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Abstract
Despite the extensive information on the effects of habitat alteration on the structure of helminth communities in small 
mammals, the evidence is still inconclusive. A systematic review was carried out using the PRISMA (Preferred Reporting 
Items for Systematic Review and Meta-Analysis) guideline to compile and synthesize available literature on the influence 
of habitat alteration on the structure of helminth communities in small mammals. The aim of this review was to describe the 
variation in infection rates of helminth species associated with habitat alteration and to discuss the theoretical framework that 
may explain such changes in relation to parasite, host, and environmental features. Twenty-three scientific articles published 
between 2005 and 2022 were reviewed, 22 of which investigated parasite prevalence, 10 parasite burden, and 14 parasite 
richness in both altered and natural habitats. Information in assessed articles suggests that the structure of helminth communi-
ties in small mammals can be impacted by anthropogenic habitat alteration in various ways. Infection rates of monoxenous 
and heteroxenous helminths may increase or decrease in small mammals depending on whether their hosts (definitive and 
intermediate) are available, and environmental and host conditions modify the survival and transmission of parasitic forms. 
Also, given that habitat alteration may favor inter-species contacts, transmission rates of low host-specific helminths could be 
increased due to exposure to new reservoir hosts. In a continually changing world, it is essential to assess the spatio-temporal 
variations of helminth communities in wildlife inhabiting altered and natural habitats to determine potential impacts on 
wildlife conservation and public health.
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Introduction

Human-induced alteration on natural environments is 
transforming landscapes across the earth and modifying 
balancing ecological processes, which can subsequently 
result in variation of host-parasite interactions (Patz et al. 
2004). Globally, rapid land use changes due to expanding 

agriculture, natural resource extraction, and urbanization 
are leading to modifications of natural habitats which have 
impacts on biodiversity (Jones et al. 2008; Suzán et al. 2012; 
Haddad et al. 2015). From this perspective, two processes 
can be regarded as human-created habitat alteration such 
as fragmentation and degradation. Fragmentation is defined 
as the discontinuity in the spatial distribution of resources 
available in a given area (Franklin et al. 2002). Degradation, 
in counterpart, is the gradual deterioration of the habitat 
quality (Mortelliti et al. 2010) that could lead to habitat loss 
(i.e., non-habitat) for a given animal species (Lindenmayer 
and Fischer 2006). Fragmentation and degradation can act 
independently or simultaneously in landscapes negatively 
affecting free-living species (Lindenmayer and Fischer 
2006; Mortelliti et al. 2010; Irwin 2016). In particular, it 
has been proven that species density and richness are often 
modified in human-induced altered habitats causing signifi-
cant disruptions in trophic relationships within ecosystems 
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(Patz et al. 2000; Haddad et al. 2015). Also, the creation 
and expansion of habitat edges can facilitate wildlife to be 
in contact with both domestic animals and humans, thus 
increasing cross-species transmission risks of parasites 
(Holmes 1996; Cleaveland et al. 2007). These changes in 
host-parasite interactions in altered environments can subse-
quently result in variations of parasite assemblages and host 
ranges, higher pathogenicity, and the emergence of previ-
ously unrecognized infectious agents (Holmes 1996; Daszak 
et al. 2000; Patz et al. 2004; Suzán et al. 2012).

Parasitic helminths, including Platyhelminthes (class 
Cestoda and Trematoda), Nematoda, and Acanthoceph-
ala, are manifold in nature with approximately 75,000 to 
300,000 extant species that use vertebrates as hosts (Dob-
son et al. 2008). Helminths display distinct mechanisms of 
development and transmission that make them of interest 
in the context of human-induced habitat alteration. Unlike 

microparasites (e.g., bacteria and viruses), helminths exhibit 
long generation times with persistent infections, in which 
hosts can continually be re-infected (Anderson and May 
1991). Transmission of monoxenous helminths such as 
some nematodes (i.e., ageohelminths, pseudohelminths, 
and geohelminths) (see Table 1) is host density-dependent, 
involving life cycles in a single host species (Bush et al. 
1997; Taylor et al. 2016; Sáez-Durán et al. 2021). The devel-
opmental stages of monoxenous helminths require suitable 
abiotic conditions to remain viable with exception of ageo-
helminths which can be directly infective to hosts since their 
eggs embryonate in a short time (< 4 h) (e.g., Oxyurida) 
(Taylor et al. 2016; Sáez-Durán et al. 2021). In contrast, 
transmission of heteroxenous helminths with complex life 
cycles (e.g., Cestoda, Trematoda, Acanthocephala, and some 
Nematoda) is conditioned to the availability of compat-
ible intermediate and definitive hosts, and their free-living 

Table 1   Classification of helminths described in 23 reviewed articles following the Sáez-Durán et al. (2021) criteria.

a Release embryonated and directly infected eggs or that embryonate in a short period of less than 4 h
b Release non-embryonated eggs that require development period in the environment (≈ 2–3 weeks depending on the climate) to embryonate and 
become infective
c Display a free-living larval stage in the environment

Monoxenous Heteroxenous

Nematoda Trematoda Cestoda Nematoda Acanthocephala

Ageohelmintha Pseudogeohelminthb Geohelminthc

Aspiculuris 
tetraptera

Ascaris sp. Heligmonina spira Brachylaima spp. Catenotaenia sp. Capillaria sp. Moniliformis sp.

Callistoura sp. Heterakis spp. Heligmonoides 
speciosus

Brachylaima 
asakawai

Catenotaeniidae 
Gen. spp.

Eucoleus bacillatus

Colobenterobius 
sp.

Heterakis spumosa Heligmosomoides 
kurilensis

Controrchis bili-
ophilus

Gallegoides arfaai Labiobulura spp.

Enterobius sp. Toxascaris spp. Heligmosomoides 
polygyrus

Dicrocoelium spp. Hymenolepis sp. Linstowinema spp.

Heteromoxyuris 
sp.

Toxocara spp. Neoheligmonella 
capensis

Metagonimus sp. Hymenolepis 
straminea

Mastophorus  
dipodomis

Lemuricola sp. Trichuris sp. Oesophagostomum 
sp.

Opisthorchis sp. Mesocestoides spp. 
larvae

Mastophorus muris

Opisthorchis sp. Trichuris muris Strongylida Microsomacanthus 
sp.

Parabronema sp.

Oxyuridae Strongyloides sp. Potorolepis spp. Physaloptera sp.
Syphacia sp. Strongyloides 

fulleboni
Pseudocatenotaenia 

matovi
Pterygodermatites 

dipodomis
Syphacia agraria Strongyloides 

stercoralis
Skrjabinotaenia 

lobata
Spirurida

Syphacia emiler-
omani

Rhabditida Taenia martis larvae Streptopharagus sp.

Syphacia frederici Trichostrongylus sp. Taenia parva larvae Subulura sp.
Syphacia stroma Trichostrongylus 

probulurus
Trypanoxyuris sp.
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developmental stages depend on appropriate environmental 
conditions (Anderson and May 1991; Taylor et al. 2016).

The helminth component community involves the assem-
blage of parasite individuals of all species within a host 
population (Holmes 1987; Bush et al. 1997; Poulin 2001). 
In this regard, patterns of the structure of the helminth com-
munities in wildlife populations are the result of complex 
processes of adaptation and coevolution, and transmission 
dynamics can be shaped by several determinants such as 
host (e.g., behavior, body condition, genetics, diet), parasite 
(e.g., life cycle, transmission routes, parasite genetics), and 
environmental conditions (e.g., habitat quality and abiotic 
conditions) (Poulin and Morand 2000; Tompkins et al. 2002; 
Wilson et al. 2002; Nunn et al. 2003). At population level, 
helminths have been proven to regulate host populations in 
a cyclical manner by producing mortality and reproduction 
decline (Hudson et al. 1998; Tompkins et al. 2002; Wilson 
et al. 2002). This is the reason why adapted and coevolved 
helminths are considered to provide essential ecological ser-
vices related to the stability of populations (Dobson et al. 
2008; Gómez and Nichols 2013). However, the variation of 
helminth communities in wildlife populations due to anthro-
pogenic habitat alteration has been identified as an impor-
tant driver for species extinctions when combined with other 
pathogens (e.g., bacteria and viruses) or with environmental 
stressors (Pedersen et al. 2007). Indeed, parasites showing 
host frequency-dependent transmission (e.g., parasite with 
complex life cycles) are of concern to endangered species 
since individuals can continually be re-infected even as pop-
ulations decrease (Pedersen et al. 2007). As isolated wildlife 
populations tend to harbor helminth communities dominated 
by coevolved parasite species that are highly host-specific 
(Holmes 1987; Poulin 2001), the establishment of exotic 
low host-specific helminths on native populations due to 
cross-species transmission may have adverse implications on 
the health of living organisms since parasites may become 
more virulent and pathogenic given their increased range 
size (Gillespie and Chapman 2008; Loiseau et al. 2012).

The understanding of the effect of anthropogenic habi-
tat alteration on the structure of helminth communities in 
wildlife is still unclear. In a recent meta-analysis on the vari-
ation of infection rates of helminths and microparasites in 
wildlife in urban and natural habitats, it was stated that only 
carnivores and primates living in urban settings exhibited 
reduced transmission rates for parasites with complex life 
cycles, and no effect was found in rodents and marsupial 
hosts, or for monoxenous parasites (Werner and Nunn 2020). 
Considering that helminths show diverse host and environ-
mental requirements for their development and transmis-
sion in animal populations, human-induced habitat alteration 
may have either promoting or deleterious effects on infection 
rates (e.g., prevalence, abundance, and richness) in accord-
ance with their specific life cycle including monoxenous 

(i.e., ageohelminths, pseudohelminths, and geohelminths) 
and heteroxenous (i.e., complex) species. Therefore, this 
systematic review aimed at compiling and summarizing the 
available peer-reviewed literature on the effects of habitat 
alteration on the structure of helminth communities in small 
mammals and discuss the evidence and theoretical frame-
work on the development and transmission of monoxenous 
and heteroxenous helminths in human-induced altered habi-
tats. In this systematic review, the following question were 
addressed: (i) what are the effects of habitat alteration on 
the infection rates (e.g., prevalence, abundance, richness) 
of monoxenous and heteroxenous helminths in small-mam-
mals? (ii) What are the environmental and host conditions 
that influence variations in infections rates of helminths in 
small mammal populations in altered habitats? (iii) Are low 
host-specific helminth species more frequent and abundant 
than those highly host-specific in small mammal populations 
in altered habitats?

Methodology

Search strategy

Systematic search was carried out following the PRISMA 
(Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses) declaration guidelines (http://​www.​prisma-​
state​ment.​org/) (Dea et al. 2021). Relevant scientific docu-
ments were initially collected by using the online databases 
Web of Science Core Collection (https://​www.​webof​scien​ce.​
com; 14 November 2021), Google Scholar Database (https://​
schol​ar.​google.​cl/; 21 November 2021), and PubMed Central 
(PMC) (https://​www.​ncbi.​nlm.​nih.​gov/​pmc/​advan​ced; 21 
November 2021). The literature was searched using the fol-
lowing search query: “parasite” OR “helminths” AND “hab-
itat” AND “degraded” AND “natural” AND “fragmented” 
AND “mammals.” In addition, a second search was carried 
out to collect any other studies using the PubMed Central 
and PubMed databases (https://​pubmed.​ncbi.​nlm.​nih.​gov/; 
11 February 2022), in which the search terms included 
“parasite” AND “helminth” AND “rodents” AND “habitat” 
AND “fragmentation” AND “natural.” The reference lists of 
peer-reviewed studies were also checked, and relevant papers 
were included into the database. Also, certain benchmark 
studies that were not retrieved by the systematic searches 
were included for further assessment. Information of all 
retrieved literature was included into a database (Electronic 
Supplementary Material ESM1: Database 1).

Study selection

Titles, abstracts, and/or full text were evaluated to determine 
whether the studies collected by the systematic search were 
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relevant to the review questions. Studies were selected using 
the following inclusion criteria: (a) studies published before 
11 February 2022; (b) studies that investigate helminths; (c) 
reports of parasites in small mammals as definitive hosts, 
including only those which overall weight was less than 
5 kg, as indicated by Merritt (2010); (d) studies that compare 
parasite infection rates in both natural and altered habitats. 
In this regard, altered type habitats were considered those 
anthropogenically disturbed and fragmented areas, while 
natural habitats consisted of those areas with larger, con-
tinuous, native, and/or protected habitats. Such categories 
were explicitly identified from descriptions in each paper. 
(e) Studies only in peer-reviewed journals; (f) studies were 
restricted to English language.

Pertinent studies from references (n = 60) and other 
sources (n = 9) were also selected for revision if they comply 
with the inclusion criteria. When necessary, appendices and 
supplementary materials were also inspected.

Data extraction and synthesis

For each identified study, data were extracted and com-
piled into a summary table (ESM2: Table 1). Extracted 
data included (a) information about year of publication; 
(b) reference (i.e., authors, year, tittle of journal, volume, 
issue, pages); (c) location of the study; (d) host species in 
the Latin binomial (i.e., scientific name); (e) host order; 
(f) helminth species in the Latin binomial (i.e., scientific 
name); (g) sample size; (h) risk factors (e.g., habitat type, 
host body condition, among others); (i) infection rates as 
response variables to address the risk factors (i.e., preva-
lence, parasite burden (mean intensity and mean abundance), 
mean parasite richness, and diversity indexes), which were 
interpreted according to Bush et al. (1997). In this context, 
prevalence is the number of individuals of a host species 
infected with a specific parasite type divided by the num-
ber of hosts examined. The mean intensity corresponds to 
the sum of parasitic forms of each parasite type divided by 
the number of hosts infected with such parasites. The mean 
abundance is the total number of each parasite divided by the 
number of total analyzed hosts. The mean parasite richness 
is the average number of simultaneously present helminth 
type in individual hosts. Diversity indexes are estimates of 
the diversity of species within a community (e.g., Shannon’s 
diversity index); (j) methods used to evaluate helminth infec-
tions; and (k) brief explanation of findings of each study.

Also, when information was available in studies, 
data about the number of individuals infected with a 
parasite species and the total sample size in each habi-
tat type (i.e., altered and natural) were extracted in an 
additional database (ESM3: Database N. 3). In this 
regard, in reports of multiple altered habitats and/or 

along a gradient of alteration, extracted data consisted 
of those sites with the highest degree of environmental 
alteration (i.e., fragmentation or degradation) explic-
itly detailed in each paper. Zero (0) was included as a 
result whether a parasite species was searched but it 
was not found in a population. Additionally, the life 
cycle of each parasite species was added into the data-
base following the classification proposed by Sáez-
Durán et al. (2021) for monoxenous (i.e., nematodes: 
ageohelminths, pseudogeohelminths, geohelminths) 
and heteroxenous species (see Table 1) and based on 
available literature (Taylor et al. 2016).

Numbers of selected studies per country were dis-
played in a map by using the Microsoft Excel® software 
with the Geographic Heat Map add-in tool. For data visu-
alization regarding parasite prevalence, forest plots were 
used to display the odds ratio of parasite species infecting 
small mammals in altered and natural habitats according 
to the type of parasite life cycles. In each forest plot, the 
95% confidence interval (CI) and the expected heteroge-
neity (i.e., I2 and Cochrane’s Q test (significance level 
of p < 0.1)) were included, in which the size of squares 
showed the weight of every study finding and the crossed 
lines indicated the CI. The “meta” package (Schwarzer 
2007) was used for forest plot elaboration in the soft-
ware R (R Foundation for Statistical Computing, Vienna, 
Austria) (R Development CoreTeam 2011) and RStudio 
(Integrated Development for RStudio, Inc.) (RStudio 
Team 2022).

Results

PRISMA‑guided study selection

A total of 1658 papers were recovered from the final search 
(ESM1: Database 1), 23 of which were retained following the 
PRISMA-guided study selection (Fig. 1). Briefly, 36 dupli-
cate papers and 86 non-peer-reviewed articles (i.e., poster 
abstracts, conference abstracts, book chapters) and reviews 
were omitted. After reading the abstracts of the remaining 
papers, 1430 were removed because they did not directly 
involve either helminths, mammals, or habitat alteration. Sub-
sequently, full-text revision was performed in 106 articles, 
of which 83 were removed because they did not investigate 
habitat fragmentation/degradation (43), natural habitat com-
parison (23), helminths (11), or small mammals (6).

Information on quantitative data of prevalence of hel-
minth species in small mammals in altered and natural 
areas was available in 14 studies (ESM 3: Quantitative 
extracted data).

1056 Parasitology Research (2023) 122:1053–1070



1 3

General trend in literature

Trends in the literature were inspected in 23 papers which 
evaluated helminth infections in small mammals under 
altered and natural environmental conditions. Studies were 
carried out between the years 2005 and 2022, with most 
of them (n = 5, 22%) published in 2021. Studies were con-
ducted in 16 different countries and were geographically 
biased with 43% (n = 10) of the reports describing the effects 
of habitat alteration in small mammals in Africa (Fig. 2). 
The orders of small mammals examined in selected studies 
belonged to Primata Linnaeus 1758 (57%; n = 13), Rodentia 
Bowdich 1821 (43%; n = 10), Peramelemorphia Kirsch 1968 
(4%; n = 1), and Didelphimorphia Gill 1872 (4%; n = 1). In 

this regard, two studies examined two mammalian orders 
simultaneously. Twenty-one studies (91%) aimed at investi-
gating the structure of helminth communities, identifying at 
least 4 different helminth taxa, and in counterpart, two stud-
ies (9%) examined specific helminth species. The median 
sample size (i.e., number of mammalian host species) in 
altered and natural habitats was 158 (min = 1, max = 1167) 
in 20 studies that evaluated individual host. Parasitism in 
pooled fecal samples of groups of individuals was assessed 
in three studies (Gillespie and Chapman 2006, 2008; Trejo-
Macías et al. 2007).

In identified manuscripts, several metrics were con-
sidered to evaluate the influence of habitat alteration on 
the structure of helminth communities in small mammals. 

Fig. 1   PRISMA flow diagram 
of the study selection process
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Prevalence of helminth infection was assessed in 22 stud-
ies (96%). Helminth parasite burden (i.e., abundance or 
intensity) was estimated in 10 studies (43%), and helminth 
species richness was evaluated in 13 studies (59%). Diver-
sity indexes (i.e., Shannon’s diversity index (H′) (n = 3; 
Trejo-Macías et al. 2007, Anders et al. 2019, Sáez-Durán 
et al. 2021); Simpson index (D), Berger–Parker index (d), 
Shannon evenness (E) (n = 1; Sáez-Durán et al. 2021); and 
Whittaker index (n = 1; Costa et al. 2019)) were assessed 
only in four studies (17%). Additional metrics included 
multiple infection estimates (n = 1) (Rakotoniaina et al. 
2016) and infection risk assessment (i.e., availability of 
parasitic infective stages from the environment) (n = 2) 
(Gillespie et al. 2005; Gillespie and Chapman 2008).

Explanatory variables of identified studies comprised 
habitat features (e.g., habitat type, distance to forest edge, 
stump density), host characteristics (e.g., sex, body condi-
tion, host species, host density), and temporary variation 
such as seasonality (see ESM2: Table 1).

Methods of recovering and identification of helminths 
species in reviewed studies consisted of mainly copro-
logical examination by microscopy such as conventional 
and modified flotation and sedimentation methods (77%; 
n = 17), or purpose or opportunistic necropsies (26%; 
n = 6). Four studies (17%) validated their coprological 
findings by opportunistic necropsies and fecal cultures 
(Gillespie et al. 2005; Gillespie and Chapman 2006, 2008), 
or with molecular methods in targeted helminth species 
(Kiene et al. 2021).

Research questions

Variations in infection rates in helminth communities 
in small mammals living in altered and natural habitats

Parasite prevalence  Of 22 articles that assessed prevalence, 
nine studies (39%) concluded that the presence of a given 
helminth infection significantly increased in small mammals 
living in altered (degraded or fragmented) habitats compared 
to that in more natural areas (Gillespie et al. 2005; Gillespie 
and Chapman 2006, 2008; Trejo-Macías et al. 2007; Mbora 
et al. 2009; Hillman et al. 2017; Costa et al. 2019; de Winter 
et al. 2020; Fernando et al. 2022). In such studies, helminths 
with significant increase in prevalence involved monoxenous 
nematodes such as Strongyloides fuelleborni Blackie 1932, 
Stilestrongylus freitasi Durette-Desset 1968, Trichuris sp., 
Oesophagostomum sp., Lemuricola sp., Tripanoxyuris sp., 
Strongylida, and Rhabditida and certain heteroxenous spe-
cies, including Physaloptera sp., Linstowinema sp., and 
Trematoda. On the other hand, one study (4%) reported a 
significant decrease in prevalence for some helminth taxa 
in small mammals inhabiting more altered settings, and 
helminth species comprised monoxenous nematodes (i.e., 
Trichuris sp., Strongyloides sp.) (Barelli et al. 2020). In addi-
tion, seven studies (30%) displayed varied results of helminth 
infections in small mammals inhabiting altered habitats, in 
which prevalence rates of some species increased while 
others decreased, showing no patterns regarding parasite 

Fig. 2   Geographic distribution of the 23 reviewed publications
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species life cycles and the effect of habitat alteration (Wells 
et al. 2007; Froeschke and Matthee 2014; Rakotoniaina et al. 
2016; Helenbrook et al. 2017; Anders et al. 2019; Kiene 
et al. 2021; Sáez-Durán et al. 2021). Five reports (22%) did 
not found any correlation between infection prevalence and 
habitat quality (Martínez-Mota et al. 2018; Cardoso et al. 
2019; Barelli et al. 2021; Hurtado et al. 2021; Riquelme 
et al. 2021). Odds ratios of the infection risk per helminth 
species in small mammals in altered and non-altered are 
shown in Figs. 3, 4, 5, and 6, in accordance with types of 
life cycles, based on data retrieved from identified studies. 
In these plots, it can be observed that there are no explicit 
patterns in prevalence rates of helminths species regarding 
the type of life cycle and the habitat quality in small mam-
mals. Substantial heterogeneity among studies was observed 
in studies in all plots, in which the I2 ranged from 51 to 77%, 
chi2 test (p < 0.001).

Parasite burden  Of 10 studies that assessed parasite burden, 
five studies (n = 50%) reported a significant increase in bur-
den of helminths in small mammals living in most altered 
habitats compared with those in natural habitats (Froeschke 
and Matthee 2014; Santicchia et al. 2015; Cardoso et al. 
2016; Barelli et al. 2020; Fernando et al. 2022). From these 
studies, an increase in parasite burden was observed in the 
monoxenous nematode Strongyloides spp. (Barelli et al. 
2020; Fernando et al. 2022) and in overall helminth burden 

(Froeschke and Matthee 2014; Santicchia et al. 2015; Car-
doso et al. 2019). In two studies (20%), the parasite burden 
exhibited contrasting results in accordance with parasite spe-
cies, in which, for example, some monoxenous nematodes 
(e.g., Heligmosomoides kurilensis Nadtochi, 1966, Heterakis 
spumosa Schneider, 1866, and S. freitasi) and certain heter-
oxenous species (e.g., Cestoda) increased in abundance in 
altered habitats, but other species decreased in burden such 
as Syphacia agraria Sharpilo 1973, Heligmonoides specio-
sus Konno 1958, and Rodentolepis akodontis Rêgo 1967 
(Anders et al. 2019; Costa et al. 2019). On the other hand, 
in one study (10%), it was reported a decrease in burden for 
both monoxenous (i.e., strongylids) and heteroxenous (i.e., 
spirurids and cestodes) helminths in small mammals living 
in more altered habitats than in natural non-disturbed areas 
(Wells et al. 2007). There was no correlation between para-
site burden and habitat quality in two studies (Mbora et al. 
2009; de Winter et al. 2020).

Parasite richness  Of 14 studies that evaluated parasite spe-
cies richness, five studies (36%) found an increased parasite 
richness in small mammals living in more altered habitats 
(Gillespie et al. 2005; Wells et al. 2007; Gillespie and Chap-
man 2008; Sáez-Durán et al. 2021; Fernando et al. 2022). 
Conversely, three studies (21%) reported a decrease in par-
asite richness indexes in small mammals inhabiting more 
altered and smaller areas (Cardoso et al. 2016; Anders et al. 

Fig. 3   Forest plot indicating the effects of habitat alteration for monoxenous ageohelminths in small mammals living in altered and natural habi-
tats from reviewed publications
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2019; Barelli et al. 2020). In one study, the helminth rich-
ness was higher in only crop fragments compared to natural 
forest, but it was lower than that in livestock and urban frag-
ments (Froeschke and Matthee 2014). Five studies (n = 36%) 
did not found any statistical relationship between the habitat 
type and parasite species richness (Trejo-Macías et al. 2007; 
Rakotoniaina et al. 2016; Helenbrook et al. 2017; Martínez-
Mota et al. 2018; Barelli et al. 2021).

Parasite diversity  Indexes of helminth diversity showed no 
consistent pattern in reviewed articles. In a single study, 
Shannon’s diversity index was higher in rural disturbed areas 
than in natural habitats (Anders et al. 2019). Conversely, in 
other reports, diversity indexes (e.g., Shannon’s diversity 
and Whittaker indexes) were higher in continuous natural 
forests (Trejo-Macías et al. 2007), or they did not show cor-
relation (Costa et al. 2019; Sáez-Durán et al. 2021).

Changes in environmental and host factors that influence 
variations in the community of helminth in small mammals 
in altered habitats

Vegetation condition  Four papers (17%) investigated the 
vegetation characteristics in relation to habitat alteration 
and helminth infection rates in small mammals. Helenbrook 
et al. (2017) concluded that Controrchis sp. that parasitizes 
Alouatta palliata aequatorialis Festa 1903 was more likely 
to be found in forests showing lower levels of alteration (i.e., 
higher percentage of trees greater than 40-cm DBH and/
or basal area) in Ecuador. In Madagascar, the vegetation 
clearance (e.g., low tree density, seedlings, and saplings) 
was negatively associated with Strongyloides sp., Subu-
luroidea, and Spiruromorpha, as well as the forest matura-
tion index (i.e., measured by the number of cut trees, seed-
lings, saplings, and lianas) was negatively correlated with 

Fig. 4   Forest plot indicating the effects of habitat alteration for monoxenous pseudohelminths in small mammals living in altered and natural 
habitats from reviewed publications
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the presence of Enterobiinae gen. sp. (Kiene et al. 2021). 
Also, the canopy cover was negatively associated with the 
prevalence of Stilestrongylus aculeata Travassos 1918 and 
Canaania obesa Travassos 1944 in a rodent community in 
Brazil (Cardoso et al. 2016). Moreover, Gillespie and Chap-
man (2006) found that stump density was significantly asso-
ciated with Strongylida and Rhabditida prevalence.

Degree of alteration  The relationship between levels of 
habitat alteration (i.e., disturbance and/or fragmenta-
tion) and helminth infection rates in small mammals was 
assessed in 6 papers (26%). In this context, the size of 
study areas (e.g., fragments or forests) was positively asso-
ciated with the presence of Strongyloides sp. and Subu-
luroidea in primate and rodent communities in Madagascar 

(Kiene et al. 2021), but it was negatively correlated with 
Strongylida, Rhabditida (Gillespie and Chapman 2006), 
and Trichuris sp. (Gillespie and Chapman 2008) in pri-
mates in Uganda. No correlations were reported in the 
other two papers (Cardoso et al. 2016; Martínez-Mota 
et al. 2018). Also, the proximity of studied areas to any 
nearest anthropogenic element (e.g., road, agricultural 
field, village) was evaluated in three publications. Mar-
tínez-Mota et al. (2018) and Kiene et al. (2021) found 
positive correlation between the distance from fragments 
to forest edge/villages and the prevalence of Strongyloides 
sp., Subuluroidea, and overall parasitism. In counterpart, 
one study did not report any association between anthro-
pogenic proximity and parasitism in helminths in small 
mammals (Helenbrook et al. 2017).

Fig. 5   Forest plot indicating the effects of habitat alteration for monoxenous geohelminths in small mammals living in altered and natural habi-
tats from reviewed publications
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Fig. 6   Forest plot indicating the effects of habitat alteration for heteroxenous helminths (i.e., with complex life cycles) in small mammals living 
in altered and natural habitats from reviewed publications
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Abiotic factors  Of the evaluated research, abiotic features were 
assessed in only two studies (9%), which included rainy days, 
mean temperature, and presence of roots, logs, and rocks. Sáez-
Durán et al. (2021) stated that the number of rainy days nega-
tively correlated with the prevalence of heteroxenous helminths 
infecting Apodemus sylvaticus Linnaeus, 1758 only in altered 
areas and positively correlated with that of monoxenous species 
in both altered and natural habitats. Also, the mean temperature 
was positively associated with infections with monoxenous hel-
minths (i.e., geohelminths) in altered areas (Sáez-Durán et al. 
2021). Moreover, the presence of roots and logs was positively 
correlated with infections with Guerrerostrongylus zetta Tra-
vassos 1937 in a community of rodents in altered and natural 
areas in Brazil (Cardoso et al. 2016).

Host factors  Nine (39%) studies investigated any host condi-
tion in relation to helminth infections and habitat alteration. In 
this sense, body condition was evaluated with different metrics, 
which included volumetric measurements of body and weight 
(Wells et al. 2007; Froeschke and Matthee 2014; Anders et al. 
2019), the regression of body mass on foot length (Santicchia 
et al. 2015; Hurtado et al. 2021), and the scaled mass index 
(SMI) (Kiene et al. 2021). In the USA, a rodent species Dipod-
omys merriami exhibited a lower body condition in parasitized 
individuals living in natural settings (Hurtado et al. 2021). In 
addition, four studies reported a positive relationship between 
body condition (e.g., weight, length, or SMI) and the prevalence 
or abundance of certain helminth species regardless the type 
of habitat in which hosts live (Wells et al. 2007; Froeschke and 
Matthee 2014; Anders et al. 2019; Kiene et al. 2021). No effect 
between parasitism, body condition, and habitat alteration was 
observed in one study (Santicchia et al. 2015).

Moreover, host density was evaluated in six studies. It was 
positively correlated with Strongyloides stercoralis Bavay, 1876 
in the primate Piliocolobus tephrosceles Elliot 1907 in Uganda 
(Gillespie and Chapman 2006). However, population density was 
negatively correlated with prevalence of heteroxenous parasites 
in burned (i.e., altered) areas in the rodent Apodemus sylvaticus 
Linnaeus 1758 in Spain (Sáez-Durán et al. 2021). Also, host den-
sity showed no effect regarding helminth infection and habitat 
alteration in four papers (Trejo-Macías et al. 2007; Gillespie and 
Chapman 2008; Froeschke and Matthee 2014; Kiene et al. 2021). 
In addition, the relationship between levels of fecal cortisone and 
helminth infection rates in altered and natural habitats was evalu-
ated only in one study, in which no correlation was found regard-
ing parasite prevalence and richness (Barelli et al. 2021).

Low host‑specific helminths in small mammals inhabiting 
anthropogenically altered habitats

In five articles (23%), it was addressed the issue on the 
relationship between anthropogenic habitat alteration and 

the presence of low host-specific helminths. Higher rates 
of low host-specific helminth species (e.g., Strongyloides 
sp., Ascaris sp., Strongylida) were found in primate host 
species living in altered environments compared to those 
in natural areas (Gillespie et al. 2005; Trejo-Macías et al. 
2007; Gillespie and Chapman 2008; Helenbrook et al. 2017; 
Fernando et al. 2022). Such results were attributed to the 
contamination from domestic animals and human popula-
tions that may be acting as reservoirs.

Discussion

In this review, 23 scientific articles were evaluated to com-
pile and summarize the effects of habitat alteration on the 
structure of helminth communities in small mammals. Evi-
dence on identified articles suggests that variations (i.e., 
increase or decrease) in rates of helminth infections (e.g., 
prevalence, abundance, and richness) are context dependent, 
and generalizations cannot be made by considering only the 
type of life cycles of helminth species. In Fig. 7, a summary 
of causal hypotheses proposed in the reviewed articles is 
shown, in which variations in infection rates of monoxenous 
and heteroxenous helminths can occur in accordance with 
both extrinsic and intrinsic host impacts and environmental 
conditions in such altered habitats.

Changes in infection rates of monoxenous 
helminths

Increase in infections rates

Human-induced habitat alteration may have an impact in 
both demography and community composition (Patz et al. 
2000; Haddad et al. 2015). Because of habitat incompat-
ibility, animals at higher trophic levels are likely to reduce 
their population sizes and become locally extinct, while 
generalist species (i.e., those able to inhabit different types 
of environments and have a varied diet) are more likely 
to thrive (i.e., ecological release) (Martinson and Fagan 
2014; Keinath et al. 2017). Also, animal populations tend 
to be more clumped in altered habitats due to lack of dis-
persal opportunities, which may increase contact with con-
specifics (i.e., encounter augmentation) (Hess et al. 2002; 
Keesing et al. 2006; Rimbach et al. 2015). Moreover, agri-
cultural activities can induce migration or introduction of 
non-native hosts and their parasites, hence increasing host 
diversity and the likelihood of transmission of parasites 
in native populations. Given the density-dependent trans-
mission of monoxenous helminths in the epidemiological 
modelling sense (Bush et al. 1997), there may be more 
probability that propagules (i.e., infective parasite eggs 
or larvae) of monoxenous helminths are available in the 
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environment for susceptible hosts that show high popula-
tion densities in altered habitats, thus increasing parasite 
transmission rates (Anderson and May 1991; Lafferty and 
Kuris 1999; Wilson et al. 2002). To illustrate, infection 
with S. stercoralis was positively correlated with the popu-
lation density of P. tephrosceles in Uganda (Gillespie and 
Chapman 2006). Still, suitable environmental conditions 
are needed in altered habitats for immature free-living ova/
stages of monoxenous helminths to survive and develop, 
which may include temperature, moisture, humidity, and 
presence of organic matter (Cardoso et al. 2016; Taylor 
et al. 2016; Sáez-Durán et al. 2021). For example, Sáez-
Durán et al. (2021) concluded that an increase in preva-
lence and richness of monoxenous helminths in A. syl-
vaticus in burned forest in Spain was related to abiotic 
changes (e.g., temperature and rain) that may have fostered 
the survival and development of free-living ova and lar-
vae. In addition, habitat alteration may not only promote 
population density but also diversity in hosts (Suzán et al. 
2012). Consequently, higher infection rates of monoxenous 
helminths are expected in high-density populations living 
in altered habitats with appropriate abiotic conditions for 
parasitic survival and development (Arneberg 2002).

In addition, small mammals inhabiting altered low-qual-
ity habitats with high population densities are more prone 
to show reduced immune response due to long-term distress 

(Lafferty and Kuris 1999; Hawley and Altizer 2011). As 
social competition for food and reproduction costs may be 
higher in altered habitats, animals could display chronically 
elevated cortisol levels that induce immune depression 
(Holmes 1996; Lafferty and Kuris 1999; Saino et al. 2002). 
Moreover, isolated populations with small sizes may show 
reduced genetic diversity as a long-term outcome, which can 
decrease the capacity to mount an efficient immune response 
and subsequently increase helminth infection susceptibility 
in populations (Lyles and Dobson 1993; Amos and Harwood 
1998; Vandergast et al. 2007). In the reviewed articles, San-
ticchia et al. (2015) speculated that the finding of a higher 
abundance of Trypanoxyuris (Rodentoxyuris) sciuri Cam-
eron, 1932 in Sciurus vulgaris Linnaeus, 1758 living in frag-
mented forest compared with those in continuous forests was 
related to changes in host susceptibility induced by higher 
stress levels and/or poorer nutritional status and reduced 
genetic diversity. Moreover, in a study that evaluated the 
relationship between the diversity of the major histocompat-
ibility complex (MHC) class II and gastrointestinal helminth 
infection rates in mouse opossums (Gracilinanus microtar-
sus Wagner 1842 and Marmosops incanus Lund, 1840) in 
Brazil, it was found that M. incanus exhibited a low diver-
sity of MHC-DAB alleles and a high parasite load, while G. 
microtarsus showed a higher population diversity of MHC-
DAB and lower parasite burden (Meyer-Lucht et al. 2010). 

Fig. 7   Hypothesized causal diagram of the impact of habitat alteration on the helminth community structure in small mammals. Arrows indicate 
likely causal relationship which in some cases may be bi-directional
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Meyer-Lucht et al. (2010) stated that a low MHC polymor-
phism in M. incanus populations may have been related to a 
recent loss in MHC diversity which may have subsequently 
led to a lack of resistance alleles and an increased parasite 
burden. Therefore, poor host body condition and inefficient 
immune response can also influence higher rates of helminth 
infections in individuals inhabiting altered habitats in com-
parison to those living in natural settings (Gulland 1992).

Decrease in infection rates

Alternatively, habitat alteration can promote a variation of 
the helminth community structure in small mammal popu-
lations, in which infection rates of monoxenous helminth 
species may decrease due to changes in species abundance 
and environmental conditions (McCallum and Dobson 2002; 
Keesing et al. 2006; Lafferty 2012; Viana et al. 2014). The-
ory suggests that modifications on environmental conditions 
should negatively impact populations dynamics, in which 
population of specialist wildlife may become isolated in low-
quality patches within the landscape (Hess et al. 2002). For 
directly transmitted helminths to persist, a minimal num-
ber of susceptible individuals are needed within their host 
populations (maintenance population) (Lafferty 2012; Viana 
et al. 2014). Given the density-dependent transmission for 
monoxenous helminths, in populations that show reduced 
sizes, it is likely that infection rates of helminth species are 
reduced due to encounter reduction (i.e., less availability 
of infective stages in the environment) (Hess et al. 2002). 
In case the number of susceptible individuals is below the 
“critical community size” (i.e., the minimal number of sus-
ceptible hosts available for an infection to persist), helminth 
species could become extinct locally in such population 
(Anderson and May 1982; Bush and Kennedy 1994; Lafferty 
and Kuris 1999; Lafferty 2012; Viana et al. 2014). From 
reviewed studies, Gillespie and Chapman (2006) found that 
the prevalence of Strongyloides stercoralis was positively 
related to the density of Piliocolobus tephrosceles living 
in fragmented habitats in Uganda. Nevertheless, Bush and 
Kennedy (1994) argued that extinction of helminth species is 
somewhat unlikely and would be restricted to highly endan-
gered species because even highly host-specific helminths 
could show some plasticity to be maintained in less com-
petent hosts until they are re-introduced in their previous 
populations through migration (Bush and Kennedy 1994).

In addition, unsuitable environmental conditions pro-
moted by anthropogenic intervention are likely to cause a 
reduction in infection rates of monoxenous helminths (Laf-
ferty and Kuris 1999). In this review, some studies reported 
a decrease in prevalence for monoxenous nematodes in 
small mammals living in altered habitats (i.e., Syphacia 
agraria, strongyles, Strongyloides spp., Trichuris) (Anders 
et al. 2019; Barelli et al. 2020; Kiene et al. 2021). In such 

research, it was stated that lower rates of directly transmit-
ted nematodes may have been related to changes in abiotic 
conditions and due to the use of pesticides, fertilizers, and 
anti-helminthics in altered areas. In this context, as free-
living developmental stages of monoxenous require favora-
ble environmental conditions to remain viable until they 
find a suitable host, changes in physical and biochemical 
features in microhabitats due to anthropogenic alteration 
may have an impact in their development and transmis-
sion (Altizer et al. 2013; Taylor et al. 2016). In particular, 
lower humidity, higher light exposure, high levels of UV 
radiation, and elevated temperature in fragmented habitats 
and edges could preclude the survival of stages of directly 
and soil-transmitted helminths (Marcogliese and Pietrock 
2011; de Winter et al. 2020; Kiene et al. 2021). Other abi-
otic changes that may influence the helminth community 
structure could be surface texture, moisture content, bio-
mass, topography, precipitation, and acidification (Loiseau 
et al. 2012; Marcogliese 2016; Simões et al. 2016). For 
instance, in a study on lemur and rodent communities in 
Madagascar, Strongyloides sp. infection showed a reduced 
prevalence in altered forests compared with those living in 
more continuous forests (Kiene et al. 2021). Kiene et al. 
(2021) argued that habitat alteration could have affected 
free-living larvae of Strongyloides sp. due to its hetero-
genic development for which abiotic factors are critical. 
Likewise, in Brazil, a study on helminth community struc-
ture in wild rodents reported that the prevalence of Stil-
estrongylus lanfrediae Souza et al. 2009 was associated 
with dense understory, Canaania obesa Travassos 1944 
with open canopy and dense understory, and Guerreros-
trongylus zetta Travassos 1937 with the presence of roots 
and logs (Cardoso et al. 2016). Hence, biotic and abiotic 
conditions could be changed in altered low-quality habitats 
due to anthropogenic intervention, which could directly 
impact the survival of free-living ova and larvae of hel-
minths (Altizer et al. 2013; Taylor et al. 2016).

Changes in infection rates of heteroxenous 
helminths

Increase in infection rates

Anthropogenically modified habitats may also promote the 
development and availability of certain arthropods (e.g. 
crickets, cockroaches, beetles) and mollusks (e.g., snails) 
that act as intermediate hosts for heteroxenous helminths 
(Lafferty and Kuris 1999). For instance, the prevalence 
of Controrchis biliophilus Price 1929 was higher in sub-
populations of Alouatta palliata mexicana Merriam, 1902 
inhabiting fragmented forests in Mexico (Trejo-Macías et al. 
2007). Trejo-Macías et al. (2007) discussed that environ-
mental contamination due to anthropogenic activities such 
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as agriculture and introduction of domestic animals may 
foster the presence of intermediate hosts for heteroxenous 
helminths including invertebrate species. Consequently, an 
increase in infection rate of certain heteroxenous helminths 
is likely to occur in small mammal populations living in 
altered habitats due to increase in host density (i.e., defini-
tive and intermediate), decrease in host susceptibility, and 
the interplay of environmental conditions for the develop-
ment of parasitic stages.

Decrease in infection rates

Alternatively, a scenario of parasite diminution is expected 
for helminths that show indirect life cycles (i.e., heterox-
enous) which require specific intermediate hosts to complete 
their sexual development (Lafferty and Kuris 1999; Lafferty 
2012). The disruption of ecological processes in altered 
habitats may have deleterious effects in species diversity 
including those that are part of the life cycle of helminths. 
This could cause a reduction in the prevalence, abundance, 
and richness of heteroxenous helminth species (Poulin and 
Morand 2000; Werner and Nunn 2020). For example, Kiene 
et al. (2021) found that a higher percentage of edge habitat 
and vegetation clearance was associated with a reduction 
of the prevalence and richness of Subuluroidea-like eggs 
(usually heteroxenous) in small mammals in Madagascar. 
Moreover, this may be particularly true for cestodes, since 
most studies in this review reported that Hymenolepis spp. 
infection in rodents and primates exhibited a negative corre-
lation between habitat alteration and prevalence rates (Wells 
et al. 2007; Rakotoniaina et al. 2016; Anders et al. 2019) (see 
Fig. 6). In this context, in an experimental study in Australia, 
it was demonstrated that habitat alteration reduced the abun-
dance of an intermediate host (i.e., amphipod Arcitalitrus 
sylvaticus Haswell 1879), which subsequently decreased the 
transmission of the heteroxenous nematode Hedruris wog-
wogensis Jones & Resasco 2016 in the pale-flecked garden 
sunskink (Lampropholis guichenoti Duméril and Bibron 
1839) (Resasco et al. 2019).

Promotion of low host‑specific helminths

Human-created habitat alteration may decrease the occur-
rence of highly host-specific helminths, while increasing 
the infection rates of low host-specific parasites (Bush and 
Kennedy 1994; Dharmarajan et al. 2021). As explained 
above, highly adapted and coevolved specialist helminth may 
decrease their infection rates in their communities because 
habitat alteration could reduce their host population densities 
beyond threshold for their optimal maintenance (Anderson 
and May 1982; Bush and Kennedy 1994; Viana et al. 2014). 
Conversely, low host-specific helminths that are present in a 
variety of host species may be transmitted to the target native 

population, such as small mammals, through contact within 
the shared habitat or through migration between patches 
(i.e., metapopulations) (Hess et al. 2002; Viana et al. 2014). 
The critical community size for low host-specific helminths 
should be guaranteed within an altered habitat, in which a 
permanent influx of infected host species may be in con-
tact with the target population or contaminating the shared 
habitat with infective stages (Lafferty and Kuris 1999). 
Furthermore, forest edges in altered habitats may favor the 
interaction of native small mammals with exotic species 
harboring low host-specific helminths (e.g., wildlife, live-
stock, free-ranging pets, and humans), thus increasing the 
probability that the wild target population become infected 
(Cleaveland et al. 2007; Walker and Morgan 2014; Landaeta-
Aqueveque et al. 2018). Moreover, the dilution effect can 
occur for highly host-specific helminths since they may not 
replicate in introduced exotic species (Johnson and Thieltges 
2010). Based on the trophic niche theory, as the community 
of helminths is altered due to the reduction or absence of 
highly host-specific parasites, low host-specific helminths 
may occupy their niche in the target native host population 
(Warren et al. 2010). Therefore, habitat alteration could lead 
to homogenization in the parasite community, in which low 
host-specific species may prevail (Dharmarajan et al. 2021). 
For example, in Uganda, the presence of four helminth spe-
cies including S. stercoralis, Ascaris sp., Bertiella sp., and 
strongyles were found only in the endangered red colobus 
(Procolobus rufomitratus Peters 1879) living in fragmented 
habitats (Gillespie and Chapman 2008). Since such parasite 
genera are usually low host-specific and have not been found 
in natural habitats (i.e., Kibale National Park), Gillespie and 
Chapman (2008) suggested that humans and livestock may 
act as reservoir for those parasite species. However, in any of 
the reviewed papers that discussed parasite sharing between 
native small mammals and exotic species, authors confirmed 
cross-transmission either by molecular or experimental tests. 
The diagnostic methods of the helminths in such studies 
were based only on coprological examination by microscopy. 
In this context, Helenbrook et al. (2015, 2017) attempted 
to demonstrate inter-species transmission of the protozoan 
Blastocystis sp. in primates and humans by using PCR of 
SSU rDNA sequence with no evidence of parasite subtypes 
sharing between human and animal species (Helenbrook 
et al. 2015, 2017).

The establishment of low host-specific helminth species 
in native populations may have severe implications on the 
health of the target native population since low host-specific 
parasites and those able to survive in a wider range of envi-
ronmental conditions may be more virulent and pathogenic 
given their increased range size, which could deteriorate the 
decaying conditions of small mammal populations in altered 
habitats (Gillespie and Chapman 2008; Loiseau et al. 2012). 
Moreover, homogenization of helminth structure in wildlife 
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populations would enhance the reservoir capacity for the 
maintenance and spread of low host-specific helminth spe-
cies (Viana et al. 2014). Thus, human-induced habitat altera-
tion can favor helminth communities to be dominated by 
low host-specific species, which could increase their risk of 
transmission and emergence of parasitic infections in a vari-
ety of host species, including humans (Patz et al. 2000) in 
spite of the fact that there is still limited empirical evidence.

Concluding remarks and future directions 
of research

Information in assessed articles suggests that the structure of 
helminth communities in small mammals can be impacted 
by anthropogenic habitat alteration in various ways. Infec-
tion rates of monoxenous and heteroxenous helminths 
may increase or decrease in small mammals depending on 
whether the availability of their hosts (definitive and inter-
mediate), and environmental and host conditions modify the 
survival and transmission of parasitic forms. Also, given that 
habitat alteration may favor inter-species contacts, transmis-
sion rates of low host-specific helminths could be increased 
due to exposure to new reservoir hosts.

Specific changes in helminth infection rates may occur in 
accordance with the inherent temporal and spatial variability 
of the attributes of altered habitats. Depending on the extent 
of habitat alteration (e.g., fragment size, shape, level of con-
nectance between remaining fragments, and type of distur-
bance), the variation of the structure of helminth communities 
in small mammals could be a long-term process, in which an 
increase in infection rates of certain helminth species may be 
expected in the first instance, followed by a gradual decline 
until the helminth community stabilizes toward a new equi-
librium (Wilcox and Gubler 2005). Therefore, long-term sur-
veillance should be undertaken to determine temporal changes 
in infection rates of helminths in small mammals inhabiting 
natural and anthropogenically altered habitats as well as evalu-
ation of biotic and abiotic conditions in such altered habitats. 
In most of the reviewed papers, the microscopic examination 
of fecal samples was used as the diagnosis method to deter-
mine parasite prevalence and burden (i.e., fecal eggs count). 
Although microscopic examination of feces is a commonly 
used noninvasive diagnosis test to assess parasite infections 
in live individuals, one of its major shortcomings is its low 
accuracy in determining the parasite burden in comparison to 
other methods (e.g., necropsy), given that parasite egg shed-
ding can significantly vary due to several factors including 
different ratio of males to females in dioic helminths, diurnal 
variation, and different maturation state of parasites (Filipiak 
et al. 2009; Taylor et al. 2016). To determine the actual para-
site burden, it may be essential to carry out long-term studies 
that allow to assess adult helminths in eventual mortality in 

accordance with conservation laws and animal welfare stand-
ards. In addition, more molecular phylogenetic analysis and/
or experimental assays with controlled host and environmental 
conditions (e.g., see Resasco et al. (2019)) should be applied 
to detect actual changes in infection rates related to habitat 
alteration and helminth species cross-transmission between 
native and introduced fauna. Finally, substantial heterogeneity 
of studies was observed in the forest plots (Figs. 3, 4, 5, and 6), 
which may be accounted for the differences in samples sizes 
in reviewed studies. Future endeavors should therefore assess 
larger sample sizes to minimize selection and information bias.

In a continually changing world, it is essential to assess the 
spatio-temporal variations of helminth communities in wildlife 
inhabiting natural and altered habitats to determine potential 
impacts on wildlife conservation and public health.
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