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l. Resumen general

El cambio del uso del suelo es uno de los principales factores que causan la pérdida y
modificaciones en la composicién y abundancia de la fauna silvestre de los bosques
tropicales. Los roedores son un grupo de mamiferos que responden de diversas maneras a la
perturbacion, las especies de roedores generalistas e invasoras pueden aumentar sus
poblaciones; mientras que las especies con habitos especialistas pueden experimentar
poblaciones fuertemente reducidas. Aun son pocos los estudios que abordan los efectos en
cascada que derivan de los impactos directos que la pérdida de los bosques tiene sobre la
fauna silvestre. Analizamos el impacto que la pérdida de la selva tiene sobre la abundancia,
diversidad, y composicién de roedores silvestres y su comunidad de ectoparasitos asociada
en seis sitios de muestreo en la Region de Marqués de Comillas, en el estado de Chiapas del
sureste de México. Encontramos que la deforestacion del bosque asociada con el cambio del
uso del suelo favorece el incremento en la abundancia de algunas especies locales de
roedores, promoviendo una mayor abundancia de ectoparasitos hematofagos potenciales

vectores de enfermedades zoondticas.

Palabras clave: deforestacion, bosques tropicales, acaros, enfermedades zoonoticas.

1. General summary

The land use change is the principal driver of the loss and the modification in the abundance
and composition of tropical wildlife. Rodents are a group of mammals that can respond to

disturbance in diferent ways. Generalist and invasive rodent species can increase their



population abundances, whereas, rodents species of specialized habits could suffer marked
reductions in the abundance of its populations. There are few studies, yet, focused on
analyzing the domino effects derived from the direct outcomes of tropical forest loss on
wildlife. We analized the impact of tropical forest loss on the abundance, diversity and
composition of wild rodents, and their associated ectoparasites in six sampling sites, in the
Marques de Comillas Region in the state of Chiapas, southern Mexico. We found that forest
deforestation promotes an increase in the abundance of generalist rodent species, increasing
in turn that abundance of hematophagous ectoparasites, including some potential vectors of

zoonotic diseases.

Keywords: deforestation, tropical forest, mites, zoonotic diseases.

I1l.  Introduccién general

El impacto que las actividades humanas ejercen sobre los bosques tropicales, ha
generado una pérdida drastica de su cobertura (Wijaya et al., 2017; Weisse & Goldman, 2017,
Edwards et al., 2019; Vargas et al., 2019). Se estima que, en los ultimos cinco afios los
bosques tropicales del mundo perdieron en promedio un area de 9,28 millones de hectareas
por afio debido principalmente al cambio de uso de suelo y la tala selectiva (Lewis et al.,
2004; Gatti et al., 2015; Keenan et al., 2015; Bieng et al., 2021). La deforestacion de los
bosques se asocia con la extincidn de especies (Pekin & Pijanowski, 2012), pero también con
una pérdida de los servicios ambientales que provee, como el control de enfermedades

zoonoticas (Allen et al., 2017).



Existe evidencia, de que la proliferacion de reservorios naturales de enfermedades,
como los roedores y sus patdgenos asociados, estd relacionada con la pérdida de
biodiversidad (Young et al., 2014; Halliday et al., 2020; Keesing & Ostfeld, 2021). Estudios
experimentales han demostrado que la remocion de la fauna de mamiferos de mayores tallas
promueve un aumento en las poblaciones de roedores (Young et al., 2014; Young et al., 2015;
Gibb et al., 2020). Se ha sugerido que hay factores como la competencia por recursos
alimenticios entre mamiferos herbivoros grandes y pequefios que son una limitante para la
propagacion de roedores (Keesing & Young, 2014). El incremento en la prevalencia de
ectoparasitos (p.ej., pulgas y garrapatas) parece seguir el mismo patrén. La reduccién de
fauna autdctona de ecosistemas naturales, y el incremento de las poblaciones de hospederos
como roedores y algunas especies de ungulados (reconocidos por ser anfitriones preferidos
para los ectoparasitos); favorece la proliferacion de artrépodos paréasitos incrementando las
enfermedades zoondticas (Kilpatrick et al., 2014; Young et al., 2014).

El éxito de los roedores como propagadores de agentes etiologicos, parece estar
asociado a que estos organismos estan provistos de sistemas inmunol6gicos muy eficientes
que les dan una alta tolerancia a los patégenos (Luis et al., 2013; Rynkiewicz et al., 2013).
Esto podria, a su vez, explicar la escasa cantidad de reportes de ectoparasitos afectando
directamente la salud de los roedores (Romero, 1994). Sin embargo, se ha registrado que,
cuando una gran cantidad de ectoparasitos llegan a infestar un solo organismo, pueden causar,
infecciones en la piel, anemia y en algunos casos extremos, la muerte del hospedero (Lépez

& Jaime, 2006; Jofré et al., 2009).



El orden Rodentia, es uno de los grupos de mamiferos mas diverso por sus
aproximadamente 2277 especies descritas en el mundo (Pachaly et al., 2001; Tzab &
Macswiney, 2014). Los roedores pueden jugar distintos roles en el ecosistema, son un recurso
alimenticio de diversos carnivoros (Ceballos & Olivia, 2005) y algunas especies favorecen
la dispersion de semillas (Carvajal & Adler, 2008; Vélez & Peérez, 2010). Inclusive, se ha
documentado que especies como Pseudomys oralis, roedor dispersor de hongos micorricicos,
favorecen el mantenimiento de los bosques en Australia (Elliott et al., 2020). Cabe sefialar
que entre los roedores se encuentran especies nativas de bosques conservados con habitos
alimenticios muy especializados y que presenta de manera natural densidades poblacionales
bajas (Jorge, 2008; Niu et al., 2021). Dos ejemplos de estas especies son: Geomys tropicalis
y Neotoma floridana, que estan siendo seriamente afectadas por la deforestacion (Cove et al.,

2017; Cervantes, 2021).
No obstante, cuando las condiciones del medio ambiente son favorables, algunas

especies de roedores, sobre todo las invasoras y generalistas pueden llegar a convertirse en
plagas (Mendoza et al., 2020). Esto se debe en gran medida a las caracteristicas de la historia
de vida de los roedores, como sus altas tasas reproductivas y periodos de gestacién cortos
(Kay & Hoeskstra, 2008). Ademas, el incremento de areas dominadas por cultivos,
proporcionan un recurso alimenticio que permite la proliferacion de los roedores (Kay &

Hoekstra, 2008; Lacher et al., 2021).

Existe una gran diversidad de especies de ectoparasitos asociados a los roedores.
Algunos de estos artrépodos mantienen relaciones benéficas o de tipo comensal con su
hospedero (Kim, 1985) pero otros, como las garrapatas, acaros hematéfagos y pulgas son de

alto riesgo por ser vectores de patdogenos como: Flavivirus, Rickettsiosis, Borreliosis y



Bartonelosis Rickettsiosis, Borreliosis, Bartonelosis, y Yersinia pestis (Durden et al., 2004;
Diarra et al., 2020; Lépez et al., 2021). Estos ectoparasitos son capaces de utilizar una amplia
gama de hospederos, por lo que incrementan el contagio por agentes etioldgicos de origen
zoonotico (Tretyakov et al., 2012). La cantidad de casos de padecimientos por zoonosis va
en aumento (Arrivillaga & Caraballo, 2009; Han et al., 2015; Han et al., 2016), por lo que el
mantenimiento de los ecosistemas naturales es necesario para el control de estas
enfermedades zoonoticas.

Desafortunadamente, a pesar de los esfuerzos por conservar a los ecosistemas
naturales, la deforestacion de los bosques tropicales sigue incrementandose (Brancalion et
al., 2020). Por esta razon, es de particular importancia monitorear a los vectores de
enfermedades (Rubio et al., 2014; Reaser et al., 2021). Esto nos permitira saber como influye
la interaccion de factores ecoldgicos en la proliferacion de agentes etioldgicos y, cual es la
gama de respuestas de las especies de roedores que son reservorios y vectores de patdgenos
a la deforestacion y el cambio de uso de suelo (Guégan et al., 2020). En el presente estudio
evaluamos los impactos de la deforestacion y sus efectos sobre la riqueza y abundancia de
roedores silvestres, asi como, la respuesta en la composicion y abundancia de especies de
ectoparasitos asociados a estos pequefios mamiferos, con especial énfasis en documentar la

presencia de ectoparasitos vectores de enfermedades.
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Abstract

One particularly important service that tropical forests provide is disease control. However,
there are still few studies focused on analyzing how this service is affected by deforestation.
We assessed the relationship between deforestation and rodent abundance and how this
affects ectoparasite abundance and diversity in the Marques de Comillas region in the state
of Chiapas, southern Mexico. Using Sherman traps we captured 70 rodents of five species:
Sigmodon toltecus, Heteromys desmarestianus, Ototylomys phyllotis, Peromyscus
mexicanus, and Oryzomys couesi in six sites differing in their percentage of forest cover.

Rodent abundance increased with forest loss (r2=0.706, p=0.022). The highest rodent species
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richness occurred in sites with intermediate forest cover (40% and 78%). The most abundant
species were S. toltecus (n=45) followed by O. couesi (n=9), these species dominated in sites
with the lowest forest cover. The captured rodents were euthanized to search for ectoparasites
in the laboratory. From a total of 23 different ectoparasites, we identified 15 to the species
level and 8 to the genus level. The sites with the lowest forest coverage had the lowest
ectoparasite species richness. The most abundant ectoparasites belonged to the family

Listrophoridae (n=5870) and Trombiculidae (n=1853). We detected 3 ectoparasite species
(Amblyomma sp., Ornithonyssus bacoti, and Androlaelaps fahrenholzi) which are known to
be vectors of zoonotic diseases. We found that ongoing forest loss is promoting an increase
in the proliferation of zoonotic disease vectors which in turn can result in an increased

frequency of affectation among local people.

Keywords: deforestation, tropical forest, zoonotic disease, mites.
Introduction

Human activities are causing a drastic transformation of tropical landscapes
characterized by a marked reduction and fragmentation of natural habitats and the
proliferation of land dedicated to monocultures, commercial plantations, cattle pasture, or
covered by secondary vegetation (Jacobson et al., 2019; Gayley and Sridith 2020). There is
an increasing number of studies focused on analyzing the consequences of this transformation
on tropical biodiversity (Dudley and Alexander 2017; Symes et al., 2018). However, most of
these studies assess the direct impacts of this transformation on basic ecological variables
such as population abundance and community diversity (Sayer et al., 2017; Thompson and

Donnelly 2018; Cavada et al., 2019). In contrast, much fewer studies focus on assessing

11



cascade ecological impacts derived from tropical landscape transformation (Ostfeld and Holt

2004; Young et al., 2014; Morante et al., 2018; Portela and Dirzo 2020).

Rodents are of great relevance in tropical forests due to their abundance and the
variety of ecological roles in which they are involved, such as seed dispersal and predation
(Vélez and Pérez 2010). Some rodent species seem to withstand the effects of human
perturbations most commonly affecting tropical forests and even, in some instances, result
benefited from the conditions associated with anthropized landscapes (Morand et al., 2019;
Mendoza et al., 2020; Prist et al., 2020). In contrast, some rodent species have reduced
distribution ranges and specialized habits that make them more prone to be negatively

impacted by tropical forests perturbation (Mendoza and Horvath 2013; Rubio et al., 2014).

Small rodents interact with an important number of arthropods in the orders Ixodida
(ticks), Mesostigmata (facultative parasite mites), Trombidiformes (free-living mites,
parasites in larval stage), Sarcoptiformes (commensal and parasite mites) as well as insects
in the orders Siphonaptera (fleas), Phthiraptera (lice) and Heteroptera (bugs) (Reeves et al.,
2007; Madinah et al., 2014; Guzman et al., 2020). Despite the known role of these
arthropods as ectoparasite which in turn act as reservoirs and vectors of pathogens, such as
viruses and bacteria, information on how these invertebrates are affected by habitat
perturbation is still sparse (Guzman et al., 2020; Kiene et al., 2020; Ramalho and Gubler

2020).

Tropical forest perturbation can affect the prevalence of rodent ectoparasites trough
different ways. First, impacts of forest perturbation on the abundance of rodent populations

and the composition of their communities can in turn affect host availability (Johnstone et
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al., 2014; Ladds 2015; Ssuuna et al., 2020). Second, habitat perturbation can affect the
physiological condition of rodents (e.g., stress levels) making them more prone to be
parasitized or can directly affect the species composition and population abundance of
ectoparasites due to the associated changes in abiotic factors such as humidity and

temperature (Moyer et al., 2002; Rynkiewicz et al., 2013; Hammond et al., 2019).

Studies, at the global level, evidence the existence of a relationship between the
transformation of natural habitats and the emergence of zoonotic diseases (Arrivillaga and
Caraballo 2009; Egeru et al., 2020; Rahman et al., 2020). Moreover, these studies point out
that countries having a high mammal diversity, but undergoing heavy perturbation of their
natural vegetation cover, such as it occurs in tropical rain forests, are more likely to have a
greater frequency and concentration of zoonosis (Allen et al., 2017; Lorenzo et al., 2017). It
remains, therefore, an issue of prime relevance to document the impacts of tropical
deforestation on rodent populations and the corresponding consequences for ectoparasite
abundance and diversity. This will help to further our understanding of the ecosystem service

tropical forests provided for disease control (McMurray et al., 2017).

In this we focused on: a) evaluating the relationship between tropical forest loss and
rodent species richness and abundance, b) assessing the associate effects on the abundance
of rodent ectoparasites and their species richness and composition and, ¢) documenting the
presence of ectoparasites of zoonotic relevance such as ticks, fleas, lice, and hematophagous
mites. We expect to find a reduction in rodent species diversity but an increase in their overall
abundance as forest extent reduces. This will reflect on a greater abundance of the associated

ectoparasites (Suzan et al., 2008; Morand et al., 2019; Kiene et al., 2020). Among the species
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of ectoparasites increasing their abundance, we expect to find some species already identified

as vectors of zoonotic diseases (Wells et al., 2007; Suzén et al., 2009; Young et al., 2014).

Materials and methods

Study area

This study was conducted in the Marques de Comillas (MC) region which is part of
the Lacandon forest in the state of Chiapas, southern Mexico. The MC region has an extent
of 942 66 km.2 (INAFED 2010); limits to the west and north with the Lacantun river, to the
south with the Guatemala border, and the east and north with the Salinas river (Carabias et
al., 2000) (Fig.1). Towards the west is located the Montes Azules biosphere reserve which
has an extent of 331,200.00 ha (CONANP 2019). The mean annual precipitation in the region
is 3000 mm and the mean temperature 24 ° C (Martinez et al., 2009).

The Lacandon forest in southern Mexico, together with its natural prolongation in
Belize and Guatemala, constitutes one of the largest remnants of tropical rain forest in
Mesoamerica (Cruz et al., 2004). Unfortunately, this region has suffered a heavy impact due
to deforestation caused by the opening of new land for agriculture, cattle pasture and,
commercial plantations (Mendoza and Dirzo 1999; Soto et al., 2012). Over a period no
longer than 12 years, the Lacandon forest lost approximately 142 000 ha, accumulating a
total loss of nearly 70% of its original extent (de la Torre and Medellin 2011; Carabias et
al., 2015). Therefore, this region formerly covered with rain forest currently supports a
mosaic of different types of vegetation and land uses which include secondary forest, cattle

pasture, and African palm plantations (Muench and Martinez 2016).
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Figure 1 Location of the study in the Marques de Comillas region in the state of Chiapas, southern Mexico. The
stars indicate the location of sampling sites (Map data: own elaboration, sources of Bing Satellital and INEGI
2018).

Selection of sampling sites

For the selection of sampling sites, we used as a guide a previous study by Wies et
al., (2021). In such a study 18 landscape units of 1km? were delimited within the MC. The
percentage of forest cover in each one of these units was estimated using Sentinel-2 satellite
images, with a 10 m spatial resolution, and ground-truthing. Base on this information we

selected six sampling sites which different percentages of forest cover (Table 1).
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Table 1 Percentage of tropical forest in each sampling unit, main vegetation covers and land uses, and location.

The percentage of forest cover was calculated based on an area of 1km? (Wies et al., 2021).

Site Main vegetation Coordinates
cover/land use Forest cover
(%) Lat. Long.
LM_0.7% Cattle pasture-crops/ 0.7 16.1968 -90.8382

abandon cattle pasture

CHA_ 5% Cattle pasture / crops 5.0 16.0917 -90.8602

PL2_40% Cattle pasture-crops/ 40.8 16.1215 -90.8970
Old forest

GIL_46% Cattle pasture-crops/ 46.0 16.0836 -90.9717
Secondary forest

CHP_78% Secondary forest/ abandon 78.0 16.1057 -90.9294

cattle pasture

PLR_95% Old forest/ secundary 95.8 16.1461 -90.8961
forest

Rodent capture

Fieldwork consisted of two sampling periods, the first one was conducted in October
2019 (18 days) and the second in September 2020 (24 days). Both sampling periods occurred
during the rainy season when rodent abundance tend to be higher in tropical forests (Cruz et
al., 2010; Pérez et al., 2011). In each of the six sites, we set 90 Sherman traps. These traps
were set along two parallel lines, the separation between these lines was 20m and between

consecutive traps in a line was 10m. The traps were baited daily with a mixture of liquid
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vanilla and oat flakes. The traps were checked early every morning and were active during

the day and night.

The captured rodents were euthanized by applying them an overdose injection of
pentobarbital sodic in the intraperitoneal zone. This procedure followed the guidelines of
ethic treatment to animals from the American Society of Mammalogists (Gordon 1998). To
limit the number of rodents to be sacrificed we reduced our sample size to the minimum
number of six sites as indicated above. The sacrificed individuals belonged to species not

listed as threatened at the national o global level.

Ectoparasite sampling

In the laboratory, we practiced repetitive abrasive combing of the whole body of each
one of the sacrificed rodents with the help of a toothbrush. This technique has been applied
in several studies with great success to remove mites from the fur of small rodents (Kamani
et al., 2013; Lareschi et al., 2019). Moreover, we conducted a visual search of ectoparasites
attached to the skin of each rodent. All the collected arthropods were deposited in a solution
of Kono’s liquid for 7 to 30 days to disintegrate their internal organs and stomach content.
This left only the organism’s exoskeleton which was mounted on a slide with a drop of
Hoyer’s solution to conduct the corresponding taxonomic identification (Palacios and Mejia
2007). The taxonomic determination of the ectoparasites was conducted with the help of
specialized taxonomic keys (Stojanovich and Pratt 1961; Bassols 1975; Fain and Lukoschus

1984; Guzman et al., 2011).

Data analyses
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We conducted regression analyses to assess the relationship between forest cover (%)
and rodent abundance. We assessed this relationship using as explicative variable the
percentage of forest cover at 1km?, 2km2y 3 km? areas including our trapping sites. Forest

cover in these areas was obtained from Wies et al., (2021).

To compare ectoparasite species richness among the trapping sites we built
accumulation curves using Hill number g=0. These curves were extrapolated to the largest
sample size, using as a sampling unit the corresponding number of trapped rodents. We
calculated the corresponding 95% confidence intervals for each curve (Chao et al., 2014). To

do this we used the INEXT package (Hsieh et al., 2019).

We generated a dendrogram to explore the relationship among trapping sites based
on the richness and abundance of the ectoparasite species recorded in the rodents. To do this
we followed the procedure described in Borcard et al., (2018). We produced a matrix of
Euclidean distances among sites based on the standardized abundance (option “normalized”)
of their ectoparasites. We generated four dendrograms using the following algorithms: single
linkage, complete linkage, UPGMA, centroid, and Ward”s minimum distance. We conducted
cophenetic correlations and calculated Gower distances to assess the performance of these
algorithms to describe the relationship among sites. Gower’s distance is a statistic used to
assess the comparative performance of data grouping methods. It is calculated as the sum of
squared differences of original and cophenetic distances. The grouping method having the
lowest Gower value is taken as the one having the best performance (Borcard et al., 2018).
To conduct this analysis, we used the package Vegan (Oksanen et al., 2020). We excluded
from this analysis the rodent species Ototylomys phyllotis due to the fact it was represented

only by one individual and in contrast with the other species recorded is highly arboreal.
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To examine for the existence of differences in the number of ectoparasites recorded
on Sigmodon toltecus (the species most commonly trapped overall) among the different
trapping sites we applied a Kruskal-Wallis test (Zar 2010). Afterward, we applied a Dunn
test with Bonferroni’s adjusted probabilities to identify which pairs of sites were statistically
different. The use of this test is recommended in cases in which replication is not balanced
among treatment levels (Zar 2010). To conduct these analyses, we used the package FSA
(Ogle et al., 2021). All the above analyses were conducted using the software R ver. 3.6.3 (R

Core Team 2020).

Results

With a sampling effort of 3 780 trap days, we captured a total of 70 rodents (overall
43 males and 23 females) belonging to five species. The most abundant species was
Sigmodon toltecus (n=45), followed by Heteromys desmarestianus (n=9) and, Oryzomys
couesi (n=9), Peromyscus mexicanus (n=6) and Ototylomys phyllotis (n=1). In the sites where
the forest coverage was the lowest, the abundance of S. toltecus and O. couesi was the
highest. In contrast, the species P. mexicanus and H. desmarestianus occurred only in the
sites with greater forest coverage (Fig. 2). None of the five rodent species occurred in the six

trapping sites.
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Figure 2 Rodent abundance in six sites differing in their forest cover in the Marques de Comillas region in the

state of Chiapas, southern Mexico.

We found that the overall abundance of rodents was inversely proportional to the
percentage of forest cover (r2=0.706, df =8, p=0.022). Thus, the sites with less forest cover
(LM_0.7% and CHA 5%) concentrated the greatest number of rodents (25 and 17,
respectively) whereas in the sites with the greatest forest coverage (CHP_78% and
PLR_95%) only occurred 5 and 3 rodents (Fig. 3). The results were very similar when using

forest coverage estimated at 2 km? and 3km? was used for regressions.
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the 95% confidence interval for the regression.

We identified 23 different ectoparasites, 15 of them to species level and 8 to the genus
level (Table 2). The more abundant groups were mites in the families Listrophoridae
(Geomylichus nectomys, Prolistrophorus sp., Prolistrophorus bakery and, Prolistrophorus
grassi) and Trombiculidae (Cordiseta mexicana, Pseudoschoengastia brennani, Parasecia
kansasensis, Dermadelema mojavense and, Eutrombicula batatas). The less abundant

species was Gigantolaelaps boneti which belongs to the Laelapidae family.

In most of the sites ectoparasite, species accumulation curves (and their extrapolation)
showed a trend towards stabilization with the clear exception of site PLR_95%. The sites
with less forest cover (LM_0.7%, CHA_5%, and PL2_40%) had the lowest ectoparasite
species richness and showed a large overlap in their 95% confidence intervals. The sites with

intermediate forest coverage (GIL_46% and CHP_78%) had, in turn, a greater species
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richness than sites with low forest coverage, and the corresponding 95% confidence intervals
had only a slight overlap. Finally, the site with the greatest forest coverage PLR_95%) had
the highest species richness when it was compared to the other sites at the same sampling
effort; however, since this site had the smallest number of rodents captured comparisons are

not greatly supported (Fig. 4).
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Figure 4 Accumulation curves of ectoparasite species in six sites with different percentages of forest coverage
in the Marques de Comillas in the state of Chiapas, southern Mexico. The shaded areas correspond to 95%

confidence intervals and dashed lines to extrapolations.

The dendrogram using the UPGMA algorithm had the highest cophenetic correlation

(0.846 vs. 0.840, 0.830, 0.782) and the lowest Gower distance (0.401 vs. 1.036, 1.390, 3.037).
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Therefore, we used such a dendrogram to represent the relationship among sites based on
their ectoparasite fauna. Sites were segregated into two main clusters. The first one of them
was constituted by the sites with the lowest forest coverage. The second main cluster was, in
turn, divided into two smaller clusters. The first one of these sub-clusters included sites
GIL_46% and CHP_78%, which had a relatively high species richness of ectoparasites

whereas the second included sites PL2_40% and PLR_95% (Fig. 5).
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Figure 5 Relationships among rodent trapping sites in the Marques de Comillas, state of Chiapas, based on the

composition of the recorded ectoparasite fauna.

There was a significative variation in the number of ectoparasites among individuals
of S. toltecus captured (Chi?2=13.2, df=3, p=0.004; Fig. 6). Two sites were different LM_0.7%

and GIL_46% (Dunn test, p= 0.0044).
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Figure 6 Comparison of the abundance of ectoparasites recorded in individuals of Sigmodon toltecus captured
in sites with different levels of forest coverage in the region of Marques de Comillas in the state of Chiapas,

southern Mexico. * Sites statistically different based on Dunn test (P< 0.05).

Table 2 Ectoparasite species recorded in the rodent species captured in the Marques de Comillas region in the
state of Chiapas, southern Mexico. The black dots indicate that the ectoparasite was present.

Order Ectoparasites Host

S. toltecus | H. desmarestianus | O. phyllotis | O. couesi P.

mexicanus

Mesostigmata | Androlaelaps fahrenholzi ° °

(Berlese 1911)

Echinonyssus sp.t °
Echinonyssus sp.2 ° °
(C.a. E. liomys)
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Echinonyssus sp.3
(C.a. E. isabela and E.

teresa)

Echinonyssus sp.*

Echinonyssus sp.*

Laelaps manguinhosi

(Fonseca 1935)

Steptolaelaps heteromys

(Bassols 1975)

Gigantolaelaps boneti
(Bassols de Barrera
1970)
Ornithonyssus bacoti

(Hirst 1913)

Sarcoptiformes

Prolistrophorus sp. (C.a.

P. monilistriatus)

Prolistrophorus grassii

(Radford 1954)

Prolistrophorus bakeri

(Radford 1949)

Geomylichus nectomys

(Fain 1978)

Dermacarus sp.

Phthiraptera

Hoplopleura hirsuta

(Ferris 1916)

Fahrenholzia ferrisi

(Werneck 1952)
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Trombidiformes Cordiseta mexicana °

(Hoffmann 1954)

Pseudoschoengastia °
brennani

(Hoffmann 1960)

Parasecia kansasensis °

(Loomis 1955)

Dermadelema mojavense °
(Pomeroy and Loomis

1984)

Eutrombicula batatas °

(Linnaeus 1758)

Ixodida Amblyomma sp. ° ° °

Discussion

In agreement with our predictions, we found that rodent abundance decreases, and
ectoparasite abundance increases with forest loss. The rodent species we recorded constitutes
approximately 50% of the total number of species recorded in the Lacandon forest (Cruz et
al., 2004). However, the species S. toltecus, O. couesi, H. desmarestianus, and P. mexicanus,
were those more likely to be captured, with our sampling design, due to their abundance and
ground-dwelling habits (Cruz et al., 2004; San José et al., 2014). This is illustrated by the fact
that we only captured one individual of O. phyllotis, a species with arboreal habits

(Hernandez et al., 2008). It would be highly desirable to include surveys of the canopy fauna
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in future studies to have a more complete view of the impact forest loss is having on the
rodents and their associated ectoparasites. We recorded the greatest species richness of
rodents in sites with intermediate levels of forest coverage (GIL_46% y CHP_78%). This
likely relates to the presence in these sites of greater habitat heterogeneity associated with
the mixture of vegetation in different levels of secondary succession, forest fragments, crop,

commercial plantations, and cattle pasture (e.g., Ssuuna et al., 2020).

Our results indicate that species such as S. toltecus and O. couesi would likely result
benefited from the extensive transformation of the landscape in our study region. These
species are omnivorous and include a variety of grasses and seeds in their diets. This can help
them to thrive in areas dominated by cattle pasture and monocultures (Pefia et al., 2009).
Moreover, these species have reduced gestation periods (no longer than one month) and
produce on average 8 individuals per litter (Ceballos and Oliva 2005). Other studies have
similarly found that these species thrive in modified landscapes (Howe and Davlantes 2017).
On the other hand, species such as H. desmarestianus and P. mexicanus are known to have
the capacity to move across areas with pasture or crops but their presence tends to be more

associated with mature forests (Ceballos and Olivia 2005).

The observed impacts on the rodent fauna impacted, in turn, the abundance and
composition of the associated ectoparasites. We obtained some evidence that the ecoparasite
load increases with forest loss. A similar effect was reported by Froeschke et al., (2013) in
fragmented forests in South Africa. These authors suggest that this effect relates to the fact
that the conditions in the transformed habitats offer greater availability of resources such as
water and a lower presence of predators. These conditions can in turn favor peridomestic

rodents to reach a larger body size and therefore to have greater to carry a larger number of
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ectoparasites. In contrast, other studies have suggested that the conditions prevailing on forest
fragments and their edges negatively affect the presence of ectoparasites in comparison with
those prevailing within forests (Rubio and Simonetti 2009; Kiene et al., 2020). This would
emerge as a result of the associated changes in temperature, humidity, and solar incidence.
Therefore, more research is needed to shed light on the mechanisms involved in the changes

of ectoparasite load in rodents.

Studies conducted in Mexico have detected pathogens causing diseases such as
leishmaniasis, Chagas, rickettsiosis, and hemorrhagic fever in all the rodent species we
recorded in this study (Van et al., 2009; Cajimat et al., 2012; Milazzo et al., 2012; Lorenzo
etal., 2017; Rengifo et al., 2017; Panti et al., 2021). It is of great importance to continuously
monitor the abundance of rodent species to timely detect disease emergence. For instance, it
has been shown that the incidence of Lyme disease increases with changes in vegetation
cover and the loss of natural predators controlling the population size of animal species that
are the host for vectors of zoonotic diseases such as ticks (Jongejan and Uilenberg 2004;
Racelis et al., 2012; Ostfeld and Keesing 2013; Mysterud et al., 2015). Ticks are very
dangerous vectors due to their hematophagous diet and need to have several hosts to complete
their life cycles (Stafford et al., 1995; Main and Bull 2000). Moreover, other arthropod
species we detected such as Amblyomma sp., O. bacoti, and A. fahrenholzi can be vectors of
viruses and bacteria such as Hantavirus, Flavirus, Rickettsia, Borrelia, and Bartonella,
(Moro et al., 2005; Kabeya et al., 2010; Zapata et al., 2017). There is evidence that the
increased abundance of O. bacoti is associated with disease incidence in domestic animals

and humans (Rosen et al., 2002; Beck 2008; Beck and Folster 2009). There are no current
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reports on human infections associated with A. fahrenholzi however, the presence of

Rickettsia and Bartonella has been reported in Mexico (Zapata et al., 2017).

We also recorded the presence of parasitic larvae of arthropods in the order
Trombidiformes (C. mexicana, P. brennani, P. kansasensis, D. mojavense, and E. batatas).
There are no records of these species been associated with etiological agents; however, the
larvae of other trombiculid species such as Neotrombicula autumnalis, Microtrombicula sp.
and, Leptotrombidium scutellare are known to be vectors of pathogens including Caulobacter
yokenella and species in the genera Actinomycetospora, Coxiella, and Bosea (Masakhwe et
al., 2018). The parasitic larvae of the species in these genera are causing important
affectations of health in both wild mammals and humans by producing severe dermatitis
(Chaccour 2005; Santibafiez et al., 2014). Some authors have suggested trombiculids are
benefited from forest loss due to the fact organisms in this group are adapted to live in areas
where short vegetation and weeds are common such as it occurs in anthropogenic forest edges

(Chaccour 2005).
In this study, we did not detect the presence of fleas in the captured rodents. Fleas are

of particular interest due to the fact they can carry the pest vector Yersinia pestis (Carlson et
al., 2021). The continued monitoring of our study area will help to discard the possibility that
this lack of detection of fleas is related to a stational variation in the abundance of these

organisms (Herrero et al., 2021).

It is important to highlight the fact that not in all the cases arthropods found in the fur
of small rodents are true parasites. Some arthropod species take advantage of rodents for
transportation purposes (phoresis) or that establish relationships of commensalism or proto
cooperation (Kim 1985). These species receive less attention due to the fact they are not

associated with disease transmission (Guzman et al., 2020; Morales et al., 2020; Cornejo et
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al., 2021). However, the study of this group of species is needed to gain a deeper

understanding of the response of biodiversity to anthropic perturbation.

From the different 23 groups of ectoparasites we recorded, we were only able to
identify 15 to the species level and the remaining 8 to the genus level. In some instances,
samples corresponded to individuals in the larval stage (e.g., Amblyomma sp.) complicating
their taxonomic determination. Likewise, mites belonging to the genus Echinonyssus (species
1to 5), Prolistrophorus, and Dermacarus had morphological traits that did not match exactly
those of the currently described species therefore, they might constitute new species. Threre

is an ongoing study to explore this possibility.

To have a more accurate description of the ectoparasite fauna associated with rodents
in our study area we rested on euthanization. This approach has been used in previous studies
focused on studying the ectoparasite fauna in rodents (Estébanes and Cervantes 2005; Nava
etal., 2007; Gomez et al., 2015). We conducted a test to compare the information we obtained
by brushing the rodent’s body in situ and when conducting the corresponding analysis at the
lab. In this test, we found that the number of ectoparasite individuals we recorded in situ was
approximately 5% of the corresponding amount recorded in the lab, this also affected the
recording of ectoparasite species presence in the rodents. This contrast likely relates to the
fact that some ectoparasites (e.g., trombiculids and thicks) are strongly attached to the
rodent’s skin or hidden in corporal cavities which make it difficult to reach them with a brush.
Using euthanization caused we preferred to reduce our rodent's sample size. The continuation
of a monitoring program of rodent’s ectoparasites could help to define the most effective
monitoring protocol to reduce the unnecessary impact on forest native rodents. On the other

hand, the incorporation of other techniques to capture rodents such as pitfall traps could help
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to increase capture success and reduce the costs of trap loss when they are located in very

exposed areas (e.g., cattle pastures) (Noblecilla 2020).

The health, social and economic impacts of zoonotic disease associated with wild
fauna have generated great concern among scientists, medical institutions, and people in
general (EI Amri et al., 2020; Saba and Balwan 2021). Unfortunately, this generalized
concern has not been reflected yet in a significant change in the factors propelling tropical
forest deforestation and wildlife overexploitation as well as their potential interactions with
climate change (Romero 2021; Stenvinkel et al., 2021). A more active impulse in making
operative public policies and conservation strategies focused on protecting tropical forests
and wildlife looks like the most effective way to reduce the emergence of zoonotic diseases

and to reduce their potential impacts on humans.
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VI. Discusién general

Los resultados de este estudio apoyan el que la transformacion de los paisajes
tropicales, puede promover una mayor incidencia de ectoparasitos hematédfagos potenciales

transmisores de enfermedades zoonoticas.

Los roedores generalistas y sinantropicos presentan caracteristicas que les permiten
llegar a convertirse en plagas que generan grandes pérdidas econémicas para la industria
agricola (Sanchez & Martinez, 2000; Brown et al., 2007). Por el contrario, los bosques
intactos 0 menos perturbados, exhiben mayor riqueza de especies de roedores, aungque una
menor abundancia de individuos (Suzan et al., 2008; Morand et al., 2019). Esto ultimo
probablemente esté asociado con la heterogeneidad de microhabitats, microclimas y recursos
que se pueden encontrar en el bosque, los cuales pueden ser aprovechados por diferentes
gremios de roedores (Melo et al., 2013). Se ha observado, que una alta riqueza de especies
hospedadoras puede reducir la incidencia de microorganismos etiolégicos, mediante un
efecto de dilucion (Khalil et al., 2016; Min et al., 2021). Esto debido a que en la naturaleza
no todos los organismos se muestran como competentes a la hora de propagar patdgenos, por
lo que, una gran diversidad inmunolégica entre taxones o poblaciones de la misma especie,
contribuyen a amortiguar la propagacién de estos organismos infecciosos (Schmidt &
Ostfeld, 2001). Si bien, la prevalencia de patdgenos se correlaciona negativamente con una
alta diversidad de especies, existen factores como: la densidad poblacional de las especies y,
el habitat de acogida para el agente infeccioso, entre otros, que pueden modular la prevalencia

y la dindmica de las zoonosis (Luis et al., 2018; Rodriguez et al., 2019).

El monitoreo del incremento o reduccion en la diversidad de ectoparasitos es
necesaria debido a que puede tener implicaciones negativas con la salud humana y doméstica.
En primer lugar, nueva fauna ectoparasita puede actuar como un vehiculo que conduzca
patdgenos desconocidos, desde ecosistemas naturales menos explorados hacia zonas rurales
o urbanizadas donde se encuentran organismos domesticados que entran en contacto con el
ser humano (Harrus & Baneth, 2005). En segundo lugar, es importante reconocer que tipo de
organismos ectoparasitos predominan en los ambientes degradados, haciendo énfasis en
parasitos, como: las pulgas, garrapatas y otros acaros hematofagos, reconocidos como
vectores innatos de diversas especies de bacterias pertenecientes a los géneros Rickettsia,
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Borrelia, Bartonella, entre otros méas (Moro et al., 2005; Kabeya et al., 2010; Zapata et al.,
2017; Ramalho & Gubler, 2020).

Los roedores al no manifestar patologias relacionadas con los patdgenos que
transmiten, se han convertido en eficientes propagadores de enfermedades zoonoticas. Las
adaptaciones inmunoldgicas que los pequefios mamiferos han adquirido evolutivamente
(probablemente asociado a su gran diversificacion y abundancias) les confirié una diversidad
genética que favorece su resistencia y tolerancia ante agentes infecciosos (O'Brien &
Evermann, 1988; Hernandez, 2011; Rynkiewicz et al., 2013). Ademas, se ha argumentado
que, los organismos con ciclos de vida cortos presentan una mayor inmunocompetencia,
debido a que destinan mayores recursos energéticos a la respuesta inmunologica innata en
comparacion con la destinada a la respuesta adaptativa (Lee, 2006; Luis et al., 2013). Lo
anterior, posiblemente se relacione con el grado de infestacion ectoparéasita que presentan los
roedores en comparacion con otros pequefios mamiferos. Un estudio demostré que los
roedores silvestres que presentaban mayores grados de infestacion de garrapatas (las cuales
mantenian una mayor carga bacteriana infecciosa), eran mas eficientes a la hora de eliminar
las bacterias patogenas (respuesta innata eficiente) en comparacion con roedores donde su
carga ectoparasita era menor (Rynkiewicz et al., 2013). Sin embargo, es importante
mencionar que como en cualquier otro organismo, los altos niveles de estrés debilitan la
respuesta inmunolégica, haciéndolos mas vulnerables a los propios agentes infecciosos que

transmiten, llegando a comprometer la vida del roedor (Ciuoderis & Ochoa, 2010).

La proliferacién de pequefios mamiferos reservorios y sus ectoparasitos vectores de
agentes infecciosos, aumenta el riesgo del incremento en los casos de transmision de
enfermedades zoonoticas (Tian et al., 2015; Tkadlec et al., 2019; Aminikhah et al., 2021).
Por ello, es necesario seguir generando estudios que nos permitan tener una idea clara sobre
qué factores ambientales son los que tienen mayor peso en la propagacion de estos agentes
infecciosos, considerando la rapidez con la que se estan alterando los ecosistemas naturales.
Asi también, es de gran importancia dar seguimiento a largo plazo a los estudios acerca del
monitoreos de la respuesta de las poblaciones de los diversos reservorios y vectores naturales
de enfermedades, incorporando ademas, proyectos de investigacion destinados a la deteccién
de posibles zoonosis emergentes, esto entre otras cosas, nos permitird establecer puntos
criticos en sitios que puedan ser propensos a desencadenar enfermedades zoondticas, y asi
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poder definir &reas estratégicas de conservacion de los bosques, con el fin de prevenir futuros

brotes que puedan llegar a tener graves repercusiones para la salud humana.
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