1' frontiers

in Veterinary Science

ORIGINAL RESEARCH
published: 11 June 2021
doi: 10.3389/fvets.2021.678478

OPEN ACCESS

Edited by:

Serge Morand,

Centre National de la Recherche
Scientifique (CNRS), France

Reviewed by:

David Bruce Conn,

Berry College, United States
Andreas Lazaros Chryssafidis,
University of the State of Santa
Catarina, Brazil

*Correspondence:
Rolanda S. Julius
rolanda.julius@uct.ac.za

tPresent address:

Rolanda S. Julius,

Department of Integrative Biomedical
Sciences, Faculty of Health Sciences,
University of Cape Town, Cape Town,
South Africa

Specialty section:

This article was submitted to
Parasitology,

a section of the journal
Frontiers in Veterinary Science

Received: 09 March 2021
Accepted: 18 May 2021
Published: 11 June 2021

Citation:

Julius RS, Zengeya TA, Schwan EV
and Chimimba CT (2021) Geospatial
Modelling and Univariate Analysis of
Commensal Rodent-Borne
Cestodoses: The Case of Invasive
spp. of Rattus and Indigenous
Mastomys coucha From South Africa.
Front. Vet. Sci. 8:678478.

doi: 10.3389/fvets.2021.678478

Check for
updates

Geospatial Modelling and Univariate
Analysis of Commensal
Rodent-Borne Cestodoses: The Case
of Invasive spp. of Rattus and
Indigenous Mastomys coucha From
South Africa

Rolanda S. Julius ™, Tsungai A. Zengeya "2, E. Volker Schwan?® and Christian T. Chimimba

" Department of Zoology and Entomology, Department Science & Technology (DST)- National Research Foundation (NRF)
Centre of Excellence for Invasion Biology (CIB), University of Pretoria, Pretoria, South Africa, 2 Kirstenbosch Research Centre,
South African Biodiversity Institute, Cape Town, South Africa, ° Department of Vieterinary Tropical Diseases, University of
Pretoria, Pretoria, South Africa

Poor socio-economic and unsanitary conditions are conducive to commensal rodent
infestations, and these conditions are widespread in South Africa. Cestode species of
zoonotic interest are highly prevalent in commensal rodents, such as invasive Rattus
norvegicus, Rattus rattus, Rattus tanezumi, and indigenous Mastomys coucha, and
have been frequently recovered from human stool samples. These cestode species
have similar transmission dynamics to traditional soil-transmitted helminths (STHs), which
ties them to infections associated with poverty and poor sanitation. Univariate analysis
was used in the present study to determine the association between rodent-related
factors and cestode prevalence, while ecological niche modelling was used to infer
the potential distribution of the cestode species in South Africa. Cestode prevalence
was found to be associated with older rodents, but it was not significantly associated
with sex, and ectoparasite presence. The predicted occurrence for rodent-borne
cestodes predominantly coincided with large human settlements, typically associated
with significant anthropogenic changes. In addition, cestode parasite occurrence was
predicted to include areas both inland and along the coast. This is possibly related
to the commensal behaviour of the rodent hosts. The study highlights the rodent-
related factors associated with the prevalence of parasites in the host community,
as well as the environmental variables associated with parasite infective stages that
influence host exposure. The application of geospatial modelling together with univariate
analysis to predict and explain rodent-borne parasite prevalence may be useful to inform
management strategies for targeted interventions.

Keywords: ecological niche modelling, Hymenolepis diminuta, Hymenolepis nana, inermicapsifer
madagascariensis, parasites, invasive/indigenous murid rodents, species distribution models, South Africa
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represent areas where data were unavailable.

FIGURE 4 | A map showing predicted occurrence of H. diminuta in South Africa based on environmental suitability (shaded areas). White (non-shaded) areas

predominantly coincided with large human settlements, but there
were some species-specific differences in factors that influenced
potential distribution that could be related to the ecology of
each species.

Rodent-Related Variables and Cestode

Prevalence

Host variability in parasite burden should influence the
establishment and spread of parasites (49). As predicted, cestode
prevalence was shown to be associated with at least one of
the three host intrinsic factors tested namely, sex, age, and
ectoparasite prevalence. The prediction that cestode infection
prevalence should be biassed toward male rodent hosts was
not observed and there was no sex effect observed for cestode
infection in the adult cohort. In addition to age structure
however, seasonality may also influence sex-biassed parasite
prevalence as is the case in certain parasites of voles when the
female cohort survived the overwintering period better than the
male cohort (49) resulting in a seasonal sex bias for that parasite.
Due to the opportunistic sampling of the rodent hosts, this aspect
could not be assessed. Rodent age, however, had a significant
effect on cestode prevalence where older rodents had higher

infection prevalence than younger rodents. This trend is typically
observed when parasite transmission rates in the host population
are low, allowing decreased parasite loads in younger individuals
that result in slow acquired immunity and this in turn leads to the
parasite infection to peak with increased age (49). Transmission
rates may be low because the rodent species are commensal and
may therefore feed more on food items found in and around
human dwellings than on natural food items such arthropods,
which are potential intermediate hosts of cestode species.
The lack of association between ectoparasite prevalence and
cestode infection was somewhat surprising as one would expect
transmission to be enhanced through grooming activities that
led to ingestion of infected arthropods. Hymenolepis diminuta
has a wide range of arthropod intermediate hosts including
fleas, beetles, and moths (49). The ectoparasites observed on
invasive Rattus species primarily included lice while for the
indigenous M. coucha these were rodent-specific mites (R. Julius
pers. obs.). The taxonomic status of the ectoparasites taxa may
therefore not have been the target arthropod taxa involved in
the life cycle of these cestode taxa. Another intrinsic factor that
may influence parasite prevalence which was not assessed in
the present study are co-parasitic interactions (either direct or

Frontiers in Veterinary Science | www.frontiersin.org

June 2021 | Volume 8 | Article 678478



Julius et al.

Geospatial Modelling of Commensal Rodent-Borne Cestodoses

Africa

’Uplngton

Poffader ™
L]

. .Spnngbok 'Pneska

Carnarvon
L]

- High : 0.96

Low : 0.00

Hymenolepis nana

Musina

.Thoho andou

PolokwangTzaneen
'.Lebowakgom

.8 .Bethal
.Standenon

Vryheid gUbognba

- " Ulundi
.Brandfort «gLadysmlth .

.Bloemfonte

g
-

0 300 600
S i o meters

areas where data were unavailable.

FIGURE 5 | A map showing predicted occurrence of H. nana in South Africa based on environmental suitability (shaded areas). White (non-shaded) areas represent

host immune mediated) (49). It is suggested however, that if
intrinsic factors of host sex, age, and reproductive status have
been accounted for, interspecific interactions among parasites
may be negligible (49).

Environmental Variables

The heterogeneous environment influences the host exposure to
infective stages of the parasite (49). It is evident that from the
over 40 environmental variables used in the model, only a select
few contributed to model performance. This suggests that a few
variables may be limiting the potential distribution of the cestode
species. These environmental variables associated with cestode
infective stages were shown to be good predictors of rodent-
borne zoonotic cestodoses and supports the prediction that
rodent-borne cestodoses are not uniformly distributed across the
South African landscape.

The unidentified rodent-borne cestodes are predominantly
associated with the size of the urban settlement reaching an
optimal size at 8,000 km?. The urban extent takes into account the
amount of night-time lights reflected, known urban settlements
and human population size (81). The predicted distribution
is concentrated in Gauteng Province, which contains two of

the largest cities namely Johannesburg and Pretoria, and when
combined, the two cities constitute the most populated urban
area in South Africa (38). Perhaps the human population density,
mobility and rodent-human proximity, facilitate transmission,
and maintain a continued cestode presence.

The predicted distribution of the rat tapeworm, H. diminuta
was mainly associated with urban extent and altitude being
optimal at 7,837 km? and 0 metres as.l., respectively. This
coincides with the major cities and large towns at low altitude
along the coast. Some areas in Gauteng Province are also
included in the predicted distribution but because these areas
are situated inland at high altitude, the governing element here
is likely to be the size of the urban area. Coincidentally, urban
extent, which was also selected to influence the distribution
of the unidentified rodent-borne cestodes, has nearly the same
optimal size of the urban area which is implicated to account
for the extent of occurrence of H. diminuta. Similarly, human
population, human mobility and the close proximity of rodents
may therefore, also facilitate the transmission of this cestode
species. The associated low altitude coastal area has previously
been recognised as a factor that influence the prevalence of
STHs (32, 56) particularly nematodes. The sandy soils associated
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FIGURE 6 | A map showing predicted occurrence of . madagascariensis in South Africa based on environmental suitability (shaded areas). White (non-shaded) areas

with coastal areas favour the establishment of the hookworm,
N. americanus and threadworm, Strongyloides stercoralis, as it
allows mobility of the free-living larvae to avoid desiccation or
submergence by rising water levels (28, 82). Similarly, in the case
of H. diminuta, the sandy soils likely favour their distribution
through mobility of cysticercoid infected arthropods. Walker
et al. (32) however, demonstrated that STHs including H. nana
also occurred in high altitude areas such as Gauteng Province and
the current study emphasised this.

Unlike many cestode species, the dwarf tapeworm, H. nana,
does not require an intermediate host to complete its lifecycle
(27) and eggs are passed directly into the environment and
ultimately in soil substrate. It is expected that this may be
reflected in the environmental variables selected to predict its
distribution. The predicted distribution appears to be widespread
across South Africa where human settlements occur and where
the summer rainfall allows precipitation of at least 50 mm
with top soil having a silt component close to 20%. For
this cestode species that has adapted to a direct life cycle,
climatic factors may be very important in the survival of
the eggs. Parasite transmission is favoured in the warmest
period of the year and egg survival is associated with moist

environments (49), which may explain why precipitation of
the summer season and soil composition were selected as the
most important variables in model performance. Most areas
in South Africa that were predicted suitable for the cestode
species receive summer rainfall of at least 50 mm (83). The
human footprint index quantified the anthropogenic changes
related to the landscape (84). Its selection as one of the
important variables in model selection was expected because
H. nana is associated with commensal, invasive Rattus species
which occupy human settlements where the anthropogenic
changes to the landscape would be expected to be highest.
Anthropogenic changes can result in clumped resources which
may cause aggregation of hosts which in turn influence parasite
transmission (85).

The environmental variables that account for the predicted
occurrence of I. madagascariensis are human footprint, annual
precipitation, and the urban extent which were found to be
optimal at 62%, 800 mm and 1,2593 km?, respectively. The
predicted distribution of this cestode species is widespread but
particularly associated with major cities of South Africa which
may be explained by the large urban extent and high human
footprint selected as optimal criteria. In this case, the human

Frontiers in Veterinary Science | www.frontiersin.org

10 June 2021 | Volume 8 | Article 678478


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Julius et al.

Geospatial Modelling of Commensal Rodent-Borne Cestodoses

Africa

South Africa

.Uplngton

Poffader
L]

.Spnngbok

Carnarvon
L]

Worcester

. . « Hermanuis
Unidentified cestodes

Hymenolepis diminuta
Hymenolepis nana
Inermicapsifer madagascariensis

Prieska
.

Be.aufort We

Musina

Thohoyandou
ce

PolokwangTzaneen
’.Lebowakgom

.Bethal
.Standerton

Vryheid JUpo

Ulundi

'y
imberley ‘Brandfon .Ladysmlth .

‘Bloemfonte n

- High: 0.73

Low : 0.05

0 300 600
S i o meters

FIGURE 7 | Map showing the predicted occurrence of rodent-borne cestode taxa (weighted 25%) in South Africa based on environmental suitability (shaded areas)
along with known occurrence records represented by yellow, blue, red, and green circles. White (non-shaded) areas represent areas where data were unavailable.

population, mobility, close human contact with commensal
indigenous M. coucha and associated anthropogenic changes may
contribute in the survival and transmission of the cestode. Soil-
dwelling oribatid mites are believed to be intermediate hosts of
I. madagascariensis (30) and annual precipitation may influence
the occurrence of mites as they emerge to the soil surface
upon irrigation (86). Annual precipitation at a minimum of
600 mm occurs widely in South Africa with the exception of
the Northern Cape Province (87) and is indicated for some
but not all of the areas of predicted distribution for this
species. Annual precipitation is therefore not likely to be a
limiting factor.

Some areas predicted as suitable for rodent-borne cestodes
included areas that had no prior record of occurrence
for the cestode species. This highlights that the species is
likely to be under-sampled. Under-estimation of helminth
infections is common due to challenges associated with occult
infections and lack of mandatory reporting in most countries
(54). The present study therefore, highlights the current and
potential areas at risk of the establishment of rodent-borne
cestodes and identifies the areas that require data collection
through surveys.

CONCLUSION

Rodent age as an intrinsic factor was found to impact on
strobilar cestode prevalence in the rodent hosts and supports
the prediction that cestode prevalence is aggregated among
the rodent community which is biassed to the older rodents
in the present study. Comprehensively sampled data from
surveys that are correctly georeferenced will remain the ideal
method to map species distributions. In disease ecology and
epidemiology, however, this will rarely be the case as the urgency
to allocate resources and implement interventions is of primary
importance following reported cases. Geospatial models are
valuable as they not only identify the areas at risk but also
the factors which may influence the occurrence. In the present
study the modelling approach produced statistically supported
SDMs of cestode species at a coarse resolution and yet it could
be interpreted in context of the niche requirements of the
species. Urban extent and human footprint were implicated
in the predicted distribution of more than one of the cestode
species assessed in this study and favour the commensal nature
of the definitive rodent hosts. In addition, altitude and soil
characteristics that may impact the arthropod intermediate hosts
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were also found as predictors for potential distribution. The
study determined that the ecological niche of the cestode species
were influenced by host intrinsic factors and environmental
factors that impact infective stages not only directly but also
indirectly through the environment of the intermediate and
definitive hosts. Management interventions to combat disease
emergence need to take into account all such factors to
have any chance of success. The combination of geospatial
modelling and univariate analyses could allow management plans
to rapidly identify critical areas and vectors to implement a
targeted response.

DATA AVAILABILITY STATEMENT

The genetic sequence data presented in the study are deposited in
the NCBI GenBank repository, accession number KY462775-9.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Ethics
Committee of the University of Pretoria.

AUTHOR CONTRIBUTIONS

R] performed sample collection, data analyses, and wrote the
manuscript. TZ and ES performed data analyses, revised, and

REFERENCES

1. Housing Development Agency. South Africa : Informal Settlements Research
Report. HAD (2013).

2. Wekesa BW, Steyn GS, Otieno FAO. A review of physical and socio-economic
characteristics and intervention approaches of informal settlements. Habit Int.
(2011) 35:238-45. doi: 10.1016/j.habitatint.2010.09.006

3. Cavia R, Muschetto E, Cueto GR, Suarez OV. Commensal rodents in the city
of Buenos Aires: a temporal, spatial, and environmental analysis at the whole
city level. EcoHealth. (2015) 12:468-79. doi: 10.1007/s10393-015-1013-8

4. Jassat W, Naicker N, Naidoo S, Mathee A. Rodent control in urban
communities in Johannesburg, South Africa : from research to action. Int J
Environ Health Res. (2013) 23:474-83. doi: 10.1080/09603123.2012.755156

5. Morand S, Jittapalapong S, Kosoy M. Rodents as hosts of infectious diseases:
biological and ecological characteristics. Vector-Borne and Zoonotic Diseases.
(2015) 15:1-2. doi: 10.1089/vbz.2015.15.1.intro

6. Gaastra W, Boot R, Ho HTK, Lipman LJA. Rat bite fever. Vet Microbiol. (2009)
133:211-28. doi: 10.1016/j.vetmic.2008.09.079

7. Taylor PJ, Arntzen L, Hayter M, Iles M, Frean J,
Understanding and managing sanitary risks due to rodent zoonoses
in an African city: beyond the Boston model. Integrat Zool. (2008)
3:38-50. doi: 10.1111/j.1749-4877.2008.00072.x

8. Abu-Madi MA, Behnke JM, Mikhail M, Lewis JW, Al-Kaabi ML. Parasite
populations in the brown rat Rattus norvegicus from Doha, Qatar between
years: the effect of host age, sex and density. ] Helminthol. (2005) 79:105-
11. doi: 10.1079/JOH2005274

9. Waugh CA, Lindo JE Foronda P, Angeles-Santana M, Lorenzo-Morales

J, Robinson RD. Population distribution and zoonotic potential of

gastrointestinal helminths of wild rats Rattus rattus and R. norvegicus from

Jamaica. J Parasitol. (2006) 92:1014-8. doi: 10.1645/GE-795R1.1

Chaisiri K, Chaeychomsri W, Siruntawineti J. Gastrointestinal helminth

infections in Asian house rats (Rattus tanezumi) from northern and

northeastern Thailand. ] Trop Med Parasitol. (2010) 33:29-35.

Belmain S.

10.

edited the manuscript. CC reviewed and edited the manuscript.
All authors contributed to the article and approved the
submitted version.

FUNDING

This research was funded by DST/NRE-Centre of Excellence
for Invasion Biology (CIB). TZ acknowledges support from
the National Research Foundation (Grant No. 103602) and
the South African Department of Forestry, Fisheries, and
the Environment (DFFE) noting that this publication does
not necessarily represent the views or opinions of DFFE or
its employees.

ACKNOWLEDGMENTS

The authors are grateful to the volunteers who assisted in the
sample collection. This work has appeared previously as part of
the doctoral thesis of RJ.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.678478/full#supplementary-material

. Milazzo C, Ribas A, Casanova JC, Cagnin M, Geraci F, Bella C. Helminths of
the brown rat (Rattus norvegicus) (Berkenhout, 1769) in the city of Palermo,
Italy. Helminthologia. (2010) 47:238-40. doi: 10.2478/s11687-010-0037-4
McGarry JW, Higgins A, White NG, Pounder KC, Hetzel U. Zoonotic
helminths of urban brown rats (Rattus norvegicus) in the UK: neglected
public health considerations? Zoonoses Public Health. (2014) 62:44-
52.doi: 10.1111/zph.12116

Collins H. Cestodes from rodents in the republic of South Africa.
Onderstepoort ] Vet Res. (1972) 39:25-50.

Archer CE, Appleton CC, Mukaratirwa S, Lamb J, Schoeman MC. Endo-
parasites of public-health importance recovered from rodents in the Durban
metropolitan area, South Africa. South Afric ] Infect Dis. (2017) 53:1-10.
doi: 10.4102/sajid.v32i2.55

Julius RS, Schwan EV, Chimimba CT. Helminth composition and prevalence
of indigenous and invasive synanthropic murid rodents in urban areas
of Gauteng Province, South Africa. J Helminthol. (2017) 92:445-54.
doi: 10.1017/50022149X17000761

Brooker S, Clements A, Bundy D. Global epidemiology, ecology and
control of soil-transmitted helminth infections. Adv Parasitol. (2006) 62:221~
61. doi: 10.1016/S0065-308X(05)62007-6

Nxasana N, Baba K, Bhat V, Vasaikar S. Prevalence of intestinal parasites in
primary school children of Mthatha, Eastern Cape Province, South Africa.
Ann Med Health Sci Res. (2013) 3:511-6. doi: 10.4103/2141-9248.122064
Brooker S, Kabatereine NB, Smith JL, Mupfasoni D, Mwanje MT,
Ndayishimiye O, et al. An wupdated atlas of human helminth
infections: the example of East Africa. Int ] Health Geograp. (2009)
8:42. doi: 10.1186/1476-072X-8-42

Fincham ], Dhansay A. Worms in SA’s children - MRC Policy Brief. Nutritional
Intervention Research Unit of the South African Medical Research Council,
South Africa (2006). p. 2.

Mkhize-Kwitshana ZL, Mabaso MHL. Status of medical parasitology in South
Africa : new challenges and missed opportunities. Trends Parasitol. (2003)
28:217-9. doi: 10.1016/.pt.2012.03.005

20.

Frontiers in Veterinary Science | www.frontiersin.org

12

June 2021 | Volume 8 | Article 678478


https://www.frontiersin.org/articles/10.3389/fvets.2021.678478/full#supplementary-material
https://doi.org/10.1016/j.habitatint.2010.09.006
https://doi.org/10.1007/s10393-015-1013-8
https://doi.org/10.1080/09603123.2012.755156
https://doi.org/10.1089/vbz.2015.15.1.intro
https://doi.org/10.1016/j.vetmic.2008.09.079
https://doi.org/10.1111/j.1749-4877.2008.00072.x
https://doi.org/10.1079/JOH2005274
https://doi.org/10.1645/GE-795R1.1
https://doi.org/10.2478/s11687-010-0037-4
https://doi.org/10.1111/zph.12116
https://doi.org/10.4102/sajid.v32i2.55
https://doi.org/10.1017/S0022149X17000761
https://doi.org/10.1016/S0065-308X(05)62007-6
https://doi.org/10.4103/2141-9248.122064
https://doi.org/10.1186/1476-072X-8-42
https://doi.org/10.1016/j.pt.2012.03.005
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Julius et al.

Geospatial Modelling of Commensal Rodent-Borne Cestodoses

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Adams VJ, Markus MB, Adams JFA, Jordaan E, Curtis B, Muhammad
A, et al. Paradoxical helminthiasis and giardiasis in Cape Town, South
Africa : epidemiology and control. Afr Health Sci. (2005) 5:276-80.
doi: 10.5555/afths.2005.5.3.27629

Thompson RCA. Neglected zoonotic helminths: Hymenolepis nana,
Echinococcus canadensis and Ancylostoma ceylanicum. Clin Microbiol
Infect. (2015) 21:426-32. doi: 10.1016/j.cmi.2015.01.004

Nkouawa A, Haukisalmi V, Li T, Nakao M, Lavikainen A, Chen X, et al. Cryptic
diversity in hymenolepidid tapeworms infecting humans. Parasitol Int. (2016)
65:83-6. doi: 10.1016/j.parint.2015.10.009

Fantham H, Porter A. Some entozoa of man as seen in Canada and South
Africa. Can Med Assoc J. (1936) 34:414-21.

Kark SL, Le Riche H. Health study of South African Bantu school-children.
South Afr Med J. (1944) 18:100-3.

Van Niekerk CH, Weinberg EG, Shore SCL, Heese DVH. Intestinal parasitic
infestation in urban and rural Xhosa children. Suid Afr Med Tydskrif.
(1979) 55:756-7

Craig P, Ito A. Intestinal cestodes. Curr Opin Infect Dis. (2007) 20:524-
32. doi: 10.1097/QCO.0b013e3282¢f579%

Sumbele IU, Mpode V, Ekosse GE. Influence of physico-chemistry and
mineralogy on the occurrence of geohelminths in geophagic soils from
selected communities in the Eastern Cape, South Africa, and their possible
implication on human health. Int J Environ Health Res. (2014) 24:18-
30. doi: 10.1080/09603123.2013.782600

Frean J, Dini L. Unusual anoplocephalid tapeworm
in South Africa. Ann Austra Coll Trop Med. (2004)
doi: 10.3316/informit.239978167250089

Goldsmid J, Muir M. Inermicapsifer madagascariensis (Platyhelminthes:
Cestoda) as a parasite of man in Rhodesia. Centr Afr ] Med. (1972) 18:205-7.
Sall-Dram,é R, Brouat C, Ba CT, Duplantier JM. Variation in
cestode assemblages of mastomys and arvicanthis species (rodents:
Muridae) from Lake Retba in western Senegal. ] Parasitol. (2010)
96:675-80. doi: 10.1645/GE-2437.1

Walker A, Dini L, Walker B, Frean J. Helminthiasis in African children in a
relatively low risk region in South Africa: implications for treatment? South
Afr ] Epidemiol Infect. (2000) 15:98-9.

Jimenez B. Helminth ova removal from wastewater for agriculture

infections
5:8-11.

and aquaculture reuse. Water Sci  Technol. (2007)  55:485-
93. doi: 10.2166/wst.2007.046

Peterson AT. Ecologic niche modelling and spatial patterns
of disease transmission. Emerge Infect Dis. (2006) 12:1822-

6. doi: 10.3201/eid1212.060373

Distribution of soil transmitted helminth survey data in South Africa. Global
Atlas of Helminth Infections. Available online at: http://www.thiswormyworld.
org/ (accessed April 4, 2017).

Willcocks B, McAuliffe GN, Baird RW. Dwarf tapeworm (Hymenolepis nana):
characteristics in the Northern territory 2002-2013. J Pediatr Child Health.
(2015) 51:982-7. doi: 10.1111/jpc.12885

Phillips SJ, Anderson RP, Schapire RE.
modeling of species geographic distributions.
190:231-59. doi: 10.1016/j.ecolmodel.2005.03.026
Gauteng Municipalities. Municipalities of South Africa. https://www.
municipalities.co.za (accessed February 19, 2018).

Gauteng climate. (2020). Climate-Data. Available online at: //en.climate-
data.org/africa/south-africa/gauteng-539/ (accessed December 12, 2017).
Brennan B. Rodents and Rodent Control in Hawaii. Hawaii Institute of
Tropical Agriculture and Human Resources (1980).

Bastos AD, Nair D, Taylor PJ, Brettschneider H, Kirsten E Mostert E, et al.
Genetic monitoring detects an overlooked cryptic species and reveals the
diversity and distribution of three invasive Rattus congeners in South Africa.
BMC Genet. (2011) 12:26. doi: 10.1186/1471-2156-12-26

Julius R. Molecular Prevalence and Diversity of Zoonotic Bacteria of Invasive
Rattus from South Africa, With Emphasis on the Genera Rickettsia and
Streptobacillus. MSc Dissertation, University of Pretoria, Pretoria (South
Africa) (2013).

Le Grange A. Molecular Prevalence and Diversity of Anaplasmataceae and
Bartonellaceae in Indigenous Muridae from South Africa. MSc Dissertation,
University of Pretoria, Pretoria (South Africa) (2014).

Maximum
Ecol Model.

entropy
(2006)

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hughes RC. A key to the species of tapeworms in Hymenolepis. Trans Am
Microscop Soc. (1941) 60:378-414. doi: 10.2307/3222833

Czaplinski B, Vaucher C. Family hymenolepididae ariola, 1899. In: Khalil
LE Jones A, Bray RA, editors. Keys to the Cestode Parasites of Vertebrates.
Wallingford, CT: CABI Publishing (1994). p. 595-663.

Beaver PC, Rodney Clifton ], Eddie Wayne C, Craig CF. Clinical Parasitology.
Philadelphia, PA: Lea & Febiger (1984).

Foronda P, Lopez-Gonzalez M, Hernindez M, Haukisalmi V, Feliu
C. Distribution and genetic variation of hymenolepidid cestodes in
murid rodents on the Canary Islands (Spain). Parasites Vect. (2011)
4:185. doi: 10.1186/1756-3305-4-185

Google Maps. [Google Maps georeferenced locality points]. Available online
at: google.com/maps/

Morand S, Krasnov B, Poulin R. Micromammals and Macroparasites. Tokyo:
Springer Science & Business Media (2006). doi: 10.1007/978-4-431-36025-4
Hikida T, Murakami O. Age determination of the Japanese wood mouse,
Apodemus speciosus. Japan ] Ecol. (1980) 30:109-16.

Lazzari V, Charles C, Tafforeau P, Vianey-Liaud M, Aguilar JP, Jaeger
JJ, et al. Mosaic convergence of rodent dentitions. PLoS ONE. (2008)
3:¢3607. doi: 10.1371/journal.pone.0003607

Ringani GV. Stable Isotope Analysis of Invasive Rattus congenerics in Gauteng
Province, South Africa. MSc dissertation, University of Pretoria, Pretoria
(South Africa) (2020).

Giraudoux P, Raoul F Pleydell D, Li T, Han X, Qiu J, et al. Drivers
of Echinococcus multilocularis  transmission in  China small
mammal diversity, landscape or climate? PLoS Negl Trop Dis. (2013)
7:€2045. doi: 10.1371/journal.pntd.0002045

Cadavid Restrepo AM, Rong Yang Y, McManus DP, Gray DJ, Giraudoux P,
Barnes TS, et al. The landscape epidemiology of echinococcoses. Infect Dis
Poverty. (2016) 5:1-13. doi: 10.1186/540249-016-0109-x

Rothenburger JL, Himsworth CH, Nemeth NM, Pearl DL, Jardine CM.
Environmental factors and zoonotic pathogen ecology in urban exploiter
species. EcoHealth. (2017) 14:630-41. doi: 10.1007/s10393-017-1258-5
Mabaso MLH, Appleton CC, Hughes JC, Gouws E. The effect of
soil type and climate on hookworm (Necator americanus) distribution
in KwaZulu-Natal, South Africa. Trop Med Int Health. (2003) 8:722-
7. doi: 10.1046/j.1365-3156.2003.01086.x

Midzi N, Kavhu B, Manangazira P, Phiri I, Mutambu SL, Tshuma C, et al.
Inclusion of edaphic predictors for enhancement of models to determine
distribution of soil-transmitted helminths : the case of Zimbabwe. Parasites
Vect. (2018) 11:1-13. doi: 10.1186/s13071-017-2586-6

Hengl T, Jesus JM, De, Macmillan RA, Batjes NH, Heuvelink GBM, et al.
SoilGridslkm — global soil information based on automated mapping. PLoS
ONE. (2014) 9:€105992. doi: 10.1371/journal.pone.0105992

Jenness J, Dooley J, Anguilar-Manjarrez J, Riva C. GIS-Based Tools for Inland
Aquatic Resource Management Concepts 1 and Application Case Studies. FAO:
Rome. (2007). Available online at: http://www.fao.org/geonetwork

Center for International Earth Science Information Network, Institute
International Food Policy Research, Centro Internacional De Agricultura
Tropical, and The World Bank. Global Rural-urban Mapping Project
version 1 (GRUMPv1). In: Urban Extents Grid. (2011). Available online at:
http://sedac.ciesin.columbia.edu/data/collection/grump-v1 (accessed August
16,2017).

Wildlife Conservation Society and Center for International Earth Science
Information Network. Last of the wild project, version 2. In: Global Human
Footprint Dataset. (2005). Available online at: http://sedac.ciesin.columbia.
edu/data/set/wildareas-v2-human-influence-index- geographic (accessed
August 16, 2017).

Afripop. Afripop Project. (2011). Available online at: http://www.afripop.org
(accessed August 16, 2017).

Hijmans R], Cameron SE, Parra JL, Jones PG, Jarvis A. Very high resolution
interpolated climate surfaces for global land areas. Int J Climatol. (2005)
25:1965-78. doi: 10.1002/joc.1276

Worldclim. Worldclim—Global Climate Data. Available online at: www.
worldclim.org (accessed August 16, 2017).

Phillips SJ, Dudik M. Modeling of species distributions with maxent:
new extensions and a comprehensive evaluation. Ecograpy. (2008) 31:161-
75. doi: 10.1111/j.0906-7590.2008.5203.x

Frontiers in Veterinary Science | www.frontiersin.org

June 2021 | Volume 8 | Article 678478


https://doi.org/10.5555/afhs.2005.5.3.27629
https://doi.org/10.1016/j.cmi.2015.01.004
https://doi.org/10.1016/j.parint.2015.10.009
https://doi.org/10.1097/QCO.0b013e3282ef579e
https://doi.org/10.1080/09603123.2013.782600
https://doi.org/10.3316/informit.239978167250089
https://doi.org/10.1645/GE-2437.1
https://doi.org/10.2166/wst.2007.046
https://doi.org/10.3201/eid1212.060373
http://www.thiswormyworld.org/
http://www.thiswormyworld.org/
https://doi.org/10.1111/jpc.12885
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://www.municipalities.co.za
https://www.municipalities.co.za
https://doi.org/10.1186/1471-2156-12-26
https://doi.org/10.2307/3222833
https://doi.org/10.1186/1756-3305-4-185
google.com/maps/
https://doi.org/10.1007/978-4-431-36025-4
https://doi.org/10.1371/journal.pone.0003607
https://doi.org/10.1371/journal.pntd.0002045
https://doi.org/10.1186/s40249-016-0109-x
https://doi.org/10.1007/s10393-017-1258-5
https://doi.org/10.1046/j.1365-3156.2003.01086.x
https://doi.org/10.1186/s13071-017-2586-6
https://doi.org/10.1371/journal.pone.0105992
http://www.fao.org/geonetwork
http://sedac.ciesin.columbia.edu/data/collection/grump-v1
http://sedac.ciesin.columbia.edu/data/set/wildareas-v2-human-influence-index-geographic
http://sedac.ciesin.columbia.edu/data/set/wildareas-v2-human-influence-index-geographic
http://www.afripop.org
https://doi.org/10.1002/joc.1276
www.worldclim.org
www.worldclim.org
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Julius et al.

Geospatial Modelling of Commensal Rodent-Borne Cestodoses

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Elith J, Phillips SJ, Hastie T, Dudik M, Chee YE, Yates CJ. A statistical
explanation of MaxEnt for ecologists. Divers Distribut. (2011) 17:43-
57. doi: 10.1111/j.1472-4642.2010.00725.x

Elith J, Kearney MR, Phillips SJ. The art of modelling range-shifted species.
Methods Ecol Evolut. (2010) 1:330-42. doi: 10.1111/j.2041-210X.2010.00036.x
Zurell D, Elith J, Schroder B. Predicting to new environments :
for visualizing model behaviour and impacts on mapped distributions.

tools

Divers  Distribut.  (2012) 18:628-34. doi: 10.1111/j.1472-4642.2012.
00887.x
Owens HL, Campbell L, Saupe EE, Owens HL, Campbell LP,

Dornak LL, et al. Constraints on interpretation of ecological niche
models by limited environmental ranges on calibration areas
environmental ranges on calibration areas. Ecol Model. (2013)
263:10-8. doi: 10.1016/j.ecolmodel.2013.04.011

Merow C, Smith M]J, Silander JA. A practical guide to MaxEnt for modelling
species’ distributions : what it does, and why inputs and settings matter.
Ecography. (2013) 36:1058-69. doi: 10.1111/j.1600-0587.2013.07872.x
Peterson AT, Nakazawa Y. Environmental data sets matter in ecological niche
modelling: an example with Solenopsis invicta and Solenopsis richteri. Glob
Ecol Biogeogr. (2008) 17:135-44. doi: 10.1111/j.1466-8238.2007.00347.x
Brown JL, Bennett JR, French CM. SDMtoolbox 2.0 : the next generation
Python-based GIS toolkit for landscape genetic, biogeographic and species
distribution model analyses. Peer]. (2017) 5:e4095. doi: 10.7717/peer;j.4095
VanDerWal J, Shoo LP, Graham C, Williams SE. Selecting pseudo-
absence data for presence-only distribution modeling: how far
should you stray from what you know? Ecol Model. (2009)
220:589-94. doi: 10.1016/j.ecolmodel.2008.11.010

Anderson RP, Raza A. The effect of the extent of the study region on
GIS models of species geographic distributions and estimates of niche
evolution: preliminary tests with montane rodents (genus Nephelomys) in
Venezuela. ] Biogeogr. (2010) 37:1378-93. doi: 10.1111/§.1365-2699.2010.
02290.x

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F. World map of the Képpen-
Geiger climate classification updated. Meteorol Zeitschrift. (2006) 15:259-
63. doi: 10.1127/0941-2948/2006/0130

Thompson GD, Robertson MP, Webber BL, Richardson DM, Roux JJ,
Wilson JRU. Predicting the subspecific identity of invasive species using
distributionmodels: Acacia saligna as an example. Divers Distribut. (2011)
17:1001-14. doi: 10.1111/j.1472-4642.2011.00820.x

Jimenez-Valverde A, Peterson AT, Soberon ], Overton JM, Aragon P, Lobo JM.
Use of niche models in invasive species risk assessments. Biol Invas. (2011)
13:2785-97. doi: 10.1007/s10530-011-9963-4

78.

79.

80.

81.

82.

84.

85.

86.

87.

. South Africa

Manel S, Williams HC, Ormerod SJ. Evaluating presence - absence models
in ecology: the need to account for prevalence. J Appl Ecol. (2001) 38:921-
31. doi: 10.1046/.1365-2664.2001.00647.x

Swets JA. Measuring the accuracy of diagnostic systems. Science. (1988)
240:1285. doi: 10.1126/science.3287615

Fielding AH, Bell JF. A review of methods for the assessment of prediction
errors in conservation presence / absence models. Environ Conserv. (1997)
24:38-49. doi: 10.1017/50376892997000088

CIESIN. Documentation for the Global Rural-Urban Mapping Project, Version
1 (GRUMPv1): Urban Extent Polygons, Revision 01. Palisades, NY: NASA
Socioeconomic Data and Applications Center (SEDAC) (2017).

Appleton CC, Maurihungirire M, Gouws E. The distribution of helminth
infections along the coastal plain of KwaZulu-Natal Province. Ann Trop Med
Parasitol. (1999) 93:859-68. doi: 10.1080/00034983.1999.11813493
Climate-Data. (2020). Available
//en.climate-data.org/africa/south-africa-61/ (accessed December 12, 2017).
SEDAC. Socioeconomic Data and Application Center (SEDAC). (2005).
Available online at: https://sedac.uservoice.com/knowledgebase/articles/
41668-what-is-the-human-footprint-index (accessed 16 August 2017).
Wright AN, Gompper ME. Altered parasite assemblages in raccoons in
response to manipulated resource availability. Oecologia. (2005) 144:148-
56. doi: 10.1007/s00442-005-0018-3

Schuster R, Coetzee L, Putterill J. Oribatid mites (Acari, Oribatida) as
intermediate hosts of tapeworms of the family anoplocephalidae (cestoda)
and the transmission of moniezia expansa cysticercoids in South Africa.
Onderstepoort ] Vet Res. (2000) 67:49-55. Available online at: http://hdl.
handle.net/2263/19081

Northern = Cape  climate.  Climate-Data.  Available
en.climate-data.org/africa/south-africa/northern-cape-470/
December 12, 2017).

climate. online at:

online  at:
(accessed

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Julius, Zengeya, Schwan and Chimimba. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Veterinary Science | www.frontiersin.org

14

June 2021 | Volume 8 | Article 678478


https://doi.org/10.1111/j.1472-4642.2010.00725.x
https://doi.org/10.1111/j.2041-210X.2010.00036.x
https://doi.org/10.1111/j.1472-4642.2012.00887.x
https://doi.org/10.1016/j.ecolmodel.2013.04.011
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1111/j.1466-8238.2007.00347.x
https://doi.org/10.7717/peerj.4095
https://doi.org/10.1016/j.ecolmodel.2008.11.010
https://doi.org/10.1111/j.1365-2699.2010.02290.x
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1111/j.1472-4642.2011.00820.x
https://doi.org/10.1007/s10530-011-9963-4
https://doi.org/10.1046/j.1365-2664.2001.00647.x
https://doi.org/10.1126/science.3287615
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.1080/00034983.1999.11813493
https://sedac.uservoice.com/knowledgebase/articles/41668-what-is-the-human-footprint-index
https://sedac.uservoice.com/knowledgebase/articles/41668-what-is-the-human-footprint-index
https://doi.org/10.1007/s00442-005-0018-3
http://hdl.handle.net/2263/19081
http://hdl.handle.net/2263/19081
http://en.climate-data.org/africa/south-africa/northern-cape-470/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

