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Abstract 24 

1. Variation in host condition and population context is a major source of heterogeneity 25 

in infection risk and a key determinant of host-parasite dynamics. Host nutrition and 26 

density are drivers of this variation, yet their combined effects on host susceptibility 27 

and tolerance to parasite infection remain poorly understood. Here, we experimentally 28 

tested these interactive effects on susceptibility to parasite infections using a fish-29 

ectoparasite system.  30 

2. We conducted a mesocosm experiment manipulating diet quality (high vs. low-protein 31 

diets) and host density (low vs. high). Exposure to parasites was standardized by placing 32 

infected donor hosts in separated compartments, allowing transmission to non-infected 33 

target hosts through a mesh barrier. Parasite abundance per target host, mean infection 34 

intensity per tank and host body condition (scaled mass index, SMI) were modeled as 35 

a function of diet and density.  36 

3. A high-protein diet increased parasite load across both density treatments, whereas a 37 

low-protein diet produced only weak differences between low- and high-density 38 

conditions. The combination of high-protein diet and high-density resulted in parasite 39 

loads several times greater than those observed under low-protein diet and low-density 40 

conditions, representing a sevenfold increase (from 17 to 120 parasites per host, on 41 

average). High-protein diets also doubled host body condition relative to low-protein 42 

diets.  43 

4. Together, our results show that improved nutritional quality can increase host 44 

susceptibility while also supporting higher host condition under infection, consistent 45 

with increased tolerance. More broadly, the interaction between host diet and density 46 

is critical for understanding host-parasite dynamics and provides new insights into the 47 

mechanisms linking host condition, resistance and tolerance to infection. 48 
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 51 

1. Introduction 52 

Nutrition can influence the ability of hosts to overcome parasites and is considered an important 53 

driver of host-parasite interactions through both top-down and bottom-up processes (Sánchez 54 

et al., 2018; Wilson et al., 2020; Holdbrook et al., 2025). Host nutrition can improve the host 55 

immune system and control parasite infections (top-down effect), while also serving as a 56 

resource (bottom-up effect) that facilitates parasite establishment and reproduction within hosts 57 

(Vale et al., 2013; Wilson et al., 2020). As a result, variation in host nutritional status represents 58 

an important source of heterogeneity in susceptibility to parasite infection, with consequences 59 

for parasite dynamics in natural populations (Attwood, 2025; Cohen et al., 2026). 60 

From a top-down perspective, host nutrition can affect both resistance and tolerance to 61 

parasites in different ways (Bize et al., 2008; Cressler et al., 2014; Civitello et al., 2015; 62 

Manzoli et al., 2018; Pike et al., 2019; Civitello et al., 2020; Manzoli et al., 2021). Malnutrition 63 

is expected to reduce resistance to parasitic infections through feedbacks between poor host 64 

condition and immunosuppression, often resulting in higher parasite loads (Beldomenico & 65 

Begon, 2010; Schmid-Hempel, 2021). In contrast, high host nutrition can increase tolerance to 66 

parasitic infections, as hosts generally have more resources available to repair infection-related 67 

damage without proportional fitness costs (Seppälä et al., 2008; Seppälä and Leicht, 2015). 68 

However, these effects are often context dependent and can vary with diet composition and 69 

quality, particularly protein availability (Wilson et al., 2019; Budischak et al., 2018, Blubaugh 70 

et al., 2023). For example, high-protein diets have been shown to increase host resistance to 71 

infection, whereas reductions in dietary protein can reduce host tolerance to parasites (Brunner 72 
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et al., 2014; Budischak et al., 2015; Budischak & Cressler, 2018; Sweeny et al., 2021; Wilson 73 

et al., 2020; Holdbrook et al., 2025).  74 

From a bottom-up perspective, increases in host nutritional status can also benefit 75 

parasite fitness by enhancing growth and reproduction within hosts, thereby increasing parasite 76 

loads (Cornet et al., 2014; Holdbrook et al., 2025). Parasites depend on host-derived nutrients 77 

to establish and spread, and may directly and indirectly compete with hosts for limiting 78 

resources (Civitello et al., 2018; Holdbrook et al., 2025). In particular, parasite growth and 79 

reproductive capacity often depend on the nutritional value of host macronutrients, especially 80 

protein availability (Smyth, 1994; Wilson et al., 2020). On the other hand, starving hosts may 81 

limit parasite growth and loads (Civitello et al., 2018). Consequently, changes in host nutrition, 82 

including both nutrient quantity and quality, can strongly affect parasite establishment and 83 

proliferation, with consequences for host-parasite interactions (Becker et al., 2015; Pike et al., 84 

2019; Wilson et al., 2020). Differences in host nutritional status may also affect parasite host 85 

choice, with parasites often exhibiting higher development and loads in well-nourished hosts 86 

(Labaude et al., 2015; Seppälä & Leicht, 2015; Johnson et al., 2019).  87 

Despite this growing body of evidence, it remains unclear how variation in dietary 88 

protein quality (e.g. low- vs. high-protein diets) influences parasite infections in aquatic host–89 

parasite systems (Wilson et al., 2020; Holdbrook et al., 2025). Moreover, resource availability 90 

in aquatic ecosystems can vary spatially and temporally, often increasing host density and 91 

aggregation around resource-rich areas (Budischak et al., 2015; Becker et al., 2018; Civitello 92 

et al., 2018). Such aggregation can simultaneously increase exposure to parasites through 93 

contact with infected conspecifics (Albery et al., 2020; Scherer et al., 2020; Sweeny & Albery 94 

2022), suggesting that host nutrition and host density may interact to shape infection risk. 95 

Host density is frequently associated with increased parasite infections across host-96 

parasite systems and is considered a major driver of parasite transmission (Arneberg et al., 97 
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1998; Poulin et al., 2013; Buck et al., 2017; McCallum et al., 2017; Hasik & Siepielski, 2022). 98 

Higher density can increase contact rates between susceptible and infected hosts, promoting 99 

parasite transmission and higher parasite burdens, particularly in aquatic systems (McCallum 100 

et al., 2001; Lafferty et al., 2015; Buck et al., 2017; Daversa et al., 2017; Albery et al., 2020). 101 

However, higher host density can also reduce infection risk through encounter-dilution effects 102 

or the frequency-dependent transmission, leading to context-dependent outcomes (Lagrue & 103 

Poulin, 2015; Buck & Lutterschmidt, 2016; Wilber et al., 2022; Henriksen et al., 2023; Johnson 104 

et al., 2024). Such context dependence may arise from heterogeneity in host traits, including 105 

nutritional condition, which can modify transmission processes and infection outcomes 106 

(Hopkins et al., 2020; Albery et al., 2025).  107 

Although host nutrition and host density are both known to influence resistance and 108 

tolerance to parasite infections, their interactive effects remain poorly understood, particularly 109 

in aquatic systems. Integrating within-host nutrition processes with between-host density 110 

effects is therefore essential for understanding and predicting parasite dynamics under 111 

fluctuating resource and population conditions (Johnson et al., 2015; Budischak & Cressler, 112 

2018; Hayward et al., 2019; Walsman et al., 2023). Experimental approaches that explicitly 113 

manipulate both nutrition and density are required to decouple these effects their joint influence 114 

on host-parasite interactions (Pedersen & Fenton, 2015; Agostini et al., 2017; Johnson & 115 

Wilber, 2017; Sweeny et al., 2021; Walsman et al., 2023). Mesocosm experiments offer a 116 

powerful framework for addressing this challenge by allowing controlled manipulation of 117 

ecological conditions that cannot be achieved in observational studies (Wilber et al., 2017; 118 

Wunderlich et al., 2022; Arancibia et al., 2025). 119 

Here, we conducted a mesocosm experiment using a fish-ectoparasite system to test the 120 

interactive effects of host nutrition and host density on susceptibility to parasite infection. We 121 

manipulated diet quality (high- vs. low-protein diets) and host density (low = 2 vs. high = 6) 122 
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over a 20-day period (Figure 1A, B). We imposed density levels to capture population context 123 

rather than to quantify density dependence sensu stricto, as our aim was to test how contrasts 124 

in local aggregation interacts with host condition to shape infection outcomes. We specifically 125 

tested whether host density modifies the effects of nutritional condition on infection, consistent 126 

with theory predicting context-dependent susceptibility arising from trade-offs between 127 

energetic state, immune function, and parasite transmission. We thus predicted that a high-128 

protein diet would increase host tolerance and parasite burden, particularly at high-density 129 

where exposure is elevated (Hopkins et al., 2020; Sweeny & Albery 2022). In contrast, a low-130 

protein diet at low host density was expected to result in lower parasite loads. Intermediate 131 

parasite burdens were predicted under mixed diet–density scenarios (Figure 1C).  132 

 133 

2. Methods 134 

2.1 Host-parasite model system 135 

We used the Nile tilapia Oreochromis niloticus and its gill dactylogyridean monogenean 136 

species because these parasites have a direct life cycle (i.e. monoxenous) and release eggs into 137 

the aquatic environment (Buchmann & Bresciani 2006). After egg hatching, free-swimming 138 

larvae must find a suitable host within approximately 24 h, where they develop into adults and 139 

remain for the rest of their lifespan (Buchmann & Bresciani 2006).  140 

Cichlid fish and their monogenean parasites are widely used to experimentally test how 141 

host traits influence parasite infestation and transmission dynamics (e.g. Wunderlich et al., 142 

2022; Kmentová et al., 2022), because these host-parasite systems are highly tractable to 143 

elucidate processes in parasite ecology studies (Vanhove et al., 2016). These systems offer 144 

important insights into host-parasite dynamics because they allow high replication and 145 

experimental control at the level of individual hosts and most hosts are usually parasitized by 146 
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several closely or distantly related monogenean species (Timi & Poulin, 2020; Krasnov et al., 147 

2021).  148 

 149 

2.2 Fish collection and maintenance 150 

Naturally infected Nile tilapias were collected from a commercial fish farm (net-cage system) 151 

and transported by truck under continuous liquid oxygen aeration to experimental aquaculture 152 

facilities at São Paulo State University (UNESP, Rio Claro, Brazil). All fish were of similar 153 

age. 154 

Upon arrival, fish were randomly assigned into two groups and acclimated for two 155 

weeks in outdoor concrete tanks (10000 L, Figure 1A) under controlled conditions. During this 156 

period, fish were fed either a high-protein, animal-based diet or a low-protein, plant-based diet. 157 

Fish in the high-protein diet received commercial stick feed (23% protein; Tropical®), twice 158 

daily, while fish in the low-protein treatment were fed with lettuce daily (1.4% protein), both 159 

at approximately 5% of body mass. Diet composition and feeding regimes are detailed in the 160 

Table 1. Water temperature, dissolved oxygen, conductivity, pH, and ammonia concentration 161 

(Ammonia Test Kit for Fresh Water - colorimetric method) in all tanks were also monitored 162 

daily (Horiba, Multi Checker U-50 series) and maintained within satisfactory for organisms 163 

during the duration of the experiment (Figure 1A). 164 

 165 

2.3 Diet treatments and parasite manipulation 166 

 Before the manipulation phase of the experiment, a subset of fish from each treatment 167 

was disinfected using 15-20 min salt baths to remove gill parasites following Wunderlich et al. 168 

(2022). These fish served as uninfected target hosts. The remaining fish were kept naturally 169 

infected with gill parasites and served as donor hosts.  170 



8 
 

This procedure resulted in three experimental host categories: uninfected target hosts 171 

fed with a low-protein diet (THL), uninfected target hosts fed with a high-protein diet (THH), 172 

and infected donor hosts fed with a high-protein diet (DHH; Figure 1A). All groups were kept 173 

in separated tanks until the start of the experiment.  174 

 175 

2.4 Experimental design 176 

Our experimental unit consisted of a 500 L circular polyethylene tank divided into three 177 

equal compartments separated by mesh partitions (three-patch arena; Figure 1B). One infected 178 

donor host (DHH) was placed in one compartment, while uninfected target hosts (THL or 179 

THH) were placed in the remaining compartments. Throughout the manuscript, we use the 180 

term “host density” to refer to experimentally imposed differences in local aggregation 181 

(crowding), which we interpret as a component of population context rather than a 182 

demographic process. 183 

We manipulated host density at two levels (low density: two fish; high density: six fish) 184 

and crossed this factor orthogonally with diet treatment. We replicated the four treatments (T1-185 

T4) eight times, resulting in 32 experimental arenas:  186 

T1: DHH | THL and THH at low density;  187 

T2: DHH | THL and THH at high density;  188 

T3: DHH | THL at low density and THL at high density;  189 

T4: DHH | THH at low density and THH at high density (Figure 1B).  190 

The nutritional manipulation was designed to alter host energetic condition rather than 191 

induce large differences in body size over the experimental timeframe, allowing us to isolate 192 

condition-mediated effects on infection. Also, because our focus was on target host 193 

susceptibility, not donor infectivity, donor hosts were standardized (single diet type) to reduce 194 

variation in parasite supply. All tanks were filled with dechlorinated tap water (pH ~ 7.6), 195 
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aerated continuously, and maintained under controlled water temperature (~ 26 °C) and 196 

photoperiod (12 h light : 12 h dark). The experiment was carried out for 20 days, during which 197 

fish were monitored daily for signs of stress, disease, or abnormal behavioral. 198 

 199 

2.5 Parasite quantification, host condition, and tolerance assessments 200 

At the end of the experiment, fish were euthanized and gills were removed and 201 

examined under a compound microscope (Zeiss Primo Star, Germany), following Wunderlich 202 

et al. (2022). Parasites were counted and identified based on the morphology of sclerotized 203 

haptoral and copulatory structures (Pariselle & Euzet 2009). 204 

Host body condition was assessed using the scaled mass index (SMI; Peig & Green 205 

2009, 2010). SMI estimates individual body condition relative to structural size and is widely 206 

used in studies linking parasitism and host condition (Macedo-Veiga et al. 2016; Wunderlich 207 

et al. 2025). Here, SMI is interpreted as an integrated outcome of diet and infection, not a 208 

baseline covariate. The index was calculated as:  209 

Eq. (1) [SMI = Mi × (L0/Li)bSMA], 210 

where Mi and Li are the body mass (g) and length (cm) of individual fish, L0 is the mean body 211 

length for each diet treatment, and bSMA is the slope of a standardized major axis regression 212 

of mass on length. The bSMA was estimated separately for each diet treatment using 213 

disinfected fish prior to the experiment, following recommendations by Lagrue & Poulin 214 

(2015) and Macedo-Veiga et al. (2016). 215 

To measure host tolerance, we used SMI as a proxy of host fitness against parasite loads 216 

between host diet quality (i.e. low-protein vs. high-protein diets) and host density (i.e. low-217 

density vs. high-density), where a positive slope indicated a higher tolerance (Råberg et al., 218 

2009; Kutzer & Armitage, 2016; Kutzer et al., 2019). 219 

 220 
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2.6 Data analyses 221 

We assessed the effects of host nutrition and density on parasite infection using  222 

generalized linear mixed models with a negative binomial error distribution, implemented in 223 

the glmmTMB package (Magnusson et al., 2020). Parasite abundance per target host and mean 224 

infection intensity per tank were used as response variables. Following standard parasitological 225 

terminology (Reiczigel et al., 2019), parasite abundance was defined as the number of parasites 226 

per individual host, whereas mean infection intensity was calculated as the mean number of 227 

parasites per infected host within each experimental tank. Host diet, density, and their 228 

interaction were included as fixed effects. Host body condition (SMI) was also analyzed as a 229 

response variable to assess treatment effects on host condition. To account for excess zeros, 230 

hurdle and zero-inflated negative binomial models were also evaluated in model selection 231 

(Chipeta et al., 2014; Harrison, 2014).  232 

To control for potential non-independence and overdispersion, we included individual 233 

fish identity, nested within tank identity, as random effects (Harrison, 2014; Zuur & Ieno, 234 

2016). Multicollinearity among predictors was examined using variance inflation factor (VIF), 235 

with values >5 indicating problematic collinearity (Zuur et al., 2013), in the performance 236 

package (Lüdecke et al., 2021). To perform post-hoc comparisons, we used estimated marginal 237 

means (EMMs), implemented in the emmeans package (Lenth & Piaskowski, 2025). 238 

Model selection was based on Akaike’s Information Criterion (AIC; Burnham & 239 

Anderson 2002), as implemented in performance package (Lüdecke et al., 2021). Conditional 240 

(R2
c) and marginal (R2

m) coefficients of determination were calculated following Nakagawa & 241 

Schielzeth (2013), using the glmmTMB package. We used the DHARMa package (Hartig, 242 

2025) to assess model fit based on a simulation-based residual diagnostics approach. For the 243 

best-supported model, we checked variation of the individual predictors using semi-partial 244 

coefficients of determination (partR2) (Stoffel et al., 2021). PartR2 decompose the variance of 245 
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R2 into components uniquely explained by individual predictors (Stoffel et al., 2021). All 246 

analyses were performed in R v. 4.4.1 (R Development Core Team, 2024), and figures were 247 

produced using ggplot2 (Wickham, 2016). 248 

  249 

3. Results 250 

 We found a positive effect of the high-protein diet on parasite abundance (Figure 2a) 251 

and mean infection intensity (Figure 2b) at both density levels, with the strongest effects 252 

observed under the combined high-protein and high-density treatment (Table 2). Target hosts 253 

receiving the high-protein diet treatment showed higher nutritional condition, as demonstrated 254 

by a scaled mass index (Figure 2c), and greater tolerance to infection compared with hosts fed 255 

the low-protein diet (Figure 3a) and those maintained at low density (Figure 3b).  256 

 Model selection based on Akaike’s Information Criterion (AIC) supported the full 257 

model including host diet, host density, and their interaction as the best-supported model for 258 

parasite abundance and mean infection intensity (ΔAIC > 2 relative to reduced models; Table 259 

2). This model indicated that both parasite abundance (R2
c = 0.86; R2

m = 0.65) and mean 260 

infection intensity (R2
c = 0.84; R2

m = 0.55) were positively related to high-protein diet, high 261 

host density and their interaction (Table 2). The best supported model for the scaled mass index 262 

indicated that it was influenced solely by host diet, with no detectable effect of density or the 263 

interaction term (R2
c = 0.96; R2

m = 0.95, Table 2). Post-hoc comparisons based on estimated 264 

marginal mean (EMMs) showed significant differences among treatments (Figure S1A,B), 265 

with the highest mean infection intensity observed under the high-protein, high-density 266 

treatment (mean = 5.14±0.143, FDR-adjusted, Figure S1B). Multicollinearity analyses 267 

indicated low correlation among predictors, with VIFs below five for models (Figure S2). 268 

 We further decomposed the relative importance of predictors in the best-supported 269 

GLMMs to evaluate the contribution of individual predictors to explained variation (Table 3; 270 
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Figure S3). Host diet and host density each explained a moderate proportion of the variation in 271 

parasite abundance in target hosts (aproximately 44% and 33%, respectively). Their combined 272 

effects, however, explained aproximately 64% of the fixed-effect variation (R2
m = 0.64, 273 

CI_lower = 0.61, CI_upper = 0.75, nboot = 1000, Table 3; Figure S3a), and showed a variance 274 

for each predictor separately (Table 3; Figure S3b), the strongest structure coefficients (Table 275 

3; Figure S3c), and the largest standardized regression coefficients (Table 3; Figure S3d). Beta 276 

weights show that the two predictors seem to have an effect (positive) on parasite abundance, 277 

because none of the confidence intervals overlaps zero (Table 3; Figure S3d). 278 

 279 

4. Discussion 280 

Our study demonstrates that the interaction between host nutrition and host density 281 

strongly influences infection outcomes by increasing parasite load while host nutritional 282 

condition promotes tolerance to infection. Although host density is often assumed to affect 283 

parasite transmission primarily through increased exposure (Anderson & May, 1978; 284 

McCallum et al., 2001; McCallum et al. 2017; Albery et al., 2020; Wilber et al. 2022; Albery 285 

et al., 2025), our experimental design isolated density-associated changes in infection outcomes 286 

that arise from host condition and interaction context, rather than exposure alone. Specifically, 287 

we found that a high-protein diet amplified the effects of high host density, resulting in higher 288 

parasite loads while simultaneously increasing host tolerance to infection in a freshwater fish 289 

host. While our study focuses on a single fish–ectoparasite system, the mechanisms we 290 

examine (condition-dependent susceptibility and density-mediated interaction context) are 291 

general features of host–parasite systems across taxa. Our findinds our consistent with a 292 

condition-dependent framework in which increased resource availability enhances host quality 293 

without necessarily reducing parasite load. Such responses differ from the prevailing 294 
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expectation for vertebrate hosts that improved nutrition strengthens immune resistance and 295 

limits parasite proliferation (e.g. Pike et al., 2019).  296 

While increased host nutrition has more commonly been associated with higher parasite 297 

loads in invertebrate hosts (Cressler et al., 2014; Pike et al., 2019), our results show that similar 298 

dynamics can arise in vertebrate hosts when additional resources promote tolerance rather than 299 

resistance. In this context, increased energetic reserves may allow hosts to withstand the 300 

physiological costs of infection without reducing parasite load, thereby maintaining 301 

performance while simultaneously benefiting parasite fitness (“parasite tolerance mechanism”; 302 

Singh & Best 2021). This mechanism is particularly plausible for monogenean parasites, which 303 

can evade immune responses even in hosts with good body condition (Buchmann & 304 

Lindenstrøm, 2002; Bize et al., 2008; Kaur et al., 2018; Ilgová et al., 2021; Attwood, 2025). 305 

Importantly, our results indicate that the highest parasite loads occurred under the combination 306 

of high density and high nutritional availability, consistent with a tolerance-dominated 307 

response when hosts have access to high resources. High density likely increases opportunities 308 

for parasite establishment, while high nutritional status buffers hosts against infection costs, 309 

shifting the balance away from resistance and toward tolerance. Comparable patterns have been 310 

observed in aquatic mesocosms, where high nutrient conditions favored the evolution of 311 

tolerance over resistance in zooplankton hosts (Walsman et al., 2023). Together, these findings 312 

suggest that tolerance may be an energetically advantageous strategy under high-resource 313 

conditions compared with costly immune-mediated resistance (Budischak et al., 2018; 314 

Budischak & Cressler, 2018; Perrine et al., 2025).  315 

Parasite establishment in our experiment is also likely shaped by host-recognition 316 

mechanisms. Many aquatic parasites use chemosensory cues, such as glycoproteins, fatty acids, 317 

carbohydrates, ammonia, or volatile organic compounds, to identify and select suitable hosts 318 

(Buchmann & Lindenstrøm, 2002; Buchmann & Bresciani, 2006; Chaisson & Hallem, 2012). 319 
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Previous studies showed that parasites preferentially select better-nourished hosts (Sukhdeo & 320 

Sukhdeo, 2004; Christe et al., 2003; Chaisson & Hallem, 2012; Seppälä & Leicht, 2015; 321 

Johnson et al., 2019). Monogenean oncomiracidia can also use glycoprotein-based cues to 322 

detect host quality and susceptibility (Wunderlich et al., 2022; Attwood, 2025). Fish on high-323 

protein diets excrete more ammonium as a by-product of protein metabolism (Hardison & 324 

Eliason, 2024; Zimmer, 2024), and this nitrogenous waste can serve as a chemical cue guiding 325 

parasites toward high-quality hosts (Haberl et al., 2000; Chaisson & Hallem, 2012). Thus, in 326 

our system, hosts fed a high-protein diet may have emitted stronger or more detectable cues, 327 

increasing their attractiveness to parasites (Seppälä & Leicht, 2015; Johnson et al., 2019).  328 

Collectively, these processes suggest that both tolerance and host-choice mechanisms could 329 

have contributed to the elevated parasite loads observed under high-protein, high-density 330 

conditions. 331 

The emergence of tolerance under high-resource conditions is also consistent with 332 

expectations for specialist parasites. Theory predicts that specialist parasites can achieve high 333 

abundances and efficient transmission while imposing relatively low damage on their hosts, 334 

thereby favoring tolerance-mediated host responses (Armour et al., 2025; Park et al., 2025). 335 

Comparative analyses showed that specialist lineages often reach parasite burdens several 336 

times higher than generalist lineages (Armour et al., 2025), and global analyses of helminths 337 

reveal that specialists commonly achieve higher abundances on their primary hosts (Park et al., 338 

2025). Monogeneans fit this profile as they often attain high loads in fish hosts, particularly 339 

when high-quality hosts are available to track and infect (Paredes-Trujillo et al., 2021; Paredes-340 

Trujillo  & Mendoza-Carranza, 2022; Wunderlich et al., 2022). These parallels suggest that the 341 

patterns we observed (i.e., high parasite loads coupled with high host tolerance) are consistent 342 

with predictions for specialist parasites in aquatic host–parasite systems.  343 
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These host-level processes have important implications for parasite transmission. 344 

Heterogeneity among hosts in quality and nutritional state can strongly influence transmission 345 

dynamics (McCallum et al., 2017), and variation in macronutrient availability can amplify 346 

differences in host susceptibility and parasite growth rates (Cotter et al., 2011; Vale et al., 2013; 347 

Wilson et al., 2020; Blubaugh et al., 2023). When parasites preferentially infect high-quality 348 

hosts and those hosts exhibit elevated tolerance, parasite transmission could increase even 349 

when host resistance does not. Such combined effects of parasite choice and host tolerance 350 

could enhance parasite persistence and alter outbreak dynamics in natural populations (Christe 351 

et al., 2003; Vale et al., 2013; Penczykowski et al., 2014; Sanchez-Thirion et al., 2019). 352 

Our experiment captured short-term infection outcomes and did not incorporate longer-353 

term demographic or eco-evolutionary feedbacks, which may amplify or dampen density- and 354 

condition-dependent dynamics in natural systems. Evidence for diet-mediated tolerance in 355 

vertebrates remains limited, and additional studies are needed to disentangle the relative effects 356 

of food quality, food quantity, and host condition in aquatic host–parasite systems (Becker et 357 

al., 2018; Sanchez-Thirion et al., 2019). Nonetheless, both empirical and theoretical work 358 

suggest that tolerance can be favored under high-resource conditions (Dean et al., 2024), and 359 

that bottom-up processes can strongly influence transmission pathways in host–parasite 360 

interactions (Holdbrook et al., 2025). 361 

By revealing how nutritional condition and population density act together to influence 362 

infection trajectories, our study underscores that host–parasite dynamics are fundamentally 363 

context dependent. Extending this framework across host taxa and ecological settings will be 364 

important for predicting parasite responses in a changing world. 365 

 366 

Acknowledgements 367 



16 
 

We would like to thank Antonio Fernando Monteiro Camargo, Célio Fernando Baptista 368 

Haddad, Ayrton Denner, Willian Barbosa Simioni, Miyuki Oye, Gabriel Tavares and Carlos 369 

Fernando Sanches for assisting with the experiment and logistics.  370 

 371 

Authors' contributions 372 

A.C.W. and T.S. conceived the hypotheses and designed the experiment. A.C.W. ran the 373 

experiment and identified the material. A.C.W. and T.S. analysed the data and wrote the first 374 

draft of the manuscript. All authors agreed on the final version of the manuscript. 375 

 376 

Data accessibility 377 

Data and R code to reproduce manuscript analyses will be made available via the Dryad Digital 378 

Repository upon manuscript acceptance.  379 

 380 

Funding 381 

This work was funded by the São Paulo Research Foundation (FAPESP grant no. 2017/16650-382 

5 to A.C.W and partially by grant 2019/04033-7). T.S is supported by a productivity grant 383 

(309496/2021-7) administered by the Brazilian National Council for Scientific and 384 

Technological Development (CNPq). T.S. also acknowledges funding from FAPESP 385 

(2021/00619-7 and 2021/10639-5). 386 

 387 

References 388 

 389 

Agostini, I., Vanderhoeven, E., Di Bitetti, M.S. & Beldomenico, P.M. (2017) Experimental testing of 390 
reciprocal effects of nutrition and parasitism in wild black capuchin monkeys. Sci Rep, 7, 391 
12778. 392 

Albery, G.F., Becker, D.J., Firth, J.A., De Moor, D., Ravindran, S., Silk, M., Sweeny, A.R., Vander Wal, E., 393 
Webber, Q., Allen, B., Babayan, S.A., Barve, S., Begon, M., Birtles, R.J., Block, T.A., Block, B.A., 394 
Bradley, J.E., Budischak, S., Buesching, C., Burthe, S.J., Carlisle, A.B., Caselle, J.E., Cattuto, C., 395 



17 
 

Chaine, A.S., Chapple, T.K., Cheney, B.J., Clutton-Brock, T., Collier, M., Curnick, D.J., Delahay, 396 
R.J., Farine, D.R., Fenton, A., Ferretti, F., Feyrer, L., Fielding, H., Foroughirad, V., Frere, C., 397 
Gardner, M.G., Geffen, E., Godfrey, S.S., Graham, A.L., Hammond, P.S., Henrich, M., Heurich, 398 
M., Hopwood, P., Ilany, A., Jackson, J.A., Jackson, N., Jacoby, D.M.P., Jacoby, A.M., Jezek, M., 399 
Kirkpatrick, L., Klamm, A., Klarevas-Irby, J.A., Knowles, S., Koren, L., Krzyszczyk, E., Kusch, J.M., 400 
Lambin, X., Lane, J.E., Leirs, H., Leu, S.T., Lyon, B.E., Macdonald, D.W., Madsen, A.E., Mann, J., 401 
Manser, M., Marien, J., Massawe, A., McDonald, R.A., Morelle, K., Mourier, J., Newman, C., 402 
Nussear, K., Nyaguthii, B., Ogino, M., Ozella, L., Packer, C., Papastamatiou, Y.P., Paterson, S., 403 
Payne, E., Pedersen, A.B., Pemberton, J.M., Pinter-Wollman, N., Planes, S., Raulo, A., 404 
Rodriguez-Munoz, R., Rudd, L., Sabuni, C., Sah, P., Schallert, R.J., Sheldon, B.C., Shizuka, D., 405 
Sih, A., Sinn, D.L., Sluydts, V., Spiegel, O., Telfer, S., Thomason, C.A., Tickler, D.M., Tregenza, 406 
T., VanderWaal, K., Walmsley, S., Walters, E.L., Wanelik, K.M., Whitehead, H., Wielgus, E., 407 
Wilson-Aggarwal, J., Wohlfeil, C. & Bansal, S. (2025) Density-dependent network structuring 408 
within and across wild animal systems. Nat Ecol Evol, 9, 2002-2013. 409 

Albery, G.F., Newman, C., Ross, J.B., MacDonald, D.W., Bansal, S. & Buesching, C. (2020) Negative 410 
density-dependent parasitism in a group-living carnivore. Proc Biol Sci, 287, 20202655. 411 

Arancibia, P.A., Abrego, N., Morin, P., Roslin, T. & Ovaskainen, O. (2025) Experimental community 412 
ecology in decline: A call to embrace technology. bioRxiv, 2025.2010.2022.683879. 413 

Arneberg, P., Skorping, A., Grenfell, B. & Read, A.F. (1998) Host densities as determinants of 414 
abundance in parasite communities. Proceedings of the Royal Society B: Biological Sciences, 415 
265, 1283-1289. 416 

Attwood, M.C. (2025) How do parasites and predators choose their victim? A trade-off between 417 
quality and vulnerability across antagonistic interactions. Biol Rev Camb Philos Soc, 100, 2099-418 
2115. 419 

Becker, D.J., Hall, R.J., Forbes, K.M., Plowright, R.K. & Altizer, S. (2018) Anthropogenic resource 420 
subsidies and host-parasite dynamics in wildlife. Philos Trans R Soc Lond B Biol Sci, 373. 421 

Becker, D.J., Streicker, D.G. & Altizer, S. (2015) Linking anthropogenic resources to wildlife-pathogen 422 
dynamics: a review and meta-analysis. Ecol Lett, 18, 483-495. 423 

Beldomenico, P.M. & Begon, M. (2010) Disease spread, susceptibility and infection intensity: vicious 424 
circles? Trends Ecol Evol, 25, 21-27. 425 

Bize, P., Jeanneret, C., Klopfenstein, A. & Roulin, A. (2008) What makes a host profitable? Parasites 426 
balance host nutritive resources against immunity. Am Nat, 171, 107-118. 427 

Blubaugh, C.K., Jones, C.R., Josefson, C., Scoles, G.A., Snyder, W.E. & Owen, J.P. (2023) Omnivore diet 428 
composition alters parasite resistance and host condition. J Anim Ecol, 92, 2175-2188. 429 

Brunner, F.S., Schmid-Hempel, P. & Barribeau, S.M. (2014) Protein-poor diet reduces host-specific 430 
immune gene expression in Bombus terrestris. Proc Biol Sci, 281. 431 

Buchmann, K. & Bresciani, J. (2006) Monogenea (Phylum Platyhelminthes). Fish Diseases and 432 
Disorders, Volume 1: Protozoan and Metazoan Infections (ed. P.T.K. Woo), pp. 297-344. CAB 433 
International, Wallingford. 434 

Buchmann, K. & Lindenstrøm, T. (2002) Interactions between monogenean parasites and their fish 435 
hosts. International Journal for Parasitology, 32, 309-319. 436 

Buck, J.C., Hechinger, R.F., Wood, A.C., Stewart, T.E., Kuris, A.M. & Lafferty, K.D. (2017) Host density 437 
increases parasite recruitment but decreases host risk in a snail–trematode system. Ecology, 438 
98, 2029-2038. 439 

Buck, J.C. & Lutterschmidt, W.I. (2016) Parasite abundance decreases with host density: evidence of 440 
the encounter-dilution effect for a parasite with a complex life cycle. Hydrobiologia, 784, 201-441 
210. 442 

Budischak, S.A. & Cressler, C.E. (2018) Fueling Defense: Effects of Resources on the Ecology and 443 
Evolution of Tolerance to Parasite Infection. Front Immunol, 9, 2453. 444 



18 
 

Budischak, S.A., Sakamoto, K., Megow, L.C., Cummings, K.R., Urban, J.F., Jr. & Ezenwa, V.O. (2015) 445 
Resource limitation alters the consequences of co-infection for both hosts and parasites. Int J 446 
Parasitol, 45, 455-463. 447 

Burnham, K., P. & Anderson, D.R. (2002) Model selection and multimodelinference: a practical 448 
information-theoretic approach, 2nd edn. Springer, New York. 449 

Chipeta, M.G., Ngwira, B.M., Simoonga, C. & Kazembe, L.N. (2014) Zero adjusted models with 450 
applications to analysing helminths count data. BMC Research Notes, 7, 856. 451 

Civitello, D.J., Allman, B.E., Morozumi, C. & Rohr, J.R. (2018) Assessing the direct and indirect effects 452 
of food provisioning and nutrient enrichment on wildlife infectious disease dynamics. Philos 453 
Trans R Soc Lond B Biol Sci, 373. 454 

Civitello, D.J., Baker, L.H., Maduraiveeran, S. & Hartman, R.B. (2020) Resource fluctuations inhibit the 455 
reproduction and virulence of the human parasite Schistosoma mansoni in its snail 456 
intermediate host. Proc Biol Sci, 287, 20192446. 457 

Civitello, D.J., Penczykowski, R.M., Smith, A.N., Shocket, M.S., Duffy, M.A. & Hall, S.R. (2015) 458 
Resources, key traits and the size of fungal epidemics in Daphnia populations. Journal of 459 
Animal Ecology, 84, 1010-1017. 460 

Clough, D., Prykhodko, O. & Raberg, L. (2016) Effects of protein malnutrition on tolerance to helminth 461 
infection. Biol Lett, 12. 462 

Cohen, J.A., Viney, M. & Fenton, A. (2026) Host heterogeneity and unpredictability in parasite 463 
outbreaks. Proc Natl Acad Sci U S A, 123, e2522557123. 464 

Cornet, S., Bichet, C., Larcombe, S., Faivre, B. & Sorci, G. (2014) Impact of host nutritional status on 465 
infection dynamics and parasite virulence in a bird-malaria system. J Anim Ecol, 83, 256-265. 466 

Cressler, C.E., Nelson, W.A., Day, T. & McCauley, E. (2014) Disentangling the interaction among host 467 
resources, the immune system and pathogens. Ecol Lett, 17, 284-293. 468 

Daversa, D.R., Fenton, A., Dell, A.I., Garner, T.W.J. & Manica, A. (2017) Infections on the move: how 469 
transient phases of host movement influence disease spread. Proc Biol Sci, 284. 470 

Harrison, X.A. (2014) Using observation-level random effects to model overdispersion in count data in 471 
ecology and evolution. PeerJ, 2, e616. 472 

Hartig, F. (2025) DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression 473 
Models. R package version 0.4.7, 54. 474 

Hasik, A.Z. & Siepielski, A.M. (2022) A role for the local environment in driving species‐specific 475 
parasitism in a multi‐host parasite system. Freshwater Biology, 67, 1571-1583. 476 

Henriksen, E.H., Frainer, A., Poulin, R., Knudsen, R. & Amundsen, P.A. (2022) Ectoparasites population 477 
dynamics are affected by host body size but not host density or water temperature in a 32‐478 
year long time series. Oikos, 2023. 479 

Hite, J.L. & Cressler, C.E. (2018) Resource-driven changes to host population stability alter the 480 
evolution of virulence and transmission. Philos Trans R Soc Lond B Biol Sci, 373. 481 

Holdbrook, R., Reavey, C.E., Randall, J.L., Andongma, A.A., Tummala, Y., Rice, A., Simpson, S.J., Smith, 482 
J.A., Cotter, S.C. & Wilson, K. (2025) Combining in vivo and in vitro approaches to better 483 
understand host-pathogen nutritional interactions. J Anim Ecol, 94, 657-669. 484 

Hopkins, S.R., Fleming‐Davies, A.E., Belden, L.K., Wojdak, J.M. & Golding, N. (2020) Systematic review 485 
of modelling assumptions and empirical evidence: Does parasite transmission increase 486 
nonlinearly with host density? Methods in Ecology and Evolution, 11, 476-486. 487 

Johnson, P.T., de Roode, J.C. & Fenton, A. (2015) Why infectious disease research needs community 488 
ecology. Science, 349, 1259504. 489 

Johnson, P.T.J., Calhoun, D.M., Riepe, T.B. & Koprivnikar, J. (2019) Chance or choice? Understanding 490 
parasite selection and infection in multi-host communities. Int J Parasitol, 49, 407-415. 491 

Johnson, P.T.J., Stewart Merrill, T.E., Dean, A.D. & Fenton, A. (2024) Diverging effects of host density 492 
and richness across biological scales drive diversity-disease outcomes. Nature 493 
Communications, 15, 1937. 494 



19 
 

Johnson, P.T.J. & Wilber, M.Q. (2017) Biological and statistical processes jointly drive population 495 
aggregation: using host-parasite interactions to understand Taylor's power law. Proc Biol Sci, 496 
284. 497 

Kaur, N., Kumar, R. & Kamilya, D. (2018) Modulation of systemic and mucosal immune responses of 498 
Catla catla (Hamilton, 1822) experimentally challenged with gill monogeneans. Fish & Shellfish 499 
Immunology, 74, 567-572. 500 

Kmentova, N., Cruz-Laufer, A.J., Pariselle, A., Smeets, K., Artois, T. & Vanhove, M.P.M. (2022) 501 
Dactylogyridae 2022: a meta-analysis of phylogenetic studies and generic diagnoses of 502 
parasitic flatworms using published genetic and morphological data. Int J Parasitol, 52, 427-503 
457. 504 

Krasnov, B.R., Spickett, A., Junker, K., Bugmyrin, S.V., Ieshko, E.P., Bespyatova, L.A., Stanko, M., 505 
Khokhlova, I.S. & Matthee, S. (2021) Parasite counts or parasite incidences? Testing 506 
differences with four analyses of infracommunity modelling for seven parasite-host 507 
associations. Parasitol Res, 120, 2569-2584. 508 

Labaude, S., Cezilly, F., Tercier, X. & Rigaud, T. (2015) Influence of host nutritional condition on post-509 
infection traits in the association between the manipulative acanthocephalan 510 
Pomphorhynchus laevis and the amphipod Gammarus pulex. Parasit Vectors, 8, 403. 511 

Lafferty, K.D.D., G.; Briggs, C.J.; Dobson, A.P.; Gross, T.; Kuris, A,M. (2015) A general consumer-512 
resource population model. Science, 349, 854-857. 513 

Lagrue, C. & Poulin, R. (2015) Measuring fish body condition with or without parasites: does it matter? 514 
J Fish Biol, 87, 836-847. 515 

Lenth R. & Piaskowski, J. (2025) emmeans: Estimated Marginal Means, aka Least-Squares Means. R 516 
package version 2.0.1. 517 

Lloyd-Smith, J.O., Schreiber, S.J., Kopp, P.E. & Getz, W.M. (2005) Superspreading and the effect of 518 
individual variation on disease emergence. Nature, 438, 355-359. 519 

Lüdecke, D., Ben-Shachar, M., Patil, I., Waggoner, P. & Makowski, D. (2021) performance: An R 520 
Package for Assessment, Comparison and Testing of Statistical Models. Journal of Open Source 521 
Software, 6. 522 

Maceda-Veiga, A., Green, A.J., Poulin, R. & Lagrue, C. (2016) Body Condition Peaks at Intermediate 523 
Parasite Loads in the Common Bully Gobiomorphus cotidianus. PLoS One, 11, e0168992. 524 

Magnusson, A., Skaug, H., Nielsen, A., Berg, C., Kristensen, K., Maechler, M., van Bentham, K., Bolker, 525 
B., & Brooks, M. (2020) glmmTMB: Generalized Linear Mixed Models using Template Model 526 
Builder. R package version 1.0.2.1, 37. 527 

Manzoli, D.E., Saravia-Pietropaolo, M.J., Antoniazzi, L.R., Barengo, E., Arce, S.I., Quiroga, M.A. & 528 
Beldomenico, P.M. (2018) Contrasting consequences of different defence strategies in a 529 
natural multihost-parasite system. Int J Parasitol, 48, 445-455. 530 

Manzoli, D.E., Saravia-Pietropaolo, M.J., Arce, S.I., Percara, A., Antoniazzi, L.R. & Beldomenico, P.M. 531 
(2021) Specialist by preference, generalist by need: availability of quality hosts drives parasite 532 
choice in a natural multihost-parasite system. Int J Parasitol, 51, 527-534. 533 

McCallum, H., Barlow, N. & Hone, J. (2001) How should pathogen transmission be modelled? Trends 534 
in Ecology & Evolution, 16, 295-300. 535 

McCallum, H., Fenton, A., Hudson, P.J., Lee, B., Levick, B., Norman, R., Perkins, S.E., Viney, M., Wilson, 536 
A.J. & Lello, J. (2017) Breaking beta: deconstructing the parasite transmission function. Philos 537 
Trans R Soc Lond B Biol Sci, 372. 538 

Nakagawa, S., Johnson, P.C.D. & Schielzeth, H. (2017) The coefficient of determination R(2) and intra-539 
class correlation coefficient from generalized linear mixed-effects models revisited and 540 
expanded. J R Soc Interface, 14. 541 

Nakagawa, S. & Schielzeth, H. (2013) A general and simple method for obtaining R2 from generalized 542 
linear mixed-effects models. Methods in Ecology and Evolution, 4, 133-142. 543 

Pariselle, A. & Euzet, L. (2009) Systematic revision of dactylogyridean parasites (Monogenea) from 544 
cichlid fishes in Africa, the Levant and Madagascar. Zoosystema, 31, 849-898. 545 



20 
 

Pedersen, A.B. & Fenton, A. (2015) The role of antiparasite treatment experiments in assessing the 546 
impact of parasites on wildlife. Trends Parasitol, 31, 200-211. 547 

Peig, J. & Green, A.J. (2009) New perspectives for estimating body condition from mass/length data: 548 
the scaled mass index as an alternative method. Oikos, 118, 1883-1891. 549 

Peig, J. & Green, A.J. (2010) The paradigm of body condition: a critical reappraisal of current methods 550 
based on mass and length. Functional Ecology, 24, 1323-1332. 551 

Perrine, W.G., Sauer, E.L., Love, A.C., Morris, A., Novotny, J. & DuRant, S.E. (2025) A high-lipid diet 552 
leads to greater pathology and lower tolerance during infection. J Exp Biol, 228. 553 

Pike, V.L., Lythgoe, K.A. & King, K.C. (2019) On the diverse and opposing effects of nutrition on 554 
pathogen virulence. Proc Biol Sci, 286, 20191220. 555 

Poulin, R. (2013) Explaining variability in parasite aggregation levels among host samples. Parasitology, 556 
140, 541-546. 557 

R Development Core Team (2024) R: A Language and Environment for Statistical Computing. R 558 
Foundation for Statistical Computing, Vienna, Austria. 559 

Reiczigel, J., Marozzi, M., Fábián, I. & Rózsa, L. (2019) Biostatistics for Parasitologists – A Primer to 560 
Quantitative Parasitology. Trends in Parasitology, 35, 277-281. 561 

Sanchez, C.A., Becker, D.J., Teitelbaum, C.S., Barriga, P., Brown, L.M., Majewska, A.A., Hall, R.J. & 562 
Altizer, S. (2018) On the relationship between body condition and parasite infection in wildlife: 563 
a review and meta-analysis. Ecol Lett, 21, 1869-1884. 564 

Scherer, C., Radchuk, V., Franz, M., Thulke, H.H., Lange, M., Grimm, V. & Kramer‐Schadt, S. (2020) 565 
Moving infections: individual movement decisions drive disease persistence in spatially 566 
structured landscapes. Oikos, 129, 651-667. 567 

Schmid-Hempel, P. (2021) Evolutionary Parasitology: The Integrated Study of Infections, Immunology, 568 
Ecology, and Genetics. Oxford University Press. 569 

Seppälä, O. & Leicht, K. (2015) Quality attracts parasites: host condition‐dependent chemo‐orientation 570 
of trematode larvae. Functional Ecology, 29, 791-795. 571 

Seppälä, O., Liljeroos, K., Karvonen, A. & Jokela, J. (2008) Host condition as a constraint for parasite 572 
reproduction. Oikos, 117, 749-753. 573 

Shaw, K.E., Cloud, R.E., Syed, R. & Civitello, D.J. (2024) Parasite transmission in size-structured 574 
populations. Ecology, 105, e4221. 575 

Singh, P. & Best, A. (2021) Simultaneous evolution of host resistance and tolerance to parasitism. J 576 
Evol Biol, 34, 1932-1943. 577 

Smyth, J.D. & Wakelin, D. (1994) Introduction to animal parasitology / J.D. Smyth, 3rd ed / with a 578 
chapter on immunoparasitology by D. Wakelin. edn. Cambridge University Press, Cambridge. 579 

Stoffel, M.A., Nakagawa, S. & Schielzeth, H. (2021) partR2: partitioning R(2) in generalized linear mixed 580 
models. PeerJ, 9, e11414. 581 

Sweeny, A.R. & Albery, G.F. (2022) Exposure and susceptibility: The Twin Pillars of infection. Functional 582 
Ecology, 36, 1713-1726. 583 

Sweeny, A.R., Clerc, M., Pontifes, P.A., Venkatesan, S., Babayan, S.A. & Pedersen, A.B. (2021) 584 
Supplemented nutrition decreases helminth burden and increases drug efficacy in a natural 585 
host-helminth system. Proc Biol Sci, 288, 20202722. 586 

Timi, J.T. & Poulin, R. (2020) Why ignoring parasites in fish ecology is a mistake. Int J Parasitol, 50, 755-587 
761. 588 

Vale, P.F., Choisy, M. & Little, T.J. (2013) Host nutrition alters the variance in parasite transmission 589 
potential. Biol Lett, 9, 20121145. 590 

VanderWaal, K.L., Ezenwa, V.O. & Hawley, D. (2016) Heterogeneity in pathogen transmission: 591 
mechanisms and methodology. Functional Ecology, 30, 1606-1622. 592 

Vanhove, M.P.M., Hablutzel, P.I., Pariselle, A., Simkova, A., Huyse, T. & Raeymaekers, J.A.M. (2016) 593 
Cichlids: A Host of Opportunities for Evolutionary Parasitology. Trends Parasitol, 32, 820-832. 594 



21 
 

Walsman, J.C., Duffy, M.A., Caceres, C.E. & Hall, S.R. (2023) "Resistance Is Futile": Weaker Selection 595 
for Resistance by Abundant Parasites Increases Prevalence and Depresses Host Density. Am 596 
Nat, 201, 864-879. 597 

Wickham, H. (2016) ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. 598 
Wilber, M.Q., Knapp, R.A., Smith, T.C. & Briggs, C.J. (2022) Host density has limited effects on pathogen 599 

invasion, disease-induced declines and within-host infection dynamics across a landscape of 600 
disease. Journal of Animal Ecology, 91, 2451-2464. 601 

Wilber, M.Q., Knapp, R.A., Toothman, M. & Briggs, C.J. (2017) Resistance, tolerance and environmental 602 
transmission dynamics determine host extinction risk in a load-dependent amphibian disease. 603 
Ecol Lett, 20, 1169-1181. 604 

Wilson, J.K., Ruiz, L. & Davidowitz, G. (2019) Dietary Protein and Carbohydrates Affect Immune 605 
Function and Performance in a Specialist Herbivore Insect (Manduca sexta). Physiol Biochem 606 
Zool, 92, 58-70. 607 

Wilson, K., Holdbrook, R., Reavey, C.E., Randall, J.L., Tummala, Y., Ponton, F., Simpson, S.J., Smith, J.A. 608 
& Cotter, S.C. (2020) Osmolality as a Novel Mechanism Explaining Diet Effects on the Outcome 609 
of Infection with a Blood Parasite. Curr Biol, 30, 2459-2467. 610 

Wunderlich, A., Simioni, W., Zica, E. & Siqueira, T. (2022) Experimental evidence that host choice by 611 
parasites is age-dependent in a fish-monogenean system. Parasitol Res, 121, 115-126. 612 

Wunderlich, A.C., Mosna, E.E.D. & Pinheiro, M.A.A. (2025) Environmental variability influences the 613 
relationship between prawn host size and ectoparasite body size: insights from a long-term 614 
stream study. Aquatic Ecology, 59, 1145-1156. 615 

Zuur, A.F., Hilbe, J.M. & Ieno, E.N. (2013) A Beginner’s Guide to GLM and GLMM with R: A Frequentist 616 
and Bayesian Perspective for Ecologists. Highland Statistics Ltd, Newburgh, UK. 617 

Zuur, A.F. & Ieno, E.N. (2016) A protocol for conducting and presenting results of regression-type 618 
analyses. Methods in Ecology and Evolution, 7, 636-645. 619 

 620 



 

Table 1. Variation in diet composition and feeding regime used in experimental parasite exposure. 

Host diet  Composition (g)  Feeding regime per cage/treatment 

    Treatment codes  Density/cage  Cage (%, weight)  Frequency/day 

Low-protein diet           

Protein (g)a  1.4  THLc  Low=2  5%/weight  1 time 

Fat (g)a  0.2  THLc  High=6  5%/weight  1 time 

Carbohydrates (g)a  1.7         

Kcal (g)a 
 0.2         

High-protein diet           

Protein (g)b  23.0  THHc  Low=2  5%/weight  2 times 

Fat (g)b  3.0  THHc  High=6  5%/weight  2 times 

Carbohydrates (g)b  57.5         

Kcal (g)b  3.5         
aValues determined for lettuce from the Brazilian Table of Composition Foods (TBCA), USP. Food Research Centre (FORC). 

Version 7.2. São Paulo, 2023 [www.fcf.usp.br/tbca]. 
bValues determined by Tropical-Pond stick Light (Floating type-pellet) [Tropical Tadeusz Ogrodnik – www.tropical.pl]. 
cTHL=Uninfected target host with low-protein diet; THH=Uninfected target host with high-protein diet. 



Table 2. Outputs from generalized linear mixed models assessing how host diet (i.e. low-protein and high-

protein) and host density (i.e. low-density and high-density) affect the parasite abundance per individual 

target host, the mean intensity of infection (MII) per tank, and the scaled mass index (SMI) in individual 

target host after a parasite exposure experiment in mesocosm conducted for 20 days. Parameter estimates, 

standard errors (SE), Wald z-values, p-values, 95% confidence intervals (CI), and total marginal (R2
m), 

conditional (R2
c) are provided for each predictor and model. Bold values indicate significant variables. The 

confidence intervals (CI) excluding zero are also indicated in bold.  

 

 

Parameters  Parameter 

estimate 

SE z-

value 

 p  95% CI  

   Lower  Upper 

Parasite abundance model           

(Intercept)   2.17 0.18 11.81  <0.001  1.81  2.53 

High-protein diet  1.22 0.17 7.13  <0.001  0.89  1.56 

High-density  1.32 0.16 8.40  <0.001  1.01  1.63 

High-protein diet:High-

density 

 0.42 0.17 2.38  0.017  0.07  0.76 

R2
c   0.86         

R2
m  0.65         

Mean infection intensity model           

(Intercept)   2.18 0.14 15.72  <0.001  1.91  2.46 

High-protein diet  1.08 0.06 17.94  <0.001  0.96  1.20 

High-density  1.44 0.07 20.98  <0.001  1.31  1.58 

High-protein diet:High-

density 

 0.49 0.06 7.62  <0.001  0.37  0.62 

R2
c   0.84         

R2
m  0.55         

Scaled mass index model           

(Intercept)   4.49 0.02 248.15  <0.001  4.45  4.52 

High-protein diet  0.76 0.03 33.54  <0.001  0.71  0.80 

High-density  -0.03 0.02 -1.49  0.136  -0.07  0.009 

High-protein diet:High-

density 

 -0.02 0.02 -095  0.344  -0.08  0.03 

R2
c   0.96         

R2
m  0.95         



Table 3. Results from part (semi-partial) R2 (i.e. estimate the explained variance uniquely by each 

predictors and combinations of predictors), inclusive R2 (i.e. estimate the variance explained by a 

predictor independent of all other predictors), structure coefficients r (i.e. correlation between a 

predictor and the fitted response, ranging from -1 to 1) and beta weights (i.e. standardized slopes) for 

the best GLMM model (i.e. parasite abundance). Statistical significance was assumed when 95% of 

confidence intervals (CI) did not overlap with zero. CI for all estimates were used parametric 

bootstrapping (nboot = 1000). 

 

Parameters  Estimate  95% CI   

    Lower  Upper 

Part (semi-partial) R2       

R2
m (full model)  0.64  0.61  0.75 

High-protein diet   0.44  0.41  0.53 

High-density  0.33  0.29  0.40 

High-protein diet:High-density  0.64  0.61  0.75 

Inclusive R2       

High-protein diet   0.36  0.32  0.44 

High-density  0.25  0.19  0.30 

High-protein diet:High-density  0.53  0.48  0.63 

Structure coefficients r       

High-protein diet   0.75  0.70  0.81 

High-density  0.62  0.55  0.67 

High-protein diet:High-density  0.91  0.88  0.95 

Beta weights       

High-protein diet   1.26  0.89  1.51 

High-density  1.32  0.96  1.52 

High-protein diet:High-density  0.41  0.17  0.88 

  



Figure legends 

 

Figure 1. a) Schematic overview of the steps from the fish farm to the tanks of the experimental 

fish facility where the fish were separated into two groups (lettuce = low-protein diet and stick 

feed = high-protein diet) to the acclimation to the experiment. Before the experiment, the fish 

of each diet treatment/tank (THL = target non-infect hosts; THH = target non-infect hosts) 

received a salt bath to remove the ectoparasites, while a part of the fish feeding with stick 

feeding had to be kept with the parasites (DHH = donor infected hosts is represented by gray); 

b) Illustration of the 500L experimental unit (i.e. tank with three patch arenas) separated by 

mesh in three isolated compartments of the same volume. The four treatments (T1-T4) are 

demonstrated by a combination of host nutrition and host density (THL = target host with low-

protein diet is represented by green and THH = target host with high-protein diet is represented 

by orange); c) Predictions show that high-protein-diet increases the host tolerance to parasites, 

while low-protein diet reduces the host tolerance to parasites. An intermediate tolerance is 

expected between the treatments 3 and 4.  

 

Figure 2. a) Variation of parasite abundance in individual target hosts among the treatments 

(nutrition and density); b) Variation of mean infection intensity per tank in target hosts among 

the treatments (nutrition and density); c) Variation of scaled mass index (SMI) among the 

treatments (nutrition and density). Each box corresponds to the 25th and 75th percentiles; the 

dark line within each box represents the median; error bars show the minimum and maximum 

values. 

 

Figure 3. Variation of tolerance expressed as slope of host condition (SMI = scaled mass index, 

g) against the parasite abundance for host diet (A) and host density (B) treatments. The tick 



marks along the axes represent individual data points. The incorporated lines show GAM as 

smoothing function, and the grey shade represents the 95% point-wise confidence limits of the 

GAM estimate. 
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Supporting information 

Figure legends 

 

Figure S1. Estimated marginal mean values (EMMs) to visualize the post-hoc test between the 

treatments of the best GLMM model. The blue bars are confidence intervals for EMMs, and 

the red arrows are for the comparisons between them. Arrow of a mean that overlaps an arrow 

of another group, the difference is not significant, based on the adjustment setting (FDR-

adjusted). 

 

Figure S2. Variation inflation factor (VIF, log-scaled) for individual predictors and 

interactions. VIFs below five represent low multicollinearity among predictors. 

 

Figure S3. Comparison of part R2 for individual predictors (A), inclusive R2 (B), structure 

coefficients (C) and beta weights (D) for the best GLMM model. Statistical significance was 

assumed when 95% of confidence intervals did not overlap with zero.  
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