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Abstract:  

 

Understanding how environmental variation influences the distribution of parasite 

diversity is critical if we are to anticipate disease emergence risks associated with global 

change. However, choosing the relevant variables for modelling current and future 

parasite distributions may be difficult: candidate predictors are many, and they seldom 

are statistically independent. This problem often leads to simplistic models of current 

and projected future parasite distributions, with climatic variables prioritized over 

potentially important landscape features or host population attributes. We studied avian 

blood parasites of the genera Plasmodium, Haemoproteus and Leucocytozoon (which 

are viewed as potential emergent pathogens) in 37 Iberian blackcap Sylvia atricapilla 

populations. We used Partial Least Squares regression to assess the relative importance 

of a wide array of putative determinants of variation in the diversity of these parasites, 

including climate, landscape features and host population migration. Both prevalence 

and richness of parasites were predominantly related to climate (an effect which was 

primarily, but not exclusively driven by variation in temperature), but landscape 

features and host migration also explained variation in parasite diversity. Remarkably, 

different models emerged for each parasite genus, although all parasites were studied in 

the same host species. Our results show that parasite distribution models, which are 

usually based on climatic variables alone, improve by including other types of 

predictors. Moreover, closely related parasites may show different relationships to the 

same environmental influences (both in magnitude and direction). Thus a model used to 

develop one parasite distribution can probably not be applied identically even to the 

most similar host-parasite systems. 
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INTRODUCTION 

 

Global patterns of climate and landscape variation are major determinants of the 

distribution of biodiversity (Pearson & Dawson, 2003; Foley et al., 2005), a tenet which 

is also true for parasites. Given that parasitic diseases are both a major ecological factor 

affecting wildlife (Combes, 2005) and a public health concern (Daszak et al., 2000), 

unravelling the environmental correlates of parasite diversity, transmission success and 

virulence has deserved considerable attention (Patz et al., 2000; Altizer et al., 2006; 

Lafferty, 2009; Mostowy & Engelständer, 2011). Furthermore, with increasing global 

change (widespread climate change and large-scale man-made habitat modifications; 

Vitousek, 1994; Sala et al., 2000), understanding current parasite distributions and their 

environmental determinants becomes urgent, in order to anticipate future risks of 

disease spread and emergence (Peterson, 2008; Fuller et al., 2012). 

Parasite-environment relationships are difficult to comprehend because parasites 

depend on their hosts to complete their life cycles. Thus, it is hard to determine whether 

a given environmental feature determines the probability of the occurrence of a parasite 

directly or indirectly through their hosts (Hance et al., 2007; Cardon et al., 2011). 

Moreover, many parasites are transmitted among hosts by vectors (usually ectothermic, 

seasonally-active invertebrates), and this further complicates the ways in which 

parasites may be affected by climatic and landscape features (Dobson & Carper, 1992; 

Patz et al., 2000; Gage et al., 2008; Loiseau et al., 2011). However, most parasite 

distribution models have so far relied on climatic variables alone, largely neglecting the 

potential role that landscape features or variation in host population attributes could 

play as determinants of parasite diversity. But the question remains whether parasite 

distributions may be adequately modelled based on climate variables alone, or if the 
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models may significantly improve by including landscape variables or host population 

attributes as predictors (Lafferty 2009; Hof et al., 2012). Answering this question will 

improve our understanding of parasite distributions, as well as our predictions regarding 

their future configuration under different global change scenarios. 

Avian haemosporidians (including species of Plasmodium, Haemoproteus and 

Leucocytozoon, order Haemospororida; Valkiūnas, 2005) are a closely related group of 

vector-borne parasites (Outlaw & Ricklefs, 2011). They are harmful to their hosts 

(Merino et al., 2000; Marzal et al., 2008; Knowles et al., 2010), and are infamous for 

the conservation problems caused by their introduction in naïve host populations 

isolated on oceanic archipelagos (Atkinson & van Riper III, 1991; Freed et al., 2005; 

Howe et al., 2012). They are easy to study in wild bird populations, and have become 

models for research on host-parasite relationships and their evolutionary and ecological 

implications (Bensch et al., 2009). But in spite of their importance, there is a general 

lack of knowledge of the match between ecological features and diversity of avian 

haemosporidians. Few studies have developed predictive models for these parasites, 

most of which focused on Plasmodium (Sehgal et al., 2010; Loiseau et al., 2012; 2013). 

Consequently, knowledge of the environmental requirements of parasites and their 

vectors is poorly known in comparison with that of human malaria parasites (Carter et 

al., 2000; Drakeley et al., 2006; Murdock et al., 2012). Nevertheless, it is anticipated 

that avian haemosporidians will probably expand their ranges with global warming 

(Garamszegi, 2011; Zamora-Vilchis et al., 2012, Loiseau et al., 2013). Broad-scale 

habitat modifications are also responsible for changes in their richness and prevalence, 

although studies on the subject are scarce (Chasar et al., 2009; Sehgal, 2010).  

Together with environmental features, an important determinant of the diversity 

of avian parasites may be the migratory behaviour of their host populations. Migratory 
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birds may be exposed to different parasite faunas throughout the year, as they regularly 

visit multiple sites, potentially separated by long distance, by moving between breeding 

and nonbreeding grounds. As a consequence, migratory birds are expected to harbour 

more diverse parasite communities than their sedentary relatives. This has been 

extensively documented in birds and their pathogens (Peterson et al., 2008; Altizer et 

al., 2011), including all avian haemosporidian genera (Figuerola & Green, 2000; 

Waldenström et al., 2002; Jenkins et al., 2012); but to our best knowledge host 

migration is still to be implemented as a predictor variable in parasite diversity 

modelling. 

We studied which environmental factors best explain variation in 

haemosporidian parasite richness and prevalence among Iberian populations of 

blackcaps (Sylvia atricapilla). The blackcap is an excellent model species for our 

purposes because it harbours a diverse community of haemosporidians, many of which 

are strict blackcap-specific parasites which often attain high prevalences that vary 

among geographic areas (Pérez-Tris & Bensch 2005a; Pérez-Tris et al., 2007; 

Križanauskienė et al., 2010). By studying parasite richness and prevalence in a single 

host species, we overcome the problem of differential parasite detection associated with 

heterogeneous sample size among host species (Dimitrov et al., 2010; Loiseau et al., 

2011). Also conveniently, the Iberian Peninsula shows marked topographic and 

environmental heterogeneity at a reduced geographic scale, and blackcaps span most of 

the range of Iberian environmental conditions (Carbonell, 2003). In addition, Iberian 

blackcaps include both migratory and sedentary populations (Tellería et al., 2001).  

Our goal is to assess whether the relationships between environmental or host 

population attributes and parasite prevalence and richness are similar or vary among the 

three parasite genera (the latter possibility may be expected because their vectors have 
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different environmental needs and each parasite type may face different physiological 

constraints). Given the need for solid conceptual and empirical foundations for 

developing models of parasite distribution under different global change scenarios, we 

also set out to test if climate-based parasite distribution models may be improved by 

considering variables such as landscape and host population attributes (Lafferty 2009; 

Hof et al., 2012). In a context of global change, only a deep knowledge of whether and 

how different environmental factors may affect host-parasite interactions, including how 

parasite-environment relationships may vary among parasite types, will allow us to 

foresee future parasite impacts and their potential effects on biodiversity. 

 

MATERIAL AND METHODS 

 

Study area and field methods 

 

From 2008 to 2011 a total of 882 blackcaps were captured in 37 localities scattered 

across the Iberian Peninsula (mean n = 24 blackcaps per locality, range 13-43; Fig. S1, 

Table S1). Sampling took place from mid July to early August, post-breeding season but 

before the arrival of northern migrating birds. Sample localities were selected to cover 

as broad an area as possible from the range of blackcaps in Spain, spanning a wide 

variety of breeding habitats and including both migratory and sedentary populations 

(Carbonell, 2003). In each locality, variable numbers of mist-nets were set and birds 

were tape-lured to increase the number of captures. 

Shortly after capture, birds were marked with a unique identifying metal ring. 

The length of the eighth primary (feathers numbered from the body to the wing tip), tail 

length and distance between the wing tip and the tip of the first and ninth primary 
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feathers were measured to the nearest half mm. These measures were used to classify 

each blackcap population as being migratory or sedentary, according to the discriminant 

function developed by Pérez-Tris et al. (1999). This method has a success rate of 

around 90% (De la Hera et al., 2007). We therefore considered that populations could 

be safely assumed to be migratory if the majority of their individuals scored migratory-

like morphology, and sedentary otherwise (note that both types of populations may 

sometimes contain a small proportion of individuals with alternative migratory 

behaviours; Pulido, 2011). A blood sample (20-30 µl) was collected from the jugular 

vein of each bird and stored in absolute ethanol. All birds were released, unharmed, at 

the site of capture. 

 

Parasite molecular screening 

 

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

protocol. After quantification, extracted DNA was diluted to a working concentration of 

25 ng/μl. Samples were screened for positive infections of Haemoproteus, Plasmodium 

and Leucocytozoon following the nested PCR protocol developed by Hellgren et al. 

(2004), in which a 479 bp fragment of the parasite cytochrome b gene is amplified. PCR 

results were checked in 2% agarose gels stained with ethidium bromide or GelRed ™ 

(Biotium, USA) under UV light, looking for bands of the appropriate size. Negative 

samples were rerun to look for false negatives. A positive control (using DNA template 

from an infected bird) and eight negative controls (using distilled water instead of 

template DNA) were included in every 96-well PCR batch to test for reaction quality 

and possible PCR contamination (no negative control produced positive result). To test 
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for sample quality and suitability for PCR all samples were previously tested using a 

standard sexing protocol (Griffiths et al., 1998). 

All positive samples were sequenced on an ABI Prism 3730 capillary robot 

(Applied Biosystems, USA) using the primers HaemF (for Plasmodium and 

Haemoproteus) or HaemFL (for Leucocytozoon). Sequences were edited manually 

using BioEdit 7.0.5.3 (Hall, 1999) and cytochrome b haplotypes, defined by a sequence 

difference of at least one base in the amplified fragment, were identified according to 

the last version of the MalAvi database (July 2011; Bensch et al., 2009). Mixed 

infections were recognized by the presence of double peaks on the electropherograms 

(Pérez-Tris & Bensch, 2005b) 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. New 

sequences were given a name according to MalAvi nomenclature (Bensch et al., 2009) 

and deposited in GenBank. 

 

Predictor variables 

 

An area of 10 Km
2
 surrounding each sampling location was defined as the geographical 

working unit. All GIS analyses were done using ESRI® ArcMap™ 9.3 (2008). In order 

to thoroughly characterize each locality, the following data layers were used: mean, 

maximum and minimum monthly temperatures, monthly rainfall, 19 bioclimatic 

variables (BIOCLIM http://www.worldclim.org/bioclim), MDE GETOPO30 

topographic features, CORINE 2000 Land Cover land uses and mean monthly NDVI 
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index (1982-2000 period). Monthly measures were combined to obtain both annual and 

breeding season (March to June) means.  

 Besides climatic and landscape variables, we also considered in the analyses 

latitude and longitude of the sampling points, in order to control for any spatial 

structuring of the data. We also included in the analyses sampling year, as well as the 

proportion of adult birds and sex-ratio in every locality. In total, we considered 50 

predictor variables, which are listed in Table S4. 

 

Statistical analyses 

 

To meet statistical requirements, all variables were log- (numerical data) or arcsin-

transformed (proportion data). We used Partial Least Squares regression (PLS) to test 

for the effects of different variables on richness and prevalence of each parasite genus. 

PLS is an extension of the multiple regression analysis explicitly designed to deal with 

databases in which the predictors are numerous (especially if there are more predictors 

than study cases) and potentially highly collinear (Carrascal et al., 2009). PLS 

regression gathers the predictors in one or several multivariate factors according to the 

underlying relationships among the original variables. It considers both the dependent 

variable and the predictors at the same time and forces them to maximize the explained 

variance of the former. If there is more than one significant factor, they are orthogonal 

and account for successive lower proportions of the original variance of the dependent 

variable. The factor or factors extracted can be interpreted as environmental gradients 

defined by a particular ordering of the predictors (Carrascal et al., 2009). In each factor, 

every predictor is given a weight that represents its particular importance on defining 

the factor, regardless of its collinearity with the other predictors. Therefore, PLS allows 
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analysis of the effect of variables that, despite being highly correlated, can explain 

different aspects of the variation in the response variable which would be dismissed by 

other methods. 

 Although rarely used in ecological studies, PLS is viewed to perform equally or 

better than other regression methods that handle highly collinear data, such as stepwise 

multiple regression, Principal Components regression, or model fitting techniques that 

apply Maximum Likelihood or Bayesian theory (Helland, 2001; Carrascal et al., 2009). 

PLS is preferred above other methods when the number of predictors is high for the 

available sample size and error variance is large (Garthwaite, 1994; Carrascal et al., 

2009). Importantly, PLS regression also allows a first assessment of the relative 

importance of each of a large set of predictors to be made, which is helpful for selecting 

the appropriate variables (or their surrogates instead) before designing more specific 

predictive models. 

 To perform the PLS analyses we used the NIPALS algorithm with seven-fold 

cross-validation implemented in STATISTICA 7.0 (StatSoft, 2004). The NIPALS 

algorithm evaluates the significance of each factor assessing not only the proportion of 

the original variance explained by it, but also its predictive power through cross-

validation. The relative contribution of each predictor to the derived factors and its 

significance can be assessed by the square of its predictor weight: given that the sum of 

all the square predictor weights equals 100% of the explained variance, every variable 

with a square weight greater than 1/k (were k is the number of predictor variables) 

significantly contributes to the final design of the factor. Conversely, the general R
2
 of 

each factor can be decomposed among predictors, as they contribute to it proportionally 

to their square predictor weights. In order to test whether adding non-climatic predictors 

improved climate-based models, we conducted PLS analyses on 100 databases obtained 
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by bootstrap (with replacement) of the original data. We derived significance values for 

the difference between the models that included all variables and climate-only models 

from pairwise comparisons of R
2
 values obtained using bootstrapped data. 

We are aware that the effects of climatic or habitat variables do not need to be 

linear, but the inclusion of the quadratic terms of these variables in preliminary analyses 

did not qualitatively affect our results. In models including linear and quadratic terms 

together, quadratic terms were given similar or lower weights compared to the 

corresponding linear terms. Total variance explained often remained unchanged or, in 

some instances, even decreased (~2%) when quadratic terms were added in the models. 

Therefore, we decided to analyse our data using linear terms alone. 

 

RESULTS 

 

Parasite screening 

 

In all, 65.3% of the blackcaps screened were infected by at least one of the three 

parasite genera, but parasite prevalence and richness greatly varied among localities 

(Fig. 1, Table S1). Haemoproteus appeared in all but one of the localities, with an 

average prevalence of 58.2%, followed by Plasmodium (27 localities, 13.3% 

prevalence) and then Leucocytozoon (23 localities, 17.0% prevalence). Although we 

failed to determine haplotype identity in a number of parasite infections, we found a 

total of 24 parasite haplotypes (Fig. 1, Table S2). Unidentified parasite haplotypes were 

evenly distributed across localities, so they do not affect our estimates of parasite 

richness per locality. Neither parasite richness nor prevalence of any of the three genera 

showed any significant relationship with locality sampling size (all p > 0.05), and a 
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1000-fold bootstrap calculation with replacement of mean parasite richness and 

prevalence per locality revealed no significant differences with the actual dataset (all 

correlations between field and bootstrapped values were highly significant p < 0.001). 

 

PLS analyses 

 

The comparison of our PLS models with alternative models built with climatic variables 

alone showed that in all cases adding non-climatic variables significantly improved 

climate-based models (Table S3). PLS analyses always yielded only a single significant 

multivariate factor for each dependent variable. In general, both richness and prevalence 

followed the same trends for each parasite genus (Table 1, Fig. 2, and Table S4). 

Temperature-related variables showed a strong negative relationship with 

Haemoproteus richness. Rainfall was not noticeably associated with Haemoproteus 

richness, which was instead negatively correlated with the abundance of wooded 

croplands. Haemoproteus prevalence followed nearly the same trends. 

Plasmodium in turn was found to thrive in warmer sites: its richness and 

prevalence increased with temperature, towards the south and near the coastal regions of 

the Iberian Peninsula. Rainfall variables were also conspicuously associated with 

Plasmodium prevalence, which rose up when rainfall was concentrated out of the 

warmest months. In terms of habitat features, Plasmodium favoured also flat, open 

areas. 

Leucocytozoon was the only parasite genus showing a significant relationship 

with host migratory behaviour; both richness and prevalence were higher in sedentary 

blackcap populations. Landscape characteristics, noticeably terrain steepness and the 

presence of areas with a high percentage of broadleaf forests and few human 
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settlements, were related with greater Leucocytozoon diversity, as well as year-round 

cold and rainy locations, which were located both in the north of the Iberian Peninsula 

and in the southern mountain ranges. 

 

DISCUSSION 

 

Our results reveal the types of environmental variables that best explain the 

geographical variation in prevalence and richness of vector-borne parasites in Iberian 

blackcaps. PLS regression analyses were able to detect major gradients of 

environmental configurations, as defined by particular combinations of values of the 

predictor variables, which adequately explained variation in parasite diversity. 

Geographic variation in temperature and precipitation, but also in factors other than 

climate, is associated with variation in prevalence or haplotype richness of all parasite 

genera analysed. However, Haemoproteus, Plasmodium and Leucocytozoon, while 

phylogenetically closely related, do not respond in the same way to environmental 

variation.  

The amount of variance in parasite richness and prevalence explained by PLS 

analyses ranged between 36-61%, and it was greatest for Leucocytozoon, then for 

Haemoproteus and finally for Plasmodium. Variation among genera in the amount of 

variance explained by PLS models can be related to differences in their degree of 

environmental specialization. This has a great influence on the performance of 

predictive models, which is usually higher for specialist species (Evangelista et al., 

2008). Environmental specialization could be mediated either by constraints on the 

parasites themselves or by their vectors (Loiseau et al., 2011); Plasmodium parasites 

often are host generalists transmitted by a wide array of ornithophilic culicine 
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mosquitoes (Gager et al., 2008; Kimura et al., 2010; Njabo et al., 2010), whereas 

Haemoproteus and Leucocytozoon establish more specific associations with both their 

avian hosts and their insect vectors (Valkiūnas & Iezhova, 2004; Hellgren et al., 2008; 

Martínez-de la Puente et al., 2011). The vectors of these two genera are also known to 

be more habitat-specialists: Haemoproteus vectors (Culicoides biting midges, Fam. 

Ceratopogonidae) rely on constant ground humidity, and Leucocytozoon vectors (black 

flies, Fam. Simuliidae) require running, unpolluted water for breeding (Santiago-

Alarcón et al., 2012). 

Climatic predictors accounted for the greatest proportion of explained variance 

of all response variables, determining two major trends of parasite distribution in the 

Iberian Peninsula. On the one hand, Plasmodium richness and prevalence increased in 

the warmest Iberian areas (the Mediterranean lowlands located towards the south and 

near coastlines). On the other hand, both Haemoproteus and Leucocytozoon were found 

to thrive in cooler locations, either in the north of the study region or in the southern 

mountain ranges. In sum, both groups of parasites were strongly influenced by the 

opposite trends. Thus birds living in different Iberian regions face fundamentally 

different parasite communities. Regarding landscape features, it is worth noting the 

importance of both altitude and slope for explaining geographic variation in parasite 

diversity. This is especially true for Leucocytozoon, though linkage to areas with steep 

slopes probably reflects the dependence of their insect vectors on running water. We 

found topographic variables important for parasite diversity modelling, which adds to 

recent literature advocating of the incorporation of these variables in ecological 

modelling (Hof et al., 2012). Land use, by contrast, did not play a prominent role as a 

predictor variable. Nevertheless, the negative effect of the percentage of urban areas on 

both prevalence and richness of Leucocytozoon can be interpreted as further evidence 
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that haemosporidian prevalence decreases in disturbed habitats, as described for other 

host-parasite systems (Bonneaud et al., 2009; Sehgal, 2010). Finally, sedentary 

blackcap populations scored higher richness and prevalence for Leucocytozoon. This 

result suggests that sedentary blackcaps face more complex parasite communities, an 

observation which is opposed to our initial expectations (Jenkins et al., 2012) and 

deserves further research. 

A putative problem linked to our geographically restricted sampling is that this 

excluded from our analyses part of parasites’ geographical ranges (all three parasite 

genera have been found in blackcaps outside the Iberian Peninsula; Bensch et al., 2009), 

and thus capture a fraction of the environmental range in which each parasite can thrive. 

As a consequence, the conclusions drawn from our analyses might only apply to the 

Iberian Peninsula, especially in relation to climatic effects (Beale et al., 2008; Jiménez-

Valverde et al., 2009; Peterson et al., 2009). Nevertheless, the localities sampled in our 

study span a wide range of climatic variation, with mean annual temperature ranging 

between 7.2 ºC and 17.3 ºC or mean annual rainfall ranging between 366.1 mm and 

1361.9 mm. In addition, we found a strong climatic effect on parasite diversity. 

Therefore, even if the above effects could become more marked by including more 

sampling localities, we believe that their relative magnitudes or directions would not 

vary greatly. 

The effect of climatic variables on parasite diversity is not always easy to 

interpret without the concurrence of other variables (Thomson et al., 2005), hence the 

convenience of multivariate analyses such as PLS regression. The lack of statistical 

restrictions on the number of examined predictors allowed us to test several variables in 

a single analysis that, although potentially meaningful from a biological point of view, 

are often discarded in predictive modelling analyses for the sake of statistical simplicity. 
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Forecasting parasite activity is largely constrained by the availability of accurate 

predictive models which correctly describe how parasite distributions are expected to 

change in the future. Although great effort has been devoted to creating predictive 

climatic models, the future evolution of habitats is far from clear (Stanton et al., 2011), 

let alone whether migratory behaviour will evolve and change among geographic areas 

(Pulido & Berthold, 2010). Even so, we have shown that variation in parasite diversity 

is mainly related to climatic or virtually static variables (such as altitude or slope), so 

future predictions of host-parasite interactions are likely relevant. For instance, 

according to the general trends shown in this paper, a process of climate warming is 

likely to lead the current scenario of host-parasite interactions to one in which 

Plasmodium may increase its range at the expense of both Haemoproteus and 

Leucocytozoon, which are likely to lose areas of high diversity in the Iberian Peninsula. 

This brings a word of caution as well, because there is always a risk of applying the 

assumptions derived from particular host-parasite systems to others simply because they 

include related species. A deep knowledge of parasite ecology is vital before making 

such extrapolations; given that closely related parasites, as we show here, can follow 

different environmental trends. 

Anticipating the relationship between parasite diversity and the emergence of 

infectious diseases in a changing world is urgent (Fuller et al., 2012). Conveniently, we 

demonstrate that environmental variables are reliable predictors of present-time parasite 

diversity among Iberian blackcap populations, a circumstance which may be general to 

other host-parasite systems, even if the shape of parasite-environment relationships is 

likely to change among parasite groups. Species distribution modelling using 

environmental variables is a helpful tool for developing robust predictions about how 

parasite diversity may change over time or across geographical areas, but this is 
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particularly true providing that the appropriate variables are used. To this end, assessing 

the relative importance of candidate variables may prove an essential prior step before 

developing predictive models. Better models, based on an appropriate selection of 

predictor variables, will help us to avoid being caught off guard by the consequences of 

global change on the natural systems. 
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Table 1. Partial Least Squares regression weights of each predictor variable on the factors (columns) retained in the models obtained for each 

dependent variable (haplotype richness and prevalence of each parasite genus). In all cases, only one factor was retained in the final model. For 

the sake of clarity, independent variables have been grouped into different categories (whose joint contributions are shown in Fig. 2), and the 

variables that did not significantly contribute to explain variance in any of the dependent variables have been omitted (see the complete structure 

of factors in Table S4). R
2
 values of each model are indicated at the bottom of the table. 

 

Variable 

Haemoproteus  Plasmodium  Leucocytozoon  

Richness Prevalence Richness Prevalence Richness Prevalence 

Confounding variables       

Proportion of adults      0.151 

Sampling year: 2008 0.157 0.184 -0.172 -0.197 -0.144 0.254 

Sampling year: 2009  -0.170    -0.187 

Sampling year: 2010     0.166  

Geographical effects       

Latitude (Y)    -0.160  -0.197 
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X*Y    0.200 0.160  

Y
2 

 0.148   0.151 0.237 

X*Y
2 

   -0.147   

X
3 

 -0.185     

Y
3 

   -0.197  -0.233 

Temperature       

Annual mean temperature -0.275 -0.221 0.232 0.221 -0.212  

Maximum annual mean temperature -0.274 -0.238 0.246 0.233 -0.211  

Minimum annual mean temperature -0.253 -0.188 0.207 0.199 -0.200 -0.151 

Breeding mean temperature -0.265 -0.226 0.247 0.233 -0.232 -0.165 

Maximum breeding mean temperature -0.262 -0.247 0.266 0.251 -0.235  

Minimum breeding mean temperature -0.245 -0.194 0.227 0.217 -0.207 -0.165 

Minimum temperature of the coldest month  0.169     

Temperature annual range  -0.147     

Temperature mean diurnal range -0.200 -0.231 0.182 0.169 -0.145  
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Isothermality (mean diurnal range/annual range) -0.219  0.161 0.162 -0.177 -0.153 

Mean temperature of the wettest quarter -0.205 -0.200 0.204 0.144 -0.208 -0.211 

Mean temperature of the warmest quarter -0.271 -0.271 0.230 0.208 -0.209  

Mean temperature of the coldest quarter -0.237 -0.148 0.189 0.184 -0.174  

Rainfall       

Annual rainfall  0.143   0.165  

Breeding rainfall  0.148   0.199  

Rainfall of the driest month   -0.155 -0.219   

Rainfall seasonality (coefficient of variation) -0.154   0.174   

Rainfall of the wettest quarter     0.144  

Rainfall of the driest quarter    -0.197   

Rainfall of the warmest quarter    -0.182   

Rainfall of the coldest quarter  0.158   0.187 0.176 

Landscape features       

Altitude 0.158    0.185 0.169 
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Slope   -0.228 -0.175 0.272 0.309 

Percentage of broadleaf forest   -0.185  0.181  

Percentage of wooded croplands -0.269 -0.264     

Percentage of arable land   0.153    

Percentage of urban areas     -0.202 -0.171 

Behaviour       

Migration: Sedentarism*     0.151 0.259 

R
2
 of the model (% variance explained) 39.5 40.0 36.1 38.8 46.5 60.6 

*The contribution of migratory behaviour to each factor is the same as for sedentary behaviour but with the opposite sign.
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Figure 1. Haplotype richness and prevalence per parasite genus. The degree of filling of 

the outer circle represents parasite prevalence (%). The number in the inner circle 

indicates the number of different haplotypes detected. The colour of inner circles 

distinguishes between sedentary (shadowed) and migratory (white) blackcap S. 

atricapilla populations. 
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Figure 2. Decomposition of R
2
 values (expressed as percentage of variance explained) 

of PLS regression models into partial contributions of different types of predictors. The 

figure shows the results of models built for variation in haplotype richness (Rich) and 

prevalence (Prev) of parasites of the three genera (Haem.: Haemoproteus; Plas.: 

Plasmodium; Leuc.: Leucocytozoon). 
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Contents of this file: 
 

 Figure S1. Geographic location of sampling localities.  

 Table S1. Sampling localities and parasite screening results. 

 Table S2. Prevalence and geographic range per parasite genus. 

 Table S3. R
2
 values of PLS regression models with and without non-climatic variables. 

 Table S4. PLS regression predictor weights (complete table). 
 

 
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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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 Plasmodium Leucocytozoon 

ID Year n Behaviour Richness Prevalence Richness Prevalence Richness Prevalence 

1 2009 22 Migratory 5 72.7 1 9.1 2 13.6 

2 2008 25 Migratory 4 60 1 32 4 64 

3 2009 24 Migratory 2 12.5 1 12.5 0 0 

4 2009 20 Migratory 3 15 3 35 0 0 

5 2011 19 Migratory 5 100 0 0 1 5.3 

6 2008 33 Migratory 7 78.8 1 12.1 2 12.1 

7 2009 21 Migratory 4 61.9 1 9.5 2 9.5 

8 2011 38 Sedentary 0 0 1 23.7 0 0 

9 2010 19 Migratory 2 15.8 2 10.5 0 0 

10 2009 22 Migratory 2 13.6 1 9.1 0 0 

11 2008 31 Sedentary 4 29 2 38.7 4 16.1 

12 2011 32 Migratory 6 46.9 1 3.1 2 15.6 

13 2009 22 Migratory 2 36.4 1 4.5 0 0 

14 2008 16 Sedentary 7 93.8 1 12.5 2 68.8 

15 2011 29 Migratory 6 82.8 0 0 2 13.8 

16 2009 22 Migratory 7 90.9 1 22.7 4 27.3 

17 2011 26 Migratory 6 80.8 0 0 4 42.3 

18 2011 21 Migratory 2 52.4 0 0 0 0 

19 2008 13 Sedentary 6 100 1 23.1 2 61.5 

20 2008 38 Migratory 6 86.8 1 21.1 0 0 

21 2008 13 Sedentary 6 92.3 0 0 2 100 

22 2011 25 Migratory 7 80 0 0 5 52 

23 2010 15 Migratory 6 73.3 0 0 1 13.3 

24 2008 20 Migratory 6 90 0 0 2 20 

25 2011 25 Migratory 3 28 2 28 0 0 

26 2011 32 Migratory 6 65.6 1 6.3 0 0 

27 2009 23 Migratory 3 30.4 0 0 1 8.7 

28 2009 30 Migratory 5 90 1 23.3 0 0 

29 2011 24 Sedentary 4 75 0 0 5 45.8 

30 2009 19 Migratory 2 15.8 1 10.5 0 0 

31 2008 13 Sedentary 4 61.5 2 46.2 1 15.4 

32 2009 25 Migratory 2 8 1 12 0 0 

33 2009 20 Migratory 6 45 1 10 1 5 

34 2011 21 Migratory 5 71.4 2 9.5 0 0 

35 2009 43 Migratory 5 39.5 2 9.3 1 2.3 

36 2008 20 Migratory 6 65 1 20 1 10 

37 2009 21 Migratory 7 90.5 1 38.1 1 4.8 
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Table S2. Prevalence and geographic range per parasite haplotype. For each parasite cytochrome b haplotype found in the study, the table 
shows sequence Genbank accession number, taxonomic identity (if known) and number of known host species (n = 1 implies that the parasite is 
blackcap-specific according to current knowledge) according to the MalAvi database (see Bensch et al., 2009; cited in the paper), total prevalence 
across localities, and geographic range (number of populations where each parasite lineage occurred). 

 

Haplotype 
Genbank 

accesion number 
Parasite morphospecies 

Number of 
hosts 

Number of 
infections 

Total 
prevalence (%) 

Number of 
populations 

H-SYAT01 AY831750 Haemoproteus parabelopolskyi 2 132 15.0 32 

H-SYAT02 AY831751 Haemoproteus parabelopolskyi 1 194 22.0 35 

H-SYAT07 AY831754 Haemoproteus parabelopolskyi 1 30 3.4 17 

H-SYAT10 AY831757 Haemoproteus parabelopolskyi 1 4 0.5 3 

H-SYAT11 AY831758 Haemoproteus parabelopolskyi 1 1 0.1 1 

H-SYAT13 AY831760 Haemoproteus parabelopolskyi 1 44 5.0 22 

H-SYAT14 AY831761 Haemoproteus parabelopolskyi 1 88 10.0 24 

H-SYAT16 AY831762 Haemoproteus parabelopolskyi 1 9 1.0 7 

H-SYAT41 JQ670873 Haemoproteus parabelopolskyi 1 1 0.1 1 

H-SYAT03 AY831752 Haemoproteus pallidulus 1 120 13.6 22 

H-WW2 AY831755 Haemoproteus majoris 17 16 1.8 4 

H-CWT4 AY393805 Haemoproteus majoris 6 1 0.1 1 

P-GRW11 AY831748 Plasmodium relictum 24 4 0.5 4 

P-SGS1 AF495571 Plasmodium relictum 55 38 4.3 17 

P-SYAT05 DQ847271 Plasmodium vaughani 11 4 0.5 4 

P-SYAT24 AY831749 Plasmodium sp. 1 1 0.1 1 

P-COLL1 AY831747 Plasmodium sp. 6 1 0.1 1 

L-HIRUS07 JN164707 Leucocytozoon sp. 2 1 0.1 1 

L-SYBOR7 DQ847238 Leucocytozoon sp. 2 3 0.3 2 

L-SFC8 DQ847234 Leucocytozoon sp. 4 40 4.5 18 

L-SYAT20 DQ847235 Leucocytozoon sp. 1 4 0.5 4 

L-SYAT22 DQ847236 Leucocytozoon sp. 2 68 7.7 17 

L-SYAT39 JN164705 Leucocytozoon sp. 1 10 1.1 6 

L-SYAT40 JN164706 Leucocytozoon sp. 1 7 0.8 4 

Unidentified Haemoproteus 57 6.5 15 

Unidentified Plasmodium 71 8.1 22 

Unidentified Leucocytozoon 13 1.5 7 
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Table S3. R
2
 values of PLS regression models with and without non-climatic variables. Different models were built with all 48 

variables considered in the study (complete models), with all variables but the climatic ones (no-climate models), or with climatic variables 
alone (climate-only models). Some analyses retained no significant factor (NS). The statistical significance of the improvement of climate-
only models (expressed as increment in R

2
 resulting from adding non-climatic variables) was computed by comparing both types of 

models in 100 databases obtained by bootstrap of the original data (with repetition). 
 

 
Haemoproteus Plasmodium Leucocytozoon 

 
Richness Prevalence Richness Prevalence Richness Prevalence 

PLS R
2 

      

Complete model 0.391 0.387 0.341 0.379 0.456 0.581 

No-climate model NS NS NS NS NS 0.455 

Climate-only model 0.308 0.264 0.229 0.264 0.253 NS 

Climatic model 
improvement 

      

delta R
2 

0.081 0.119 0.122 0.112 0.167 0.232 

p < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
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Table S4. PLS regression predictor weights (complete table). Partial Least Squares regression weights of each predictor variable on the 
factors (columns) retained in the models obtained for each dependent variable (haplotype richness and prevalence of each parasite genus). In all 
cases, only one factor was retained in the final model. Independent variables have been grouped into different categories (whose joint 
contributions are shown in Fig. 1, in the paper). The weights of variables that significantly contributed to each factor are highlighted in bold. R

2
 

values of each model are indicated at the bottom of the table. 
 

 
Table S3 continues on the next page. 

 Haemoproteus Plasmodium Leucocytozoon 

Predictor variables 
(grouped by type): 

 
Richness 

 
Prevalence 

 
Richness 

 
Prevalence 

 
Richness 

 
Prevalence 

Confounding variables       
Sex ratio -0.036 -0.109 0.140 0.078 -0.005 -0.028 
Proportion of adults 0.079 0.038 -0.081 -0.084 0.108 0.151 
Sampling year: 2008 0.157 0.184 -0.172 -0.197 -0.144 0.254 
Sampling year: 2009 -0.099 -0.170 0.135 0.139 -0.069 -0.187 
Sampling year: 2010 -0.032 -0.055 0.036 0.092 0.026 -0.046 
Sampling year: 2011 -0.031 0.028 -0.013 -0.072 0.166 -0.027 

Geographical effects       
Longitude (X) -0.024 -0.128 0.100 -0.003 -0.060 -0.074 
Latitude (Y) 0.104 0.084 -0.124 -0.160 -0.065 -0.197 
X·Y -0.010 -0.056 0.124 0.200 0.160 0.125 
X

2 
-0.064 -0.114 0.125 0.110 -0.083 -0.100 

Y
2 

0.009 0.148 0.014 0.107 0.151 0.237 
X

2
·Y 0.077 0.066 -0.083 -0.097 -0.072 -0.108 

X·Y
2 

0.034 -0.087 -0.059 -0.147 -0.030 -0.056 
X

3 
-0.097 -0.185 0.092 0.026 -0.096 -0.089 

Y
3 

-0.007 -0.038 -0.129 -0.197 -0.112 -0.233 

Temperature       
Annual mean temperature -0.275 -0.221 0.232 0.221 -0.212 -0.137 
Maximum annual mean 
temperature 

-0.274 -0.238 0.246 0.233 -0.211 -0.115 

Minimum annual mean 
temperature 

-0.253 -0.188 0.207 0.199 -0.200 -0.151 

Breeding mean temperature -0.265 -0.226 0.247 0.233 -0.232 -0.165 
Maximum breeding mean 
temperature 

-0.262 -0.247 0.266 0.251 -0.235 -0.150 

Minimum breeding mean 
temperature 

-0.245 -0.194 0.227 0.217 -0.207 -0.165 

Maximum temperature of the 
warmest month 

-0.006 -0.076 0.082 0.063 -0.005 0.057 

Minimum temperature of the 
coldest month 

0.069 0.169 0.053 0.058 0.050 0.035 

Temperature annual range -0.022 -0.147 0.052 0.023 -0.030 0.018 
Temperature mean diurnal 
range 

-0.200 -0.231 0.182 0.169 -0.145 -0.035 

Isothermality (mean diurnal 
range/annual range) 

-0.219 -0.136 0.161 0.162 -0.177 -0.153 

Temperature seasonality (SD 
of isothermality) 

-0.020 -0.120 0.063 0.042 -0.015 0.048 

Mean temperature of the 
wettest quarter 

-0.205 -0.200 0.204 0.144 -0.208 -0.211 

Mean temperature of the driest 
quarter 

-0.115 -0.045 -0.043 0.017 -0.032 0.014 

Mean temperature of the 
warmest quarter 

-0.271 -0.271 0.230 0.208 -0.209 -0.106 

Mean temperature of the 
coldest quarter 

-0.237 -0.148 0.189 0.184 -0.174 -0.126 

Rainfall       
Annual rainfall 0.056 0.143 -0.087 -0.026 0.165 0.109 
Breeding rainfall 0.094 0.148 -0.122 -0.080 0.199 0.129 
Rainfall of the wettest month -0.009 0.093 -0.017 0.049 0.117 0.093 
Rainfall of the driest month 0.123 0.093 -0.155 -0.219 -0.007 -0.088 
Rainfall seasonality (coefficient 
of variation) 

-0.154 -0.088 0.119 0.174 -0.030 0.094 

Rainfall of the wettest quarter 0.003 0.108 -0.025 0.053 0.144 0.121 
Rainfall of the driest quarter 0.109 0.077 -0.136 -0.197 -0.004 -0.108 
Rainfall of the warmest quarter 0.099 0.073 -0.115 -0.182 -0.005 -0.107 
Rainfall of the coldest quarter 0.040 0.158 -0.079 0.028 0.187 0.176 
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Table S3 continued from previous page. 

 

 

 

 Haemoproteus Plasmodium Leucocytozoon 

Predictor variables 
(grouped by type): 

 
Richness 

 
Prevalence 

 
Richness 

 
Prevalence 

 
Richness 

 
Prevalence 

Landscape features       
Altitude 0.158 0.072 -0.106 -0.120 0.185 0.169 
Slope 0.042 0.096 -0.228 -0.175 0.272 0.309 
Mean annual NDVI -0.091 0.013 -0.113 -0.048 0.034 -0.019 
Mean breeding NDVI -0.068 0.038 -0.084 -0.004 0.062 -0.005 
Percentage of coniferous forest -0.013 -0.045 -0.069 -0.118 0.096 0.090 
Percentage of broadleaf forest -0.012 0.079 -0.185 -0.094 0.181 0.103 
Percentage of shrubland -0.269 -0.264 0.102 0.080 -0.019 -0.040 
Percentage of open spaces 0.126 0.075 0.153 0.126 -0.076 -0.073 
Percentage of wooded 
croplands 

0.037 0.079 -0.138 -0.110 0.015 -0.017 

Percentage of arable land 0.130 0.021 -0.052 -0.041 0.024 -0.021 
Percentage of water bodies -0.032 -0.081 0.086 0.019 -0.053 0.041 
Percentage of urban areas -0.073 -0.089 0.028 0.010 -0.202 -0.171 

Behaviour       
Migration: Migration 0.052 -0.049 0.013 -0.090 -0.150 -0.256 
Migration: Sedentarism -0.052 0.049 -0.013 0.090 0.150 0.256 

R2 of the model 
(% variance explained) 

39.5 40.0 36.1 38.8 46.5 60.6 
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