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ARTICLE INFO ABSTRACT

Keywords:

Understanding rodent-ectoparasite interactions and the factors driving them is important in understanding the
epidemiology of diseases involving an arthropod vector. Fleas are the primary vector for Yersinia pestis, the
bacteria that causes plague and monitoring of fea population is essential for planning the potential mitigation
measures to prevent the disease outbreak. In this study, we investigated fea abundance, community structure
and the potential factors driving Fea infestation in areas with frequent (persistent) and non-frequent plague (non-
persistent) outbreaks. We collected Feas from captured rodents in two villages with both forest and farm hab-
itats. We found 352 feas belonging to 5 species with Dinopsyllus lypusus the most abundant overall (57.10%) and
Ctenophthalmus spp. the lowest (1.70%). There were no signifcant differences of fea abundance between study
localities, habitats and seasons (p > 0.05) but, fea infestation was signifcantly positively associated with the
persistent locality and with the short rain season (p < 0.05). Further, fea abundance increased signifcantly with
rodent body weight (p < 0.05). Furthermore, we found Feas broadly structured into two communities varying
between the dry, long rain and short rain seasons. These Fndings have important implications for public health,
as they may be used to assess and control the risks of plague transmission and other fea borne diseases in the

Plague

Flea abundance

Flea community
Flea-rodent interactions
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1. Introduction

Fleas are bloodsucking insects with signifcant implications for
human and animal health worldwide (Bitam et al., 2010). Fleas infest a
wide range of hosts including wild and domestic animals, birds and
human (Durden and Hinkle, 2019; Zajac et al., 2020; Zurita et al., 2019).
Infestation is infuenced by environmental and human behavior modi-
Fcations. For instance, when farmers share their dwellings with live-
stock or have corrals located in close proximity to their homes, it exposes
domestic animals and humans to infestation, leading to the transmission
of Fea-borne diseases. Further, activities such as urbanization, defores-
tation, and encroachments into natural habitats, increase interactions
between human and fea-infested environments that may also increase
the risk of exposure to fea-borne pathogens (Gage et al., 2008; Bitam
et al., 2010). Fleas are well known vectors of several illness including
murine typhus caused by Rickettsia typhi, fea-borne spotted fever

caused by Rickettsia felis, cat scratch disease caused by Bartonella hen-
selae, and bubonic plague caused by Yersinia pestis (Krasnov, 2008;
Durden and Hinkle 2019; Sherman 2007). Furthermore, some feas such
as the human feas, act as vector for tape worms (Kandi et al., 2019;
Ramana et al., 2011) and pose signifcant public health concerns. In
regions with sporadic fea-transmitted disease outbreaks, such as plague,
the absence of up-to-date information on fea dynamics and host infes-
tation intensifes these concerns. Access to ssuch data could inform the
development of strategies to counter potential outbreaks through, for
example, targeting on reducing the population of feas and rodents.
Several factors are known to infuence fea richness and abundance
including; host diversity (Krasnov et al., 2002; Young et al., 2015), host
body condition (Bitam et al., 2010; Krasnov, 2008), host density
(Krasnov et al., 2002; Stanko et al., 2002) and climatic conditions
(Krasnov et al., 2004, 2005). However, it is not clear how such factors
are directly linked to plague persistence especially in regions with
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history of disease outbreaks. Thus, understanding fea density, infesta-
tion and community structure in the plague foci may allow us to easily
predict transmission risks of fea borne diseases among co-existing
sympatric hosts. Plague is a zoonotic disease that is largely spread by
Ffeas from rodents to humans (Gage and Kosoy, 2005). The disease
continues to be a public health concern, with over 90% of all reported
human cases worldwide originating from Sub-Saharan Africa and the
Madagascar region (Bertherat and Bertherat, 2019; Valles et al., 2020).
In Tanzania, plague has been reported in several districts including
Lushoto, Karatu and Mbulu and remains a signifcant potential health
risk in case of outbreak. Studying host-parasite interactions therefore
may help us to understand the risk of both persistence and outbreak of
plague. The transmission of the bacteria causing plague (Yersinia pestis),
is infuenced by various factors, including fea density in the environ-
ment (Krasnov et al., 2006a; Pham et al., 2009; Tripp et al., 2009).
Plague tends to persist in a particular locale or region when multiple
Teas capable of transmitting Y. pestis infest hosts susceptible to plague
infection (Eisen and Gage, 2009), thus making the disease more or less
predictable based on known pre-disposing causes. Additionally, re-
searchers have developed statistical models and used ecological data to
predict the occurrence and distribution of plague in various regions. For
instance, Eisen et al., (2007) used a GIS-based model to predict the
habitat suitability for Yersinia pestis, in New Mexico, fnding that 30.8%
of the state as suitable plague habitat, Similarly, Neerinckx et al., 2008
used ecological niche modelling (ENM) to predict the potential distri-
bution of plague occurrences across sub-Saharan Africa based on envi-
ronmental variables and occurrence data. They identifed elevation,
potential evapotranspiration, mean diurnal temperature range, annual
rainfall, and Normalized Difference Vegetation Index contributing to the
plague occurrences in Sub-Saharan Africa. Furthermore, Poje et al.,
2020 studying fea populations in black-tailed dog burrow in North
America, found that the likelihood of prairie dog burrow being infested
with feas increased with high temperatures, while the prevalence of
infested burrow declined with increased winter precipitation. This, in
turn, impacted the dynamics of plague in prairie dog colonies.

Several studies have reported disease persistence and transmission
conditions in Mbulu districts, Tanzania (Makundi et al., 2008; Ziwa
et al., 2013). High fea diversity and rodent hosts richness, with a
multiple host-fea interaction in different habitats are variables that
contribute to plague persistence in this focus (Makundi et al., 2015). A
more recent study has shown plague bacteria continues to circulate
among susceptible rodents in Mbulu district (Haikukutu et al., 2022),
suggesting potential risks of plague outbreak. These studies suggest that
regular monitoring and updating data on the fea-rodent interactions
and the likely factors driving potential outbreaks and disease persistence
are important to control the disease in these rural communities. This can
be achieved through public awareness campaigns and educational pro-
jects that inform and educate residents about lifestyle practices that
encourage fea-rodent-human interaction. Additionally, community
engagement is crucial, with health offcers visiting local communities to
identify possible risks and provide valuable guidance as well as devel-
oping strategies that target both fea vector and rodent hosts.

In this study, we aimed to provide current information on the fea
infestation of rodents, their community structure and how infestation
varied between plague persistent and non-persistent foci in Mbulu dis-
trict, northern Tanzania. Specifcally, we (i) assessed rodent fea abun-
dance in different habitats, seasonality, and localities contrasting in
plague outbreaks, (ii) examined which factors infuence prevalence of
fea infestation, (iii) assessed the effect of habitats, seasons, temperature,
humidity and rodent species traits (sex, sex condition, species ID,
weight) on overall fea abundance and, (iv) assessed how fea commu-
nity structures between localities in different habitats and its potential
hosts. We predicted that fea load would be greater in plague persistent
than non-persistent localities and we predicted that fea abundance and
infestation would be positively associated with seasonality and plague
persistent locality due to available hosts and suitable habitats and
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environmental conditions that would provide fea population growth.
Finally, we predicted that fea species would be structured according to
similar resources such as blood meals from host animals, microclimate
conditions, and habitats use, and that some fea species should show host
preferences while others exhibit host sharing pattern between multiple
hosts, providing conducive environment for the disease enzootic
circulation.

2. Materials and methods
2.1. Study area

This study was conducted in two villages, Mongahay (04 03'S, 35
26'E) and Endesh-Arri (04 03'S, 35 27'E) located in Mbulu District,
Manyara Region in Northern Tanzania from Jan 2019 to Dec 2019
(Fig. 1). The villages were chosen based on the plague outbreak history
and presence of plague pathogen in the rodent population (Makundi
etal., 2008; Ziwa et al., 2013; Mwalimu et al., 2022). Villages with and
without human plague cases were purposefully selected in consultation
with village leaders. Villages with a history of bubonic plague cases were
identifed as 'plague persistent’ (Endeshi village), while those without a
history of bubonic plague were identifed as 'non-persistent’ (Mongahay
village). Both villages engaged in crop farming and livestock keeping as
their primary economic activities.

The district where the study villages are lies between 1000 and
2400m above sea level and is characterized by bimodal rainfall pattern,
with a long rainy season between March and May, and a short rainy
season between November and January (Nyembo et al., 2021). The short
rain season is characterized by sporadic and light rainfall, which is less
predictable. During the short rain season the mean temperature was on
average 16.84 C (SE 0.13). On the other hand, the long rain season is
characterized by cloudy skies and heavy rainfall, with mean tempera-
ture of 14.79 C (SE 0.12).

2.2. Rodent trapping

Rodents were live trapped using Sherman traps (LFA 7.6 x 8.9 23
cm, H.B. Sherman Trap, Inc., Tallahassee, USA) baited with peanut
butter mixed with maize four. Five transect lines with 10 trapping
stations set 10 m apart were established in the natural forest (natural
forest) and farmland (mixed farming) habitats in each village (Kessy
et al., 2023). Traps were left overnight and inspected each morning for
three days. Trapping was conducted every month for 15 months be-
tween Jan 2019 to Dec 2019.

Captured animals were anaesthetized with diethyl ether for immo-
bilization (Palomino et al., 2020). Morphological measurements
(weight, head body length, tail length and ear length) and other char-
acteristics of each captured animal (sex and reproductive status) were
recorded. Sex condition were noted as indicators of reproductive status
of the host species i.e. the position of the testes, vagina and nipples.
Females were classifed as virginal perforated (PSN), perforated and
lactating (PLY), virginal closed (CSN), perforated small nipple with
young ones (PSY) and perforated lactating not pregnant (PLN). Males
were classifed as scrotal visible (SV) as active males and testes were
abdominal (AN) as non-active male (Makundi et al., 2007). Rodents
were identifed to species level using Happold (2013) and confrmed by
sequencing the mitochondrial cytochrome b gene at the Institute of
Vertebrate Biology, Czech Republic.

2.3. Flea collection

Rodents were removed from the holding bag and carefully brushed in
a pan to remove feas. Each bag was thoroughly checked to remove
dislodged feas and the tray was examined carefully with a hand lens to
remove all ectoparasites using a moistened paint brush.

Fleas were grouped based on locality, habitat, month, and host
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Fig. 1. A map of Mbulu district indicating the two study localities, Endeshi-Arri (Persistent locality and Mongahay (non-persistent locality), along with the two study

habitats (Farmland and forests) in each locality.

species and were counted and preserved in 70% ethanol for future
identifcation. The feas were then processed by adopting a modifed
version of the method described in (Philip Samuel et al., 2021). Briefy,
each group was exposed to NAOH 10%, dehydrated in various concen-
trations of ethanol (50%, 70%, 95%, absolute), cleared in clove oil,
temporarily mounted using glycerin on a microscopic slide, and exam-
ined under a light microscope using a 10x objective.

To understand how local climatic parameters infuence feas in the
area, rain data were measured and recorded using an ordinary rain
gauge installed outside Mongahay village offce between Jan 2019 to
Dec 2019. Data were recorded every day, and monthly mean values
were calculated. We also collected atmospheric temperature, and rela-
tive humidity data using data loggers (Thermochron iButtons ®), with
two data loggers placed under trees in each locality. We considered trees
that had dense canopy so that they could give enough shades throughout
the day. The iButton data were downloaded once a month. The monthly
mean values of temperature ( C), and humidity (%) were calculated.

2.4. Data analysis

To establish Fea abundance, we grouped fea data collected from
each rodent host species and across the sampled sites and tested for
normality using Shapiro test (P < 0.05). Flea abundance is used here to
refer to the total number of feas collected for each rodent host and
sampled sites during the sampling period regardless of the species
identity. To assess how Fea abundance varied between localities, habitat
types and season, we used the Mann-Whitney-Wilcoxon test to explored
signifcant differences of fea load between habitats and localities.
Similarly, the Kruskal-Wallis test was used to assess differences in fea
abundance across fea species and seasons as well as differences of each
Tea species across rodent species and habitats in each locality (Npfarm

farm in non-plague persistent locality, Npforest  forest in non-
persistent locality, Pfarm  farm in persistent locality and Pforest
forest in persistent locality).

Further, to assess how temperature, humidity, rainfall, and rodent

species traits (sex, sex condition, rodent species, weight, head body
length) infuenced fea abundance, we built a negative binomial
generalized linear mixed model (GLMM) implemented in the ‘Ime4’
package. Prior to modelling, we examined the data variables for po-
tential multicollinearity among temperature, rainfall, the weight, head
and body length variables. We subsequently dropped rainfall from the
model and retained temperature as these were highly correlated (r
0.51) and because temperature is known to infuence fea growth and
development (Cavanaugh and Marshall 1972; Kreppel et al., 2016; Ming
ming et al., 2013). The Frst model included sex, sex condition, head and
body length, temperature, weight and humidity as fxed factor and ro-
dent species as random factor. The relative infuence of each variable in
the model was evaluated by deleting non-signifcant model term in a
backward step-wise process, assessing model variance at each step of the
modelling. The dropl function was used to delete non-signifcant term
along each modelling steps and model signifcance assessed using the
Wald test (Bolker et al., 2009). The best model ftting the data was
chosen using the Akaike Information Criterion (AIC).

Furthermore, the binomial generalized linear model (GLM) imple-
mented in the MASS package was used to examine the probability of fea
infestation as a function of localities, habitats, seasons and rodent spe-
cies. Flea infestation-referred as presence or absence was treated as a
dependent variable in the model. To understand the relative infuence of
each variable in the model similar procedure as performed above was
followed. Further, the relative risk ratio (RR) of each independent var-
iable was computed from exponentials of coeffcients generated from the
best models. To understand how these factors from the best model were
able to predict the fea load and prevalence of fea infestation, we built
prediction models using the ‘predict’ function with the “ggplot2” pack-
age. All modelling analyses were performed in R program, version 4.3.1.

Finally, to assesses species interaction and how fea community
structures between localities, habitats and seasons we used cluster
analysis based on a Bray-Curtis similarity matrix of grouped variables
with the program PRIMER v6. To obtain this, abundance matrix data
were Frst square root transformed to down weight high abundance data,

3DUDVL



S.T. Kessy et al.

normalizing them and creating a resemblance matrix. Further, we
visualized whether fea species clustered based on locality, habitat, and
season using a dendrogram plot.

3. Results
3.1. Abundance of feas in the study area

A total of 352 feas belonging to 5 species were collected, with
Dinopsyllus lypusus being the most abundant species, comprising 57.10%
of the total (n  201), followed by Xenopsylla brasiliensis at 29.26% (n
103), Nosopsyllus spp. at 8.52% (n  30), Xenopsylla cheopis at 3.41% (n

12) and Ctenophthalmus spp. at 1.70% (n  6).

A total of 420 individuals belonging to 12 species within family
Muridae were captured. Among all species, Mastomys natalensis had the
highest number of captures compared to other species in different
habitats and localities. Additionally, the short rainy season had higher
number of rodent hosts compared to other seasons. The total number of
rodent hosts for each species across habitats, localities, and seasons is
presented in Table 1.

Flea abundance by fea species across rodent hosts and habitats
revealed that, cultivated land, fea abundance was dominated by
D. lypusus, accounting for 48.26% (n  83) of the total fea population,
followed by X. brasiliensis at 36.63% (n  63), Nosopsyllus spp. at 9.30%
(n  16), and X. cheopis at 5.82% (n  10). Among the rodent species,
Mastomys natalensis had the highest fea abundance at 66.28% (n  114),
followed by Aethomys kaiseri at 24.42% (n  42). In the forest habitat,
D. lypusus was also the most abundant fea species, accounting for
65.56% (n  118) of the total fea population, followed by X. brasiliensis
at 33.89% (n  40), Nosopsyllus spp. at 11.86% (n  14), Ctenophthalmus
spp. at 3.33% (n  6), and X. cheopis at 1.69% (n  2).

The plague persistent locality had the highest fea abundance
71.88% (n  253) compared to non-persistent locality 28.13% (n 99).
On the habitat types, the forest had the highest fea abundance 51.14%
(n 180) compared to cultivated areas 48.86% (n  172). Also, fea
abundance was highest in the short rain season 59.94% (n  211) than
the long rain season and dry season (22.73%, n 80 and 17.33%, n
61; respectively). Furthermore, there were signifcant differences in fea
abundance between fea species ( 21169, df 4, p 0.02). There
were no signifcant differences in fea abundance between localities (W

1744, p  0.68), habitats (W 2157, p  0.83) and seasons ( 2
5.04,df 2,p 0.08) (Fig. 2a—c).

The rodent species with the highest fea abundance were Mastomys
natalensis at 32.22% (n  58) and Praomys delectorum at 30.56% (n  55)
(Fig. 3). When assessing how each fea species varied between rodent
species and habitats in each locality; there was a signifcant difference in
X. Brasiliensis abundance between rodent species ( 2 2555 df 11, p

0.01). A Signifcant higher abundance of X. Brasiliensis was observed
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on M. natalensis compared to Mus cf. gratus (p  0.03), Grammomys cf.
macmillan (p 0.01) and Lophuromys makundii (p  0.02). However,
there were no signifcant difference in X. brasilliensis abundance between
habitats of each locality ( > 1.03,df 3, p 0.79). Similarly, the
abundance of D. lypusus species varied signifcantly between rodent
species ( 2 26.16, df 11, p 0.01). Mastomys natalensis had
signifcantly higher abundance of D. lypusus compared to Mus minutoides
(p 0.03), Mus gratus (p  0.02), Lophuromys makundii (p  0.01),
Graphiurus cf. raptor (p  0.03), and Lemniscomys striatus (p  0.01). No
signifcant differences were found in D. lypusus abundance between
habitats of each locality ( 2 319, df 3, p 0.36). Furthermore, the
abundance of X. cheopis varies signifcantly between rodent species ( 2

20.26,df 11,p 0.04). Mastomys natalensis had signifcantly higher
abundance of X. cheopis compared to Mus minutoides (p 0.04),
Lophuromys makundii (p  0.02), Graphiurus cf. raptor (p  0.02), Lem-
niscomys striatus (p 0.02), Grammomys cf. macmillan (p  0.01) and
Arvicanthis sp. Masai Mara . No signifcant differences in X. cheopis
were observed between habitats in the locality ( 2 087, df 3, p
0.83). Moreover, there was a signifcant difference in Nosopsyllus spp
abundance between rodent species ( 2 3231,df 11, p < 0.05), with
M. natalensis having higher abundance compared to all other rodent
species (p < 0.05). However, there were no signifcant difference in
Nosopsyllus spp abundance between habitats in the locality. Addition-
ally, the abundance of Ctenophthalmus spp did not vary signifcantly
between rodent species ( 2 17.75,df 11, p 0.08) and between
habitats in the localities ( 2 3.83,df 3,p 0.28).

3.2. Factors infuencing fea abundance

The model results indicated rodent weight was signifcantly and
positively correlated with Fea abundance (mean 0.02 0.004SE, p <
0.05) Fig. 4a). Furthermore, male rodents had higher fea abundance
than females (mean 0.27 0.158SE,p 0.09; Fig. 4b).

3.3. Effect of locality, season, habitat and rodent species on probability of
fea infestation

The highest probability of fea infestation was mostly associated with
the plague persistent locality. Similarly, there was a signifcant effect of
the short rain season on the probability of higher fea infestation.
(Table 2, Fig. 5).

3.4. Flea community structure in the plague foci

Cluster analysis based on the fea abundance data revealed two
distinct fea community structures based on the habitats. The dendro-
gram plot (Fig. 6) showed that fea species were clustered into two main
groups, group A comprising of four species (Nosopsylla spp., Xenopsylla

Table 1
Number of rodent species captured across localities, habitats (Pfarm  farm in plague persistent locality, Pforest ~ forest in plague persistent locality, NPfarm  farmin
non-plague persistent locality and NPforest  forest in non-plague forest) and seasons.
Rodent species Localities Seasons
Pfarm (n) Pforest (n) Plague locality (n) NPFarm (n) NPForest (n) Non-plague locality (n) Dry Long rain Short rain
Aethomys kaiseri 17 0 17 6 0 6 12 4 7
Arvicanthis sp. Masai Mara" 6 0 6 2 0 2 0 0 8
Grammomys cf. macmillani 4 16 20 0 3 3 7 4 12
Graphiurus cf. raptor 0 5 5 0 4 4 0 0 9
Lemniscomys striatus 0 14 14 0 1 1 1 1 13
Lemniscomys zebra 2 0 2 3 0 3 1 0 4
Lophuromys makundii 0 32 32 0 0 0 9 12 11
Mastomys natalensis 113 9 122 54 31 85 49 36 122
Mus cf. gratus 0 2 2 0 1 1 0 2 1
Mus minutoides 8 0 8 1 0 1 6 2 1
Praomys delectorum 0 81 81 0 4 4 29 13 43
Rattus ratus 1 0 1 0 0 0 0 0 1
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Fig. 2. Flea abundance in the (a) localities, (b) habitats and (c) seasons. Error bars represent the standard error. There were no statistically signifcant differences that
were observed.

Fig. 3. Flea abundance for different fea species across habitat types in each locality and rodent species.

cheopis, Dinopsyllus lypusus, and Xenopsylla brasiliensis) and group B Xenopsylla cheopis clustering together and Dinopsyllus lypusus and Xeno-
consisting of only one species (Ctenophathalmus spp). Group A had a psylla brasiliensis forming a separate cluster. Furthermore, fea commu-
Tner-scale separation of the two subgroups, with Nosopsylla spp. and nities were structured based on habitat, with some fea species
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Fig. 4. Plots showing predicted effect of rodent traits on fea abundance, based on Fnal best Ftting generalized linear mixed model with a negative-binomial
function. The plots (a) indicates that rodent weight increased with fea abundance. The gray shade in the plots represents the strength and direction of the corre-
lation, with the width of the shade indicating the 95% confdence interval (Cl) around the estimated effect. Furthermore, plot (b) indicates that male rodents are more
likely to have higher fea abundance compared to female rodents, but this association was not statistically signifcant. The bars are 95% confdence intervals of

the effects.

Table 2

Effect size with standard errors ( SE) and relative risk ratio (RR) of localities
and seasons on the probability of fea infestation, from the fnal best ftting
Generalized Linear Model (GLM) model.

Predictors Estimate (SE) RR RR 95% ClI z-value p-value
(Intercept) 2.09 (0.49) 0.12 0.05-0.32 4.23 <0.001
Locality

Plague persistent 1.01 (0.45) 2.75 1.15-6.58 2.27 0.02
Season

Long rain 0.16 (0.57) 0.84 0.27-2.63 0.29 0.77
Short rain 0.98 (0.51) 2.69 0.98-7.36 1.93 0.05

Non-persistent locality and dry season were defned as reference.

associated with both forest and cultivated land, while others were
associated with only forest habitats.

4. Discussion

This study aimed to understand the pattern of fea abundance be-
tween localities, habitat type, and season. Flea abundance was found to
be similar between localities and seasons. However, the study found that
Fea infestation was mostly associated with the plague persistent locality
and the short rain season. Furthermore, fea abundance was found to
have a signifcant positive correlation with rodent weight. In addition,
Fea community was structured into two distinct groups.

We did not ¥nd signifcant difference in fea abundance between the
localities, despite the hypothesis that the plague persistent locality
would have higher fea abundance. This observation seems to contradict
the hypothesis that high fea abundance in persistent localities increases
the risk of bubonic plague. However, it is important to note that the
study found that the probability of fea infestation was signifcantly
higher in the plague persistent locality, indicating that the risk of plague
pathogen spreading may still be elevated in this locality. One possible
explanation for the lack of signifcant difference in fea abundance be-
tween the localities could be differences in the Fea species assemblage
and level of infestation among different hosts. Even if the fea abundance
is similar, the composition of fea species and the levels of infestation on

individual host species could still be important determinant of disease
persistence, consistent with the available literature (Eisen et al., 2012).
Moreover, we did not £nd any signifcant differences of fea abundance
between seasons, but we observed that rodents were more frequently
infested with Feas during the short rain season. This observation may be
attributed to the warmer and more humid conditions during the short
rain season, which create a favourable environment for fea develop-
ment and survival, leading to increased infestation in rodents. These
fndings align with previous studies which have shown that warmer and
humid condition promote fea development and survival, leading to
higher fea abundance (Krasnov et al., 2001; Kreppel et al., 2016; Sharif
1949; Mboera et al., 2011; Ngeleja et al., 2017), Importantly, such
condition has also been associated with an elevated incidence of human
plague in some of the plague foci. For example, Debien et al. (2010)
reported that precipitation resulted in higher fea abundance and an
increased incidence of plague in Lushoto, Tanzania.

Further, we found a positive association between rodent weight and
fea abundance. We also found a positive association between male ro-
dents and fea abundance, which is often attributed to their larger body
size (Moore and Wilson, 2002), but this relationship was not signifcant
in our study area. Mostly, male rodents tend to have higher fea abun-
dance due to their larger body size, ample blood supply, weaker im-
munity and less grooming ability (Eads and Hoogland, 2016; Kiffner
et al., 2013). In addition, larger rodents tend to have higher activity
levels, which could increase their exposure to feas in the environment
(Krasnov et al., 2006b). However, different species can vary from these
patterns, and more studies are necessary to better understand relation-
ship between rodent weight and fea-borne diseases enabling more in-
sights into their specifc host-fea relationships.

Furthermore, we found two communities of feas in the foci, sug-
gesting the Fea community structures were infuenced by the seasons,
habitats types and hosts present in these habitats. These results are
consistent with studies elsewhere which have shown strong fea-habitats
(Brinkerhoff, 2008), host-habitat relationships (Krasnov et al., 2006)
and environmental factors (Chotelersak et al., 2015). In the present
study, the frst fea community included Dinopsyllus lypusus,
X. brasilliensi, X.cheopis and Nosopsyllus spp. which were found in both
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Fig. 5. Plot showing the predicted effect of locality and season on the probability of fea infestation, based on the Fnal best-Ftting generalized linear model with a
binomial function. The analysis aimed to identify the factors that strongly infuence Fea infestation. The strongest predictors of fea infestation were plague persistent
localities and short rain seasons. The probability of infestation on these predictors was found to be statistically signifcant (p < 0.05), suggesting a higher likelihood of

,QWHUQDWLRQDO -RXUQDO IRU 3DUDVLWRORJ\

fea infestation in this locality and season. The bars are 95% confdence interval of the effects.

Fig. 6. Dendrogram of fea species showing two main groups (AB) of fea community based on farm and forest habitats.

farm and forest habitats. The species prefer rodents as primary hosts. For
example, X.cheopis, Dinopsyllus lypusus, and X. brasilliensis prefer R. ratus
as a primary host (Msangi, 2019), but they can also infest other rodent
species (Palazzo, 2011; Trivedi, 2003). However, a fne scale separation
observed in this group may be connected to the habitat types, seasons
and/or other factors in the foci, further studies would be needed to
confrm this hypothesis. Dinopsyllus lypusus, and X. brasilliensis, have
been reported as potential vector of plague among sylvatic rodents
(Ziwa et al., 2013) and the species were found on commensal rodent
such as Ratus rattus and M. natalesnsis, and on wild rodents such as
P. delectorum and L. makundii (Fig. 2a), indicating a fea-host-habitat
association. In addition, other studies have revealed that Xenopsylla
species is primarily an effcient vector of plague to humans (Zhang et al.,
2015; Hinnebusch et al., 2017). Moreover, M. natalensis is a social spe-
cies that nests in burrows and occasionally associates with other wild

rodent species (Coetzee 1975); given that Y.pestis is still circulating in
this species in the foci (Haikukutu et al., 2022), the diverse fea infes-
tation on M.natalensis may be contributing to plague persistence in the
foci and possibly infuencing spreading of Y .pestis between other rodent
species and/or other hosts sharing these habitats. In the second fea
community, Ctenophthalmus spp. were found to be the only species. The
species was only present in forest habitats, suggesting a strong associa-
tion with areas characterized by vegetation, such as grassy and wooded
environments. Additionally, their presence in rodent burrows and nests
reinforces their connection to habitats where these particular hosts were
commonly located. The species was found on host M. natalensis and
P. delectorum which was consistent with previous fndings conducted in
the same study area (Haule et al., 2013). The state of the forest habitat
supporting more diverse fea species compared to the farms, and pres-
ence of some of Fea species infesting multiple rodent hosts that includes
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the susceptible species may encourage the potential of epizootic cycle of
disease transmissions between rodent species. Alarmingly, these fea
species have the ability to harbor other zoonotic pathogens such as
Bartonella and Richettsia typhi (Leulmi et al., 2014; Occhibove et al.,
2022) highlighting the need for more studies on fea borne pathogen
pattern and their role as pathogen vector in the foci.

5. Conclusion

Our Fndings provide insight into the complex interactions between
fea communities, rodent host species and environmental factors in the
plague foci. The observed fea vector associating with sylvatic host, its
ability to harbor other zoonotic pathogens infuences the relevance of
extending our study to a broader disease transmission dynamic within
the foci. Our data about these ecosystems, provide opportunities for
potential strategies to targeted public health interventions that can
lower risks of bubonic plague and other fea borne diseases in these rural
communities.
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