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Trypanosoma commonly parasitizes anuran hosts but very few studies have investigated ecological 

relationships in multiparasitized amphibians. We analysed a sample of 29 adult Iberian green 

frogs (Pelophylax perezi) from a monitored population in central Spain and found that 28 of these 

individuals (96.5%) were infected with blood parasites. The protozoa genera Lankesterella 

(Apicomplexa: Eimeriorina) (72.4%) and Trypanosoma (Euglenozoa: Trypanosomatida) (69%) had 

the highest prevalence, followed by an intraerythrocytic bacteria of the genus Aegyptianella 

(Pseudomonadota: Rickettsiales) (31.0%). We also report an infection by hematic microfilariae 

(Nematoda: Spirurida) (6.8%), which to our knowledge represents the first documented case in 

Iberian amphibians. Infections with more than one parasite type occurred in 62.1% of the frogs. A 

multimodel inference approach indicated that the infection intensities of Trypanosoma and Aegyp-

tianella were the most important predictors, both negatively affecting the body condition of the 

frogs. Furthermore, the number of leeches that frogs had when captured showed a strong positive 

association with Trypanosoma infection intensity. This suggests that leeches act as primary vectors 

for Trypanosoma. Our results revealed a high taxonomic diversity of blood parasites in green frogs, 

thus contributing to expand our knowledge of the biodiversity of Mediterranean wetlands and 

highlighted the potential negative effects of certain infections on the fitness of these amphibian 

hosts. 

microscopic diagnosis. 
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The immunological ability of hosts to 

respond to infections is influenced by the 

availability of energetic resources (Merino 

et al., 1996; MØller et al., 1998; Blanco et 

al., 2001). Moreover, in ectotherms it is also 

conditioned by the thermal environment, 

because species differ in the thermal opti-

mum at which their immune response 

most effectively operates (Megía-Palma et 

al., 2020a; Herczeg et al., 2021). Amphibi-

ans, as other vertebrate hosts, usually har-

bour complex infracommunities of para-

sites that may undermine the overall ener-

gy available for the immune function, 

among other activities. Indeed, the ulti-

mate outcomes of infections depend on the 

parasite taxa involved and the general 

health state of the host (Johnson ӕ Hover-

man, 2012). For example, the simultaneous 

occurrence of more than one parasite (i.e. 

co-infection) can produce strong (additive 

or even synergistic) effects on reducing fat 

storage and other reserves that otherwise 

could be allocated to key systemic func-

tions (Cattadori et al., 2007; Mabbott, 

2018; Herczeg et al., 2021; but also see Co-

mas et al., 2014). Parasitic infections can 

also favour or disfavour the invasion of 

subsequent parasites (Hoverman et al., 

2013). In this sense, a growing body of evi-

dence supports the priority effect theory, 

where the parasite arrival order and tim-

ing (the simultaneous and/or sequential 

invasion of the host) strongly influence 

host-multiparasite interactions (Clay et al., 

2019; Herczeg et al., 2021).  

Assessing the health status of the host 

is pivotal to study the mechanisms and 

effects of parasitic infections, and thus 

body condition indices have been widely 

used in ecological studies as nutritional 

status surrogates. In this regard, a meta-

analysis investigated the negative effects of 

parasites across host taxa using different 

indices (Sánchez et al., 2018). The use of 

these indices serves especifically to evalu-

ate relationships between pre-existing in-

fections and host nutritional status in am-

phibian populations when assessing the 

vulnerability of populations to emerging 

diseases (Rollins-Smith, 2017). However, 

despite the potential negative impact of 

parasites on the fitness of host amphibians 

(e.g. Hernandez-Caballero et al., 2022), 

their pathogenic effects remain largely un-

known (Bardsley ӕ Harmsen, 1973; Bower 

et al., 2019). 

A wide variety of hemoparasites have 

been reported in anuran hosts, such as in-

tracellular haemogregarines (Davies ӕ 

Johnston, 2000; Leal et al., 2015; Nether-

lands et al., 2015, 2018), extracellular flag-

ellates (Ferreira et al., 2015), and intracel-

lular/extracellular coccidia (Duszynski et 

al., 2007). In particular, European green 

frogs of the genus Pelophylax Fitzinger, 

1843 (fam. Ranidae) are infected by blood 

protists of the genera Trypanosoma 

(Euglenozoa: Trypanosomatida), Lankes-

terella (Apicomplexa: Eimeriorina), Dacty-

losoma (Apicomplexa: Adeleorina), and 

Hepatozoon (Apicomplexa: Adeleorina), as 

well as microfilariae of the genus Icosiella 

(Nematoda: Spirurida) and intraerythro-

cytic bacteria of the genus Aegyptianella 

(Pseudomonadota: Rickettsiales) (Walton, 

1949; Barta et al., 1989; Jiménez-Sánchez, 

1998; Herczeg et al., 2016; Spodareva et al., 

2018; PavĽáková et al., 2024). However, the 

vectorial ecology of these genera of para-

sites is poorly known. Although Trypanoso-

ma infections can be transmitted through 
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ectoparasitic leeches in the aquatic envi-

ronment (O’Donoghue, 2017), adult frogs 

can also be infected by flying arthropods, 

whose role as vectors of these or other 

blood parasites remains understudied 

(Bartlett-Healy et al., 2009; Ferreira et 

al., 2008; Bernal ӕ Pinto, 2016). Trypano-

somiases are important diseases in live-

stock and humans, e.g. sleeping sickness 

and Chagas disease (Swallow, 2000; Brun 

et al., 2010; Rassi ӕ Rezende, 2012). These 

infections cause immunosuppression and 

the eventual death of the host (Goodwin et 

al., 1972; Abrahamsohn ӕ Coffman, 1995). 

Furthermore, trypanosomiases may im-

pact male mate selection in birds, as evi-

denced by their association with variations 

in a secondary sexual character in female 

pied flycatchers, Ficedula hypoleuca (Potti ӕ 

Merino, 1996).  

The severity of trypanosomiases may 

vary across anuran hosts and depends on 

the infecting Trypanosoma species 

(Bardsley ӕ Harmsen, 1973, and refer-

ences therein). There are more than 500 

described species in the genus Trypanosoma 

and, even with the rapid progress of mo-

lecular taxonomic methods, phylogenetic 

relationships between clades of Trypanoso-

ma that infect frogs are still unresolved 

(Spodareva et al., 2018). Although negative 

effects on hosts were described for some 

Trypanosoma-hosts assemblages, these 

effects are not always obvious. For in-

stance, no tissular damage produced by 

this parasite was found in infected rice 

frogs, Hoplobatrachus rugulosus 

(Wiegmann, 1834) from Thailand 

(Sailasuta et al., 2011). However, Trypano-

soma infects the heart, kidneys, lungs, 

spleen, and peripheral blood of many frog 

species, where parasites can replicate by a 

combination of both binary and multiple 

fissions, potentially leading to the death of 

the host (Reichenbach-Klinke ӕ Elkan, 

1965; Bardsley ӕ Harmsen, 1973). Given 

the global threat that invasive fungal and 

viral diseases pose for many amphibian 

populations (i.e. chytridiomycosis and ra-

navirosis, Lesbarrères et al., 2012; Scheele 

et al., 2019), there is an urgent need to fur-

ther investigate the ecological relation-

ships between amphibians and the autoch-

tonous parasite communities with which 

they coexist (Rollins-Smith et al., 2017; 

Herczeg et al., 2021). In this context, it is 

especially relevant to study not only the 

potential negative effect of the parasites on 

their amphibian hosts, but also the inter-

acting effects among different parasites 

(e.g. Megía-Palma et al., 2022; Herczeg et 

al., 2021).  

Co-infections may have a stronger im-

pact on host health than infections by sin-

gle parasites (Bordes et al., 2011; Kotob et 

al., 2017; Herczeg et al., 2021 and refer-

ences therein). In this study, we analysed 

how infection intensities (i.e. the number 

of parasites in a given host) of the different 

blood parasites found in adult Iberian 

green frogs, Pelophylax perezi (López-

Seoane, 1885), are associated with their 

body condition. Several formulae describ-

ing the mass-body length relationship 

have been used in amphibians (Băncilă et 

al., 2010; MacCracken ӕ Stebbings, 2012), 

of which an index inferred from the stand-

ardized residuals of the regression be-

tween body mass and body length has 

been shown to perform better than other 

body indices in tests to identify environ-

mental effects on the health of individual 
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amphibians (Băncilă et al., 2010). In addi-

tion, the scaled mass index (Peig ӕ Green, 

2009; 2010) can accurately reflect the con-

tent of protein and internal fat stores in 

small vertebrates, including amphibians 

(Peig ӕ Green, 2009; 2010; MacCracken ӕ 

Stebbings, 2012). We used these two met-

rics to assess consistency across body con-

dition indices in the relationship between 

blood parasite infection and the health sta-

tus of their Iberian green frog hosts. 

Materials and Methods 

Sampling 

We captured 12 female and 17 male 

Iberian green frogs (P. perezi) during the 

2020 breeding season in a temporary pond 

in Central Spain (40.85ºN, 3.65ºW) that is 

the subject of a long-term population mon-

itoring program (Capellà-Marzo et al., 

2020). All frogs were sexed based on sex-

ually dimorphic characters (Salvador ӕ 

García-París, 2001), weighed to the near-

est 0.1 gram (wet mass) and their body 

length was measured as the snout-to-vent 

length (SVL) to the nearest millimetre. We 

counted the number of leeches in each cap-

tured frog and collected blood samples (1-

2 µL) from their brachial vein using insulin 

syringes (BD Micro-Fine, 0.5 ml, 30G). A 

drop of blood was smeared on a micro-

scope slide and allowed to dry out, and 

later fixed with methanol 100%. We 

Figure 1: Microphotographs of blood parasites found in Iberian green frogs (Pelophylax perezi) in 

this study. (a) Unidentified microfilariae. (b-d) Genus Trypanosoma. (e) Meront of genus Dactyloso-

ma in an hemolyzed erythrocyte. (f) Sporozoite of genus Lankesterella. The arrows indicate refrac-

tile bodies. (g) Intraerythrocytic bacteria of the genus Aegyptianella containing packed rickettsiae. 

Scale bar = 5 µm. All images were taken at the same scale. 
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stained the blood smears with a solution of 

Giemsa stain (1:10) for 40 minutes. The 

frogs were immediately released within a 

few minutes after data and sample collec-

tion, ensuring they behaved normally.  

Quantification of blood parasites  

A single researcher (RMP) analysed the 

blood smears. An area with a homogene-

ous distribution of blood cells at 100× mag-

nification was screened in a light micro-

scope (CX41, Olympus, Tokyo, Japan). In 

this area, intracellular and extracellular 

parasites were simultaneously counted at 

1000× magnification in 40 microscope 

fields (~2000 cells). Thus, the intensity of 

infection is the number of parasites of each 

genus found in 2000 blood cells. To mini-

mize observer bias, blind methods were 

used when we quantified parasite intensity 

because only a numerical code was associ-

ated with each blood smear. All the blood 

parasites found could be unambiguously 

identified based on morphological traits. 

Microfilariae are nematode worms with 

pluricellular hematic stages which are 

hence larger than other (unicellular) blood 

parasites (Fig. 1a). Trypanosoma has a cen-

tral nucleus, a characteristic undulating 

membrane, and a flagellum (Figs. 1b-d). 

Intracellular parasites of the genus Dactylo-

soma (order Adeleorina) were identified 

due to the presence of meronts (Fig. 1e) 

whereas the presence of refractile bodies 

indicated the presence of genus Lankes-

terella (order Eimeriorina) (Fig. 1f) (Megía-

Palma et al., 2014). Intraerythrocytic bacte-

ria of the genus Aegyptianella (order Rick-

ettsiales) presented encapsulated rickettsi-

ae (Fig. 1g). 

Indices of body condition 

We calculated two indices of body con-

dition for the frogs. First, we calculated the 

standardized residuals (mean ± SD = 0 ± 1) 

of the log-transformed values of body 

mass on body length (i.e. Dunlap ӕ Ma-

thies, 1993) (hereafter BCI) for males and 

females separately, because female frogs 

were larger and heavier (mean ± SD = 

81.42 ± 2.12 mm; 39.28 ± 3.50 g) than males 

(66.18 ± 1.19 mm; 21.07 ± 1.27 g) (Rollings 

et al., 2017). Thus, frogs with negative body 

mass residuals were lighter than the mean 

of the sample for a given SVL. 

For the second index, we calculated the 

scaled mass index (SMI) of the frogs (Peig 

ӕ Green, 2009) as the reduced major-axis 

(Li, 2012) of the log-mass on log-body 

length for males and females separately 

using the rma.v1.21 software (Bohonak, 

2004; Megía-Palma et al., 2020b). We calcu-

lated the exponential term of the formula 

proposed by Peig ӕ Green (2009) by divid-

ing this reduced major-axis term by Pear-

son’s correlation coefficient between log-

mass and log-length. The resulting coeffi-

cients were z-standardized to partially re-

move the effects of sexual dimorphism in 

P. perezi. 

Statistical analyses were run in R ver-

sion4.0.5 (R Core Team, 2021). We ana-

lysed sexual differences in the one-by-one 

prevalence scores of the different blood 

parasites detected with separate Chi-

square tests. In addition, we performed a 

Wilcoxon matched pair test to compare the 

overall prevalence of the different blood 

parasites, with sex as factor. 
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Analysis of frog body condition 

We analysed the two indices of body 

condition with two independent general 

linear models. In each of the two models, 

either BCI or SMI was used as response 

variable, whereas the following set of vari-

ables were included as potential predictors 

in both models: the z-standardized date of 

capture of the frog, sex, body length, num-

ber of leeches, and the log-transformed 

infection intensities of each of the parasite 

genera found in the blood sample. In addi-

tion, we included the two-way interactions 

of the sex of the host with each of the in-

tensities of the blood parasites and leeches. 

Microfilariae parasites and Dactylosoma 

were excluded from these analyses be-

cause they were only found in two frogs. 

In all the implemented models, we ac-

counted for model collinearity by evalua-

tion of variance inflation factor scores (all 

below 3.9 except factor sex, with a higher 

score of 6.65 because it was also added as a 

two-way interaction term with the differ-

ent parasites) and confirmed assumptions 

of homoscedasticty, normality, and lack of 

both kurtosis and skewness of the distribu-

tion of model residuals using the libraries 

‘car’ and ‘moments’ (Komsta ӕ Novo-

mestky, 2022; Fox ӕ Weisberg, 2019). We 

also performed an omnibus test on every 

model to confirm that the candidate mod-

els explained a significant portion of the 

variance as compared to a null random 

model. 

We analysed the models by multimodel 

inference (Barton, 2024) based on 

Akaike’s criterion corrected for small sam-

ple size (AICc; Bedrick ӕ Tsai, 1994). The 

resulting candidate models were consid-

ered sufficiently informative and equally 

likely when their ΔAICc ≤ 2 to the best 

model (i.e. the one with the lowest AICc 

coefficient) (Burnham ӕ Anderson, 2004). 

Model averaging and model selection 

were used to obtain a final model and cal-

culate the relative importance of each pre-

dictor (Hegyi ӕ Garamszegi, 2011). For 

this, only the models that included the 

effect (i.e. conditional average) were con-

sidered to estimate the magnitude of the 

effects of each predictor, which is based on 

a P-value (α < 0.05) that derives from 

weighted averages across models within 

ΔAICc ≤ 2 with respect to the best model, 

their z-standardized ß coefficient 

(estimate), and their adjusted standard 

error. For those predictors with effects esti-

mated to be significant, we calculated the 

percentage of the variance explained by 

means of their sum of squares. 

Predictors of the intensities of infection 

As mentioned above, we calculated the 

intensity of infection of each parasite as the 

number of parasites found in 2000 blood 

cells. We analysed the intensities of infec-

tion of the different parasites in relation to 

the date of capture, sex, number of leeches 

found attached to the host, log-

transformed intensity scores of the remain-

ing blood parasites, and frog BCI and body 

length, the latter as a proxy to age (PatÓn 

et al., 1991). We compared Gaussian linear 

models, where the intensity of infection of 

each parasite genus was log-transformed. 

Results 

Blood parasites detected 

The most prevalent blood parasite in 

the sample was Lankesterella cf. minima 

(Chaussat, 1850), occurring in 72.4% of the 
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frogs, followed by extracellular parasites 

of the genus Trypanosoma (Euglenozoa: 

Trypanosomatida) in 69% of the speci-

mens. We also found two female frogs 

(6.8%) infected by microfilariae nema-

todes. In addition, intracellular blood para-

sites Dactylosoma cf. ranarum (Lankester, 

1871) infected 6.8% of the frogs, while in-

traerythrocytic bacteria Aegyptianella cf. 

bacterifera (Labbé, 1894) infected 31.0%. Co-

infections by two or more genera of blood 

parasites occurred in 62.1% of the individ-

uals. Lankesterella and Trypanosoma showed 

the highest mean intensities of infection 

(Fig. 2). Ectoparasitic leeches were found 

in 37.9% (11/29) of the frogs. 

Sexual differences in prevalence  

We did not find significant differences 

between males and females in the preva-

lence of any of the infections or co-

infections when performing one-by-one 

comparisons (Table 1). However, the pair 

test analysing the five blood parasites to-

gether indicated a significantly higher 

overall prevalence of blood parasites in 

female hosts (Z = 2.02, P = 0.043). 

Figure 2: Mean ± SE intensity 

of infection of the parasites 

studied in the sample of in-

fected adult Iberian green 

frogs (Pelophylax perezi). The 

prevalence (%) of each para-

site is shown above the bars. 

Parasite Prevalence (%) 

 Total Males Females Χ2 P‐value 

Lankesterella 72.4 64.7 83.3 0.36 0.55 

Trypanosoma 69.0 67 71 0.05 0.82 

Aegyptianella 31.0 29.4 33.3 0.05 0.82 

Dactylosoma 6.8 5.8 8.3 0.04 0.84 

Microfilaria 6.8 0 16.7 3.04 0.08 

Co-infections 62.1 52.9 75 1.45 0.23 

Leeches 37.9 29 50 1.27 0.26 

Contrast 
Table 1: Prevalence of blood para-

sites and ectoparasitic leeches in 

male and female Iberian green 

frogs (Pelophylax perezi). The term 

‘co-infection’ refers to individuals 

infected simultaneously by two or 

more blood parasites. Partial chi-

square tests revealed no significant 

differences between male and fe-

male frog hosts. However, females 

had an overall higher prevalence 

than males (see Results). 
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Infection intensity and body condition 

The correlation coefficient between BCI 

and SMI was high (r2 = 0.81). Three and 

four equally likely models explained the 

variance in BCI and SMI, respectively. Alt-

hough the BCI model was better ranked 

than the SMI model (ΔAICc = -194), they 

produced similar results (Table 2). The 

infection intensities of Trypanosoma and 

Aegyptianella were important predictors, 

both with negative sign, of the body condi-

tion of the frogs in both models (Fig. 3). 

The interaction between the sex of the 

frogs and the number of leeches was sig-

nificant in both models, although with 

lower importance than the blood parasites. 

Thus, female frogs with more leeches tend-

ed to have lower body condition 

(Pearson’s r = -0.55), while the males 

showed the opposite trend (Pearson’s r = 

+0.37). 

Index  Model terms  Imp  Estimate  Adj SE  z value  Pr(>|z|)  Exp. σ2  

BCI  (Intercept)    0.023  0.024  0.946  0.344  - 
   Date (stand)  0.21  -0.007  0.006  1.167  0.243  - 
   Body length  0.06  0.000  0.001  0.057  0.955  - 
   Sex  0.94  0.011  0.008  1.373  0.170  - 
   log Trypanosoma  1.00  ‐0.033  0.013  2.616  0.009  13.62 
   log Aegyptianella  1.00  ‐0.044  0.018  2.389  0.017  13.12 

   log Lankesterella  0.06  -0.002  0.012  0.149  0.882  - 

   Leeches  0.94  0.011  0.008  1.354  0.176  - 
   Sex:log Trypanosoma  0.06  0.004  0.013  0.286  0.775  - 
   Sex:log Aegyptianella  0.17  0.022  0.018  1.191  0.234  - 
   Sex:log Lankesterella  0.00  0.014  0.011  1.294  0.196  - 
   Sex:leeches  0.94  ‐0.022  0.007  3.241  0.001  24.24 

SMI  (Intercept)    2.513  2.493  1.008  0.313  - 
   Date (stand)  0.39  -0.267  0.182  1.468  0.142  - 
   Body length  0.49  -0.049  0.032  1.568  0.117  - 
   Sex  0.61  0.575  0.395  1.455  0.146  - 
   log Trypanosoma  1.00  ‐1.004  0.390  2.576  0.010  13.63 
   log Aegyptianella  0.90  ‐1.246  0.578  2.154  0.031  10.63 
   log Lankesterella  0.04  -0.065  0.406  0.160  0.873  - 
   Leeches  0.50  0.247  0.253  0.978  0.328  - 
   Sex:log Trypanosoma  0.00  -0.093  0.431  0.216  0.829  - 
   Sex:log Aegyptianella  0.06  0.577  0.595  0.969  0.332  - 
   Sex:log Lankesterella  0.00  0.332  0.346  0.961  0.337  - 
   Sex:leeches  0.46  ‐0.552  0.207  2.659  0.008  16.78 

               

Table 2: Predictors of two indices of body condition (BCI and SMI) in Iberian green frogs 

(Pelophylax perezi), based on multimodel inference. The date of capture of the frog (Date) was z-

standardized. The probability for the hypothesis contrast, Pr(>|z|), was based on the comparison 

with a random model assuming no deviation from the standardized mean (z) value; significant 

effects are highlighted in bold. Imp = importance; Exp. σ2 = % of variance explained. 
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Predictors of infection intensity 

The Gaussian models that used the log-

transformed data of parasite intensity best 

fitted the statistical assumptions for para-

metric analyses for the three blood para-

sites analysed. 

The intensity of infection by Trypanoso-

ma was best explained by the number of 

leeches in frogs (estimate = 0.24), the body 

condition of the host (estimate = -7.30), and 

the intensity of Aegyptianella infection 

(estimate = -0.70). Thus, frogs with more 

leeches, lower body condition, and higher 

intensity of Aegyptianella infection had 

more Trypanosoma (Table 3). 

The intensity of infection by Aegyptian-

ella was best explained by the body condi-

tion  of the host (estimate = -5.61), and the 

intensity of infection by Trypanosoma 

(estimate = -0.39). Thus, lighter frogs with 

more severe infections of Trypanosoma had 

higher Aegyptianella infection intensities 

(Table 3). 

None of the tested predictors explained 

a significant proportion of the variance in 

the infection intensity of Lankesterella 

(Table 3). 

Discussion 

Our microscopy analyses displayed a 

relatively high diversity of blood parasites 

in Iberian green frogs in our study popula-

tion from central Spain, which contrasts 

with the absence of blood parasites found 

in the same host species in southwestern 

Spain (Parejo-Pulido et al., 2023). Environ-

mental dissimilarities between sampling 

sites might explain such differences. For 

Figure 3: Relationships be-

tween the log-transformed 

intensity of the blood para-

sites with higher prevalence 

found in Iberian green frogs 

(Pelophylax perezi) and two 

body condition indices used 

to analyse their nutritional 

status. (a) Standardized re-

siduals of body mass on 

body length (BCI), and (b) 

scaled mass index (SMI). The 

explanatory power (% of 

explained variance) of each 

parasite infection is shown in 

Table 2. The relationships 

with microfilariae and Dacty-

losoma are not shown because 

only two frogs were infected. 
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example, previous studies showed that 

frogs in water bodies with higher oxygen 

demand had higher diversity of blood par-

asites (Rahman ӕ Shakinah, 2015). An al-

ternative explanation is the inefficiency of 

the molecular primers used in detecting 

additional parasitic taxa (Parejo-Pulido et 

al., 2023). Our results also contrast with the 

low prevalence of blood parasites ob-

served in P. perezi in Azores islands, where 

molecular primers targeting Nematoda 

and Apicomplexa detected a prevalence of 

13% of spirurid nematodes and 7% of 

blood protists of the genus Hepatozoon in 

tissue samples from frog toeclips (Harris 

et al., 2013). Dissimilarities in vector taxo-

cenosis between the archipelago and the 

continent and/or the invasion history of P. 

Parasite Model terms Imp Estimate Adj SE z value Pr(>|z|) Exp. σ2 

Trypanosoma (Intercept)  0.296 0.509 0.581 0.561 - 

 Date (stand) 0.11 0.057 0.112 0.515 0.607 - 

 Body length 0.11 0.008 0.014 0.550 0.582 - 

 Body condition 0.84 ‐7.308 3.413 2.141 0.032 12.19 

 Sex 0.05 -0.030 0.144 0.211 0.833 - 

 Aegyptianella 0.76 ‐0.705 0.350 2.011 0.044 6.79 

 Lankesterella 0.16 -0.175 0.243 0.719 0.472 - 

 Leeches 0.81 0.240 0.118 2.027 0.043 12.00 

Aegyptianella (Intercept)  -0.241 0.582 0.413 0.680 - 

 Date (stand) 0.13 0.077 0.092 0.844 0.399 - 

 Body length 0.32 0.011 0.010 1.117 0.264 - 

 Body condition 0.89 ‐5.613 2.768 2.028 0.043 14.04 

 Sex 0.27 0.099 0.098 1.009 0.313 - 

 Trypanosoma 0.84 ‐0.389 0.188 2.067 0.039 7.50 

 Lankesterella 0.54 0.279 0.175 1.597 0.110 - 

 Leeches 0.26 -0.118 0.110 1.069 0.285  - 

Lankesterella (Intercept)  -1.274 1.667 0.764 0.445 - 

 Date (stand) 0.48 0.181 0.111 1.629 0.103 - 

 Body length 0.74 0.034 0.019 1.748 0.081 - 

 Body condition 0.07 1.000 3.514 0.284 0.776 - 

 Sex 0.52 -0.281 0.183 1.538 0.124 - 

 Trypanosoma 0.15 -0.177 0.249 0.713 0.476 - 

 Aegyptianella 0.29 0.395 0.352 1.121 0.263 - 

 Leeches 0.25 0.145 0.129 1.121 0.262  - 

        

        

Table 3: Predictors of the infection intensities of the genera Trypanosoma, Aegyptianella, and Lan-

kesterella in Iberian green frogs (Pelophylax perezi), based on multimodel inference and model aver-

aging. The date of capture of the frog (Date) was z-standardized. The probability for the hypothe-

sis contrast, Pr(>|z|), was based on the comparison with a random model assuming no deviation 

from the standardized mean (z) value; significant effects are highlighted in bold. Imp = im-

portance; Exp. σ2 = % of variance explained. 
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perezi and their parasites in the archipelago 

(e.g. missing-the-boat phenomenon; Tomé 

et al., 2018) could explain the observed 

differences. Unfortunately, none of the two 

previous studies analysed blood smears, 

which precludes the detection of other par-

asites not targeted by the primers used 

(e.g. Euglenozoa). In this sense, a recent 

study that combined microscopic and mo-

lecular methods to examine frog samples 

of Pelophylax esculentus and Pelophylax ridi-

bundus from Romania found a similarly 

high prevalence of Trypanosoma and a 

higher prevalence (84%) of Hepatozoon, a 

parasite not observed in our sample 

(PavĽáková et al., 2024). Therefore, our 

findings are more in line with the high 

prevalence of Trypanosoma reported in 

green frogs from central Europe 

(Spodareva et al., 2018; PavĽáková et al., 

2024). 

The analyses of body condition sup-

ported independent negative relationships 

with the infection intensities of Trypanoso-

ma and Aegyptianella, consistently estimat-

ed by two different indices. Furthermore, 

our results support previous studies sug-

gesting that the residual body condition 

index (BCI) performs better than SMI 

when examining host-parasite interactions 

in P. perezi (Băncilă et al., 2010). Our anal-

yses suggest that blood parasites may 

draw resources from their hosts and limit 

their energy budget with a consistent effect 

on frogs of both sexes. However, with the 

present correlational data, we cannot de-

termine whether the observed relationship 

results from parasite replication within the 

frogs or from increased host susceptibility 

to external reinfections, as a putative cost 

of the reproductive effort of the frogs dur-

ing the breeding season (Navarro ӕ 

Lluch, 2006; McCallum ӕ Trauth, 2007; 

Desprat et al., 2015). The latter might be 

associated with the seasonal depletion of 

fat bodies in frogs (Saidapur ӕ Hoque, 

1996; Girish ӕ Saidapur, 2000; Campbell et 

al., 2019) which, if our hypothesis was vali-

dated, would suggest a trade-off in the 

allocation of energy between reproduction 

and anti-parasitic defences in Iberian green 

frogs, as shown in other amphibians 

(Venesky et al., 2012; Campbell et al., 2019). 

Contrary to blood parasites, leech infes-

tation was differentially related to body 

condition indices depending on sex, as 

evidenced by the opposing trends between 

the indices of body condition and leech 

load in females and males. Despite the 

larger body size of females, leech infesta-

tion might have a negative effect on their 

body condition; the latter being a determi-

nant of reproductive investment and fit-

ness in female anurans (Howard, 1978; 

Castellano et al., 2004; Cadeddu ӕ Castel-

lano, 2012). Thus, females with more ecto-

parasites (specifically, leeches) and a lower 

nutritional status might represent a low-

quality choice for males during the repro-

ductive season. In contrast, although with 

a smaller effect, males with better body 

condition tended to have more leeches. 

Similar relationships between the same 

estimates of body condition and ectopara-

sites (ticks) have also been observed in 

males of other small ectotherm vertebrates 

(e.g. Václav et al., 2007). If leeches, which 

can represent a selection force (e.g. How-

ard, 1978), reduce the body condition of 

frogs, those males with greater tolerance to 

leech infestation would be favoured (sensu 

Roy ӕ Kirchner, 2000). In support of the 
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latter hypothesis, we found that the body 

condition of males infested by leeches 

(0.020 ± 0.019) was higher than the average 

BCI of males, while leech-free males had 

lower BCI than average (-0.006 ± 0.008). In 

anurans, the assessment of male quality by 

females takes place through the scrutiny of 

the males’ acoustic signals (Plénet et al., 

2010), with males with larger body size 

producing calls more attractive to females 

(Klump ӕ Gerhardt, 1987; Ziegler et al., 

2016). Thus, larger males might provide 

cues of individual quality to females in 

terms of tolerance to leech infestation. 

Males of P. perezi have a complex calling 

repertoire and we encourage future stud-

ies on this species investigating the fe-

males’ mating preferences upon different 

males while also considering the relation-

ships between male call characteristics and 

parasite load in the context of sexual selec-

tion mediated by parasites (Hamilton ӕ 

Zuk, 1982; Hausfater et al., 1990; PrÖhl et 

al., 2013). 

We found similar prevalence and infec-

tion intensities of blood parasites in both 

sexes when we analysed each parasite ge-

nus separately, although the overall preva-

lence was significantly higher in the female 

frogs. This contrasts with a previous study 

about the intestinal infracommunity of 

helminths in P. perezi from southern Spain, 

where females had lower parasite abun-

dance and richness (Navarro ӕ Lluch, 

2006). It also differs from a previous study 

in túngara frogs, Engystomops pustulosus 

(Cope, 1864), from Panama, where Trypa-

nosoma was found to infect male frogs al-

most exclusively (Bernal ӕ Pinto, 2016). 

These differences may be related to sexual 

dissimilarities in the diet composition in 

the case of the intestinal parasites 

(Navarro ӕ Lluch, 2006), and in the trans-

mission modes of different Trypanosoma 

species. For example, in the túngara frog, 

Trypanosoma is transmitted by a flying vec-

tor that may use acoustic cues (i.e. male 

calls) to find their hosts (Bernal ӕ Pinto, 

2016; Bower et al., 2019) similarly as it has 

been recently described for another On-

chocercidae nematode in South Africa 

(Netherlands et al., 2020). Interestingly, 

we found that the number of leeches posi-

tively correlated with the infection intensi-

ty of Trypanosoma. This supports the idea 

that aquatic leeches can transmit parasites 

of this genus to European frogs 

(O’Donoghue, 2017; Spodareva et al., 

2018). Since leeches rarely infest other co-

existing amphibian species in the study 

population (authors’ pers. obs.), we specu-

late that the leeches’ host-specificity might 

limit the transmission of this parasite to 

other amphibian species, thus explaining 

the absence of this parasite in other am-

phibians in the local community, including 

Pleurodeles waltl, Triturus marmoratus, Pelo-

bates cultripes, Epidalea calamita, and Hyla 

molleri (authors’ pers. obs.). The exclusive 

presence of leeches on P. perezi could be 

associated with the differential behaviour 

of water frogs, which are strictly aquatic 

for almost the entire season, while most 

other species switch to terrestrial habitats 

right after the mating season. 

The infection intensity of intraerythro-

cytic bacteria of the genus Aegyptianella 

and the body condition of individuals, 

both with negative sign, explained interin-

dividual variation in the intensity of Trypa-

nosoma infection. This suggests either that 

(i) frogs with better body condition might 
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be more successful in handling Trypanoso-

ma infection, or that (ii) co-infected frogs 

with both Aegyptianella and Trypanosoma 

need to control at least one of the two in-

fections. In this sense, we encourage future 

experimental studies analyzing the tem-

poral dynamics (timing and order of arri-

val) of the infection with Aegyptianella and 

Trypanosoma in frogs and how that relates 

to their co-infection outcome in the context 

of the priority effect theory (Hoverman et 

al., 2013). Moreover, the model of Aegyp-

tianella intensity showed higher infection 

intensities in frogs with relatively lighter 

bodies. Thus, frogs with either low nutri-

tional income or/and high allocation to 

body growth may increase their suscepti-

bility to this bacteria (e.g., Soler et al., 

2003). It is worth noting that this genus of 

bacteria was previously reported infecting 

the blood of water frogs, P. esculentus, in 

Corsica and in the Italic peninsula (Barta 

et al., 1989; Galuppi et al., 2012) but to our 

knowledge the current study represents 

the first report of its presence in Iberian 

water frogs. 

Although our analyses indicated no 

effect of hematic coccidians of the genus 

Lankesterella on the body condition of Iberi-

an green frogs, we recommend further 

research before ruling it out, because infec-

tion by this parasite was previously associ-

ated with detrimental effects in frogs 

(Sailasuta et al., 2011) as well as in birds 

and lizards (Martínez et al., 2018; 

Drechsler et al., 2021; Chang et al., 2023; 

Megía-Palma et al., 2024). The liver and 

spleen of infected frogs Hoplobatrachus ru-

gulosus (fam. Dicroglossidae) showed in-

flammatory lesions with an accumulation 

of melanomacrophage centres surround-

ing the infective stages (meronts and mer-

ozoites) (Sailasuta et al., 2011). Nonethe-

less, the high prevalence and intensity of 

this parasite in the sample, with no evident 

effects on the hosts, suggest some degree 

of putative tolerance. This said, the poten-

tial role of P. perezi as a reservoir of Lankes-

terella from which it could infect other am-

phibian species in this community is un-

likely, as for example parasites in this ge-

nus are highly host-specific in reptiles or 

bird hosts (Megía-Palma et al., 2017; 

Drechsler et al., 2021; Venkatachalam et 

al., 2023). Moreover, Lankesterella is puta-

tively transmitted by leeches (Sanders, 

1928), and in a sample of the other am-

phibian species from the same pond Lan-

kesterella was only detected in a single Hyla 

molleri (representing a prevalence of 4.3% 

for this host species) (Megía-Palma, pers. 

obs.).   

The molecular identification of the mi-

crofilariae observed in a single frog will be 

addressed in future studies. Candidate 

genera for this nematode include Icosiella 

and Foleyella, both known to infect frog 

hosts of the genus Pelophylax (Witenberg ӕ 

Gerichter, 1944; Mikulíček et al., 2021; 

PavĽáková et al., 2024). However, the mi-

crofilariae blood stage in species of both 

genera typically possesses a surrounding 

sheath, a diagnostic characteristic, which 

was absent in the microfilariae observed in 

this individual (Witenberg ӕ Gerichter, 

1944; Gupta et al., 2020).  

In conclusion, the results of this study 

suggest the negative influence of Trypano-

soma and the intraerythrocytic bacteria 

Aegyptianella on Iberian green frogs, as in-

ferred by their negative relationship with 

two indices of body condition. While a co-
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evolutionary equilibrium leading to 

asymptomatic effects of parasites is some-

times expected because of the ancient rela-

tionship with their hosts (Paterson ӕ 

Blouin-Demers, 2020), our results suggest 

that blood parasites can also have negative 

effects and call for additional efforts to (i) 

characterize their diversity and cumulative 

effects on amphibian population dynam-

ics, and (ii) further analyse the effects of 

blood parasites of amphibians at a broader 

geographic level. 
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