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Vector species richness may drive the prevalence of vector-borne diseases by influencing pathogen trans-
mission rates. The dilution effect hypothesis predicts that higher biodiversity reduces disease prevalence,
but with inconclusive evidence. In contrast, the amplification effect hypothesis suggests that higher vec-
tor diversity may result in greater disease transmission by increasing and diversifying the transmission
pathways. The relationship between vector diversity and pathogen transmission remains unclear and
requires further study. Chagas disease is a vector-borne disease most prevalent in Brazil and transmitted
by multiple species of insect vectors of the subfamily Triatominae, yet the drivers of spatial variation in
its impact on human populations remain unresolved. We tested whether triatomine species richness, lat-
itude, bioclimatic variables, human host population density, and socioeconomic variables predict Chagas
disease mortality rates across over 5000 spatial grid cells covering all of Brazil. Results show that species
richness of triatomine vectors is a good predictor of mortality rates caused by Chagas disease, which sup-
ports the amplification effect hypothesis. Vector richness and the impact of Chagas disease may also be
driven by latitudinal components of climate and human socioeconomic factors. We provide evidence that
vector diversity is a strong predictor of disease prevalence and give support to the amplification effect
hypothesis.

� 2023 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Vector-borne diseases are a major public health concern, as
they can have severe consequences for human well-being. The
transmission of pathogens may be influenced by both evolutionary
and ecological drivers, making it crucial to understand the role of
biodiversity in the emergence and spread of these diseases, some
of which are classified as neglected tropical diseases (Ostfeld and
Keesing, 2000; Keesing et al., 2010). Studies have shown that bio-
diversity within ecological communities plays a significant role in
the transmission of vector-borne diseases (Kocher et al., 2022).
Hence, the presence of multiple host and vector species within
these communities can have both direct and indirect effects on
disease prevalence. Therefore, the conservation and management
of biodiversity can play a key role in reducing the burden of
vector-borne diseases (Ostfeld and Keesing, 2000).

Past reviews have argued that biodiversity reduces disease
prevalence, via a hypothesis sometimes called the ‘dilution effect’
(DEH; e.g., Dobson et al., 2006; Ostfeld and Keesing, 2012;
Civitello et al., 2015). Although there is increasing support for the
DEH (Civitello et al., 2015), its predictions remain inconclusive as
there is evidence of no such effect in some host-pathogen commu-
nities (Huang et al., 2016; Ferraguti et al., 2021). The amplification
effect hypothesis (AEH), on the other hand, posits that increased
biodiversity can result in a heightened risk of disease transmission
(Keesing et al., 2006). It assumes that species-rich communities
correlate with parasite-rich communities (Kamiya et al., 2014a).
Specifically, the diversity of host communities upstream can con-
tribute to the diversity of parasite communities in downstream
host populations (Hechinger and Lafferty, 2005), which may be
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particularly relevant for vector-borne diseases where vectors act as
upstream sources of infection for downstream hosts.

These two competing hypotheses (DEH and AEH) provide a
valuable perspective on how changes in biodiversity may impact
the transmission, maintenance, and prevalence of disease within
ecosystems. Therefore, to fully comprehend the impact of biodiver-
sity and disturbance on disease transmission, it is essential to
examine the consistency and strength of the relationship between
hosts and pathogens in the context of the opposite predictions
made by the dilution and amplification hypotheses. One key com-
ponent of biodiversity is species richness. Thus, to gain a deeper
understanding of the relationship between vector diversity, dis-
ease transmission and host mortality rates, it is important to exam-
ine the factors that influence variation in vector richness among
different regions.

Species richness can be positively associated with the incidence
of vector-borne diseases (Johnson et al., 2015). In this context, host
density across all suitable species can have a significant impact on
parasite persistence, with higher host densities often leading to
higher parasite diversity (Kamiya et al., 2014b). Furthermore, lati-
tudinal and bioclimatic gradients can also affect vector diversity, as
they are often linked to higher net primary productivity. Studies
have shown that these gradients can be strong predictors of biodi-
versity, with a higher parasite and vector diversity found in regions
with higher productivity. For example, latitude and climate can
positively correlate with parasite and vector diversity (Lafferty,
2009). Hence, understanding these factors can help to identify
areas of higher disease transmission risk and the potential impact
of biodiversity conservation on transmission and mortality rates.

Most research has focused on the effects of host diversity on
pathogen transmission, whereas vector diversity has seldom been
examined (Johnson et al., 2013; Roche et al., 2013). Vector diversity
is supposed to increase disease risk (Brooks and Zhang, 2010;
Roche et al., 2013; Takimoto et al., 2022), nevertheless, some the-
oretical models suggest otherwise in certain conditions (Roche and
Guégan, 2011). Due to species interactions within ecological com-
munities, amplification and dilution effects may alter pathogen
transmission depending on the ecological context (Keesing et al.,
2006). For instance, species interactions (e.g., with predators, hosts,
parasites, and competitors) can potentially hamper or facilitate
pathogen transmission. In the case of parasites and vectors, the
effects of vector species richness on disease prevalence and host
death rates are still obscure. Some research suggests that decreas-
ing vector species richness may consistently reduce pathogen
transmission, while a greater vector species richness would
amplify it (Roche and Guégan, 2011; Roche et al., 2013).

Chagas disease is a parasitic infection caused by the protozoan
Trypanosoma cruzi. The primary mode of transmission is the bite
and contact with faeces of infected triatomine vectors, also known
as ‘‘kissing bugs”. However, but still related to the presence of vec-
tors, the disease may also be transmitted through oral (food-borne)
transmission, blood transfusion, organ transplant and congenital
transmission (https://www.who.int/news-room/fact-sheets/
detail/chagas-disease-(american-trypanosomiasis)). The disease is
most prevalent in Latin America and can have severe consequences
including death (Martinez et al., 2019). Chagas disease has been
documented to have occurred in Latin America for a minimum of
9000 years (Araújo et al., 2009). In recent times, significant shifts
in human populations, particularly the transition from rural to
urban settings during the last century, have led to a transformation
of the disease’s transmission cycle from a predominantly sylvatic
state to an urbanized one. This shift is primarily facilitated by vec-
tors that have adapted to human-modified environments (Colussi
et al., 2022).

The development of resistance among these vectors to insecti-
cides has compromised the efficacy of vector control measures,
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necessitating a greater emphasis on investigating the ecological
dynamics of Chagas disease cycles. It is crucial to focus research
efforts on comprehending the ecological aspects pertaining to
reservoirs, hosts, and vectors (Flores-Ferrer et al., 2018). Notably,
studies have indicated possible effects of reservoir and vector
diversity on disease prevalence (Gottdenker et al., 2012; Méndez-
Cardona et al., 2022). Additionally, deforestation, leading to a loss
of habitat and host diversity, may contribute to an increased fre-
quency of human-vector interactions in both rural and urban
fringe areas.

Chagas disease prevalence and higher mortality rates are likely
linked to endemic areas of triatomines (Martins-Melo et al., 2021).
In Latin America, the vectors of T. cruzi belong to different species
of the genera Triatoma, Rhodnius and Panstrongylus (Coura, 2014;
Mendes et al., 2016). In recent years, the threat of Chagas disease
has increased as previously unknown biodiversity of triatomine
vectors has been discovered (Costa et al., 2021), and new species
have emerged as vectors in areas where the traditional main vector
has been controlled (Cantillo-Barraza et al., 2022). Moreover,
recent increases in food-borne transmission of the disease are
alarming and are probably influenced by vector richness and abun-
dance (Coura, 2014). Therefore, it is important to understand how
vector species richness can directly or indirectly contribute to the
transmission of Chagas disease to reduce the burden of the disease
on specific populations where there is a higher risk of infection.

Here, we tested whether mortality rates due to Chagas disease
could be predicted by Triatominae species richness. Furthermore,
we analysed the relationship between triatomine species richness
and human population density (host density), socioeconomic pre-
dictors, bioclimatic variables, and latitude. We expected that kiss-
ing bug richness would be more predictive of mortality than
socioeconomic predictors (Gross domestic product, (GDP) per
capita).

2. Material and methods

2.1. Data sources

Occurrence data for mortality due to Chagas disease in humans

were obtained from the DATASUS surveillance system (datasus.

saude.gov.br), which is maintained by the Brazilian Health Min-
istry and Brazilian Unified Health System (SUS). This system main-
tains a nationwide data repository on several causes of morbidity
and mortality, and their respective frequencies by year and city.
We retrieved data on the number of deaths by Chagas disease for
each city in the country in 2018, 2019, and 2020. Data for 2021
and 2022 were not completely available at the time of the study.
We chose to use data for mortality instead of hospital admission
rates because Chagas is a silent disease, and the number of deaths
stands out over the number of admissions. Hence, we considered
mortality a better predictor of pathogen prevalence and transmis-
sion. The Brazilian Institute of Geography and Statistics (IBGE,

ibge.gov.br) was used to retrieve the geographic coordinates for
each city with a respective unique code that matches those of
SUS, which facilitated cross-checking the datasets. Centroids of
each city were recorded to a spatial resolution of 50 km2 for further
analysis. Human population density, human development index
(HDI) and GDP per capita were also obtained for each city from
the IBGE database.

Finally, occurrence data for all species of Triatominae kissing
bugs were extracted from the Global Biodiversity Information

Facility (GBIF, https://www.gbif.org). We retrieved data for each
species in the three genera that may transmit Chagas disease to
humans in Brazil, namely Triatoma Laporte, 1832, Panstrongylus
Berg, 1879 and Rhodnius Stål, 1859. There were 42,178 coordinates
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for Triatoma spp., 9,810 for Panstrongylus and 7,344 results for
Rhodnius spp. Records for the genus only without species designa-
tion were excluded from analyses. Minimal convex polygons were
created for each species, which were rendered to compute Tri-
atominae species richness in a grid with 50 � 50 km cells. Hence,
each cell had a value for species richness, considering the overall
distribution of each species in the Neotropics. All computations
were performed using the software QGis 3.24.1 (QGIS 2023,
https://qgis.org/).

2.2. Statistical analyses

To address whether vector species richness predicts mortality
rates, we built Generalized Estimating Equations Models (GEE).
This method was chosen to account for spatial autocorrelation in
the analysis (Dormann et al., 2007). We built the models with lin-
ear log distribution, considering the number of deaths per 1,000
inhabitants as our dependent variable and (i) vector species rich-
ness, and the covariate confounding variables, (ii) GDP per capita,
(iii) HDI, (iv) human host population density, and (v) bioclimatic
variables as predictors. These covariate variables were included
to consider potential effects of alternative hypotheses that would
assume climate, latitude, host density and human conditions are
priority when addressing insect vector distribution.

The bioclimatic variables used were annual mean temperature
(bio1) and annual mean precipitation (bio12); they were obtained

from the WorldClim database (https://www.worldclim.org/) (Fick
and Hijmans, 2017). Grids of 50 � 50 km were created using the
QGIS software, and each variable was computed as the mean value
for each grid. A specific grid ID number was used as a random sub-
ject factor in the analysis. Two GEE models were built, one treating
only the richness of the two most speciose genera, Rhodnius and
Triatoma, separately, and one considering the total vector species
richness.

To address whether bioclimatic factors or host density influ-
enced vector species richness, we built other GEE models using
the same approach as described above. In these models, we consid-
ered vector species richness as our dependent variable, and (i)
annual mean temperature (Bio1), (ii) annual mean precipitation
(Bio12), (iii) human population density, and (iv) latitude as covari-
ate predictors. The specific grid ID number was again used as a ran-
dom subject factor in GEE analysis. Four GEE models were built,
one treating the richness of each triatomine genus separately and
one considering total vector species richness. All statistical analy-
ses were performed using SPSS software (version 26.0).

In these analyses, latitude, temperature, and HDI were highly
correlated. Hence, to avoid the effects of collinearity in our analy-
ses, these variables were reduced to one Principal Component
Analysis (PCA) axis in the analysis (76.44 % variance; component
contribution: latitude = 0.938, HDI = 0.842, temperature = -0.839).

We also built other models by using an alternate method to
control for spatial autocorrelation. We used the same variable con-
figurations as described above, however, the GPS coordinates of
each city were used to build a spatial correlation matrix that was
used to control for spatial autocorrelation, instead of grid identity.
For this, we built Generalized Linear Mixed Models (GLMM) with
linear distribution using the glmmTMB package (Brooks et al.,
2017) in the R environment v.4.2.2 (R Core Team, 2016, https://

www.r-project.org/). Raw data is available at https://zenodo.org/

record/7800041.

3. Results

Our study considered 5570 grid cells covering the full area of
Brazil, each representing one data point in the analyses. Across
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these cells, mortality due to Chagas disease ranged from 0 to nearly
0.7 deaths per 1,000 inhabitants and human host population den-
sity varied across several orders of magnitude, whereas total Tri-
atominae (vector) species richness ranged from two to 27 species.

The results show that Triatominae species richness and host
population density can clearly predict mortality rates due to Cha-
gas disease, but not GDP per capita (Table 1, Fig. 1). The two predic-
tors had opposite effects: Triatominae species richness was
positively related to mortality rates, whereas host population size
was negatively related to mortality rates. The results of the GLMMs
performed as an alternative analytical approach were essentially
identical (see Supplementary Table S1). Our results also suggest
that Triatominae species richness is mostly influenced by biocli-
matic and latitudinal gradients but not by human population den-
sity (Table 2, Fig. 2). Again, the results of the GLMMs were very
similar; all effects were in the same direction, although signifi-
cance sometimes differed between the two analytical approaches
(see Supplementary Table S2).
4. Discussion

Vector-borne diseases remain a major cause of illness and mor-
tality worldwide, especially in tropical areas. Yet there remain
unanswered questions regarding the factors driving spatial varia-
tion in their prevalence and impact. Two competing hypotheses,
the DEH and the AEH, make contrasting predictions regarding the
role of local diversity as a determinant of transmission rates
(Keesing et al., 2006, 2010; Ostfeld and Keesing, 2012; Civitello
et al., 2015). Here, we provide evidence that the latter hypothesis,
AEH, applies to Chagas disease, an important source of mortality in
Latin America. In this context, Chagas disease deserves special
attention since it is characterized by more than 100 species of tri-
atomines with potential vector capacity. In the specific case of Bra-
zil, more than 60 vector species have already been identified.
Understanding the relationship between disease dispersion and
ecoepidemiology, and the richness of these vectors, provides
important new information and a foundation for new approaches
to fighting the disease.

Our results show that species richness is a predictor of mortal-
ity rates due to Chagas disease (i.e., a surrogate of pathogen trans-
mission rates), supporting the AEH. However, latitude, climate, and
HDI also showed a positive relationship with the annual number of
deaths, whereas the human host population density was nega-
tively related to the number of deaths. When addressing the pre-
dictors of triatomine richness, latitude and mean annual
temperature were the main predictors of vector richness overall
and separately for the three genera. Moreover, for Triatoma only,
precipitation showed a negative relationship with species richness.
Considering that the results show that intermediate latitudes had
higher mortality rates and vector species richness, the relationship
between Chagas disease and HDI and human population density
may be driven by a latitudinal component of human socioeco-
nomic factors in Brazil. It is known that populations in the most
arid and warmest climates are among the most underdeveloped
(Sathler, 2021), which correspond to the regions with higher tri-
atomine species richness in Brazil. Nevertheless, because mortality
rates were higher at intermediate values of latitude, temperature
and HDI, one might suggest that vector richness and mortality
are more related to the vectors’ climatic niche. If HDI was a strong
predictor of mortality and vector richness, we would expect higher
values of both at extreme low values of HDI. The fact that mortality
rates decrease with population density may be due to both an
intraspecific dilution effect, better control and monitoring of differ-
ent forms of transmission, and better health-related development
and availability of medical care in larger cities.
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Table 1
Results for Generalized Estimating Equations Models testing for the relationship between mortality rates by Chagas disease (per year per 1,000 inhabitants) and Triatominae
(vector) species richness, population density, Gross domestic product (GDP)per capita as well as the combined effect of latitude, annual temperature, precipitation, and human
development index (HDI). Latitude/temperature/HDI show high collinearity and were analysed as a Principal Component Analysis (PCA) axis. Results of the analysis treating the
richness of the genera Rhodnius and Triatoma separately are shown, as well as those of the analysis considering total vector species richness. The significant results are shown in
bold.

95 % Wald-CI

b Estimate Inferior Superior Wald X2 P

Rhodnius richness 0.009 0.002 0.006 0.012 29.857 <0.001
Triatoma richness 0.006 0.001 0.004 0.008 36.487 <0.001
Host population density �0.011 0.002 �0.015 �0.006 21.605 <0.001
GDP per capita 0.004 0.003 �0.004 0.011 0.943 0.315
Latitude/temperature/HDI 0.013 0.003 0.007 0.019 19.353 <0.001
Precipitation <0.001 <0.001 <0.001 <0.001 0.009 0.922

Total richness 0.006 0.001 0.004 0.007 74.13 <0.001
Host population density �0.011 0.002 �0.015 �0.006 21.693 <0.001
GDP per capita 0.004 0.004 �0.004 0.012 0.790 0.374
Latitude/temperature/HDI 0.012 0.002 0.007 0.016 22.787 <0.001
Precipitation <0.001 <0.001 <0.001 <0.001 0.287 0.592

CI, confidence interval.

Fig. 1. The number of deaths due to Chagas disease registered in Brazil during the years 2018, 2019, and 2020, and its relationship with Triatominae species richness (A),
human host population density (B), latitude, mean annual temperature, and human development index (HDI; C). Central-eastern regions in Brazil show a higher Triatominae
species richness (D). Each point in A-C corresponds to one city or one 50 km � 50 km cell.
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Several studies have addressed the relationship between biodi-
versity and host-parasite dynamics; however, few studies have
examined how vector diversity affects the spread of vector-borne
diseases (Takimoto et al., 2022). A higher vector species richness
may provide additional pathogen transmission routes and generate
amplifying effects. A model (Roche et al., 2013) suggests that, by
increasing vector species richness, it is possible to enhance patho-
gen transmission due to a greater overall abundance of vectors.
Furthermore, increasing vector species richness may change trans-
mission rates due to multiple ecological and behavioural processes
142
that may drive either dilution or amplification effects (Takimoto
et al., 2022). Diversity among vectors in terms of blood feeding
behaviour, host preference, habitat occupancy, aggregation behav-
ior and movement may all determine the contact rate between
vectors and susceptible hosts, hence leading to differences and
variability in pathogen transmission dynamics.

Other studies have shown that vector richness may increase
disease prevalence. For instance, mosquito richness may influence
the prevalence of West Nile virus in wild birds (la Puente et al.,
2018). On the other hand, recent evidence shows that mosquito



Table 2
Results for Generalized Estimating Equations Models testing for the relationship between Triatominae species richness and: (i) mean annual temperature (Bio1)/latitude/human
development index (HDI), (ii) mean annual precipitation (Bio12), (iii) human host population density. Latitude/temperature/HDI show high collinearity and were analysed as a
Principal Component Analysis (PCA) axis. Results of the analyses treating the richness of each genus separately are shown, as well as those of the analysis considering total vector
species richness. The significant results are shown in bold.

95 % Wald-CI

b Estimate Inferior Superior Wald X2 P

Rhodnius
Precipitation 0.000 0.000 0.000 0.000 0.091 0.763
Latitude/temperature/HDI �1.35 0.0935 �1.531 �1.164 207.6 <0.001
Host population 0.105 0.0984 �0.088 0.297 1.130 0.288

Triatoma
Precipitation �0.003 0.000 �0.003 �0.002 120.407 <0.001
Latitude/temperature/HDI �0.327 0.1166 �0.556 �0.099 7.888 0.005
Host population 0.194 0.1295 �0.060 0.448 2.244 0.134

Panstrongylus
Precipitation 0.000 0.000 0.000 0.000 1.263 0.261
Latitude/temperature/HDI �0.465 0.0831 �0.628 �0.302 31.341 <0.001
Host population 0.109 0.0853 �0.059 0.276 1.622 0.203

Total richness
Precipitation �0.002 0.000 �0.003 �0.002 26.18 <0.001
Latitude/temperature/HDI �2.14 0.250 �2.63 �1.65 73.29 <0.001
Host population 0.407 0.277 �0.137 0.951 2.151 0.142

CI, confidence interval.

Fig. 2. Triatominae species richness in Brazil and its relationship with mean annual temperature (A), mean annual precipitation (B), latitude (C) and human host population
density (D). Each point in A-D corresponds to one city or one 50 km � 50 km cell.
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vector richness had no relationship with prevalence of pathogens,
but vertebrate host richness did (Ferraguti et al., 2021). Thus, in
line with some earlier studies on vector-borne diseases but in con-
trast with others, our results indicate that triatominae species rich-
ness has a clear positive relationship with death rates caused by
Chagas disease in Brazil.

There is also compelling evidence indicating that reservoir rich-
ness can either amplify or dilute pathogen transmission
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(Roiz et al., 2019). However, the available evidence regarding Cha-
gas disease is currently limited. For example, Dumonteil et al.
(2018) did not observe any association between Trypanosoma
diversity, a possible indicator of disease risk, and reservoir species
diversity. In sylvatic environments, wild reservoir species typically
exhibit higher diversity and lower infection rates compared with
synanthropic/domestic animals and humans (Lilioso et al., 2020).
Moreover, recent findings indicate that urban environments may



Guilherme Gonzaga da Silva, V.M. Lopez, A.C. Vilarinho et al. International Journal for Parasitology 54 (2024) 139–145
promote the infection by a greater number of trypanosomatid par-
asites in humans and dogs compared with wild reservoir species
(Castillo-Castañeda et al., 2022).

In a study focusing on mammalian host diversity, researchers
did not find a correlation between disease risk and host diversity
(Oda et al., 2014). However, they did find a positive relationship
between the number of infected triatomines and the densities of
infected rodent species (Oda et al., 2014). The prevalence of para-
sites and vectors may exhibit an inverse correlation with host
and reservoir diversity, which are ultimately influenced by anthro-
pogenic environmental degradation, urbanization, and forest frag-
mentation (Ogrzewalska et al., 2011).

The risk of infection depends on the population and spatial
dynamics of vectors, reservoirs, and hosts, particularly in wildlife
environments. Consequently, infection rates are directly influenced
by the extent and characteristics of interactions between humans
and animals (including domesticated, synanthropic, and wildlife
species). Therefore, it is crucial to comprehend the impacts of
anthropogenic changes and land use patterns on such ecological
dynamics to effectively assess disease risk (Morand and Lajaunie,
2021; Plowright et al., 2021). In the case of Chagas disease, the
increasing deforestation of natural environments and the complex
interaction network between trypanosomatid parasites, triatomine
kissing bugs (15 genera) (Urdaneta-Morales et al., 2014), and hosts
(more than 130 recognized species) (Georgieva et al., 2017) make
the study of this case an enigmatic and challenging endeavor
within a One Health approach (Essack, 2018).

One must also consider that the determinants of the risk of Cha-
gas disease transmission are highly complex, mainly because most
deaths occur in the chronic phase - often decades after the infec-
tions. Hence, human movement (e.g. rural exodus) can affect the
data that were used here. Nevertheless, the fact that the number
of deaths by Chagas disease may be higher in vector rich and ende-
mic regions may suggest this effect is negligible. Human move-
ment to the warm and arid areas that are most favorable to
Triatomines (areas with higher mortality rates due to the disease)
were rather small in the last century, compared with the large
urban and colder areas in the south and southeastern regions of
Brazil. Indeed, the exodus was contrary in Brazil – from the warm
northern and northeastern regions to the south.

In summary, we demonstrate a clear positive relationship
between local species richness of vectors, and annual death rates
caused by Chagas disease, a major vector-borne disease afflicting
human populations in Latin America. This result takes into account
spatial autocorrelation across regions, as well as variations in cli-
matic and socioeconomic factors. Our findings provide support
for an amplification effect, whereby the more vector species that
co-occur in an area, the greater the possible transmission pathways
toward human hosts – including oral transmission. We also pro-
vide insights into the modeling of vector biodiversity and the asso-
ciated infection risk. Such macroecological studies are establishing
a robust framework that enhances the accuracy of predicting glo-
bal patterns of infectious disease distribution and emergence
(Stephens et al., 2016). In addition to contributing to the
diversity-disease debate in ecological epidemiology, our results
reveal key determinants of spatial variation in disease impacts, lay-
ing a foundation for the development of national-level policies for
the control of Chagas disease. Future studies should address the
role of reservoir diversity and land use changes in Chagas disease.
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