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Abstract 

 

The importance of parasitism for host populations depends on local parasite richness and 

prevalence: usually host individuals face higher infection risk in areas where parasites are 

most diverse, and host dispersal to or from these areas may have fitness consequences. 

Knowing how parasites are and will be distributed in space and time (in a context of global 

change) is thus crucial from both an ecological and a biological conservation perspective. 

Nevertheless, most research articles focus just on elaborating models of parasite distribution 

instead of parasite diversity. We produced distribution models of the areas where 

haemosporidian parasites are currently highly diverse (both at community and within-host 

levels) and prevalent among Iberian populations of a model passerine host: the blackcap 

Sylvia atricapilla; and how these areas are expected to vary according to three scenarios of 

climate change. Based on these models, we analysed whether variation among populations in 

parasite richness or prevalence are expected to remain the same or change in the future, 

thereby reshuffling the geographic mosaic of host-parasite interactions as we observe it 

today. Our models predict a rearrangement of areas of high prevalence and richness of 

parasites in the future, with Haemoproteus and Leucocytozoon parasites (today the most 

diverse genera in blackcaps) losing areas of high diversity and Plasmodium parasites (the 

most virulent ones) gaining them. Likewise, the prevalence of multiple infections and parasite 

infracommunity richness would be reduced. Importantly, differences among populations in 

the prevalence and richness of parasites are expected to decrease in the future, creating a 

more homogeneous parasitic landscape. This predicts an altered geographic mosaic of host-

parasite relationships, which will modify the interaction arena in which parasite virulence 

evolves. 
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Introduction 

 

Among the many factors influencing the population dynamics of species, parasites must be 

taken into account. A growing body of research shows how parasites affect host life histories 

(Møller, 1997), reproductive success (Gustafsson et al., 1994), survival (Martínez-de la 

Puente et al., 2010), genetic diversity (Decaestecker et al., 2007) or predation risk (Lafferty 

& Morris, 1996) for instance. However, parasites are unevenly distributed throughout host 

species’ ranges, creating a geographic mosaic of host-parasite interactions (Thompson, 2005). 

In principle, the effect of parasites is expected to be stronger on host populations that face 

more diverse parasite communities, or where more virulent parasites are abundant (Pedersen 

& Fenton, 2007; Smith et al., 2009), although this effect can be very context-dependent, 

varying in accordance with the combination of local parasite abundance and species 

composition (Johnson & Hoverman, 2012). These features of the parasitic landscape may 

depend on many interacting factors, including environmental constraints that may differently 

affect the performance of each parasite (Peterson, 2008). 

If parasitism is heterogeneously distributed in space, individual hosts may incur 

fitness costs through dispersing into populations which face different local parasite 

communities (Møller & Szép, 2011). However, global change may modify the assembly of 

component parasite communities (the subsets of parasite diversity that occur in each host 

population; Poulin, 2007), thereby reshuffling the geographic mosaic of host-parasite 

interactions. This would then modify the differences among populations associated with the 

distribution of parasite diversity, changing the balance between costs and benefits of host 

dispersal in consequence (Altermatt et al., 2007; Chaianunporn & Hovestadt, 2012). 

 The link of parasite ranges with environmental features has prompted a growing 

interest in using Species Distribution Modelling (SDM) to predict parasite occurrence in 
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space and time; but whereas many studies have assessed which areas are likely to harbour a 

given parasite or group of parasites (occurrence), few studies have forecasted parasite 

prevalence and richness (Thomson et al., 2006; González et al., 2010; Loiseau et al., 2013). 

We are urged to improve our ability to predict where these are likely to be higher, both 

currently and in the future, if we are to anticipate potential disease emergence risks (Smith et 

al., 2009; Fuller et al., 2012). 

Vector-borne parasites may be especially prone to shift their distribution with climate 

change (Thomson et al., 2006; González et al., 2010), because the life cycle of invertebrate 

vectors is tightly constrained by climate (Kovats et al., 2001; Gage et al., 2008). From this 

perspective, avian haemosporidian parasites (protozoans of the genera Plasmodium, 

Haemoproteus and Leucocytozoon) are convenient for modelling the geographic distribution 

of the potential impact of parasites (Fuller et al., 2012). These vector-borne pathogens (each 

genus is transmitted by a particular dipteran host; Santiago-Alarcón et al., 2012), vary in their 

relative pathogenicity and host spectrum (Plasmodium is the most host generalist and most 

harmful of the three parasite genera; Valkiūnas, 2005). These parasites have a negative effect 

on fitness, and can consequently drive the evolution of several host traits (Arriero & Møller, 

2008; Garamszegi & Møller, 2012; Westerdahl et al., 2012). Moreover, haemosporidian 

parasites are infamous for their capacity to establish in areas where they have been 

accidentally introduced, and the conservation problems they may cause to naïve host species 

that become affected (Ewen et al., 2012; LaPointe et al., 2012). Despite the interest of these 

parasites, there are few predictive models of their distribution (Sehgal et al., 2010; Loiseau et 

al., 2012, 2013), and none of these has explicitly tested how the differences among 

populations associated with geographic variation in parasite richness and prevalence are 

likely to change in the future. 
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 We used a SDM approach to analyse the current and future geographic distribution of 

prevalence and richness of Plasmodium, Haemoproteus and Leucocytozoon among Iberian 

populations of a passerine bird, the blackcap Sylvia atricapilla. Our goal was to model where 

in the Iberian Peninsula blackcaps are likely to face a high prevalence and richness of each of 

these parasites, and to predict how the foreseen climate change towards the end of the century 

may modify the spatial configuration of such locations. Iberian blackcaps make an excellent 

model to study the diversity of avian blood parasites for many reasons. Firstly, blackcaps 

harbour a highly diverse assemblage of haemosporidian parasites, which varies in richness 

and prevalence within the wide range of habitats occupied by the species (Pérez-Rodríguez et 

al., 2013a). This variation is primarily explained by climatic and orographic variables, but it 

is largely independent of other environmental influences such as land uses or host population 

attributes which are more difficult to implement in SDM (Franklin, 2010; Pérez-Rodríguez et 

al., 2013a). Therefore, it is possible to predict how parasite communities in blackcaps are 

likely to change in the future relying on the realistic assumption that climatic and orographic 

influences on parasites will remain the same as observed today. Secondly, modelling the 

distribution of parasites of a single host species removes any bias derived from the different 

composition of host communities sampled in different localities, or from variable sampling 

effort among host species. Thirdly, climate change takes place at the global scale, but its 

effects are heterogeneous in space (Walther et al., 2002), so a geographically restricted 

scenario (such as the Iberian Peninsula) is desirable for the study of its fine-grained expected 

effects (for example in relation to the layout of the parasitic landscape that may be relevant at 

the scale of individual dispersal movements), which may not be correctly captured by models 

based on data from places that are distantly located and climatically too contrasted. Finally, 

the Iberian Peninsula is considered to be a natural entrance of tropical pathogens into Europe 
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(e.g., Sáinz-Elipe et al., 2010), so it is very important to have explicit models that deal with 

expected parasite geographic range shifts in this region in the decades to come.  

 We set out to investigate whether Haemoproteus, Plasmodium and Leucocytozoon are 

expected to gain or lose areas of high prevalence and richness among Iberian blackcap 

populations. In principle, the fact that in the Iberian Peninsula Haemoproteus and 

Leucocytozoon parasites favour cold environments, whereas Plasmodium parasites prefer 

warm areas (Pérez-Rodríguez et al., 2013a), predicts different trends of range shift among the 

three genera in a context of global warming. More importantly, such dissimilar distribution 

shifts could affect the future structure of parasite component communities, modifying in turn 

the pattern of variation in parasite diversity among host populations. Therefore, we tested 

whether variation among populations in parasite community structure is expected to remain 

similar or will change as a consequence of shifting parasite distributions. Knowing which of 

these two alternative scenarios is most plausible will shed light on the consequences of the 

likely reshuffling of geographic mosaics of host-parasite interactions due to climate change. 

 

Material and methods 

 

Bird and parasite sampling 

 

During the breeding seasons from 2008 to 2011 a total of 882 blackcaps were captured with 

mist nets in 37 localities distributed over the Iberian Peninsula (Fig S1, Table S1). Further 

details on capture and handling methods may be found elsewhere (Pérez-Rodríguez et al., 

2013a). From every bird a blood sample was taken and stored in 100% ethanol until analysed. 

Total DNA was extracted from blood samples following a standard ammonium acetate 

protocol. Samples were checked for positive infections of Haemoproteus, Plasmodium and 
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Leucocytozoon by the amplification of a fragment of parasite’s cytochrome b gene according 

to the nested PCR protocol developed by Hellgren et al. (2004), including both positive and 

negative controls in every PCR batch. Positive samples were sequenced using the primers 

HaemF (for Plasmodium and Haemoproteus) or HaemFL (for Leucocytozoon). Parasite 

cytochrome b haplotypes were identified using the BLAST search engine of GenBank. Mixed 

infections were recognized by the presence of double peaks on the electropherograms (Pérez-

Tris & Bensch, 2005) and if possible the identities of the parasites involved were assessed by 

comparing the double peak patterns with previously known sequences of parasite haplotypes 

infecting blackcaps. Cytochrome b haplotypes detected for the first time in this study were 

confirmed by repeating the PCR and then sequencing from both ends with primers HaemF 

and HaemR2 or HaemFL and HaemR2L. Sixty five percent of all analysed blackcaps were 

infected, and both prevalence and parasite richness of each genus varied notably among 

localities (Pérez-Rodríguez et al., 2013a). 

 

Parasite distribution models 

 

Given that our main interest was to model quantitative attributes of the distribution of 

parasites (differences in parasite richness and prevalence), we first analysed our data using 

Random Forest (Breiman, 2001), a technique capable of handling continuous response 

variables and that, when used as a SDM, has been shown to be superior to several other tools. 

However, the explanatory power of the models we obtained was very low (see a detailed 

account of methods and results of these analyses in the Appendix S1). Consequently, we 

decided to sacrifice quantitative data in favour of better predictions, for which we used 

MaxEnt (release 3.3.3; Phillips et al., 2006). According to the characteristics of the localities 

in which an event takes place (typically the presence of a species), MaxEnt produces a 
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predictive model that consists of a map in which the suitability for the occurrence of the event 

ranges from 0 to 1. Providing that the appropriate data files are available, MaxEnt can also 

elaborate predictions of suitability over different geographical areas or under climatic 

conditions different from those employed to create the original model. 

Given that MaxEnt uses only unique-event data (presence), we converted our 

quantitative measures of haplotype richness and prevalence of parasites into qualitative data. 

For each parasite genus, those populations that scored values of prevalence or haplotype 

richness above the median of the 37 sampled localities were considered to have high values. 

These were the ones we used for MaxEnt analyses. Therefore, what we actually modelled is 

the range of environmental configurations that are suitable for the occurrence of parasite 

assemblages of each genus with values of richness or prevalence above current median 

values. We preferred the median rather than the mean as a reference for high or low local 

parasite prevalence or richness because the former was a more central value in the 

distribution of prevalence and richness. Nevertheless, we conducted our analyses using the 

mean as the reference, and our results remained qualitatively unchanged. 

Previous research allowed us to determine which among a large set of environmental 

variables (including climate, orography, land uses and host population attributes) best explain 

geographic variation in prevalence and richness of haemosporidian parasites among Iberian 

blackcap populations (Pérez-Rodríguez et al., 2013a). Based on this knowledge, we selected 

nine variables to construct MaxEnt models: altitude, slope steepness, and the bioclimatic 

variables bio01 (annual mean temperature), bio02 (temperature annual range), bio03 

(temperature mean diurnal range), bio05 (isothermality), bio14 (rainfall of the driest month), 

bio15 (rainfall seasonality) and bio16 (rainfall of the wettest annual quarter). Given that our 

models focus on the relationship between parasite diversity and environmental variables (a 

relationship largely mediated by the environmental needs of their insect vectors; (Dobson & 
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Carper, 1992; Patz et al., 2000; Gage et al., 2008; Loiseau et al., 2011a), we assume that host 

availability will not vary through time. 

Future climatic conditions under the Second Generation Coupled Global Climate 

Model (CGCM2) emission scenarios for the 2080-2100 period were downloaded from the 

Downscaled Global Change Models Data Portal (Ramírez & Jarvis, 2008). In order to cover a 

wide array of forecasted environmental conditions, we considered three different emission 

scenarios: A1b, A2a and B2a. These scenarios foresee severe, moderate and slight climate 

change respectively, depending on whether environmental protection is considered to be 

either subordinated to economical growth or prioritised in the future (see a detailed 

description of each scenario in the Special Report of Emission Scenarios of the IPCC, 

http://www.grida.no/publications/other/ipcc_sr).  

 Final MaxEnt outputs were the average of 100 bootstrap analyses for each dependent 

variable. In every run, a random 75% of the localities considered were used as training data to 

construct the model, and the remaining 25% were used as test data to assess the predictive 

power of the model. Model performance was assessed using the area under the receiver 

operator characteristic curve (AUC), which can be seen as the probability that the model 

assigns a higher occurrence probability to a randomly selected locality with presence of the 

analysed response variable than to a randomly selected absence point.  

 

Comparisons between current and future conditions  

 

MaxEnt outputs were exported as GIS layers and then the predicted values of the same set of 

1,000 random geographic locations were taken from each predictive map (present and future 

predictions, for the three scenarios of climate change considered). To examine variation 

between present and future conditions and the shape of this variation (i.e., whether the 
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diversity trends of all three parasite genera vary in the same direction or not), the values of 

present and future predictions of parasite richness and prevalence were compared with a 

repeated measures ANOVA.  

 In order to test how future differences among populations in the predicted diversity of 

each parasite genus vary in relation to present-time values, we considered the shape of the 

relationship between current and future model predictions regarding local parasite prevalence 

and richness (Fig. 1). For a given parasite, a linear relationship with slope equal to one would 

support a homogeneous pattern of variation between current and future predictions of parasite 

prevalence or richness across the blackcap’s Iberian range. Such pattern would indicate that 

the areas with a high parasite prevalence or diversity will expand or contract in the future (the 

direction and magnitude of the change would be indicated by the intercept of the regression 

line; Fig. 1a); however, this range shift would not modify the differences among populations 

associated to parasite prevalence or richness. On the contrary, non-linear relationships, or 

regression slopes different from one, would suggest alternative scenarios in which among-

population differences are expected to change along the range of variation in current parasite 

prevalence or richness. For example, if the slope of the relationship between current and 

future model predictions is lower or bigger than one, the relative differences in parasite 

prevalence or richness among localities are expected to respectively lessen or increase in the 

future. Moreover, the relationship between current and future conditions may not be linear, so 

that the slope of the relationship may change along the range of variation of present-time 

parasite prevalence or richness (Fig. 1b).  

 The relationships at a local scale between current and future predictions were 

examined using simple regression models. We tested for both linear and non-linear 

(quadratic) relationships, and conducted separate analyses for parasite richness and 

prevalence under the three scenarios of climate change. To assess which type of relationship 
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(linear or non-linear) best fitted to the data, we compared the absolute residual values of each 

model by means of repeated-measures ANOVA. When a linear relationship was supported by 

the data, we tested whether the regression slope significantly differed from one. All statistical 

analyses were performed using STATISTICA 7.0 (Statsoft, 2004). 

 

Results 

 

According to the AUC values, all MaxEnt models achieved good prediction scores (Table 1). 

At present, the areas with the highest Haemoproteus richness and prevalence are located in 

the northern half and the southern mountain ranges of the Iberian Peninsula (Fig. 2; see Fig. 

S1 for a depiction of the main Iberian mountain ranges). Leucocytozoon follows the same 

trends, but with a tighter link to the mountainous areas. Conversely, high prevalence and 

richness of Plasmodium are likely to occur throughout the whole Iberian Peninsula except for 

highest latitudes and elevations. For the predicted climatic values by the end of the XXI 

century, clear differences among parasite genera arise: both Haemoproteus and 

Leucocytozoon areas of high diversity are predicted to shift northwards and upwards in 

mountain ranges, whereas Plasmodium areas of high diversity expand over the entire Iberian 

Peninsula. Given that almost a half of the infected birds harboured more than one parasite we 

also performed analyses of the current and future trends of multiple infections patterns (Fig. 

2). These were nevertheless difficult to interpret, as the great number of detected parasite 

lineages (24) generated too many possibilities for multiple infections, involving numerous 

different lineage combinations (we detected 109 distinct mixes of parasite lineages). A 

detailed description of these analyses and their results is shown in the Appendix S2. 

For all parasite genera, the repeated measures ANOVA analyses revealed highly 

significant differences in the local probability of high parasite prevalence and richness 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

between present and future conditions (Fig. 3, Table S2). There is a high probability that 

Plasmodium parasites would occupy in the future broader areas where their richness and 

prevalence will be higher than the current median values across the Iberian Peninsula, and the 

reverse is true for Haemoproteus and Leucocytozoon. The choice of a modelling scenario 

significantly affected such trends: the expected loss of areas with high parasite prevalence 

and richness was more pronounced for Leucocytozoon, and remarkably for Haemoproteus, 

under scenarios A1b and A2a (which foresee severe to medium future changes in climate 

conditions) than under a scenario of slight change in climate (B2a). However, the trends for 

Plasmodium parasites were similar under the three climate change scenarios considered. In 

turn, regardless of the considered scenario, it is expected that the rearrangement of the areas 

with great parasite diversity will imply future changes in the pattern of coinfections as well, 

which are expected to be fewer and with poorer infracommunities (Appendix S2). 

In general, current and future expectations of parasite prevalence and richness were 

highly correlated across Iberian localities for the three parasite genera, regardless of the 

climate change scenario assumed. When the relationships between current and future 

expectations were linear, the slope of the regression line was always significantly lower than 

one (Table 2), although slopes were close to one for Plasmodium and lowest for 

Haemoproteus (for which future predictions stayed low along much of the range of current 

predictions; Table 2, Fig. 4). The exact trends changed further among parasite genera: 

whereas the shape of the relationships fitted to a linear pattern for Plasmodium richness and 

prevalence under all climate change scenarios (Table 2, Fig. 4), the relationships were linear 

for Haemoproteus and Leucocytozoon under a scenario of slight climate change, but tended to 

better fit non-linear patterns under more severe scenarios (Table 2, Fig. 4). 
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Discussion 

 

We show that MaxEnt models based on climate and topography can reliably predict the 

distribution of areas with high prevalence and richness of Plasmodium, Haemoproteus and 

Leucocytozoon. Regardless of the scenario of global warming considered, our models foresee 

a situation in which both Haemoproteus and Leucocytozoon will experience decreased 

probability of having prevalence and richness above the current median across the entire 

study area. These two parasite genera might therefore be more dependent on “parasite 

refuges” to sustain in the future areas of high diversity, which in addition are prone to be few 

and patchily distributed. Conversely, Plasmodium is expected to be favoured by climate 

warming, gaining areas with a higher probability of holding Plasmodium diversity above the 

current median values. In sum, our models foresee a generalized reorganization of local 

parasite communities, what may have important consequences for host populations. 

 The general trend for the end of the century is one of simplified parasite component 

communities among Iberian blackcap populations, driven by a contraction of the areas where 

prevalence and richness of Haemoproteus and Leucocytozoon is higher than their current 

median values. On the other hand, the areas where Plasmodium parasites reach high 

prevalence and richness have the potential to expand in the future. These expected variations 

anticipate changes in the parasite effects on host populations: for instance, given that parasite 

diversity may drive the evolution of resistance mechanisms (Westerdahl et al., 2005; Loiseau 

et al., 2011b) a simplification of parasite communities may induce the evolution of simplified 

host resistance mechanisms (Goüy de Bellocq et al., 2008). This could in turn hamper the 

ability of host populations to deal with novel pathogens over evolutionary time. A retreat of 

the diverse genera Haemoproteus and Leucocytozoon should ease parasite pressure on the 

host populations. However, the increase of the prevalence of Plasmodium (the most virulent 
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genus of the three) rather foretells an increase in virulence of future parasite component 

communities. Actually, a high parasite diversity has been shown to have on occasion a 

protective effect on the hosts through a “dilution effect” (Johnson & Hoverman, 2012); so 

that a parasite community simpler than the current one, but composed of more virulent 

parasites, is likely to have a more deleterious effect on the hosts. It is worth noting as well 

that, as Haemoproteus parasites make the bulk of the haemosporidian diversity found in 

blackcaps, their generalised retreat could facilitate the invasion of blackcap populations by 

opportunistic parasites that may be currently outcompeted by a large diversity of 

Haemoproteus, as it seems to be the case among blackcaps living on insular systems (Pérez-

Rodríguez et al., 2013b). 

Diversity loss among parasite component communities may also end up modifying 

parasite impacts through changes in the composition of parasite infracommunities, given that 

the composition and the proportion in the population of multiple infections depend on local 

parasite richness and prevalence. The question remains as to what extent the expected change 

in structure of parasite component communities is likely to affect within-host parasite 

assemblages: our analyses predict fewer and less diverse multiple infections. Predicting their 

future composition is unfeasible, but it is likely that the proportion of multiple infections 

including Plasmodium will increase, exacerbating the parasitic deleterious effects: for 

example, in-host competition among different Plasmodium strains promotes virulence in 

rodent malaria parasites (De Roode et al., 2003), a result that could be matched in our avian 

system if the predicted increase in haplotype diversity of this genus promotes in-host 

competition as well. Summing up, the future decline in parasite richness and prevalence 

associated to the environmental constraints affecting Haemoproteus parasites (which is 

expected to be reinforced by less pronounced but similar trends followed by Leucocytozoon), 

is likely to affect the regime of parasite-mediated selection operating on Iberian blackcap 
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populations, by changing the actors involved in the geographic mosaic of host-parasite 

interactions. 

 The different relationships between present and future predictions of local high 

parasite prevalence and richness reveal further elements of change on parasite communities. 

The fact that all fittings had a slope below one suggests that among-population variation in 

parasite diversity will decrease in the future, most clearly for Haemoproteus and, to a lesser 

extent, also for Leucocytozoon parasites. Nevertheless, as the projected effects of climate 

change become more intense (A1b scenario), uncertainty of future predictions of high 

parasite prevalence and richness increases, the relationship between current and future 

predictions becomes less linear, and slopes tend to decrease. Altogether, these results suggest 

a stronger effect of local factors when scenarios that foresee intense climate change are 

assumed, such as the existence of areas particularly suitable for sustaining high levels of 

parasite richness or prevalence. 

 The expected homogenisation of parasite prevalence and richness among blackcap 

populations is likely to have evolutionary consequences: a future scenario of more balanced 

parasite risks among populations may affect the evolution of blackcap attributes such as 

migratory behaviour, life expectancy, or breeding success (Arriero & Møller, 2008; Martínez-

de la Puente et al., 2010; Møller & Szép, 2011; Garamszegi & Møller, 2012). How these 

changes may in turn affect the population dynamics of this species remains an important open 

question, which could be extrapolated to the other bird species of the Mediterranean region. 

 We are aware that our predictions are to be taken with caution, as our models by no 

means explain all the variance in parasite prevalence and richness. For instance, it would be 

highly desirable to count on models of host distribution, but unfortunately the models of 

future distribution available for blackcaps do not have enough resolution to inform our 

models of parasite distribution at the Iberian scale (Doswald et al., 2009). Nevertheless, given 
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the ample habitat preferences and extensive current distribution of blackcaps, it is unlikely 

that they will disappear from broad areas of the Iberian Peninsula in the future, so as to make 

our conclusions dependent on unforeseen host range shifts. As the effect of the environmental 

variables on parasite diversity is mainly related to the environmental requirements of their 

vectors, and given the preeminent role that vectors play on determining parasite geographic 

ranges (Dobson & Carper, 1992; Patz et al., 2000; Gage et al., 2008; Loiseau et al., 2011a; 

Pérez-Rodríguez et al., 2013a), ideally parasite modelling should take into account how the 

abundance and diversity of vectors are expected to change (Santiago-Alarcón et al., 2012). 

Culicoides midges (Diptera, Ceratopogonidae), which are the vectors of passerine 

Haemoproteus, are generally included among the organisms that will be favoured by climate 

change (Wilson & Mellor, 2008), but specific studies show that not all Culicoides species 

thrive in the same environmental conditions (Calvete et al., 2008), so that the idea that all 

species may expand their geographic range (and hence that of the pathogens they transmit) 

with climate change is unrealistic. Likewise, previous studies indicate that blackflies 

(Diptera, Simuliidae; the vectors of Leucocytozoon) are likely to benefit from the expected 

environmental shifting in southern Europe towards more seasonal, torrential streams with 

warmer waters (Bonada et al., 2007). But our predictions for the end of the century suggest 

that the projected situation could be above the suitability threshold for these vectors in many 

areas of the Iberian Peninsula. Plasmodium is in turn the only one of the three parasite genera 

that is expected to increase its range of high influence in the Iberian Peninsula. This situation 

is even more probable given that all Plasmodium haplotypes detected in blackcaps in our 

survey are both host and vector generalists (they are transmitted by many species of culicine 

mosquitoes; Diptera, Culicidae), so that they could easily skip local extinctions of a given 

vector or blackcap population and keep expanding their ranges (Woolhouse et al., 2001).  
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 Most studies about emerging diseases and the interactions between diseases and 

climate change focus on potential consequences to humans and domestic animals (Gage et 

al., 2008; Tabachnick, 2010), but parasites have and will continue to have a major impact on 

wildlife as well (Thompson et al., 2010). Therefore, we are urged to improve our capacity to 

predict current and future parasite distributions. For many parasite types, such models still 

suffer from the lack of detailed information about hosts and vectors; we make thus a plea for 

basic research on the distribution of wildlife pathogens and their vectors, as these are key 

components to make meaningful predictions about what the combination of disease risk and 

global change has in store for the natural world in the years to come. Nevertheless, our results 

show that by investigating a diverse and well known group of parasites infecting a convenient 

host species, we can reliably foresee geographic shifts of areas with high parasite prevalence 

and richness in the future, highlighting (1) how such changes are likely to vary among 

parasite types, (2) which implications such differences may have regarding the relative 

difference in future disease risks among host populations, and (3) how foreseen parasite 

prevalence and richness may vary under different future scenarios of climate change.  
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Appendix S2. Predictions of current and future coinfection patterns. 
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Table 1. Evaluation of MaxEnt model performance based on the area under the ROC curve 

(AUC; average values of 100 replicates). The figures between parentheses indicate the 

number of localities that scored values of parasite richness or prevalence above the median of 

the 37 sites, and were thus used to build each model. AUC-values range from 0 to 1; values 

of AUC above 0.7 can be considered good; values over 0.9 excellent (Phillips et al., 2006). 

 

AUC scores Haemoproteus Plasmodium Leucocytozoon 

 
Richness 

(16) 

Prevalence 

(18) 

Richness 

(7) 

Prevalence 

(18) 

Richness 

(15) 

Prevalence 

(18) 

Training 

sample 
0.845 0.857 0.838 0.817 0.864 0.846 

Test sample 0.777 0.801 0.738 0.746 0.795 0.774 

 

 

 

Table 2. Relationships between current and future predictions of high parasite impact (as 

measured by richness and prevalence above current median values) for three scenarios of 

climate change. Variance explained by linear (lin R2) and non-linear effects (nlin R2) were 

compared using a repeated measures ANOVA of absolute residual values. The magnitude 

(expressed as a percentage residual difference, RD) and the statistical significance of these 

differences is indicated. When the linear effect showed an equal or better fit than the 

quadratic effect, the slope of the relationship (b) and its standard error are indicated (all 

slopes differed significantly from b = 1).  
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  lin R2 nlin R2 RD (%) P b SE 

A1b scenario        

Haemoproteus Richness 0.752 0.786 12.4 <0.001   

 Prevalence 0.767 0.769 4.0 <0.001   

Plasmodium Richness 0.693 0.646 5.7 <0.001 0.69 0.015

 Prevalence 0.881 0.857 7.7 <0.001 0.88 0.010 

Leucocytozoon Richness 0.848 0.872 9.6 <0.001   

 Prevalence 0.817 0.827 1.5 0.137 0.74 0.011 

A2a scenario        

Haemoproteus Richness 0.569 0.581 3.0 <0.001   

 Prevalence 0.765 0.765 0.7 0.518 0.38 0.007

Plasmodium Richness 0.899 0.862 13.6 <0.001 0.83 0.009 

 Prevalence 0.878 0.875 0.1 0.956 0.89 0.010 

Leucocytozoon Richness 0.732 0.735 1.1 0.272 0.70 0.013 

 Prevalence 0.739 0.740 0.7 0.362 0.83 0.016

B2a scenario    

Haemoproteus Richness 0.906 0.915 3.5 0.027   

 Prevalence 0.915 0.919 0.9 0.655 0.66 0.006 

Plasmodium Richness 0.958 0.931 20.9 <0.001 0.98 0.007 

 Prevalence 0.984 0.958 36.3 <0.001 0.95 0.004 

Leucocytozoon Richness 0.898 0.886 5.6 <0.001 0.83 0.009

 Prevalence 0.895 0.884 1.7 0.186 0.94 0.010
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Figure 1. Example models of the variation between current and future expectations of high 

parasite prevalence or richness. The solid line represents a scenario in which the current 

probability to be high is the same as in the future. The other lines indicate possible ways in 

which future values may differ from those observed at present. In (a), parasite prevalence or 

richness increases (dashed line) or decreases (dotted line) equally in all localities. In (b) 

future prevalence or richness varies in different ways, with different consequences regarding 

parasite effects on future populations, as compared to the current situation.  

 

Figure 2. (a) Present and future distribution of the probability of areas with richness and 

prevalence of Haemoproteus, Plasmodium and Leucocytozoon above the current median 

values in Iberian blackcaps, and (b) Present and future distribution of the probability of areas 

with coinfection variables above the median of present-day values (prevalence of multiple 

infections [PMI]; average number of genera in the infracommunity [NGI], and average 

lineage richness of the infracommunity [LRI]). The colour range varies between blue (0) and 

red (1). Future distribution of probability is projected according to a scenario for future 

climate assuming medium changes (A2a emission scenario). Similar figures showing the 

results obtained assuming light and severe scenarios are shown online in Fig. S2 and 

Appendix S2. 

 

Figure 3. Variation between present and future conditions in the probability that haplotype 

richness (a) or prevalence (b) of each parasite genus score values above the median of 

present-day values, as obtained from 1000 randomly selected points sampled on the Iberian 

Peninsula (dotted lines: Haemoproteus; solid lines: Plasmodium; dashed lines: 

Leucocytozoon). Future probabilities are those obtained according to a scenario for future 
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climate assuming medium changes (A2a emission scenario). Similar figures showing the 

results obtained assuming light and severe scenarios are shown online in Fig. S3.  

 

Figure 4. Relationship between current and future predictions of parasite impact (measured 

from richness and prevalence estimates on 1000 randomly selected points) for the global 

warming scenario A2a (medium climate change). Similar figures showing the results 

obtained assuming light and severe scenarios are shown online in Fig. S4. 
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Table S1. Sampling localities and parasite screening results. For each locality, the table shows sampling 
year, number of blackcaps screened for parasites (n), and assigned host behaviour (migratory or sedentary). 
Richness represents the number of cytochrome b haplotypes of each parasite genus found in each locality. 
Prevalence is given as percentage of individuals infected by parasites of each genus in each locality. Locality 
identity numbers (ID) are the same as in Figure S1. 
 

   Haemoproteus spp. Plasmodium spp. Leucocytozoon spp. 

ID Year n Richness Prevalence Richness Prevalence Richness Prevalence 

1 2009 22 5 72.7 1 9.1 2 13.6 

2 2008 25 4 60 1 32 4 64 

3 2009 24 2 12.5 1 12.5 0 0 

4 2009 20 3 15 3 35 0 0 

5 2011 19 5 100 0 0 1 5.3 

6 2008 33 7 78.8 1 12.1 2 12.1 

7 2009 21 4 61.9 1 9.5 2 9.5 

8 2011 38 0 0 1 23.7 0 0 

9 2010 19 2 15.8 2 10.5 0 0 

10 2009 22 2 13.6 1 9.1 0 0 

11 2008 31 4 29 2 38.7 4 16.1 

12 2011 32 6 46.9 1 3.1 2 15.6 

13 2009 22 2 36.4 1 4.5 0 0 

14 2008 16 7 93.8 1 12.5 2 68.8 

15 2011 29 6 82.8 0 0 2 13.8 

16 2009 22 7 90.9 1 22.7 4 27.3 

17 2011 26 6 80.8 0 0 4 42.3 

18 2011 21 2 52.4 0 0 0 0 

19 2008 13 6 100 1 23.1 2 61.5 

20 2008 38 6 86.8 1 21.1 0 0 

21 2008 13 6 92.3 0 0 2 100 

22 2011 25 7 80 0 0 5 52 

23 2010 15 6 73.3 0 0 1 13.3 

24 2008 20 6 90 0 0 2 20 

25 2011 25 3 28 2 28 0 0 

26 2011 32 6 65.6 1 6.3 0 0 

27 2009 23 3 30.4 0 0 1 8.7 

28 2009 30 5 90 1 23.3 0 0 

29 2011 24 4 75 0 0 5 45.8 

30 2009 19 2 15.8 1 10.5 0 0 

31 2008 13 4 61.5 2 46.2 1 15.4 

32 2009 25 2 8 1 12 0 0 

33 2009 20 6 45 1 10 1 5 

34 2011 21 5 71.4 2 9.5 0 0 

35 2009 43 5 39.5 2 9.3 1 2.3 

36 2008 20 6 65 1 20 1 10 

37 2009 21 7 90.5 1 38.1 1 4.8 
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Table S2. Repeated measures ANOVA for variation between current and future conditions (time) in the 
probability of high richness and prevalence of each parasite (expected values above current average values), 
under the three climate change scenarios considered. 
 
 

 Parasite richness Parasite prevalence 

Source of variation 
df 

effect 
df 

error 
F P 

df 
effect 

df 
error 

F P 

Scenario 2 1998 856,4 < 0.001 2 1998 1715,3 < 0.001 

Genus 2 1998 792,3 < 0.001 2 1998 653,7 < 0.001 

Time 1 999 5756,4 < 0.001 1 999 6958,7 < 0.001 

Scenario × Genus 4 3996 1236,8 < 0.001 4 3996 1026,3 < 0.001 

Scenario × Time 2 1998 856,4 < 0.001 2 1998 1715,3 < 0.001 

Genus × Time 2 1998 7878,3 < 0.001 2 1998 7630,7 < 0.001 

Scenario × Genus × Time 4 3996 1236,8 < 0.001 4 3996 1026,3 < 0.001 
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Figure S1. Geographic location of sampling localities. The location of the 37 sampling sites in the Iberian 
Peninsula, with relief.  Locality names are the municipalities where sampling took place; the name of the 
Spanish provinces to which those municipalities belong is stated in parentheses. Localities have been 
labelled with the same identity numbers as in Table S1. 
 
 

 
 
 
 

ID Locality name ID Locality name 

1 Aguilar de Campoo (Palencia) 20 Molinaseca (León) 

2 Alájar (Huelva) 21 Pampaneira (Granada) 

3 Aldeaquemada (Jaén) 22 Panticosa (Huesca) 

4 Alfarràs (Lérida) 23 Pinilla del Valle (Madrid) 

5 Barreiros (Lugo) 24 Pradoluengo (Burgos) 

6 Barrundia (Álava) 25 Ruidera (Ciudad Real) 

7 Bera (Navarra) 26 San Adrián (Navarra) 

8 Cazalla de la Sierra (Sevilla) 27 San Lorenzo de El Escorial (Madrid) 

9 Cocentaina (Alicante) 28 Santa Marta de Tormes (Salamanca) 

10 Cofrentes (Valencia) 29 Santiago-Pontones (Jaén) 

11 El Bosque (Cádiz) 30 Talavera de la Reina (Toledo) 

12 Gilbuena (Ávila) 31 Tarifa (Cádiz) 

13 Grado (Oviedo) 32 Tordera (Barcelona) 

14 Güéjar-Sierra (Granada) 33 Tordesillas (Valladolid) 

15 Hermandad de Campoo de Suso (Santander) 34 Trillo (Guadalajara) 

16 Jaca (Huesca) 35 Valderrobres (Teruel) 

17 Jerte (Cáceres) 36 Vilar de Barrio (Orense) 

18 Limpias (Santander) 37 Zuera (Zaragoza) 

19 Los Barrios (Cádiz)   
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Figure S2. Present and future distribution of the probability of areas with richness and prevalence above the 
median of present-day values of the three considered parasite genera in the Iberian Peninsula. The colour 
range varies between blue (0) and red (1). Future distribution of probability is projected according to A1b, A2a 
and B2a emission scenarios, which assume respectively a severe, a medium and a slight change in climate. 
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Figure S3 Variation between present and future conditions in the probability that haplotype richness (a) or 
prevalence (b) of each parasite genus score values above the median of present-day values, as obtained 
from 1000 randomly selected points sampled on the Iberian Peninsula (dotted lines: Haemoproteus; solid 
lines: Plasmodium; dashed lines: Leucocytozoon). 
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Figure S4 Relationship between current and future predictions of parasite richness and prevalence (as 
estimated on 1000 randomly selected points) for the global warming scenarios A1b, A2a and B2a, which 
assume respectively a severe, a medium and a slight change in climate. 
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Appendix S1. Random Forest analyses and results. 
 
Random Forest (Breiman, 2001) is a machine learning technique which has revealed itself as a very 
convenient tool in ecological studies (Cutler et al., 2007), including its use as a SDM technique (Sehgal et al., 
2010; Bisrat et al., 2012; Tôrres et al., 2012). Random Forest fits many regression trees to a data set, and 
then combines the predictions from all the trees. The algorithm selects a given number of bootstrap samples 
(which typically include 2/3 of the original observations) from the dataset, fitting a regression tree to each of 
them, but using at each node only a subset of the available variables as potential splitters. Every tree is fully 
grown and used to predict the 1/3 of observations (called “out-of-bag”) not used in its construction. 
Accuracies and error rates for each observation are computed using the out-of-bag predictions, and then 
averaged over all observations. Given that the out-of-bag observations were not used in the fitting of the 
trees, the out-of-bag estimates are essentially cross-validated accuracy estimates. The combined information 
of all the obtained regression trees allows calculating both the relative importance of each variable and their 
reliability as predictors (Cutler et al., 2007). 
 

Random Forest analyses were performed using the Random Forest R package (Liaw & Wiener, 
2002) implemented in ArcGIS 9.3 through the Marine Geospatial Ecology Arctoolbox (Roberts et al., 2010). 
Using as inputs the information of several GIS layers and the georeferenced values of the response variable, 
it gives as outputs at the same time the results of the R analyses (including the proportion of explained 
variance of each model -pseudoR

2
-) and the predicted values as a new GIS layer; elaborated either from the 

original GIS layers or from different ones (the ones of different climate change scenarios in our case). 
 

In spite of the great potential that Random Forest has as a SDM tool, the explanatory power of the 
models we obtained was very low (Table A) and thus they were unsuitable to elaborate reliable predictions, 
arguably because of the difficulty to make accurate quantitative predictions of parasite prevalence or 
richness with a small number of sample points. Therefore we decided to use MaxEnt to make our 
predictions, given that it has been shown to perform remarkably well when only a small dataset is available 
(Bean et al., 2012). 

 
Table A. Values of pseudoR

2
 (proportion of explained variance) obtained with the Random Forest 

analyses. 
 

Response variable PseudoR
2
 (%) 

Haemoproteus richness 29.8 

Haemoproteus prevalence 2.0 

Plasmodium richness 4.4 

Plasmodium prevalence 26.0 

Leucocytozoon richness 20.4 

Leucocytozoon prevalence 38.2 
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Appendix S2. Current and future predictions of coinfection patterns. 
 
Haemosporidian coinfections could be more virulent than single infections (Marzal et al., 2008; Palinauskas et 
al., 2011). Given that coinfections are very common in our study system (282 out of 577 infected birds 
harboured more than one parasite lineage), it seems advisable to analyse which would the future patterns of 
multiple infection be. Nevertheless there is a main caveat, related to the great diversity of multiple infections 
found in our system (Table B), which would require an impracticably large number of sampling locations to 
obtain meaningful models of how different lineage combinations would be likely to change. 
 

Table B. Frequency of all possible combinations of parasite genera in multiple infections in our 
study. Note that these seven simple types of multiple infections (at genus level) may be expanded 
to all possible mixed infections with a list of 24 parasites. In our study, the richest infracommunity 
included six parasites, and we found 109 unique mixes of parasite haplotypes.  

 

 Total 
Only 

Haemoproteus 
Only 

Plasmodium 
Only 

Leucocytozoon 
Haemoproteus 
+ Plasmodium 

Haemoproteus + 
Leucocytozoon 

Plasmodium + 
Leucocytozoon 

Three 
genera 

n 282 129 0 8 43 85 2 15 

% 100 45.8 0 2.8 15.3 30.1 0.7 5.3 

 
In order to define the general trends followed by multiple infections and their likely evolution, we 

determined three response variables, computed for each population: the prevalence of multiple infections 
(PMI), the average number of genera in the infracommunity (NGI), and the average lineage richness of the 
infracommunity (LRI). 
 

Interestingly enough, coinfection variables were correlated with parasite prevalence, but not with 
parasite richness; and Leucocytozoon prevalence showed an especially high correlation with coinfection 
variables (Table C). 
 

Table C. GLM analyses of the relationships among the three coinfection variables (dependent 
variables: prevalence of multiple infections [PMI]; average number of genera in the 
infracommunity [NGI], and average lineage richness of the infracommunity [LRI]) and richness 
and prevalence of each parasite genus (independent predictors). Significant effects (F values, d.f. 
= 1,30) are shown (* p< 0,05; **p < 0,01; *** p< 0,001). 

 

 PMI NGI LRI 

Haemoproteus richness - - - 

Plasmodium richness - - - 

Leucocytozoon richness - - - 

Haemoproteus prevalence 4.39* - - 

Plasmodium prevalence 9.91** 7.18* - 

Leucocytozoon prevalence 33.51*** 62.45*** - 

 
 

Following the same approach as for the models of the areas with parasite richness or prevalence above 
the current median values, we developed models of these three descriptors of multiple infections. MaxEnt 
performance was fairly good (Table D, Figure A, Figure B), but due to the complex nature of multiple 
infections, the interpretation of these models is not straightforward. 

 
Table D. Evaluation of MaxEnt model performance based on the area under the ROC curve 
(AUC; average values of 100 replicates). The figures between parentheses indicate the number 
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of localities that scored values of the dependent variable above the median of the 37 sites, and 
were thus used to build each model. AUC-values range from 0 to 1; values of AUC above 0.7 can 
be considered good; values over 0.9 excellent (Phillips et al., 2006). Variables are prevalence of 
multiple infections (PMI), average number of genera in the infracommunity (NGI), and average 
lineage richness of the infracommunity (LRI). 

 

Variable AUC scores 

PMI (10) 0.827 

NGI (19) 0.927 

LRI (18) 0.844 

 
 

 
 

Figure A. Present and future distribution of the probability of areas with coinfection variables 
above the median of present-day values (prevalence of multiple infections [PMI]; average number 
of genera in the infracommunity [NGI], and average lineage richness of the infracommunity [LRI]). 
The colour range varies between blue (0) and red (1). Future distribution of probability is 
projected according to A1b, A2a and B2a emission scenarios, which assume respectively a 
severe, a medium and a slight change in climate. 
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Figure B. Variation between present and future conditions in the probability that the prevalence 
of multiple infections (blue) or the average number of genera in the infracommunity (black) or 
average lineage richness of the infracommunity (red) score values above the median of present-
day populations, as obtained from 1000 randomly selected points sampled on the Iberian 
Peninsula. 

 
 

Future probabilities of the three response variables are predicted to decrease. Nevertheless, the only 
clear trend seems to be the one depicted by the richness of parasite genera of the infracommunities: the 
appearance of broadly two areas with high probability levels, in the northern and the southern Iberian 
Peninsula, could be linked to the abundance of multiple infections that either exclude (to the North) or include 
(to the South) Plasmodium parasites. This interpretation is tenuous, but the models of the other two 
descriptors are still more difficult to interpret, given the complexity of multiple infections in our study system. 
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