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Abstract 

Parasites are an important component of every ecosystem, and their interactions with hosts can directly 

impact the fitness of the host organisms. Despite their significance, it is still largely unknown which host 

traits predispose a species to increased risk of parasite attack. In the present study, I investigated host and 

ecological correlates of parasite load in Lake Tanganyikan cichlids using phylogenetic comparative 

analyses. Specifically, I tested the effect of body size, brain mass, gut length, depth, trophic level, habitat 

complexity and mating system on parasite prevalence and diversity.  I found that the variation in both 

average infracommunity richness and parasite prevalence were partly explained by host body mass and 

habitat complexity. Total parasite diversity, on the other hand, was significantly related to mating 

behaviour as well as habitat complexity. The comparative analysis presented here is, to the best of my 

knowledge, the first to investigate determinants of parasite load in Lake Tanganyikan cichlids. As such, 

my results support several major hypotheses concerning the factors that underlie parasite prevalence and 

diversity and have broad implications for our understanding of parasite-host interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction  

Parasites constitute a large proportion of the diversity of life on earth, with some estimates putting the 

figure as high as half of all extant species (Price, 1977). Interactions between parasites and their hosts are 

complex, and the outcome may be positive, such as in parasite-mediated speciation resulting in increased 

diversity over large timescales (Nunn et al., 2004; Karvonen & Seehausen, 2012) or negative, leading to 

host extinctions in the most extreme cases (De Castro & Bolker, 2005). In addition to their influence on 

natural systems, parasites from the wild often infect humans and can be a cause of significant morbidity 

and even mortality, as in diphyllobothriasis and capillariasis.     

The last two decades have seen growing interest in studies identifying correlates of parasite load 

(which comprises parasite abundance, diversity and prevalence) in several vertebrate taxa. The diversity of 

parasite assemblages has been shown to be repeatable among host populations in different localities, 

suggesting parasite diversity is at least partially explained by some host trait or traits (Krasnov et al., 2005). 

Whilst many host characteristics have been shown to be correlated with diversity patterns in parasites 

(Bell & Burt, 1991; Guégan et al., 1992; Morand & Poulin, 1998; Arneberg, 2002; Vitone et al., 2004; 

Bordes et al., 2008), several studies have also produced contradictory results (see Takemoto et al., 2005 

versus Bagge et al., 2004), leading many to conclude that there are no universal predictors of parasite 

diversity, but rather, associations between host traits and parasite diversity evolve independently and thus, 

are specific for each host-parasite association (Korallo et al., 2007).  

Despite their relevance, parasites have been grossly understudied relative to free-living organisms, 

and it is only recently that research on parasitic taxa has been placed within an evolutionary framework 

(Price, 1977; Windsor, 1998).  In the present comparative study, I investigate the prevalence and diversity 

of macroparasitic helminths in Lake Tanganyikan cichlids, the parasites of which are currently extremely 

poorly described. In addition to making an important contribution to parasitological data in this system, I 

also perform detailed evolutionary analyses to identify key traits correlated with variation in parasite load 

amongst host species. 

Cichlid fishes of the East African Great Lakes represent some of the most extensive extant 

vertebrate adaptive radiations, having undergone explosive diversification into hundreds of species 

(Kocher, 2004; Seehausen, 2006). As a result, much research has focused on Great Lake cichlids and they 

are an important model system in evolutionary ecology. This study utilised Lake Tanganyikan cichlids, for 

which a robust and near complete molecular phylogeny has been generated (Amcoff et al., in press, see 

Appendix), and for which parasite samples for over 600 individuals from 64 species across phylogenetic 

and ecological diversity are available at Uppsala University. Cichlids often occur in high population 

densities, a circumstance that can facilitate infection with parasites (Fenton et al., 2002), and the high 

relatedness and shared ecological niches that occur among cichlids may increase parasite transmission as 

shown in poeciliid fish (Dove, 2000). In this study, I focused on gut helminth parasites since the 



alimentary canal is a major site for parasite infection. Parasites in this region can directly impact host 

fitness through sequestration of energy from ingested food, and gut helminths are typically more 

straightforward to access than parasites that reside in other regions of the body. Macroparasites from at 

least four taxa are known to occur in Great Lake cichlids, as in most fishes (Maan et al., 2008; 

Raeymaekers et al., 2013). 

I examined seven host traits that have been predicted to influence parasite load, and formulated 

different hypotheses to test these predictions.  Host characteristics explored include body size (body mass 

and standard length), brain mass, gut length, average depth, habitat complexity, mating system and 

trophic level. Species with larger body size are expected to support greater parasite loads in much the same 

way island area is positively correlated with species diversity (Kuris et al., 1980; Bell & Burt, 1991). In the 

case of endoparasitic helminths, this relationship should be especially evident when looking at gut size as 

species with longer guts are expected to provide more niches for parasites to colonise. In addition to 

harbouring a greater diversity of parasites, larger hosts also have higher exposure to endoparasites as they 

consume more food and are therefore more likely to ingest infective stages (Vitone et al., 2004). 

Furthermore, larger-bodied species are typically longer-lived and may therefore encounter a greater 

number of parasites throughout their lives, thus accumulating a more diverse parasite assemblage (Pacala 

& Dobson, 1988).   

In the mid-1990s, Aiello & Wheeler (1995) introduced the expensive-tissue hypothesis in which 

they argued that the metabolic requirements of a large brain in primates had to be balanced by a 

corresponding reduction in other metabolically expensive tissue (specifically the gut) in order to maintain 

optimal basal metabolic rate. Since then, the hypothesis has gained increasing traction, and has both 

received support (Kaufman, 2003; Mau et al., 2009) and strong opposition (Navarrete et al., 2011).  In 

parasitology, it is widely accepted that immune defence is energetically costly for hosts (reviewed in 

Lochmiller & Deerenberg, 2000), and studies support the assertion that increased investment in 

‘expensive’ processes such as development or reproduction decreases a host’s ability to resist parasitisation 

(Rohlenová & Simková, 2010; Allen & Little, 2011). However, there are few studies examining the 

relationship between energetically expensive tissue and immune investment. A recent comparative study 

in rodents found no correlation between brain size and parasite species richness (a popular measure of 

parasite diversity) but found that flea and helminth richness were both positively correlated with testes 

size. The authors concluded that the relationship between testes size and parasite load was more a 

reflection of the role of testosterone in immune-suppression and/or male dispersion than the energetic 

costs of the organs themselves (Bordes et al., 2011). I investigated the expensive-tissue hypothesis in 

Tanganyikan cichlids by testing the prediction that species with larger brains and/or longer guts are able 

to divert fewer resources to anti-parasitic defence, and therefore harbour more parasites. 

Social interactions have long been known to facilitate the spread of parasites within a host 



community through network formation (May & Anderson, 1991; Vitone et al., 2004). Therefore, 

behaviours that increase rates of contact between host individuals should result in increased parasite 

prevalence and diversity. Though several studies have examined the link between parasite load and 

sociality in many different host species (Altizer et al., 2003; Vitone et al., 2004; Bordes et al., 2007), most 

of these studies used group size or population density as the sole measure of social contact, with relatively 

little attention given to other forms of intraspecific host interactions, such as mating system. As hosts with 

more frequent intraspecific contact are expected to accumulate a greater diversity of parasites, I predict 

that promiscuous species will harbour more parasites compared with monogamous species. Another 

aspect of host social interaction that has received little attention is the role of interspecific contact in the 

transmission of parasites. Hechinger & Lafferty (2005) succinctly described this relationship as “host 

diversity begets parasite diversity”, and demonstrated that birds living in species-rich communities 

supported equally diverse parasite communities. Though this may seem intuitive, there are surprisingly 

few studies providing empirical support for this observation, a state of affairs that may be due to the 

difficulty in assessing the relative rate of interspecific contact among species. In aquatic ecosystems, 

habitat structural complexity is positively correlated with species diversity due to the greater availability of 

niches (Dustan et al., 2013). This pattern is reflected in Lake Tanganyika, where studies show that 

structurally complex habitats support a greater diversity and abundance of fishes (Pollen et al., 2007; 

Chande, 2013). As it is reasonable to assume there is increased interspecific interaction in densely 

populated species-rich habitats, I expect habitat structural complexity to be positively associated with 

parasite load, especially parasite diversity. 

Finally, I examined the influence of diet and average depth on parasite load as these variables 

play a large role in determining host exposure to parasites. Fish hosts may become infected by indirectly-

transmitted parasites as a result of eating infected intermediate hosts, and it is possible to imagine a 

scenario whereby parasite infection accumulates along the food chain similar to the bioaccumulation of 

certain heavy metals (Bell & Burt, 1991). One would therefore expect parasite load to be positively 

correlated with the trophic level of a species. Fish species living in shoreline environments are also more 

likely to come into contact with parasites as this is where the majority of intermediate (e.g. snails) and 

definitive (e.g. birds) hosts live. In addition, contamination (particularly faecal contamination) is more 

common in these environments, again increasing exposure of fish hosts to parasites. I therefore predict a 

negative correlation between the average depth at which a species occurs and parasite diversity and 

prevalence.  

 

 

 

 



Materials and Methods 

Host data 

Sampling was carried out in late 2012 along the Zambian shoreline of Lake Tanganyika by a team from 

Uppsala University1. Wild-caught, sexually mature individuals were starved for 24 hours prior to 

euthanisation, after which each specimen was anesthetised with benzocaine and body size (standard 

length and body mass) measured. Following this, the head was severed and the tissue fixed and preserved 

in 4% paraformaldehyde in phosphate buffer. Brains were later dissected from the preserved heads, and 

whole brain mass was measured. Immediately following euthanisation, gut length was recorded, and the 

gut itself was fixed and preserved according to the method described by Justine et al. (2012) to ensure that 

parasites collected would be suitable for both morphological and molecular studies.  

Trophic position was inferred using published data on the ratio of nitrogen-15 (δ15N), a rare 

stable isotope of nitrogen, to nitrogen-14 (δ14N), the more common variant. As δ15N is differentially 

retained during excretion in animals, there is a measurable increase in the relative amount of the isotope 

with increasing trophic level (Post, 2002). Nitrogen isotope ratio therefore provides an index of trophic 

position that both reflects long-term diet, and is suitable for statistical analyses requiring continuous 

variables (Post, 2002; Wagner et al., 2009). Data on depth was collated from several sources (see Table 1), 

and the mean depth calculated from a range of depths reported for each species. All the above variables 

were log10-transformed prior to analyses to meet linear model assumptions. Qualitative descriptions of 

habitat and mating system were transformed into continuous ordinal variables. Habitat was coded to 

reflect variation in structural complexity, with benthic, benthopelagic and pelagic habitats assigned a rank 

of 1, sandy habitats ranked 2, intermediate habitats (rubble and rock) 3 and rocky habitats assigned the 

highest rank of 4 (Gonzalez-Voyer et al., 2009). Species were classified into one of three mating systems, 

which were ranked to reflect degrees of increasing intraspecific contact. Thus, monogamous species were 

given a rank of 1, territorial and non-territorial polygynous (harem-forming) species were ranked 2 and 

promiscuous or lekking species assigned 3. Species for which less than seven specimens had been 

collected were removed from the analyses, reducing the final dataset to 37 cichlid species. I controlled for 

allometry of morphological traits (brain mass, gut length and standard length) with body mass by 

regressing each variable on body mass and using the residuals of these analyses in bivariate regressions.  

 

 

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 I was not part of this team and did not participate in the sampling effort. 



Table 1.  Host traits used in the analyses and their sources 
 

Host trait Source 

Body mass Measured directly 

Standard length Measured directly	  

Gut length Measured directly	  

Brain mass Measured directly	  

Habitat complexity (Konings, 1998; Clabaut et al., 2007) 

Average depth (Kuwamura, 1986; Yanagisawa, 1986; Ochi, 1993; Konings, 1998; Salzburger et al., 2002; Clabaut et al., 2007) 

Trophic level (Muschick et al., 2012) 

Mating system (Clabaut et al., 2007; Desjardins et al., 2008) 

 

 

Parasite data 

I screened ethanol-preserved gut samples for macroparasites under a dissecting microscope, and sorted 

observed intestinal parasites into the four broad helminth taxa (Acanthocephala, Cestoda, Digenea and 

Nematoda) using the taxonomic guide to African fish parasites by Paperna (1996). Two measures of 

parasite load were used in the analysis: parasite prevalence, which is the proportion of infected individuals 

for each host species, and parasite diversity. It has been suggested that using more than one index of 

parasite diversity may be useful in gaining additional information on patterns of host-parasite associations 

as different measures of parasite diversity are not necessarily correlated with each other (Watve & 

Sukumar, 1995; Ezenwa, 2004). Parasite diversity was therefore assessed at both the individual level 

(infracommunity richness) and at the species level, with parasite diversity/species given as the total 

number of helminth taxa observed in each host species. At the individual level, I followed the method of 

Bell & Burt (1991) in determining the average infracommunity richness of each cichlid species. This 

parameter is calculated by marking the occurrence or absence of each taxon of gut helminth as either 0 (if 

the helminth group is absent) or 1 (if present) in each of H host individuals. Therefore, if the occurrence 

of the jth helminth taxon in the ith host individual is represented as λij, then the diversity of gut 

helminths per host individual can be represented as  

 

𝐷 = (1 𝐻) ( 𝜆!").    
!!

 

 

Parasite prevalence was arcsine-transformed while average infracommunity richness was log10-transformed 

prior to analysis to meet linear model assumptions of the normality of residuals. 

 

 

 



Analyses 

Species in comparative analyses are not independent data points since they tend to share characteristics 

due to common ancestry (Felsenstein, 1985; Harvey & Pagel, 1991). I addressed the statistical non-

independence of the interspecific data using a phylogenetic generalised least squares approach, allowing 

for multivariate analyses that control for phylogeny (Grafen, 1989; Pagel, 1997). Phylogenetic generalised 

least squares (PGLS) is a form of the normal generalised least squares model which incorporates the 

phylogenetic autocorrelation of species data into the structure of the error term by constructing a 

variance-covariance matrix of expected trait change using phylogeny, and scaling the off-diagonal elements 

of the matrix by Pagel’s lambda (λ) (Pagel, 1999; Freckleton et al., 2002). Specifically, λ transforms the 

branch lengths of the phylogeny so as to maximise the likelihood of the interspecific data given a 

Brownian motion model of evolution (Freckleton et al., 2002; Nunn, 2011). A λ value of zero indicates 

that the evolution of the trait under study is completely independent of phylogeny, whilst a value of 1 

indicates the trait is completely explained by phylogeny, and is consistent with evolution under Brownian 

motion (Nunn, 2011). As the phylogenetic regression can give unreliable statistical results if used 

inappropriately, I used Pagel’s λ to simultaneously fit a model for phylogenetic signal into the residual 

error of my regression models as I ran my analyses, a technique which has been shown to recover the 

performance of the phylogenetic regression (Revell, 2010). Consequently, only results from PGLS 

analyses are shown unless otherwise indicated. PGLS analyses were carried out using the caper package 

(Orme et al., 2012) in R (R Development Team, 2013). 

For each measure of parasite load, I performed two sets of analyses. First, bivariate regressions 

were carried out to determine if a particular host trait could individually explain variation in parasite 

prevalence and/or diversity. Next, the data was analysed with multiple regression to investigate the 

collective effect of multiple host traits on parasite load. I selected models using a backward stepwise 

procedure, and sequentially removed variables with the highest non-significant p-values. The Akaike 

Information Criterion (AIC) was used to identify the minimal adequate model. Standard length was 

omitted from multiple regression analyses partly to avoid redundancy in the predictors as body mass also 

served as a measure of host body size, and also partly to avoid problems due to collinearity. Before fitting 

multivariate models, I checked the remaining predictors for collinearity by calculating the variance 

inflation factor for each variable. The variance inflation factor (VIF) is an index of the severity of 

multicollinearity in a regression model, and provides a measure of the degree to which collinearity 

increases the variance of the estimated regression coefficient for a given predictor (O’brien, 2007). VIFs 

were less than 10, indicating that the least squares estimates were not unduly influenced by 

multicollinearity (Marquaridt, 1970; Mason et al., 2003). I checked residual plots to verify that all models 

complied with linear model assumptions. In addition, model assumptions were statistically validated 

using the glvma package (Peña & Slate, 2006) in R (R Development Team, 2013). 



Results 

Summaries of the results of phylogenetic regressions of the different measures of parasite load are 

presented in Tables 2-10. Illustrative examples with a single significant predictor of each measure of 

parasite load are also presented in Figs. 1-3. Below, I go through these results in detail. Maximum 

likelihood estimation of the phylogenetic signal in the residuals of parasite load and host variables 

revealed a complete absence of the influence of phylogeny in the patterns of parasite diversity and 

prevalence in this particular dataset (λ < 0.001). Sample size was not significantly related to any measure 

of parasite load (p = 0.255 - 0.460). 

 

Within-species parasite diversity 

Bivariate regression analyses revealed that the significant predictors of total parasite diversity in the cichlid 

species sampled included measures of inter and intraspecific interactions, namely habitat complexity (p = 

0.026) and mating system (p = 0.048) (Table 2). Stepwise regression of all variables showed similar results, 

with parasite diversity increasing with habitat complexity and rank of mating system. The final model 

explained 36% of the variance in total parasite diversity (Table 3).  

 

Table 2. Results of bivariate regressions of total parasite diversity on various host traits while controlling for phylogeny using 
PGLS. † denotes traits which have also been controlled for body mass. All parameter estimates have been standardised.                 
* P≤0.05, ** P≤0.01, ***P≤0.001. 
 

Variable Sample size Estimate Std. Error R-squared P-value 𝛌 

Body mass 37 0.21 0.16 0.04 0.212 <0.001 

Std. length† 37 -0.09 0.17 0.01 0.609 <0.001 

Gut length† 37 0.11 0.17 0.01 0.517 <0.001 

Brain mass† 37 0.13 0.17 0.02 0.450 <0.001 

Habitat complexity 37 0.36 0.16 0.13 0.026* <0.001 

Avg. depth 36 -0.16 0.17 0.03 0.345 <0.001 

Trophic level 32 -0.14 0.18 0.02 0.438 <0.001 

Mating system 34 0.35 0.17 0.12 0.048* <0.001 

 
Table 3. Results of phylogenetic generalised least squares (PGLS) multiple regression analyses showing the combined predictive 
power of sequentially reduced models on total parasite diversity. The full set of predictors are body mass (BoM), gut length (GL), 
brain mass (BrM), habitat complexity (HaC), average depth (AvD), trophic level (TrL) and mating system (MaS).                           
* P≤0.05, ** P≤0.01, ***P≤0.001. 
 

Model AIC Adjusted R2 F-statistic p-value 𝛌 

M1: BoM + GL + BrM + HaC + AvD + TrL + MaS 86.55 0.31 F8,23= 2.91 0.021* <0.001 

M2: BoM + GL + BrM + HaC + AvD + MaS 84.55 0.34 F7,24= 3.55 0.009** <0.001 

M3: BoM + GL + BrM + HaC + MaS 82.56 0.36 F6,25= 4.43 0.003** <0.001 

M4: GL + BrM + HaC + MaS 80.77 0.38 F5,26= 5.68 0.001*** <0.001 

M5: BrM + HaC + MaS 81.01 0.36 F4,27= 6.68 0.001*** <0.001 

M6: HaC + MaS 80.08 0.36 F3,28= 9.57 0.000*** <0.001 
 



Table 4.  Parameter estimates and standard errors of variables in models explaining variance in total parasite diversity. All 
parameter estimates have been standardised.  * P≤0.05, ** P≤0.01, ***P≤0.001. 
 

Model Parameter estimates 

 BoM±SE  GL±SE  BrM±SE  HaC±SE  AvD±SE  TrL±SE  MaS±SE  

M1 0.15±0.42  -0.35±0.32  0.26±0.45  0.66±0.19**  0.01±0.22  0.00±0.24  0.39±0.20  

M2 0.15±0.41  -0.35±0.27  0.27±0.41  0.66±0.18**  0.01±0.19  -  0.38±0.18*  

M3 0.16±0.38  -0.36±0.25  0.26±0.40  0.65±0.16***  -  -  0.38±0.18*  

M4 -  -0.33±0.24  0.39±0.23  0.64±0.16***  -  -  0.37±0.17*  

M5 -  -  0.17±0.17  0.55±0.15***  -  -  0.33±0.17  

M6 -  -  -  0.53±0.14***  -  -  0.41±0.15*  
 

 

  

 

 

 

Infracommunity richness 

Mean infracommunity richness was positively associated with host body mass (p = 0.04) and habitat 

complexity (p = 0.003) (Table 5). In bivariate regressions, gut length and brain mass also showed positive 

correlations with this measure of parasite diversity. However, these associations became non-significant 

after controlling for the effects of body mass. Phylogenetic multiple regression confirmed results from 

bivariate analyses, with body mass and habitat complexity accounting for 44% of the variance in mean 

infracommunity richness (Table 6).  

 

 

 

 

 

Fig. 1. Bivariate relationship between total parasite diversity 
and mating system across 34 cichlid species.  

Fig. 2. Bivariate relationship between average parasite 
diversity/host individual and body mass across 37 cichlid 
species.  



Table 5. Results of PGLS regressions of infracommunity richness on individual host traits. † denotes traits which have been 
controlled for body mass. All parameter estimates have been standardised. * P≤0.05, ** P≤0.01, ***P≤0.001. 
 

Variable Sample size Estimate Std. Error R-squared t-value F-statistic P-value 𝛌 

Body mass 37 0.30 0.16 0.09 1.86 F2,35=3.47 0.04* <0.001 

Std. length† 37 -0.16 0.17 0.03 -0.99 F2,35=0.98 0.39 <0.001 

Gut length† 37 0.21 0.17 0.04 1.27 F2,35=1.62 0.21 <0.001 

Brain mass† 37 0.18 0.17 0.03 1.07 F2,35=1.15 0.33 <0.001 

Habitat complexity 37 0.41 0.15 0.17 2.67 F2,35=7.11 0.003** <0.001 

Avg. depth 36 -0.24 0.16 0.06 -1.44 F2,34=2.08 0.14 <0.001 

Trophic level 32 -0.15 0.18 0.02 -0.83 F2,30=0.68 0.51 <0.001 

Mating system 34 0.17 0.18 0.03 0.94 F2,32=0.88 0.43 <0.001 

 
Table 6: Summary of the stepwise selection process to find the minimal adequate model explaining the greatest amount of 
variance in infracommunity richness. * P≤0.05, ** P≤0.01, ***P≤0.001. 
 

Model AIC Adjusted R2 F-statistic p-value 𝛌 

M1: BoM + GL + BrM + HaC + AvD + TrL + MaS 83.16 0.37 F8,23=3.47 0.01** <0.001 

M2: BoM + GL + HaC + AvD + TrL + MaS 81.20 0.39 F7,24=4.21 0.004** <0.001 

M3: BoM + GL + HaC + AvD + MaS 79.24 0.41 F6,25=5.25 0.001*** <0.001 

M4: BoM + GL + HaC + MaS 77.62 0.43 F5,26=6.66 0.000*** <0.001 

M5: BoM + GL + HaC  76.44 0.44 F4,27=8.74 0.000*** <0.001 

M6: BoM + HaC 75.45 0.44 F3,28=12.72 0.000*** <0.001 

 
Table 7. Parameter estimates and standard errors of variables in all models explaining variance in infracommunity richness. All 
parameter estimates have been standardised. * P≤0.05, ** P≤0.01, ***P≤0.001. 
 

Model Parameter estimates 

 BoM±SE  GL±SE  BrM±SE  HaC±SE  AvD±SE  TrL±SE  MaS±SE  

M1 0.54±0.40  -0.35±0.31  0.07±0.43  0.68±0.18***  -0.07±0.20  -0.05±0.23  0.11±0.19  

M2 0.59±0.26*  -0.34±0.29  -  0.68±0.17***  -0.09±0.19  -0.04±0.21  0.13±0.17  

M3 0.57±0.23*  -0.31±0.25  -  0.68±0.17***  -0.10±0.18  -  0.14±0.16  

M4 0.53±0.22*  -0.26±0.23  -  0.71±0.15***  -  -  0.13±0.16  

M5 0.54±0.21*  -0.21±0.22  -  0.69±0.15***  -  -  -  

M6 0.39±0.14**  -  -  0.63±0.14***  -  -  -  

 

 

Parasite prevalence 

In bivariate analyses, habitat complexity was the only predictor significantly associated with parasite 

prevalence (p = 0.006) (Table 8). Initial PGLS regressions revealed a significant relationship between 

parasite prevalence and brain mass (after controlling for the effects of body mass) (p = 0.025). However, 

this result was not supported by ordinary least squares regression (OLS), and since maximum likelihood-

optimised PGLS is supposed to revert back to OLS in the absence of a phylogenetic signal, the OLS 

estimate is reported for brain mass (Table 8). The results of phylogenetic multiple regression agreed with 

the OLS estimates and showed that, similar to mean infracommunity richness, the highest variation in 

parasite prevalence was explained by a model with host body mass and habitat complexity as predictors. 



Table 8. Summary of bivariate regressions showing the relationship between parasite prevalence and individual host traits. † 
denotes traits which have been controlled for body mass. ‡ denotes traits body mass-controlled traits for which the ordinary least 
squares (OLS) estimator is reported. All parameter estimates have been standardised. * P≤0.05, ** P≤0.01, ***P≤0.001. 
  

Variable Sample size Estimate Std. Error R-squared P-value 𝛌 

Body mass 37 0.24 0.16 0.06 0.152 <0.001 

Std. length† 37 -0.03 0.17 0.00 0.841 <0.001 

Gut length† 37 0.19 0.17 0.04 0.265 <0.001 

Brain mass‡ 37 0.11 0.17 0.01 0.528 <0.001 

Habitat complexity 37 0.43 0.15 0.19 0.006** <0.001 

Avg. depth 36 -0.29 0.16 0.09 0.075 <0.001 

Trophic level 32 -0.23 0.18 0.05 0.206 <0.001 

Mating system 34 0.18 0.18 0.03 0.312 <0.001 

 

  
 
 
 
Table 9. Results of backwards stepwise model selection procedure (based on AIC) to identify significant correlates of parasite 
prevalence. * P≤0.05, ** P≤0.01, ***P≤0.001. 
 

Model AIC Adjusted R2 F-statistic p-value 𝛌 

M1: BoM + GL + BrM + HaC + AvD + TrL + MaS 86.57 0.27 F8,23= 2.60 0.035* <0.001 

M2: BoM + GL + BrM + HaC + TrL + MaS 84.59 0.30 F7,24= 3.17 0.016* <0.001 

M3: BoM + GL + BrM + HaC + TrL 82.76 0.33 F6,25= 3.91 0.007** <0.001 

M4: BoM + GL + HaC + TrL 81.28 0.34 F5,26= 4.89 0.003** <0.001 

M5: BoM + HaC + TrL 80.27 0.35 F4,27= 6.27 0.001*** <0.001 

M6: BoM + HaC  78.67 0.36 F3,28= 9.45 0.000*** <0.001 

 
Table 10. Parameter estimates and standard errors of variables in all models explaining variance in parasite prevalence. All 
parameter estimates have been standardised. * P≤0.05, ** P≤0.01, ***P≤0.001. 
 

Model Parameter estimates 

 BoM±SE  GL±SE  BrM±SE  HaC±SE  AvD±SE  TrL±SE  MaS±SE  

M1 0.39±0.42  -0.33±0.32  0.18±0.45  0.60±0.19**  -0.03±0.22  -0.18±0.24  0.08±0.20  

M2 0.38±0.39  -0.33±0.32  0.19±0.42  0.61±0.17**  -  -0.19±0.22  0.07±0.19  

M3 0.35±0.38  -0.33±0.31  0.25±0.39  0.60±0.16**  -  -0.22±0.20  -  

M4 0.53±0.26*  -0.27±0.29  -  0.60±0.16***  -  -0.20±0.19  -  

M5 0.34±0.15*  -  -  0.55±0.15**  -  -0.09±0.15  -  

M6 0.35±0.15*  -  -  0.57±0.14***  -  -  -  

Fig. 3. Bivariate relationship between parasite 
prevalence and habitat complexity across 37 
cichlid species. Values for parasite prevalence 
were arcsine-transformed prior to carrying out 
the regression. 

	  



Discussion 

The results of this study provide support for several of my predictions, showing that host body size, 

mating system and habitat complexity partially explain the variation in parasite load in Lake Tanganyikan 

cichlids. In addition, the study highlights the importance of investigating different measures of parasite 

load in such comparative studies. Whilst parasite prevalence and average parasite diversity per individual 

identified the same host variables as correlates, total parasite diversity differed as, in addition to habitat 

complexity, it was also influenced by mating system but not host body mass. This supports an earlier study 

by Watve & Sukumar (1995) which showed that parasite prevalence is highly correlated with 

infracommunity richness, meaning an individual from a species with high prevalence of parasites will, on 

average, also harbour a more diverse parasite assemblage.  

Consistent with several studies (Arneberg, 2002; Vitone et al., 2004; Lindenfors et al., 2007), 

host body mass was significantly positively related to parasite load (though not to within-species parasite 

diversity). As mentioned previously, larger hosts represent bigger resources for parasites as sources of 

nourishment (Kuris et al., 1980; Bell & Burt, 1991). In addition, the greater intake of food required by 

larger-bodied hosts means they are at higher risk of accidentally ingesting infectious stages of parasites. 

While there has been speculation that larger hosts provide a greater variety of niches for parasite 

colonisation, this hypothesis was not supported in my results as there was no association between gut 

length and endoparasitic load after controlling for body mass.  

Hosts use behavioural and immunological strategies to defend themselves against parasites. These 

strategies are energetically costly (Sheldon & Verhulst, 1996), leading to an evolutionary trade-off between 

investment into anti-parasitic defences versus energetically expensive processes such as reproduction or 

tissues such as the brain and gut. An extension of the ‘expensive-tissue’ hypothesis would therefore 

predict that species with relatively larger brains will be able to invest less energy into immune defence, 

and consequently harbour more parasites. I found no significant effect of brain size on parasite load, and 

though phylogenetic bivariate analyses initially indicated a significant positive relation with parasite 

prevalence, this finding was not supported by the non-phylogenetic regression. Subsequent phylogenetic 

multiple regression revealed that brain size does not contribute to the variation in parasite diversity. These 

results are in line with findings in rodents, which cast doubt on the validity of the expensive-tissue 

hypothesis in host-parasite associations (Bordes et al., 2011). 

Conventional epidemiological theory on the other hand predicts that species with frequent 

intraspecific contact accumulate more parasites (May & Anderson, 1991). Mating system is a host trait 

which is often overlooked as a determinant of parasite load though studies have shown that mating 

promiscuity increases risk of disease infection in nature (Nunn, 2002). My analysis revealed a weak but 

significant positive relationship between mating system and total parasite diversity. As male cichlids are 

more likely to come into contact with multiple sexual partners compared with females, the weakness of 



the observed association may be due to the fact that parasite species values included data from both male 

and female specimens (albeit with a strong male bias). It is possible that the correlation between parasite 

diversity and mating system will become stronger if analyses are restricted to only male specimens. Rocky 

habitats in Lake Tanganyika support a greater abundance and diversity of cichlid and other fish species 

compared with habitats displaying less rugosity (Pollen et al., 2007). Habitat structural complexity 

therefore reflects community species-richness, and provides an index of interspecific contact (Gonzalez-

Voyer et al., 2009; Pollen et al., 2007). Habitat complexity was highly significant for all measures of 

parasite load, thus corroborating studies which argue that high host diversity supports a correspondingly 

high diversity of parasites (Hechinger & Lafferty, 2005).  

Further research will investigate more host and environmental variables to try to capture even 

more of the variation in parasite load. Due to the difficulty in accurately identifying parasites, parasites 

were only categorised into very broad taxonomic groups. There is currently an on-going effort to more 

precisely identify the cichlid parasites collected through molecular barcoding. This will provide a far more 

accurate measure of parasite diversity, and it will be interesting to compare the determinants of parasite 

richness at such a fine scale to the correlates found in this study. There has also been growing 

appreciation of the shortcomings inherent in morphology-based taxonomic classification, as many 

morphologically-indistinguishable parasites, once called single species, have been found to actually consist 

of multiple, sometimes deeply divergent, independent lineages (Kankare et al., 2005; Smith et al., 2006). 

The barcoding results will therefore generate considerable interest as the data will provide critical 

information on the phylogenetic distinctiveness of parasite communities in Lake Tanganyikan cichlids.  

 

 

Conclusions 

In summary, the results presented here provide support for body size and social contact as important 

predictors of parasite load in cichlids. In general, large, promiscuous cichlid species living in species-rich 

habitats are not only more likely to be infected with helminths, but will also harbour a greater diversity of 

parasites. Hence, my results provide strong support for two of the main hypotheses concerning the link 

between ecology of host species and their interactions with parasites. This study thus provides much 

needed research into correlates of parasite exposure in natural ecosystems. Such information is limited, 

and will both be of significant scientific interest and, more directly, applied relevance in the management 

of wild fish stocks and commercial fish farming. The results of this study will also be important in 

identifying target species under threat from parasites. Furthermore, as an important food source for the 

local populace, it is imperative to critically evaluate the potential of different cichlid species as reservoirs 

for zoonotic parasites.  Finally, given the importance of Lake Tanganyikan cichlids as a speciation model 

in evolutionary research, the study is of additional interest regarding the possibility that parasite-mediated 



selection may have played a role in generating the extreme sympatric diversity exhibited by African Great 

Lake cichlids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgement 

I would like to express my most sincere gratitude to Niclas Kolm and Alexander Hayward for giving me 

the opportunity to be part of this very exciting project. Throughout the project, they were both helpful 

and extremely supportive, and I have thoroughly enjoyed working with them. I would also like to thank 

Masahito Tsuboi for his indispensable help in organising my dataset and running the regression analyses. 

I would not have been able to complete my analyses without his input, and I am grateful for all his help. 

Also, a big thank you to everyone who participated in the sampling effort in Zambia. Without their hard 

work, I would have had no data to work with. Finally, I would like to thank everyone at Animal Ecology 

for all the support I have received over the last few months. It was a real pleasure to be part of such a great 

community! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 

 Aiello, L.C. & Wheeler, P. 1995. The expensive-tissue hypothesis: the brain and the digestive system in human and 
primate evolution. Curr. Anthropol. 36: 199–221.  
 

Allen, D. & Little, T. 2011. Identifying energy constraints to parasite resistance. J. Evolution. Biol. 24: 224–229.  
 

Altizer, S., Nunn, C.L., Thrall, P.H., Gittleman, J.L., Antonovics, J., Cunningham, A.A., Dobson, A.P., Ezenwa, V., 
Jones, K.E., Pedersen, A.B., Poss, M. & Pulliam J.R.C. 2003. Social organization and parasite risk in mammals: 
integrating theory and empirical studies. Annu. Rev. Ecol. Evol. Syst. 34: 517–547.  
 

Arneberg, P. 2002. Host population density and body mass as determinants of species richness in parasite 
communities: comparative analyses of directly transmitted nematodes of mammals. Ecography 25: 88–94.  
 

Bagge, A., Poulin, R. & Valtonen, E. 2004. Fish population size, and not density, as the determining factor of 
parasite infection: a case study. Parasitology 128: 305–313.  
 

Bell, G. & Burt, A. 1991. The comparative biology of parasite species diversity: internal helminths of freshwater fish. 
J. Anim. Ecol. 60: 1047–1063.  
 

Bordes, F., Blumstein, D.T. & Morand, S. 2007. Rodent sociality and parasite diversity. Biol. Lett. 3: 692–694. 
 

Bordes, F., Morand, S. & Krasnov, B.R. 2011. Does investment into “expensive” tissue compromise anti-parasitic 
defence? Testes size, brain size and parasite diversity in rodent hosts. Oecologia 165: 7–16.  
 

Bordes, F., Morand, S. & Ricardo, G. 2008. Bat fly species richness in Neotropical bats: correlations with host 
ecology and host brain. Oecologia 158: 109–116.  
 

Sweke, E.A., Assam, J.M., Matsuishi T. & Chande, A.I. 2013. Fish diversity and abundance of Lake Tanganyika: 
comparison between protected area (Mahale Mountains National Park) and unprotected areas. Int.l J. of Biodiv. 
2013:269141, doi:10.1155/2013/269141 .  
 

Clabaut, C., Bunje, P.M., Salzburger, W. & Meyer, A. 2007. Geometric morphometric analyses provide evidence for 
the adaptive character of the Tanganyikan cichlid fish radiations. Evolution 61: 560–578.  
 

De Castro, F. & Bolker, B. 2005. Parasite establishment and host extinction in model communities. Oikos 111: 
501–513.  
 

Desjardins, J.K., Stiver, K.A., Fitzpatrick, J.L., Milligan, N., Van Der Kraak, G.J. & Balshine, S. 2008. Sex and status 
in a cooperative breeding fish: behavior and androgens. Behav. Ecol. Sociobiol. 62: 785–794.  
 

Dove, A.D.M. 2000. Richness patterns in the parasite communities of exotic poeciliid fishes. Parasitology 120: 609–
623.  
 

Dustan, P., Doherty, O. & Pardede, S. 2013. Digital reef rugosity estimates coral reef habitat complexity. PLoS ONE 
8(2): e57386. doi:10.1371/journal.pone.0057386. 
 

Ezenwa, V.O. 2004. Host social behavior and parasitic infection: a multifactorial approach. Behav. Ecol. 15: 446–
454.  
 

Felsenstein, J. 1985. Phylogenies and the comparative method. Am. Nat. 125: 1–15.  
 

Fenton, A., Fairbairn, J.P., Norman, R. & Hudson, P.J. 2002. Parasite transmission: reconciling theory and reality. J. 
Anim. Ecol. 71: 893–905.  
 

Freckleton, R.P., Harvey, P. & Pagel, M. 2002. Phylogenetic analysis and comparative data: a test and review of 
evidence. Am. Nat. 160: 712–726.  
 



Gonzalez-Voyer, A., Winberg, S. & Kolm, N. 2009. Social fishes and single mothers: brain evolution in African 
cichlids. Proc. R. Soc. B 276: 161–167.  
 

Grafen, A. 1989. The phylogenetic regression. Phil. Trans. R. Soc. B 326: 119–157.  
 

Guégan, J-F., Lambert, A., Lévêque, C., Combes, C. & Euzet, L. 1992. Can host body size explain the parasite 
species richness in tropical freshwater fishes? Oecologia 90: 197–204.  
 

Harvey, P.H. & Pagel, M. 1991. Comparative method in evolutionary biology. Oxford Univ. Press, Oxford 
 

Hechinger, R.F. & Lafferty, K.D. 2005. Host diversity begets parasite diversity: bird final hosts and trematodes in 
snail intermediate hosts. Proc. R. Soc. B 272: 1059–1066. 
 

Justine, J.-L., Briand, M.J. & Bray, R.A. 2012. A quick and simple method, usable in the field, for collecting 
parasites in suitable condition for both morphological and molecular studies. Parasitol. Res. 111: 341–351.  
 

Kankare, M., Van Nouhuys, S. & Hanski, I. 2005. Genetic divergence among host-specific cryptic species in Cotesia 
melitaearum aggregate (Hymenoptera: Braconidae), parasitoids of checkerspot butterflies. Ann. Entomol. Soc. Am. 
98: 382–394.  
 

Karvonen, A. & Seehausen, O. 2012. The role of parasitism in adaptive radiations—when might parasites promote 
and when might they constrain ecological speciation? Int. J. of Ecol. 2012: 280169.	  doi:10.1155/2012/280169 
 

Kaufman, J.A. 2003. On the expensive-tissue hypothesis: independent support from highly encephalized fish. Curr. 
Anthro. 44: 705–707.  
 

Kocher, T.D. 2004. Adaptive evolution and explosive speciation: the cichlid fish model. Nat. Rev. Genet. 5: 288–298.  
 

Konings, A. 1998. Tanganyika cichlids in their natural habitat, 2nd edn. Cichlid Press, El Paso, USA 
 
Korallo, N.P., Vinarski, M.V., Krasnov, B.R., Shenbrot, G.I., Mouillot, D. & Poulin, R. 2007. Are there general 

rules governing parasite diversity? Small mammalian hosts and gamasid mite assemblages. Divers. Distrib. 13: 353–
360.  
 

Krasnov, B.R., Shenbrot, G.I., Mouillot, D., Khokhlova, I.S. & Poulin, R. 2005. Spatial variation in species diversity 
and composition of flea assemblages in small mammalian hosts: geographical distance or faunal similarity? J. 
Biogeogr. 32: 633–644.  
 

Kuris, A.M., Blaustein, A.R. & Alio, J.J. 1980. Hosts as islands. Am. Nat. 116: 570–586.  
 

Kuwamura, T. 1986. Parental care and mating systems of cichlid fishes in Lake Tanganyika: a preliminary field 
survey. J. Ethol. 4: 129–146.  
 

Lindenfors, P., Nunn, C.L., Jones, K.E., Cunningham, A.A., Sechrest, W. & Gittleman, J.L. 2007. Parasite species 
richness in carnivores: effects of host body mass, latitude, geographical range and population density. Global Ecol. 
Biogeogr. 16: 496–509.  
 

Lochmiller, R.L. & Deerenberg, C. 2000. Trade-offs in evolutionary immunology: just what is the cost of immunity? 
Oikos 88: 87–98.  
 

Maan, M.E., Van Rooijen, A., Van Alphen, J.J. & Seehausen, O. 2008. Parasite-mediated sexual selection and 
species divergence in Lake Victoria cichlid fish. Biol. J. Linn. Soc. 94: 53–60.  
 

Marquaridt, D.W. 1970. Generalized inverses, ridge regression, biased linear estimation, and nonlinear estimation. 
Technometrics 12: 591–612.  
 



Mason, R.L., Gunst, R.F. & Hess, J.L. 2003. Statistical design and analysis of experiments: with applications to engineering 
and science. New York: Wiley. 
 

Mau, M., Südekum, K.-H. & Kaiser, T.M. 2009. Why cattle feed much and humans think much - new approach to 
confirm the expensive tissue hypothesis by molecular data. Biosci Hypotheses 2: 205–208.  
 

May, R. & Anderson, R.M. 1991. Infectious diseases of humans: dynamics and control. Oxford University Press, Oxford. 
 

Morand, S. & Poulin, R. 1998. Density, body mass and parasite species richness of terrestrial mammals. Evol. Ecol. 
12: 717–727.  
 

Muschick, M., Indermaur, A. & Salzburger, W. 2012. Convergent evolution within an adaptive radiation of cichlid 
fishes. Curr. Biol. 22 (24): 2362–2368.  
 

Navarrete, A., van Schaik, C.P. & Isler, K. 2011. Energetics and the evolution of human brain size. Nature 480: 91–
93.  
 

Nunn, C.L. 2002. A comparative study of leukocyte counts and disease risk in primates. Evolution 56: 177–190. 
 

Nunn, C.L. 2011. The comparative approach in evolutionary anthropology and biology. University of Chicago Press, 
Chicago. 
 

Nunn, C.L., Altizer, S., Sechrest, W., Jones, K.E., Barton, R.A. & Gittleman, J.L. 2004. Parasites and the 
evolutionary diversification of primate clades. Am. Nat. 164: S90–S103.  
 

O’brien, R.M. 2007. A caution regarding rules of thumb for variance inflation factors. Qual Quant 41: 673–690.  
 

Ochi, H. 1993. Maintenance of separate territories for mating and feeding by males of a maternal mouthbrooding 
cichlid, Gnathochromis pfefferi in Lake Tanganyika. Jpn J. Ichthyol. 40: 173–182. 
 

Orme, C.D.L., Freckleton, R.P., Thomas, G.H., Petzoldt, T., Fritz, S.A. & Isaac, N.J.B. 2012. Caper: comparative 
analyses of phylogenetics and evolution in R. R package version 0.5. 
 

Pacala, S. & Dobson, A. 1988. The relation between the number of parasites/host and host age: population 
dynamic causes and maximum likelihood estimation. Parasitology 96: 197–210.  
 

Pagel, M. 1997. Inferring evolutionary processes from phylogenies. Zool. Scr. 26: 331–348.  
 

Pagel, M. 1999. Inferring the historical patterns of biological evolution. Nature 401: 877–884.  
 

Paperna, I. 1996. Parasites, infections and diseases of fish in Africa - an update. CIFA Technical Paper. No. 31. Rome, 
FAO. 
 

Peña, E.A. & Slate, E.H. 2006. Global validation of linear model assumptions. J. Am. Stat. Assoc. 101(473): 341. 
 

Pollen, A.A., Dobberfuhl, A.P., Scace, J., Igulu, M.M., Renn, S.C., Shumway, C.A. & Hofmann H.A.. 2007. 
Environmental complexity and social organization sculpt the brain in Lake Tanganyikan cichlid fish. Brain, 
Behav. Evol. 70: 21–39.  
 

Post, D.M. 2002. Using stable isotopes to estimate trophic position: models, methods, and assumptions. Ecology 83: 
703–718.  
 

Price, P.W. 1977. General concepts on the evolutionary biology of parasites. Evolution 405–420.  
 

Raeymaekers, J.A.M., Hablützel, P.I., Grégoir, A.F., Bamps, J., Roose, A.K., Vanhove, M.P.M., Van Steenberge, M., 
Pariselle, A., Huyse, T., Snoeks, J. & Volckaert F.A.M. 2013. Contrasting parasite communities among allopatric 
colour morphs of the Lake Tanganyika cichlid Tropheus. BMC Evol. Biol. 13: 41.  
 



Revell, L.J. 2010. Phylogenetic signal and linear regression on species data. Methods in Ecol. Evol. 1: 319–329.  
 

Rohlenová, K. & Simková, A. 2010. Are the immunocompetence and the presence of metazoan parasites in 
cyprinid fish affected by reproductive efforts of cyprinid fish?  J. Biomed Biotechnol. 2010: 418382, 
doi:10.1155/2010/418382.  

 
R Development Core Team (2013). R: a language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. http://www.R-project.org/. 
 
Salzburger, W., Meyer, A., Baric, S., Verheyen, E. & Sturmbauer, C. 2002. Phylogeny of the Lake Tanganyika 

cichlid species flock and its relationship to the Central and East African haplochromine cichlid fish faunas. Syst. 
Biol. 51: 113–135.  
 

Seehausen, O. 2006. African cichlid fish: a model system in adaptive radiation research. Proc. R. Soc. London B. Biol. 
Sci. 273: 1987–1998.  
 

Sheldon, B.C. & Verhulst, S. 1996. Ecological immunology: costly parasite defences and trade-offs in evolutionary 
ecology. Trends Ecol. Evol. 11: 317–321.  
 

Smith, M.A., Woodley, N.E., Janzen, D.H., Hallwachs, W. & Hebert, P.D. 2006. DNA barcodes reveal cryptic host-
specificity within the presumed polyphagous members of a genus of parasitoid flies (Diptera: Tachinidae). Proc. 
Natl. Acad.  Sci. U.S.A. 103: 3657–3662.  
 

Takemoto, R., Pavanelli, G., Lizama, M., Luque, J. & Poulin, R. 2005. Host population density as the major 
determinant of endoparasite species richness in floodplain fishes of the upper Parana River, Brazil. J. Helminthol. 
79: 75–84. 
 

Vitone, N.D., Altizer, S. & Nunn, C.L. 2004. Body size, diet and sociality influence the species richness of parasitic 
worms in anthropoid primates. Evol. Ecol. Res. 6: 183–199.  
 

Wagner, C.E., McIntyre, P.B., Buels, K.S., Gilbert, D.M. & Michel, E. 2009. Diet predicts intestine length in Lake 
Tanganyika’s cichlid fishes. Funct. Ecol. 23: 1122–1131.  
 

Watve, M.G. & Sukumar, R. 1995. Parasite abundance and diversity in mammals: correlates with host ecology. Proc. 
Natl. Acad.  Sci. U.S.A. 92: 8945–8949.  
 

Windsor, D.A. 1998. Most of the species on earth are parasites. Int. J. Parasitol. 28: 1939–1941. 
 

Yanagisawa, Y. 1986. Parental care in a monogamous mouthbrooding cichlid Xenotilapia flavipinnis in Lake 
Tanganyika. Jpn J. Ichthyol. 33: 249–261.  
 
  

 
 
 
 
 
 
 
 
 
 



 

Appendix  


