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Abstract
A fundamental aim of parasite ecology is to understand the mechanisms behind spatial variation in diversity and structure of
parasite assemblages. To understand the contribution of individual parasite species and their assemblages to spatial variation in
parasite communities, we examined species contributions to beta diversity (SCBD) and local contributions to beta diversity
(LCBD) of parasitic gastrointestinal helminths (nematodes and cestodes) in two closely related rodents, Rhabdomys dilectus and
Rhabdomys pumilio, from 20 localities across South Africa. Although the two Rhabdomys spp. are morphologically similar, they
differ substantially in body size, habitat preference, and sociality.We askedwhether the variation in life history traits and infection
parameters are associated with SCBD of helminths and whether variation in environmental factors, host population density, and
species richness of host communities are associated with LCBD of component assemblages of helminths. We also considered
spatial factors to test whether LCBD of helminth assemblages demonstrate geographic structure. We found that the contribution
of helminth species parasitic in both hosts to beta diversity significantly increased with characteristic prevalence of these species,
whereas mean abundance, type of life cycle, and location in the host’s gut had no effect on SCBD. The LCBD of helminth
assemblages showed a significant positive correlation with environmental factors in both host species. Our results suggest that
predictors of variation in SCBD and LCBDmay substantially differ between parasites with different infection parameters and/or
parasite communities at different hierarchical scales.
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Introduction

One of the central aims of parasite ecology is to understand the
mechanisms behind spatial variation in diversity and structure
of parasite assemblages. This understanding will facilitate the
reliability of predictions on disease outbreaks in human, live-
stock, and wildlife across landscapes (e.g., Altman and Byers
2014; Hoberg and Brooks 2015). Patterns of spatial variation
of parasite communities are well known (see Morand and
Krasnov 2010 for reviews). These patterns range from the
relationship (either positive or negative) between latitude
and parasite diversity (Guernier et al. 2004; Krasnov et al.
2004; Lindenfors et al. 2007) to distance decay of similarity
in species composition between parasite communities (Poulin
2003; Krasnov et al. 2010). However, the mechanisms behind
these patterns are not always fully understood. For example, it
is not always clear what the reasons are for one parasite com-
munity to be different to another parasite community even if
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these communities share many species and are harbored by
the same host species.

The concept of beta diversity was originally introduced by
Whittaker (1960, 1972) as the measure of variability in species
composition of biological communities across space or time.
Since then, his concept has been repeatedly and successfully
applied to various questions in community ecology (e.g.,
Legendre et al. 2005; Legendre 2008; Anderson et al. 2011
and references therein). In particular, beta diversity studies can
elucidate mechanisms producing dissimilarities between bio-
logical communities (Vellend 2010). These dissimilarities
may arise from two different processes, namely (a) turnover
or replacement of species and (b) species gains and losses with
the latter causing between-community difference in species
richness (Harrison et al. 1992; Williams 1996; Lennon et al.
2001; Legendre 2014). In other words, individual species and
species assemblages may play different roles in and, thus,
contribute differently to total beta diversity (Legendre and de
Cáceres 2013). To untangle the influences of individual
species and the influences of species assemblages on total
beta diversity, Legendre and de Cáceres (2013) developed
an approach that allows partitioning of total beta diversity into
either (a) species contributions to beta diversity (SCBD),
which is the degree of relative importance of individual spe-
cies for beta diversity or (b) local contributions to beta diver-
sity (LCBD), which is an indicator of the compositional
uniqueness of an assemblage as compared to other assem-
blages (= sites).

The approach of Legendre and de Cáceres (2013) to parti-
tion beta diversity into either SCBD or LCBD was success-
fully applied in studies on beta diversity in various plant and
animal taxa (e.g., Tonkin et al. 2016; Heino and Grönroos
2017; Landeiro et al. 2018). It has been found that SCBD
may be affected by species-specific traits such as abundance
(da Silva et al. 2018), whereas LCBD can be associated with,
for example, environmental factors (Tonkin et al. 2016).

Despite the importance of understanding the contribution
of individual parasite species and their assemblages to spatial
variation in parasite communities, beta diversity separated into
SCBD and LCBD components has rarely been applied to
parasite communities. To the best of our knowledge, only
three studies used this approach for parasites, all of them on
haematophagous arthropods (Biguezoton et al. 2016; Poisot
et al. 2017; Krasnov et al. 2018). Furthermore, Biguezoton
et al. (2016) did not relate either SCBD to species traits or
LCBD to site characteristics, whereas Poisot et al. (2017) con-
sidered LCBD only and tested for its relationship with
climatic variables. Although Krasnov et al. (2018) studied
the relationships between SCBD and species traits and the
relationships between LCBD and environmental variables
and host community structure, this was done on parasite as-
semblages harbored by entire host communities across large
regions (i.e., compound communities of parasites sensu Bush

et al. 1997). However, the effects of species traits on SCBD
and the effects of site variables on LCBD may differ for beta
diversity among parasite communities harbored by different
populations of the same host species (i.e., component
communities sensu Bush et al. 1997). Furthermore, patterns
and correlates of SCBD and LCBD may differ between com-
ponent communities of parasites belonging to similar taxa but
exploiting different host species. This is because characteris-
tics of host species such as sociality and mobility may strongly
affect parasite transmission and exchange rates between host
individuals and populations (Blasco-Costa et al. 2012; van
Schaik and Kerth 2017). This is especially true for endopara-
sites due to their limited exposure to environmental factors
and strong dependence on host spatial behavior (e.g.,
Ezenwa 2004).

Here, we applied new analyses to an existing dataset on
gastrointestinal helminths (nematodes and cestodes) parasitic
in two closely related South African rodents, Rhabdomys
dilectus and Rhabdomys pumilio (see Spickett et al. 2017a,
b, c). In this study, we examined SCBD of individual helminth
species and LCBD of helminth assemblages and asked wheth-
er (a) variation in life history traits and infection parameters
are associated with SCBD of helminths and (b) variation in
environmental factors, host population density, and species
richness of host communities are associated with LCBD of
component assemblages of helminths. In addition, we took
into account spatial factors to test whether LCBD of helminth
assemblages demonstrate geographic structure.

Despite close phylogenetic relatedness and morphological
similarity of R. dilectus and R. pumilio, they differ substan-
tially in body size, habitat preference, and sociality.
Rhabdomys dilectus is about 20% smaller than R. pumilio
and occur in the mostly mesic eastern, mainly summer rainfall
regions of South Africa where the main vegetation type is
grassland. This species is solitary with adult males generally
having larger home ranges compared to females (Dufour et al.
2015).Rhabdomys pumilio inhabits the western winter rainfall
region of South Africa where the vegetation is mainly repre-
sented by low-medium shrubs. It lives in social groups of up to
30 adult individuals (including only a few breeding females)
with both sexes having similar overlapping home ranges
(Schradin and Pillay 2005). Due to these between-host differ-
ences, we expected differences in the patterns of SCBD and
LCBD and their associations with environmental, host-related
and spatial factors. Earlier, we explored diversity of helminth
assemblages in these two rodents and recorded greater hel-
minth species richness and a lower rate of decrease of similar-
ity in species composition of helminth component communi-
ties with increasing geographic distance between these com-
munities in R. dilectus than in R. pumilio (Spickett et al.
2017a). Consequently, we expected greater variation in
SCBD of helminth species and less variation in LCBD of their
assemblages in the former than in the latter host.
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Materials and methods

Sampling design and helminth recovery

As mentioned above, we used the same data as in Spickett
et al. (2017a, b, c). The details on sample design and schedule
as well as methods of helminth recovery can be found in these
earlier publications. In brief, adult rodents were trapped during
spring-summer at 20 localities across South Africa during
2004–2014 (see map in Spickett et al. 2017b). A standardized
sampling design was followed throughout. Baited Sherman-
type live traps were set 10 m apart in replicated trap lines (50–
100m length). Targeted animals were immediately euthanized
by intraperitoneal injection with sodium pentobarbitone
(200 mg/kg). Rodents were identified using morphological
descriptions and distribution maps (Rambau et al. 2003;
Skinner and Chimimba 2005; Stuart and Stuart 2007; du
Toit et al. 2012). Carcasses were either frozen in the field
and remained frozen until parasite removal in the laboratory,
or gastrointestinal tracts (GITs), from and including the oe-
sophagus to the anus, were removed immediately and stored
in 70% alcohol for later dissection. Nematode identification
was based on morphologically distinguishing characters and
using relevant keys and descriptions of various authors. In the
case of cestodes, identification was confirmed using molecu-
lar analyses where both nuclear (28S ribosomal RNA) and
mitochondrial (16S–12S ribosomal RNA) gene fragments
were used (Littlewood et al. 2000; von Nickisch-Rosenegk
et al. 2001; Lockyer et al. 2003; Galbreath and Hoberg
2012; Haukisalmi et al. 2016, 2018). Helminth faunal diver-
sity comprised nematodes (total 25 species: R. dilectus 19
species, R. pumilio 11 species) and cestodes (total 9 species:
R. dilectus 7 species, R. pumilio 5 species). Data on the hel-
minth species associated with each species for each of the two
rodent species can be found elsewhere (Spickett et al. 2017b).
Voucher specimens of each nematode species have been de-
posited in the National Collection of Animal Helminths at the
Agricultural Research Council-Onderstepoort Veterinary
Institute, South Africa (accession number: S/2016/38) and
cestode species at the Finnish Museum of Natural History,
Luomus, Finland (accession numbers KN 3646–KN 3668).

Environmental and host-associated variables

Each sampling locality was characterized by environmental
variables as well as variables describing Rhabdomys popula-
tions and surrounding host communities. Environmental var-
iables included mean altitude; mean, maximal, and minimal
air temperatures; summer, autumn, winter, and spring precip-
itation; and summer, autumn, winter, and spring normalized
difference vegetation index (NDVI). The latter index reflects
the amount of green vegetation in a sampling site. Elevation
data at 1 arc-second grids (approximately 30 m resolution) of

the Shuttle Radar TopographyMission (SRTM)were obtained
from the online Data Pool, courtesy of the Land Processes
Distributed Active Archive Center (LP DAAC), located at
USGS/EROS, Sioux Falls, South Dakota (http://lpdaac.usgs.
gov). Data on temperature and precipitation were obtained
from the WorldClim v1.4 (BioClim) dataset (Hijmans et al.
2005), whereas NDVI data were taken from the
VEGETATION Programme (http://free.vgt.vito.be) at 30
arc-seconds grids (approximately 1 km resolution). These var-
iables were averaged within the area of a given locality across
grids and extracted for further analyses using QGIS v2.18
(http://qgis.osgeo.org/).

The majority of environmental variables correlated signif-
icantly to one another (r = − 0.95–0.98 for R. dilectus and r =
− 0.94–0.98 for R. pumilio). Consequently, we applied princi-
pal component analyses to environmental variables separately
for sites with R. dilectus and R. pumilio and extracted the two
first principal components for each set of variables. Then, we
substituted the original values of the environmental variables
with the scores of these two principal components, which thus
were orthogonal axes of environmental variation across sam-
pling sites (further referred to as environmental variables E1
and E2). An additional nominal environmental variable
Biome described the biome to which each sampling site
belonged. These were the Grassland, Savanna, and Albany
Thicket for R. dilectus and the Succulent Karoo, Nama
Karoo, and Fynbos for R. pumilio (see Spickett et al. 2017b).

A population of Rhabdomys in each site was characterized
by density of R. dilectus or R. pumilio. Relative density (RD)
was calculated as follows: RD = (100 × the number of hosts)/
(the total number of traps × the total number of trap nights),
where one trap night equals 12 h (van der Mescht 2011). The
rodent community of each sampling site was characterized by
the total number of rodent species recorded during the sam-
pling period.

Helminth traits

Variables describing traits of each helminth species were life
cycle (direct or indirect), main location in gastrointestinal tract
of a host (stomach, small intestine, or cecum/colon), mean
abundance, and mean (across sampling sites) prevalence.
Most nematodes have a direct life cycle, whereas cestodes
and some nematodes have an indirect life cycle, and are de-
pendent on a variety of arthropods as intermediate hosts
(Morgan and Hawkins 1951; Yamaguti 1961; Anderson
2000). Location in the host’s gut was determined from our
observations. The rationale behind using mean abundance as
a species trait is that this infection parameter has been proven
to be repeatable among populations of the same nematode or
cestode species and thus can be considered as a true species
character despite some variation (Arneberg et al. 1997; Poulin
2006). Although prevalence appeared to be a less repeatable
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infection measure than intensity or abundance (Arneberg et al.
1997), mean prevalence nevertheless has been found to vary
substantially among, rather than within, helminth species
(Arneberg et al. 1997; Poulin 2006) and often positively cor-
relates with intensity (Poulin and Guégan 2000) and abun-
dance (Morand and Guégan 2000).

Spatial variables

To account for spatial structure in beta diversity of helminth
assemblages, we used Moran eigenvector maps [= the princi-
pal coordinates of neighboring matrices (PCNMs)] (Borcard
and Legendre 2002). We built truncated Euclidean distance
matrices from geographic coordinates of each sampling site
separately for R. dilectus and R. pumilio and extracted eigen-
vectors with positive eigenvalues to be used as independent
spatial variables in further analysis (Borcard and Legendre
2002). PCNMs allow evaluation of spatial structure over a
range of spatial scales from the first to the last eigenvectors
reflecting decreasing scales from broader to finer (Borcard and
Legendre 2002). We extracted seven and six positive eigen-
vectors for sites in which R. dilectus and R. pumilio, respec-
tively, were sampled using the package “vegan” (Oksanen
et al. 2018) implemented in the R Statistical Environment (R
Core Team 2018). We tested for spatial autocorrelation in
PCNMs using Moran’s I test from the R package “ape”
(Paradis et al. 2004) and retained only those with significant
spatial autocorrelation (3 PCNMs for each rodent species) for
the main analysis (Borcard et al. 2011).

Data analyses

The number of helminth species recorded in each sampling
site did not correlate with the number of rodents examined
(r = − 0.007 for R. dilectus and r = − 0.01 for R. pumilio).
For each rodent species, we constructed a site-by-species ma-
trix in which each cell represented prevalence of a given hel-
minth species in a given site. These values were then
Hellinger-transformed, that is, the square root was taken of
the quotient of the value of each cell and its row sum. This
transformation gives low weights to species with low preva-
lence and many zeros across site. We did not use mean abun-
dances of helminth species because these values cannot be
compared between species belonging to different clades, or-
ders, and phyla. Then, we calculated species and site (= local)
contributions to beta diversity of helminths (SCBD and
LCBD, respectively), using the approach of Legendre and
de Cáceres (2013). This approach is based on the suggestion
of Ellison (2010) to calculate beta diversity without prior cal-
culations of alpha diversity and gamma diversity (see
Whittaker 1960) by using the total variance of the site-by-
species community matrix as a single-number beta diversity
estimate (e.g., Legendre et al. 2005). This total variance is

estimated by computing a matrix of squared deviations from
the column means. The sum of all values of this matrix divid-
ed by (n − 1) (where n is the number of sampling units) rep-
resents an index of total beta diversity (Legendre et al. 2005).
Using total variation of the site-by-species matrix as an index
of overall beta diversity allows one to estimate the contribu-
tion of individual species (SCBD) and of individual sampling
units (= sites) (LCBD) to this quantity. The relative contribu-
tion of a particular species to overall beta diversity is thus
computed as the quotient of the sum of squares corresponding
to this species and the total sum of squares. Similarly, the
relative contribution of a particular site to overall beta diver-
sity is computed as the quotient of the sum of squares corre-
sponding to this site and the total sum of squares. In other
words, the sums of squares corresponding to individual spe-
cies or individual sites represent partitioning of beta diversity
among species or among sites, respectively. Calculations of
SCBD and LCBDwere done using function “beta.div” imple-
mented in the R package “adespatial” (Dray et al. 2018).

The effects of helminth trait variables on SCBD and envi-
ronmental, host-associated and spatial variables on LCBD
were tested using beta-regression and a logit-link function
implemented in the R package “betareg” (Cribari-Neto and
Zeileis 2010). Beta-regression approach is necessary for
models with a response variable ranging from 0 to 1 but with-
out attaining either 0 or 1 values because this approach takes
into account heteroscedasticity and skewness characteristics
for variables of this type (Cribari-Neto and Zeileis 2010).
We ran beta-regressions separately for data on helminths of
R. dilectus and R. pumilio as well as separate models for con-
tinuous and categorical (life cycle and location in host’s gut
for SCBD and biome for LCBD) variables. Furthermore, for
the sake of better understanding the effects of different predic-
tors, we ran separate models for environmental, host-
associated and spatial predictors on LCBD. If the effect of
the categorical predictor was significant, we compared the
average contributions to beta diversity between groups with
Tukey HSD test using the R packages “emmeans” (Lenth
2019) and “lmtest” (Zeileis and Hothorn 2002).

In addition, we repeated the analyses while constructing
site-by-species matrices using incidence (= presence/absence)
rather than prevalence of helminths. These analyses provided
similar results, and we report here only the results of analyses
of the prevalence site-by-species matrices.

Results

The two axes produced by principal component analyses of
environmental variables explained 89.56% and 88.77% of
variation across sampling sites for R. dilectus and
R. pumilio, respectively. For R. dilectus, E1 correlated nega-
tively with altitude and positively with minimal air
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temperature, winter precipitation, and spring and winter
NDVI, whereas E2 correlated negatively with mean air tem-
peratures and positively with summer precipitation (see details
in Supplementary Material, Table S1). For R. pumilio, E1
represented mainly an increase in precipitation (in all seasons)
and summer and autumn NDVI and a decrease in maximal air
temperature, whereas E2 represented an increase in minimal
air temperature and a decrease in altitude (see details in
Supplementary Material, Table S1).

Total beta diversity of helminth assemblages was 0.72 in
R. dilectus and 0.62 in R. pumilio. Contribution of helminth
species to total beta diversity ranged from 0.001 to 0.17 in
R. dilectus and from 0.002 to 0.19 in R. pumilio being, on
average, 0.038 and 0.062, respectively. Contribution of ap-
proximately 40% of helminths harbored by R. dilectus (10
of 26 species) and 50% of helminths harbored by R. pumilio
(eight of 16 species) to beta diversity was greater than average.
Results of beta-regressions analyses showed that contribution
of helminth species parasitic in both hosts to beta diversity
significantly increased with characteristic prevalence of these
species (Table 1, Fig. 1), whereas mean abundance, type of
life cycle, and location in the host’s gut had no effect on
SCBD.

Site contributions to beta diversity ranged from 0.07 to
0.18 and from 0.05 to 0.19 in helminth assemblages of
R. dilectus and R. pumilio, respectively. Above-average
(0.12 and 0.10, respectively) contribution to beta diversity
was found in four of 10 assemblages of both hosts. LCBD
of helminth assemblages was significantly negatively corre-
lated with both environmental factors in both R. dilectus and
E1 in R. pumilio (Table 2, see illustrative example with E1 in
Fig. 2). No effect of density of Rhabdomys spp. or total rodent
species richness in a site on LCBD was found (Table 2). In
R. dilectus, LCBD of helminth assemblage did not depend on

the biome in which this assemblage resided. On the contrary,
helminth assemblages ofR. pumilio inhabiting fynbos contrib-
uted significantly less to total beta diversity than assemblages
from the Succulent and Nama Karoo (Tukey’s HSD tests,
p < 0.001; Fig. 3).

Significant and negative associations between LCBD of
local helminth assemblages of R. dilectus and R. pumilio and
spatial variables were found for PCNMs 2 and 1, respectively
(Table 2). Distribution of PCNMs and their values together
with values of LCBD is presented in Fig. 4.

Discussion

Contrary to our expectation, total beta diversity, variation in
both SCBD and LCBD of helminths and their associations
with species traits and environmental, host-associated and
spatial variables were similar between the two rodent species.
Furthermore, we found a positive association between hel-
minth species prevalence and its SCBD, whereas LCBD of a
component helminth community was mainly driven by envi-
ronmental, but not host-associated factors and demonstrated
spatial structure at broad scale.

Positive association between prevalence and SCBD means
that highly (on average) prevalent helminths tended to con-
tribute more to total beta diversity than less prevalent hel-
minths. Species with high mean prevalence also demonstrated
high occupancy in terms of sampling sites in which they were
recorded (correlation between mean prevalence and propor-
tion of sites where a given species was found was 0.67 and
0.76 for helminths of R. dilectus and R. pumilio, respectively).
Positive (either curvilinear or linear) relationship between site
occupancy and SCBD has also been found for stream insects
by Heino and Grönroos (2017). They argue that this

Table 1 Summary of beta-regression analyses of the effect of continu-
ous (prevalence and mean abundance) and categorical (life cycle and
location in host’s gut) traits of helminth species harbored by R. dilectus
(RD) and R. pumilio (RP) on their contributions to beta diversity (SCBD).

Variable “life cycle” was represented by two categories (direct (D) and
indirect (I)) and variable “location in host’s gut” by three categories for
R. dilectus (stomach (ST), small intestine (SI), and cecum/colon (CC))
and two categories (SI and CC) for R. pumilio. *p < 0.01

Host Predictor Estimate ± SE z Pseudo-r2 of a model

RD Prevalence 0.05 ± 0.001* 3.20*

Mean abundance 0.01 ± 0.02 0.49

0.32

Life cycle (D) 0.13 ± 0.32 0.39 0.006

Location in the gut (SI/ST) 0.74 ± 0.49/0.43 ± 0.53 1.51/1.81 0.30

RP Prevalence 0.05 ± 0.02* 2.87*

Mean abundance − 0.002 ± 0.003 − 0.73
0.35

Life cycle (D) 0.54 ± 0.42 1.26 0.07

Location in the gut (SI) 0.20 ± 0.55 0.35 0.008
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relationship may arise from a positive relationship between
abundance and occupancy, so that species showing high
occupancy are also characterized by high local abundance
and a large variation in abundance across sites which, in
turn, results in high SCBD values. Vilmi et al. (2017) reported
similar results for diatom communities, emphasizing the im-
portance of common species for beta diversity (see also
Krasnov et al. 2018 for fleas). Nevertheless, mean abundance
of a helminth species was not associated with SCBD despite a
positive relationship between prevalence andmean abundance
(r = 0.80 and r = 0.76 for R. dilectus and R. pumilio,
respectively; see also Morand and Guégan 2000). Moreover,
examination of the distribution of data points in Fig. 1 sug-
gests that highly prevalent helminths generally demonstrated
high SCBD, while SCBD of less prevalent helminths varied
from low to high. Life histories of the majority of helminth
species are unknown, so it is difficult to provide more detailed
explanations.

Neither the type of life cycle nor pattern of host exploita-
tion was found to affect SCBD. This can be explained by the
fact that a given life cycle (direct or indirect) or the preferable
microhabitat inside the host’s gut is shared by multiple

helminth species with either high or low SCBD. Although
the helminth species with the highest SCBD in both
R. dilectus and R. pumilio was a nematode with a direct life
cycle (Neoheligmonella capensis and Heligmonina spira, re-
spectively), helminth species with lower SCBD in both hosts
were those with direct and indirect life cycles. Regarding pre-
ferred within-host microhabitat, small intestine and stomach
in R. dilectus and small intestine and cecum/colon in
R. pumilio were infected by helminths with either higher or
lower SCBD.

LCBD of helminth assemblages appeared to be determined
mainly by environmental factors, whereas density of the hosts
or diversity of host communities did not have any effect.
Significant relationships between LCBD and environmental
variables were previously found in studies of LCBD for com-
munities of free-living species (Heino and Grönroos 2017;
Vilmi et al. 2017; da Silva et al. 2018; Landeiro et al. 2018)
and parasites (Poisot et al. 2017; but see Krasnov et al. 2018).
In general, higher LCBD of helminth assemblages were asso-
ciated with sites situated at higher altitude, higher maximal but
lower mean andminimal air temperatures, lower precipitation,
and smaller amount of green vegetation. These environmental

Fig. 1 Relationships between the
contribution to total beta diversity
of helminth species (SCBD) har-
bored by R. dilectus (a) and
R. pumilio (b) and their charac-
teristic prevalence
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factors unlikely affect adult helminths residing in a host’s gut
but undoubtedly can influence free-living infective stages
(e.g., eggs and/or larvae) as well as intermediate hosts of spe-
cies with indirect life cycles. In particular, free-living infective
stages of directly transmitted nematodes are susceptible to
desiccation (Stromberg 1997) and as a result the occurrence
and distribution of these nematodes have been associated with
environmental conditions such as precipitation (Froeschke
et al. 2010), relative humidity (Dybing et al. 2013), and veg-
etation cover (Dybing et al. 2013). For example, the environ-
mental factors that influence the occurrence of helminth spe-
cies in red foxes (Vulpes vulpes) varied within taxonomic
groups (e.g., nematodes) with the percentage of native vege-
tation cover being the most important for Toxocara canis,
while Toxascaris leonina was affected mainly by average hu-
midity (Dybing et al. 2013). In addition, a comparative habitat
type study on rodents (Mastomys natalensis and Mastomys
erythroleucus) in Senegal, recorded distinctly different habitat
types for the two most abundant and prevalent nematodes
(Neoheligmonella sp. and Trichuris sp.). A significantly
higher prevalence was recorded for Neoheligmonella sp. in

high-cover natural savanna vegetation compared to low-
cover rural villages, while the opposite was true for
Trichuris sp. (Brouat et al. 2007). Vegetation cover and type
also influence the distribution of arthropods, which often act
as intermediate hosts (Procheş and Cowling 2007; Botha et al.
2016), and this would explain the importance of vegetation
related variables in the distribution of helminths with indirect
life cycles (Torre et al. 2013). Moreover, eggs, infective larval
stages or intermediate hosts of different helminth species may
tolerate environmental conditions differently.

Species-specific variation in environmental tolerance
ranges may explain why helminth assemblages in R. pumilio
in Karoo-like vegetation contributed more to LCBD com-
pared to assemblages in Fynbos. Environmental conditions
associated with the Succulent and Nama Karoo are character-
ized by lower annual rainfall (224.2 mm and 267.8 mm, re-
spectively) than Fynbos (505.5 mm). In addition, vegetation
cover is also generally sparser in the former two compared to
the latter (Cramer and Hoffman 2015). These environmental
conditions may not be suitable for many helminth species,
especially those with free-living stages. Those species that

Table 2 Summary of beta-regression analyses of the effect of environ-
mental variables [continuous—model E, categorical (biome)—model B],
host-associated variables (model H), and spatial variables (model SP) on
contributions of helminth assemblages harbored by R. dilectus (RD) and
R. pumilio (RP) to beta diversity (LCBD). Environmental variables were
the first two principal components (E1 and E2; see text for explanations).
Host-associated variables were density of a Rhabdomys species (DR) and

total rodent species richness (RSR). Spatial variables were represented by
positive eigenvectors (PCNMs) calculated from distances between re-
gions (see text for explanations). Variable “biome” was represented by
three categories for R. dilectus (Grassland (GL), Savanna (SV), Albany
Thicket (AT)) or R. pumilio (Succulent Karoo (SK), Nama Karoo (NK),
Fynbos (F)). *p < 0.01

Host Model Predictor Estimate ± SE z Pseudo-r2 of a model

RD E E1 − 0.23 ± 0.08* − 2.92*
E2 − 0.15 ± 0.07 − 2.14*

0.61

H DR 0.04 ± 0.14 0.30

RSR 0.04 ± 0.09 0.48

0.03

SP PCNM1 0.25 ± 0.21 1.16

PCNM2 − 0.80 ± 0.20* − 4.07*
PCNM7 0.13 ± 0.18 0.46

0.66

Biome (GL/SV) − 0.14 ± 0.25/0.20 ± 0.26 − 0.58/077
RP E E1 − 0.40 ± 0.13* − 3.13*

E2 − 0.17 ± 0.12 − 1.32
0.61

H DR − 0.08 ± 0.10 − 0.82
RSR 0.01 ± 0.10 0.10

0.08

SP PCNM1 − 1.27 ± 0.30* − 4.18*
PCNM2 0.20 ± 0.26 0.77

PCNM6 0.05 ± 0.37 0.14

0.67

Biome (NK/SK) 1.26 ± 0.16*/0.94 ± 0.12* 7.77*/7.64* 0.008
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are able to survive in harsher conditions are likely more spe-
cialized (e.g., prefer specific environmentally adapted inter-
mediate hosts) and are adapted to extreme climates. In the
present study, four of the six helminth species that occur in
the north-eastern Karoo-like assemblages are cestodes with
indirect life cycles (Raillietina trapezoides, Meggittina baeri,
Skr jab ino taen ia occ iden ta l i s , and an unknown
Skrjabinotaenia sp.) and the remaining two species were nem-
atodes that may be self-transmitted through coprophagy and/

or grooming (Syphacia sp. and Aspiculuris shikoloueta).
Other species such as R. trapezoides seem to persist in a dry
and arid environment and are harbored by multiple desert
adapted rodent hosts (Faleh et al. 2012). Excepting Syphacia
sp., A. shikoloueta, and R. trapezoides, the abovementioned
helminths were absent from the Fynbos assemblages. The
absence of a significant effect of a biome on LCBD in
R. dilectus may be due to more similar environmental condi-
tions in the three occupied biomes (Grassland, Savanna, and
Albany Thicket) as evident in their mean annual rainfall
(619.1, 626.3, and 812.2 mm, respectively) and overall high
vegetation cover (Cramer and Hoffman 2015).

In addition, environmental factors may affect helminth com-
munities via their effect on host individuals or populations. For
example, food availability that undoubtedly differs under differ-
ent environmental conditions may affect the immunity of the
hosts (Vestey et al. 1993; Krasnov et al. 2005). Variation in food
availability may also lead to among-site variation in rodent mo-
bility and home range size (Schradin and Pillay 2006) which, in
turn, may cause among-site differences in spatial distribution of
helminth eggs and/or larvae and, consequently, to higher or
lower LCBD. As mentioned above, we did not find any effect
of host density or species richness of host community on LCBD
of helminth assemblages. One of the reasons for this can be

Fig. 2 Relationship between the
contribution of local helminth
assemblages of R. dilectus (a) and
R. pumilio (b) to total beta
diversity (LCBD) and the first
principal component of environ-
mental variables (environmental
factor 1)

Fig. 3 Mean contributions of local helminth assemblages harbored by
R. pumilio and situated in different biomes to total beta diversity
(LCBD). Letters denote significant differences
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Fig. 4 Map of values of the PCNM variables (squares) and LCBD (circles) of helminth assemblages of R. dilectus (a, PCNM2) and R. pumilio (b,
PCNM1). Sizes of squares and circles are proportional to values. Black squares—positive values of PCNM, white squares—negative values of PCNM
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strong effects of environmental factors that might mask host-
associated effects. Nevertheless, some host-associated factors
can affect helminth diversity. For example, alpha diversity of
helminth infracommunities (i.e., in an individual host) in
Rhabdomys spp. has been shown to be affected by host repro-
ductive status (slightly higher in reproducing animals) but not
host sex (Spickett et al. 2017b). The effect of host-associated
factors on beta diversity is less clear, although some indirect
evidence suggested that spatial variation in helminth species
composition could, to some extent, be driven by host spatial
behavior (Spickett et al. 2017a).

Earlier studies on the contribution of ectoparasite assem-
blages to beta diversity produced contrasting results. Poisot
et al. (2017) found that LCBD of flea assemblages were mainly
affected by environmental factors, whereas Krasnov et al.
(2018) showed that the effect of host species composition on
flea LCBD was much stronger than that of the environment.
Substantial difference in analytical approach could be the main
reason behind this discrepancy (see discussion in Krasnov et al.
2018). Contrary to Poisot et al. (2017) and Krasnov et al. (2018)
that considered the entire pool of parasites exploiting the entire
pool of hosts in a region, here we focused on parasite assem-
blages of the same host species (= component communities).
Consequently, the effect of the surrounding host community on
LCBD of component parasite communities could be much
weaker (if any) than in the case of compound communities.

Spatial patterns in LCBD can be, at least partly, explained by
spatial structure of environmental gradients. For example, ex-
amination of Fig. 4a allows one to envisage a west-east and a
north-south gradient of LCBD for helminth communities of
R. dilectus with predominantly north-western assemblages con-
tributing more than predominantly south-eastern assemblages to
beta diversity. This suggests that, for example, north-western
helminth assemblages comprised of species either absent from,
or less prevalent in other assemblages. For example,
Heligmonina boomkeri was recorded in the northern and
north-eastern populations (Gauteng and KwaZulu-Natal
(Grassland vegetation)) but was absent from the south-eastern
populations of R. dilectus (Albany Thicket vegetation).
Similarly, Fig. 4b illustrates a north-south gradient of LCBD
for helminth assemblages of R. pumilio with generally higher
LCBD ofmore northern assemblages (except for an easternmost
outlier). This may result from species assemblages from north-
ern populations that are relatively more unique than those of
southern populations. For example, H. spira and N. capensis
were never recorded in helminth assemblages of northern
(Karoo-like vegetation) populations, but both were highly prev-
alent in almost all southern populations (Fynbos vegetation).
Moreover, the gradient of LCBD seems to be more pronounced
for helminth communities of R. pumilio than for R. dilectus,
likely due to a sharp north-south increase of precipitation (from
17 mm/year in the north to 73.58 mm/year in the south for
R. pumilio vs 59.94 mm/year in the north to 65.06 mm/year in

the south for R. dilectus) and NDVI (from 0.25 in the north to
0.54 in the south forR. pumilio vs 0.44 in the north to 0.65 in the
south for R. dilectus) throughout most of the distribution of the
former than the latter host (see also Cramer and Hoffman 2015).

In conclusion, SCBD of a helminth species could be predict-
ed from its infection parameters, but not from life history traits.
Counterintuitively, LCBD of an assemblage of intestinal hel-
minths could be predicted from the climatic conditions and veg-
etation of the surrounding environment. Comparison of our re-
sults to that of a similar study on ectoparasites (Krasnov et al.
2018) suggests that predictors of variation in SCBD and LCBD
may substantially differ between parasites of different life histo-
ry and/or parasite communities at different hierarchical scales.
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