions in
terms of spatial turnover and nestedness (Baselga 2012).
Nestedness reflects a non-random process of species loss as
a consequence of any factor that promotes the orderly disag-
gregation of assemblages (e.g. extinctions or colonisations
along gradients). Thereby, nestedness patterns result when
species at species-poor sites represent subsets of species at
species-rich sites (Ulrich et al. 2009). Turnover occurs when
existing species are replaced by others at new sites, as a result
of factors that promote endemism at various spatial scales
(Baselga 2010). I decomposed β diversity into its turnover
and nestedness components using the R package ‘betapart’
(Baselga et al. 2018). I then compared β diversity and phylo-
genetic β diversity to infer the processes structuring regional
assemblages.

Similarly, I used the functional.beta.pair function in the
‘betapart’ package (Baselga et al. 2018; see also Villeger
et al. 2013) to partition functional β diversity into its turnover

and nestedness components. Computation of beta diversity
requires computing the intersection of convex hull, which is
a very demanding task when there are more than four dimen-
sions (S. Villeger, pers. comm.). Thus, for this analysis, I re-
duced dimensionality of my traits dataset by performing a
phylogenetic principal component analysis (PCA) on the mor-
phological variables. I obtained four principal components
accounting for 90% of the variance (Table S2). These axes
represent different spectra of muroid ecological strategies that
were used as input to examine functional diversity.

At a local scale, I computed both phylogenetic and func-
tional MNTD β diversity and clustered together communities
that are similar using an average-linkage hierarchical cluster-
ing algorithm (similar to the unweighted pair group method
with arithmetic mean, UPGMA, method). Thereby, I visually
examined the congruence between the relationships among
communities inferred from phylogenetic and functional dis-
tances separately.

Finally, I clustered together muroid communities based on
their species composition to visualise how community com-
position varies across different localities. I computed the
Bray-Curtis dissimilarity among all the samples, a measure
of how similar two communities are in terms of their species
composition. An average-linkage hierarchical clustering was
then applied to this matrix to produce a dendrogram. This
dendrogram represents similarity in species composition be-
tween communities. In addition, I performed a non-metric
multidimensional scaling (NMDS) plot using the functions
metaMDS and ordiplot in the package ‘vegan’ in R
(Oksanen et al. 2012) to represent the original position of
communities in multidimensional space.

Results

Functional and phylogenetic structure
of assemblages

Analyses at a regional scale

The Congolian and Zambezian regions exhibited the highest
values of taxonomic diversity whereas the lowest values in
terms of species richness were in the two northernmost re-
gions (Table 1). Although the Somalian and Southern Africa
assemblages harbour an almost identical number of species,
the former possesses a considerably higher phylogenetic di-
versity than the latter (Table 1). Likewise, the observed phy-
logenetic diversity for the Zambezian region was high in com-
parison with that of the Congolian region despite the fact that
their taxonomic diversity is very similar (Table 1).
Phylogenetic diversity increased asymptotically with increas-
ing numbers of species (SR~PD: r = 0.90, p < 0.001).
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Substantial variation existed in MPD and MNTD across
regional assemblages, and consequently, their standardised
effect sizes (NTI and NRI) also largely differed among bio-
geographical regions (Table 1). Mean phylogenetic dis-
tance between the nearest taxa (MNTD = NTI) index was
higher than randomly expected for the Congolian and
Southern African region indicating significant phylogenet-
ic clustering (Table 1). This pattern remained in the
Congolian region, but not in the Southern African region,
when examining the mean phylogenetic distance between
species (MPD = NRI) index (Table 1). The phylogenetical-
ly over-dispersed regions (negative NRI and NTI values)
were all non-significant (Table 1). The relationship between
species richness and the phylogenetic structure of assem-
blages was positive (SR~NRI: r = 0.78, p = 0.02; SR~NTI:
r = 0.64, p = 0.087), indicating that richer assemblages tend
to phylogenetic clustering.

None of the ecological (binary) traits showed phyloge-
netic signals (all p values > 0.05), which means that these
traits are rather labile. On the contrary, with the exception
of appendages (foot: λ = 0.36, p = 0.58; ears: λ = 0.29, p =
0.58), all morphological (continuous) traits showed a
strong phylogenetic signal indicating that these traits are
evolutionarily conserved (Table S3). Coexistence patterns
based on functional traits were not very congruent with
those observed by the phylogenetic approach. The
Saharan and Northern African regions were the least func-
tionally diverse regions, whereas the highest Rao entropy
values were observed for the Congolian and Southern
African regions (Table 1). Accordingly, both the nearest
taxon index (NTI) and the net relatedness index between

species (NRI) were higher than randomly expected (and
thus, indicative of species packing) in the Saharan region
(Table 1). Results were very similar when considering mor-
phological and ecological traits separately; the Saharan and
Northern African regions exhibited the lowest Rao entropy
values, indicating that assemblages inhabiting these regions
are relatively poor in terms of both phenotypic and ecolog-
ical diversities (Table 1). From a purely morphological per-
spective, the Congolian and Sudanian regions are the most
diverse (Table 1), whereas the Zambezian and the Southern
African regions exhibit a wider range of ecological strate-
gies (Table 1). The extent of functional structure decreases
as taxonomic diversity increases (SR~NRI: r = − 0.81, p =
0.014; SR~NTI: r = − 0.76, p = 0.025). In contrast, the rela-
tionship between functional biodiversity and species rich-
ness was positive (SR~FD: r = 0.87, p < 0.01). FD (Rao)
values reached a plateau at a certain richness threshold (~
40 spp.).

Analyses at a local scale

In total, the studied communities comprised 107 species
(i.e. ~ 70% of species included in the phylogenetic tree).
The most widely occurring species were Mastomys
natalensis (present in 40.2% of the communities), Mus
minutoides (36.1%), Lemniscomys striatus (26.4%), and
Mastomys erythroleucus (22.2%). The average number of
species per community was 7 (range 2–17). Communities
with the highest species diversity were located in the
Zambezian (17 spp.) and Congolian (15 spp.) regions.
Thirty species were found in a single locality; most

Table 1 Summary of results obtained when quantifying phylogenetic
and functional diversity in muroid African assemblages (eight
biogeographical regions) by using different diversity metrics.
Significant results are indicated with asterisks (*p < 0.005; **p < 0.01).
Analyses of functional diversity were performed by considering the entire
matrix of functional traits (i.e. all traits) and by discerning between
ecological (‘subset 1’) and morphological (‘subset 2’) traits. NRI

measures the SES of the mean phylogenetic distance (MPD), whereas
NTI calculates the SES of the mean nearest phylogenetic neighbour
(MNTD) among the taxa in given assemblage. A positive NTI/NRI value
indicates that MNTD/MPD is lower than that expected by chance and that
phylogenetic clustering of species occurs. Conversely, a negative NTI/
NRI value indicates phylogenetic evenness

Region N
spp.

(a) Phylogenetic (b) Functional (all traits) (c) Functional (‘subset 1’) (d) Functional (‘subset 2’)

PD NRI NTI Rao’s
index

NRI NTI Rao’s
index

NRI NTI Rao’s
index

NRI NTI

Saharan 18 178.06 − 0.303 0.211 4.553 2.196* 3.178** 3.526 1.323 1.739* 2.608 1.838* 1.997*

Sudanian 51 320.81 − 0.143 0.769 5.700 − 0.096 0.553 4.065 0.876 0.058 3.558 − 0.840 − 0.752

Congolian 69 349.06 4.392** 2.381* 5.838 − 0.808 − 0.415 4.255 0.112 − 0.128 3.541 − 1.005 − 1.293
Ethiopian 34 287.83 − 0.842 − 0.712 5.544 0.264 0.058 4.037 0.684 − 0.603 3.454 − 0.379 − 0.645

Somalian 43 317.62 − 0.206 − 0.439 5.354 1.333 0.526 4.128 0.467 0.109 3.068 1.430 1.051

Zambezian 63 368.77 1.351 1.074 5.689 0.007 0.093 4.323 − 0.424 0.156 3.351 0.607 1.017

Southern
African

44 259.04 1.260 2.727** 5.770 − 0.511 − 0.991 4.267 − 0.159 − 0.397 3.525 − 0.654 0.265

Northern
African

21 212.49 − 0.940 − 0.710 5.019 1.355 2.659** 3.712 1.037 2.310** 3.191 0.788 1.553*
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belonged to the Congolian (6 spp.) and Southern African (6
spp.) regions. Phylogenetic diversity increased asymptoti-
cal ly with community species richness (r = 0.40,
p < 0.0001; Fig. 1a).

Species packing was not prevalent at a local scale. In
three out of the 72 communities examined in this study, I
found higher NTI values than expected under a null model.
Two of them belonged to the Congolian region and the
other to the Southern African region (Fig. 2). Four commu-
nities presented higher NRI values than randomly expected
(Fig. 2). Overall, communities located in the Saharan and
Northern African regions yielded the highest NTI and NRI
values (Fig. 2). The relationship between community spe-
cies richness and NTI was negative, but not statistically
significant (SR~NTI: r = − 0.25, p = 0.38). Likewise, the
extent of phylogenetic attraction quantified in terms of
NRI does not seem to depend on species richness
(SR~NRI: r = − 0.06, p = 0.59; Fig. 1b). However, when
excluding three communities (denoted in red), this relation-
ship became statistically significant (SR~NRI: r = − 0.25,
p < 0.032; Fig. 1b).

Functional clustering was also not a frequent pattern at
local scale. Two out of the three communities in which NTI
values were higher than expected according to the null model
belonged to the Congolian region (Fig. 2). Half (2/4) of the
muroid communities with significant NRI values were also
located in the Congo (Fig. 2). However, average values were
higher in the Saharan and Somalian regions (Fig. 2).
Functional diversity (Rao values) increased non-linearly with
increasing number of species (SR~FD: r = 0.38, p < 0.001;
Fig. 1c). There was no significant relationship between

community species richness and either NTI or NRI
(SR~NRI: r = − 0.02, p = 0.83; SR~NTI: r = − 0.09, p = 0.43).

Phylogenetic structure as a proxy for functional
structure

The relationship between phylogenetic structure and function-
al structure was significant only at a local scale and only when
employing NTI as a metric (regional scale NTI: r = 0.10, p =
0.37, NRI: r = 0.10, p = 0.37; local scale NTI: r = 0.07, p =
0.02, NRI: r = 0.02, p = 0.17).

Functional and phylogenetic beta diversity

Analyses at a regional scale

Beta diversity was high (β= 0.899) and was dominated by spe-
cies replacement (βturnover = 84.9%, βnestedness = 4.9%). When
decomposing phylogenetic β diversity into its two components,
there was a greater contribution of the turnover (51.3%) than of
the nestedness (9.1%) component overall (Fig. 3a). Meanwhile,
in terms of functional β diversity, the relative contribution of both
components was much more similar (nestedness 39.7% vs. turn-
over 34.1%). Pairwise comparisons revealed that the Saharan
and Northern African regions were those with a greater
nestedness component, both phylogenetic and functional (Fig.
3a). Congolian and Southern African regions exhibited the
highest phylogenetic and functional turnover values in compari-
son with the remaining regions (Fig. 4a).

Fig. 1 Relationship between species richness of African muroid
communities and their respective a phylogenetic diversity, b
phylogenetic structure, and c functional diversity. Each dot represents a
local community (n = 72). For the phylogenetic structure plot, two linear

relationships are represented: one including all communities (continuous
line) and the other (discontinuous line) excluding three communities—in
red—with unexpectedly high NRI values
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Analyses at a local scale

In terms of β diversity, cluster dendrograms obtained from
phylogenetic and functional dissimilarities were rather sim-
ilar at first glance. In both cases, the two main clusters
separated the two most northern assemblages from all other
assemblages (Fig. 3b). The Southern African region formed
an intermediate (third) group between the two main clusters
(Fig. 3b).

Hierarchical cluster analysis of the similarity of muroid
communities illustrates how communities belonging to the
same region tend to aggregate together (see Fig. 4). This
pattern was confirmed by means of a NMDS plot in which
local communities are represented in multidimensional
space (Fig. 4). Communities from the Congolian and
Sudanian region share the same area within the multidimen-
sional space, whereas those belonging to the Zambezian
and Southern African regions occupy a more northern po-
sition (Fig. 4). The most distant point corresponds to a
community located in the Tunisian desert (North Africa).

Discussion

The present study constitutes the first attempt to characterise
and compare the African muroid assemblage structure and the
processes (increased cladogenesis, restricted dispersal) that
determine co-occurrence in these assemblages using the com-
munity phylogenetic approach, at two different spatial scales:
local and regional. Some previous studies (Emerson and
Gillespie 2008; Cavender-Bares et al. 2009; Vamosi et al.
2009; de Bello et al. 2012) have shown an increase in phylo-
genetic evenness as the spatial resolution decreases (and hab-
itat homogeneity increases), suggesting that biotic interactions
increase at smaller spatial scales in vertebrate communities.
However, this study does not provide evidence in favour of
this claim (see also Gómez et al. 2010). In general, the phylo-
genetic structure was not a good surrogate for the functional
structure, which seems to be more the rule than the exception
in the literature (Pavoine et al. 2013). This result highlights the
importance of considering the multiple facets of biodiversity
to avoid incomplete conclusions and obtain a comprehensive

Fig. 2 Mean value of indices (NRI and NTI) of phylogenetic (blue) and
functional (red) community structure resulting from averaging SES
values obtained in all local communities belonging to the same assem-
blage (bioregion; SAH Saharan, SUD Sudanian, CON Congolian, SOM
Somalian, ETH Ethiopian, ZAM Zambezian, SOU Southern African).

The total number of communities examined in each region (in brackets)
and the number of communities whose value was significantly different
from zero—random—based on the associated p value (above the bars)
are also shown
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and holistic point of view about the mechanisms that drive
community assembly processes.

Phylogenetic and functional structure

Of all the examined biogeographical provinces, the Congolian
region showed the strongest evidence of phylogenetic com-
munity structure. Forests of the Guineo-Congolian block
show exceptional species richness and endemism characteris-
tic of biodiversity hotspots (Mayr and O’Hara 1986; Myers
et al. 2000). The striking taxonomic diversity of the Congolian
region has been attributed to different evolutionary processes
like Pleistocene forest refugia and riverine barriers (see Portik
et al. 2017 and references therein). In addition, the high
productivity and availability of resources of tropical
rainforests may allow greater diversification and persistence

of species in comparison to regions in which environmental
conditions are less stable and not so benign. For example, in a
study on African mammal communities, Kamilar et al. (2015)
found communities contained more closely related species in
sites with low levels of temperature seasonality. In this vein,
several studies have hypothesised the existence of increased
cladogenesis in the tropics due to its lower seasonality and
longer term climatic stability and kinetic effects of tempera-
ture on rates of genetic divergence and speciation (Rolland
et al. 2014; reviewed in Brown and Svenning 2014). The
observation of a signature of phylogenetic clustering at both
basal (old lineages) and terminal (recent lineages) levels in this
region suggests that the Guineo-Congolian rainforests may
constitute a centre of recent diversification for this taxonomic
group and that in situ speciation seems to have been important
in this biogeographic zone.

Fig. 3 a Pairwise results of partition of phylogenetic and functional β
diversity into its nestedness (above diagonal) and turnover (below
diagonal) components wherein higher values are indicated in red. b
Phylogenetic and functional dendrograms obtained by using UPGMA

cluster analysis based on the Jaccard dissimilarity index for the African
muroid assemblages defined in this study. The shorter the connections
between two assemblages in the diagram, the more similar the
assemblages are
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The other biogeographic region in which a pattern of phy-
logenetic clustering was found was the Southern African re-
gion. This is the southernmost region of the continent and
comprises several hotspots of biodiversity including the
Cape Floristic region, one of the most biologically diverse
areas on Earth (Linder 2003). The Southern African region
also boasts unusual fauna, with high levels of endemism
among vertebrates and invertebrates. Accordingly, 20% of
‘single-locality’ species (i.e. muroid species that were detected
in just one of the 72 communities included in this study) were
registered in localities belonging to this region. In addition, its
complex and intricate orography in comparison to the remain-
ing African regions could help to explain the existence of
phylogenetic clustering in this zone. Previous studies carried
out in montane areas (e.g. Stanley and Hutterer 2007) reported
a significant correlation between diversity and abundance of
rodents and elevation. However, environmental conditions be-
come harsher as elevation increases. For example, elevational
gradients in temperature and humidity make meeting energet-
ic demands more challenging at high altitudes (Dreiss et al.
2015; Stanley et al. 2014), which could represent an abiotic
filter. Thus, one possibility is that only species belonging to
particular genera or lineages may be able to cope with these
stressful conditions linked to high-elevation (physiological
constraints, few available niches) leading to a pattern of phy-
logenetic clustering (e.g. Kok et al. 2012). Further studies
examining the distribution of African rodents along
elevational gradients would be helpful in this respect.

In contrast to that observed in terms of phylogenetic struc-
ture, the Congolian region and the Southern African region

presented negative SES values in the functional structure anal-
yses indicating a trend toward functional evenness.
Rainforests with high structural complexity, such as those
existing in the Guineo-Congolian zone, possess a high number
and variety of available niches allowing the co-existence of
taxa with divergent functional traits (e.g. arboreal and terres-
trial species, insectivorous and herbivorous species).
Likewise, but at a broader scale, the Southern African region
is characterised by a tremendous diversity of habitats (deserts,
Mediterranean-evergreen woodlands and montane forests co-
ex i s t in th i s reg ion ) , which may have spur r ed
ecomorphological diversification in those clades inhabiting
this geographic area. In fact, because of its heterogeneous
nature, some authors (Werger 1978; White 1983) segregated
the Southern African region into five blocks: the Cape region,
the Karoo-Namib, and Afromontane regional centre, one tran-
sitional zone (Kalahari-Highveld) and one regional mosaic
(Tongaland-Pondoland). Thus, both habitat and landscape het-
erogeneity may have contributed to the existence of subtle
functional evenness in the Congolian and Southern African
region, respectively. In contrast, the opposite pattern (i.e. high
SES values) was observed in the two northernmost regions;
assemblages from the Northern African and Saharan regions
were functionally clustered. It is likely that the harsh environ-
mental conditions prevailing in these regions (aridity, food
shortage) acted as an environmental filter, selecting for species
with certain characteristics, for example, smaller body size
and greater dispersal capacity (larger feet; e.g. gerbils
Gerbillus and Taterillus spp.). It implies that muroid species
inhabiting the most arid zone of the continent possess unique

Fig. 4 a Bray-Curtis dissimilarity
dendrogram for illustrating how
similar African muroid commu-
nities are in terms of their species
composition. b Non-metric mul-
tidimensional scaling (NMDS)
plot of Bray-Curtis dissimilarity
on presence data. Communities
are coloured according to the
biogeographic region to which
they belong (yellow: Northern
African; orange: Saharan; red:
Sudanian; green; Congolian; cy-
an: Ethopian; pink: Somalian;
blue: Zambezian; grey: Southern
African; see the scheme in the in-
set, which is an adaptation of the
partitioning of Africa proposed by
Linder et al. 2012), and their ap-
proximate geographical location
is represented in the map on the
left
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trait combinations that have allowed them to colonise and
settle successfully in this a priori inhospitable area.

At a local scale, few communities exhibited phylogenetic
under-dispersion and, overall, there was a general trend to-
ward random assembly, which is in agreement with that re-
ported by Kamilar and Guidi (2010) in primate communities.
Contrary to that expected by the limiting similarity and com-
petition theory, there was no evidence of evenness. Random
structuring may arise as a result of contrasting forces, that is, a
balance between mechanisms promoting evenness and mech-
anisms promoting under-dispersion. Alternatively, random
processes can become the prevalent pattern if any of these
forces is not strong enough to generate a perceptible signature
or if some traits exhibit a weak phylogenetic signal. The lack
of local communities exhibiting phylogenetic evenness is
noteworthy because rodent guilds are considered determinis-
tically structured systems, and therefore, they are frequently
used for illustrating the role of competition in shaping biolog-
ical communities at a fine scale (e.g. Ernest et al. 2008).
However, it should be noted that the bulk of research in this
respect comes from studies carried out on North American
species inhabiting deserts in the USAwhere most rodent spe-
cies are granivorous, a circumstance that is not typical. Hence,
some authors have argued that the patterns of species coexis-
tence that have been elucidated in these deserts seem to not
apply in other environments in which coexistence may be
facilitated by dietary differences (Alhajeri 2014; see also
Kelt et al. 1996). In agreement with this claim, the results
indicate that intraspecific competition may not constitute an
important structuring agent in African muroid communities,
irrespective of the spatial scale.

Beta diversity

The existence of high β diversity along with high phylogenet-
ic β diversity indicates that it is highly likely that the muroid
assemblages found in two given regions within the African
continent contain species that come from lineages with long-
standing and disparate evolut ionary trajec tor ies
(‘Paleoendemics’). Such a circumstance occurs when two re-
gions encompass such different abiotic conditions that species
and their close relatives have evolved traits that preclude them
from occurring in both sites (i.e. low lineage dispersal across
regions) (Graham and Fine 2008). This result is in agreement
with that reported by Peixoto et al. (2017) in a study at a global
scale involving over 4500 species of terrestrial mammals; they
found high phylogenetic β diversity and a great contribution
of the turnover component in Rodentia. Clades belonging to
this taxonomic group may have experienced more opportuni-
ties for in situ speciation, as they tend to have more
fragmented populations (and thus, more possibilities of re-
duced gene flow) (reviewed in Le Galliard et al. 2012; see
also Patton et al. 1996, Peixoto et al. 2017). On the other hand,

the contribution of the nestedness component was very low
with the exception of that obtained when comparing Saharan
vs. Sudanian assemblages (Fig. 4b). The southern limit of the
Sahara Desert has been identified as a transitional area, and
muroid rodents inhabiting the Saharan region may constitute a
subset of the species pool co-occurring in the Sudanian region,
reflecting a non-random process of species loss produced by
the contrasting environmental conditions found in these areas
(Baselga 2010; Peixoto et al. 2017).

Phylogenetic and functional β diversity dendrograms present-
ed a rather similar topology, and, in the case of the communities
belonging to the Horn of Africa (Ethiopian-Somalian block),
there was a total congruence between the relationships inferred
from phylogenetic and functional distances. In terms of species
composition, local communities belonging to the same biogeo-
graphical region clustered together with the exception of the
Congolian region, whose communities split into two groups:
one close to the Sudanian region composed of communities lo-
cated on the West coast (Guinean forests) and the other making
up a distinctive cluster integrated with communities from the
CongoBasin. Communities fromWest Africa (theGuinean coast
and its hinterland) mirror the transition between the less seasonal
(coastal) rainforest and the more seasonal (inland) Sudanian sa-
vannas (Linder et al. 2012), whereas communities from the
Congo Basin are more similar to those located in the Horn of
Africa. Interestingly, in the NMDS plot, it can be observed that a
community located in the Knersvlakte, a semiarid region belong-
ing to the Succulent KarooBiome hotspot, constitutes a Southern
African outlier and was placed in the position closest to the arid
regions (Northern African-Saharan complex), indicating that
similar environments can produce convergent community struc-
ture. However, overall, the composition of African muroid com-
munities is strongly structured by region, regardless of the habi-
tat. In this vein, I did not find significant differences in terms of
either phylogenetic or functional structure between communities
from open habitats (grasslands, savannas, farmlands) and those
located in forests or woodlands (all p values > 0.05).

Relationship between species richness and functional
and phylogenetic structures

The shape of the relationship between diversity metrics and
species richness provides evidence of a saturating effect,
which means that the probability of adding taxa with new
functional traits or evolutionary lineages to an assemblage
decreases as assemblages become more species rich.

At the regional scale, an increase in species richness led to
an increase in the level of phylogenetic clustering probably
due to the existence of localised rapid speciation in some
regions. On the contrary, richer assemblages exhibited a
higher level of functional evenness probably as a means to
avoid competition and facilitate the co-existence of species.
At the local scale, there was a negative correlation in NRI but
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not NTI, which suggests that this association arises as a con-
sequence of the addition of distant relatives and not the addi-
tion of sister taxa (Webb et al. 2002). Such a relationship has
been interpreted by previous authors as the result of past in-
terspecific competition (Kamilar et al. 2015). Thus, phyloge-
netic and functional structure metrics behave differently in
response to an increase in diversity, and the sign of such a
relationship depends on the geographic scale.

Conclusions

Taken together, these results indicate that the patterns of func-
tional and phylogenetic community structure at the examined
regional and local scales in African muroid assemblages are
congruent with the existence of neutral assembly and a trend
toward phylogenetic under-dispersion, mostly at a regional
scale. This finding is consistent with recent studies carried
out on vertebrates on similarly large spatial scales, which in-
dicated the predominance of clumping, presumably as a con-
sequence of environmental filtering or in situ speciation (e.g.
carnivores, Cardillo 2011; ruminants, Cantalapiedra et al.
2013; Australian desert vertebrates, Lanier et al. 2013). The
higher frequency of clustered assemblages for NTI compared
with NRI suggests the existence of recent biome-filling radi-
ations within this group, with rates of diversification increas-
ing in more recent times. Finally, the lack of phylogenetic/
functional evenness at both levels may indicate that intraspe-
cific competition has not played a major role in shaping
African muroid assemblages. Evolutionary and biogeograph-
ical processes (recent speciation within regions, restricted dis-
persal) seem to be more important structuring agents for these
assemblages as the observed patterns of beta diversity and
phylogenetic beta diversity corroborated.
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