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Biodiversity and human health 

The global biodiversity crisis is one of the most critical environmental issues of our time 

(Laurance 2007). With a sixth mass extinction event well under way (Ceballos et al. 2015), an 

urgent question for society is how biodiversity loss will affect the functioning of ecosystems 

and the benefits that humans obtain from their natural environment (Chapin et al. 2000, Díaz et 

al. 2006). Biodiversity provides important ecosystem services for human well-being, either as a 

regulator of fundamental ecosystem processes, as a final service itself, or as a good (Mace et 

al. 2012). Loss of biodiversity adversely affects these services in a number of ways, with 

important implications for human health (Chivian 2002, Cardinale et al. 2012).  

Control of infectious diseases is increasingly promoted as a historically 

underappreciated, yet highly valuable ecosystem service that is likely to be affected by 

biodiversity loss (Ostfeld and Keesing 2000, LoGiudice et al. 2003, Pongsiri et al. 2009, Civitello 

et al. 2015). Biodiversity conservation could therefore offer a compelling approach to reduce 

disease risk (Keesing et al. 2010, Kilpatrick et al. 2017). The hypothesis that biodiversity 

protects against infectious diseases has recently attracted a substantial amount of attention, 

but its generality remains controversial (Randolph and Dobson 2012, Salkeld et al. 2013, Wood 

et al. 2014, Huang et al. 2016). 

Disease ecology 

Infectious diseases are emerging and re-emerging worldwide, imposing a significant burden on 

local economies and public health (Morens et al. 2004, Smith et al. 2014). Many of these 

diseases are vector-borne, i.e. they are transmitted between hosts by an infected organism, 

most often via the bite of blood-feeding arthropods, such as mosquitoes, sandflies, or ticks 

(Gubler 1998, Gratz 1999). When transmission occurs between an animal and human host, the 

disease is called a zoonosis. Wildlife appears to be the main source of emerging zoonoses 

(Cleaveland et al. 2001, McFarlane et al. 2012). Moreover, risk of exposure to vector-borne 

zoonoses has particularly increased in biodiversity “hotspot” regions that are progressively 

affected by habitat loss, illegal hunting, and demographic changes (Jones et al. 2008). The 

possibility of a causal link between these concurrent patterns has been a major focus of a 

relatively new discipline: disease ecology. 
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In its broadest sense, disease ecology focusses on understanding the ecological 

interactions between hosts, vectors, and pathogens in the context of their environment and 

evolution (Kilpatrick and Altizer 2010). It is a multidisciplinary field that borrows heavily from 

epidemiology, parasitology, and community ecology, to name just a few. Using a combination 

of quantitative methods, including field studies, molecular techniques, and modelling, disease 

ecologists have started to elucidate pathogen transmission dynamics in relation to community 

structure and environmental change (Johnson et al. 2015a). For example, “spillover” often 

occurs when anthropogenic changes of wildlife habitat disrupt complex interactions between 

hosts, vectors, and associated pathogens (Daszak et al. 2001). However, how frequently 

biodiversity loss increases disease risk and the underlying mechanisms remain subject of 

contentious debate (Randolph and Dobson 2012, Lafferty and Wood 2013, Ostfeld and Keesing 

2013, Salkeld et al. 2013, Wood and Lafferty 2013, Wood et al. 2014, Huang et al. 2016, Levi et 

al. 2016, Wood et al. 2016).  

Box 1: Glossary 

Biodiversity: variety and variability of life on Earth, but used here to more specifically refer to 

diversity among vertebrate hosts at the species-level 

Disease risk: the number of infected vectors in the environment, which is a function of vector 

infection prevalence and vector abundance 

Ecosystem service: benefits provided by ecosystems that contribute to human well-being 

High quality host: host on which an arthropod vector successfully feeds or develops 

Infection prevalence: the proportion of infected vectors or hosts 

Parasite: broadly defined to include bacteria, protozoa, viruses, helminths and arthropods 

Reproduction host: host species used by the adult, reproductive stage of a parasite  

Reservoir competence: ability of an infected host to maintain and transmit pathogens 

Vector-borne disease: disease that is transmitted between hosts by another organism, most 

often a blood-feeding arthropod 

Vector microbiome: the assemblage of commensal, symbiotic, and pathogenic micro-

organisms that can be found in the vector body 

Zoonosis: disease that can be transmitted between humans and animals 
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Dilution or amplification? 

Paradoxically, biodiversity can either increase (amplify) or decrease (dilute) disease risk through 

a variety of mechanisms that are context- and scale-dependent (Keesing et al. 2006, Johnson 

et al. 2015b, Hofmeester 2016). For vector-borne zoonoses, a “dilution effect” may occur if 

several conditions are met: (1) the vector has generalized feeding habits, (2) host species vary 

in reservoir competence for pathogens and/or host quality for vectors, (3), high-quality hosts 

dominate in low-diversity communities, and (4) host taxa that are added as biodiversity 

increases reduce either encounter rates between high-quality hosts and vectors or the density 

of high-quality hosts. If these conditions are reversed, an amplification effect may arise 

(Keesing et al. 2006, Ostfeld and Keesing 2012). Although evidence exists for both phenomena, 

two recent meta-analyses concluded that the dilution effect was widespread among a diversity 

of disease systems (Civitello et al. 2015, Huang et al. 2017).  

The suggested underlying mechanism of the dilution effect is that the most 

competent host species (i.e. those that maintain and transmit pathogens most effectively) have 

fast life histories: they are abundant, widespread, and invest minimally in certain aspects of 

adaptive immunity, making them ideal for parasites and pathogens to exploit (Johnson et al. 

2012, Huang et al. 2013, Han et al. 2015). Species with fast life histories also tend to be smaller 

and hence less vulnerable to extinction (Cardillo 2003). Thus, host competence and host 

resilience to ecosystem perturbation are hypothesized to be closely coupled, such that more 

impoverished communities are dominated by hosts that support greater pathogen and/or 

vector abundance (Keesing et al. 2010, Ostfeld and Keesing 2012). However, the link between 

resilience and competence has only occasionally been tested and remains equivocal 

(McFarlane et al. 2012, Joseph et al. 2013, Young et al. 2013, Young et al. 2017). An implicit 

assumption of the dilution effect is that any change in host diversity is independent of host 

density, and should therefore not affect vector densities (Wood et al. 2014). The reasoning is 

that in less diverse communities, loss of host species results in density compensation by 

remaining species, such that total host abundance changes little with biodiversity (Keesing et 

al. 2010, Levi et al. 2016). However, if host species that dilute pathogen prevalence in more 

diverse communities (e.g. by diverting vector bites away from more competent host species) 

also function as important reproduction hosts for adult vectors, these individual host species 

may amplify vector abundance to such an extent that they ultimately increase disease risk 
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(Wood and Lafferty 2013, Hofmeester 2016). Most field studies have not controlled for 

increases in the density of individual host species that can result from changes in host diversity, 

so that it is empirically difficult to separate a dilution effect from a simple density effect (Begon 

2008, Keesing et al. 2010, but see Hofmeester 2016). Identifying the conditions under which 

biodiversity loss either increases or decreases disease risk thus remains a challenge, 

particularly in multi-host, multi-pathogen systems (Johnson et al. 2015b). 

Current knowledge gaps 

A major limitation of current biodiversity-disease studies is that they typically consider only a 

single pathogen and/or vector (Johnson et al. 2015a, Kilpatrick et al. 2017). In natural 

ecosystems however, zoonotic pathogens are often sustained and transmitted by multiple 

hosts and vectors, with each species contributing differently to the pathogen’s survival and 

reproduction (Cleaveland et al. 2001). In turn, these vectors and hosts support a range of other 

pathogenic, commensal and/or symbiotic microbial species that interact among each other 

(Clay et al. 2006). Empirical or theoretical studies focusing on single species of hosts, vectors 

and pathogens are therefore less appropriate, yet studies that consider broader host-vector-

pathogen communities are rare (Hofmeester 2016, Young et al. 2017). Likewise, potential 

effects of biodiversity loss on vector microbiome remain unexplored (Gottdenker et al. 2014). 

The ubiquity of parasites – broadly defined to include bacteria, protozoa, viruses, 

helminths and arthropods, following Anderson and May (1979) – in nature forms the basis of 

arguably the most important critique of the dilution effect: high host diversity comes with high 

parasite diversity (“diversity begets diversity”, Hechinger and Lafferty 2005). Indeed, the number 

of human parasitic and infectious diseases increases strongly as one moves towards the 

equator, where biodiversity is highest (Guernier et al. 2004, Dunn et al. 2010). However, high 

parasite richness is not necessarily equivalent to high disease risk: they represent different 

ecological processes (colonization among vs. transmission within communities) that may 

respond differently to biodiversity loss (Johnson et al. 2015b). Only two studies have 

considered this, and both found that biodiversity loss can simultaneously decrease parasite 

richness while increasing the risk and severity of infectious disease outbreaks (Morand et al. 

2014, Rottstock et al. 2014). Moreover, while parasite richness increases with biodiversity on a 

global scale, species interactions and hence disease transmission dynamics occur on a local 
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scale, e.g. within forest patches (Cohen et al. 2016). It is this local scale that is most relevant 

when assessing the risk of acquiring parasites across a biodiversity gradient (Kilpatrick et al. 

2017). 

Although our understanding of local disease transmission dynamics has substantially 

increased over the last decades, there remains a great deal of uncertainty regarding the 

direction, magnitude and mechanisms of the biodiversity-disease relationship in biodiversity 

hotspots (Gottdenker et al. 2014). Studies that examined how tropical forest degradation and 

associated biodiversity loss influence disease risk have shown mixed patterns (Gottdenker et 

al. 2014, Tucker Lima et al. 2017). Such contrasting findings may be caused, at least in part, by 

differences in definitions and/or inadequate measures of disease risk and biodiversity loss. For 

example, many studies use the proportion of infected vectors (pathogen prevalence) as a 

measure of vector-borne disease risk, yet transmission potential depends on the number of 

infected vectors, which is a function of pathogen prevalence and vector density (Randolph and 

Dobson 2012). Likewise, conventional measures of biodiversity loss, such as host species 

richness or forest fragment size, are less appropriate than those that take species identity into 

account (LoGiudice et al. 2008, Randolph and Dobson 2012). In order to move forward, 

comprehensive assessments of the composition and structure of host, vector, and microbial 

communities are needed, linked with appropriate measures of disease risk across a gradient of 

anthropogenic environmental change in biodiversity hotspots (Levi et al. 2016). 

Objectives 

The ultimate objective of my research is to contribute to a better understanding of how tropical 

biodiversity loss may impact parasite diversity and disease risk. I specifically focused on 

communities of wildlife, ticks, and tick-borne pathogens in Panama, part of the world’s second 

largest ‘megadiversity hotspot’ (Myers et al. 2000). Achieving my objective required a thorough 

examination of tick diversity and distribution across vertebrate host species, which is a function 

of tick feeding preferences, host biological and ecological traits, and abiotic conditions 

(Randolph 2004). For example, host specificity is a key determinant of pathogen transmission 

and tick population dynamics (McCoy et al. 2013), and the probability of host-tick coextinction 

(Lafferty 2012). However, the degree to which the ticks in Panama are host-specific and hence 

sensitive to wildlife diversity loss has never been adequately quantified. Likewise, host body 
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size is considered to be an important determinant of parasite species richness (Kamiya et al. 

2014a) as well as host extinction risk (Purvis et al. 2000). If larger host species harbour more 

diverse tick communities, wildlife diversity loss should have strong cascade effects on tick 

species diversity and abundance. Neither of these hypotheses have been empirically tested. 

Testing these and other hypotheses has largely been hampered by difficulties in the 

identification of Neotropical ticks. While taxonomic keys exist for the adult stages, identifying 

immature ticks based on morphological characteristics is notoriously difficult. As a result, host-

use patterns of larvae and nymphs are barely known for most tick species in Panama, while 

such data are indispensable for understanding the biodiversity-disease risk relationship. For 

example, the dilution effect hypothesis requires ticks to be generalist vectors that feed 

proportionally more from small vertebrates (disease reservoir hosts) in disturbed landscapes, 

thereby facilitating pathogen transmission. It is currently unknown whether these assumptions 

hold for ticks in tropical forests. Therefore, I formulated the following sub-objectives: 

1) Quantifying host-specificity for the ticks of Panama

2) Developing a DNA barcode reference library for the identification of immature

ticks

3) Identifying host and environmental determinants of:

a. densities of questing ticks

b. tick prevalence and diversity across a wide range of host species

c. pathogen prevalence and microbial richness in ticks

These sub-objectives are essential for understanding how anthropogenic alterations of wildlife 

communities may affect the abundance and diversity of ticks, their microbial communities, and 

ultimately, tick-borne disease risk. 

Study system 

My study system was located in the Isthmus of Panama (Fig 1.1). By connecting two 

continents, this isthmus functions as a land bridge, a melting pot of species exchange (Webb 

2006). It is also a global centre for marine commerce and a site of migratory bird activity, 

allowing for potential transfer of vectors and pathogens. Like other tropical regions, Panama’s 
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exceptional biodiversity is threatened by widespread deforestation, illegal hunting and mining 

activities (Moreno 1993, Condit et al. 2001). The landscape of central Panama is characterized 

by a mosaic of old growth and secondary forests surrounded by pastures, scrubland, and 

human settlements (Condit 2001). The short distances between these relatively intact and 

heavily disturbed forest fragments offer ideal circumstances for studying host-tick-pathogen 

interactions across a biodiversity gradient.  

F igure 1.1  When  the  v olcanic  Ist hmus of  P anama (sh own  in  squ are)  rose up  fr om the  oc ean  f loor  

i t  c onn ected t he North an d Sou th Amer ican c ont in ent s,  a l lowin g for  a  major  species migrat ion 

event  kn own as th e Great  Amer ican  B iot ic  Interch an ge ,  wh ich  peaked c a.  3  mi l l ion y ear s ago.  

Species sh ow n ar e a l l  extant  in  Panama an d are import ant  h ost s for  t i cks.   
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In addition to a rich wildlife, nearly 50 species of ticks from eight genera and two 

families have been described for Panama (Fairchild et al. 1966, Apanaskevich and Bermúdez 

2013, Nava et al. 2014, Bermúdez et al. 2015b). Despite their medical importance, the ticks of 

Panama have been largely neglected by health-care providers and the scientific community 

(Bermúdez et al. 2017). The first accounts of tick-borne disease in Panama date back to the 

early 1900s, when hundreds of cases of relapsing fever (Borrelia sp.) were reported in the former 

Canal Zone (Dunn and Clark 1933). In the 1950s, Rocky Mountain spotted fever (Rickettsia 

rickettsii) appeared, one of the most virulent human infections ever identified (Calero et al. 

1952). After half a century without any case reports, the disease re-emerged with 15 new cases 

between 2004 and 2017. Of these, 11 were fatal (Sergio Bermúdez, personal communication). 

In addition, there are records of Candidatus “Rickettsia amblyommii”, a potential pathogen 

(Apperson et al. 2008, Rivas et al. 2015), as well as Anaplasma sp., Babesia sp. and Ehrlichia sp. 

in ticks, domestic animals, and wildlife (Darling 1913, Clark 1918, Bermúdez et al. 2009, 

Eremeeva et al. 2009, Santamaria et al. 2014, Bermúdez et al. 2016, Bermúdez et al. 2017). 

Increased focus on other infectious diseases has likely led to underreporting of tick-borne 

diseases and it remains unclear what other potential pathogens circulate in this region. Finally, 

recent accounts of four field biologists that developed serious red-meat allergy after tick bites 

further highlight the need for a better understanding of host-tick-pathogen interactions in 

Panama (Wickner 2014). 

Thesis outline 

Low host specificity of vectors is a prerequisite for the dilution effect to occur. However, given 

the large diversity of wildlife hosts and tick species in tropical forests, theory suggest that host 

specificity should be high in the ticks of Panama (MacArthur 1972). In Chapter 2, I tested this 

hypothesis for adult ticks by using quantitative network analyses in combination with 

phylogenetic tools and null model comparisons. I considered three important aspects of host 

specificity: (i) the relative ecological importance of each host species (structural specificity), (ii) 

the relatedness among host species (phylogenetic specificity), and (iii) spatial-scale 

dependence of host specificity (geographical specificity).  

A lack of morphological identification keys for the immature ticks of Panama impedes 

studies on host-tick-pathogen interactions and the effect of biodiversity loss thereupon. 

Therefore, in Chapter 3, I describe the development of a DNA barcode reference library for the 
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identification of immature ticks. This library was created using adult ticks that I first identified 

to species based on taxonomic keys, after which their mtDNA COI barcode fragment was 

sequenced. The effectiveness of the library was then tested on larvae and nymphs collected 

from birds. In addition, I explore which avian ecological traits are associated with tick 

parasitism, and discuss the potential role of birds in tick-borne disease transmission. 

One assumption of the dilution effect hypothesis is that low diversity communities are 

dominated by smaller-bodied vertebrates with fast life histories and lower immunocompetence, 

making them ideal hosts for parasites and pathogens to exploit (Huang et al. 2013). However, 

no study has actually tested whether smaller-bodied host species carry more diverse tick 

assemblages. In Chapter 4, I examined the relationship between tick diversity and host body 

size across a large number of host taxa that ranged in body size by three orders of magnitude. 

Thanks to the DNA barcode library, I was able to analyse adult and immature tick assemblages 

separately, as different life stages may show different feeding patterns. 

According to the “diversity begets diversity” hypothesis, species richness of host and 

parasites should be coupled. Thus, if host diversity declines, so should parasite diversity. 

Parasites with complex host life cycles that sequentially use different host species should be 

even more sensitive to host extinction. In Chapter 5, I tested this hypothesis by comparing the 

diversity and abundance of tick and vertebrate host communities across 12 previously 

connected islands and forest fragments in the Panama Canal that ranged 1000-fold in size. I 

used camera trapping to survey wildlife and drag sampling to collect ticks.  

In Chapter 6, I determined how changes in wildlife community composition affected 

tick abundance, species richness, and prevalence on small mammals, and how this in turn 

affected the diversity of prokaryotic communities in ticks, tick-borne pathogen prevalence, and 

ultimately, tick-borne disease risk. I used a combination of camera trapping, drag sampling, and 

live trapping of small mammals in 21 forest fragments across a gradient of anthropogenic 

disturbance. Ticks were identified to species using the DNA barcode library and their microbial 

community composition was characterized using 16S rRNA sequencing technologies. 

Finally, in Chapter 7, I present a synthesis of the main findings and discuss how they 

contribute to our understanding of host-tick-pathogen interactions. I evaluate how Neotropical 

biodiversity loss impacts parasite diversity and disease risk, and discuss a different perspective 

on the role of parasites in biodiversity conservation.  
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Abstract 

Host specificity is a fundamental determinant of tick population and pathogen transmission 

dynamics, and therefore has important implications for human health. Tick host specificity is 

expected to be particularly high in the tropics, where communities of ticks, hosts and pathogens 

are most diverse. Yet the degree to which tropical tick species are host-specific remains poorly 

understood. Combining new field data with published records, we assessed the specificity of 

tick-host associations in Panama, a diverse Neotropical region. The resulting dataset includes 

5,298 adult ticks belonging to 41 species of eight genera that were directly collected from 68 

vertebrate host species of 17 orders. We considered three important aspects of tick host 

specificity: (i) the relative ecological importance of each host species (structural specificity); (ii) 

relatedness among host species (phylogenetic specificity); and (iii) spatial scale-dependence 

of tick-host relationships (geographical specificity). Applying quantitative network analyses and 

phylogenetic tools with null model comparisons, we assessed the structural and phylogenetic 

specificity across three spatial scales, ranging from central Panama to countrywide. Further, 

we tested whether species-rich tick genera parasitized a wider variety of hosts than species-

poor genera, as expected when ticks specialize on different host species. Most tick species 

showed high structural and/or phylogenetic specificity in the adult stage. However, after 

correcting for sampling effort, we found little support for geographical specificity. Across the 

three scales, adult ticks tended to be specific to a limited number of host species that were 

phylogenetically closely related. These host species in turn, were parasitized by tick species 

from distinct genera, suggesting switching among distantly related hosts is common at 

evolutionary timescales. Further, there was a strong positive relationship between the 

taxonomic richness of the tick genera and that of their hosts, consistent with distinct tick 

species being relatively specific to different host species. Our results indicate that in the adult 

stage, most ticks in the diverse Neotropical community studied are host specialists. This 

contrasts with earlier assessments, but agrees with findings from other host-parasite systems. 

High host specificity in adult ticks implies high susceptibility to local tick-host coextinction, 

limited ability to colonize new habitats and limited potential for interspecific pathogen 

transmission. 
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Introduction 

Host specificity is a fundamental life history trait of parasites that is likely to play a major role 

in generating and maintaining parasite biodiversity (Poulin 2011, Dietrich et al. 2014). The 

degree to which parasites are host-specific is a key determinant of their ability to colonize new 

host species (Holt et al. 2003), their geographical range size and local abundance (Krasnov et 

al. 2004b, Krasnov et al. 2005), the probability of parasite-host coextinction (Koh et al. 2004, 

Lafferty 2012) and the potential routes by which pathogens can be transmitted across 

vertebrate host taxa, including humans (McCoy et al. 2013). Hence, quantifying host specificity 

will help elucidate the ecological and co-evolutionary relationships between parasite and host 

species that are relevant for human and veterinary medicine, as well as for biodiversity 

conservation (Daszak 2000, Krasnov et al. 2008a). 

A group of organisms in which the question of host specificity is particularly important, 

are ticks (Acari: Ixodida). Ticks are obligatory hematophagous ectoparasites that feed on every 

class of terrestrial vertebrates throughout the world (Sonenshine 1991). They are major vectors 

of diseases to both humans and livestock, imposing a significant burden on public health and 

livestock producers (Jongejan and Uilenberg 2004). Ticks are especially abundant in the 

tropical regions, both in species and in numbers (Guglielmone et al. 2014). The tropics are also 

hotspots for vertebrate diversity (Myers et al. 2000) and hence are rich in potential host species 

for ticks. Resource specialization has been suggested as an important factor driving the 

remarkable species richness in these systems (MacArthur 1972, May 1973, Chesson 2000). 

Indeed, empirical studies of other host-parasite systems have shown that parasites tend to be 

more specific in richer host faunas (Poulin 1997, Krasnov et al. 2008b). Further, several features 

of ticks are predicted to limit their host ranges and select for host specificity (see Magalhães et 

al. 2007, McCoy et al. 2013, Dietrich et al. 2014 for a review) and host specificity is therefore 

expected to be high for tropical tick species. 

Relatively few empirical studies have tested this hypothesis, none of which found 

conclusive evidence that high host specificity in tropical tick species is common. Cumming 

(1998) analysed a large dataset on African tick-host associations (Ixodidae and Argasidae) and 

concluded that these ticks showed a continuum in their degree of host specificity, ranging from 

specialists at the host species-, family-, or order-level to broad host generalists of a wide variety 

of vertebrate orders. A more recent study on ixodid ticks of mammals in South Africa found, 
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depending on the specificity index used, that ticks showed either very low or a wide diversity of 

specificity in all life stages (Espinaze et al. 2015). Using the same index, Nava & Guglielmone 

(2013) performed a meta-analysis on Neotropical ixodid ticks and argued that while some tick 

species are specific at the host genus- or family-level, strict host specificity is uncommon. 

These previous studies, however, did not correct for host availability or for the likelihood of 

observing the recorded tick host-use patterns. After accounting for these biases, Wells et al. 

(2013) found little evidence for host specificity in ixodid ticks of small mammals in Borneo. But 

because host associations of adults, nymphs and larvae were not analysed independently, 

stage-specific host specificity could have been missed in that study. Indeed, Espinaze et al. 

(2015) and Nava & Guglielmone (2013) found that host specificity differed among life stages, 

with immature ticks typically being more generalist than their adult conspecifics. Hence, the 

degree to which different life stages of tropical ticks are host-specific remains poorly 

understood and further studies are warranted. 

The complexity of the tick-host interface requires consideration of at least three 

different aspects when measuring host specificity. First, structural differences in the 

distribution of tick populations across vertebrate hosts reflect the relative ecological 

importance of each exploited host species (Poulin et al. 2011). For example, two tick species 

that exploit the same number of host species may differ greatly in the extent to which they use 

each of these hosts (McCoy et al. 2013, Nava and Guglielmone 2013). Secondly, phylogenetic 

relatedness among host species is another important determinant of evolutionary 

specialization that is not always considered (Jorge et al. 2014). Preferred, more frequently 

parasitized host species may be more closely related to one another than sporadically 

parasitized host species (Poulin et al. 2011). Finally, specificity can also be measured as the 

consistency in host-use across a changing host landscape (Poulin et al. 2011). A growing 

number of studies suggest that host specificity in ticks may be spatially scale-dependent; with 

ticks tending to be host specialists at local scales and host generalists at larger geographical 

scales (reviewed by McCoy et al. 2013). These different aspects of host specificity are known 

as structural specificity, phylogenetic specificity and geographical specificity, respectively 

(Poulin et al. 2011), and they may vary markedly among the different life stages of a tick species 

(Nava and Guglielmone 2013, Guglielmone et al. 2014). To our knowledge, no study has so far 

considered all these aspects of specificity in tropical tick-host communities. 
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Here, we investigate the degree to which adult ticks are host specific in Panama, a 

diverse Neotropical region supporting over 40 species of ticks. Focusing on adult ticks, we 

assessed (i) the structural specificity of ticks at both the species- and community-level using 

quantitative network analyses that control for host availability; (ii) the phylogenetic specificity 

of ticks by estimating the standardized effect size of the mean pairwise phylogenetic distance 

of exploited host species; and (iii) the geographical specificity by comparing structural and 

phylogenetic specificity across three nested spatial scales that ranged from local (central 

Panama) to countrywide. We applied rarefaction to account for variation in the number of 

potential host species across the three spatial scales, and used null model comparisons to 

evaluate the likelihood of observing the recorded tick-host associations. We also tested whether 

species-rich tick genera parasitized a wider variety of hosts than species-poor genera, as would 

be expected if tick species have specialized on different host taxa. Lastly, we discuss the 

associations between ticks and domestic animals as these potentially include new 

relationships formed over relatively short evolutionary time periods. 

Methods 

Study area 

Data were collected throughout Panama, part of the world’s second largest ‘megadiversity 

hotspot’ for endemic vertebrates (Myers et al. 2000). Over forty species of ticks have been 

reported from Panama, divided over eight genera and two families (Fairchild et al. 1966, 

Apanaskevich and Bermúdez 2013, Nava et al. 2014, Bermúdez et al. 2015b). Panama also has 

a wide variety of environmental conditions and habitats, ranging from mangrove swamps to 

tropical forests and from savannahs to the páramo. Elevation ranges from c.0–3,500 m. 

Panama has a tropical moist weather pattern with an average diurnal temperature of 27 °C. 

Average temperature and humidity are high throughout most of the country, but considerably 

milder at elevations > 600 m. Rainfall varies both regionally (c.1,750–4,000 mm) and temporally, 

with a pronounced dry season in the lowlands from January to April (Ridgely and Gwynne 1989). 

Data collection 

We collected data on host feeding relationships of ticks (Ixodidae and Argasidae) from January 

2009 until May 2014. Sampled hosts included wild animals, either live-captured or found as 
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road kills, as well as humans and domestic animals from different environments throughout 

Panama. We searched the entire body of hosts but only ticks found firmly attached were 

considered in further analyses. Ticks were preserved in 95 % ethanol and later identified using 

the taxonomic keys provided by Fairchild et al. (1966) and Onofrio et al. (2006). We used the 

taxonomic criteria of Nava et al. (2014) for the Amblyomma cajennense species complex, which 

is represented by A. mixtum in Panama. Additional data on ticks and their vertebrate hosts were 

obtained from published regional monographs (see Appendix 2: Table A2.1). 

Most tick species of the family Ixodidae are characterized by a three-host life-cycle, in 

which the larvae, nymphs and adults feed from different host individuals that may belong to 

distinct species (Guglielmone et al. 2014). Hence, pooling data on host associations of different 

tick life stages could confound potential patterns of stage-specific host specificity and such 

data should therefore be analysed separately. Unfortunately, the larvae and nymphs of the 

three-host ticks in Panama (35 out of 37 species of Ixodidae) are notoriously difficult to identify, 

making earlier records unreliable. Moreover, the immature life stages of several tick species in 

our dataset remain undescribed (Guglielmone et al. 2014). We therefore limited our study to 

adult ticks and included species of both Ixodidae and Argasidae; the species of the latter family 

are also generally characterized by possessing multi-host life-cycles (Hoogstraal and 

Aeschlimann 1982). 

The overall dataset included adult tick-host associations from a wide variety of 

habitats and altitudes collected in over 54 locations throughout the country (Fig 2.1). The true 

coverage is much larger but the description of many collection localities retrieved from the 

literature did not allow for a specific allocation on the map, even though they could be used for 

the analysis of geographical specificity (see below). We followed the consensus list of valid tick 

names as compiled by Guglielmone et al. (2010), which recognizes three genera of Argasidae 

(i.e. Antricola, Argas and Ornithodoros) and five genera of Ixodidae (i.e. Amblyomma, 

Dermacentor, Haemaphysalis, Ixodes and Rhipicephalus) for Panama. 

Structural specificity 

Indices of host specificity that consider both the number of host species and the relative 

frequency with which they are exploited, such as those based on the widely used Shannon index 

in ecology, are excellent for measuring structural host specificity (Poulin et al. 2011). Here, we 

used two such metrics: 𝐻𝐻2′  and 𝑑𝑑𝑖𝑖′ (Blüthgen et al. 2006). These metrics were developed for the 
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analysis of bipartite networks, a standardized framework for the quantification of ecological 

specialization (Blüthgen et al. 2008, Poulin 2010). Bipartite networks represent associations 

(links) between species (nodes) of two trophic levels and are either based on weighted 

(quantitative) or unweighted (binary) links. The two metrics used here are based on weighted 

links, i.e. they were calculated using the relative frequencies with which tick-host associations 

occur (see Appendix 2: Table A2.2 for formulas). By accounting for variation in the “strength” of 

the interactions, they provide an ecologically more meaningful measure of host specificity than 

do metrics based on unweighted links, i.e. presence/absence data (Bersier et al. 2002, Blüthgen 

et al. 2006). Both indices were calculated using the network-level (Dormann et al. 2009) and 

species-level analyses (Dormann 2011) tools in the R package ‘bipartite’ (Dormann et al. 2008). 

The 𝐻𝐻2′  index, the standardized two-dimensional Shannon entropy, is a measure of 

structural specificity of the entire network, henceforward community-level (Blüthgen et al. 

2006). Values range from 0 for the most generalist community to 1 for the most specialist 

community. The index increases with deviations of the network’s observed frequency 

distribution of species interactions from their expected probability distribution. This null 

distribution of interactions reflects a situation where all species interact with their partners in 

proportion to their observed frequency totals (Blüthgen et al. 2006). 

The 𝑑𝑑𝑖𝑖′ index, the standardized Kullback-Leibler distance, is a measure of structural 

specificity for each individual node, henceforward species-level (Blüthgen et al. 2006). Like 𝐻𝐻2′ , 

values range from 0 for the most generalist to 1 for the most specialist species. For species i, 

the value of 𝑑𝑑𝑖𝑖′ increases with deviations of the observed frequency distributions from a null 

distribution that assumes that the interactions with species i are proportional to overall partner 

availability. Thus, 𝑑𝑑𝑖𝑖′ increases with reciprocal specificity between two partners and hence 

reflects the “exclusiveness” of species interactions (Blüthgen et al. 2006). 

These two indices take into account what many other host specificity indices do not: 

resource availability. If not accounted for, estimates of host specificity of ticks that occur in only 

a few samples will be biased, with rare species being systematically classified as more specific 

(Cumming 2004, Devictor et al. 2010). The 𝐻𝐻2′  and 𝑑𝑑𝑖𝑖′ indices do not suffer from this classical 

artefact since the use of rare resources (i.e. host species) is not given the same weight as the 

use of common ones. Thus, these indices are able to discriminate species with strong host 

preferences from those using available host species simply in proportion to their occurrence in 

the environment.  
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However, Dormann et al. (2009 and references therein) showed that most metrics, 

including those based on weighted links, are affected by network dimensions (i.e. number of 

species) and sampling intensity (i.e. total observation records per species). Observed metric 

estimates should therefore be evaluated against expectations based on null models that 

control for these network properties (Blüthgen et al. 2008, Dormann et al. 2009). Here, we used 

two such null models, each with 1,000 replicates, to test whether the observed estimates 

deviated significantly from what would be expected by chance. 

Null model I was based on an algorithm developed by Patefield (1981), which 

randomly redistributes the interactions across all species in the matrix while maintaining 

column and row totals identical to those of the observed matrix. This algorithm is analogous to 

most re-sampling-based contingency table tests such as χ2 or Fisher’s exact test (Dormann et 

al. 2009) and is implemented in the R package ‘bipartite’ as function ‘r2dtable’ (Dormann et al. 

2008). By constraining the marginal sums, this null model corrects for uneven numbers of 

species observation records (Blüthgen et al. 2008). 

Null model II was based on an algorithm developed by Vázquez et al. (Vázquez et al. 

2007), which redistributes the interactions only across those species that were actually 

observed to interact, thereby maintaining connectance. This algorithm is implemented in the R 

package ‘bipartite’ as ‘vaznull’ (Dormann et al. 2008). By constraining the realized links of the 

original network, it takes into account that unrealized connections between certain tick and host 

species may in fact represent life-history restrictions, i.e. ‘forbidden links’. These forbidden links 

may arise from a lack of host availability, such as non-overlap of tick and host habitat in space 

or time, but may also result from host avoidance. Hence, null model II can be regarded as very 

constrained in comparison with null model I. 

Phylogenetic specificity 

Closely related species tend to share similar biological, behavioural and physiological traits 

(Jorge et al. 2014). Hence, the more phylogenetically related a given set of host species, the 

more likely they should be to share the same parasite species. In comparative analysis, this is 

similar to the problem of non-independence of species (Felsenstein 1985). We used a widely 

employed method to assess relatedness among host species in each tick species’ diet: the 

Mean Phylogenetic Distance (MPD) between each pair of parasitized host species (Webb et al. 

2002, Vellend et al. 2011). We used a taxonomic classification with 19 hierarchical levels above 
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species (see Appendix 2: Fig A2.1). Branch lengths were set to unity and we weighted the MPD 

by the number of tick-host associations. This method is fairly independent from species 

richness and therefore from sampling effort (Vellend et al. 2011, Jorge et al. 2014). 

However, the extent to which parasitized host species represent a non-random 

selection from the total host community cannot generally be assessed using raw MPD values 

(Vellend et al. 2011). We therefore calculated standardized effect sizes of the MPD values 

(SESMPD) to evaluate whether observed host relationships deviated from what would be 

expected based on the relatedness of the available host species. The SESMPD is basically a Z-

score, which describes the difference between the observed MPD and the MPD expected under 

a null model, divided by the standard deviation of the MPD in the null data. This approach is 

equivalent to -1 times the Net Relatedness or Nearest Relative Index (NRI) that is widely used 

in community ecology and has a similar interpretation (Kembel et al. 2010, Jorge et al. 2014). 

The null model that we used here randomizes the names of the host species on the terminal 

branches of the phylogeny, so that the distribution of the branches remains intact. This null 

model is implemented in the R package ‘picante’ as “taxa.labels” (Kembel et al. 2010). Positive 

SES values indicate greater phylogenetic distance among parasitized host species than 

expected by chance, whereas negative SES values indicate small phylogenetic distances, i.e. 

high phylogenetic specificity. 

Geographical specificity 

To assess structural and phylogenetic host specificity in geographical space, we subsetted the 

total dataset twice, yielding separate datasets on tick-host associations for three scales: (i) the 

entire country of Panama (c.74,340 km2), including a wide variety of natural and anthropogenic 

habitats ranging from lowlands to highlands up to 3,000 m; (ii) the lowlands of Panama 

(c.59,710 km2), including a variety of natural and anthropogenic habitats up to 600 m; and (iii) 

central Panama (c.2,178 km2), including an area of 20 km on either side of the Panama Canal, 

most of which lies below 300 m with a uniform temperature and humidity (Harmon 2005). 

Henceforward, these three spatial scales will be referred to as “large”, “intermediate” and “small”, 

respectively (see Appendix 2: Table A2.1 for more details). 

While we used null models to compare the patterns within the species data matrix, we 

need to consider for our comparison across the three spatial scales that the local dataset is 

nested in the regional one, and the regional is nested in the nation-wide data. Hence, our tick-
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host community matrices are additive, so that resource potential increases with scale. If not 

corrected for this sampling bias, a decline in host specificity with increasing spatial scale (sensu 

McCoy et al. 2013) may simply arise due to a larger number of available host species (Devictor 

et al. 2010). For a meaningful comparison of structural and phylogenetic specificity across the 

three scales, we therefore rarefied the largest two matrices so that their total number of 

interactions was identical to the smallest matrix. Using the ‘sample’ command in R with 1,000 

randomizations, we resampled the entries of the matrix with a probability for sampling each 

link given by the proportion of its link strength (see Appendix 2: Table A2.2). All analyses were 

carried out with the R statistical software, version 3.2.4 (R Core Team 2017). 

F igure 2.1 Map of  P anama sh ow ing t he sampl ing  loc at ion s acr oss the t hree spat ia l  scales:  l arge 

(ent i re  c ountry) ,  inter mediate  ( l ight  grey  areas) ,  an d smal l  ( b lac k box  in set ) .  These  sampl in g 

locat ions  sh ow th e min imu m coverage as the  descr ipt ion of  many c o l lect ion loca l i t i es ret r ieved  

from l i t eratur e did not  a l low  for  a  speci f i c  p lacement  on  the  map.  
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Richness relationships 

If tick species specialize on different host taxa, then more species-rich tick genera should 

parasitize a wider variety of hosts than species-poor genera. However, the observed number of 

host species is likely to be an underestimate since species richness is strongly affected by 

sampling effort. We corrected for biases arising from the undersampling of rare host species 

by computing the Chao1 index, an abundance-based estimator for asymptotic species richness 

(Chao 1984), using EstimateS version 9.1.0 (Colwell 2013). We used Spearman’s rho (ρ) to test 

the prediction that a positive relationship exists between generic tick species richness and 

generic Chao1 estimates of total host species richness. 

Because 𝑑𝑑𝑖𝑖′ and MPD are more sophisticated measures of host specificity than the 

basic number of host species, we also tested for the relationship between these two indices 

and generic tick species richness. If most tick species show high structural specificity towards 

different species of hosts, then generic 𝑑𝑑𝑖𝑖′ estimates should be higher for species-poor tick 

genera than for species-rich tick genera. Hence, we expected 𝑑𝑑𝑖𝑖′ to decline with generic tick 

species richness. In contrast, if most tick species show high phylogenetic specificity towards 

different species of hosts, then MPD estimates should be lower for species-poor tick genera 

than for species-rich tick genera. Hence, we expected MPD estimates to increase with generic 

tick species richness. 

Results 

Structural specificity 

Structural specificity of the entire network was high for each spatial scale (large: 𝐻𝐻2′  = 0.74, 

intermediate: 𝐻𝐻2′  = 0.75, small: 𝐻𝐻2′  = 0.77). Significance was assessed by determining the 

proportion of randomized estimates (n = 1,000) that was equal to or greater than the observed 

𝐻𝐻2′  estimate. For each spatial scale, the observed 𝐻𝐻2′  estimate was significantly larger than 

predicted by each of the two null models (P = 0), indicating high structural specificity of tick-

host communities (Fig 2.2a). 

Structural specificity values at the species-level (𝑑𝑑𝑖𝑖′) ranged from 0.22–1.00 (median 

0.76) at the large scale, from 0.26–1.00 (median 0.77) at the intermediate scale, and from 0.33–

1.00 (median 0.73) at the small scale (Fig 2.2b). Significance was assessed for each tick 

species by determining the proportion of randomized estimates (n = 1,000) that was equal to 
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or greater than the observed 𝑑𝑑𝑖𝑖′ estimate. With a single exception, all observed 𝑑𝑑𝑖𝑖′ estimates 

were significantly higher than predicted by null model I for each spatial scale (Table 2.1). 

Compared to the more constrained null model II however, observed 𝑑𝑑𝑖𝑖′ estimates were 

significantly higher for 30 out of 41 tick species at the large scale, 21 out of 28 tick species at 

the intermediate scale, and 15 out of 25 tick species at the small scale. 

While comparisons with null model I provide an upper bound estimate of the number 

of specialist tick species, comparisons with null model II provide a lower bound estimate. This 

is because null model I assumes that all host species in the dataset are available to each tick 

species, whereas null model II assumes that any unrealized connection between a tick and host 

species represents a forbidden link. Since some forbidden links may actually reflect host 

avoidance rather than a lack of host availability, part of the tick species that appear to be host 

generalists under null model II are in fact host specialists that do not discriminate among the, 

sometimes quite limited, number of host species they do parasitize. This may be true for several 

tick species that were almost exclusively collected from a single host species (e.g. Amblyomma 

coelebs and Dermacentor latus on Baird’s tapir, Amblyomma naponense and Dermacentor 

imitans on collared peccary, Dermacentor nitens on horse), or that were abundant on only a 

small number of host species (e.g. Amblyomma calcaratum on anteaters, Amblyomma. varium 

on sloths). Overall, these results suggest high structural specificity at the host species-, family-

, or order-level during the adult life stage of most tick species in Panama. 

Phylogenetic specificity 

For 29 out of 41 tick species, over 90% of the collection records came from a single vertebrate 

order, and 12 tick species were each associated with a single vertebrate species. This suggests 

that many tick species in Panama are associated with phylogenetically closely related host 

species during the adult life stage. Indeed, the SESMPD estimates showed that at the large scale, 

33 out of 41 species were phylogenetically more host-specific than expected by chance. At the 

intermediate scale this was true for 23 out of 28 tick species, and at the small scale, 18 out of 

25 species of ticks showed significant phylogenetic specificity (Table 2.1). Phylogenetic 

specificity was found at the level of host species (e.g. Haemaphysalis leporispalustris on forest 

rabbit), host family (e.g. Amblyomma nodosum on anteaters), and host order (e.g. Ixodes 

rubidus on carnivores), although some tick species parasitized several host orders (e.g. 

Amblyomma dissimile on amphibians and reptiles, Haemaphysalis juxtakochi on odd- and even-
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toed ungulates). Interestingly, while most ticks tended to feed from phylogenetically closely-

related host species, these hosts themselves were parasitized by tick species from distinct 

genera (Fig 2.3). 

F igure 2.2  Obser ved  vs  nu l l  model  est imates  of  st ructur al  h ost  spec if i c i ty .  Observed  est imates  for  

(a)  commun ity - level  specia l i zat ion 𝐻𝐻2′  (bl ack  do ts )  an d (b)  species- level  specia l i zat ion 𝑑𝑑𝑖𝑖′ (whi te box  

plo ts )  ar e  mu ch larger  th an  est imat es predict ed  by  nul l  model  I  (grey box plo ts )  and  nu l l  mode l  I I  

(dashed box plo ts )  for  eac h spat ia l  scale  ( large ,  inter mediat e ,  smal l ) .  P lot  whisker s ext en d fr om 

minimu m to  maximum est imates.  

Geographical specificity 

Overall, we did not find strong evidence for scaling of host specificity with geographical space. 

While structural specificity at the community-level (𝐻𝐻2′ ) declined marginally with increasing 

scale, it remained high for each spatial scale and these values were not affected by rarefaction. 

Similarly, structural specificity at the species-level (𝑑𝑑𝑖𝑖′) was high for each spatial scale, with 

negligible effects of rarefaction and no clear trend across the three spatial scales. Four tick 

species that showed structural specificity at larger scales, did not do so at smaller spatial scales 

when compared to null model II values. One tick species (Ornithodoros puertoricensis) showed 

the opposite trend (Table 2.1). As a result, the proportion of structural specialists was slightly 

lower at the smallest scale. Finally, no major changes were observed for phylogenetic 

specificity across the three spatial scales. With only three exceptions, tick species whose MPD 
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values were significant at larger scales, were also significant at smaller spatial scales when 

recorded. The proportion of phylogenetic specialists was slightly lower at the smallest scale. 

Richness relationships 

There was a strong, positive correlation between the number of species within each tick genus 

and the estimated total number of host species (Chao1) parasitized by that genus (Spearman’s 

ρ = 0.93, P = 0.001). Likewise, we found a significant positive correlation between generic MPD 

(phylogenetic specificity at the tick genus-level) and generic tick species richness (Spearman’s 

ρ = 0.83, P = 0.011). There was a significant negative correlation between generic 𝑑𝑑𝑖𝑖′ (structural 

specificity at the tick genus-level) and generic tick species richness (Spearman’s ρ = 0.95, P < 

0.0001). These results suggest that different tick species within the same genus are specific to 

different host species, both structurally and phylogenetically.  

Relationships with domestic animals 

A total of 14 different tick species were recorded from 7 species of domestic animals. The tick 

species most often associated with poultry, horse, cattle and dog are globally recognized as 

economically important pests of these host species, i.e. Argas persicus (poultry tick), 

Dermacentor nitens (tropical horse tick), Rhipicephalus microplus (southern cattle tick), and R. 

sanguineus (brown dog tick), respectively (Fig 2.4). Other ticks that were commonly found on 

domestic animals include Amblyomma mixtum (part of the A. cajennense species complex), 

which was predominantly collected from horses, Amblyomma ovale and Ixodes boliviensis, 

which were most abundant on dogs, and Amblyomma oblongoguttatum, a more generalist tick 

that was found on all domestic animals except poultry. The remaining tick species 

(Amblyomma auricularium, Amblyomma coelebs, Amblyomma parvum, Amblyomma tapirellum, 

Dermacentor latus, Ixodes affinis) were infrequently collected from domestic animals and their 

records may represent incidental infestations. In addition, a total of 15 different tick species 

parasitized humans, of which Amblyomma tapirellum was most often involved (Fig 2.4). 



Ta
bl

e 
2.

1 
O

bs
er

ve
d 

va
lu

es
 f

or
 s

tru
ct

ur
al

 (
𝑑𝑑 𝑖𝑖′

) 
an

d 
ph

yl
og

en
et

ic
 (

SE
S M

PD
) 

sp
ec

ifi
ci

ty
 a

t 
th

e 
sp

ec
ie

s-
le

ve
l. 

Va
lu

es
 a

re
 s

ho
w

n 
fo

r 
ea

ch
 s

pa
tia

l s
ca

le
. 

Si
gn

ifi
ca

nc
e 

w
as

 a
ss

es
se

d 
by

 th
e 

Pa
te

fie
ld

 n
ul

l m
od

el
 (N

M
 I)

, t
he

 V
az

nu
ll 

nu
ll 

m
od

el
 (N

M
 II

), 
an

d 
ra

nd
om

iz
at

io
n 

of
 ta

xa
 la

be
ls

 (N
M

 II
I) 

an
d 

is
 g

iv
en

 a
s 

**
*P

 <
 0

.0
01

; *
*P

 <
 0

.0
1;

 *P
 <

 0
.0

5,
 o

r n
s 

(n
ot

 s
ig

ni
fic

an
t) 

La
rg

e 
In

te
rm

ed
ia

te
 

Sm
al

l 

𝒅𝒅 𝒊𝒊′
N

M
 I 

N
M

 II
 

SE
S M

P 
N

M
 II

I 
𝒅𝒅 𝒊𝒊′

 
N

M
 I 

N
M

 II
 

SE
S M

PD
 

N
M

 II
I 

𝒅𝒅 𝒊𝒊′
N

M
 I 

N
M

 II
 

SE
S M

PD
 

N
M

 II
I 

Am
bl

yo
m

m
a 

sp
p.

 

A.
 a

ur
ic

ul
ar

iu
m

 
0.

88
 

**
* 

**
* 

-2
.0

2 
* 

0.
89

 
**

* 
**

* 
-1

.9
1 

* 
0.

97
 

**
* 

**
 

-1
.8

3 
ns

 

A.
 c

al
ca

ra
tu

m
 

0.
45

 
**

* 
ns

 
-2

.3
2 

* 
0.

41
 

**
* 

ns
 

-2
.0

0 
* 

0.
66

 
**

* 
ns

 
-2

.0
2 

* 

A.
 c

oe
le

bs
 

0.
42

 
**

* 
ns

 
-2

.6
3 

**
 

0.
41

 
**

* 
ns

 
0 

**
* 

0.
49

 
**

* 
ns

 
0 

**
* 

A.
 d

is
si

m
ile

 
0.

95
 

**
* 

**
 

-2
.4

0 
**

 
0.

94
 

**
* 

**
* 

-2
.4

0 
**

 
0.

94
 

**
* 

**
* 

-2
.5

9 
**

 

A.
 g

ea
yi

 
0.

87
 

**
* 

**
* 

-2
.6

0 
**

* 
0.

87
 

**
* 

**
* 

-2
.5

8 
**

* 
0.

85
 

**
* 

**
* 

-2
.4

8 
**

* 

A.
 lo

ng
iro

st
re

 
1.

00
 

**
* 

*
0 

**
* 

1.
00

 
**

* 
*

0 
**

* 
1.

00
 

**
* 

*
0 

**
* 

A.
 m

ix
tu

m
 

0.
40

 
**

* 
ns

 
-2

.6
7

**
 

0.
42

 
**

* 
ns

 
-2

.4
8

* 
0.

40
 

**
* 

ns
 

-2
.7

5
**

 

A.
 n

ap
on

en
se

 
0.

61
 

**
* 

*
-0

.7
2

ns
 

0.
61

 
**

* 
*

-0
.6

4
ns

 
0.

57
 

**
* 

ns
 

-0
.7

2
ns

 

A.
 n

od
os

um
 

0.
92

 
**

* 
**

* 
-2

.5
8

**
 

0.
92

 
**

* 
**

* 
-2

.4
8

**
 

0.
87

 
**

* 
*

0 
**

* 

A.
 o

bl
on

go
gu

tta
tu

m
 

0.
22

 
**

* 
ns

 
-3

.2
4

**
 

0.
26

 
**

* 
ns

 
-2

.8
9

**
 

0.
33

 
**

* 
ns

 
-2

.5
9

**
 

A.
 o

va
le

 
0.

58
 

**
* 

**
* 

-2
.0

4
* 

0.
65

 
**

* 
**

* 
-2

.0
8

**
 

0.
67

 
**

* 
**

 
-1

.8
4

* 

A.
 p

ac
ae

 
0.

82
 

**
* 

*
-2

.3
6

* 
1.

00
 

**
* 

*
0 

**
* 

1.
00

 
**

* 
*

0 
**

* 

A.
 p

ar
vu

m
 

0.
37

 
**

* 
ns

 
-1

.5
8

ns
 

0.
36

 
**

* 
ns

 
-1

.4
9

ns
 

0.
37

 
**

* 
ns

 
-0

.3
5

ns
 

A.
 p

ec
ar

iu
m

 
0.

76
 

**
* 

**
 

0 
**

* 
0.

76
 

**
* 

*
0 

**
* 

0.
81

 
**

* 
*

0 
**

* 

A.
 p

ic
tu

m
 

0.
54

 
* 

ns
 

0 
**

* 
– 

– 
– 

–
– 

– 
– 

– 
–

– 

A.
 s

ab
an

er
ae

 
0.

94
 

**
* 

**
 

-2
.6

5 
**

 
0.

94
 

**
* 

**
 

-2
.6

4
**

 
0.

93
 

**
* 

**
 

-2
.6

8
**

 

A.
 ta

pi
re

llu
m

 
0.

62
 

**
* 

**
* 

-2
.2

1 
* 

0.
67

 
**

* 
**

* 
-2

.1
8

**
 

0.
62

 
**

* 
*

-1
.4

0
ns

 

A.
 v

ar
iu

m
 

0.
64

 
**

* 
*

-2
.4

6
* 

0.
61

 
**

* 
*

-2
.4

5
**

 
0.

56
 

**
* 

ns
 

-2
.3

4
* 

An
tri

co
la

 s
pp

. 

A.
 m

ex
ic

an
us

 
1.

00
 

**
* 

*
0 

**
* 

1.
00

 
**

* 
*

0 
**

* 
– 

– 
– 

– 
– 

Ar
ga

s 
sp

p.
 

A.
 p

er
si

cu
s 

0.
99

 
**

* 
**

 
0 

**
* 

1.
00

 
**

* 
*

0 
**

* 
– 

– 
– 

– 
–

Chapter 2 

Page | 34 



Ta
bl

e 
2.

1 
Co

nt
in

ue
d 

De
rm

ac
en

to
r s

pp
. 

D.
 im

ita
ns

 
0.

47
 

**
* 

ns
 

-0
.7

3 
ns

 
– 

– 
– 

– 
– 

– 
– 

– 
– 

– 

D.
 la

tu
s 

0.
47

 
**

* 
ns

 
-1

.1
7 

ns
 

– 
– 

– 
– 

– 
– 

– 
– 

– 
– 

D.
 n

ite
ns

 
0.

73
 

**
* 

**
 

-1
.6

9 
* 

0.
58

 
**

* 
ns

 
-1

.6
1 

* 
0.

60
 

**
* 

ns
 

-1
.7

1 
* 

D.
 p

an
am

en
si

s 
0.

91
 

**
* 

*
0 

**
* 

– 
– 

– 
– 

– 
– 

– 
– 

– 
– 

Ha
em

ap
hy

sa
lis

 s
pp

. 

H
. j

ux
ta

ko
ch

i 
0.

57
 

**
* 

*
-1

.9
7

* 
0.

57
 

**
* 

*
-2

.0
8

**
 

0.
59

 
**

* 
ns

 
-2

.1
2 

* 

H
. l

ep
or

is
pa

lu
st

ris
 

0.
98

 
**

* 
**

 
0 

**
* 

1.
00

 
**

* 
*

0 
**

* 
– 

– 
– 

– 
– 

Ix
od

es
 s

pp
. 

I. 
af

fin
is

 
0.

79
 

**
* 

*
-1

.9
0

* 
0.

78
 

**
* 

*
-1

.3
2

ns
 

0.
80

 
**

* 
*

-1
.1

2
ns

 

I. 
au

rit
ul

us
 

1.
00

 
**

* 
*

-1
.3

9
ns

 
– 

– 
– 

–
– 

– 
– 

– 
–

– 

I. 
be

qu
ea

rti
 

1.
00

 
**

* 
**

 
**

* 
– 

– 
– 

–
– 

– 
– 

– 
–

– 

I. 
bo

liv
ie

ns
is

 
0.

46
 

**
* 

*
-1

.5
2

ns
 

– 
– 

– 
–

– 
– 

– 
– 

–
– 

I. 
la

sa
lle

i 
0.

83
 

**
* 

*
-2

.3
6

**
 

– 
– 

– 
–

– 
– 

– 
– 

–
– 

I. 
lu

ci
ae

 
0.

94
 

**
* 

**
 

-3
.0

4
**

* 
0.

89
 

**
* 

*
-2

.8
0

**
* 

0.
96

 
**

* 
*

-2
.8

4
**

* 

I. 
po

m
er

an
tz

i 
0.

58
 

**
* 

ns
 

0 
**

* 
– 

– 
– 

–
– 

– 
– 

– 
–

– 

I. 
ru

bi
du

s 
0.

83
 

**
* 

*
-3

.7
4

**
* 

– 
– 

– 
–

– 
– 

– 
– 

–
– 

I. 
ta

pi
ru

s 
0.

22
 

ns
 

ns
 

0 
**

* 
– 

– 
– 

–
– 

– 
– 

– 
–

– 

I. 
tip

to
ni

 
1.

00
 

**
* 

*
0 

**
* 

– 
– 

– 
–

– 
– 

– 
– 

–
– 

I. 
ve

ne
zu

el
en

si
s 

1.
00

 
**

* 
*

-2
.4

2
**

 
– 

– 
– 

–
– 

– 
– 

– 
–

– 

Or
ni

th
od

or
os

 s
pp

. 

O.
 p

ue
rto

ric
en

si
s 

0.
70

 
**

* 
ns

 
0.

65
 

ns
 

0.
79

 
**

* 
*

0.
69

ns
 

0.
92

 
**

* 
*

0.
65

ns
 

O.
 ru

di
s 

0.
52

 
**

* 
ns

 
0 

**
* 

0.
52

 
**

* 
ns

 
0 

**
* 

0.
51

 
**

* 
ns

 
0 

**
* 

Rh
ip

ic
ep

ha
lu

s 
sp

p.
 

R.
 m

ic
ro

pl
us

 
0.

79
 

**
* 

**
 

-2
.6

9 
**

 
0.

84
 

**
* 

**
* 

-2
.6

0 
**

 
0.

85
 

**
* 

**
* 

-2
.6

9 
**

 

R.
 s

an
gu

in
eu

s 
0.

65
 

**
* 

**
* 

-1
.0

5 
ns

 
0.

72
 

**
* 

**
* 

-0
.7

8 
ns

 
0.

73
 

**
* 

**
 

-0
.4

5 
ns

 

Host specificity

Page | 35  



Chapter 2 

Page | 36 

Figure 2.4  Host  associat ion s  of  t icks  with  domest ic  an imals  and  hu man s,  v isu al i zed by  a b ipar t i t e  

netw or k.  Nodes ( bl ack )  r epresent  species  an d l in ks (g rey )  c or respon d t o spec ies inter act ion s.  

Var iat ion  in  inter act ion frequ enc ies are  re f lected  by  th e  width  of  the  l in ks.  Th e  net w ork  i s  ar ran ged 

suc h th at  i t  sh ow s minimal  cr ossin gs of  inter act ion s ,  w hich  a l lows for  easier  interpr etat ion.  

Discussion 

Our results indicate that the majority of tick species in our study system showed significant 

structural and/or phylogenetic specificity during the adult life stage, regardless of the spatial 

scale considered. Thus, adult ticks used some host species disproportionally more than others, 

and host species tended to be phylogenetically closely related. This specificity was found at the 

host species-, family- and order-level, with only few tick species having substantial adult tick 

records from multiple host orders. Moreover, more diverse tick genera parasitized more diverse 

host species, suggesting that distinct tick species have specialized on different host species. 
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While most tick species were specialists of phylogenetically closely related host species, these 

host species in turn were parasitized by ticks from different genera, resulting in asymmetric 

tick-host phylogenetic interactions. 

Our findings are consistent with empirical studies of other host-parasite systems, 

including helminths, chewing lice and fleas parasitic on small mammals. These studies 

indicated that most parasites are highly host-specific to a limited number of host species 

(Poulin et al. 2006), and that host specificity tends to be phylogenetically constrained (Krasnov 

et al. 2004a, Krasnov et al. 2008b) and geographically scale-invariant (Krasnov et al. 2008a). A 

recent analysis of flea-mammal networks showed that closely related host species shared the 

same flea species, but that these fleas belonged to different lineages (Krasnov et al. 2012b). 

This pattern is similar to that observed in our study and can be explained by processes such as 

host-switching, ecological fitting and/or co-evolutionary alternation (Thompson 2005, Brooks 

and Hoberg 2007, Krasnov et al. 2012b). Further, McCoy et al. (2013) reported a positive 

correlation between the number of African tick species within a given genus and their recorded 

number of hosts, as we did here for Neotropical ticks. The high specificity of parasite-host 

associations is likely a product of the continual coevolution of host defences and parasite 

counter-defences that should select for reciprocal specialization (Thompson 2005). 

Several empirical studies have suggested that most tick species tend to be host 

generalists (Klompen et al. 1996, Cumming 1999, Nava and Guglielmone 2013, Wells et al. 2013, 

Espinaze et al. 2015, but see Hoogstraal and Aeschlimann 1982). However, almost all of these 

studies also recognize that ticks show a continuous spectrum in specificity, ranging from the 

host species- to beyond the host order-level. In those cases, where tick species are not at either 

end of this spectrum, their classification as either host specialist or generalist can be somewhat 

subjective (Cumming 1998). For example, Hoogstraal & Aeschlimann (1982) considered tick 

species that feed exclusively from the class Reptilia (tortoises, snakes and lizards) to be strictly 

host-specific. In contrast, Nava & Guglielmone (2013) classified ticks that feed on different host 

families and orders as generalists. This highlights the need for null models to evaluate whether 

obtained estimates of host specificity are significantly different from those predicted by the tick 

species’ expected probability distribution across its host species. 

Although we did not find any spatial scaling of host specificity, such pattern may still 

exist across larger geographical scales. Most tick species in our study system have 

geographical distributions that extend beyond Panama (Guglielmone et al. 2014), and our 



Chapter 2 

Page | 38 

results can therefore not be generalized across the entire range of these species. For example, 

tick species that were either exclusively (i.e. A. longirostre, A. pecarium and H. leporispalustris) 

or primarily (i.e. A. coelebs and D. nitens) associated with one particular host species in Panama, 

were shown to feed from a variety of host species and families across their entire range (Nava 

and Guglielmone 2013). Likewise, tick species that exclusively (i.e. A. nodosum) or primarily (i.e. 

A. auricularium, A. calcaratum and A. pacae) parasitized one particular host family in Panama, 

were specific at the host order-level across their entire range (Nava and Guglielmone 2013). 

Thus, whereas we found high phylogenetic specificity within a relatively small portion of their 

range, Nava & Guglielmone (2013) found that these tick species exhibited much lower 

phylogenetic specificity across their Neotropical distribution, throughout which the spectrum 

of potential host species is much larger. The hypothesis that ticks may be “local specialists but 

global generalists” (McCoy et al. 2013), may therefore still hold for these species. However, 

recent discoveries of cryptic species among tick populations from different geographical areas 

(e.g. A. cajennense (Nava et al. 2014), A. parvum (Lado et al. 2016), R. microplus (Burger et al. 

2014) and R. sanguineus (Moraes-Filho et al. 2011)), as well as experimental evidence for host-

associated genetic races (Poulin and Keeney 2008, Dietrich et al. 2014, Araya-Anchetta et al. 

2015), stresses the need for considering tick population genetic structure in future studies, 

particularly when large geographical areas are considered. 

Very few tick species in our study system can be considered host generalists in the 

broadest sense, i.e. by using host species in proportion to their availability (lack of structural 

specificity) while at the same time feeding from distantly related host species (lack of 

phylogenetic specificity). For example, A. mixtum (part of the A. cajennense species complex) 

parasitized 16 species of wild and domestic hosts in natural and anthropogenic environments, 

yet nearly half of our records involve horses. Hence, host specificity in this species was 

structurally low, but phylogenetically high. Other empirical studies have also revealed that 

apparent generalist tick species may show local host preferences (Poulin and Keeney 2008, 

McCoy et al. 2013, Araya-Anchetta et al. 2015), which illustrates the complementarity and 

importance of considering both structural and phylogenetic aspects of host specificity (Poulin 

et al. 2011). 

Domestic animals were principally parasitized by tick species that are globally 

recognized as important economic pests and which were able to spread to Panama following 

the introduction of their domestic hosts (Jongejan and Uilenberg 2004). Only few native tick 
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species were frequently collected from domestic animals. Perhaps not surprisingly, these ticks 

are known to feed from a wide variety of natural host species (Guglielmone et al. 2014), 

although they too tended to show a structural and phylogenetic bias. Specifically, A. ovale and 

I. boliviensis infested dogs in high numbers but were principally associated with wild carnivores. 

Likewise, A. mixtum and A. oblongoguttatum parasitized no less than nine different host orders, 

the largest number for all tick species in our dataset, but the former was most often found on 

odd-toed ungulates (particularly horses) while the latter chiefly fed from carnivores (particularly 

canids) and, to a lesser extent, ungulates (including horses and cattle). Overall, our results 

suggest that, probably with the exception of A. mixtum, domestic animals are not important 

host species for most of the native tick species in Panama. 

Highly specific tick-host relationships as observed in our study have implications for 

tick-borne disease transmission. On the one hand, high host specificity limits the potential 

routes for interspecific pathogen transmission, thereby decreasing the risk for emerging 

infectious diseases. On the other hand, our findings that closely related hosts are parasitized 

by distantly related ticks, suggest that host switching events frequently occurred throughout 

the life history of these ticks. Previous empirical studies have shown that ticks can switch hosts 

under changing environmental conditions, such as climate change, host availability, or even 

acaricide use (Bermúdez et al. 2010, McCoy et al. 2013, Dietrich et al. 2014). In fact, host 

switching has been suggested to be ubiquitous for many parasites at both evolutionary and 

ecological time scales (Brooks and Hoberg 2007). Current ecological perturbations and human 

activities should only facilitate the potential for host switching, which in turn may increase the 

risk for tick-borne pathogen transmission between hosts, including livestock, pets and humans 

(Brooks and Hoberg 2007). 

Despite the robustness of the specificity indices we used, our analyses and inferences 

do have limitations that are inherent to all studies based on field observations and published 

datasets. First, more intensive sampling would likely provide new tick-host associations, 

potentially lowering host specificity estimates for some tick species. However, as we corrected 

for differences in sampling effort, we do not expect the overall conclusions to be profoundly 

affected. Moreover, using four additional network indices to measure structural specificity, the 

results remained the same: host specificity is high for the adult ticks in Panama (see Appendix 

2: Supplementary analyses, Fig A2.2, Table A2.2). Secondly, studies based on field collections 

are usually unable to differentiate between failed and successful feeding events. Experiments 
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are needed that assess differential tick performance on various host species to support field-

based evidence for host specificity (Dietrich et al. 2014, Van Oosten et al. 2016). Thirdly, with 

the continual discovery of species complexes there is a need for genetic data to determine 

whether perceived “generalists” may in fact consist of multiple cryptic “specialist” species 

(McCoy et al. 2013, Araya-Anchetta et al. 2015). 

Another important aspect to consider is the potential differences in feeding 

relationships between larvae, nymphs and adult ticks. While larvae and nymphs only feed from 

vertebrates for their development, the adults of many tick species also search for a mating 

partner on a host, which may drive specificity in adults but generality in immature stages 

(Espinaze et al. 2015). Unfortunately, the host associations and in some cases morphological 

descriptions of immature ticks are poorly documented for Panama, so that we had to limit our 

study to adult ticks. Empirical studies from elsewhere in the Neotropics suggest that the 

immature forms of three-host ixodid ticks may feed from entirely different host groups 

(Guglielmone et al. 2014) and that they tend to be less host-specific (Nava and Guglielmone 

2013) than their adult counterparts. It thus seems reasonable to expect that the host-use 

patterns of immature ticks in Panama differ from those of the adult stage. An important 

question is whether these larvae and nymphs are true host generalists, or rather specific to 

different groups of host species compared to the adult stage. This knowledge is imperative for 

predicting environmental impacts, such as cascade effects of biodiversity loss on tick 

populations and/or disease transmission. More complex life-cycles in combination with high 

host specificity increase the risk of local parasite-host coextirpation (Lafferty 2012). Thus, if 

different life stages are specific to different host species, loss of host diversity should cause 

stronger bottleneck events compared to a situation where only the adult life stage is host-

specific. Future studies that focus on ontogenetic shifts in tick-host relationships are therefore 

warranted. 

It is important to stress that our results do not rule out the possibility that some tick 

species are more constrained by adaptations to environmental conditions than by host 

adaptation. Many tick species spend the majority of their life-cycle off-host, so that both abiotic 

(climatic) and biotic (host) factors determine tick distribution, abundance and host 

relationships (Randolph 2004). Cumming (1999) already showed that the range limits of most 

African tick species are not limited by their host species’ distribution, suggesting that 

environmental factors may be more important. In Panama, environmental specificity of ticks 
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plays an important role in the life history of the Argasidae. These so-called “endophilic” tick 

species are confined to caves, burrows, roosts and other habitats where host species gather in 

large numbers and/or regularly return to (Klompen et al. 1996). Indeed, the Ornithodoros ticks 

in our study were among the least host-specific species. Some of the ixodid ticks in Panama 

also show clear environmental preferences. For example, certain species of Dermacentor and 

Ixodes seem to be restricted to wetter, montane environments (Fairchild et al. 1966, Bermúdez 

et al. 2015b). On the other hand, these particular habitats are characterized by extraordinary 

vertebrate diversity, yet the adult ticks of these species still predominantly feed from a limited 

number of closely related host species. This suggests that both environmental adaptations and 

host adaptations may act in concert to shape the specific tick-host relations observed in 

Panama. 

Future experimental studies may reveal the relative importance of environmental 

conditions versus host suitability for explaining the highly specific tick-host relationships that 

we found in our study. Specifically, to what extent do the realized host relationships that were 

observed match potential host relationships if abiotic factors were irrelevant? Experimental 

studies have so far demonstrated that many tick species are able to complete their life-cycles 

on laboratory animals that are phylogenetically distant from their natural host species 

(Troughton and Levin 2007, Olegário et al. 2011, Ramirez et al. 2016). This suggests that the 

potential host specificity of ticks may be lower than their realized specificity. However, a 

substantial body of evidence also suggests that tick physiological processes, such as molting, 

engorgement, hatching, oviposition, and even survival, are negatively affected when ticks are 

fed on unnatural host species (Randolph 1979, Fielden et al. 1992, Labruna et al. 2000, Labruna 

et al. 2002, McCoy et al. 2002, Labruna et al. 2009, Olegário et al. 2011, Dietrich et al. 2014, Van 

Oosten et al. 2016). These studies also showed that tick fitness was higher on laboratory 

animals that were phylogenetically more closely related to the tick species’ natural host species. 

Clearly, there is a need for better integration of both field-based and experimental studies to 

increase our understanding of tick-host specificity (Poulin and Keeney 2008, Van Oosten et al. 

2016). 
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Conclusions 

Our findings indicate that most tick species in Panama are scale-invariant host specialists 

during the adult life stage. This implies high vulnerability to local tick-host coextirpation (Lafferty 

2012) so that any reduction of host diversity will lead to impoverished tick communities that 

are dominated by generalist tick species (Devictor et al. 2010). These persistent generalist 

species may be instrumental in tick-borne disease dynamics as they bear the highest potential 

for widespread pathogen transmission across host species in local communities (Randolph 

1998, Brooks and Hoberg 2007). Host extinction may, therefore, more likely increase rather than 

limit the risk of tick-borne disease outbreaks (Brooks and Hoberg 2007). Future studies should 

investigate how alterations of tick-host network properties due to anthropogenic disturbances 

affect disease dynamics, particularly in tropical regions where wildlife diversity is rapidly 

eroding (Myers et al. 2000). 
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Appendix 2 

Table A2.1 Summary of data on ticks, their vertebrate hosts and the area for each spatial scale. 

Abbreviations: TS, number of tick species; HS, number of host species; THA, number of tick-host 

associations; SL, number of species links (non-zero entries in the matrix) 

TS HS THA SL Area (km2) 

Spatial scale 

Large 41 68 5,298 207 74,340 

Medium  28 57 4,037 153 59,710 

Small 25 44 2,666 111 2,178 

Data source 

Unpublished 20 21 1,159 59 – 

Published* 40 66 4,139 191 – 

* (Dunn 1923, Dunn 1934, Fairchild 1943, Fairchild et al. 1966, Bermúdez et al. 2009, Bermúdez

et al. 2010, Bermúdez et al. 2011, Bermúdez et al. 2012a, Bermúdez et al. 2012b, Apanaskevich 

and Bermúdez 2013, García et al. 2014, Bermúdez et al. 2015a, Bermúdez et al. 2015b) 
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Figure A2.1  Phy logen et ic  t ree  of  ver tebrate  h ost  spec ies in  our  dataset .  We  u sed Wi lson an d R eeder  

(2005)  as  t axon omic  referen ce  for  Mammal ia ,  supplement ed  by  V oss an d  Jansa  (2009)  for  

Didelphidae,  Huc hon  an d  Douzery  (2001)  for  hy str ic ognath  r odents ,  Weks ler  (2006)  for  mur o id 

rodent s,  J oh nson et  a l .  ( 2006)  for  Fel idae ,  Bar de leben  et  a l .  (2005)  for  Can idae ,  K oepf l i  et  a l .  (2007 ,  

2008)  for  Pr ocyonidae and Mu st el idae ,  Fry  et  a l .  (2006) ,  for  Squ amata ,  Lee (2013)  for  Test ud ines  

and  J arv is et  a l .  (2014)  for  Av es .



Ta
bl

e 
A2

.2
 S

um
m

ar
y 

of
 th

e 
ne

tw
or

k 
m

et
ric

s 
co

ns
id

er
ed

 in
 th

is
 s

tu
dy

 

Le
ve

l 
M

et
ric

 
De

fin
iti

on
 

Fo
rm

ul
a 

Re
fe

re
nc

e 

Sp
ec

ie
s 

𝑑𝑑 𝑖𝑖′
 

St
an

da
rd

iz
ed

 K
ul

lb
ac

k-

Le
ib

le
r d

is
ta

nc
e 

De
gr

ee
 o

f i
nt

er
ac

tio
n 

sp
ec

ia
liz

at
io

n 
of

 

sp
ec

ie
s 

i 
𝑑𝑑 𝑖𝑖

=
∑

�𝑝𝑝
𝑖𝑖𝑖𝑖′
∙l

n
𝑝𝑝 𝑖𝑖
𝑖𝑖′ 𝑞𝑞 𝑗𝑗
�

𝐽𝐽 𝑗𝑗=
1

 , 
w

hi
ch

 is
 

no
rm

al
iz

ed
 to

 𝑑𝑑
𝑖𝑖′

=
𝑑𝑑 𝑖𝑖
−
𝑑𝑑 𝑚𝑚

𝑚𝑚𝑚𝑚
𝑑𝑑 𝑚𝑚

𝑚𝑚
𝑚𝑚
−
𝑑𝑑 𝑚𝑚

𝑚𝑚𝑚𝑚

(B
lü

th
ge

n 
et

 a
l. 

20
06

) 

N
et

w
or

k 

𝐻𝐻
2′

St
an

da
rd

iz
ed

 

In
te

ra
ct

io
n 

Di
ve

rs
ity

 

De
gr

ee
 o

f i
nt

er
ac

tio
n 

sp
ec

ia
liz

at
io

n 
am

on
g 

tic
ks

 a
nd

 h
os

ts
 o

f t
he

 e
nt

ire
 n

et
w

or
k 

𝐻𝐻
2

=
−
∑

∑
(𝑝𝑝

𝑖𝑖𝑖𝑖
∙l

n
𝑝𝑝 𝑖𝑖
𝑖𝑖)

𝐽𝐽 𝑗𝑗=
1

𝐼𝐼 𝑖𝑖=
1

, w
hi

ch
 

is
 n

or
m

al
iz

ed
 to

 𝐻𝐻
2′

=
𝐻𝐻
2𝑚𝑚

𝑚𝑚
𝑚𝑚−

𝐻𝐻
2

𝐻𝐻
2𝑚𝑚

𝑚𝑚𝑚𝑚
−
𝐻𝐻
2𝑚𝑚

𝑚𝑚𝑚𝑚

(B
lü

th
ge

n 
et

 a
l. 

20
06

) 

𝐸𝐸 2
 

In
te

ra
ct

io
n 

Ev
en

ne
ss

 
Ev

en
ne

ss
 o

f i
nt

er
ac

tio
ns

 in
 th

e 
ne

tw
or

k 
𝐸𝐸 2

=
𝐻𝐻
2/

ln
𝐼𝐼𝐼𝐼

 
(D

or
m

an
n 

et
 a

l. 
20

09
) 

  𝐺𝐺
𝑞𝑞𝑞𝑞

 
G

en
er

al
ity

 
W

ei
gh

te
d 

m
ea

n 
ef

fe
ct

iv
e 

no
. o

f h
os

t 

sp
ec

ie
s 

pe
r t

ic
k 

sp
ec

ie
s 

𝐺𝐺 𝑞𝑞
𝑞𝑞

=
∑

𝐴𝐴 𝑗𝑗 𝑁𝑁
𝑒𝑒𝐻𝐻

𝑗𝑗
𝐽𝐽 𝑗𝑗=
1

  
(B

er
si

er
 e

t a
l. 

20
02

) 

𝑉𝑉 𝑞𝑞
𝑞𝑞

 
Vu

ln
er

ab
ilit

y 
W

ei
gh

te
d 

m
ea

n 
ef

fe
ct

iv
e 

no
. o

f t
ic

k 
sp

ec
ie

s 

pe
r h

os
t s

pe
ci

es
 

𝑉𝑉 𝑞𝑞
𝑞𝑞

=
�

𝐴𝐴 𝑖𝑖 𝑁𝑁
𝑒𝑒𝐻𝐻

𝑖𝑖
𝐼𝐼 𝑖𝑖=
1

 
(B

er
si

er
 e

t a
l. 

20
02

) 

Q 
M

od
ul

ar
ity

 
De

gr
ee

 o
f n

et
w

or
k 

pa
rti

tio
ni

ng
 in

to
 

m
od

ul
es

 o
f h

ig
hl

y 
co

nn
ec

te
d 

sp
ec

ie
s 

𝑄𝑄
=

1 2𝑁𝑁
∑

(𝐴𝐴
𝑖𝑖𝑖𝑖
−
𝐾𝐾 𝑖𝑖

𝑖𝑖)
𝛿𝛿(
𝑚𝑚
𝑖𝑖,
𝑚𝑚
𝑗𝑗)

𝑖𝑖𝑖𝑖
  

(D
or

m
an

n 
an

d 
St

ra
us

s 

20
14

) 

N
ot

e:
 m

et
ri

cs
 w

er
e 

ca
lc

ul
at

ed
 o

ve
r 

co
nt

in
g

en
cy

 t
ab

le
s 

w
it

h
 I

 r
o

w
s 

of
 h

os
t 

sp
ec

ie
s 

an
d

 J
 c

ol
u

m
ns

 o
f 

ti
ck

 s
p

ec
ie

s;
 t

h
e 

nu
m

be
r 

of
 o

b
se

rv
ed

 

in
te

ra
ct

io
n

s 
be

tw
ee

n
 h

o
st

 s
p

ec
ie

s 
i 

an
d 

ti
ck

 s
p

ec
ie

s 
j 

w
as

 d
ef

in
ed

 a
s 
𝑎𝑎 𝑖𝑖
𝑖𝑖;

 N
 i

s 
th

e 
to

ta
l 

n
u

m
b

er
 o

f 
o

bs
er

ve
d 

in
te

ra
ct

io
n

s 
fo

r 
th

e 
en

ti
re

 w
eb

; L
 

is
 t

he
 n

u
m

b
er

 o
f 

al
l r

ea
li

ze
d

 li
n

ks
; 𝐴𝐴

𝑖𝑖 a
n

d 
𝐴𝐴 𝑗𝑗

 a
re

 r
es

pe
ct

iv
el

y 
th

e 
to

ta
l 

nu
m

b
er

 o
f 

in
te

ra
ct

io
ns

 in
 w

hi
ch

 i 
an

d
 j 

w
er

e 
in

vo
lv

ed
 (

i.
e.

 t
he

 r
es

pe
ct

iv
e 

ro
w

 a
nd

 c
ol

u
m

n 
to

ta
ls

);
 𝑝𝑝

𝑖𝑖𝑖𝑖
 i

s 
de

fi
ne

d 
as

 𝑎𝑎
𝑖𝑖𝑖𝑖

 i
n 

re
la

ti
on

 t
o 

N
; 
𝑝𝑝 𝑖𝑖
𝑖𝑖′
 i

s 
th

e 
pr

o
p

or
ti

on
 o

f 
𝑎𝑎 𝑖𝑖
𝑖𝑖 

in
 r

el
at

io
n 

to
 𝐴𝐴

𝑖𝑖; 
𝑞𝑞 𝑖𝑖

 a
nd

 𝑞𝑞
𝑗𝑗 

w
as

 d
ef

in
ed

 a
s 

re
sp

ec
ti

ve
ly

 

𝐴𝐴 𝑖𝑖
 a

nd
 𝐴𝐴

𝑗𝑗 
in

 r
el

at
io

n
 t

o
 N

; 𝐴𝐴
𝑖𝑖𝑖𝑖

 a
n

d
 𝐾𝐾

𝑖𝑖𝑖𝑖
 a

re
 r

es
p

ec
ti

ve
ly

 t
he

 n
or

m
al

iz
ed

 i
nt

er
ac

ti
o

n 
m

at
ri

x 
an

d
 n

u
ll

 m
od

el
 m

at
ri

x,
 w

he
re

 t
he

 s
u

m
 o

f 
al

l 
li

nk
 

st
re

n
gt

h
s 

eq
ua

ls
 1

; 
𝑚𝑚
𝑖𝑖 

an
d

 𝑚𝑚
𝑗𝑗 

ar
e 

th
e 

m
od

ul
es

 t
o

 w
h

ic
h

 s
pe

ci
es

 i
 a

nd
 j

 a
re

 r
es

pe
ct

iv
el

y 
as

si
g

ne
d;

 t
he

 i
nd

ic
at

or
 f

un
ct

io
n 
𝛿𝛿(
𝑚𝑚
𝑖𝑖,
𝑚𝑚
𝑗𝑗)

 e
qu

al
s 

1 

w
he

n
 𝑚𝑚

𝑖𝑖
=
𝑚𝑚
𝑗𝑗 

an
d 

is
 o

th
er

w
is

e 
eq

ua
l 

to
 z

er
o

Host specificity

Page | 45  



Chapter 2 

Page | 46 

Supplementary analyses 

In addition to the network-level (𝐻𝐻2′ ) and species-level (𝑑𝑑𝑖𝑖′) specificity indices, we used four other 

quantitative metrics (Table A2.2) to test whether the structural specificity of tick-host 

communities in Panama is significantly higher than predicted by null models I and II: 

(1) Generality (𝐺𝐺𝑞𝑞𝑞𝑞); defined as the reciprocal of the Shannon diversity of links for the 

highest trophic level, this index reflects the effective mean number of host species per tick 

species, weighted by their marginal totals. The higher 𝐺𝐺𝑞𝑞𝑞𝑞 for tick species i, the less specific it 

is, i.e. the more host species it parasitizes. Originally developed by Bersier et al. (2002), who 

used base 2 logarithms in their equations, we based equations on ln. 

(2) Vulnerability (𝑉𝑉𝑞𝑞𝑞𝑞); Like 𝐺𝐺𝑞𝑞𝑞𝑞 but now for the lowest trophic level, this index reflects 

the effective mean number of tick species per host species, weighted by their marginal totals 

(Bersier et al. 2002). The higher 𝑉𝑉𝑞𝑞𝑞𝑞  for host species j, the less specific it is, i.e. the more tick 

species it supports and thus the larger its importance for the overall tick community. 

(3) Interaction Evenness (𝐸𝐸2); based on the Shannon diversity of all possible links, this 

index expresses how homogeneously the tick and host species are connected (Blüthgen et al. 

2008). Networks whose distribution of observed interaction frequencies is highly 

heterogeneous will have 𝐸𝐸2 values close to 0. In contrast, 𝐸𝐸2 values close to 1 imply well-

connected networks in which tick species interact with the available host species with similar 

frequencies. Rather than using the sum of only the realized links (Tylianakis et al. 2007), we 

used the product of the matrix dimensions (i.e. all potential links) to determine 𝐸𝐸2 (Dormann et 

al. 2009). For more details, see the manual of the package ‘bipartite’, version February 19, 2015 

(Dormann et al. 2008). 

(4) Modularity (Q); this index quantifies the presence of cohesive groups called 

“modules”, in which species are linked better within than across modules. To estimate the level 

of modularity and the number of modules within the network, we used the QuaBiMo-algorithm, 

which allows for the use of weighted (quantitative) links and computes modularity Q using a 

Markov Chain Monte Carlo approach (Dormann and Strauss 2014). A total of 108 MCMC steps 

were used with a tolerance level of 10-10. Q ranges from 0 for random networks to 1 for perfectly 

modular networks. High modularity suggests specificity of ticks for certain groups of hosts that 

in turn do not support many other species of ticks. 

We found that generality, vulnerability and interaction evenness were significantly 

lower, and that modularity was significantly higher, than predicted by both null models (P = 
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0.000, Fig A2.2). Rarefaction had negligible effects on each of the metrics’ values and there was 

no clear trend among rarefied values of Q, 𝐸𝐸2, 𝐺𝐺𝑞𝑞𝑞𝑞 and 𝑉𝑉𝑞𝑞𝑞𝑞  across the spatial scales (Table 

A2.3). The high Q estimates suggest high structural specificity towards particular groups of 

hosts and that these “modules” of interacting tick and host species had few connections to 

other modules. The low 𝐸𝐸2 estimates reveal high heterogeneity in interaction frequencies and 

low connectivity between species of ticks and vertebrate hosts. The low 𝐺𝐺𝑞𝑞𝑞𝑞 and 𝑉𝑉𝑞𝑞𝑞𝑞  estimates 

indicate that ticks parasitized very few host species and hosts were parasitized by very few tick 

species compared to null-model expectations. These results are in agreement with the 

estimates of 𝐻𝐻2′  and 𝑑𝑑𝑖𝑖′, corroborating that the host associations of adult ticks in Panama tend 

to be highly specific. 

F igure A2.2  Est imates of  gener al i ty ,  v u ln erab i l i ty ,  i nteract ion  ev enness and modu lar i ty  (bl ack d ots )  

of  t i ck- h ost  interact ion  net wor ks were  signi f ic ant ly  di f fer ent  f r om t h ose predicted by  n ul l  model  I  

(grey box plo ts )  and  nu l l  mode l  I I  (das hed box plo ts )  at  each  spat ia l  sc ale .  
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Table A2.3 Network properties of tick-host associations after network rarefaction of the large and 

intermediate scales. Standard errors (SE) of rarefied values were all smaller than 0.006 

Geographic scale 

Metric Large Intermediate Small 

Interaction evenness (𝐸𝐸2) 0.52 0.52 0.53 

Vulnerability (𝑉𝑉𝑞𝑞𝑞𝑞) 2.96 2.44 2.55 

Generality (𝐺𝐺𝑞𝑞𝒘𝒘) 3.26 3.37 2.89 

Modularity (Q) 0.70 0.70 0.74 
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Abstract 

In the tropics, ticks parasitize many classes of vertebrate hosts. However, because many 

tropical tick species are only identifiable in the adult stage, and these adults usually parasitize 

mammals, most attention on the ecology of tick-host interactions has focused on mammalian 

hosts. In contrast, immature Neotropical ticks are often found on wild birds, yet difficulties in 

identifying immatures hinder studies of birds’ role in tropical tick ecology and tick-borne disease 

transmission. In Panama, we found immature ticks on 227 out of 3,498 individually–sampled 

birds representing 93 host species (24% of the bird species sampled, and 13% of the 

Panamanian land bird fauna). Tick parasitism rates did not vary with rainfall or temperature, but 

did vary significantly with several host ecological traits. Likewise, Neotropical–Nearctic 

migratory birds were significantly less likely to be infested than resident species. Using a 

molecular library developed from morphologically–identified adult ticks specifically for this 

study, we identified eleven tick species parasitizing birds, indicating that a substantial portion 

of the Panamanian avian species pool is parasitized by a diversity of tick species. Tick species 

that most commonly parasitized birds had the widest diversity of avian hosts, suggesting that 

immature tick species are opportunistic bird parasites. Although certain avian ecological traits 

are positively associated with parasitism, we found no evidence that individual tick species 

show specificity to particular avian host ecological traits. Finally, our data suggest that the four 

principal vectors of Rocky Mountain spotted fever in the Neotropics rarely, if ever, parasitize 

Panamanian birds. However, other tick species that harbour newly–discovered rickettsial 

parasites of unknown pathogenicity are frequently found on these birds. Given our discovery of 

broad interaction between Panamanian tick and avian biodiversity, future work on tick ecology 

and the dynamics of emerging tropical tick-borne pathogens should explicitly consider wild bird 

as hosts. 
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Introduction 

Wild birds are increasingly recognized as playing an important role in human and animal health. 

Emerging zoonotic diseases such as avian influenza, West Nile Virus, and Lyme disease often 

have wild birds in their transmission cycle (Rappole and Hubalek 2003, Kilpatrick et al. 2006, 

Ogden et al. 2008), and wild birds can act as reservoir hosts in endemic areas (Ginsberg et al. 

2005). Birds also have the potential to introduce diseases into previously naïve populations by 

spreading pathogens and/or their vectors over large distances via migratory flyways (Hamer et 

al. 2012, Lindeborg et al. 2012). Hard ticks (Ixodidae) are haematophagous ectoparasites 

regularly found on wild birds, providing them habitat and blood-meal resources, and vector 

more human pathogens than any other arthropod group (Jongejan and Uilenberg 2004). 

Migratory birds captured in temperate regions upon their return from wintering grounds have 

been observed infected with larval and nymphal stages of tropical tick species (Hamer et al. 

2012). The ability of migratory birds to move tropical ticks over long distances, in concert with 

global climate change (Léger et al. 2013), potentially exposes extra-tropical regions to novel 

tropical tick-borne pathogens and vice versa (Jongejan and Uilenberg 2004, Parola et al. 2008, 

Randolph 2010). Therefore, empirical studies are needed that evaluate which tick species are 

frequently involved in bird parasitism and which ecological characteristics of bird species are 

related to increased tick infestation levels. 

In the New World tropics, the greatest risk of tick-borne disease for human health 

comes from Rickettsia rickettsii, the etiological agent of Rocky Mountain Spotted Fever (RMSF), 

which has a current fatality rate of 20–40% (Parola et al. 2013). In the Neotropics, the principle 

vector of RMSF are members of the Amblyomma cajennense species complex, although other 

species of ticks have been shown to harbour R. rickettsii (Dantas-Torres 2007, Labruna 2009). 

In Panama, four confirmed RMSF vectors occur: A. mixtum, which is the local taxon in the A. 

cajennense species complex (Nava et al. 2014), along with three other species which are widely 

found in the Neotropical region: Dermacentor nitens, Haemaphysalis leporispalustris, and 

Rhipicephalus sanguineus s.l. (Parola et al. 2013). Although the first clinical cases of RMSF were 

reported in Panama in the 1950s, the disease went unreported for over 50 years until a fatal 

case in 2004 (Estripeaut et al. 2007). In the past decade, additional fatal cases have been 

reported in Panama (Tribaldos et al. 2011) as well as adjacent Costa Rica (Argüello et al. 2012) 

and Colombia (Hidalgo et al. 2011). Improvements in diagnosis are clearly responsible for at 



Chapter 3 

Page | 54 

least part of the surge in recent cases, although climate change, habitat modification, and/or 

increases in human–wildlife contact may also be responsible (Eremeeva and Dasch 2015). 

While adults of the genus Amblyomma and several other Neotropical tick species typically 

exploit mammals, or reptiles and amphibians to a lesser degree (Fairchild et al. 1966), immature 

forms are routinely found on birds (Fairchild et al. 1966, Jongejan and Uilenberg 2004, Labruna 

et al. 2007, Ogrzewalska et al. 2009, Ogrzewalska et al. 2010, Ogrzewalska et al. 2011, 

Ogrzewalska et al. 2012, Pacheco et al. 2012, Ogrzewalska et al. 2013) including, rarely, nymphs 

of the A. cajennense species complex (Labruna et al. 2007).  

At the same time, improvements in molecular detection of tick endosymbionts has 

uncovered a diversity of novel Rickettsia strains of unknown pathogenicity in Neotropical ticks 

(Labruna et al. 2004, Labruna et al. 2011, Ogrzewalska et al. 2013), and wider distributions of 

other Rickettsia species known to cause RMSF-like  symptoms. Recently, R. rickettsii has been 

found in a variety of tick species throughout the Americas and is believed to have caused many 

overlooked cases of rickettsial disease in South America (Eremeeva and Dasch 2015). 

Rickettsial bacteria have been found in several species of ticks recovered from Neotropical 

birds (Ogrzewalska et al. 2012, Pacheco et al. 2012, Ogrzewalska et al. 2013).  

Our understanding of Neotropical bird-tick associations and hence their role in disease 

transmission has been hampered by species identification problems; most immature 

Neotropical ticks, especially those of the genus Amblyomma, are not readily identifiable to 

species by morphology alone. Amblyomma species diversity peaks in the Neotropics, where 

taxonomic keys serve to identify the nymphal stage of few Amblyomma species (Martins et al. 

2010). For example, in a recent survey of ticks found parasitizing humans in Panama, only 38% 

of the recovered specimens of Amblyomma could be identified to species (Bermúdez et al. 

2012b). Similarly, in a study documenting tick infestation patterns in wild birds from south-

eastern Brazil, nearly 48% of the specimens of Amblyomma could not be identified to species 

(Labruna et al. 2007). That study and others (Marini et al. 1996, Ogrzewalska et al. 2013) 

demonstrate that new tools and approaches are essential to properly assess the role of  wild 

birds in tick ecology and tick-borne disease transmission in the Neotropics. 

Museum specimens are often valuable resources for broad studies of ecological 

patterns (Rocha et al. 2014). Here, we exploit seven years of extensive bird specimen collection 

across Panama to clarify the ecological interactions between the diverse tick and bird fauna of 

this Neotropical country. The collecting program of the STRI Bird Collection visited over 100 
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field sites, sampling nearly 3500 terrestrial birds from 384 species, almost half of the roughly 

800 non-aquatic bird species recorded from Panama. Our study provides an unparalleled 

insight into the ecological relationships between birds and ticks in a Neotropical setting. 

Specifically, our goals were to: 1) identify how avian ecological traits influence the frequency of 

tick parasitism of Panamanian bird species; 2) produce a robust DNA barcode library capable 

of identifying most of the commonly encountered immature ticks in Panama; and 3) use the 

DNA barcode library to identify to species immature ticks collected off of Panamanian wild birds 

to determine host specificity patterns and the role of parasite ecological filtering in shaping bird-

tick associations in Panama. Our results should provide insights into the relation between avian 

and ixodid biodiversity that may better inform our understanding of Neotropical tick ecology 

and may provide insights for our understanding of emerging tropical tick-borne diseases.  

Methods 

Bird and tick specimen collection 

All bird records come from the vouchered collecting program of the STRI Bird Collection, 

conducted between 2008 and 2012. Collecting occurred year round; however as our collection 

strategy during this period was the developed as part of a larger program on the ecology of 

avian-mediated zoonoses, collecting was balanced at most sites between the rainy (May–

December) and dry (January–April) season, as well as across the migratory seasons of 

Nearctic–Neotropical migrants. Full specimen metadata are available in S1 Table (online) and 

in the STRI Collections portal (http://stricollections.org).  

Our field procedures begin with capturing birds in mist nets (or occasionally collecting 

with shotgun). Per STRIBC field protocols, wild birds were euthanized in the field and flash 

frozen on solid CO2 in individual freezer bags to eliminate the risk of cross-contamination of 

ectoparasites prior to transportation to the lab. There, the entire ectoparasite assembly is 

recovered as the first step in the ornithological specimen preparation process via whole body 

ruffling following (Clayton and Drown 2001) who demonstrated that post-mortem ruffling is 

superior for estimating ectoparasite abundances compared to visual inspection and other live- 

bird sampling strategies. The number of sampling locations was more than 100, however we 

combined locations that were within 5 kilometres of each other, resulting in a total of 43 

sampling locations throughout Panama (Fig 3.1) for the purpose of this study (S2 Table, Online). 

http://stricollections.org/
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EA separated ticks from other ectoparasites and identified all to age class and sex when 

possible. Ticks are stored in the STRI Cryological collections in single tubes per avian specimen 

in 95% ethanol and maintained at -20°C. All specimens collected by the STRI Bird Collection 

was done with the prior approval of ANAM, Panama’s environmental authority (permit numbers: 

E/A-60- 10, SE/A-137-10, SE/A-96-09, SE/A-44-10, SE/A-66-11, SE/ A-2-12), and collecting 

methods have been approved by the Smithsonian Tropical Research Institute’s Institutional 

Animal Care and Use Committee (IACUC permits: 2007–03-03-15-07, 2011-0927-2014-03). 

Complete ornithological specimen metadata is available at: http://stricollections.org. 

Ecological patterns of tick parasitism on birds 

We generated a tick parasitism data matrix (presence or absence of hard ticks: Ixodidae). Non-

land birds from marsh, aquatic, and riverine habitats (e.g. Anseriformes, Charadriiformes, 

Alcedinidae) were excluded from the analysis, as well as aerial foragers (e.g. Apodidae, 

Hirundinidae), resulting in 3498 specimen records (S1 Table, Online), from 384 avian species. 

Using this matrix, we analysed whether key traits of the host species were correlated with tick 

parasitism using contingency table analysis. We considered the relationship of eight traits on 

tick parasitism, some of which have previously been correlated with tick parasitism in birds: 

residents vs. non-breeding migrants, females vs. males, terrestrial foraging vs. arboreal, ground 

cavity nesting, tree hole nesting, lowland vs. montane habitats, bark insectivory, forest vs. non-

forest habitats. We evaluated the influence of sex and migratory status on the entire dataset, 

however because ecological traits for many migratory birds are more labile away from their 

breeding grounds and classifications based on temperate zone ecology may not reflect 

behaviour in Panama, we evaluated the relationship between the remaining six traits and tick 

parasitism only on resident birds (i.e. those species that breed in Panama). Montane species 

were defined as those found almost exclusively 600 meters above sea level. Terrestrial foraging 

species include those species that forage primarily, but not exclusively, on the ground or within 

15 centimetres of the ground. Forest inhabitants live in or require mature tropical forests; most 

edge species were classified as non-forest inhabitants. We evaluated all possible combinations 

of ecological characters using logistic regression models. 

http://stricollections.org/
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Figure 3.1  Map of  c ol lect ing  ar eas for  adul t  an d immatur e t ic ks .  B lue  c i rc les r epresent  areas  w her e 

adu lt  t ic ks  wer e  sampled  for  t he  referen ce  l ibr ary ;  oran ge  c i rc les  repr esent  locat ions  wher e 

immature  t ic ks were  sampled fr om bir ds.  

Adult DNA Barcode Reference Library 

We generated a DNA barcode reference library for the ticks of central Panama using 

morphologically pre-identified adult ticks collected as part of on-going research programs (HJE 

and JRL) on the tick-host interactions in the area surrounding the Panama Canal, and also in a 

few cases from ethanol preserved museum specimens of adult ticks (see Appendix 3: Fig A3.1). 

Field collections were accomplished either by removal of ticks from hosts (live-captured 

animals, road kill, livestock, and pets) or by collecting questing ticks from the free environment 

via flagging, i.e. sweeping a white cotton cloth along vegetation and leaf litter and harvesting 

accumulated ticks. Adults were identified using morphological characters and existing 

taxonomic keys (Fairchild et al. 1966, Onofrio et al. 2006), and were stored in 95% ethanol and 

frozen at -20°C prior to molecular analysis (see next section). Our adult reference library 

included 96 individuals (S3 Table, Online) that were morphologically assigned to 19 of the 

approximately 37 species of hard ticks recognized for the Republic of Panama, including 14 of 

18 species of Amblyomma (Fairchild et al. 1966). Unless already part of a museum collection, 
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after DNA extraction adult reference ticks were stored in 95% ethanol and are maintained as 

voucher specimens in the ectoparasite collection of the STRIBC. A public dataset for these 96 

specimens, including geographic details of collection, specimen photographs, and museum 

voucher information can be found on the BOLD data portal v3 (Ratnasingham and Hebert 2007) 

under the name: DS-TICKA (dx.doi.org/10.5883/DS-TICKA). 

Immature Ticks from Panamanian Wild Birds 

We selected 186 immature ticks from the pool of immature ticks collected from birds for 

molecular species-level identification using the adult reference DNA barcode library as the basis 

for identification (S1 Table, Online). We obtained usable DNA barcode sequences for 130 (see 

Results). Sample details for immature ticks can be found on the BOLD data portal under the 

name: DS-TICKI (dx.doi.org/10.5883/DS-TICKI). 

Molecular methods 

To allow for the preservation of museum vouchers, DNA was extracted from adult specimens 

from either two legs removed from the specimen, or from a rear quarter section of the abdomen 

cut from the body, done under an entomological dissecting microscope. We used the entire 

body of immature ticks for DNA extraction. In all cases, the material being extracted was frozen 

in a 2 ml tube suspended in liquid nitrogen and pulverized using a sterile micro-pestle to improve 

DNA yield. We initially obtained poor DNA yield after attempted DNA extractions using DNAeasy 

spin columns (Qiagen, Valencia, CA), following the manufacturer’s instructions (except that we 

reduced the final elution volume to 50 μl). Subsequently, we switched to the QIAamp DNA Micro 

kit (Qiagen), which uses similar spin column technology but is optimized for smaller samples 

and resulted in superior DNA yields.  

Amplification of the DNA barcoding region (5’ region of the COI mitochondrial gene, 

43) was accomplished using the standard invertebrate primers (LCO1490 and HCO2198; 44)

following (Kumar et al. 2007), except that we halved the reaction volume (i.e. 25 μL) and raised 

DNA to 4 μL; we used Qiagen taq and buffers. Positive and negative controls were run in every 

reaction. Amplifications were visualized on a low-melting agarose gel from which a single PCR 

product was extracted using a sterilized scalpel blade, and sequenced at the Naos Molecular 

Laboratory, Smithsonian Tropical Research Institute. DNA sequences and tracefiles can be 



Bird–tick interactions  

Page | 59  

examined in BOLD under the DS-TICKA database and DS-TICKI database. Sequences have also 

been deposited in GenBank under accession numbers KF200076 –KF200171. 

Tree building and barcode distance analysis 

In order to understand species limits and confirm morphological identification among our adult 

reference ticks (N = 96), we generated a neighbour-joining tree in MEGA v.5.1 (Tamura et al. 

2011) using Kimura-2 parameter (K2P) distances. We assessed branch support by 

bootstrapping the topology with 500 replicates. We examined the K2P distance matrix and 

resulting topology for evidence of genetic divergence among our adult reference library that 

might provide evidence for the presence of cryptic species (Hebert et al. 2004) using both a 

standard genetic distance approach (3% K2P) as well as looking for the assignation of multiple 

Barcode Index Numbers (BINs) to a given species. The Barcode Index Number is an alternative, 

numerical taxonomy that clusters taxa into interim operational taxonomic units using a stage 

process to employ single linkage clustering (Ratnasingham and Hebert 2013). BINs are 

assigned automatically in the BOLD database portal based on the global dataset of DNA 

barcode sequences (i.e. including samples not generated in this study). We repeated all tree-

building, genetic distance, and clustering analyses for a second, expanded dataset that 

combined the 96 adult reference sequences with 130 sequences from immature ticks collected 

from birds.  

Species-level associations between ticks and wild birds in Panama 

We used the identifications of immature ticks from STRIBC bird specimens to further examine 

species-specific bird-tick associations in Panama. First, we assessed host-specificity by 

examining the correlation between the frequency of occurrence of a given tick species (number 

of birds infested by that species) and the diversity of avian host species (number of host 

species) for all tick species recovered in our dataset; if immature ticks are non-host specific, 

this correlation should be strong. While this approach provides one measurement of host–tick 

specificity, it potentially overlooks the role of ecological filtering by hosts for particular parasite 

species (Combes 2001), which we tested for by examining differences in the frequency of 

parasitism by host ecological traits for each tick species identified using COI barcodes using G-

tests of independence. We visualized the interaction between immature tick species and 

specific avian host species via quantitative interaction networks created using the bipartite 
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package following the authors’ instructions (Dormann et al. 2009) in the R statistical application 

(R Core Team 2017). For those birds that had multiple ticks identified by DNA barcoding we 

scored each tick species separately but only once in the data matrix.  

Finally, to estimate the proportion and distribution of the total Panamanian tick 

species pool that might depend on birds as host vertebrates for immature life stages, we 

estimated the total species richness of ticks that parasitize wild birds in Panama through 

species accumulation curves generated in the EstimateS software package (Colwell 2013). 

When sampling is exhaustive, the species accumulation curve should reach an asymptote. 

However, even non-exhaustive sampling can still yield sufficient data to provide a reasonable 

estimate of the true species richness, which can be assessed by observing an asymptote in the 

statistical estimate of species richness (Colwell and Coddington 1994). We generated species-

accumulation curves (SACs) for the 130 ticks where we were successfully able to generate DNA 

barcodes using both the adult reference library cluster-indicated taxonomy, and using the BIN 

numerical taxonomy generated in the BOLD database. In both cases, we used the Chao1 

species richness estimator (Chao 1987), which attempts to non-parametrically correct the 

observed species richness as a function of the proportion of species observed exactly once or 

twice in the dataset. Mean Chao1 values were obtained from 100 reshuffles of our data set with 

replacement in EstimateS; sampling with replacement being critical in order to account for 

sampling error. 

Results 

Ecological traits of Panamanian wild birds parasitized by ticks 

We evaluated patterns of tick parasitism in 3,498 bird specimens from the STRI bird collection, 

representing 384 species, i.e. nearly half of the roughly 800 non-aquatic bird species recorded 

from Panama. Ticks parasitized a total of 227 specimens of Panamanian birds (6.5% of all 

individuals; S1 Table, Online) representing 93 avian species and 24 families. Among the 227 

infested birds, both the median and modal number of ticks recovered was 1. However, 15% of 

the infested birds had 4 or more ticks; one bird had 101 ticks, which was the most recovered 

from any bird in the study. Resident birds (i.e. species that breed in Panama) were 3.8 times as 

likely to be parasitized by ticks compared to non-breeding Nearctic–Neotropical migratory 

species (6.8% vs. 1.8%; Fisher’s exact test, P = 0.001). 90 of 343 resident species had at least 
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one bird sampled infested with ticks, whereas only 3 of 40 Nearctic–Neotropical migratory 

species had an infested individual, although sample sizes were lower for migratory species 

relative to resident species (mean Nresident = 9.5, mean Nmigratory = 5.4; two-tailed unequal 

variance t-test, P < 0.001).  

Among avian families with at least 25 specimens evaluated, the families with the 

greatest proportion (%) of specimens parasitized by ticks were: Thamnophilidae (antbirds: 18%; 

12 of 20 species); Furnariidae (ovenbirds and woodcreepers: 15%; 11 of 20 species); 

Polioptilidae (gnatcatchers: 15%; 1 of 3 species); Turdidae (thrushes: 15%; 7 of 15 species); and 

Troglodytidae (wrens: 14%; 9 of 16 species). Because of behavioural differences between males 

and females (including time spent in the nest, where infestation may be more likely), we 

anticipated a difference in infestation rates between males and females. Although females had 

a slightly higher prevalence of tick parasitism than males (7% vs. 6%), the difference was not 

significant (Fisher’s exact test, P = 0.23). Among resident birds, a logistic model indicated that 

only forest habitation, terrestrial foraging, bark insectivory, and lowland residency were 

significantly positively associated with tick parasitism (Table 3.1). 

Among 26 locations where we sampled a minimum of 20 birds, we found no 

relationship between the frequency of tick parasitism and annual mean temperature, 

temperature seasonality, annual precipitation, or precipitation seasonality. However we did 

recover an effect of taxonomic composition, specifically, the proportion of the sampled 

avifauna belonging to the five families most frequently parasitized by ticks (S1 Table, Online). 

DNA identifications of adult ticks agree with morphological taxonomy 

The 96 individuals in the adult reference library of morphologically identified ticks from central 

Panama formed 20 clusters with pairwise Kimura-2 parameter (K2P) genetic distances greater 

than 5% (see Appendix 3: Fig A3.1). All 96 could be placed in clusters in agreement with the 

original morphological identification of the voucher with bootstrap support values of at least 

99%. Among the 20 species—clusters, average nearest-neighbour K2P distance to another 

cluster was 15.6% and the minimum nearest-neighbour K2P distance was 12.5% (range: 

12.5%– 20.5%).  

Two species contained DNA barcode sub-clusters with between-cluster sequence 

divergence well below the 12.5–20.5% difference observed between named species, but greater 

than 3.0%. Haemaphysalis juxtakochi comprised two clusters that differed by 3.0% pairwise K2P 
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distance, with each cluster supported by 99% bootstrap support, while Amblyomma ovale 

contained one cluster of four individuals supported by 97% bootstrap and a fifth individual that 

varied by an average K2P distance of 3.2%. In both cases, individuals from both clusters were 

collected at a shared location, suggesting that these might represent cryptic biological species. 

As a consequence, a numerical DNA barcoding taxonomy (BIN barcode identification number) 

based on genetic distances among barcodes clusters recovered 22 unique BINs in our adult 

dataset; representing the 20 clusters that agree with our morphological named species as 

described above, as well as second BINs for both H. juxtakochi and A. ovale. 

Table 3.1 Ecological traits associated with ticks among Panamanian resident wild birds (N = 3274). 

Ecological Trait  Odds ratio P value (Wald’s) 

Bark insectivores*  8.3 0.004 

Terrestrial foragers*  4.0 <10-15 

Forest vs. non-forest dwellers*  3.3  <10-9 

Tree hole nesters  2.5 0.20 

Ground cavity nesters 2.0 0.14 

Lowland vs. montane* 1.7 0.01 

Trai t s  s igni f ic ant  for  a  posi t i ve  assoc iat ion  with  t ic k  parasi t ism mar ked  w ith  (* ) .  Signi f i can c e 

deter mined by  mult ip le  logist ic  r egression .  

DNA identifications of immature ticks from birds 

We generated useable DNA barcode sequences from 130 immature ticks out of a total of 172 

samples attempted (76% success rate). Two failures were due to double peaks in the 

electropheragram recovered in multiple amplification and sequencing attempts (MJM2941-

T01 and MJM4264-T01); we removed these individuals from further analyses. One individual 

(MJM7015) amplified its avian host (Poecilotriccus sylvia) DNA. The remaining 39 individuals 

ailed in either the PCR or the sequencing step (S1 Table).  

Sequences from the immature ticks formed 13 DNA barcode clusters. When we 

merged the immature barcode dataset with the adult reference library (Fig 3.2), 122 of 130 

(94%) taxa formed 11 DNA barcode clusters which included an adult reference. Thus, we can 

confirm that immature ticks of the following species parasitize wild birds in Panama: H. 

juxtakochi, A. dissimile, A. ovale, A. longirostre, A. geayi, A. sabanerae, A. varium, A. calcaratum, 

and A. nodosum (S1 Table, Online). Our data establish that at least 8 of the 18 species of 
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Amblyomma ticks found in Panama parasitize birds. This includes the third global record of A. 

dissimile – a reptile and anuran specialist – parasitizing a wild bird (Mangrove Cuckoo, 

Coccyzus minor, (Fairchild et al. 1966, Scott and Durden 2015)). In the case of H. juxtakochi, 

which is represented in the adult reference library by two DNA barcode clusters (and two unique 

BINs in the molecular taxonomy), we recovered both clusters from bird samples. The two 

remaining clusters of immature ticks did not include an adult reference, so they can only be 

identified using molecular taxonomy (see below).  

Using the BIN molecular taxonomy, our sample of immature ticks clustered into 13 

BINs, including 11 of the 22 BINs recovered in the adult reference library. Hence, we were able 

to assign a BIN to 100% of the samples that provided DNA sequences and to 76% (130 of 172) 

of all samples for which we attempted DNA barcoding. Eight other immature ticks (6%) formed 

two novel clusters on our phylogenetic trees; and for these we were only able to assign a BIN 

numerical taxonomic identification. The first BIN (ACC9360) was formed by just one immature 

tick that had a nearest neighbour-distance of 14.4% to the reference library cluster of Ixodes 

affinis. A second cluster (BIN: ACC9045) was formed by seven immatures whose nearest-

neighbour cluster on the BOLD database did not include ticks from this study. Instead, they 

were most closely related to H. leporispalustris collected in Canada, with a nearest-neighbour 

distance of 6.0%. H. leporispalustris also occurs in Panama, but without a Panamanian adult 

reference sequence and given the large sequence variation, we are unable to determine whether 

our sample represents a genetically-divergent Panamanian H. leporispalustris population or 

distinct species of Haemaphysalis yet to be recorded in Panama. Thus, we refer to these two 

taxa as probable members of Ixodes and Haemaphysalis genera, respectively.  

Using either BIN or traditional taxonomy, species accumulation curves for our sample 

of immature ticks recovered from wild birds were essentially asymptotic, as were species 

richness estimators designed to account for unobserved species (Fig 3.3). Using the BIN 

taxonomy, the Chao1 species richness estimate was 13.3 (95% confidence interval: 13.0–19.0), 

compared to an observed IN species richness of 13 (Fig 3.3). Likewise, the species 

accumulation curve using the traditional taxonomy recovered a mean Chao1 estimate of 11.5 

(95% confidence interval: 11.0–19.3), compared to an observed species richness of 11 (see 

Appendix 3: Fig A3.2). These results suggest that at most only a few more tick species would 

be recovered from wild birds in Panama given considerably greater sampling effort, and that 

their occurrence on wild birds would be exceedingly rare. 
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Figure 3.2 DNA bar coding  n eigh bour - join in g t r ee  of  c ombined  data  matr i x  of  immatur e t i c ks  an d 

adu lt  referen ce  l ibrary  t i cks.  Th in  grey  t ip  labels  re fer  t o spec imen nu mber  an d  h ost  species.  C lade 

labels in  b lu e re fer  t o  t ic k species r ec ov ered fr om bir ds,  c lade labels in  grey  re fer  t o  t ic ks 

un observ ed on bi r ds.  Tw o c lades w here  n ot  represented in  th e adu lt  re fer enc e l ibr ary  so  they  a re 

label led  wit h  the i r  molecular  t axon omy Bar c ode Ident i f ic at ion Nu mber  (B IN) .  Th e dist r ibut ion  of  

Panaman ian t ic ks rec ov ered fr om wi ld b i r ds i s  un ba lan ced t owar ds cer ta in  species of  Ambl yo mma .  

Import ant ly ,  we r ec ov ered  n o immat ure t i cks on bi r ds fr om spec ies known t o vect or  Ri ck et ts ia  

r icket ts i i ,  t he causat iv e agent  of  R oc ky  Mount ain  spott ed  fever  ( Paro la  et  a l .  2013) .  
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Figure 3.3 Species  accu mulat ion  curv e ( SAC) for  immature  t i cks  recovered  fr om Pan amanian w i ld 

b i rds  based  on  B IN nu mer ica l  taxon omy  (see  Appen dix  3 :  F ig  A3. 2 for  SAC  based on  t r ad i t ion al  t i ck  

taxon omy) .  R ed  l ine  =  S ,  mean  obser ved spec ies r i chn ess;  dar k b lu e l in e = Ŝ ,  mean 

Chao1 S  est imat e ;  f i l l ed  b lue  ar ea def ines 95% u pper  an d low er  c onf idenc e l imit s (C I)  for  Ŝ .  Th e 

conver gen ce of  t he S  an d Ŝ  c urves ,  as w el l  as t he asy mpt ot ic  nature  of  these  cur ves an d th e CI  

curves,  suggest s t hat  at  most  only  a  few more  t ic k spec ies wou ld be  rec ov ered from wi ld  b i r ds in  

Panama,  and  that  th ei r  oc curren ce w ould be r are.  

Immature ticks show no species-level host specificity or ecological filtering of avian hosts 

Immature ticks showed no measurable avian species host specificity. Tick species collected 

from at least two different bird individuals always occurred on at least two different avian host 

species, and most frequently occurring tick species recovered from wild birds in our samples 

had the greatest number of avian host species (Pearson’s rho = 0.984, P < 0.0000001). In 5 of 

11 birds from which we sequenced multiple individual ticks, we found more than one species 

or more than one haplotype of tick, suggesting multiple independent colonisations of the host.  

In addition to the lack of species-level host specificity, we observed little evidence that 

individual tick species show preferences towards host ecological traits. Instead, networks of 

specific tick and avian host species demonstrated broad and varied interactions by the 

ecological traits that were previously shown to influence rates of bird parasitism (Fig 3.4). We 

found no difference in the frequency of forest versus non-forest hosts among our 13 tick BIN 

species (G = 12.37, d.f. = 12, P = 0.42, Fig 3.4a), nor in the frequency of arboreal-foraging hosts 

(G = 22.18, d.f. = 12, P = 0.036, Bonferonni-corrected α = 0.013, Fig 3.4b). Likewise, neither the 

proportion of bark insectivorous hosts (G = 10.287, d.f. = 12, P = 0.59, Fig 3.4c) nor the 

proportion of montane hosts (G = 17.996, d.f. = 12, P = 0.12, Fig 3.4d) varied among tick species. 

We found equivalent results using the traditional tick taxonomy. 



Chapter 3 

Page | 66 

Figure 3.4 B ird–immat ure t i ck  quant i t at i ve interact ion netw or ks .  (a)  B lue :  inter act ions  in vo lv in g 

non-forest  b i r d spec ies,  ye l low :  for est  inhabit in g bi rd  species ;  (b)  ye l low:  ter rest r ia l - for ag ing  bi rd 

species;  b lu e :  arboreal  b i r d species;  (c)  b lue :  bar k in sect iv ores ;  ye l low:  ot her  species ;  (d )  b lue :  

mont ane  bi rd  species,  ye l low:  lowlan d  species ;  (a -d)  p ink :  n on-breed in g migrant  b i r d spec ies.  Th e 

frequency of  h ost s amon g th ese  four  ec ologic al  t r a i t s w as n ot  s ign i f i cant  amon g th e 11 sampled 

t ick  species  ( see  Resu lt s for  det ai l s) .
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Discussion 

Patterns of tick parasitism on Panamanian wild birds 

Although only a minority of Panamanian land birds are infested by ticks, the broad participation 

in bird–tick interactions by a diversity of bird and tick taxa indicates that wild birds may play an 

important role in the life history of many Neotropical tick species and have the potential to play 

a role in the transmission of tick-borne diseases. While only 6.5% of all birds examined carried 

ticks, parasitism by ticks includes a diverse taxonomic array of avian hosts. We observed ticks 

on 93 of the 384 species we examined, which represent 24 avian families. When examining 

parasitism rates for passerines (11.2%), the Panamanian parasitism rate is in line with rates (9–

17%) from other studies that focused almost exclusively on passerine birds (Marini et al. 1996, 

Ogrzewalska et al. 2010, Ogrzewalska et al. 2015).  

We found no evidence that tick parasitism by site varied by either absolute or seasonal 

differences in temperature or rainfall. This indicates that, at the macro-scale, climatological 

patterns in the Neotropics likely have little influence on the parasitism frequency. Nonetheless, 

differences in ecological traits among Panamanian birds appear to modulate tick parasitism 

frequency. We found that lowland, forest inhabiting, ground and bark foraging birds were 

significantly more likely to be infested with ticks than birds with other ecologies. 

Lack of host specificity and ecological filtering in bird-tick interactions 

A previous study indicated that the adult life stages of Neotropical ticks show high levels of 

structural and phylogenetic host specificity (Esser et al. 2016b). The degree of host specificity 

in immature Neotropical ticks however, remains largely unexplored because of the difficulty of 

their morphological identification to species. Using our molecular identifications, we found no 

evidence for strong host specificity in Panamanian tick–bird interactions. Instead, the number 

of host species increased with the number of sampling events for that tick species, 

demonstrating that immature Neotropical ticks parasitize a wide variety of birds from diverse 

families, with no clear preference for particular host species. 

Our finding of limited or no host specificity tracks a more general shift in our 

understanding of the specificity of immature tick–host relationships. Researchers applying 

modern statistical approaches generally have found lower levels of host specificity in immature 

ticks than was assumed in the historical literature (McCoy et al. 2013, Nava and Guglielmone 
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2013, Wells et al. 2013, Madinah et al. 2014). Instead of absolute host specificity, research 

suggests that ecological correlates between potential hosts and ticks may determine the host 

diversity of tick species (McCoy et al. 2013). This is a restatement of Combe’s “ecological filter” 

concept of parasitism (Combes 2001, Poulin 2011). Our finding of four key ecological traits that 

are positively correlated with tick parasitism rates in birds allows us to test the ecological filter 

concept in bird–immature tick interactions.  

Here, we found no evidence that certain tick species have ecological preferences to 

bird species based on any of these four traits. The result was robust using both traditional tick 

taxonomy and the molecular taxonomy. This latter result is notable because one of the key 

ways that cryptic tick species might co-occur is by having cryptic host ecological specificities 

among immature stages (Hebert et al. 2004). Whether such ecological filtering occurs between 

adult ticks and mammals in Panama awaits further study. Our finding of neither strict-host 

specificity, nor the more relaxed ecological filtering type of specificity in bird–tick interactions, 

coupled with the diversity of bird species involved and the potentially greater dispersal ability of 

birds, indicates that bird–tick interactions will have meaningful implications for the 

demographics of Neotropical ticks and also the ecology of tick-borne pathogens (McCoy et al. 

2013). Thus, tick-borne disease transmission models based on patterns of host specificity of 

adult ticks may require re-examination in order to incorporate the more labile ecology of 

immature ticks. 

DNA barcoding of adult and immature ticks 

Our findings demonstrate that DNA barcodes are a reliable method to identify Panamanian hard 

ticks (Ixodidae) to species, and can overcome the frequently-cited difficulties in identifying 

immature forms of Neotropical ticks to species using only morphological characters 

(Ogrzewalska et al. 2009, Bermúdez et al. 2010, Ogrzewalska et al. 2010). Alternatives to 

molecular identification of immature ticks include rearing immatures to life stages that can be 

reliably identified to species (Labruna et al. 2007), but this is time consuming, requires special 

laboratory conditions that vary among species, and most immature ticks die before reaching 

an identifiable life stage (Labruna et al. 2007, Ogrzewalska et al. 2009). DNA barcoding appears 

to yield a much greater percentage of successful species identifications. We were able to 

identify ~70% of immature ticks, whereas a rearing study from Brazil was able to identify only 

12% of the immatures (Ogrzewalska et al. 2009). 
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The role of wild birds in the transmission ecology of tick-borne pathogens 

Our ability to identify immature ticks from Panamanian birds permits insight to the potential 

role of wild birds in the transmission ecology of Neotropical ticks and tick-borne diseases. We 

found no evidence that wild birds are involved in the transmission ecology of Rocky Mountain 

Spotted Fever (RMSF). RMSF is the most virulent tick-borne disease known in the Western 

Hemisphere and is caused by infection from Rickettsia rickettsii. In Panama, RMSF was first 

reported over 60 years ago (de Rodaniche and Rodaniche 1950), although it remained 

unreported again until 2004 (Estripeaut et al. 2007), when it resulted in a fatal case in western 

Panama. Since 2004, RMSF has been regularly reported in central and western Panama 

(Bermúdez et al. 2011). Several species of ixodid ticks are confirmed vectors of R. rickettsii, 

including four species of Panamanian ticks: Dermacentor nitens, Rhipicephalus sanguineus s.l., 

Haemaphysalis leporispalustris, and Amblyomma (cajennense) mixtum. However, members of 

the A. cajennense species complex are considered the primary vector of R. rickettsii in tropical 

America (Dantas-Torres 2007), and in Panama R. rickettsii has been detected principally in A. 

mixtum (de Rodaniche 1953, Estrada-Peña et al. 2004) with a single record in D. nitens 

(Bermúdez et al. 2009). We found no examples of A. mixtum, D. nitens, or R. sanguineus s.l. 

parasitizing birds in our study, although we did find five birds infested with Haemaphysalis sp. 

ticks. Our species accumulation curves for tick species found on wild birds suggest that at best 

only a few, rare, species are yet to be recovered from resident wild land birds in Panama. While 

a couple of studies from other Neotropical regions have reported that immature forms of 

species in the A. cajennense complex parasitize various wild bird species, Labruna et al. (2007) 

challenged the morphological identifications in these cases. Our findings along with others 

(Ogrzewalska et al. 2009, Ogrzewalska et al. 2010, Pacheco et al. 2012, Ogrzewalska et al. 2015) 

demonstrate that RMSF vectors are at best rare parasites of wild birds, and collectively suggest 

a relatively negligible role for wild birds in RMSF transmission in Panama and elsewhere in the 

Neotropics.  

On the other hand, it is likely that immature ticks on wild bird in Panama harbour a 

diversity of other rickettsial pathogens. Although we did not attempt to isolate Rickettsia from 

sampled ticks, other studies have demonstrated that 10 of the 11 tick species that we recovered 

from Panamanian wild bird harbour Rickettsia. Rickettsia amblyommii has been recovered as a 

parasite of A. ovale in Panama (Bermúdez et al. 2009, Eremeeva et al. 2009) as well as A. geayi 

and A. longirostre in Brazil (Ogrzewalska et al. 2010, Labruna et al. 2011) and several species of 
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ticks recovered from Neotropical–Nearctic migrant birds in south Texas, USA (Cohen et al. 

2015). Rickettsia amblyommii has been suggested, but not confirmed, to be a cause of spotted 

fever-like disease in North America (Apperson et al. 2008). Rickettsia parkeri, which was recently 

identified as the cause of human spotted fever rickettsiosis in south-eastern USA as well as in 

Brazil, Uruguay and Argentina was recovered from Brazilian samples of A. nodosum and A. ovale 

(Labruna et al. 2011). Other Rickettsia species, not yet known to cause human disease, have 

been recovered from A. calcaratum (Ogrzewalska et al. 2013), A. dissimile (Miranda et al. 2012), 

A. varium (Romer et al. 2011) and H. juxtakochi (Labruna et al. 2011). Work in the Neotropical 

regions concerning the pathogenicity of R. amblyommii and R. parkeri and other rickettsiales is 

in its infancy. Likewise, spotted fever group rickettsioses are often under-detected, especially in 

Middle and South America (Romer et al. 2011). While the rate of infestation of ticks on wild 

birds in Panama is relatively modest (~6.5%), as a recent study from south Texas 

demonstrates, even low relative frequencies of parasitism may have regionally–important 

consequences for tick and emerging disease ecology given the absolute numbers of wild birds 

involved (Cohen et al. 2015). Assuming typical avian densities recorded for Panama (Robinson 

et al. 2000), as many as 96,000,000 Panamanian wild birds might be infested with ticks. Thus, 

our finding of a pervasive and diverse relationship between birds and immature ticks in Panama 

suggests that further consideration of the role of wild birds in the ecology of Neotropical ticks 

and the pathogens they vector is warranted. 
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Appendix 3 

Figure A3.1 Neigh bour - jo in in g  t ree of  96  adu lt  t i cks  based on  C OI DNA barc ode c odes.  
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Figure A3.2  Species  acc u mulat ion c urve  ( SAC)  for  immature  t ic ks  rec overed  fr om P an aman ian  wi ld 

b i rds based  on B IN nu mer ic al  t axon omy.  B lac k l in e =  S,  mean  observ ed  species r ich ness;  sol id  gr ey  

l ine = Ŝ,  mean Ch ao1 S est imat e ;  dot ted grey  l ines = 95% upper  and  lower  c on f iden ce l imit s (C I)  

for  Ŝ.  As Ch ao1 is downw ard biased,  t he 95% low er  CI  i s  pr obably  not  usefu l .  F ai rc hi ld et  a l .  ( 1966)  

est imated t hat  37 spec ies of  h ar d t i c ks  occ ur  in  P anama.  
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Abstract 

Identifying the factors that influence the species diversity and distribution of ticks (Acari: 

Ixodida) across vertebrate host taxa is of fundamental ecological and medical importance. Host 

body size is considered one of the most important determinants of tick abundance, with larger 

hosts having higher tick burdens. The species diversity of tick assemblages should also be 

greater on larger-bodied host species, but empirical studies testing this hypothesis are lacking. 

Here, we evaluate this relationship using a comparative dataset of feeding associations from 

Panama between 45 tick species and 171 host species that range in body size by three orders 

of magnitude. We found that tick species diversity increased with host body size for adult ticks 

but not for immature ticks. We also found that closely related host species tended to have 

similar tick species diversity, but correcting for host phylogeny did not alter the relationships 

between host body size and tick species diversity. The distribution of tick species was highly 

aggregated, with approximately 20% of the host species harbouring 80% of all tick species, 

following the Pareto principle or 20/80 rule. Thus, the aggregated pattern commonly observed 

for tick burdens and disease transmission also holds for patterns of tick species richness. Our 

finding that the adult ticks in this system preferentially parasitize large-bodied host species 

suggests that the ongoing anthropogenic loss of large-bodied vertebrates is likely to result in 

host-tick coextinction events, even when immature stages feed opportunistically. As parasites 

play critical roles in ecological and evolutionary processes, such losses may profoundly affect 

ecosystem functioning and services. 
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Introduction 

Parasites are an important component of natural communities, in which host species are 

habitat to a wide range of microparasites (e.g. bacteria and protozoa) and macroparasites (e.g. 

helminths and arthropods) (Nunn et al. 2003). Parasite species richness and abundance varies 

both among and within host taxa, suggesting that some host species are more likely to be 

parasitized than others (Wilson et al. 2002). As parasites are able to profoundly affect host 

survival, fecundity and population dynamics, identifying which host traits explain the non-

random pattern in which parasites are distributed across host lineages is highly relevant for 

human and veterinary medicine, as well as wildlife conservation (Morand and Poulin 1998, 

Altizer et al. 2003, Nunn et al. 2003, Ezenwa et al. 2006b, Huang et al. 2014). Knowing which 

host traits increase the likelihood of parasite host-switching to livestock, humans, or re-

introduced wildlife, and predicting which parasites are present in understudied host species, 

will allow assessing which host species are at greatest risk from infectious diseases by 

identifying ‘problematic’ parasites such as host generalists before they emerge (Huang et al. 

2014). 

Body size is the host trait most often invoked to explain the structure of parasite 

assemblages (Poulin 2004). Larger hosts have larger external surface areas and thus represent 

larger “habitats” that provide more space and resources for parasites to exploit (Kuris et al. 

1980, Poulin 1995). Larger hosts also have larger home ranges, travel longer distances, and 

may visit more diverse habitats than smaller species, all of which increases their likelihood of 

acquiring a diverse parasite fauna (Nunn et al. 2003, Krasnov et al. 2004c). On the other hand, 

body size is negatively correlated with population density (Blackburn et al. 1993, Arneberg 

2002). Less abundant hosts have lower probabilities of contacting parasites and should 

therefore accumulate fewer species and individuals of parasites than hosts living at higher 

densities (Anderson and May 1978, Morand and Poulin 1998). Large-bodied hosts also tend to 

have slower life-history strategies, which is considered a trade-off for higher 

immunocompetence (Lee 2006), so that larger hosts may be more resistant to tick parasitism. 

Yet a recent meta-analysis identified host body size as a key universal determinant of parasite 

species richness across host and parasite taxa (Kamiya et al. 2014a). However, one group of 

parasitic organisms that have rarely been considered in these studies, but which are of 

considerable medical and veterinary concern, are ticks. 
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Ticks (Acari: Ixodida) are excellent models for studies on the ecology and evolution of 

host-parasite associations as they are obligatory blood-feeding arthropods that parasitize every 

class of terrestrial vertebrates around the world (Sonenshine 1991). Like other parasites, ticks 

are found on only a subset of all apparently suitable hosts (Randolph 2004), and which host 

characteristics drive ecological patterns in tick parasitism remains poorly resolved. While some 

studies have found clear relationships between intraspecific host traits and tick burdens 

(Tälleklint and Jaenson 1997, Hughes and Randolph 2001, Harrison et al. 2010, Vor et al. 2010, 

Kiffner et al. 2011a, Kiffner et al. 2011b, Anderson et al. 2013, Heylen et al. 2013), others have 

not (Brunner and Ostfeld 2008, Pollock et al. 2012). These earlier studies, however, largely 

focused on a single tick species, mostly from the Ixodes ricinus species complex, and its 

distribution across one or two host species. In contrast, only few studies have examined host 

determinants of tick parasitism for a broader range of host taxa (Gallivan and Horak 1997, 

Marsot et al. 2012, Hofmeester 2016, Miller et al. 2016) and the question of how the species 

diversity of tick assemblages (i.e. the “tick fauna” of a host species, sensu Poulin (2004)) 

covaries with interspecific host traits such as body size remains unresolved. 

Species-rich communities of ticks and hosts, such as those found in the New World tropics, 

provide a great opportunity to tackle this question. Here, we used comparative analyses to 

assess whether and how tick species richness, diversity, and proportional similarity 

(henceforward tick assemblage structure) were related to host body size across a wide range 

of vertebrate host groups in Panama. We show that the results are dependent on tick life stage, 

with positive relationships of tick assemblage structure with host body size for adult ticks, but 

a lack of any relationship for immature ticks. We provide possible explanations for this 

difference and discuss the implications of our findings. 

Methods 

Study area 

We compiled data on tick-host associations from Panama, a country that supports a large 

diversity of vertebrates, many of which are endemic to the Neotropics (Patterson and Costa 

2012) Panama is also rich in ticks, both in species and in numbers (Fairchild et al. 1966). Over 

forty species of ticks from seven genera and two families have been reported so far, and new 

species continue to be described (Fairchild et al. 1966, Apanaskevich and Bermúdez 2013, Nava 
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et al. 2014, Bermúdez et al. 2015b). Tick-host associations in Panama have been recorded from 

a wide variety of environmental conditions and habitats, ranging from mangrove swamps to 

tropical forests and from savannahs to high-altitude cloud forests (Fairchild et al. 1966). 

Panama has tropical moist weather with an average diurnal temperature of 27 °C. Average 

temperature and humidity are high throughout most of the country, but considerably milder at 

elevations >600 m. Elevation ranges from ca. 0 – 3,500 m. Rainfall varies both regionally (ca. 

1,750-4,000 mm) and temporally, with a pronounced dry season in the lowlands from January 

to April (Ridgely and Gwynne 1989). 

Data compilation 

We used data from Dunn (1923), Fairchild et al. (1966), Bermúdez et al. (2009, 2010, 2011, 2013, 

2015b), Apanaskevich and Bermúdez (2013), Murgas et al. (2013), García et al. (2014), Esser et 

al. (2016b), and Miller et al. (2016). In addition, we collected larvae and nymphs from vertebrate 

hosts between 2008 and 2014, including humans, domestic animals, and wildlife (mammals, 

amphibians, and reptiles), the latter of which were either found as road kills or sampled during 

live-capture studies. We searched the entire body of hosts, but only collected ticks found firmly 

attached, and preserved these in 95% ethanol. Larvae and nymphs of the genus Rhipicephalus 

(Boophilus) and nymphs of Haemaphysalis were identified using the taxonomic keys provided 

by Fairchild et al. (1966). Nymphs of Amblyomma ovale were identified using the taxonomic 

keys of Martins et al. (2010). Ornithodoros puertoricensis larvae were identified by 

morphological descriptions in Venzal et al. (2008) and later confirmed by 16S rDNA sequencing. 

Larvae and/or nymphs of Amblyomma, Haemaphysalis, and Ixodes ticks that could not be 

identified based on morphology were sequenced using 16S rDNA, or using  the mtDNA COI 

barcoding fragment, following Miller et al. (2016).  

Given the ectoparasitic nature of ticks, host body size is best reflected by the skin 

surface area of each host species. Since such data is not readily available, we used the 

allometric scaling relationship between body mass M and skin surface area A as a measure of 

host body size, where 𝐴𝐴 ∝ 𝑀𝑀2/3 (West et al. 1999). Data on host body mass (average for males 

and females, in grams) for each species were obtained from various sources (Eisenberg 1989, 

Smith et al. 2003, Dunning 2007, Greer et al. 2007, De Magalhães and Costa 2009, Reid 2009, 

Meiri 2010, Arner 2012, Feldman and Meiri 2013) and hence raised to a 2/3 power prior to 

analyses.  
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Characterization of tick assemblage structure 

We used non-parametric methods that consider differences in species abundance (i.e. the 

number of ticks collected per host species) to compute three indices that have been widely 

used in ecology: estimated total species richness, true diversity, and proportional similarity. 

Each of these indices characterizes a different aspect of the tick assemblage structure across 

vertebrate host species. We used the Chao1 index (Chao 1984), an asymptotic estimator of 

species richness, to compute the number of tick species per host species that would be 

expected under exhaustive sampling, using the EstimateS software package version 9.1.0 

(Colwell 2013). Estimation of Chao1 is based on the concept that the number of species that 

remain undetected in a sample can be estimated from the number of rare species observed 

within that sample;  

𝑆̂𝑆𝐶𝐶ℎ𝑎𝑎𝑎𝑎1 = 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 + �𝑛𝑛−1
𝑛𝑛
� �𝐹𝐹1(𝐹𝐹1−1)

2(𝐹𝐹2+1) �, 

where 𝑆̂𝑆𝐶𝐶ℎ𝑎𝑎𝑎𝑎1 is the estimated total tick species richness, 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜  is the observed tick species 

richness, n is the number of individual ticks collected, and 𝐹𝐹1 and 𝐹𝐹2 are respectively the number 

of tick species observed only once (singletons) or twice (doubletons) on a host species. Values 

of 𝑆̂𝑆𝐶𝐶ℎ𝑎𝑎𝑎𝑎1 approach 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 when the accumulation of tick species on a host has reached an 

asymptote.  

We used the exponential of Shannon entropy (Shannon 1948, MacArthur 1965) to 

estimate the “true diversity” (rather than simply species richness) of the tick assemblage for 

each host species, following Jost (2006). Adapted to species-level analyses, Shannon entropy 

is based on both the number and relative abundance of tick species on each host species, 

thereby taking into account that some ticks are more common than others (Shannon 1948). 

Exponential transformation linearizes the index and allows for diversity to be measured in units 

of “effective number of species”, i.e. numbers of equivalent, equally abundant species. In 

contrast to Shannon entropy, true diversity obeys the “doubling principle”, so that a host species 

with twice as many equally abundant tick species is twice as diverse (Jost 2006). We calculated 

true diversity over contingency tables with I rows of host species and J columns of tick species, 

using the R package ‘bipartite’ (Dormann et al. 2008); 

exp(𝐻𝐻𝑖𝑖′) = exp �−∑ 𝑝𝑝𝑖𝑖𝑖𝑖 ∗ ln 𝑝𝑝𝑖𝑖𝑖𝑖
𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜
𝑗𝑗=1 �, 
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where 𝐻𝐻𝑖𝑖′ is the Shannon entropy of the tick assemblage on host species i, and 𝑝𝑝𝑖𝑖𝑖𝑖 is the 

proportion of tick species j on host species i. Values of true diversity are equal to 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 for tick 

assemblages that are perfectly even, i.e. when all tick species are equally abundant. 

We used Czekanowski’s proportional similarity index (Schoener 1968, Feinsinger et al. 1981) to 

quantify the proportion of the total tick population that is supported by each host species, again 

using the R package ‘bipartite’ (Dormann et al. 2008). When adapted to species-level analysis, 

this index measures the area of overlap between the frequency distribution of the tick 

assemblage on host species i with that of the total tick population across all hosts (Feinsinger 

et al. 1981); 

 𝑃𝑃𝑃𝑃𝑖𝑖 = 1 − 0.5∑ �𝑝𝑝𝑖𝑖𝑖𝑖𝑞𝑞𝑗𝑗�𝑗𝑗  , 

where 𝑃𝑃𝑃𝑃𝑖𝑖 is the proportional similarity index for host species i, and 𝑞𝑞𝑗𝑗 is the proportion of tick 

species j in the total tick population. Values of 𝑃𝑃𝑃𝑃𝑖𝑖 range from 𝑞𝑞𝑗𝑗 for host species that harbor 

only one tick species j to 1 for host species that harbour tick assemblages in direct proportion 

to the tick population as a whole. 

Statistical analysis 

Because singletons (i.e. tick species observed only once) were relatively common among the 

host species in our dataset, we first explored whether the three indices used were truly 

independent of sampling effort (i.e. number of host individuals examined). To test for this we 

performed multiple regressions of the three indices on host body size and sampling effort. To 

meet underlying statistical assumptions (i.e. linearity of relationship, statistical independence 

of errors, homoscedasticity of errors, and normality of error distribution), we log10- transformed 

host body size, sampling effort, and 𝑆̂𝑆𝐶𝐶ℎ𝑎𝑎𝑎𝑎1 estimates prior to analyses. We used a logit-

transformation for the 𝑃𝑃𝑃𝑃𝑖𝑖 index as these values represent proportions. For the adult tick fauna, 

estimated total species richness (𝑆̂𝑆𝐶𝐶ℎ𝑎𝑎𝑎𝑎1) and true diversity (𝑒𝑒𝐻𝐻𝑖𝑖′) were positively related to 

sample size, but proportional similarity (𝑃𝑃𝑃𝑃𝑖𝑖) was not. For the immature tick fauna, all three 

indices were positively related to sample size (see Appendix 4: Table A4.1). To account for this 

bias, we substituted each index – with the exception of 𝑃𝑃𝑃𝑃𝑖𝑖 for adult ticks – by its residual 

deviation from a linear regression on sample size, following Poulin (1995) and others (Morand 

and Poulin 1998, Nunn et al. 2003, Krasnov et al. 2004c, Ezenwa et al. 2006b). Since these 
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residuals reflect the deviation of expected values under the regression model, they are 

independent of sample size and can be used as corrected estimates of the three indices (Poulin 

1995).  

Another confounding factor in comparative analyses is that closely related host 

species may have similar parasite assemblages and/or may share host traits such as body size 

through phylogenetic inertia (Felsenstein 1985). That is, host species are expected to co-vary 

in proportion to the amount of time they share in evolutionary history and have only been 

evolving independently since they diverged from their most recent common ancestor. Treating 

host species that share much of their phylogenetic history as statistically independent 

observations is therefore inappropriate, leading to pseudoreplication and higher Type I error 

rates (Felsenstein 1985, Harvey and Pagel 1991, Poulin 1995). We tested whether phylogenetic 

correction was needed by estimating Pagel’s λ statistic for host body size and each index of 

the tick assemblage structure using the R package ‘phytools’ (Pagel 1999, Revell 2012). Pagel’s 

λ is a scaling parameter that expresses the similarity of the covariances among species relative 

to the covariances expected under a Brownian motion model of trait evolution. Values range 

from λ = 0 (no phylogenetic association of traits) to λ = 1 (strong phylogenetic dependence) 

(Münkemüller et al. 2012). We used log-likelihood ratio tests (LRT) based on Chi-Squared 

distributions with 1 degree of freedom to determine whether maximum likelihood estimates of 

λ values for each trait were significantly different from zero (Freckleton et al. 2002). The LRT 

indicated that more closely related host species tended to have similar body sizes and tick 

assemblage structures, indicating that phylogenetic correction was necessary (see Appendix 

4: Table A4.2).  

We corrected for dependence of data points by using Felsenstein’s comparative 

method of phylogenetically independent contrasts (Felsenstein 1985, Pagel 1992, Felsenstein 

2008). Assuming a Brownian motion model of trait evolution, this method uses phylogenetic 

information to contrast the values of all pairs of sister host taxa. Original tip data (i.e. the mean 

values for a set of host species) are thereby transformed into values that are statistically 

independent and identically distributed. We computed contrasts using the R package ‘ape’ 

(Paradis et al. 2004). Specifically, we implemented the recently extended version of 

Felsenstein’s method, in which an orthonormal transformation is applied to compute contrasts 

with standardized coefficients (Felsenstein 2008). Phylogenies of the vertebrate species in our 

data set follow the taxonomy of Wilson and Reeder (2005) with additional resolution derived 
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from several sources (see Appendix 4: Fig A4.1). The resulting host phylogenies for the adult 

and immature tick datasets had respectively 19 and 22 taxonomic levels above species. 

Accurate branch length information were not available for the whole phylogenetic trees and we 

therefore set all branch lengths to unity. Because the method of independent contrasts requires 

a fully bifurcating tree, we randomly resolved polytomies into series of bifurcations with zero 

length branches, following Purvis and Garland (1993). Previous studies have shown that both 

Pagel’s λ statistic and the independent contrasts method are robust to polytomies, missing 

branch length information, and evolutionary models different from Brownian motion (Diaz-

Uriarte and Garland 1998, Münkemüller et al. 2012). Relationships between contrasts of host 

body size and tick assemblage structure were tested using linear models forced through the 

origin, following Garland et al. (1992). To evaluate the influence of phylogenetically controlled 

analyses, we also ran non-phylogenetic analyses using the actual species traits. All analyses 

were carried out with the R statistical software, version 3.2.4 (R Core Team 2017).  

Results 

The final dataset for adult ticks included 5,494 records, comprising 211 unique tick-host 

combinations among 41 tick species from 8 genera and 71 host species from 18 orders. The 

final dataset for immature ticks included 2,476 records, comprising 246 unique tick-host 

combinations among 30 tick species from 8 genera and 130 host species from 18 orders. Both 

datasets contained tick species from the same genera, (i.e. Amblyomma, Antricola, Argas, 

Dermacentor, Haemaphysalis, Ixodes, Ornithodoros, and Rhipicephalus) as well as 

representatives from a diverse range of vertebrate host taxa (i.e. birds, mammals, reptiles, and 

amphibians), and are available as supplementary file 2 (Online). In the adult tick dataset, 

mammals were the best represented group in terms of taxonomic diversity of both host and 

tick species, as well as in having the largest number of records (Table 4.1). In the immature tick 

dataset, birds were the taxonomically most diverse host group, but mammals had the highest 

diversity of tick species and the largest number of records (Table 4.1). 

More than half (54%) of the records for immature ticks (562 larvae and 776 nymphs) 

consisted of unpublished data, including a considerable number of tick-host associations that 

have never been recorded in the literature (Table 4.2). This is mostly due to the fact that the 

larvae and nymphs of several tick species in our dataset (e.g. Amblyomma pecarium, A. 
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sabanerae, A. tapirellum) remain as of yet undescribed morphologically, while many others have 

been described only recently (see Guglielmone et al. 2014). The use of DNA sequencing allowed 

us to identify the immature stages of these tick species and their respective host associations. 

New host records include Didelphidae (Didelphimorphia) for larvae of A. geayi, A. longirostre, A. 

naponense, A. pacae, A. sabanerae, and for nymphs of A. oblongoguttatum, A. tapirellum, A. 

sabanerae; Echimyidae (Rodentia) for larvae of A. geayi, A. pacae, A. naponense, A. sabanerae, 

A. varium, and for nymphs of A. naponense, A. sabanerae, A. varium; Dasyproctidae (Rodentia) 

for nymphs of A. naponense, A. oblongoguttatum, A. tapirellum; Tayassuidae (Artiodactyla) for 

nymphs of A. pecarium, A. tapirellum; Atelidae (Primates) for nymphs of A. geayi; Equidae 

(Perissodactyla) for nymphs of A. oblongoguttatum; Colubridae (Squamata) and Cricetidae 

(Rodentia) for larvae and nymphs of A. sabanerae; and Teiidae (Squamata) for larvae and 

nymphs of Ixodes affinis. We also report, for the first time, human infestation with nymphs of 

A. geayi and A. varium (Table 4.2). 

Estimates of total species richness (𝑆̂𝑆𝐶𝐶ℎ𝑎𝑎𝑎𝑎1), true diversity (𝑒𝑒𝐻𝐻𝑖𝑖′), proportional similarity 

(𝑃𝑃𝑃𝑃𝑖𝑖), and host body size were positively-skewed and shared similar ranges for both adult and 

immature ticks faunas. However, the medians were significantly different (Table 4.3). For 

adults, for example, the 21% ‘richest host species’ (for which 𝑆̂𝑆𝐶𝐶ℎ𝑎𝑎𝑎𝑎1 ≥ 5) together harboured 

71% of all adult tick species. Likewise, for immature ticks, the 18% ‘richest host species’ (for 

which 𝑆̂𝑆𝐶𝐶ℎ𝑎𝑎𝑎𝑎1 ≥ 3) together harbored 80% of all immature tick species. Thus, a small proportion 

of the host species sustained a large proportion of the tick species. 

Table 4.1 Summary of the tick-host datasets: number of host orders and species that were sampled, 

number of observed tick species, and number of records (i.e. tick-host associations) per host group 

Adult ticks dataset Immature ticks dataset 

# host 

orders 

# host 

species 

# tick 

species 

# 

records  

# host 

orders 

# host 

species 

# tick 

species 

# tick 

records 

Birds 5 8 7 41 7 68 12 175 

Mammals 10 51 38 5215 9 55 27 2252 

Reptiles 2 13 2 182 1 5 3 45 

Amphibians 1 1 1 56 1 2 3 4 
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Figure 4.1 Relat ion ship betw een h ost  body size an d the st ru cture of  adul t  an d immature  t i ck  

assemblages.  Est imat ed  t ota l  spec ies r i chn ess  (a) ,  t rue div er si ty  (b) ,  and  pr oport ion al  s imi lar i ty 

(c)  of  adu lt  t ic k  assemblages  w ere signi f i cant ly  r e lated t o  h ost  body size ,  but  n o su ch  re lat ion sh ips  

were foun d for  immature t ic k assemblages (d - f) .  P lot ted values are phy logen et ic al ly  in depen den t 

contrasts .  R egr ess ion s w ere ru n  through th e or ig in  and  c orrected for  sampl ing  e ffor t .  
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Host body size was positively related to the estimated total species richness (Fig 

4.1a), true diversity (Fig 4.1b), and proportional similarity (Fig 4.1c) of adult tick assemblages 

after controlling for the effects of sampling effort and host phylogeny. No such relationship was 

found for immature tick assemblages (Fig 4.1d-f, Table 4.4). Similar results with only marginal 

differences were obtained when we did not control for host phylogeny (Table 4.4). When we 

repeated the analyses with only those host species for which at least 10 individuals were 

examined, the positive relationships for adult ticks became even stronger, whereas any 

relationship between host body size and tick assemblage structure was still lacking for 

immature ticks (see Appendix 4: Table A4.3).   

Discussion 

Our study provides the first empirical evidence for an increase of species richness and diversity 

of adult tick assemblages with host body size across a wide range of vertebrate host taxa. The 

proportional similarity of adult tick assemblages also increased with host body size, indicating 

that larger host species sustained a larger portion of the total adult tick fauna than smaller host 

species. In contrast, no such relationships were found for immature ticks, indicating that their 

assemblage structure is independent of host body size. Correcting for host phylogeny did not 

alter these relationships. These findings suggest that the adult ticks in this highly diverse 

system preferentially parasitize larger-bodied host species, whereas the immature ticks may 

potentially have a more opportunistic feeding strategy.  

The contrasting results for adult and immature ticks stresses the importance of 

analysing their respective host associations independently. Lumping different transmission 

stages for parasites with complex life cycles may cloud any stage-specific relationship of 

parasite richness with host body size, particularly if those species are indirectly transmitted 

(Arneberg 2002). This is clearly demonstrated by our study, in which we found strong 

relationships of host body size with tick assemblage structure for adult ticks, but not for 

immature ticks. When host associations for adult and immature ticks were combined, all 

relationships became non-significant (results not shown). Such lumping could also explain the 

discrepancies among comparative studies of other parasite groups across a range of birds, 

mammals, reptiles, amphibians, and fish. While the host body size – parasite species richness 

relationship was positive in some studies (Gregory et al. 1996, Arneberg 2002, Ezenwa et al. 
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2006b, Huang et al. 2014), it was less consistent (Poulin 1995, Hughes and Page 2007, Kiffner 

et al. 2014) or even absent in others (Feliu et al. 1997, Morand and Poulin 1998, Clayton and 

Walther 2001, Stanko et al. 2002, Nunn et al. 2003, Krasnov et al. 2004c) after host phylogeny 

was controlled for. Future comparative studies should therefore account for potential variation 

among different transmission stages by analysing their host associations separately.  

What might explain the discrepancy between the host body size – tick diversity 

patterns between adult and immature ticks? A plausible explanation is higher host specificity in 

adult ticks for species with a multi-host life cycle. Most of the tick species in our dataset follow 

a three-host life cycle, in which larvae, nymphs and adults feed from different host individuals 

that may belong to distinct species (Guglielmone et al. 2014). While immature ticks use these 

hosts only for feeding, the adults of many tick species also use hosts for finding a mating 

partner. This difference might drive selection for more host-specific feeding, apparently for 

larger-bodied species, in adult ticks and more opportunistic feeding in immature ticks (Espinaze 

et al. 2015). In addition, several morphological and physiological characteristics of adult ticks 

may facilitate specificity for larger-bodied host species. Adult ticks have larger surface area to 

volume ratios and are therefore less sensitive to water stress, a major cause of mortality, than 

the smaller immature ticks (Randolph and Storey 1999). This difference in desiccation risk is 

reflected by the vertical position at which adult and immature ticks quest for a host: immature 

ticks tend to stay closer to the more moist conditions at the base of the vegetation, thereby 

having access to host species of all body sizes, whereas adult ticks quest in higher vegetation 

layers, where they may miss the smaller host species (Randolph and Storey 1999). Adult ticks 

also have higher fat reserves and a slower metabolic rate than immature ticks, allowing them 

to quest and survive for longer periods of time, which in turn increases their chances of 

encountering large-bodied host species that typically have lower population densities 

(Randolph 2004). 

A meta-analysis on host specificity in Neotropical hard ticks indeed showed that 

immature ticks tend to be less host-specific than their adult counterparts (Nava and 

Guglielmone 2013). One hypothesis put forward by the authors is that larvae and nymphs may 

have greater adaptive plasticity than adult ticks. However, a recent experimental test showed 

that while immature ticks were less discriminating in their host choice than adults, their 

engorgement success and survival rates dropped drastically when feeding on atypical host 

species (Dietrich et al. 2014). Thus, there should be at least some selection for host use during 
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the immature life stages as well, so that one would expect a relationship, albeit weak, between 

the assemblage structure of immature ticks and host traits such as body size. Variation in the 

quality of our dataset could partially account for the lack of such relationship. Over half of our 

immature tick data originate from published sources that had different objectives and therefore 

different sampling protocols. Further, while adult ticks are easily spotted and identified 

morphologically, immature ticks are more easily missed and, in our study region, notoriously 

difficult to identify based on morphology. As a result, most published studies typically report 

only a small number of identified immature ticks. Future studies that aim to identify much larger 

samples of the immature tick fauna on a given host species are much needed if we are to 

elucidate which host traits determine the assemblage structure of immature ticks.  

Alternatively, the assemblage structure of immature ticks may be related to specific 

host traits that vary among individuals of a host species rather than across host species. For 

example, physiological and/or behavioural differences between male and female hosts may 

explain why some studies found sex-biased parasitism, usually towards male hosts, in both 

ixodid and argasid immature ticks (Krasnov et al. 2012a). Tick assemblage structure may also 

show temporal and/or spatial variability, but few studies have examined these variations in the 

tropics (Lareschi and Krasnov 2010). Future comparative studies in tropical regions should 

target specific host species for which detailed information can be collected through space and 

time, including individual host traits (e.g. sex, age, reproductive status) and environmental 

conditions (e.g. relative humidity, ambient temperature, season). Such studies are then able to 

test for the independent effects of both intrinsic (host-related) and extrinsic (environmental) 

factors on the structure of tick assemblages. 

Finally, our findings provide additional confirmation that tick-host interactions follow 

the Pareto principle (Woolhouse et al. 1997), i.e. that a minority of host species harbour a 

majority of tick species. The highly skewed distribution in which parasites and pathogens are 

dispersed over their hosts has previously been demonstrated for tick burdens (Kiffner et al. 

2011b, Marsot et al. 2012) and tick-borne disease transmission (Perkins et al. 2003). Our results 

indicate that the same principle also applies to tick species richness, with approximately 20% 

of the host species harbouring 80% of all tick species, a pattern also known as the ‘20/80’ rule 

(Woolhouse et al. 1997). 

The findings of our study are relevant for human and veterinary health as well as 

biodiversity conservation. We show that adult ticks preferentially feed from larger-bodied host 
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species, which suggests that humans and livestock have an increased risk of acquiring tick 

bites from a wide range of species. On the other hand, large species of wildlife tend to be 

disproportionally affected by anthropogenic disturbances such as habitat loss and 

fragmentation (Cardillo et al. 2005). Loss of these species is therefore likely to result in host-

tick coextinction events, even if immature stages feed opportunistically (Lafferty 2012). As 

parasites play critical roles in ecological and evolutionary processes, such losses may 

profoundly affect ecosystem functioning as well as the long-term persistence of vertebrate 

hosts by indirectly favouring generalist parasites and pathogens (Gómez and Nichols 2013).  
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Appendix 4 

Table A4.1 Multiple regressions of tick assemblage structure on host body size and sampling effort 

Tick assemblage structure Host body size Sampling effort 

β t P β t P 

Adult tick fauna 

Estimated total species richness 0.28 6.90 <0.001 0.23 5.91 <0.001 

True diversity 0.87 5.12 <0.001 0.59 3.65 <0.001 

Proportional similarity 1.63 7.59 <0.001 0.35 1.72 0.09 

Immature tick fauna 

Estimated total species richness -0.08 -2.25 0.026 0.33 9.21 <0.001 

True diversity -0.33 -2.43 0.017 1.05 7.44 <0.001 

Proportional similarity 0.11 0.62 0.535 1.10 5.98 <0.001 

Table A4.2 Pagel’s λ statistics for the detection of phylogenetic signal 

Variables λ LRT P 

Adult tick fauna 

Host body size 0.51 -597.19 <0.001 

Species richness 0.22 -189.51 0.006 

True diversity 0.30 -117.88 0.003 

Proportional similarity 0.43 -137.25 0.001 

Immature tick fauna 

Host body size 0.99 -1068.47 <0.001 

Species richness 0.99 -309.10 <0.001 

True diversity 0.75 -192.01 <0.001 

Proportional similarity 0.82 -232.61 <0.001 

Lambda st at ist ic s ind icat e t hat  a l l  in dices of  t ic k assemblage  st ructure  an d  h ost  body  s ize sh ow ed 

signi f i cant  phy logen et ic  s igna l  ( i .e .  λ >  0 ) .  V alu es  sh own  ar e maximu m l i ke l ih ood est imates  for  

lambda (λ) ,  an d th ei r  associated  log  l i ke l ihood r at io  test  (LRT )  and P  va lues.  
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Figure A4.1  Phy logeny of  ver t ebr ate  h osts  for  adult  t i cks  (a)  an d immat ure  t ic ks  (b) .  Branch  len gth s 

were set  t o 1 and t hu s do n ot  r epresent  actua l  t ime  s inc e d iver gen ce.  P o lyt omies w ere randomly  

resolved.  We  u sed  Wi lson  an d  R eeder  (2005)  as  t axon omic  re fer ence  for  Mammal ia ,  supplement ed  

by  Huc h on  an d  Dou zery  (2001)  for  hystr ic ognat h r odent s ,  B ardeleben et  a l .  (2005)  for  C anidae,  F ry  

et  a l .  (2006)  for  Squ amat a,  J oh nson et  a l .  (2006)  for  Fe l idae ,  Weksler  ( 2006)  for  mur o id r odents,  

Koepf l i  et  a l .  ( 2007 ,  2008)  for  Pr ocy on idae  an d Must el idae ,  V oss  and  Jan sa  (2009)  for  Didelphidae,  

Agnar sson  et  a l .  ( 2011)  for  Chir optera ,  Lee  (2013)  for  T estu din es ,  and  J arv is  et  a l .  (2014)  for  Aves .  
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Abstract

Theory predicts that the diversity and abundance of ticks and their hosts should be coupled, 

and that less diverse tick communities should be dominated by generalist species. Despite the 

relevance to the transmission of tick-borne pathogens, direct empirical tests of these 

hypotheses are lacking. Therefore, we surveyed the diversity and abundance of tick and 

vertebrate host communities across 12 previously connected forest fragments along the 

Panama Canal that ranged 1000-fold in size. We found that the abundance and species 

richness of ticks was positively related to that of wildlife. Moreover, specialist tick species were 

only present in fragments where their specific reproduction hosts were captured by camera 

traps, suggesting local host-tick coextirpation in fragments were both were absent. Further, less 

diverse tick communities were dominated by A. oblongoguttatum, a strong host generalist tick 

species. Our results indicate that loss of wildlife has cascading effects on tick communities 

through local host-parasite coextirpation. Dominance of generalist tick species that results 

from wildlife diversity loss could facilitate interspecies pathogen transmission. 



Host–parasite coextinction

Page | 101 

Introduction 

Extinction cascades form one of the most insidious, but often-ignored drivers of biodiversity 

loss (Dunn et al. 2009). By eliminating organisms that are essential to the survival of others, the 

initial loss of keystone or host species can catalyse secondary extinctions throughout 

ecological communities (Colwell et al. 2012). Parasites are expected to be particularly prone to 

local coextinction because they need minimum thresholds of host abundance in order to 

maintain viable populations (Dobson et al. 2008). This is especially likely for parasites that show 

strong host specificity and/or have complex life cycles involving multiple host species (Koh et 

al. 2004, Lafferty 2012). Thus, as host species are lost, parasite communities are expected to 

reach the point that only species with low host specificity remain (Dobson et al. 2008, Dunn et 

al. 2009, Lafferty 2012). 

The existence and form of host-parasite coextinction events are highly relevant for 

disease risk, as alterations to parasite community composition will affect pathogens vectored 

by these parasites. Many pathogens – particularly those of medical and veterinary importance 

– are capable of infecting multiple host species (Woolhouse et al. 2001). If loss of host species

(e.g. through habitat fragmentation or hunting) is accompanied by an increase in the 

abundance of generalist vectors, these pathogens may be facilitated. First, generalist vectors 

are able to exploit a multitude of host species per definition, thereby promoting interspecific 

pathogen transmission (Ostfeld and Keesing 2012). Second, generalist vectors may feed 

proportionally more from disease-reservoir hosts in degraded wildlife communities, further 

increasing the potential for disease emergence (Allan et al. 2003, Keesing et al. 2010, 

Gottdenker et al. 2012). Therefore, understanding how host species loss affects the species 

composition and functional properties of communities of parasitic vectors, and hence the 

opportunities for pathogen transmission, is critically important. 

Here, we focus on local coextinction of ticks with their hosts across a size gradient of 

forest fragments. Ticks are obligatory ectoparasites of terrestrial vertebrates – mammals, 

birds, reptiles and sometimes amphibians – and are known to transmit a wide variety of 

pathogenic microorganisms (Jongejan and Uilenberg 2004). Their life cycle is characterized by 

multiple developmental stages and they are known to exhibit host specificity to various degrees, 

especially as adults (Esser et al. 2016b). Because of their reliance on vertebrates and high 

mortality when they fail to find a host, ticks should be strongly affected by local loss of wildlife 
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(Ostfeld and Keesing 2012). Thus, larger and more diverse host communities should also 

harbour larger and more diverse tick communities.  

Past empirical studies often correlated variation in the abundance of questing ticks 

with forest fragment size as a proxy for host abundance and diversity (Allan et al. 2003, 

Brownstein et al. 2005, Ogrzewalska et al. 2011). These forest fragments were typically situated 

in agricultural or suburban landscapes, where abundances of some host species may be 

elevated by external nutrient subsidies, or conversely, species loss may be exacerbated by 

increased hunting pressure, hence distorting expected biodiversity patterns based on island 

biogeography theory (Mendenhall et al. 2014). Other studies correlated the abundance of 

questing ticks with that of only one or a few focal host species (Rand et al. 2003, Ostfeld et al. 

2006, Tagliapietra et al. 2011, Kilpatrick et al. 2014), thereby ignoring how the abundances and 

diversities of other, non-focal species in the host community may affect tick communities. Only 

rarely have studies directly assessed the abundance and species composition of broader host 

communities in relation to tick abundance (Szabó et al. 2009, Hofmeester 2016). But to our 

knowledge, no empirical study so far has tested how the species diversity of tick communities 

is affected by loss of host diversity. 

Here, we address these limitations by using drag sampling and camera trapping to 

directly assess the abundance and diversity of broader communities of both questing ticks and 

their hosts across 12 previously interconnected forest fragments adjacent to the Panama 

Canal. These fragments range a thousand fold in area, are largely surrounded by water and 

relatively well protected from poachers, providing an ideal opportunity for a natural experiment. 

We hypothesized that larger and more diverse host communities supported larger and more 

diverse tick communities, with less diverse communities dominated by generalist tick species. 

Methods 

Study site 

Fieldwork was carried out in the Barro Colorado Nature Monument (BCNM, 9°10’N, 79°51’W), a 

nature reserve that comprises 5400 ha of forested islands and peninsulas in the Gatun Lake 

section of the Panama Canal, Panama. The fragments were part of a continuous forest until 

~100 y ago, when damming of the Chagres River produced forest islands and peninsulas that 

range widely in size and thus the wildlife communities that they could support (Asquith et al. 
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1997). The eastern peninsulas are separated from the nearby Soberania National Park by 

narrow land bridges and the clearings of the Panama Canal Railroad, whereas the western 

peninsulas are surrounded by pastureland and Tectona grandis teak plantations, inhospitable 

to forest wildlife. All sites support semi-deciduous tropical moist forests and are characterized 

by a seasonally moist tropical weather pattern (Leigh 1999). The largest of the islands, the 1560 

ha Barro Colorado Island (BCI), supports a rich fauna with abundant populations of medium- to 

large-sized mammals such as the lowland paca Cuniculus paca, Central American agouti 

Dasyprocta punctata, collared peccary Pecari tajacu and Central American red brocket deer 

Mazama temama (Meyer et al. 2015). In contrast, the smallest islands within the BCNM do not 

have permanent populations of large mammals and some are too small to support even 

medium-sized mammals (Asquith et al. 1997). Ticks are abundant in Panama, both in species 

and in numbers. For most species, tick-host associations are relatively well-documented 

(Chapter 2 – 4). 

Sampling 

We sampled 12 forest fragments that ranged in size from 2.6 to 2811 ha (Fig 5.1). The sampling 

period ran from Jan – March 2010, when tick abundance peaks in central Panama. Fragment 

size was calculated in ESRI ArcGIS 9.3.1 from a Digital Elevation map with a resolution of 10 m 

(central Panama GIS coverage DVD, Version 2, 2007-04-25, Panama Canal Monitoring Project, 

USAID, the Smithsonian Tropical Research Institute and USGS WEBB program). Depending on 

the size of the fragment, we established between one and six 1-ha sampling plots per fragment. 

Wildlife surveys – We used arrays of camera traps (Kays et al. 2011) to estimate wildlife 

abundance and diversity for each plot. These cameras photograph animals that pass in front 

of a passive infrared sensor, and thus record species presence as well as the passage rate of 

species. Camera trapping is a reliable and non-invasive technique for the survey of medium- to 

large-sized terrestrial mammals and birds in all environmental conditions (Tobler et al. 2008, 

Kays et al. 2011). We used Reconyx RC55 (Reconyx Inc, Holmen, WI) camera traps with a built-

in infrared flash, a passive infrared motion sensor, and a 1/5th second trigger speed. Cameras 

were active 24/7 and took sequences of ten consecutive pictures per trigger, with no delay 

between triggers. A 1-GB flash memory card stored the photographs with the time and dates 

of each event. At each of ten pre-generated random points across the sampling plots, we ran 
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one unbaited camera trap for at least 8 d. Cameras were attached to tree stems 30 cm above 

ground level and were spaced at least 10 m apart, pointed to the direction with the most open 

understorey. We used the walk test function of the cameras to measure the maximum 

detection distance for each camera as an estimate of the area surveyed. Detection distances 

ranged from 2-12.5 m (median: 5 m) among cameras, depending on vegetation density. 

All photographs were uploaded to and processed in a custom-made database (Kays 

et al. 2011). Pictures were grouped such that each sequence represented the passage of one 

individual animal or a group of social animals. Animal identifications were based on Reid (2009). 

Birds, primates, and reptiles were excluded, except for the great tinamou Tinamus major. We 

used encounter rates as a proxy for relative host abundance. This measure reflects the rate at 

which ticks waiting in the understory encounter a potential host. Encounter rates were 

calculated for each species by dividing the number of captures by the length of camera 

deployment (in days) and the distance (in m) over which the species was effectively detected. 

This “effective detection distance” depends on body size (larger detection distances for larger 

species) and sampling season (shorter detection distances at high humidity)(Rowcliffe et al. 

2011). Effective dry-season detection distance was calculated for each species as d = 0.10 BM 

+ 2.84, where BM is the body mass (cf Rowcliffe et al. 2011). Effective detection distances 

ranged from 2.8 m (for Robinson’s mouse opossum Marmosa robinsoni) to 6.4 m (for white-

tailed deer Odocoileus virginianus). If the maximum detection distance at a camera point was 

smaller than d due to vegetation blocking the view, we corrected for this by truncating d to the 

smaller distance. 

Encounter rates were subsequently used to calculate wildlife biomass per plot 

(kg/m/d) by summarizing the product of encounter rate and average body mass per species in 

each plot. Wildlife biomass should explain changes in tick community composition better than 

host abundance, as it captures information on the presence of larger vertebrates, which are 

important reproduction hosts for many tick species (Chapter 4). Average body mass values for 

each species were obtained from Reid (2009) and Rowcliffe et al. (2011).  

We used the first-order Jackknife (Jack1) index, an asymptotic estimator of species 

richness, to compute the number of species that would be expected under exhaustive sampling 

using EstimateS version 9.1.0 (Colwell 2013). This index is considered more suitable for camera 

trapping data than the Chao indices (Tobler et al. 2008). Jack1 values were estimated by 

lumping all camera traps per fragment, with each camera trap representing a sampling unit. 
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Outcomes were compared to the number of species that were actually observed to determine 

what fraction of the total wildlife species richness was captured by camera traps. Jack1 values 

that are equal to the observed species richness indicate that the accumulation of species has 

reached an asymptote (Colwell 2013). 

F igure 5.1 Map of  th e stu dy  area .  A tot al  of  21 plot s acr oss 12  forest  f ragments  w ere sampled for 

t icks  an d  wi ld l i fe  in  th e B arro  C olor ado Nature  Monu ment ,  Gatu n Lake ,  P an ama.  
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Tick surveys – We used drag sampling (Falco and Fish 1992) to estimate the community 

composition of questing ticks in each plot. This method involves pulling a white cotton cloth of 

1 m wide over the ground and through the vegetation along a line transect. We sampled four 

50-m transects in each 1-ha plot, totalling 200 m2. Every 5 m, ticks were removed from the cloth 

with masking tape and stored in 97% ethanol. We collected all ticks between Jan 22 and Feb 1, 

which is during the dry season when tick numbers are particularly high. Ticks were identified at 

the Gorgas Memorial Institute in Panama City, using an extensive reference collection and 

taxonomic keys provided by Fairchild et al. (1966) and Onofrio et al. (2006). Tick species 

richness was determined after lumping all identified ticks per fragment.  

Statistical analyses 

We used a linear mixed model (LMM) as implemented in the nlme package (Pinheiro et al. 2017) 

to evaluate the relationship of wildlife biomass and forest fragment size. Forest fragment size 

was log10-transformed prior to analyses and fragment was entered as random factor with 

varying intercept. We used a linear model (LM) to evaluate the relationship between the 

estimated total wildlife species richness (Jack1) per fragment and log10-transformed fragment 

size, weighted by the number of plots in each fragment.  

We used generalized linear mixed models (GLMM) with a negative binomial 

distribution and log-link function as implemented in the glmmADMB package (Fournier et al. 

2012) to test how densities of adults, nymphs, and larvae were related to wildlife species 

richness and biomass. Wildlife species richness and biomass were standardized prior to 

analyses by extracting the mean and dividing by two standard deviations following Gelman 

(2008). Fragment was entered as random factor with varying intercept. We used a linear model 

(LM) to test how the total number of tick species in each fragment was related to wildlife 

species richness and biomass, weighted by the number of plots. Wildlife species richness and 

biomass were standardized prior to analyses by extracting the mean and dividing by two 

standard deviations (Gelman 2008). 

We used a GLMM with a binomial distribution and logit link function to test how the 

proportional abundance of the only true generalist tick species in this study (A. 

oblongoguttatum, Chapter 2) was related to tick species richness. Fragment was entered as 

random factor with varying intercept. Finally, we used Mann-Whitney U tests to determine 

whether the abundance of specialist tick species (A. naponense, A. tapirellum, H. juxtakochi) 
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was constrained to fragments where their reproduction hosts (peccary, peccary, and deer, 

respectively) were present. All analyses were carried out in R 3.3.3. (R Core Team 2017).  

Results 

The total camera-trapping effort amounted to 1,717 camera-days. Camera traps captured 

4,017 animal passages in total, of which 3,308 concerned semi-terrestrial birds and mammals 

that were retained in the analysis. The total number of species recorded was 21, among which 

agouti, peccary and paca were the most common (Table 5.1). There were clear differences in 

wildlife community among the fragments, with some species (e.g. the northern tamandua 

Tamandua mexicana and brocket deer) recorded mostly on the largest islands, and others (e.g. 

white-tailed deer, brown four-eyed opossum Metachirus nudicaudatus, and forest rabbit 

Sylvilagus brasiliensis) found exclusively on the mainland peninsulas (see Appendix 5: Table 

A5.1). No large mammals (>10 kg) or carnivores were recorded in the four smallest fragments, 

with the exception of tayra Eira barbara on one of these islands. At the smallest of the islands 

(2.6 ha), we photographed just two species: Tome’s spiny rat Proechimys semispinosus and 

nine-banded armadillo Dasypus novemcinctus (see Appendix 5: Table A5.1).  

The estimated total wildlife species richness (Jack1) ranged from 2 in the smallest 

fragment to 17.7 in the largest, and increased with fragment size (LM: R2 = 0.71, β = 3.89, P < 

0.001, Fig 5.2a). For most fragments, Jack1 estimates were equal or close to the actual 

observed number of species (Table 5.2). The cameras recorded 73 – 100% of the estimated 

total number of species present at each fragment. Wildlife biomass ranged more than 26-fold 

across fragments (0.3 to 7.9 kg d-1m-1) and increased with fragment size (LMM: β = 2.04, P < 

0.01, Fig 5.2b).  

A total of 21,262 ticks were collected from the 12 fragments, including 18,336 larvae, 

2,596 nymphs, and 330 adults (Table 5.3). Immature stages of Haemaphysalis and Amblyomma 

formed the majority of all ticks captured (60% and 38% respectively). The total number of tick 

species ranged from 2 to 7 per fragment (Table 5.2) and increased with wildlife species richness 

and biomass (LM: R2 = 0.35, wildlife richness: β = 0.25, P < 0.05, wildlife biomass: β = 0.52, P < 

0.05; Fig 5.3a-b). Tick abundance varied among fragments and between life stages (Table 5.2), 

and increased with wildlife species richness for each developmental stage (GLMM: adults: β = 

1.12, P < 0.01, nymphs: β = 1.37, P < 0.05, larvae: β = 1.78, P < 0.01, Fig 5.3c). Tick abundance 
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also increased with wildlife biomass, but this relationship was significant for nymphs only 

(GLMM: adults: β = 0.47, P > 0.05, nymphs: β = 0.99, P < 0.05, larvae: β = 0.74, P > 0.05, Fig 5.3d). 

A total of six tick species from three genera were identified to the species level (Table 

5.3). Of these species, five are known as strongly host specific during the adult stage, while only 

one species – A. oblongoguttatum – is a true generalist (Chapter 2). A. oblongoguttatum 

occurred even in one of the smallest fragments, where no other adult ticks were found. The 

proportion of A. oblongoguttatum in each fragment decreased with tick species richness 

(GLMM: odds ratio = 0.62, P < 0.05; Fig 5.4). In contrast, two of the five host-specific tick species 

occurred only in one or two large fragments. The other three host-specific species, which 

occurred in at least 5 different fragments, were found only where their reproduction host 

species were present (one-tailed Mann-Whitney U test, H. juxtakochi: U = 2, P < 0.01, A. 

naponense: U = 6, P < 0.05, A. tapirellum: U = 6, P < 0.05; Fig 5.5). Loss of specialists and 

dominance of generalist tick species with fragmentation agrees with the hypothesis.  

F igure 5.2 Species r ich ness an d  biomass of  wi ld l i fe  c ommunit ies across 12 di fferent - sized for est  

f ragment s.  Wi ld l i fe  (a )  total  species r i chn ess  an d (b )  b iomass increased  s igni f ic ant ly  with  forest  

f ragment  s ize.  Dot  s ize  i s  pr oport ion al  t o sampl ing  int en si ty  ( i .e .  nu mber  of  p lot s) .  
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Figure 5.3 T ick species r ich ness  increased signi f ic ant ly  with (a )  wi ld l i fe  spec ies r ic hness an d (b)  

wi ld l i fe  b iomass.  Abun danc es  of  quest ing adult s ( bl ack ) ,  ny mphs (g rey )  an d larvae (w hi te )  a lso 

increased s ign i f ic ant ly  w ith  (c)  wi ld l i fe  species  r ich ness  an d w i th  (d )  wi ld l i fe  b iomass,  a l th ou gh 

the lat t er  r e lat ion ship  was on ly  s igni f ic ant  for  ny mph s.  Dot  s ize  i s  pr oport ion al  t o sampl in g 

inten si ty  ( i . e .  n u mber  of  p lot s) .  

F igure 5.4 The proport ion al  abu n dan ce of  A.  o blo ngogut tatum ,  th e only  t rue  genera l i st  t ic k spec ies 

in  t h is st udy ,  decl ined when t ic k commu nit ies became r icher  in  spec ies.  Dot  s ize  i s  pr oport iona l  t o  

sample size  ( i .e .  th e n u mber  of  adu l t  t ic ks) .  
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Table 5.3 Ticks captured with standardized drag sampling across 12 forest fragments in the Barro 
Colorado Nature Monument, Panama. 

Species Larvae Nymphs Adults 

(male) 

Adults 

(female) 

% of all 

captures 

No. 

fragments 

Amblyomma 7450 612 - - 37.9 12 

A. naponense - - 14 14 0.1 6 

A. oblongoguttatum - - 117 106 1.0 9 

A. ovale - 3 - - <0.1 1 

A. pecarium - - - 2 <0.01 2 

A. tapirellum - - 31 26 0.3 5 

Haemaphysalis 12 

H. juxtakochi 10,849 1981 11 8 60.4 12 

Ixodes 37 - - - 0.2 1 

I. affinis - - 1 - <0.01 1 

Total 18,336 2596 174 156 100 12 

F igure 5.5 Median  abu ndanc es  of  specia l ist  t i ck  spec ies  in  f ragments  w ith  and  wit h out  the i r  

speci f i c  h ost  species.  Specia l i st  t ic k spec ies were  only  present  w hen  th ei r  r epr oduct ion h ost 

species w as present .  Deer  inc lu des both br oc ket  deer  an d whit e - ta i led  deer .  
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Discussion 

Our direct measures of the relative abundance and diversity of both wildlife and questing tick 

communities across 12 forest fragments in Panama allowed us to perform the first empirical 

tests for relationships between local host and tick coextirpation. Larger forest fragments had 

larger and more diverse wildlife communities. In turn, larger and more diverse wildlife 

communities supported larger and more diverse tick communities. Tick species known to 

exhibit high host-specificity as adults were absent in fragments in which their hosts were not 

recorded so that species-poor communities were dominated by a generalist tick species. Our 

results provide empirical evidence supporting these theoretical predictions and indicate that 

local loss of wildlife has cascading effects on tick communities through local host-parasite 

coextirpation. 

Tick species richness 

Theoretically, the presence of multiple life stages, strong host specificity, and higher extinction 

risk for hosts than non-hosts should all increase parasite coextinction risk (Lafferty 2012). For 

example, ticks that use large mammals as principal reproduction hosts should be more 

vulnerable to local coextirpation because these host species need sufficiently large habitat to 

maintain viable population sizes, and are thus the first to disappear from small and isolated 

fragments (Meyer et al. 2015). 

Consistent with previous studies and island biogeography theory, wildlife species 

richness and biomass-weighted abundance increased with fragment size (Andrén 1994, Turner 

1996, Chiarello 1999, Fahrig 2003, Kinnaird et al. 2003). In turn, tick species richness increased 

linearly with wildlife species richness and biomass. This is in agreement with theoretical 

predictions (Lafferty 2012), and consistent with expectations based on earlier studies that 

showed that adult ticks in this region are highly host specific (Esser et al. 2016b), and that larger 

hosts support more diverse adult tick communities (Esser et al. 2016a). Indeed, five out of 

seven tick species that were collected are known to have only one or two primary reproduction 

hosts (Esser et al. 2016b). We note that the observed loss of tick species emerged despite the 

potential for re-colonization of ticks via host movement among fragments. Similar patterns 

were found in a study that focussed on birds and their lice across forest fragments in southern 
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China (Bush et al. 2013). Clearly, the continuous presence of reproduction hosts is 

indispensable for sustaining tick populations.   

Tick abundance 

Most hosts have few ticks and only some have many, producing a roughly negative binomial 

distribution of ticks among their hosts (Brunner and Ostfeld 2008). Further, given that ticks 

depend on hosts for their development and survival, tick abundance is widely believed to 

increase with host abundance (Ostfeld and Keesing 2012). We found that tick abundance 

increased with both wildlife species richness and biomass, although the latter relationship was 

significant only for nymphs. For adults, increased abundance with wildlife species richness can 

be attributed to their strong host specificity, so that richer host communities can support more 

diverse and hence larger tick communities. For nymphs and larvae, which tend to be more 

opportunistic in host selection than adults (Hoogstraal and Aeschlimann 1982), this 

relationship can be explained in that a higher diversity of host species implies more feeding 

opportunities (Schmidt and Ostfeld 2001), possibly from higher-quality hosts (Keesing et al. 

2009). 

Our results are consistent with those of Ogrzewalska et al. (2011), who found that 

abundances of questing ticks increased with fragment size across 12 Brazilian forest 

fragments. Although primary reproduction hosts were reported to be absent from the smallest 

fragments in that study, it had no quantitative data on the broader terrestrial host communities 

to test for relationships between the community composition of ticks and that of their hosts 

across the fragments, which – in addition – were isolated by agricultural land instead of water 

(Ogrzewalska et al. 2011). Our results agree with and extend those previous findings by 

providing direct abundance and diversity estimates of hosts and ticks. 

Implications for disease emergence 

Our finding that less diverse communities were dominated by more generalist ticks may have 

implications for tick-borne pathogen transmission, as generalist vectors are more likely to 

transmit pathogens among different host species (Ostfeld and Keesing 2012). Specifically, we 

found that the relative abundance of A. oblongoguttatum was higher as the tick community 

became more depauperate. This species was the only true host generalist tick in this study and 

has been recorded from at least 27 species within 9 different orders, including humans, 
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livestock, pets, and wild animals, several of which are habitat generalists (Esser et al. 2016b). 

Flexibility in host selection apparently allows this species to persist in even the most degraded 

wildlife communities, where specialist ticks disappear. Although the potential role of A. 

oblongoguttatum as vector of human pathogens has been understudied, spotted fever group 

rickettsiae have been isolated from this species during a first analysis (Bermúdez et al. 2009). 

Moreover, generalist vectors are responsible for transmitting most infectious diseases (Ostfeld 

and Keesing 2012) and feed proportionally more from disease reservoir hosts in impoverished 

wildlife communities (Allan et al. 2003, Keesing et al. 2010, Gottdenker et al. 2012). 

On the other hand, inference is complicated by the fact that the increasing dominance 

of generalist ticks was accompanied by a sharp reduction of tick abundance. Lower tick 

abundance reduces the rate at which individual hosts encounter ticks. Since disease risk is the 

product of the likelihood of tick encounter and the likelihood of tick infection (Randolph and 

Dobson 2012), the relative strength of each of the two responses (i.e. higher proportions of 

generalists vs lower tick abundance) will ultimately determine whether loss of wildlife either 

increases or decreases the risk to which individuals are exposed when crossing these 

fragments.  

Future directions 

The combined methods of tick drag sampling and camera trapping provide a new and 

informative community-wide approach for the study of tick-host relationships (Hofmeester 

2016).  However, it is important to also recognize limitations of our methods, and future studies 

should be designed with the following factors taken into consideration. First, our sampling 

focused on terrestrial mammals. Wild birds are known hosts for immature stages of 

Neotropical ticks (Miller et al. 2016), and we included only large terrestrial birds in our estimate 

of host species richness and abundance. In addition, birds may help recolonize diminishing tick 

populations on small islands and fragments by dispersing ticks from adjacent mainland sites. 

Second, complete tick-host associations can only be established by directly collecting ticks 

from individual host animals. Many species of ticks known to be common on the host species 

that we recorded with cameras were not present among the identified ticks, possibly because 

the drag sampling method is not as effective for collecting those tick species. Future studies 

should ideally use a combination of drag sampling and live trapping to collect ticks from both 

the free environment and directly from hosts. 
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Concluding remarks 

We provide empirical evidence for a positive relationship between tick and wildlife abundance 

and diversity, as well as for local coextirpation of ticks with their hosts following forest 

fragmentation. Our finding that impoverished tick communities exhibited a higher relative 

abundance of generalists implies that opportunities for pathogen transmission may be higher 

in habitats with degraded wildlife communities, as generalist ticks feed proportionally more 

from disease reservoir hosts in degraded environments (Allan et al. 2003, Keesing et al. 2010, 

Gottdenker et al. 2012). If these patterns are general, then ticks may be useful bioindicators of 

ecosystem health, with low tick abundance and diversity reflecting low wildlife diversity 

(Ogrzewalska et al. 2011, Lafferty 2012, Bush et al. 2013) and a potentially elevated risk of 

interspecific disease transmission.  
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Abstract 

Control of infectious diseases has been promoted as a service of biodiverse ecosystems, with 

high biodiversity buffering against disease risk. One recurrent critique of this so-called “dilution 

effect” is that higher biodiversity should also promote higher diversity of parasites and 

pathogens. However, high parasite diversity does not necessarily equate with high disease risk, 

and it remains poorly understood whether and how biodiversity loss affects disease risk in 

parasite-rich environments. Here, we show that total microbial and pathogen richness indeed 

increased with tick species richness, which in turn was positively related to wildlife species 

richness in tropical forests. In contrast, tick densities and infestation of small mammals as well 

as pathogen prevalence were dependent on the structure and composition of wildlife 

communities, rather than species richness per se. Wildlife community disassembly either 

diluted, amplified, or had no effect on infection prevalence in ticks, depending on the pathogen 

and degree of disturbance. However, hyperabundance of medium- to large-sized frugivores and 

herbivores in sites that lacked apex predators was related to exponential increases in tick 

density, negating any effect of reduced pathogen prevalence. Our study shows how 

anthropogenic disturbance of tropical forests can have cascading effects on tick communities 

and tick-borne disease risk, and highlights the importance of directly assessing the structure 

and composition of wildlife communities.  
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Introduction 

The ongoing loss of global biodiversity is unprecedented in both magnitude and pace, raising 

urgent questions as to how this loss will affect ecosystem functioning and human well-being 

(Díaz et al. 2006, Bradshaw et al. 2009). Meanwhile, zoonotic infectious diseases are globally 

emerging, the majority of which have a wildlife origin (Woolhouse 2002). Risk of exposure to 

wildlife zoonoses has particularly increased in biodiversity ‘hotspot’ regions that are 

progressively affected by habitat loss, illegal hunting, and demographic changes (Jones et al. 

2008). A growing body of literature suggests a causal link between these concurrent patterns, 

with species-rich communities buffering against disease risk: a phenomenon called “the dilution 

effect” (LoGiudice et al. 2003, Ezenwa et al. 2006a, Mills 2006, Pongsiri et al. 2009, Johnson et 

al. 2013b, Civitello et al. 2015). Control of infectious diseases has therefore been promoted as 

an important ecosystem service that is likely to be affected by biodiversity loss (Keesing et al. 

2010). However, the generality of a negative biodiversity-disease relationship remains the 

subject of contentious debate (Randolph and Dobson 2012, Lafferty and Wood 2013, Ostfeld 

and Keesing 2013, Salkeld et al. 2013, Wood and Lafferty 2013, Huang 2014, Wood et al. 2014, 

Hofmeester 2016, Levi et al. 2016, Wood et al. 2016).  

Paradoxically, biodiversity can either increase (amplify) or decrease (dilute) disease 

risk through a variety of mechanisms that are context- and scale-dependent (Keesing et al. 

2006, Johnson et al. 2015b). This dual role of biodiversity in the emergence and transmission 

of infectious diseases lies at the heart of recent critiques. For a dilution effect to occur, species’ 

reservoir competence should be closely coupled with resilience to biodiversity loss, such that 

more impoverished communities are dominated by competent hosts. Further, any changes in 

host diversity should be independent of host density, such that the addition of less competent 

host species to a community does not increase vector abundance. If these conditions are 

reversed, an amplification effect may arise (Keesing et al. 2006, Ostfeld and Keesing 2012). 

However, the link between resilience and competence remains equivocal, and it is empirically 

difficult to separate a dilution effect from a simple density effect (Begon 2008, Keesing et al. 

2010, Wood and Lafferty 2013). Identifying the conditions under which biodiversity loss either 

increases or decreases disease risk therefore remains a challenge, particularly in multi-host, 

multi-pathogen systems (Johnson et al. 2015b). 
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A common argument in favour of an amplification effect is the ‘diversity begets 

diversity’ hypothesis (Hechinger and Lafferty 2005). Hosts function both as habitat and 

resource for parasites, and act as important dispersal agents. High host diversity and 

abundance should thus promote high parasite diversity and abundance (Hechinger and Lafferty 

2005, Kamiya et al. 2014b). Indeed, species richness of human parasitic and infectious 

diseases increases strongly as one moves towards the equator (Guernier et al. 2004, Dunn et 

al. 2010). Conversely, both empirical and modelling studies have shown that biodiversity loss 

may decrease parasite richness and even lead to local parasite-host coextinctions, particularly 

for parasites with complex life cycles that sequentially use different host species (Koh et al. 

2004, Lafferty 2012, Bush et al. 2013)(Chapter 5). However, high parasite richness does not 

necessarily equate with high disease risk: they represent different ecological processes 

(colonization among vs. transmission within communities) that may respond differently to 

biodiversity loss (Johnson et al. 2013a, Morand et al. 2014, Rottstock et al. 2014, Johnson et al. 

2015b).  

There is a clear need for empirical studies that examine whether and how biodiversity 

loss differentially affects parasite diversity and disease risk, particularly in species rich 

environments such as the tropical biome. Given that disease systems involve complex multi-

trophic level interactions, such studies should consider broader communities of hosts, vectors, 

and pathogens (Wood et al. 2014, Johnson et al. 2015b). Finally, conventional measures of 

biodiversity loss such as host species richness are less appropriate than those that take 

species identity into account, so that directly measuring the composition and structure of host 

communities is crucial for the biodiversity-disease risk debate to move forward (LoGiudice et 

al. 2008, Randolph and Dobson 2012). Unfortunately, such studies are rare (Hofmeester 2016, 

Young et al. 2017). 

Here, we studied communities of vertebrate hosts, ticks, and tick-borne bacterial 

microbes across an anthropogenic disturbance gradient in central Panama, a biodiversity 

hotspot. Using state of the art methods, we determined whether and how changes in wildlife 

community composition affected tick abundance, species richness, and prevalence on small 

mammals, and how this in turn affected the diversity of prokaryotic communities in ticks as 

well as tick-borne pathogen prevalence. We show that anthropogenic disturbances of wildlife 

communities had cascading effects on tick communities and disease risk, but that the strength 
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and direction of these effects were pathogen-specific and dependent on the degree of 

disturbance. 

Methods 

Study sites 

We sampled 21 forest sites across central Panama (Fig 6.1), a region that supports a high 

species diversity of both wildlife (Patterson and Costa 2012) and ticks (Fairchild et al. 1966). 

However, ongoing deforestation has transformed the landscape of central Panama into a 

mosaic of old growth and secondary forests surrounded by pastures, scrubland, and human 

settlements (Condit et al. 2001). The 21 forest sites differed in size, isolation and protection, 

ranging from large national parks to small forest remnants scattered between the protected 

areas, and thus varied widely in their wildlife community composition (Meyer et al. 2015). The 

study region has seasonally moist tropical weather, with an average diurnal temperature of 27 

°C and a pronounced dry season from January until May Rainfall varied among sites and years, 

ranging from ca. 1825 to 3975 mm yr-1 (ACP 2016). (Leigh 1999). Elevation at our 21 sites 

ranged between ca. 30 and 460 m (ASTER GDEM V2). All sampling took place during the dry 

seasons of 2012 to 2014. 

Wildlife 

We conducted camera trapping surveys to quantify the relative abundance and community 

composition of wildlife (Kays et al. 2011). At each site, camera traps (PC900, Reconyx Inc. 

Holmen, WI, USA) were placed at 16 computer-generated points in grids for at least 3 weeks. 

Sites were sampled again in a subsequent year if species accumulation curves did not 

approach an asymptote after the first survey. Cameras in large areas were placed in a subset 

(1 x 1 km) of the area, while cameras in small fragments were placed so as to sample the entire 

plot. Cameras were attached to tree trunks with the lens 20-30 cm above ground level with 30-

333 m distance between cameras, depending on the size of the fragment. We used the walk 

test function of the cameras to measure the maximum detection distance for each camera as 

an estimate of the area surveyed. Detection distances ranged from 2.0-8.8 m (median: 3.6 m) 

among cameras, depending on vegetation density. Cameras were continuously active and took 
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sequences of ten consecutive photographs per trigger, with no delay between triggers. A 1-GB 

flash memory card stored the photographs with the time and dates of each event. 

F igure 6.1  Locat ion s  of  the  21 st udy  si t es c entra l  P an ama.  

All photographs were uploaded to and processed in a custom-made database (Kays 

et al. 2011). Photographs were manually grouped into sequences, with each sequence 

representing the capture of one individual animal or a group of social animals. Animal 

identifications were based on Reid (2009). All reptiles, bats, and birds were excluded, except for 

great tinamou (Tinamus major), great currasow (Crax rubra), and crested guan (Penelope 

purpurascensi). The final dataset included 15,055 animal captures of 39 species that were 

recorded during 11,647 camera trapping days. We used capture rates as a proxy for relative 

abundance at each site, as cameras record a species more often where it is more abundant 

(O'Connell et al. 2010). Capture rates of each species were calculated for each site as the 
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average number of animal captures per 100 days per meter of maximum detection distance. 

We used the first-order Jackknife (Jack1) index, an asymptotic estimator of species richness, 

to compute the number of species that would be expected under exhaustive sampling using 

EstimateS version 9.1.0 (Colwell 2013). This index is considered more suitable for camera 

trapping data than the Chao indices (Tobler et al. 2008). 

Ticks 

Questing ticks were collected from the environment using a combination of the dragging and 

walking techniques (Ginsberg and Ewing 1989). The drag-sampling method involved dragging 

a white cotton cloth of 1x1 m over leaf litter and through vegetation. In each site, we established 

ten 50m transects and sampled both sides of each transect, totalling 1000 m2. The cloth was 

checked for the presence of ticks every 5 m. Ticks were removed from the cloth with masking 

tape and stored in 95% ethanol. The walking technique involved removing all ticks found on the 

clothes of investigators during drag sampling. All adult ticks were morphologically identified to 

species using an extensive reference collection at the Gorgas Memorial Institute and via 

taxonomic keys in Fairchild et al. (1966) and Onofrio et al. (2006). Haemaphysalis juxtakochi 

nymphs and larvae were identified using Fairchild et al. (1966). Ixodes affinis nymphs and larvae 

were identified using Oliver et al. (1987). Nymphs of Amblyomma ovale and A. longirostre were 

identified using Martins et al. (2010). All other Amblyomma immature ticks could not be 

morphologically identified to species. 

Ticks were also collected from small mammals that were live-trapped in 40x13x13 cm 

Tomahawk traps. At each site, 100 traps were placed in a grid with 10 m interspacing and baited 

with ripe banana. Traps were covered with leaf litter for shelter and checked daily during 

morning hours for five consecutive days. Trapped mammals were weighed, sexed, and 

searched for ectoparasites across their whole body. All collected ticks were stored in 95% 

ethanol and identified to either species or genus using the aforementioned taxonomic keys. In 

addition, Venzal et al. (2008) was used to identify Ornithodoros puertoricensis ticks. Ticks that 

could not be morphologically identified to species were molecularly identified using either the 

16S rDNA or the mtDNA COI barcode fragment following Miller et al. (2016).  
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Microbes 

A total of 799 ticks (443 larvae and 356 nymphs) directly collected from small mammals were 

used to evaluate the presence of tick-borne pathogens and to characterize tick microbiome 

community composition. All ticks were individually processed under open benchtop conditions. 

We used surface sterilization techniques during tick sample preparation prior to DNA 

extractions, as described by Clay et al (2008). Genomic DNA was extracted from whole ticks 

using the QIAGEN DNeasy kit, following the manufacturer’s protocol (Qiagen, Valencia, CA, 

USA). PCR products were obtained targeting the V1 to V3 hypervariable regions of the 16S rRNA 

genes using the forward primer 5’-ATTACCGCGGCTGCTG-3’ (Muyzer et al. 1993) and reverse 

primer 5’-GTTTGATCCTGGCTCAG-3’ (Kane et al. 1993), covering ~500 bp. These hypervariable 

regions have previously been shown to be most suitable for distinguishing bacterial species to 

the genus level (Chakravorty et al. 2007). Individual barcode sequences were added to each tick 

sample, which allowed us to pool samples into one Illumina MiSeq paired-end sequencing run. 

Sequencing and demultiplexing was carried out at the Bioinformatics Core facility of the 

University of California Davis Genome Center.  

Raw sequence data were processed using the VSEARCH tool (Rognes et al. 2016). We 

first merged overlapping read-pairs using PEAR v0.9.8 (Zhang et al. 2014), removed primers 

and barcodes using CutAdapt v1.13 (Martin 2011), and filtered low quality reads using a 

maximum expected error threshold of 1 (Edgar and Flyvbjerg 2015). We then dereplicated both 

at the sample level (sequences within each individual tick) and at the study level (pooled 

sequences across sites), and removed all singletons and chimeras. Chimeras were detected de 

novo using the UCHIME algorithm (Edgar et al. 2011). A total of 10,768,663 clean reads of 

1,177,000 unique sequences were clustered de novo at the standard 97% similarity threshold, 

with each cluster representing an Operational Taxonomic Unit (OTU). A representative 

sequence of each OTU was taxonomically identified to genus using the Classifier tool (Wang et 

al. 2007) of the Ribosomal Database Project v11 (Cole et al. 2009).  

Statistical analyses 

Wildlife – All statistical analyses were performed in R version 3.3.3 (R Core Team 2017). In order 

to understand how ticks and bacterial microbes respond to increasingly disturbed wildlife 

communities, we first had to identify the strongest disturbance gradients. We did so by 

comparing wildlife capture rates of each species between sites with a Principal Component 
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Analyses (PCA) on the sites x species correlation matrix, using the R package stats. The first 

two axes of a PCA, henceforward PCA1 and PCA2, were uncorrelated and explained most of 

the variability in a dataset (see Jolliffe 2002). Thus, PCA1 and PCA2 described the two most 

important, independent gradients in the wildlife community composition. The site scores of 

PCA1 and PCA2 were entered as predictor variables in further analyses. As host density and 

species richness are often used to explain patterns of disease risk, we tested if log10-

transformed total capture rates and wildlife species richness correlated with PCA1 and PCA2. 

Ticks – We used generalized linear mixed models (GLMMs) to test how the number of questing 

ticks per meter drag sampling were related to biotic (PCA1, PCA2) and abiotic (elevation, 

rainfall) factors. We included a random intercept term for site to account for repeated 

measurements in each location (n=39). Year was partially crossed with site, but as there were 

only 3 levels (2012, 2013, and 2014) the among-year variance could not be reliably estimated 

and year was therefore treated as a fixed categorical factor (see Bolker et al. 2009). All variables 

were standardized prior to analyses by extracting the mean and dividing by two standard 

deviations following Gelman (2008). Counts of adults, nymphs, and larvae were overdispersed, 

and adult ticks were absent in 23 out of 39 samples. We therefore compared a zero-inflated 

with a standard negative binomial model for adult ticks using the Akaike’s Information Criterion 

corrected for small sample size, and found that the latter model performed better (ΔAICc = 

22.60). Variance inflation factors were <2, indicating that multicollinearity was not an issue. 

Thus, we included all variables without interactions and fitted negative binomial-distributed 

error terms with log-link function using the glmmADMB package (Fournier et al. 2012).  

We used a GLMM with a binomial distribution and logit link function to test how tick 

prevalence on small mammals was related to intrinsic (individual) and extrinsic (plot) factors. 

Tick prevalence was defined as the presence (1) or absence (0) of ticks on an individual small 

mammal. Re-captured individuals were omitted from the analyses. Intrinsic fixed factors 

included sex and body mass. Extrinsic fixed factors included PCA1, PCA2, and year. Body mass 

was log10-transformed prior to analysis. Sex was centred and all other variables were 

standardized by extracting the mean and dividing by two standard deviations (Gelman 2008). 

Site and species were entered as random factors with varying intercept. Variance inflation 

factors were all ~1, and there was no interaction between sex and body mass. We therefore 

included all variables without interactions in the model. 
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We used a general linear model (GLM) with a Gaussian distribution to test the 

relationship between tick species richness and biotic (PCA1, PCA2) and abiotic (elevation, 

rainfall) factors. The number of identified ticks was entered as weighting factor and all variables 

were standardized prior to analysis as described above. Variance inflation factors for the 

entered variables were all <4.  

Microbes – We used a GLMM with a negative binomial distribution to test how tick microbial 

diversity (no. of OTUs in each tick) was related to the wildlife gradients (PCA1, PCA2), individual 

host factors (taxon), and individual tick factors (life stage). Host taxon was either rodent or 

opossum and tick life stage was either larva or nymph. Year was entered as a fixed factor and 

site was entered as a random factor. PCA scores were standardized as previously described 

while host taxon and tick life stage were centred. Variance inflation factors were all ~1. 

We used a GLMM with a binomial distribution to test how pathogen prevalence in ticks 

was related to PCA1, PCA2, host taxon, and tick life stage. Pathogen prevalence was defined as 

the presence (1) or absence (0) of an OTU that was assigned to a genus of pathogenic tick-

borne bacteria. These included Anaplasma, Bartonella, Borrelia, Coxiella, Diplorickettsia, 

Francisella, Orientia, and Rickettsia (note: Orientia is represented by two species, O. 

tsutsugamushi and O. chuto, both of which cause scrub typhus. Although it is transmitted by 

larvae of trombiculid mites (chiggers), we have included it here as this life-threatening disease 

has only recently been reported for Latin America (Weitzel et al. 2016) and because the role for 

ticks as potential vectors has not been explored). Separate GLMMs were run for each of these 

genera, except Bartonella, which was observed in only one site. Year was entered as an 

additional fixed factor and site was entered as a random factor. PCA scores were standardized 

as previously described while host taxon and tick life stage were centred. Variance inflation 

factors were all ~1.  

We used a GLM with a Gaussian distribution to test the relationship between potential 

pathogen richness (number of OTUs assigned to the aforementioned genera) in each site and 

PCA1, PCA2, tick species richness, and species richness of live-trapped small mammals. The 

number of sequenced ticks was entered as weighting factor. All variables were standardized 

and variance inflation factors were <3. 
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Results 

Wildlife 

Wildlife community composition varied widely among sites (Fig 6.2). Together, the first two 

axes of the ordination diagram explained ca. 36% of the total variation in the wildlife capture 

rates among sites. The first axis (18.4% of the total variation) separated the isolated national 

parks in central Panama – Barro Colorado Island (BCI), Gigante (GIG), Pipeline Road (PLR), and 

Plantation Road (PLA) – from all other sites (Fig 6.2). Species that increased in relative 

abundance along this axis included the Central American agouti (Dasyprocta punctata), lowland 

paca (Cuniculus paca), collared peccary (Pecari tajacu), Central American red brocket (Mazama 

temama), white-tailed deer (Odocoileus virginianus), Baird’s tapir (Tapirus bairdii), white-nosed 

coati (Nasua narica), and ocelot (Leopardus pardalis). Thus, the first PCA axis represents a 

gradient of increasing relative abundance of medium- to large-sized frugivores and herbivores 

and one mesopredator. The strong increase of these species along the first axis may be 

explained by release from predation and/or competition, as jaguar (Panthera onca) and puma 

(Puma concolor) are rare or absent in each of the four sites, while game wardens intensively 

patrol BCI and GIG to prevent illegal hunting (Moreno et al. 2006, Willis 2009, Meyer et al. 2015). 

The second axis (17.3% of the total variation) separated sites according to their 

distance from Chagres National Park, a vast stretch of old-growth forest. Sites adjacent to 

Chagres NP – Cocobolo Nature Reserve (COC) and Portobelo National Park (PBO) – had 

species of all trophic levels, including apex predators, whereas sites that were furthest from 

Chagres NP were dominated by small habitat generalists, such as Tome’s spiny rat (Proechimys 

semispinosus), common opossum (Didelphis marsupialis), and nine-banded armadillo (Dasypus 

novemcinctus). Moreover, the three most disturbed sites along this gradient – Piña (PIN), Cerro 

Cama (CCA), and Las Pavas (PAV) – were frequently visited by cattle. Domestic cats and dogs 

were also more common in sites that were further from Chagres NP. Thus, the second PCA 

axis represents a gradient of decreasing trophic complexity of wildlife communities. The results 

of the PCA were not affected by excluding domestic animals (cattle, dog, cat) and wildlife 

species that are principally aquatic (i.e. Neotropical river otter Lontra longicaudis), arboreal 

(white-faced capuchin monkey Cebus capucinus, crested guan Penelope purpurascensi, 

Rothschild’s porcupine Coendou rothschildi, and red-tailed squirrel Sciurus granatensis) or very 

small in size (mouse opossums Marmosa sp. and mouse sp.) (Figure not shown). 
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Wildlife species richness ranged from 11.9 in StDom2 to 27.8 in EMP (see Appendix 

6: Table A6.1), but was neither correlated with the first (r19 = 0.08, P = 0.74) nor with the second 

PCA axis (r19 = -0.10, P = 0.67). Thus, while the identity of species and hence community 

composition of wildlife differed substantially among sites, species richness was not related to 

the two strongest gradients (see Appendix 6: Fig A6.1a-b). Total capture rates ranged from 11 

animals per m per 100 d in StDom2 to 103 animals per m per 100 days in BCI (see Appendix 6: 

Table A6.1) and was positively correlated with PCA1 (r19 = 0.74, P < 0.001) but not with PCA2 

(r19 = 0.20, P = 0.38)(see Appendix 6: Fig A6.1c-d). We will henceforward refer to PCA1 as the 

wildlife abundance gradient and PCA2 as the trophic complexity gradient. 

Ticks 

A total of 9573 larvae, 913 nymphs, and 135 adult ticks were collected from the free 

environment via drag sampling, while 508 larvae and 382 nymphs were collected from small 

mammals (see Appendix 6: Table A6.2). Trapped mammals included five species of rodent: 

Proechimys semispinosus (n=203), Hoplomys gymnurus (n=96), Oryzomys sp. (n=24), 

Heteromys sp. (n=8), and Melanomys sp. (n=1), and four species of opossum: Didelphis 

marsupialis (n=82), Marmosa sp. (n=35), Metachirus nudicaudatus (n=18), and Philander 

opossum (n=16). We used barcoding for 609 immature ticks that could not be morphologically 

identified to species and were successful in 599 cases. In total, 2722 ticks (24%) could be 

assigned to 16 species of 4 genera, including: Amblyomma auricularium, A. dissimile, A. geayi, 

A. longirostre, A. mixtum, A. naponense, A. oblongoguttatum, A. ovale, A. pacae, A. sabanerae, A. 

tapirellum, A. varium, Haemaphysalis juxtakochi, Ixodes affinis, and Ornithodoros puertoricensis. 

In addition, we had 1 unidentified Amblyomma larva for which the DNA sequence yielded no 

match to any reference in GenBank despite the high quality of the sequence. 

The GLMMs showed that densities of questing adults, nymphs, and larvae were all 

positively related to PCA1, but not to PCA2 (Table 6.1), i.e. the relative abundance of medium- 

to large-sized frugivores and herbivores was a significant predictor for questing tick densities, 

but the trophic complexity of the wildlife community was not (Fig 6.3a-b). Densities of questing 

immature ticks were also significantly related to abiotic factors, with nymphal densities 

declining with elevation and larval densities increasing with rainfall (Table 6.1). In addition, we 

found an effect of year for each life stage (Table 6.1). Tick prevalence on small mammals was 

positively related to both PCA1 and PCA2 (Table 6.2). Thus, the proportion of tick-infested small
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mammals increased with increasing abundance of medium- to large-sized frugivores and 

herbivores, and with decreasing structural complexity of wildlife communities (Fig 6.3c-d). Tick 

prevalence also increased with host body mass, and male individuals were more often 

parasitized than females (Table 6.2). Species richness of ticks increased significantly with 

PCA1, but was not related to PCA2, rainfall or elevation (F(4,14) = 4.26, R2adj = 0.42, Table 6.3, Fig 

6.3e-f). 

Table 6.2 Results of a binomial GLMM for tick prevalence on small mammals. Reported values include odds 

ratios and 95% confidence intervals (CI) for fixed factors, and variance and standard deviation (SD) for 

random factors.  

Tick prevalence 

Fixed factors Odds  95% CI 

PCA1 2.94** (1.32 – 6.53) 

PCA2 3.64*** (1.76 – 7.54) 

Sexa 2.27* (1.19 – 4.35) 

Body mass 2.53* (1.09 – 5.88) 

Year2013b 1.67 (0.70 – 3.98) 

Year2014b 2.57 (0.98 – 6.75) 

Random factors Variance SD 

Site <0.001 <0.001 

Species 0.40 0.64 
a  centered  odds rat ios  for  males  as c ompar ed  t o females  
b  st an dar dized odds  rat ios  as compared t o  zer o for  2012  

* P  <  0 .05

**  P  <  0 .01  

***  P  <  0 .001  

Table 6.3 Results of a general linear model for tick species richness per site. Reported values include 

standardized regression coefficients (β), 95% confidence intervals (CI), and t-test statistic. 

Tick species richness 

Predictors β 95% CI t 

PCA1 5.98** (2.06 – 9.89) 2.99 

PCA2 7.46 (-2.68 – 17.60) 1.44 

Rainfall 3.63 (-6.32 – 13.58) 0.72 

Elevation  1.49 (-5.38 – 8.36) 0.43 

**  P  <  0 .01  



Chapter 6 

Page | 136 

Microbes 

A total of 26,122 OTUs from 1609 bacterial genera of 404 families and 53 phyla were detected 

in 799 ticks (larvae n=443, nymphs n=356) collected from small mammals. Tick microbiomes 

were dominated by Proteobacteria (78% of all reads), followed by Firmicutes (7.4%), 

Actinobacteria (2.2%), and Bacteroidetes (1.9%). Genera with potential tick-borne pathogens 

included Anaplasma, Bartonella, Borrelia, Coxiella, Diplorickettsia, Francisella, Orientia, and 

Rickettsia (see Appendix 6: Table A6.3), which were present in a wide variety of tick species (see 

Appendix 6: Table A6.4). In fact, Francisella and Rickettsia were the two most common bacterial 

genera, accounting for 45.3% and 11.3% of all reads respectively. PCR results indicated that all 

Rickettsia-positive A. mixtum ticks were infected with R. amblyommii, which has been 

implicated as a potential cause of human rickettsiosis (Apperson et al. 2008).  

Microbial diversity in ticks was neither related to PCA1 nor to PCA2 (Table 6.4). Rather, 

microbial diversity depended on tick life stage, with nymphs having higher OTU diversity than 

larvae, and on host taxon, with ticks collected from rodents having higher OTU diversity than 

those collected from opossums. There was also a significant effect of year (Table 6.4). In 

contrast, the proportion of ticks infected with OTUs assigned to pathogenic genera did change 

along the wildlife disturbance gradients (Table 6.4). Specifically, the prevalence of Anaplasma 

and Borrelia increased along PCA1 (Fig. 6.4a,c) whereas the prevalence of Rickettsia-infected 

ticks decreased along the same axis (Fig 6.4e) and with Diplorickettsia prevalence decreasing 

along PCA2 (Fig 6.4h). Thus, although individual ticks harboured equally diverse microbial 

communities across sites, their odds of being infected with potentially pathogenic bacteria 

either increased or decreased with changes in wildlife community composition, depending on 

the type of pathogen. In addition, tick life stage was a significant predictor for Coxiella, 

Diplorickettsia, Francisella, and Rickettsia, with a higher prevalence of these genera in nymphs 

than in larvae. Host family also explained pathogen prevalence, with a higher prevalence of 

Anaplasma, Francisella, and Orientia in ticks collected from rodent hosts, and a higher 

prevalence of Coxiella and Rickettsia in ticks collected from opossums. Year was a significant 

predictor for several pathogens (Table 6.4).  

Finally, total microbial richness per site increased with tick species richness and the 

richness of live-trapped small mammals, but not with PCA1 or PCA2 (F(4,14) = 13.95, R2adj = 0.74, 

Table 6.5). Richness of potential pathogens in each site, i.e. the number of OTUs assigned to 
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pathogenic genera, increased with PCA1, tick species richness, and the richness of live-trapped 

small mammals, but did not with PCA2 (F(4,14) = 16.68, R2adj = 0.78, Table 6.5, Fig 6.5). 

F igure 6.3  Densi t ies of  quest in g  lar vae  (w hite) ,  ny mph s (grey ) ,  and  adu lt  t ic ks ( bl ack )  incr eased  

alon g t he  f i r st  PC A axis of  t he  wi ld l i fe  c ommu nity  c omposit ion  (a) ,  but  were  n ot  re lated  t o PC A2 

(b) .  T ick  pr eva len ce on smal l  mammals increased alon g PC A1 (c)  and PC A2 (d) .  T ick  species  

r ichness  a lso  increased  along  P CA1 (e) ,  but  was  n ot  re lated  t o PCA2 ( f ) .  Bubb le  size  re f lect s dr ag  

sampl ing  e ffor t  (a -b) ,  the nu mber  of  smal l  mammals (c-d) ,  or  th e  nu mber  of  ident i f ied  t ic ks (e- f) .  
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Figure 6.4  The infect ion prev alence  of  Anapl as ma  (a)  and Bo rre l i a  (c)  increased a lon g th e f i r st  

wi ld l i fe  P CA axis ,  w hereas the  infect ion pr eva len ce of  Ri ck etts i a (e)  decreased and  that  of  

Di plo r i ck et ts i a  (g )  d id n ot  ch ange.  In  c ontr ast ,  th e in fect ion  prev alence  of  Di plo r i ck et ts ia  ( h)  

decr eased alon g th e sec ond wi ld l i fe  PCA axis ,  wher eas th e prevalenc e of  Anapl as ma (b) ,  Borre l ia  

(d) ,  and Ri ck et ts i a  ( f )  did n ot .  B ubb le  s ize re f lect s th e nu mber  of  sequ enc ed t ic ks.  
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Figure 6.5  The t ota l  n u mber  of  OTUs th at  w ere  assigned  t o a path ogenic  genu s ( i .e .  Anapl as ma ,  

Bartonel l a ,  B orrel i a ,  Cox ie l l a ,  Di plo r i ck etts ia ,  Francis el l a ,  Or ient i a ,  Rick et ts i a)  in creased  a lon g t he 

f i r st  w i ld l i fe  PC A axis  (a)  but  d id  n ot  c han ge  signi f ic ant ly  a lon g t he second axis  (b) .   

Table 6.5 Results of a general linear model for total microbial OTU richness and OTU richness of potential 

pathogens per site. Reported values include standardized regression coefficients (β), 95% confidence 

intervals (CI), and t-test statistic. 

Microbial richness Pathogen richness 

β 95% CI t β 95% CI t 

PCA1 1317.8 (-69.24 – 2704.94) 1.86 7.41* (1.08 – 13.73) 2.30 

PCA2 -402.0 (-2409.44 – 1605.36) -0.39 -6.27 (-15.42 – 2.88) -1.34 

Tick species richness 2567.8* (740.07 – 4395.60) 2.75 11.39* (3.06 – 19.73) 2.68 

Host species richness 1736.4* (297.90 – 3174.86) 2.37 7.83* (1.27 – 14.39) 2.34 

* P <  0. 05

Discussion 

Anthropogenic disturbance of tropical forests can have cascading effects on tick communities 

and tick-borne disease risk through changes in wildlife community composition. In our study, 

sites where initially only apex predators were lost had higher abundances of medium- to large-

sized frugivores and herbivores, which in turn was related to higher tick densities, tick species 

richness, and tick prevalence on small mammals. Although the diversity of bacterial microbes 

in individual ticks did not change, the proportion of ticks infected with potential tick-borne 

pathogens did: infection prevalence of Anaplasma and Borrelia increased with wildlife 
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abundance, whereas Rickettsia prevalence decreased. When medium- to large-sized frugivores 

and herbivores also disappeared, wildlife communities were dominated by small- to medium-

sized habitat generalists. Rats and opossums were increasingly more likely to be parasitized by 

ticks in such degraded habitats than in sites with more trophically complex wildlife 

communities. However, Diplorickettsia prevalence decreased with loss of trophic complexity, 

whereas the prevalence of other pathogenic genera did not change. Thus, anthropogenic 

changes to wildlife communities either diluted, amplified, or had no effect on infection 

prevalence, depending on the pathogen and degree of disturbance. 

The increase in tick abundance and species richness with the first (wildlife abundance) 

but not the second (trophic complexity) disturbance gradient can be explained by host-feeding 

preferences. While the immature stages tend to parasitize a wide range of host species, the 

adults of most tick species in Panama are quite host-specific (Chapter 2) particularly to larger-

bodied host species (Chapter 4). The majority of ticks collected via drag sampling preferentially 

feed on medium- to large-sized frugivores and herbivores (i.e. A. naponense, A. pacae, A. 

tapirellum, H. juxtakochi, I. affinis) and/or carnivores (i.e. A. ovale, I. affinis) in the adult stage. 

Deer, peccary, paca, agouti, coati and ocelot all increased in abundance across the first 

disturbance gradient, providing female ticks with more opportunities to feed, mate, and produce 

viable eggs. Previous studies have shown that forest fragmentation and loss of apex predators 

may augment wildlife densities as a result of predatory and competitive release (Michalski and 

Peres 2007, Ripple et al. 2014), which may explain the hyperabundance of the aforementioned 

species, and that of their associated ticks, in large forest fragments that lacked apex predators. 

Higher densities of questing ticks in the vegetation may explain why a higher 

proportion of rats and opossums were parasitized by ticks in sites with more wildlife. But how 

can the increased tick prevalence with loss of trophic complexity be explained? Neither wildlife 

species richness, nor abundance, or densities of questing ticks changed along this gradient. 

Keesing et al. (2006) suggested that predators have the ability to reduce encounter rates 

between vectors and hosts through their impact on host behaviour. It is well established that 

rodents and other prey species reduce their activity level in response to (perceived) risk of 

predation (Díaz et al. 2005, Borowski and Owadowska 2010, Haapakoski et al. 2015, Hegab et 

al. 2015), which in turn may decrease their chances of encountering parasites and/or 

pathogens (Keesing et al. 2006). Indeed, Hofmeester et al. (Hofmeester et al. 2017) recently 

showed that tick prevalence on rodents decreased with increasing predator abundance. We 
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tested this hypothesis and found that the proportion of hyper-carnivores (species whose diet 

consists of at least 70% meat) was negatively related to tick prevalence on small mammals 

(deviance difference = 14.62, odds = 0.80, P < 0.001). Although alternative hypotheses could 

explain increased encounter rates between ticks and small mammals in more disturbed 

fragments (e.g. increased foraging activity), these findings merit further investigation into the 

role of host movement behaviour in tick-host interactions and tick-borne disease dynamics 

(Hofmeester et al. 2017). 

In line with the ‘diversity begets diversity’ hypothesis, we found that total microbial 

richness as well as OTU richness of potential pathogens per site increased with tick species 

richness. High parasite diversity is thus a source of infectious diseases (Morand et al. 2014). 

Surprisingly however, microbial diversity in individual ticks did not change across the two 

disturbance gradients, possibly due to competitive or facilitative interactions among bacteria 

within ticks that may affect colonization and transmission of other microbial species 

(Burgdorfer et al. 1980, Macaluso et al. 2002, de la Fuente et al. 2003, Lively et al. 2005). Future 

studies should evaluate the potential role of such microbial interactions in structuring tick 

microbial communities (see also Clay and Fuqua 2010). In contrast, infection prevalence of 

specific pathogens in individual ticks either increased (Borrelia, Anaplasma) or decreased 

(Rickettsia, Diplorickettsia), depending on the disturbance gradient. Thus, while the richness of 

individual tick microbiomes was unaffected by changes in wildlife community composition, the 

identity of the bacterial species and hence pathogen prevalence did change.  

The availability of competent reservoir hosts may play an important role in the 

observed changes in pathogen prevalence. For example, rodents, opossums, and dogs have 

been identified as reservoir hosts for Rickettsia (Burgdorfer et al. 1962, Bozeman et al. 1967, 

Nicholson et al. 2010, Bermúdez et al. 2017), and while small rodents are also reservoir for a 

range of other pathogens such as Borrelia and Anaplasma (Meerburg et al. 2009), various 

strains of relapsing fever group Borrelia and Anaplasma also circulate in deer and other large 

ungulates (Massung et al. 2005, Kawahara et al. 2006, Moyer et al. 2006, Yparraguirre et al. 

2007, Nieto et al. 2012, Sacchi et al. 2012, Stuen et al. 2013, Lee et al. 2014). Changes in the 

prevalence of these pathogens reflected changes in the abundance of their respective reservoir 

hosts: Rickettsia and small mammals both decreased, whereas Borrelia, Anaplasma and 

ungulates both increased along the first disturbance gradient. As for Diplorickettsia: this genus 

was only recently discovered (Mediannikov et al. 2010) and a potential vertebrate reservoir host 
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remains to be elucidated. Its type species however, D. massiliensis, has been found to be 

pathogenic for humans (Subramanian et al. 2012). Our results indicate that pathogen-specific 

differential host use patterns may cause certain host species (e.g. deer) to simultaneously 

dilute the prevalence of some pathogens (e.g. Rickettsia) while amplifying the prevalence of 

others (e.g. Borrelia and Anaplasma) (Randolph and Dobson 2012). 

However, the most important metric to quantify human risk to tick-borne diseases is 

the density of infected ticks (Wood and Lafferty 2013). This requires simultaneous 

consideration of both pathogen prevalence and vector abundance. By combining these data, it 

becomes clear that any reduction in pathogen prevalence across the first gradient, such as for 

Rickettsia, is offset by the tremendous increase in densities of questing ticks (see Appendix 6: 

Fig A6.2). Thus, vector augmentation via high wildlife abundance is likely to negate any dilution 

effect across the first disturbance gradient, resulting in high densities of infected ticks 

(Randolph and Dobson 2012). In contrast, densities of infected ticks do not increase across the 

second disturbance gradient due to a combination of low infection prevalence and constant 

tick densities (see Appendix Fig A6.2). This suggests that the relationship between biodiversity 

loss and disease risk may be non-linear: loss of apex predators initially increases tick-borne 

disease risk through vector augmentation by medium- to large-sized frugivores and herbivores, 

but subsequent loss of these important reproduction hosts decreases disease risk again by 

reducing tick abundance. Non-linear relationships between biodiversity and disease risk have 

previously been hypothesized (Wood and Lafferty 2013, Gottdenker et al. 2014, Wood et al. 

2016), but this study is among the first to have found evidence for this hypothesis.

Our analyses of tick microbiota and potential disease risk also have limitations. Blood 

feeding increases microbial diversity in ticks, including the proportion of OTUs identified as 

Rickettsia (Heise et al. 2010). Subsequent transmission of pathogens to susceptible hosts 

depends on the tick’s ability to maintain infection transstadially, i.e. after molting from larva to 

nymph and from nymph to adult (Clay and Fuqua 2010). Unfortunately, very few data are 

available on the vector capacity of most tick species in Central America, and the role of reservoir 

hosts is only starting to unfold (Bermúdez et al. 2016, Bermúdez et al. 2017). In addition, ticks 

host a large variety of endosymbiotic, transovarially-transmitted bacteria, including species 

within Coxiella, Francisella, and Rickettsia (Noda et al. 1997, Scoles 2004, Perlman et al. 2006). 

It remains unclear which of the OTUs that were assigned to pathogenic genera are non-

pathogenic endosymbionts and which are in fact pathogenic to humans or wildlife. Other 
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pathogenic microbes, such as protozoan parasites (e.g. Babesia) or tick-borne Flaviviruses 

were not detected because of our focus on bacterial 16S rRNA. However, we consider that 

patterns of response of these pathogens to biodiversity may have been similar to those we 

describe for bacteria and should not strongly affect our conclusions. 

Our study corroborates the need to move beyond simple measures of biodiversity 

loss, such as fragment size or species richness, and to directly measure the composition and 

structure of wildlife communities (LoGiudice et al. 2008, Randolph and Dobson 2012). The use 

of camera traps allowed us to do this and to subsequently identify the two strongest 

disturbance gradients. Wildlife species richness did not change across either of these gradients, 

suggesting substitution of lost species. Thus, sites that varied from small secondary fragments 

to large old-growth forests had similar number of species, but very different wildlife 

communities in terms of abundance and trophic complexity. Reanalysing our data showed that 

only tick species richness increased with wildlife species richness. None of the other measures 

(i.e. tick density and prevalence, microbial diversity, and pathogen prevalence or richness) could 

be explained by wildlife species richness. This emphasizes the importance of considering the 

identity of each suite of species and suggests that densities of specific (reproduction) hosts 

may be a more important factor than species richness per se for tick population and tick-borne 

disease dynamics. 
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Appendix 6 

Figure A6.1  Wi ldl i fe  spec ies r i ch ness  d id  n ot  ch ange alon g t he  f i rst  tw o pr inc ipal  c ompon ent  axes,  

PCA1 (a)  and PCA2 (b ) .  Wi ld l i fe  abun dance incr eased a lon g PC A1 (c)  but  not  a lon g PC A2 (d) .  Bubble 

size  re f lect s t he  nu mber  of  animal  passages r ec orded  per  s i t e  (a -b)  or  the  n u mber  of  camera 

deploy ment  day s (c-d) .   
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Figure A6.2  The predict ed  dens i ty  of  infected  ny mph s (g rey )  an d adult s  ( bl ack )  as  a  c ombin at ion 

of  quest ing  t ic k den si t i es  an d infect ion prevalenc e in  respect iv e ly  larv ae an d ny mph s fr om smal l  

mammals.  Bubble size  re f lects  t he n u mber  of  sequenced t ic ks.  
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Table A6.1 Summary of camera trapping data: sampling effort (in days), total number of animal captures, 

observed species richness (Sobs), estimated total species richness (Jack1) with lower and upper confidence 

intervals (CIJack1), and total capture rate (m-1 per 100 days) of wildlife for each site. 

Site Sampling effort No. captures Sobs Jack1 CIJack1 Capture rate 

AgSa1 798 681 21 23.9 (23.14 – 24.66) 25.8 

AgSa2 571 426 19 21.9 (21.22 – 22.52) 21.6 

AgSa3 576 302 16 18.8 (18.07 – 19.55) 15.6 

AgSa4 131 181 11 14.9 (13.34 – 16.16) 39.0 

BCI 715 3320 16 17.9 (17.44 – 18.42) 103.3 

CCA 609 749 15 16.9 (16.45 – 17.41) 36.6 

COC 565 415 21 22.9 (22.23 – 23.51) 19.8 

EMP 561 354 22 27.8 (27.00 – 28.58) 19.7 

GIG 938 2246 15 16.0 (15.63 – 16.31) 56.9 

LIM 710 562 20 24.8 (23.69 – 25.97) 21.2 

PAV 352 315 13 13.9 (13.48 – 14.40) 30.9 

PBO 740 690 20 22.9 (22.31 – 23.49) 21.0 

PIN 529 416 17 22.8 (21.96 – 23.58) 25.9 

PLA 702 1131 17 19.9 (19.29 – 20.49) 44.6 

PLR 509 1317 22 24.9 (24.29 – 25.49) 86.2 

Srllor2 395 271 14 16.8 (16.04 – 17.56) 20.5 

Srllor3 647 612 18 22.8 (22.08 – 23.56) 28.1 

Srllor4 334 179 13 13.9 (13.44 – 14.42) 14.1 

StDom1 282 239 14 16.8 (16.01 – 17.57) 23.9 

StDom2 356 143 10 11.9 (10.89 – 12.83) 11.3 

StDom3 626 506 18 19.0 (18.60 – 19.32) 23.2 



Ta
bl

e 
A6

.2
 S

um
m

ar
y 

da
ta

 o
n 

tic
ks

: a
ve

ra
ge

 n
um

be
r 

of
 q

ue
st

in
g 

tic
ks

 (
pe

r 
10

00
 m

2 )
, t

ic
k 

pr
ev

al
en

ce
 (

no
. 

ho
st

s 
w

ith
/w

ith
ou

t 
tic

ks
), 

nu
m

be
r 

of
 

ny
m

ph
s 

an
d 

la
rv

ae
 c

ol
le

ct
ed

 fr
om

 s
m

al
l m

am
m

al
s,

 to
ta

l n
um

be
r o

f i
de

nt
ifi

ed
 ti

ck
s,

 a
nd

 s
pe

ci
es

 ri
ch

ne
ss

 o
f t

ic
ks

 fo
r e

ac
h 

si
te

. 

Si
te

 
Dr

ag
 s

am
pl

in
g 

Li
ve

 tr
ap

pi
ng

 
To

ta
l 

N
o.

 a
du

lts
 

N
o.

 n
ym

ph
s 

N
o.

 la
rv

ae
 

Ti
ck

 p
re

va
le

nc
e 

N
o.

 n
ym

ph
s 

N
o.

 la
rv

ae
 

N
o.

 ti
ck

s 
id

en
tif

ie
d 

Sp
ec

ie
s 

ric
hn

es
s 

Ag
Sa

1 
1.

67
 

6 
16

.6
7 

1/
2 

1 
0 

14
 

4 

Ag
Sa

2 
0 

14
.3

3 
48

.6
7 

6/
6 

40
 

34
 

97
 

7 

Ag
Sa

3 
0 

32
.3

3 
30

3.
67

 
1/

1 
1 

4 
58

9 
2 

Ag
Sa

4 
20

 
16

 
0 

8/
3 

27
 

15
 

66
 

8 

BC
I 

28
 

20
5.

5 
69

2.
5 

24
/1

5 
73

 
75

 
86

0 
10

 

CC
A 

0 
1 

90
5 

4/
4 

23
 

14
 

29
 

6 

CO
C 

1 
3 

26
3.

5 
3/

15
 

3 
3 

6 
3 

EM
P 

2 
7 

18
 

8/
3 

21
 

18
 

45
 

10
 

G
IG

 
7 

77
 

18
00

.5
 

15
/1

3 
41

 
52

 
24

6 
9 

LI
M

 
0 

0.
5 

46
.5

 
4/

10
 

2 
21

 
22

 
4 

PA
V 

0 
18

.5
 

11
.5

 
6/

4 
5 

11
 

15
 

4 

PB
O

 
0.

5 
1.

5 
60

.5
 

3/
15

 
4 

46
 

20
 

3 

PI
N

 
0 

0.
5 

36
0.

5 
6/

2 
7 

11
 

18
 

3 

PL
A 

8 
24

 
91

.5
 

3/
1 

0 
1 

10
5 

4 

PL
R 

6 
27

.5
 

17
3.

5 
17

/6
 

74
 

17
8 

40
2 

14
 

Sr
llo

r2
 

0 
1.

5 
0.

5 
13

/1
4 

25
 

23
5 

10
8 

6 

Sr
llo

r3
 

3.
5 

1.
5 

20
9 

6/
14

 
8 

31
 

38
 

3 

Sr
llo

r4
 

- 
- 

- 
1/

2 
3 

0 
3 

2 

St
Do

m
1 

0 
5 

8 
8/

14
 

64
 

34
 

48
 

7 

St
Do

m
2 

0 
1 

29
 

0/
1 

0 
0 

0 
- 

St
Do

m
3 

0 
1 

28
.5

 
0/

5 
0 

0 
0 

- 

Host–tick–pathogen interactions

Page | 149



Ta
bl

e 
A6

.3
 S

um
m

ar
y 

of
 s

eq
ue

nc
in

g 
da

ta
 p

er
 s

ite
: n

um
be

r o
f t

ic
ks

 s
eq

ue
nc

ed
, n

um
be

r o
f O

TU
s 

id
en

tif
ie

d,
 a

nd
 n

um
be

r o
f t

ic
ks

 th
at

 te
st

ed
 p

os
iti

ve
 fo

r 

pa
th

og
en

ic
 g

en
er

a.
 T

he
 n

um
be

r o
f O

TU
s 

th
at

 w
er

e 
pl

ac
ed

 w
ith

in
 a

 b
ac

te
ria

l g
en

us
 a

re
 in

di
ca

te
d 

be
tw

ee
n 

br
ac

ke
ts

. 

N
o.

 ti
ck

s 
N

o.
 O

TU
s 

An
ap

la
sm

a 

(n
=2

0)
 

Ba
rto

ne
lla

 

(n
=1

) 

Bo
rre

lia
 

(n
=6

) 

Co
xi

el
la

 

(n
=7

) 

Di
pl

or
ic

ke
tts

ia
 

(n
=2

2)
 

Fr
an

ci
se

lla
 

(n
=2

3)
 

Or
ie

nt
ia

 

(n
=1

7)
 

Ri
ck

et
ts

ia
 

(n
=7

) 

Ag
Sa

1 
1 

22
 

0 
0 

0 
1 

0 
1 

0 
1 

Ag
Sa

2 
68

 
3,

40
0 

4 
0 

2 
5 

3 
62

 
0 

41
 

Ag
Sa

3 
5 

46
9 

0 
0 

0 
0 

1 
5 

0 
1 

Ag
Sa

4 
41

 
2,

29
5 

0 
0 

0 
7 

1 
39

 
2 

31
 

BC
I 

14
2 

7,
29

3 
19

 
3 

8 
35

 
8 

12
7 

1 
88

 

CC
A 

29
 

2,
97

3 
1 

0 
0 

1 
4 

28
 

2 
22

 

CO
C 

4 
33

1 
0 

0 
0 

1 
0 

4 
0 

4 

EM
P 

38
 

2,
38

4 
4 

0 
0 

3 
3 

37
 

0 
26

 

G
IG

 
66

 
5,

07
3 

8 
0 

8 
4 

5 
66

 
5 

26
 

LI
M

 
22

 
3,

21
5 

3 
0 

0 
6 

2 
20

 
1 

16
 

PA
V 

15
 

2,
49

3 
3 

0 
0 

1 
0 

15
 

0 
10

 

PB
O

 
18

 
1,

51
9 

1 
0 

0 
1 

3 
18

 
1 

13
 

PI
N

 
18

 
1,

98
8 

4 
0 

0 
2 

1 
18

 
1 

14
 

PL
A 

1 
23

3 
0 

0 
0 

0 
0 

1 
0 

1 

PL
R 

13
3 

8,
67

8 
12

 
0 

10
 

10
 

10
 

13
1 

11
 

62
 

Sr
llo

r2
 

10
3 

6,
57

0 
5 

0 
1 

11
 

8 
97

 
7 

74
 

Sr
llo

r3
 

37
 

1,
72

8 
4 

0 
0 

1 
10

 
35

 
1 

25
 

Sr
llo

r4
 

3 
46

2 
0 

0 
0 

2 
1 

3 
0 

2 

St
Do

m
1 

57
 

3,
38

2 
2 

0 
2 

24
 

5 
49

 
5 

31
 

St
Do

m
2 

0 
- 

- 
- 

- 
- 

- 
- 

- 
- 

St
Do

m
3 

0 
- 

- 
- 

- 
- 

- 
- 

- 
- 

Chapter 6 

Page | 150 



Ta
bl

e 
A6

.4
 S

um
m

ar
y 

of
 s

eq
ue

nc
in

g 
da

ta
 p

er
 t

ic
k 

sp
ec

ie
s:

 n
um

be
r 

of
 s

eq
ue

nc
ed

 in
di

vi
du

al
s,

 n
um

be
r 

of
 O

TU
s 

de
te

ct
ed

, a
nd

 t
he

 n
um

be
r 

of
 t

ic
ks

 

th
at

 te
st

ed
 p

os
iti

ve
 fo

r p
at

ho
ge

ni
c 

ba
ct

er
ia

l g
en

er
a.

 T
he

 n
um

be
r o

f O
TU

s 
th

at
 w

er
e 

de
te

ct
ed

 w
ith

in
 a

 s
pe

ci
fic

 g
en

us
 a

re
 in

di
ca

te
d 

be
tw

ee
n 

br
ac

ke
ts

. 

N
o.

 ti
ck

s 
N

o.
 O

TU
s 

An
ap

la
sm

a 
Ba

rto
ne

lla
 

Bo
rre

lia
 

Co
xi

el
la

 
Di

pl
or

ic
ke

tts
ia

 
Fr

an
ci

se
lla

 
Or

ie
nt

ia
 

Ri
ck

et
ts

ia
 

Am
bl

yo
m

m
a 

au
ric

ul
ar

iu
m

 
75

 
3,

05
3 

7(
4)

 
0 

0 
3(

2)
 

6(
3)

 
74

(5
) 

5(
2)

 
66

(5
) 

di
ss

im
ile

 
28

 
2,

27
6 

2(
2)

 
0 

0 
1(

1)
 

1(
1)

 
28

(5
) 

1(
1)

 
16

(4
) 

ge
ay

i 
28

 
1,

86
5 

1(
1)

 
0 

1(
1)

 
23

(1
) 

10
(3

) 
21

(3
) 

0 
23

(6
) 

lo
ng

iro
st

re
 

1 
19

3 
0 

0 
0 

0 
0 

1(
1)

 
0 

1(
1)

 

m
ix

tu
m

 
44

 
1,

32
5 

2(
1)

 
0 

2(
2)

 
39

(1
) 

1(
1)

 
35

(5
) 

2(
2)

 
37

(4
) 

na
po

ne
ns

e 
5 

79
9 

0 
0 

0 
3(

1)
 

0 
5(

1)
 

1(
1)

 
2(

1)
 

ob
lo

ng
og

ut
ta

tu
m

 
1 

26
 

0 
0 

0 
0 

0 
1(

1)
 

0 
0 

ov
al

e 
10

3 
3,

87
0 

6(
3)

 
0 

7(
4)

 
2(

1)
 

7(
5)

 
10

2(
18

) 
14

(2
) 

60
(3

) 

pa
ca

e 
45

 
2,

53
2 

1(
1)

 
0 

0 
2(

2)
 

4(
5)

 
44

(5
) 

4(
3)

 
42

(5
) 

sa
ba

ne
ra

e 
25

2 
8,

24
0 

19
(9

) 
2(

1)
 

0 
7(

3)
 

29
(1

0)
 

24
1(

14
) 

3(
3)

 
13

5(
4)

 

ta
pi

re
llu

m
 

1 
18

4 
0 

0 
0 

1(
1)

 
0 

1(
1)

 
0 

1(
1)

 

va
riu

m
 

9 
1,

23
3 

2(
1)

 
0 

0 
0 

0 
9(

1)
 

0 
5(

2)
 

sp
. 

1 
14

 
0 

0 
0 

0 
0 

0 
0 

0 

H
ae

m
ap

hy
sa

lis
 

ju
xt

ak
oc

hi
 

16
4 

6,
50

4 
22

(1
0)

 
0 

4(
4)

 
7(

5)
 

6(
4)

 
16

4(
12

) 
6(

5)
 

81
(4

) 

Ix
od

es
 af
fin

is
 

2 
10

8 
0 

0 
0 

0 
0 

1(
1)

 
0 

2(
1)

 

Or
ni

th
od

or
os

 

pu
er

to
ric

en
si

s 
32

 
1,

47
5 

8(
4)

 
1(

1)
 

17
(2

) 
25

(1
) 

1(
2)

 
21

(1
) 

1(
1)

 
13

(2
) 

Host–tick–pathogen interactions

Page | 151  





Chapter 7 

General discussion 



Page | 154 

Introduction 

The ongoing loss of biodiversity and increasing emergence of infectious diseases has sparked 

great interest in the possibility of a causal link between these concurrent patterns. A negative 

relationship between biodiversity and disease risk could offer a win-win situation for nature 

conservation and human health (Kilpatrick et al. 2017). However, the generality of this 

relationship and the underlying mechanisms are still subject of a contentious debate (Randolph 

and Dobson 2012, Salkeld et al. 2013, Huang 2014, Civitello et al. 2015, Hofmeester 2016). The 

aim of this thesis was to contribute to a better understanding of the interactions between ticks 

and their vertebrate hosts in a biodiversity hotspot, and how loss of biodiversity affects these 

interactions and ultimately, tick-borne disease risk. My study was among the first to 

simultaneously consider and directly assess broader communities of wildlife, ticks, and tick-

borne pathogens across an anthropogenic disturbance gradient in tropical forests. I used a 

combination of camera trapping to monitor wildlife communities, live trapping of small 

mammals, drag sampling of questing ticks, and molecular techniques for the identification of 

ticks and tick-borne pathogens. In this final chapter I synthesize the results of this thesis and 

discuss how they contribute to the biodiversity-disease discussion.  

Host-use patterns of ticks 

To understand whether and how biodiversity loss affects tick-borne disease risk in tropical 

forests, I first needed to quantify the ecological relationships between ticks and their hosts. 

Ticks are not distributed randomly across vertebrate hosts (Wilson et al. 2002). The number 

and diversity of ticks carried by a host species depends on tick feeding preferences as well as 

host biological and ecological traits (Randolph 2004). These factors contribute to pathogen 

transmission dynamics in a number of ways. For example, the degree to which parasites such 

as ticks are host-specific is a key determinant of their local abundance (Krasnov et al. 2004b) 

and the potential routes by which pathogens can be transmitted across vertebrate host taxa 

(McCoy et al. 2013). Generalist ticks are more likely to transmit pathogens among a wide range 

of host species (Ostfeld and Keesing 2012), and may feed proportionally more from disease 

reservoir hosts in forest fragments with impoverished wildlife communities (Allan et al. 2003, 

Keesing et al. 2010, Gottdenker et al. 2012). Therefore, generalized host-feeding of vectors is a 
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prerequisite for the dilution effect hypothesis, which states that loss of host diversity should 

increase disease risk by redistributing vector meals among more competent host species 

(Ostfeld and Keesing 2000, Keesing et al. 2006). However, theory predicts that specialization 

should be high in species-rich communities such as those in tropical forests (MacArthur 1972, 

May 1973, Chesson 2000). Whether tropical ticks indeed tend to be host-specific has received 

relatively little attention, and studies so far have found mixed patterns (Cumming 1998, Nava 

and Guglielmone 2013, Wells et al. 2013, Espinaze et al. 2015). 

My results indicate that the ticks from Panama, a biodiversity hotspot, are highly host-

specific in the adult stage. Using a combination of quantitative network analyses and 

phylogenetic tools, I have found evidence for 1) structural differences in the distribution of adult 

ticks across their vertebrate hosts, indicating that some host species are ecologically more 

important than others (structural specificity), and 2) phylogenetic relatedness among exploited 

host species, which is an important aspect of evolutionary specialization and indicates that 

adult ticks tend to feed on more closely related host species (phylogenetic specificity) (Chapter 

2). Moreover, species assemblages of adult ticks became increasingly diverse on larger-bodied 

host species, indicating that adult ticks in Panama tend to select for large reproduction hosts 

(Chapter 4). This is in agreement with studies from Europe, where the vector of Lyme disease, 

Ixodes ricinus, principally feeds from roe deer and other ungulates during the adult life stage 

(Hofmeester et al. 2016), and with studies from Africa, where wild ungulates were the most 

important hosts for adult ticks (Gallivan and Horak 1997).  

Immature ticks showed rather different host-feeding patterns. We collected larvae and 

nymphs of numerous tick species from a wide variety of birds (Chapter 3), small rodents, and 

opossums (Chapter 6): host species on which adult ticks were less common (Chapter 2, 4). 

Many of the larvae and nymphs that were collected from small vertebrates feed on entirely 

different hosts during the adult stage. But immature ticks also fed from larger vertebrates. In 

fact, my analyses from chapter 4 showed that assemblages of immature ticks were equally 

diverse across a large number of host taxa (ranging in body size by 3 orders of magnitude). 

This suggests that across vertebrate host taxa, larvae and nymphs may feed more 

opportunistically than their adult counterparts. Other studies also found that immature ticks 

were less host-specific than adults (Nava and Guglielmone 2013, Espinaze et al. 2015). There 

are several mutually non-exclusive explanations for this difference. First, adult ticks quest in 

higher vegetation layers than immature ticks, where they may miss small host species 
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(Randolph and Storey 1999). Second, adult ticks need to maximize their chances of 

encountering a mating partner, which they often find on hosts and hence should drive host 

specificity (Espinaze et al. 2015). Immature ticks in contrast, need to maximize their chances 

of acquiring a blood-meal, which should drive host generality. Finally, host-immune responses 

or host grooming could potentially affect adult ticks more strongly than immature ticks feeding 

on small vertebrates, although I am not aware of any study that tested this hypothesis. 

Besides analyses across host taxa, I also examined the distribution of larvae and 

nymphs across host individuals. Among live-trapped small mammals, tick prevalence 

increased with host body mass and males were more likely to have ticks than females (Chapter 

6). However, because males tend to be larger than females, host body mass may be 

confounded with sex. Reanalysis of the data showed that host body mass was no longer a 

significant predictor of tick prevalence when only males (GLMM: β = 0.52, P = 0.29) or females 

(GLMM: β = 1.27, P = 0.07) were included in the analyses. Thus, sex-biased parasitism was 

driven by sex as opposed to body mass. Male-biased tick infestation can be explained by males 

having higher testosterone levels, which reduces both innate and required resistance to tick 

feeding (Hughes and Randolph 2001), and larger home ranges, which increasing their chances 

of encountering ticks (Tew and Macdonald 1994). In contrast, no effect of host sex was found 

for avian hosts: male and female birds were equally likely to be parasitized (Chapter 3). 

Apparently, behavioural differences between male and female birds are too small or not 

important enough to result in differences in exposure to ticks (Marsot et al. 2012). Avian 

ecological traits across species however, did predict tick parasitism: forest habitation, terrestrial 

foraging, bark insectivory, and lowland residency all increased risk of acquiring ticks (Chapter 

3). Further, resident birds were more often parasitized than migratory birds, possibly reflecting 

differences in host quality and immune response. Migratory birds are exposed to more diverse 

parasite faunas and, in response, have evolved larger immune defence organs than resident 

birds (Møller and Erritzøe 1998), which could explain their lower tick prevalence.  

Host diversity drives tick and pathogen diversity 

High tick-host specificity implies that ticks should be sensitive to loss of host species following 

anthropogenic disturbances such as habitat fragmentation and hunting. Lack of specific 

reproduction hosts for adult ticks should strongly limit tick abundance and could make them 
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susceptible to secondary extinction, even if larvae and nymphs are able to feed from a larger 

variety of host species (Lafferty 2012). The previously-connected islands and peninsulas of the 

Barro Colorado Nature Monument (BCNM) offered the ideal opportunity to test this hypothesis 

(Chapter 5). As the BCNM is well-protected from hunting and largely surrounded by water, the 

size of these forest fragments was a strong predictor for wildlife abundance and species 

richness, concordant with island biogeography theory (MacArthur and Wilson 1967). In turn, the 

abundance and species richness of ticks was tightly linked to that of wildlife. These results 

contribute to a growing consensus that host diversity begets parasite diversity (Hechinger and 

Lafferty 2005). In a recent meta-analysis, Kamiya et al. (2014b) demonstrated that species 

richness of a wide range of endo- and ectoparasites increased with that of their hosts. Chapter 

5 extends these findings by providing the first empirical evidence for a positive relationship 

between host and tick species richness.  

The linearity of this relationship is in agreement with theoretical models predicting 

host-parasite coextinction risk (Lafferty 2012). Several studies have suggested that parasites 

could make up the unseen majority of species extinctions (Koh et al. 2004, Dobson et al. 2008, 

Dunn et al. 2009, Lafferty 2012), but empirical evidence of host-parasite coextinction events are 

relatively scarce. Using data on endoparasitic helminths in fish, Strona et al. (2013) argued that 

this is because specialist parasites use hosts with low extinction risk. My results demonstrate 

that the opposite is true for ectoparasitic ticks and their hosts in tropical forests. Adult ticks 

tended to feed from larger-bodied vertebrates (Chapter 3), which are more likely to suffer 

primary extinctions (Purvis et al. 2000, Cardillo et al. 2005). Indeed, specialist tick species were 

only found in larger fragments of the BCNM where their specific reproduction hosts (i.e. peccary 

and deer) were captured by camera traps. As specialist tick species disappeared, tick 

communities became increasingly dominated by a generalist species, Amblyomma 

oblongoguttatum (Chapter 5). Susceptibility of specialist ticks but robustness of generalist ticks 

to local community disassembly is in agreement with theoretical predictions (Lafferty 2012), 

and suggests that questing ticks can be used as bioindicators of wild fauna (Marcogliese 2005, 

Ogrzewalska et al. 2011). 

A related study by Bush et al. (2013) showed that species richness of lice on birds 

declined with forest fragment size and that some parasite genera were absent from the 

smallest fragments. Although neither the lice in that study nor the ticks of the BCNM became 

actually extinct, the absence of specialist ticks in locations where their specific host species 
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disappeared provides a clear example of local host-parasite coextirpation. The presence of 

multiple life stages, high host specificity, and higher extinction risk for hosts than non-hosts 

should all increase parasite extinction risk (Lafferty 2012). All of these risk factors exist in my 

study system. First, ticks have complex life cycles with multiple developmental stages. Second, 

adult ticks showed high host specificity (Chapter 2). Third, principal reproduction hosts for adult 

ticks were large vertebrates (Chapter 4), which have higher extinction risks than smaller 

vertebrates (Purvis et al. 2000, Cardillo et al. 2005).  

The positive relationship between host and parasite diversity that exists for 

vertebrates and ticks should also apply to ticks and their microbiome. Indeed, in chapter 6 I 

found that sites with higher species richness of ticks had higher numbers of Operational 

Taxonomic Units (OTUs), a measure of microbial species richness. Likewise, the number of 

OTUs that were assigned to potentially pathogenic taxa increased with tick species richness. 

Other studies have also shown that tick community composition strongly regulates pathogen 

community composition (Cumming and Guégan 2006). From this I conclude that species 

richness of wildlife is positively related to species richness of ticks, which in turn is positively 

related to species richness of microbial endosymbionts and (potential) tick-borne pathogens. 

This suggests that high biodiversity is a source of infectious diseases (Morand et al. 2014). 

Tropical biodiversity loss and tick-borne disease risk 

So what are the implications of the tick-host relationships described so far for pathogen 

transmission dynamics and the impact of biodiversity loss thereupon? On the one hand, the 

tight link between species richness of host, ticks, and pathogens suggests that tick-borne 

disease risk should decrease with wildlife community disassembly. Tick abundance was also 

lower where vertebrate hosts were less abundant. On the other hand, generalist ticks persisted 

in impoverished wildlife communities where they may feed relatively more from small 

mammals, which tend to be less susceptible to extinction (Cardillo 2003) and are important 

disease reservoir hosts (Meerburg et al. 2009). Moreover, defenders of the dilution effect 

hypothesis argue that host density and hence vector density should not change with wildlife 

diversity loss, as remaining host species compensate for species loss by increasing in 

abundance (Keesing et al. 2010, Levi et al. 2016). Although I found that wildlife species richness 

and abundance both decreased with forest fragment size in the BCNM, these fragments were 
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largely surrounded by water. More commonly however, they are embedded in agricultural and 

sub-urban landscapes, where additional nutrient subsidies may elevate the abundance of 

remaining species, and/or where synanthropic species may be added to the host community 

(Mendenhall et al. 2014). Therefore, I decided to compare communities of hosts, ticks, and 

pathogens in forest fragments across a gradient of anthropogenic land-use change in central 

Panama (Chapter 6). 

My study sites ranged from vast forests that had members of all trophic levels, 

including apex predators such as jaguar and puma, to forest remnants that were dominated by 

habitat generalists such as rats and opossums. Consistent with previous studies, initial loss of 

apex predators was associated with increased abundances of medium- to large-sized 

frugivores and herbivores (Michalski and Peres 2007, Ripple et al. 2014). As the latter species 

are important reproduction hosts for adult ticks, their increased abundance was accompanied 

by a dramatic increase in questing tick abundance as well as tick prevalence on small 

mammals. Wood et al. (2016) argued that reductions in large predators should increase 

diseases carried by ungulates, but decrease diseases carried by rodents, which are negatively 

related to ungulate densities (Keesing and Young 2014). My results support this hypothesis. As 

populations of ungulates increased, so did the prevalence of Anaplasma and Borrelia, of which 

several strains circulate in deer (Massung et al. 2005, Kawahara et al. 2006, Moyer et al. 2006, 

Yparraguirre et al. 2007, Nieto et al. 2012, Sacchi et al. 2012, Stuen et al. 2013, Lee et al. 2014). 

At the same time, the density of rodents and opossums decreased, as did the prevalence of 

Rickettsia, which circulates in these small mammals (Meerburg et al. 2009, Bermúdez et al. 

2017). However, the exponential increase in tick density negated any reduction in pathogen 

prevalence. Thus, non-competent hosts may increase disease risk by sustaining large vector 

populations (Wood and Lafferty 2013). This is in agreement with other studies that found that 

vector augmentation by non-competent hosts is stronger than their diluting effect (Ogden and 

Tsao 2009, Hofmeester 2016), so that the density of infected ticks can increase even if tick 

infection prevalence decreases (Wood and Lafferty 2013).  

As anthropogenic land-use change became more intense, and medium- to large-sized 

frugivores and herbivores also disappeared, wildlife communities became dominated by habitat 

generalists. This is concordant with previous studies from the Neotropics (Chiarello 1999, 

Michalski and Peres 2007, Canale et al. 2012). Importantly however, neither species richness 

nor the total abundance of host communities changed significantly across the entire 
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disturbance gradient. This is because the loss of extinction-prone species was counterbalanced 

by increased abundances of synanthropic mammals (e.g. opossums, raccoons, armadillos) 

and the addition of domestic animals to host communities. These results indicate that even 

though species richness and total abundance of host communities did not change with 

increasing anthropogenic disturbance, the identity of species in these communities changed 

dramatically. My study thus corroborates the need to move beyond the use of species richness 

in biodiversity-disease studies, and to directly assess the composition and structure of wildlife 

communities (LoGiudice et al. 2008, Randolph and Dobson 2012, Hofmeester 2016). Camera 

traps allowed me to do this, and to detect changes in the abundance of specific host species 

that would otherwise have gone unnoticed. Camera trapping therefore provides a promising 

new tool in the field of disease ecology. 

F igure 7.1  Theoret ic al  mode ls for  t he  e ffect  of  b iod iver si ty  loss/ lan d-  u se  type on disease  r i sk 

(adapted  fr om Wood et  a l .  2016) .  Disease  r i sk sh ou ld  be zer o  wh ere h ost  species  d iver si ty  i s  zer o  

( the “par kin g lot  ec osy stem”) .  P ossib le  re lat ion sh ips  in c lu de  (a )  d i lut ion ef fect ,  (b)  ampl i f icat ion 

ef fect ,  (c )  ampl i f ic at ion  e ffect  t hat  saturat es  at  h igh lev els of  b iod iv ers i ty ,  an d ( d)  ampl i f i cat ion  

ef fect  t hat  sh i f t s  to  d i lut ion at  h igh levels of  b iodiv ers i ty .  Th e dashed box represent s t he gradien t  

cons idered in  Chapter  6.  Ev alu at ion of  poss ib le  re lat ion ships in dicates th at  ( d)  best  descr ibes t i c k-

borne  d isease  r i sk in  t r opic al  forest s.  Note :  t h is mode l  assu mes that  h ost  spec ies diver si ty  and  

lan d-u se  type are l in ear ly  re lated ( see Wood et  a l .  2016) ,  but  th e resu l ts  fr om Ch apt er  6 ind icat e  

that  th is assu mpt ion  i s  l i ke ly  t o be inc orrect  for  t r op ica l  forest s.  

Densities of infected ticks were much lower in the most disturbed sites compared to 

sites that had high abundances of ungulates and large caviomorph rodents (Chapter 6). This 
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suggests a non-linear relationship between biodiversity and disease risk (Fig 7.1): loss of apex 

predators initially increases tick-borne disease risk through vector augmentation by medium- 

to large-sized frugivores and herbivores. Subsequent loss of these important reproduction 

hosts decreases disease risk by reducing tick abundance. Non-linear relationships between 

biodiversity and disease risk have previously been hypothesized (Wood and Lafferty 2013, 

Gottdenker et al. 2014, Wood et al. 2016), but this study is among the first to have found 

evidence for this hypothesis. In conclusion, my results suggest that densities of specific 

(reproduction) hosts are a more important factor than species richness per se for tick 

population and tick-borne disease dynamics. 

Biodiversity conservation needs parasites 

Whether control of infectious diseases truly is a general ecosystem service of high biodiversity 

remains disputable. In contrast, parasites are increasingly recognized for performing several 

important ecosystem services. For example, parasites help keep population sizes under control 

(Koplow 2003, Dobson et al. 2008) and are themselves important food sources (Johnson et al. 

2010). They dominate food webs (Lafferty et al. 2008) and can influence competitive and 

predatory interactions, thereby promoting species exclusion or coexistence (Hatcher et al. 

2006). Some parasites play important roles in selectively removing pollutants such as heavy 

metals from the environment (Sures 2004), or allergens from the human gut (Yazdanbakhsh et 

al. 2002). Parasites can even alter ecosystem structure (Thomas et al. 2005), and are 

fundamental drivers of co-evolutionary radiation and biodiversity (Marcogliese 2004, Hudson 

et al. 2006). Yet parasites are often uniquely portrayed as threats to biodiversity conservation 

(Nichols and Gómez 2011).  

We should carefully reconsider the way we look at parasites and their relationship with 

biodiversity. Parasites are ubiquitous components of healthy ecosystems in terms of species 

richness, biomass, and significance in food webs (Marcogliese 2005, Hudson et al. 2006, 

Gómez and Nichols 2013). As parasites need minimum thresholds of host abundance to 

maintain viable populations, many parasites will go extinct before their hosts disappear 

(Dobson et al. 2008). In fact, host-parasite coextinctions may account for a significant portion 

of the current biodiversity crisis (Koh et al. 2004, Dunn et al. 2009). An estimated 63 species of 

ixodid ticks are considered to be co-endangered with their hosts and at least one species has 
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already become extinct (Mihalca et al. 2011). While few will mourn their loss, ticks and other 

parasites have their place in the wider ecosystem. Losing parasites would strongly affect 

ecosystem functioning and the persistence of their hosts on the long run (Gómez and Nichols 

2013). An increasing number of studies therefore highlight the importance of parasite-inclusive 

conservation (Windsor 1995, Nichols and Gómez 2011, Gómez and Nichols 2013, Dougherty et 

al. 2016, Spencer and Zuk 2016). However, due to their negative impact on human and animal 

health, food security, and economics, parasites are usually the target of eradication programs 

rather than conservation efforts. Yet ignoring parasites in conservation is ignoring the majority 

of life forms on Earth (Dobson et al. 2008, Gómez and Nichols 2013). Moreover, parasitized 

individuals sometimes gain fitness advantages over unparasitized conspecifics, so that the 

benefits may outweigh the costs of being parasitized (Thomas et al. 2000). If not for their 

intrinsic value, parasites should be recognized in biodiversity conservation for their key roles in 

ecological and evolutionary processes, but this will require a paradigm shift in our perception 

and valuation of parasites (Dougherty et al. 2016).  
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Summary 
The ongoing loss of global biodiversity is unprecedented in both magnitude and pace, raising 

urgent questions as to how this loss will affect ecosystem functioning and human well-being. 

Control of infectious diseases has been proposed as an important ecosystem service that is 

likely to be affected by biodiversity loss. A negative relationship between biodiversity and 

disease risk could offer a win-win situation for nature conservation and human health. However, 

the generality of this relationship remains the subject of contentious debate. The aim of this 

thesis was to contribute to a better understanding of the interactions between ticks and their 

vertebrate hosts in a biodiversity hotspot, and how loss of biodiversity affects these interactions 

and ultimately, tick-borne disease risk. My study was unique in that I simultaneously considered 

and directly assessed broader communities of Neotropical wildlife, ticks, and tick-borne 

pathogens across an anthropogenic disturbance gradient. 

Determining whether and how biodiversity loss affects tick-borne disease risk in 

tropical forests requires a thorough understanding of tick-host associations, which are a 

function of tick-host specificity as well as host biological and ecological traits. In chapter 2, I 

therefore quantified the degree to which adult ticks are host-specific in my study region: 

Panama. Using quantitative network analyses and phylogenetic tools with null model 

comparisons, I found that the adult life stages of most tick species were specific to a limited 

number of host species that were phylogenetically closely related. In Chapter 4 I showed that 

species assemblages of adult ticks became increasingly diverse on larger-bodied host species, 

indicating that adult ticks in Panama tend to select for large reproduction hosts. 

In contrast to adult ticks, understanding the ecological interactions between immature 

ticks and their hosts in the tropics has long been hampered by a lack of morphological 

identification keys. Therefore, in Chapter 3, I describe the development of a DNA barcode 

reference library for the molecular identification of larvae and nymphs. This reference library 

was highly effective in species-level identification of immature ticks collected from birds 

(Chapter 3) and small mammals (Chapter 4 and 6). Several avian ecological traits were 
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positively associated with tick parasitism, but the potential role of wild birds in tick-borne 

disease transmission seems to be limited in Panama. Immature ticks did not show any 

specificity to particular bird species or avian ecological traits (Chapter 3), and species 

assemblages of immatures ticks were equally diverse across a large number of host taxa 

(Chapter 4). This suggests that larvae and nymphs may feed more opportunistically than their 

adult counterparts. 

High host specificity in adult ticks implies high susceptibility to tick-host coextinction, 

even if immature ticks feed opportunistically. In chapter 5, I tested this hypothesis by surveying 

tick and vertebrate host communities across a forest fragmentation gradient. Forest fragments 

consisted of previously connected islands and peninsulas in the Panama Canal and ranged 

1000-fold in size. Abundance and species richness of ticks was positively related to that of 

wildlife, which in turn was related to the size of the forest fragment. Specialist tick species were 

only present in fragments where their specific reproduction hosts were captured by camera 

traps. Further, less diverse tick communities were dominated by a generalist tick species. These 

results indicate that loss of wildlife had cascading effects on tick communities through local 

host-parasite coextinction. 

In Chapter 6, I studied how communities of wildlife, ticks, and tick-borne microbes 

changed along a more ‘typical’ disturbance gradient, in which forest fragments were embedded 

in an agricultural and sub-urban landscape, rather than surrounded by water. I found that 

wildlife community disassembly either diluted, amplified, or had no effect on infection 

prevalence in ticks, depending on the pathogen and degree of disturbance. However, 

hyperabundance of medium- to large-sized frugivores and herbivores (important reproduction 

hosts for adult ticks) in sites that lacked apex predators was related to exponential increases 

in tick density, negating any effect of reduced pathogen prevalence. Moreover, high tick species 

richness in these sites was related to high microbial and pathogen richness. High parasite 

diversity is thus a source of infectious diseases. When medium- to large-sized frugivores and 

herbivores also disappeared, densities of infected ticks declined, suggesting a non-linear 

relationship between biodiversity loss and tick-borne disease risk, in which initial loss of apex 

predators increases disease risk, but further loss of species decreases disease risk again.  

In this thesis, I have quantified host-feeding relationships of adult and immature 

Neotropical ticks, many of which (in the case of larvae and nymphs) were largely unknown. I 

have shown that adult ticks tend to be highly host-specific, particularly to larger-bodied 
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vertebrates, whereas immature ticks appear to have broader host-use patterns. I found that 

ticks are susceptible to local host-tick coextirpation, and that the relationship between 

biodiversity loss and tick-borne disease risk is non-linear. My results emphasize the importance 

of directly assessing host community composition and suggest that the presence of specific 

(reproduction) hosts are a more important factor than species richness per se for tick 

population and tick-borne disease dynamics. 
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Samenvatting 
De snelheid en mate waarmee biodiversiteit wereldwijd verloren gaat is ongekend. Hoe zal dit 

verlies het functioneren van ecosystemen beïnvloeden, en uiteindelijk het welzijn van de mens? 

Een mogelijk gevolg van biodiversiteitsverlies is een toename in infectieziekten. Een negatieve 

relatie tussen biodiversiteit en het risico op infectieziekten zou een win-winsituatie betekenen 

voor zowel natuurbescherming als de menselijke gezondheid. De hypothese dat een hoge 

biodiversiteit in zijn algemeenheid beschermt tegen infectieziekten is echter omstreden. Dit 

proefschrift beoogt een bijdrage te leveren aan deze discussie en richt zich hierbij op de 

ecologische interacties tussen teken en hun gastheren in Panama, een biodiversiteitshotspot. 

Mijn onderzoek was uniek doordat ik tegelijkertijd bredere gemeenschappen van Neotropische 

teken, hun gastheren, en pathogenen direct bestudeerde langs een gradiënt van 

biodiversiteitsverlies. 

Om vast te stellen of en hoe biodiversiteitsverlies in de tropen het risico op 

tekenziekten beïnvloedt, is een gedegen kennis nodig van de relatie tussen teken en hun 

gastheren. Deze relatie is afhankelijk van de mate waarin teken een voorkeur hebben voor een 

specifieke gastheer (gastheer-specificiteit) en de biologische en ecologische kenmerken van 

gastheren. In hoofdstuk 2 heb ik daarom de gastheer-specificiteit van de teken in Panama 

gekwantificeerd. Door gebruik te maken van netwerkanalyse, de fylogenie van gastheren, en 

uitkomsten te vergelijken met nul-modellen, vond ik dat de adulte levensstadia van de meeste 

tekensoorten een sterke voorkeur hadden voor specifieke gastheren die evolutionair nauw 

verwant zijn. In hoofdstuk 4 liet ik daarnaast zien dat populaties adulte teken op een gastheer 

steeds soortenrijker werden naarmate de gastheer groter was. De adulte teken in Panama zijn 

dus vooral specifiek voor grotere soorten gastheren. 

Waar adulte teken gemakkelijk te identificeren zijn door middel van morfologische 

kenmerken, is dit in grote delen van de tropen niet of nauwelijks mogelijk voor larven en nimfen: 

de onvolwassen levensstadia van de teek. Dit heeft onze kennis van de ecologische relaties 

tussen de onvolwassen tekenstadia en hun gastheren sterk belemmerd. In hoofdstuk 3 
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beschrijf ik daarom de ontwikkeling van een zogenaamde referentie-bibliotheek voor DNA 

barcodes waarmee de teken uit Panama moleculair geïdentificeerd kunnen worden. Deze 

referentie-bibliotheek bleek zeer effectief in het tot op soort identificeren van larven en nimfen 

die verzameld waren van vogels (hoofdstuk 3) en kleine zoogdieren (hoofdstuk 4 en 6). Een 

aantal ecologische eigenschappen van vogels was positief gecorreleerd met de aanwezigheid 

van teken, maar de potentiële rol van vogels in het overbrengen van tekenziekten lijkt gering in 

Panama. De onvolwassen tekenstadia vertoonden geen specificiteit voor specifieke 

vogelsoorten of ecologische kenmerken (hoofdstuk 3), en hun soortenrijkdom veranderde niet 

met de grootte van de gastheer (hoofdstuk 4). Dit suggereert dat larven en nimfen wellicht meer 

opportunistisch voeden dan de adulte levensstadia.  

De sterke mate waarin adulte teken een voorkeur hebben voor specifieke gastheren 

maakt dat ze erg gevoelig zouden moeten zijn voor lokale uitroeiing van hun gastheren, zelfs 

wanneer de larven en nimfen van andere soorten gastheren kunnen voeden. In hoofdstuk 5 heb 

ik deze hypothese getest door gemeenschappen van teken en gastheren te vergelijken tussen 

eilanden van verschillende grootte in het Panama Kanaal. De dichtheid en soortenrijkdom van 

teken was positief gecorreleerd aan die van de fauna, en gespecialiseerde tekensoorten waren 

alleen aanwezig op eilanden waar hun specifieke gastheer voor het adulte stadium ook 

aanwezig was. Bovendien werden minder diverse tekengemeenschappen gedomineerd door 

een generalistische tekensoort. Deze resultaten tonen aan dat het verlies van fauna een 

kettingreactie kan veroorzaken waardoor ook tekensoorten verdwijnen. 

In hoofdstuk 6 bestudeerde ik hoe gemeenschappen van teken, hun gastheren, en 

pathogenen veranderden langs een gradiënt van menselijke verstoring, waarbij steeds kleiner 

wordende bosfragmenten omringd waren door landbouwgrond, dorpen, en andere menselijke 

landschappen. Mijn resultaten lieten zien dat met de bijbehorende veranderingen in fauna 

gemeenschappen de infectieprevalentie in teken ofwel toenam, afnam, of gelijk bleef. Echter, 

de enorme toename aan middelgrote tot grote frugivoren en herbivoren (welke belangrijke 

gastheren zijn voor adulte teken) in locaties waar toppredatoren zoals jaguars en poema’s 

afwezig zijn, was gerelateerd aan een exponentiële toename in tekendichtheden, waardoor 

enige afname in infectieprevalentie volledig teniet werd gedaan. Bovendien was de 

soortenrijkdom van teken positief gecorreleerd aan de soortenrijkdom van microben en 

pathogenen. Een hoge diversiteit aan teken vormt dus een bron voor infectieziekten. Wanneer 

middelgrote tot grote frugivoren en herbivoren ook verdwenen omdat bosfragmenten te klein 
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werden, namen tekendichtheden ook af. Dit suggereert een niet-lineaire relatie tussen 

biodiversiteit en het risico op infectieziekten, waarbij het initiële verlies van toppredatoren leidt 

tot een toename aan het risico op infectieziekten, maar verder verlies van biodiversiteit het risico 

op infectieziekten juist weer verlaagt.  

In dit proefschrift heb ik de relaties tussen Neotropische teken en hun gastheren 

gekwantificeerd, waarvan die voor larven en nimfen tot nu toe veelal onbekend waren. Mijn 

resultaten lieten zien dat adulte teken een sterke voorkeur vertonen voor specifieke gastheren, 

vooral grotere soorten frugivoren en herbivoren, terwijl de larven en nimfen minder selectief 

bleken. Teken waren gevoelig voor co-extinctie met specifieke gastheren, en de relatie tussen 

biodiversiteitsverlies en het risico op infectieziekten was niet lineair. Bovendien bleekt dat voor 

het risico op tekenziekten de aanwezigheid van specifieke gastheren (voor de adulte teken) een 

belangrijkere factor was dan puur de soortenrijkdom aan gastheren. Deze resultaten 

benadrukken het belang van het direct bepalen van de relatieve dichtheid en 

soortensamenstelling van lokale fauna.
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