
184

species possessing certain adaptive traits that are neces-
sary for persistence in that environment (Cavender-Bares 
et   al. 2004, Ackerly and Cornwell 2007, Ingram and 
Shurin 2009). Finally, the  ‘ neutrality ’  concept (Hubbell 
2001) suggests that communities are primarily shaped 
by dispersal limitations and population dynamics since 
species belonging to the same trophic level are equal in 
their fi tness and competitive ability. However, a pattern 
superfi cially resembling neutrality could arise due to 
the counter-balancing of competition and environmental 
fi ltering (Purves and Pacala 2005). Moreover the diff erent 
mechanisms may operate simultaneously, but with diff er-
ent magnitudes of infl uence at diff erent scales (Ingram 
and Shurin 2009, Weiher et   al. 2011). Th erefore, to better 
understand the structure of communities and predict their 
future in a very uncertain world the important ecologi-
cal question may not be to identify an exact mechanism 
shaping ecological communities, but rather to determine 
the relative infl uence of each at a given scale. 
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 One of the central problems of modern community 
ecology is to understand the rules determining how species 
assemblies are formed at diff erent scales (Chesson 2000). 
Th is task is not trivial since species composition within 
any community is aff ected by a variety of forces that act 
during both ecological and evolutionary times. Attempts to 
explain why a particular community comprises a given set of 
species have led to three main concepts underpinning assem-
bly rules. First, the principle of limiting similarity among 
co-existing species may shape community composition 
(MacArthur and Levins 1967). Indeed, based on Darwin ’ s 
(1859) idea that the intensity of competition is expected 
to increase with increasing biological similarity among 
competing species, species can only coexist if their over-
lap in resource use is limited because of morphological, 
ecological or behavioral dissimilarities (Hutchinson 1959, 
Schoener 1974, Kingston et   al. 2000, Schluter 2000, Violle 
et   al. 2011, Vergnon et   al. 2013). Second, the environment 
may act as a  ‘ fi lter ’ , allowing a community to contain only 
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 We investigated the role of environmental fi ltering as an underlying mechanism of assembly of compound communities 
of fl eas parasitic on Palearctic small mammals at two spatial scales; a continental scale (encompassing regions across the 
entire Palearctic) and a regional scale (across sampling localities within Slovakia). We used the three-table ordination (the 
RLQ analysis) and its extended version that links species occurrences with geographic space, environmental variables, and 
species traits and phylogeny (the ESLTP analysis). We asked whether environmental fi ltering acts as an assembly rule of 
compound communities of fl eas and, if yes, a) whether the eff ect of environment on species composition of compound 
communities of fl eas diff ers between spatial scales and b) what are the relative importance of the abiotic and host envi-
ronments. We found that compound communities of fl eas are, to a great extent, assembled via environmental fi lters that 
represent interplay between fi ltering via abiotic environment and fi ltering via host composition. Th e relative importance 
of these two components of environmental fi ltering diff ered between spatial scales. Host composition had a stronger eff ect 
on fl ea assembly than abiotic environment on the continental scale, while the opposite was true for the regional scale. Th e 
likely reason behind this scale-dependence is that communities on the regional scale are mainly governed by ecological and 
epidemiological processes, while communities on the continental scale are mainly aff ected by evolutionary, biogeographic 
and historical forces.   
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 Recent developments of analytic techniques have allowed 
the application of phylogenetic tools to species composition 
data in order to reveal clear-cut mechanisms behind species 
composition in a variety of plant and animal communities 
(reviewed by Webb et   al. 2002, Cavender-Bares et   al. 2009, 
Pavoine et   al. 2009, Weiher et   al. 2011). In other words, 
investigation of assembly rules combined with modern 
phylogenetic methods allows disentangling the main drivers 
of structuring of ecological communities. 

 For the most part, communities of parasitic organisms 
have been neglected in studies that took into account both 
ecological and phylogenetic information despite the impor-
tance of parasites from both theoretical and applied perspec-
tives. However, some attempts to link phylogeny of parasites 
and their community ecology have been made (Mouillot 
et   al. 2006, Krasnov et   al. 2014). Th e most conspicuous 
feature of the spatial distribution of parasites is that it is 
not continuous, but is fragmented among sets of inhabited 
 ‘ islands ’  represented by individuals, populations and com-
munities of their hosts. Th e commonly accepted hierarchical 
terminology in parasitology distinguishes between parasite 
communities on or in individual hosts (infracommunities), 
populations of conspecifi c hosts (component communities) 
and local communities of heterospecifi c hosts (compound 
communities) (Holmes and Price 1986, Poulin 2007). 
Obviously, parasite communities at these diff erent levels 
diff er sharply in, for example, time of persistence and the 
probability of individual parasites to interact with their 
conspecifi cs. It is thus not surprising that some rules govern-
ing these communities are dramatically diff erent ( Š imkov á  
et   al. 2001) although other rules appear to be similar (Krasnov 
et   al. 2006a versus Krasnov et   al. 2011a). Th is suggests that 
an investigation of parasite communities at only one of 
the three hierarchical levels is a necessary but not suffi  cient 
condition for elucidating forces shaping parasite commu-
nities. Recently, we showed that environmental fi ltering 
rather than limiting similarity is a likely mechanism behind 
species composition of infracommunities and component 
communities of fl eas parasitic on small mammals (Krasnov 
et   al. 2014). Yet, it is still unknown whether compound fl ea 
communities follow the same rules. 

 Furthermore, contrary to free-living species, parasites are 
characterized by a  ‘ dual ’  environment. On the one hand, 
this environment is represented by their hosts that provide 
parasites not only with food but also with a place for liv-
ing. On the other hand, this environment is represented by 
abiotic variables. Th is is especially true for ectoparasites that 
are strongly aff ected by off -host environment. Environmental 
fi ltering may thus act on compound communities of 
parasites either as an  ‘ abiotic environment fi lter ’  or a  ‘ host 
environment fi lter ’ . In other words, parasite species in a spe-
cifi c locality may be fi ltered by factors such as air temperature 
or precipitation, and the occurrence of hosts belonging to a 
certain taxon or phylogenetic lineage. Th e relative importance 
of abiotic environment-related or host-related factors for the 
composition of parasite communities is largely unknown. In 
addition, community assembly rules may diff er at diff erent 
spatial scales (Weiher et   al. 2011) since they are dependent 
mainly on factors acting during ecological time, on smaller 
scales, or on factors acting over evolutionary time on larger 
scales (Gonz á les and Oliva 2009, Krasnov et   al. 2011b). 

 Here, we investigated the role of environmental fi ltering 
as an assembly mechanism of compound communities of 
fl eas parasitic on small Palearctic mammals. We studied com-
pound communities of fl eas on two spatial scales, namely a) a 
continental scale, that is across the large part of the Palearctic 
and b) a regional scale, that is across sampling sites within a 
single region. Fleas are characteristic parasites of small and 
medium-sized mammalian species. Th ey are holometabolous 
insects, and all species are obligate haematophages as ima-
goes, while the larvae of almost all species are non-parasitic 
and omnivorous. At both stages, fl eas are strongly aff ected by 
abiotic, off -host environment (reviewed by Krasnov 2008), 
while feeding and reproductive performance of imaginal fl eas 
depends strongly on host identity and phylogenetic posi-
tion (Khokhlova et   al. 2012). Flea species vary in the degree 
of their host specifi city ranging from strictly host-specifi c 
to highly host-opportunistic (reviewed by Krasnov 2008). 
Our main question was whether environmental fi ltering 
acts as an assembly mechanism for compound communities 
of fl eas, as it does for infra- and component communities 
of these parasites (see above). Assuming a positive answer 
to this question, we also asked a) whether the eff ect of envi-
ronment on species composition of compound communi-
ties of fl eas diff ers among spatial scales, and b) what is the 
relative importance of abiotic versus host environment as an 
assembly mechanism for compound communities of fl eas at 
the continental and the regional scales. 

 To answer these questions, we took advantage of recent 
developments of three-table ordination techniques (the 
RLQ analysis; Dol é dec et   al. 1996) and its extended version 
(Pavoine et   al. 2011). Traditional RLQ analysis allows one 
to link environmental variables at a set of sites with traits 
of species inhabiting these sites through species occurrences 
at these sites (see Material and methods for details). Th e 
extended version of the RLQ analysis (the ESLPT analysis) 
is a novel integrative methodology that allows analyzing an 
association between environment, species occurrences and 
species traits in an unambiguous geographic and phyloge-
netic context. In other words, this approach links species 
occurrences with geographic space, environmental variables, 
species traits and phylogeny to unravel complex assembly 
rules.  

 Material and methods  

 Flea and host species composition 

 On a continental scale, we obtained data on fl ea species 
composition in diff erent regions from published surveys that 
reported the number of fl eas of a given species found on a 
given number of individuals of a given species of a small 
mammal (Erinaceomorpha, Soricomorpha, Rodentia and 
Lagomorpha) in the northern and temperate Palearctic. 
Obviously, estimates of species composition of a parasite 
assemblage harbored by a host assemblage in a region can be 
reliable only if species compositions of parasite assemblages 
harbored by individual host species are accurately estimated 
for a majority of host species. Estimation of species composi-
tion of a parasite assemblage harbored by a given host species 
in a given region, in turn, can be inaccurate for small samples 
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(Poulin 2007). Consequently, we included in the analyses 
only surveys that aimed to study the entire fl ea assemblage 
of the entire assemblage of small mammalian hosts in a 
defi ned region, while omitting studies aimed to investigate 
fl ea community harbored by a single target species. Th en, we 
selected studied in which a) at least 10 individuals of each 
host species were examined for fl eas, b) at least 500 indi-
vidual mammals belonging to all host species were sampled 
and c) at least eight mammal species were found to harbor 
fl eas. Parasitological examination of 10 conspecifi c individu-
als has been found to allow reliable estimation of fl ea species 
richness (Krasnov et   al. 2005). In total, we carried out the 
analyses for 45 regions (see the list of the regions, map and 
references in Supplementary material Appendix 1). Th en, 
we omitted those host species and their specifi c fl eas, which 
required special sampling techniques and were sampled in 
part of the regions only (squirrels, fl ying squirrels, hedge-
hogs, and hares). A majority of the remaining host species 
were sampled using snap-traps and pitfall traps, while pikas, 
ground squirrels and marmots were hunted. In each region 
and for each host species, fl ea collecting technique was the 
same (visual examination and collecting all fl eas from a dead 
animal immediately after capture). Th e selection procedure 
and the across-studies similarity of the fi eld methods guar-
anteed comparability of the data on fl ea species composition 
among conspecifi c hosts across regions and among diff erent 
hosts within a region. In total, for the continental scale anal-
ysis, we used data on 202 fl ea species collected from 561 805 
individuals belonging to 136 mammal species. 

 For the regional scale analysis, we used data on fl eas 
collected from small mammals in 13 localities across 
Slovakia (see map in Supplementary material Appendix 2). 
Small mammals were sampled using snap-traps during 
both the warm (May – September) and cold (October –
 April) seasons. Sampling procedures and methods for 
parasitological examination were the same as above and 
details are given elsewhere (Stanko 1994). In total, for 
the regional scale we used data on 27 fl ea species col-
lected from 13 966 individuals belonging to 24 mammal 
species. 

 Regions across the Palearctic and sampling localities 
across Slovakia diff ered in area. Prior to our main analyses, 
we tested whether these diff erences aff ected the composi-
tion of recorded fl ea and host species using Mantel tests of 
correlation between two distance matrices, a matrix of pair-
wise dissimilarities between regions or localities in fl ea or 
host species composition versus a matrix of pairwise dis-
similarities in area between regions or localities, with 999 
replicates. We used the Rao dissimilarity index (Rao 1982) 
for the former(s) and the Mahalanobis distance for the latter. 
No correlation between species composition and sampling 
area was found for either fl eas or hosts for either the 
continental or the regional scale (Mantel ’ s  r    �     0.11 – 0.15, 
p   �   0.12 for all).   

 Flea species properties (traits) 

 No data on any measurable morphological or physiological 
traits (i.e. life-history) are available for the absolute majority 
of fl ea species used in this study. Consequently, in this study 

we considered as traits those properties of fl ea species that a) 
have been shown to be true attributes of a fl ea species and 
b) are highly ecologically important. Further, we refer to 
these properties as traits to be consistent with terminology 
accepted in the studies that used the RLQ or ELSTP anal-
yses. We used six properties (traits) to characterize each 
fl ea species, namely a) preference to spending most of the 
time either on the body of a host or in its burrow or nest, 
or both; b) season of reproduction; c) mean characteristic 
abundance (that is, mean number of fl eas per individual 
host); d) mean size of the host spectrum (that is, mean 
number of host species on which a given fl ea species was 
recorded); e) mean phylogenetic distinctness (PDH) of the 
regional host spectrum (see explanation in Supplementary 
material Appendix 3); and f ) mean PDH of the con-
tinental host spectrum. Traits a) and b) (i.e. microhabi-
tat preference and seasonality) were thus represented by 
sets of three binary variables each (Supplementary mate-
rial Appendix 3). Th e remaining traits were quantitative. 
Traits d) to f ) represent diff erent facets of host specifi city. 
See Supplementary material Appendix 3 for the rationale 
and detailed explanations for the selection of fl ea traits and 
calculation of host specifi city indices.   

 Flea phylogeny 

 Th e phylogenetic tree of fl eas was based on the only 
available molecular phylogeny (Whiting et   al. 2008). Th e 
positions of fl ea species that were not represented in the orig-
inal tree of Whiting et   al. (2008) were determined according 
to their morphologically-derived taxonomic affi  nities (for 
further details see Krasnov et   al. 2011b). All branch lengths 
were arbitrarily set to an equal length of 1 and the tree were 
arbitrarily ultrametricized using the program Mesquite 2.75 
(Maddison and Maddison 2011). Th e phylogenetic tree 
used in this study is presented in Supplementary material 
Appendix 4.   

 Spatial, abiotic and host environment data 

 We determined sampling area for a region or a locality either 
using data from an original source or by constructing a 
minimal convex polygon from the coordinates of sampling 
sites. Coordinates of the center of a region or locality were 
used as spatial data for subsequent analyses. We character-
ized the abiotic environment of each region or locality using 
topography (mean, maximum and minimum altitude), green 
vegetation [normalized diff erence vegetation indices (NVDI) 
for winter, spring, summer and autumn] and climatic 
variables (mean winter, spring, summer and autumn precipi-
tation; mean, maximum and minimum air temperatures, 
annual and monthly temperature ranges). Th ese variables 
were averaged within the area of a given region or locality 
across 30 arc-second grids (approximately 1 km resolution). 
Elevation data were extracted from the GOTOPO30 data 
set issued with ArcGIS Desktop 9.2. Data on green veg-
etation (NDVI) were obtained from the VEGETATION 
programme ( � www.spot-vegetation.com � ;  � http://free.
vgt.vito.be � ; data for 1998 – 2007, estimates every 10 d). 
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 Construction of matrices and selection of variables 

 For each scale, we compiled fi ve matrices (E, S, L, T, and 
P). Th e matrix L was the matrix of presence or absence of 
each fl ea species in each region (for the continental scale) 
or site (for the regional scale), where a row represented a 
region or a locality, respectively, and a column represented 
a fl ea species. Th e matrix E included both quantitative vari-
ables describing the abiotic environment (further referred 
to as abiotic variables) and ordinal variables describing 
the host composition (further referred to as host variables). 
We tested for correlation among the environmental vari-
ables of each group (relief, vegetation and climate). We 
took into the analyses only those variables from each group 
that were not correlated with other variables or that had the 
lowest, albeit signifi cant, correlation coeffi  cient with other 
variables in a group. Prior to the ESLTP analysis, environ-
mental variables have to be tested for spatial autocorrelation 
(Pavoine et   al. 2011). Th e lack of spatial autocorrelation in 
an environmental variable indicates that it is not aff ected by 
space and thus should be omitted from the ESLTP analysis. 
We tested for spatial autocorrelation of both abiotic and host 
variables using a Moran ’ s  I  test (Th ioulouse et   al. 1995). Trait 
variables have to be tested for phylogenetic signal and cor-
relation with environmental variables (Pavoine et   al. 2011). 
A trait variable should be omitted from the ESLTP analysis 
if it does not demonstrate phylogenetic signal or does not 
correlate with environmental variables. To detect phyloge-
netic signal, we used the root-skewness test of Pavoine et   al. 
(2010). To test for correlation of a trait with environmental 
variables, we used the multivariate version of the fourth-
corner algorithm (Dray and Legendre 2008) and applied the 
null model 4 (permutations of the rows of species  �  trait 
matrix) (see Pavoine et   al. 2011 for details). In addition, we 
tested whether fl ea species that co-occur in a region or a local-
ity were signifi cantly more or less a) phylogenetically related 
and b) similar in their traits than expected by chance from 
the continental or the regional, respectively, pool of species 
(phylogenetic or trait clustering versus phylogenetic or trait 
overdispersion; Webb et   al. 2002, Pavoine et   al. 2010). Th is 
was done using the PQE and TQE tests, respectively. Th ese 
tests developed by Pavoine et   al. (2010) and based on Hardy 
and Senterre (2007) are designed to evaluate the degree of 
environmental fi ltering versus limiting similarity. 

 As a result of selection of environmental and trait variables 
described above and because no signifi cant autocorrelation in 
any environmental variable was found for the regional scale 
(see Results), we retained for the analyses on the continental 
scale only those environmental variables that demonstrated 
signifi cant spatial autocorrelation, while all environmental 
variables were taken into the analyses on the regional scale 
(with the matrix E being the matrix R). Th e analyses on the 
continental scale included traits that were characterized by 
signifi cant phylogenetic signal and were signifi cantly corre-
lated with environmental variables. No signifi cant phyloge-
netic signal was found for any trait on the regional scale (see 
Results), so the analyses on this scale included only traits 
signifi cantly correlated with environment and the matrix T 
was used as the matrix Q. In other words, we did not use 
matrices S and P for the analyses on the regional scale. Th us, 
we analyzed data on the continental scale using the ESLTP 

NDVI is a measure of photosynthetic activity on the land-
scape scale. Averaging of NDVI values across large areas pro-
vides a general estimate of green vegetation abundance 
(Pettorelli et   al. 2005). Climatic variables were obtained 
as a part of WORLDCLIM ver. 1.4 (BIOCLIM) pack-
age (Hijmans et   al. 2005). Further details can be found 
in Krasnov et   al. (2010). Environmental variables were 
log-transformed prior to analysis. On both the continen-
tal and regional scales, we found signifi cant correlation 
between the majority of topographic variables, vegetation 
and climatic environmental variables ( r    �     0.59 – 0.89, 
p    �    0.005 for all). Consequently, in further analyses we 
retained eight abiotic variables for the continental scale 
(minimum and maximum altitude, summer and winter 
NDVI, summer and winter precipitation, annual air tem-
perature range, and maximum air temperature) and seven 
abiotic variables for the regional scale (maximum altitude, 
spring and summer NDVI, spring, summer and winter 
precipitation, and minimum air temperature). 

 To characterize a pool of host species that can support fl eas 
in each region/locality (i.e. all host species on which at least 
one fl ea species was found) from both numerical and phylo-
genetic points of view, we used the number of host species 
belonging to one of 26 main phylogenetic/ecological clades/
groups (based on the host phylogenetic tree described above; 
see Supplementary material Appendix 5). Th ese variables 
were considered ordinal. Th e host variables did not correlate 
signifi cantly with each other (Spearman ’ s ranks correlation 
coeffi  cient    �     � 0.28 – 0.36, p    �    0.05 for all). Neither did the 
host variables correlate signifi cantly with any abiotic vari-
able (Spearman ’ s rank correlation coeffi  cient    �     � 0.20 – 0.33, 
p    �    0.05 for all).   

 Analytical approach 

 Th e traditional RLQ approach (Dol é dec et   al. 1996) 
is a three-table ordination. It considers species assem-
blages across sites and explores the relationships between 
environmental variables at these sites (matrix R; sites 
as rows and environmental variables as columns) and 
traits of species inhabiting these sites (matrix Q; spe-
cies as rows and traits as columns) linking them via 
species occurrences at these sites (matrix L; sites 
as rows and species abundances or occurrences as 
columns). Th e RLQ reveals combinations of traits that 
strongly co-vary with combinations of environmental vari-
ables. One of the advantages of the RLQ analysis is its low 
sensitivity to the number of input variables as compared 
to other ordination methods (Dray et   al. 2003). Recently, 
Pavoine et   al. (2011) developed a novel, extended ver-
sion of the RLQ analysis that allows to associate envi-
ronmental variables (matrix E) with geographic space 
(matrix S) and trait variables (matrix T) with phylogeny 
(matrix P). In the extended RLQ analysis, referred to as 
the ESLTP analysis below, spatial variables together with 
environmental variables are introduced as columns of the 
matrix R, whereas phylogenetic variables together with 
trait variables are introduced as columns of the matrix Q. 
See Supplementary material Appendix 6 for the details of 
the strategy of the ESLTP analysis.   
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analysis, whereas data on the regional scale were analyzed 
using the regular RLQ analyses.   

 The ESLTP and the RLQ analyses 

 Prior to doing the main ESLTP and the regular RLQ 
analyses, each original matrix was analyzed by a separate 
factorial analysis (    �    ordination). Details of these factorial 
analyses are presented in Supplementary material Appendix 7. 
Signifi cance of the connection between the matrices R 
and Q (for both continental and regional scale) as well as 
between the matrices E and T, S and T, E and P, and S and P 
was tested with the multivariate version of the fourth-corner 
approach using null model 4 of Dray and Legendre (2008) 
(fi xed environmental and/or spatial variables and randomly 
distributed species) (see Pavoine et   al. 2011 for details). 

 At each scale, we carried out three versions of either 
the ESLTP (for the continental scale) or the regular RLQ 
(for the regional scale). In the fi rst version, the matrix E 
(continental) or the matrix R (regional) contained informa-
tion on both abiotic and host variables. In the second ver-
sion, the matrix E (continental) or the matrix R (regional) 
contained information on abiotic variables only. In the third 
version, the matrix E (continental) or the matrix R (regional) 
contained information on host variables only. In the analy-
ses using only abiotic or only host environment, PCA or 
PCoA, respectively, was applied as an initial ordination of 
the matrix E. Th e main analyses were carried out using the 
package  ‘ age4 ’  (Chessel et   al. 2004, Dray and Dufour 2007, 
Dray et   al. 2007). An example of the annotated R code is 
presented in Supplementary material Appendix 8. Detailed 
R code for the ESLPT analysis can also be found in Pavoine 
et   al. (2011).    

 Results 

 On the continental scale, all eight abiotic environmental 
variables as well as 18 of 26 host variables demonstrated 
signifi cant spatial autocorrelation (Supplementary material 
Appendix 9, Table A9). Th erefore, eight host variables 

  Table 1. Summary of the tests for phylogenetic signal (PST; root-skewness tests) and correlation with environmental variables (EET; 
fourth-corner tests) for six fl ea traits on the continental (C) and the regional (R) scales. OV  –  observed value, SES  –  standardized effect size. 
PHS  –  phylogenetic host specifi city (phylogenetic distinctness of host spectrum). See text and Supplementary material Appendix 3 for trait 
defi nitions.  

PST EET

Scale Trait OV SES p OV SES p

C Microhabitat preference 0.12  � 23.85  �    0.001 0.00006  � 0.26 0.49
Seasonality 0.15  � 19.55  �    0.001 0.002 4.19 0.006
Abundance 0.40  � 3.50  �    0.001 0.0001 5.31 0.004
Number of hosts 0.44  � 2.19  �    0.01 0.0001 9.35  �    0.001
Regional PHS 0.44  � 2.17  �    0.01 0.00002  � 0.09 0.39
Continental PHS 0.45  � 2.65  �    0.01 0.0001 2.00 0.04

R Microhabitat preference 0.19  � 6.62  �    0.01 0.0001  � 0.63 0.71
Seasonality 0.38  � 3.07  �    0.01 0.0005 0.85 0.17
Abundance 0.42  � 1.34 0.10 0.0003 2.40 0.04
Number of hosts 0.52 0.09 0.54 0.0001 2.50 0.04
Local PHS 0.62 1.31 0.92 0.00001  � 0.68 0.80
Regional PHS 0.58 0.77 0.79 0.00002  � 0.62 0.69

(crocidurine shrews, dipodine jerboas, gerbils, harvest 
mouse, house mouse, mole-rats, rats, steppe lemmings) were 
omitted from further analyses. Although all six fl ea traits had 
signifi cant phylogenetic signal, only four of them (seasonal-
ity, abundance, the number of hosts and phylogenetic dis-
tinctness of the continental host spectrum) were signifi cantly 
correlated with environmental variables (Table 1). In addi-
tion, fl ea species that co-occur in a region were signifi cantly 
more phylogenetically related and signifi cantly more similar 
in their traits than expected by chance from the continental 
species pool (i.e. all fl ea species found in all studied regions) 
(PQE test:  β     �    0.05, SES    �    4.35 and TQE test:  β     �    0.05, 
SES    �    4.35; p    �    0.001 for both). 

 On the regional scale, most abiotic variables (except for 
spring NDVI and winter precipitation; Moran ’ s  I    �     0.21, 
SES    �    1.96 and Moran ’ s  I    �     0.17, SES    �    1.80, respectively; 
p     �     0.04 for both) and all host variables were unaff ected by 
geographic space (Moran ’ s  I    �      – 0.08 – 0.05, SES    �    0.67 –
 0.95; p   �   0.10 for all). Two fl ea traits (microhabitat pref-
erence and seasonality) carried a signifi cant phylogenetic 
signal, while no phylogenetic signal was detected for any 
of the remaining traits (Table 1). Th e only two traits sig-
nifi cantly correlated with environment were abundance and 
the number of hosts, whereas this was not the case for the 
remaining traits (Table 1). Furthermore, fl ea species co-
occurring in a locality within Slovakia did not diff er phylo-
genetically from an assemblage of species taken at random 
from the regional species pool (i.e. all fl ea species found 
in Slovakia) (PQE test:  β     �    0.04, SES    �    0.36, p    �    0.73). 
Th e tests of trait clustering were marginally signifi cant sug-
gesting that fl ea co-occurring in a locality tended to be more 
similar in their traits than expected by chance (TQE test: 
 β     �    0.07, SES    �    1.79, p    �    0.06). Based on these results, we 
did not include either space or phylogeny in the further anal-
yses on the regional scale and applied regular RLQ analyses. 
Abundance and the number of hosts exploited were the only 
fl ea traits considered in these analyses. 

 Th e link between the matrix R composed of both envi-
ronmental and spatial variables and the matrix Q composed 
of both trait and phylogenetic variables was signifi cant as 
were the links between the matrices E and T, S and T, E and 
P and S and P (multivariate fourth-corner tests; Table 2). 
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  Figure 1.     Scatterplots of (a) Pearson correlations between abiotic environmental variables and (b) Spearman correlations between host 
variables and the coordinates of regions on the 1st and the 2nd axes of the ESLTP analysis (the continental scale).  

  Table 2. Summary of the forth-corner tests for the association 
between environmental (E), spatial (S), trait (T) and phylogenetic 
(P) matrices on the continental scale. OV  –  observed value, SES  –  
standardized effect size (Table 1). See text for defi nitions of matrices.  

Pair of matrices OV SES p

R and Q 0.43 7.92  �    0.001
E and T 0.0001 6.89  �    0.001
E and P 0.01 7.21  �    0.001
S and T 0.009 5.75  �    0.001
S and P 1.21 5.35  �    0.001

Th e fi rst two axes of the ESLTP analysis explained 68.3% 
of total variation with the fi rst axis explaining four times 
more variation than the second axis (54.1 versus 14.2%). 
Th e abiotic variable with the highest negative correlation 
with the fi rst axis was summer NDVI/precipitation, whereas 

maximum altitude had the highest positive correlation 
(Fig. 1a). Th e second axis was highly negatively correlated 
with summer precipitation and highly positively corre-
lated with maximum temperature (Fig. 1a). Regarding host 
composition variables, the negative areas of the fi rst and the 
second axes were mainly associated with a) soricine shrews 
and moles and to a lesser degree with water vole, bank voles 
and wood mice and b) chipmunk, respectively (Fig. 1b). Th e 
positive areas of the fi rst and the second axes were associated 
with a) allactagine jerboas, small hamsters and mountain 
voles and b) ground squirrels, allactagine jerboas and mar-
mots, respectively. From the spatial perspective, the coor-
dinates of regions along the fi rst axis refl ected north-south 
changes (Fig. 2a) and the coordinates of regions along the 
second axis refl ected east-west changes (Fig. 2b) in abiotic 
environment and host composition. 
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  Figure 2.     Geographic position and coordinates of regions along the 
1st (a) and the 2nd (b) axes of the ESLTP analysis (the continental 
scale). White and black squares designate positive and negative 
coordinates, respectively. Th e sizes of the squares are proportional 
to the absolute values of the coordinates.  

 When the ESLTP analysis was done with only abiotic 
environmental variables as the matrix E, the proportion of 
variation explained by the fi rst and the second axes was 58% 
(44 and 12%, respectively); that is, substantially lower than 
that for abiotic and host environment taken together. When 
the ESLTP analysis was done with only the host environ-
ment as the matrix E, the proportion of variation explained 
by the fi rst and the second axes was slightly higher than when 
both components of environment were included (54.3 and 
14.2%, respectively). 

 Pearson correlations of fl ea quantitative traits with the 
axes of the ESLTP analyses and coordinates of their binary 
traits on these axes (Supplementary material Appendix 10, 
Table A10) indicate that fl eas in the northern assemblages 
(negative values along the fi rst axis) were characterized by 
lower host specifi city from both numerical and phyloge-
netic perspectives (larger and more phylogenetic diverse 
host spectra), whereas fl eas in the southern assemblages 
(positive values along the fi rst axis) were more host spe-
cifi c (note negative correlation of the number of hosts and 
phylogenetic distinctness of the host spectrum with the 
fi rst axis). Furthermore, fl eas in the northern assemblages 
had predominantly summer reproductive periods, whereas 
fl eas in the southern assemblages reproduced either year 

round or in winter (note negative coordinate of summer 
reproduction and positive coordinates of winter and year-
round reproduction on the fi rst axis). Similarly, many 
fl eas in the eastern assemblages (negative values along 
the second axis) were abundant, had relatively lower host 
specifi city and reproduced either during the warm season 
or year round. In contrast, fl eas in the western assemblages 
(positive values along the second axis) were less abundant, 
more host specifi c and tended to reproduce during the cold 
season. Th ese patterns are indicated by positive correla-
tions of the three quantitative traits with as well as negative 
coordinate of winter reproduction and positive coordinates 
of winter and year-round reproduction on the second axis 
(Supplementary material Appendix 10, Table A10). 

 From the phylogenetic perspective, the southern fl ea 
assemblages were dominated by the ceratophyllid genus 
 Nosopsyllus , species belonging to a clade of  Frontopsylla , 
 Ophthalmopsylla , and  Paradoxopsyllus , and a majority 
of species belonging to Hystrichopsyllidae II except for 
 Hystrichopsylla  (compare Supplementary material Appendix 
4, Fig. A4 and Fig. 3). In the northern regions, fl ea assem-
blages were represented by ceratophyllids (other than 
 Nosopsyllus ), a majority of species from Leptopsyllidae I 
and species of genera  Ctenophthalmus  and  Hystrichopsylla . 
Regarding the west-east gradient of fl ea species composition, 
most fl ea lineages could not be explicitly associated with 
either the eastern or western assemblages. However, repre-
sentatives of Hystrichopsyllidae II clearly tended to be found 
in the eastern regions (Supplementary material Appendix 4, 
Fig. A4 and Fig. 3). 

 Th e link between the matrix R (abiotic and host envi-
ronment) and the matrix Q (fl ea abundance and number 
of hosts exploited) was signifi cant (multivariate fourth-
corner test; observed value    �    0.15, SES    �    2.07, p    �    0.05). 
Th e fi rst axis of the regular RLQ analysis explained 96% 
of the total variation. Th erefore, we did not include the 
second axis in the following considerations. Th e fi rst 
RLQ axis correlated positively with maximum altitude 
and summer NDVI and negatively with minimum tem-
perature (Fig. 4a). Regarding host composition, some 
localities (positive area of the fi rst axis) were associated 
mainly with dormice and shrews, whereas other locali-
ties (negative area of the fi rst axis) were mainly associ-
ated with water voles and moles (Fig. 4b). A re-run of 
the RLQ analyses using abiotic environmental variables 
only resulted in the fi rst axis explaining more variation 
than when both abiotic and host environment were used 
in the analysis (99.8%). When the analysis was repeated 
for host variables only (as the matrix R), the proportion 
of variation explained by the fi rst axis decreased (90.3%) 
compared to that from the original RLQ analysis. 

 Correlations of both fl ea traits with the fi rst RLQ axis 
were high and negative ( – 0.88 for abundance and  – 0.80 
for the number of hosts). Consequently, fl eas in the locali-
ties corresponding to the positive side of the axis (Javorie, 
Slovensky kras, Kosice, Hylov and Levocske hory) were less 
abundant and more host specifi c than fl eas in the locali-
ties corresponding to the negative side (the remaining eight 
localities; Fig. 5a). Th ese two types of fl ea assemblages were 
characterized by species belonging to diff erent phylogenetic 
lineages (Fig. 5b).   
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  Figure 3.     A fl ea phylogenetic tree and coordinates of fl ea species on the 1st and the 2nd axes of the ESLTP analysis based on a combination 
of their traits (the continental scale). See text for details.  
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  Figure 4.     Scatterplots of (a) Pearson correlations between abiotic environmental variables and (b) Spearman correlations between host 
variables and the coordinates of localities on the 1st axis of the RLQ analysis (the regional scale).  

 Discussion 

 Our results indicate that compound communities of 
fl eas are to a great extent assembled via environmental 
fi lters similarly to infra- and component communities 
of these parasites (Krasnov et   al. 2014). Moreover, these 
environmental fi lters represent an interplay between fi lter-
ing through the abiotic environment and fi ltering through 
host composition. In other words, abiotic conditions and 
host composition in a region or a locality act as fi lters to 
restrict co-occurring fl ea species to a certain subset shar-
ing traits (on both continental and regional scale) and 
phylogenetic affi  nity (on the continental scale) (Tofts 
and Silvertown 2000, Statzner et   al. 2004; see Krasnov 
et   al. 2014 for fl eas). Th e relative importance of these two 

components of environmental fi ltering appears to diff er 
across scales. Host composition had a stronger eff ect on fl ea 
assembly than the abiotic environment on the continental 
scale, while the opposite was true for the regional scale. 

 Although the model taxon in our study was represented 
by parasitic organisms, our main fi ndings may be applied 
to any biological community. We demonstrated that fac-
tors assembling communities of the same taxon may diff er 
substantially between spatial scales and/or hierarchical levels. 
Furthermore, the eff ects of geographic space and phylogeny 
on community assembly appeared to be important on the 
larger but not on the smaller scale. Further studies link-
ing composition of communities of free-living species with 
space, environment, traits, and phylogeny are necessary to 
generalize fi ndings of this study.  
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  Figure 5.     Coordinates of sites (a) and species (b) on the 1st axis of the RLQ analysis (the regional scale).  

 Abiotic environment, fl ea traits and fl ea phylogeny 

 Th e eff ect of abiotic environmental variables on adult and 
immature fl eas has been repeatedly demonstrated (reviewed 
by Krasnov 2008). In particular, air temperature and relative 
humidity in the hosts ’  burrows, which obviously correlate 
with precipitation, altitude and amount of green vegetation, 
strongly infl uence egg production and rate of oviposition 
(Kunitsky 1961), development and survival of preimaginal 
fl eas (Krasnov et   al. 2001a, b) and survival of imagoes (Krasnov 
et   al. 2002b). Th e mechanisms behind this strong micro-
climatic eff ect on fl ea performance are purely physiological. 
For example, larval fl eas cannot close their spiracles, so they 
are extremely sensitive to low humidity (Mellanby 1933). 

 Diff erent fl ea species often demonstrate diff erent pref-
erences for air temperature and humidity (Krasnov et   al. 

2001a). Th ese species-specifi c microclimatic preferences may 
be echoed in other fl ea traits such as seasonality. For example, 
 Frontopsylla semura , which exhibits a decrease in the rate of 
oviposition with increasing air temperature is characterized 
by winter periods of activity and breeding (Bryukhanova and 
Myalkovskaya 1974). Furthermore, microclimatic prefer-
ences and patterns of seasonality seem to be phylogenetically 
constrained to a certain extent. For example, all species of 
the genus  Stenoponia  occur as imagoes and reproduce in the 
cold seasons, independent of climate of the region that they 
inhabit (Vashchenok 1988, Krasnov 2008). Among pulicid 
fl eas, no species is active only in the cold season, despite 
the ubiquitous distribution of this family (Krasnov 2008). 
However, other genera (e.g.  Nosopsyllus ) present no evidence 
of phylogenetically constrained seasonality and demonstrate 
a wide variety of seasonal patterns (Krasnov et   al. 2002a). 
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level of abundance and host specifi city. On the continen-
tal scale, this can be explained by the fact that these traits 
are phylogenetically constrained (Krasnov et   al. 2011b), so 
that the fi ltering of fl ea phylogenetic lineages will inevitably 
lead to the fi ltering of fl ea traits. Another mechanism that 
can act on both scales is related to the fact that both these 
traits are species-specifi c characters not only of a fl ea species, 
but to a lesser extent of a host species (Krasnov et   al. 2004, 
2006b). In other words, fl eas found on a certain host species 
or a host taxon are often characterized by similar abundance 
and/or host specifi city. For example, some host properties 
may constrain the number of fl eas harbored by an individual. 
Th e abundance of imago fl eas may be limited by the level of 
the host ’ s species-specifi c immune (Klein and Nelson 1998, 
Go ü y de Bellocq et   al. 2006) and/or behavioral (Mooring 
et   al. 2000) defenses, while the abundance of immature 
fl eas is likely limited by the host sheltering behavior and its 
burrow or nest structure (Krasnov et   al. 2001a).   

 Spatial effects 

 Ecological communities of living species are not isolated 
entities; rather they are composed of populations that are 
subjected to colonization and extinction dynamics, which 
vary across spatiotemporal scales (Chase and Leibold 2003). 
It is therefore important to analyze community structure 
as a function of dispersal as proposed 50 yr ago by Preston 
(1962a, b) and by MacArthur and Wilson (1963, 1967) in 
the context of a dynamic equilibrium. Space shapes the level 
of dissimilarity between communities in the sense that geo-
graphic distance tends to decrease the number of common 
species, a pattern early labelled as the distance decay of similar-
ity (Nekola and White 1999). Th e eff ect of geographic space 
on fl ea compound communities found in the present study 
on the continental scale supports the results of earlier studies 
that showed the occurrence of distance decay of similarity in 
communities of various parasites (including fl eas) on various 
hierarchical scales (Poulin 2003, Krasnov et   al. 2010). 

 Another spatial eff ect found in our study is that fl eas from 
the southern assemblages had, on average, higher host speci-
fi city than fl eas from the northern assemblages. Th is fi nding 
is compatible with the predictions of recent hypotheses about 
latitudinal gradients in niche breadth (reviewed by V á zquez 
and Stevens 2004) and supports earlier results for both free-
living (Hern á ndez Fern á ndez and Vrba 2005, Kubota et   al. 
2007) and parasitic organisms (Krasnov et   al. 2008). Th is 
pattern may arise because a) specialized species can only tol-
erate restricted abiotic and biotic conditions (Brown 1995) 
and b) the level of specialization is determined by population 
stability which, in turn, is determined by environmental sta-
bility (MacArthur 1955, 1972). Lower stability and higher 
seasonality in northern regions compared to southern regions 
may thus produce negative specialization – latitude relation-
ships (MacArthur 1972, V á zquez and Stevens 2004).   

 Scale-dependent variation in the relative importance 
of host and abiotic fi lters 

 Assembly rules appeared to diff er between regional and 
local fl ea communities. Th e most intriguing discovery of 

 In addition to the direct eff ects of abiotic environment 
on fl ea assemblages, it may act indirectly via its eff ect on 
host assemblages. Environment may operate as a fi lter, so 
that a host community will consist from phylogenetically 
closely-related species that are ecologically (e.g. in structure 
of their shelters) and physiologically (e.g. in the pattern of 
their immune response) similar. However, phylogenetic 
relatedness is not a necessary condition for the eff ect of abi-
otic environment on parasites mediated via hosts. Abiotic 
environment may require even phylogenetically distant co-
occurring hosts to share certain adaptations. For example, 
rainfall and soil structure may aff ect burrowing habits of 
multiple small mammal species resulting in among-species 
similarity in depth, ventilation, temperature and /or humid-
ity of the burrow environment which, in turn, may aff ect 
assembly of fl ea communities. Mediation of the environ-
mental eff ects on parasite assemblages by its eff ects on host 
assemblages warrants further investigation. Although we did 
not fi nd correlation between abiotic environment and host 
species composition in our study, the diff erence between 
scales in relative importance of abiotic versus host environ-
ment suggests that the possible role of host assemblages as a 
mediator between abiotic environment and parasite assem-
blages will likely be more pronounced on larger spatial scales.   

 Host composition, fl ea phylogeny and fl ea traits 

 Th e association between host composition, in terms of 
species and phylogenetic lineages, and species and phyloge-
netic composition of fl ea assemblages found in this study is 
not surprising because hosts are of the utmost importance for 
parasites. Krasnov et   al. (2012a) suggested that the species 
composition of fl ea assemblages depends strongly on the 
species composition of their host assemblages but is only 
weakly related to host phylogeny. Indeed, a parasite may 
occur in a region if it either originated there or if it arrived 
from elsewhere. In either of these cases, it may switch to a dif-
ferent host if its original host, whether it was autochthonous 
or invading, became extinct. Experimental evidence shows 
that a parasite may rapidly acquire adaptations to exploit 
successfully a new host and concomitantly lose the ability to 
exploit a previous host (see Arbiv et   al. 2012 for fl eas). 

 Results of the present study suggest that the identities 
of host phylogenetic lineages may, nevertheless, act as an 
important fi lter in the process of assembling compound 
communities of fl eas. Th ere is no doubt that the origin and 
diversifi cation of fl eas are associated with diversifi cation of 
their mammalian hosts (Whiting et   al. 2008). Although 
strict co-speciation between fl eas and mammals has not been 
found and host-switching (Paterson and Banks 2001) has 
seemed to be the main type of event in the evolutionary his-
tory of their associations (Krasnov and Shenbrot 2002, Lu 
and Wu 2005), available evidence suggests that diversifi ca-
tion of at least some higher fl ea taxa took place within certain 
taxa of their mammalian hosts (Traub 1985, Whiting et   al. 
2008). For example, evolution of the genera  Hystrichopsylla  
and  Mesopsylla  is thought to be associated mainly with sori-
comorph and dipodid hosts, respectively (Traub 1985, Lewis 
and Eckerlin 2004). 

 We found that host fi lters limit regional or local fl ea 
assemblages to a subset of species characterized by a certain 
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the present study is that relative roles of abiotic and host 
fi lters diff er dramatically between scales. Variation in spe-
cies composition of fl ea communities across regions within a 
continent was better explained by host species composition 
than by abiotic environment, while the opposite was true for 
local communities within a region. In addition, in contrast 
to regional communities, species composition of local com-
munities was not aff ected by either geographic space or fl ea 
phylogeny. Th is supports earlier reports of scale-dependence 
of community processes that was found for host – parasite 
associations other than those between fl eas and mammals 
(Poulin and Valtonen 2001) and for other than species 
assembly patterns (Krasnov et   al. 2011c). 

 On both scales, parasite community composition is a 
net result of colonization and extinction of parasites (Poulin 
2007). However, the mechanisms of colonization and 
extinction dynamics might be profoundly diff erent at dif-
ferent scales. Across localities within a region, colonizations 
and extinctions are mainly governed by epidemiological 
processes via diff erential birth and death dynamics (Morand 
et   al. 2002). Moreover, similarity in host composition across 
localities within a region is much higher than that across 
regions within a continent (pairwise Bray – Curtis similarity 
ranging from 42.1 to 90.0 and being 66.8 on average ver-
sus pairwise Bray – Curtis similarity ranging from 0 to 74.10 
and being 38.2 on average, respectively). As a result, in dif-
ferent locations the same host species often harbor diff erent 
fl ea species. For example, fl ea assemblages of  Sorex araneus  
diff er between lowland and montane habitats due to the 
occurrence of  Palaeopsylla soricis  mainly in the former and 
 Palaeopsylla similis  mainly in the latter (see other examples 
with fl eas of Slovakia in Krasnov et   al. 2006b). A similar pat-
tern in other host and fl ea species has been reported for other 
regions and explained by the diff erent preferences of fl eas for 
abiotic environment (Krasnov et   al. 1997). 

 In contrast, across regions within a continent, the dynam-
ics of colonization and extinction of parasites is infl uenced 
mainly by evolutionary, biogeographic and historical forces 
related to their hosts (Hoberg and Brooks 2008). For exam-
ple, the composition of regional parasite assemblages may 
be a result of a parasite ’ s response to the  ‘ taxon pulses ’  of 
the entire biota to which they belong. Th e concept of  ‘ taxon 
pulses ’  posits that the composition of a biota is determined 
by the alternation of periods of isolation (producing stable 
and endemic ecological associations) with periods of expan-
sion (when members of diff erent ecological associations may 
contact) (Hoberg and Brooks 2008). Th e co-diversifi cation 
of parasites with their hosts might be a predominant pro-
cess shaping parasite assemblages during isolation phases, 
while colonization of new hosts might be predominant 
during expansion phases (Hoberg and Brooks 2008). Host-
switching is not precluded during isolation phases but it 
does not aff ect species composition of a regional parasite 
community. Obviously, both processes operating on para-
sites are tightly associated with their hosts which are aff ected 
by taxon pulses as well. As a result, hosts act as the most 
important fi lter assembling regional parasite communities 
on the continental scale. 

 In conclusion, our study demonstrates that the key fac-
tors underlying structure of compound fl ea communities 
are scale-dependent. Assembly rules on the continental 

scale are infl uenced by geographic space, abiotic environ-
ment, host composition and fl ea phylogeny with the eff ect 
of host composition being more important than that of 
the abiotic environment. In contrast, on the regional scale, 
geographic space and fl ea phylogeny do not play any signifi -
cant role, while the eff ect of abiotic environment appeared 
to be more important than that of host composition. Th ese 
results together with the results of our earlier studies of 
factors assembling fl ea communities (Krasnov et   al. 2014) 
suggest that these communities are governed by environmen-
tal (both biotic and abiotic) fi lters rather than by competitive 
species interactions. Furthermore, the approach used in this 
study demonstrated a substantial phylogenetic component 
in the assembly of compound communities of fl eas on the 
continental scale, whereas our earlier studies (Krasnov et   al. 
2012b) failed to reveal this.             
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