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Summary 23 

 24 

Predicting how elevated temperatures from climate change alter host-parasite interactions 25 

requires understandings of how warming affects host susceptibility and parasite virulence. 26 

Here, the effect of elevated water temperature and parasite exposure level was tested on 27 

parasite prevalence, abundance and burden, and on fish growth, using Pomphorhynchus 28 

laevis and its fish host Squalius cephalus. At 60 days post-exposure, prevalence was higher at 29 

the elevated temperature (22 
o
C) than ambient temperature (18 

o
C), with infections achieved 30 

at considerably lower levels of exposure. Whilst parasite number was significantly higher in 31 

infected fish at 22 
o
C, both mean parasite weight and parasite burden was significantly higher 32 

at 18 
o
C. There were, however, no significant relationships between fish growth rate and 33 

temperature, parasite exposure, and the infection parameters. Thus, whilst elevated 34 

temperature significantly influenced parasite infection rates, it also impacted parasite 35 

development rates, suggesting warming could have complex implications for parasite 36 

dynamics and host resistance.  37 

 38 
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Key Findings 43 

 44 

 The effects of warming and parasite exposure were experimentally assessed on a fish 45 

host. 46 

 Fish were exposed to known numbers of intermediate hosts and then held at two 47 

temperatures.  48 

 Parasite infections developed from lower exposure levels at elevated temperatures. 49 

 Parasite prevalences and abundances were higher at elevated temperature but mean 50 

weight and burden was lower. 51 

 No consequences for host growth and condition were recorded. 52 

53 



 5 

Introduction 54 

 55 

Climate change is predicted to alter host-parasite relationships during this century, especially 56 

where warming combines with other anthropogenic disturbances (Rohr et al. 2011; Paull et 57 

al. 2012; Lõhmus and Björklund, 2015). In northern latitudes, where climatic factors are 58 

important regulators of host-parasite population dynamics and parasite occurrence, and 59 

transmission is regulated by seasonal temperature changes, shortened winter periods could 60 

alter host-parasite relationships via alterations in host susceptibility and parasite virulence 61 

(Hakalahti et al. 2006; Lõhmus and Björklund, 2015). Should growth rates of the hosts and 62 

parasites be altered by temperature changes then pathology and transmission rates could also 63 

be affected (Raffel et al. 2006; Lafferty, 2009). Consequently, predictions tend to be for 64 

warming to increase the prevalence of parasites at higher latitudes (e.g. Harvell et al. 2002; 65 

Marcogliese, 2001, 2008), although there is limited empirical evidence to support this at 66 

present (Ward and Lafferty, 2004; Bentley and Burgner, 2011; Lõhmus and Björklund, 67 

2015). 68 

 69 

An understanding of how host-parasite interactions will shift under the effects of warming, 70 

and the consequences for host populations and their communities, is thus an important aspect 71 

of environmental management (Lafferty, 2009; Macnab and Barber, 2012). Integral to this is 72 

developing understandings of how elevated temperatures affect host susceptibility to 73 

infection versus their effects on parasite virulence and life cycle completion rates (Harvell et 74 

al. 2002; Altizer et al. 2013). The susceptibility of hosts to infection could increase through, 75 

for example, thermal stress that leads to reduced immune-competency (Weyts et al. 1999; 76 

Nikokelainen et al. 2004) and enhanced consumption rates of prey that leads to increased 77 

parasite exposure via intermediate hosts (Toscano et al. 2014). Parasite fitness and 78 

http://europepmc.org/abstract/MED/16768854/?whatizit_url_go_term=http://www.ebi.ac.uk/ego/GTerm?id=GO:0018995
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transmission rates could be enhanced by warming through positive effects on their 79 

metabolism, resulting in higher numbers of transmission stages being produced, with their 80 

rate of development and growth within hosts also accelerated (Paull and Johnson, 2011; 81 

Callaway et al. 2012). However, should warming result in the temperature optimum for the 82 

parasite being exceeded then their decreased prevalence in host populations might result, with 83 

suggestions that increased parasite prevalence due to warming will only occur for a 84 

proportion of fish pathogens (Karvonen et al. 2010). Consequently, there is an outstanding 85 

requirement to derive enhanced understandings of how warming will affect host-parasite 86 

dynamics, particularly the decoupling of the underlying mechanisms involved, i.e. the effects 87 

of warming on host susceptibility versus on parasite transmission and virulence. 88 

 89 

The aim of this study was thus to test how elevated temperature affected host susceptibility to 90 

infection under different parasite exposure levels and how this affected parasite prevalence 91 

and intensity. Objectives were to quantify how temperature and parasite challenges affected: 92 

(i) infection outcomes (as parasite prevalence), (ii) host infection parameters (as parasite 93 

abundance, mean individual weight and burden); and (iii) host growth rates. Outcomes were 94 

assessed in relation to the effects of temperature elevation on the host-parasite relationship 95 

and the potential mechanisms involved. The model parasite was Pomphorhynchus laevis 96 

(Müller), an acanthocephalan with a complex lifecycle whose final hosts are a wide range of 97 

fishes (Neveda et al. 2003). The model final host was chub Squalius cephalus (Linnaeus), a 98 

preferred freshwater fish host of P. laevis (Hine and Kennedy, 1974). This parasite uses the 99 

freshwater shrimp Gammarus pulex (Linnaeus) as its intermediate host. It is also a 100 

conspicuous orange-yellow parasite that is visible through the transparent cuticle of G. pulex 101 

(Bakker et al. 1997). This enables individual G. pulex to be identified for both their parasite 102 

status (infected/ uninfected) and the number of parasites it is infected by. Transmission to fish 103 
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hosts is via consumption of infected G. pulex, with some evidence that the parasite 104 

manipulates the behaviour of G. pulex to increase their probability of being predated upon 105 

and so enabling the parasite to be transmitted to its final host (e.g. Franceschi et al. 2008; 106 

Dianne et al. 2011; Labaude et al. 2015).  107 

 108 

Materials and methods 109 

 110 

Ethical approval 111 

All experimental procedures used in the study were approved by the Ethical Review 112 

Committee of Bournemouth University and completed under UK Government Home Office 113 

project licence 30/3094. Where fish were euthanized, the procedure followed the UK 114 

Government Home Office Schedule 1 regulations. 115 

 116 

Experimental design and pre-experiment data collection 117 

The S. cephalus used in the experiment were all between 69 and 89 mm starting length (mean 118 

80.8 ± 0.8 mm) and age 1+ years. They were sourced from an aquaculture site in Southern 119 

England in August 2014. Although they had not been exposed to the parasite during their 120 

lifetime, they were produced from broodstock that had originally been collected from a river 121 

where P. laevis was present naturally. On the aquaculture site, the fish were reared in outdoor 122 

ponds (approximate water temperatures at the time of collection: 15 to 19 
o
C), with some 123 

supplementary feeding with pelletized fishmeal. On arrival to the laboratory, the fish were 124 

tagged with passive integrated transponder tags (PIT tags) so that individual fish could be 125 

tracked through the experiment. Concomitantly, they were measured (fork length, nearest 126 

mm) and weighed (W, nearest 0.1g). They were then allowed to recover and acclimate to 127 

laboratory conditions by being held in tanks held at 18 
o
C for 14 days on a 16:8 hour light: 128 
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dark cycle. In addition, a sub-sample of 5 fish were removed from the sample on arrival to 129 

the laboratory. These were euthanized and dissected to check for the presence of P. laevis. 130 

None of these fish were infected. Infections of other parasites were very light and considered 131 

part of the natural parasite fauna of the fish in Southern England and were recorded at levels 132 

that were not considered high enough to cause clinical pathology (Hoole et al. 2001). 133 

 134 

Parasite exposure 135 

The S. cephalus were challenged by P. laevis through exposing individuals to known 136 

numbers of infected G. pulex. These were collected from a local river, the Hampshire Avon 137 

(latitude: 50.8865, longitude: -1.7883), when water temperatures were approximately 18 
o
C. 138 

These were then held in laboratory conditions at 18 
o
C for 96 hours, with infectious 139 

individuals then identified visually (Bakker et al. 1997; Bauer and Rigaud, 2015), with a 140 

subset confirmed by dissection. As multiple infections were identifiable in the G. pulex 141 

(Bakker et al. 1997), then individuals were only used here that were host to one parasite. 142 

Exposure of the fish to the parasite was done individually, with the fish transferred to 10 L 143 

tanks containing dechlorinated water with supplementary oxygenation provided via an air 144 

stone and pump, and at a water temperature of 18 
o
C. Prior to parasite exposure, the fish were 145 

held in the tanks for 24 hours with no feeding to ensure standardised levels of hunger.  146 

 147 

Each individual fish was then exposed to a specific number of infected G. pulex from the 148 

following options: 0 (as a control), 5, 10, 20, 40 and 60. There were 10 fish used at each level 149 

of exposure. After 24 hours, the fish were removed from the tanks, with confirmation that all 150 

the G. pulex had been consumed. For each exposure level, the fish were then split randomly 151 

into 2 groups of 5 and transferred into 45 L tank aquaria at either 18 or 22 
o
C. These tank 152 

aquaria were arranged on a flow-through system using recirculated water (originally 153 
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dechlorinated tap water), with a different system used for each temperature. Across the two 154 

flow-through systems used, the tanks were identical in dimensions, the water was taken from 155 

the same original source, and the tanks contained identical environmental enrichment for the 156 

fish in terms of refugia (lengths of plastic pipe of 65 mm diameter) and cover (artificial 157 

macrophytes).  158 

 159 

Post-experiment data collection and analysis 160 

Following their exposure to P. laevis, the fish were held in their tanks for 60 days under a 161 

16:8 hour light: dark regime, with feeding daily using crushed pelletized fishmeal 162 

(approximately 2 % starting body mass/ day). At the end of this period, the fish were 163 

removed from their tanks, euthanized, scanned for their PIT tag, re-measured and weighed. 164 

They were then dissected, with intestinal examinations to identify individuals in which 165 

infections by P. laevis had developed. For infected fish, parasites were removed, counted and 166 

weighed (mg).  167 

 168 

These data enabled parasite prevalence to be assessed as the proportion of infected fish per 169 

temperature/ exposure treatment. The effects of temperature (T) and parasite exposure (PE; as 170 

the number of consumed intermediate hosts) on prevalence were then tested using a 171 

probability of infection (PoI) model using binary logistic regression and the equation PoI = 172 

e
(a+bT+cPE) 

/ 1+ e
(a+bT+cPE)

, where a, b and c were binary logistic regression coefficients. This 173 

also provided the significance of both variables on parasite prevalence. As the tank conditions 174 

were identical across the individual fish, with only water temperature and levels of exposure 175 

to the parasite via intermediate hosts being different, then the model did not take account of 176 

the fish being within different tanks per temperature treatment. Thus, the individual fish were 177 

being treated as the replicate unit in the model. 178 
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The following infection parameters were then calculated from the data of the infected fish. 179 

Parasite abundance was determined as the total number of parasites per host and the total 180 

mass of parasites per host, and enabled calculation of the mean parasite weight per host. 181 

Parasite burden was calculated as the proportion of the body weight of each host comprising 182 

P. laevis (Pegg et al. 2015). Differences in these infection parameters, plus parasite 183 

prevalence, between temperatures were tested using generalized linear models (GLM), with 184 

parasite exposure level as the covariate. In all models, data on uninfected fish were not 185 

included as their inclusion in the models would introduce a bias in outputs, given the higher 186 

numbers of uninfected fish at the lower temperature/ levels of parasite exposure. For parasite 187 

number, a Poisson log-linear model was used as the data represented parasite counts. As with 188 

the binary logistic regression model, in these models, the data for individual fish were used as 189 

the replicate units due to the identical conditions the fish were in, i.e. this was not considered 190 

as artificially inflating the number of degrees of freedom in the models that would otherwise 191 

result in pseudo-replication. The reported model outputs then included the mean value of the 192 

infection parameters per temperature treatment (as estimated marginal means, with the effects 193 

of parasite exposure as the covariate controlled in the model) and their standard error. To 194 

identify if differences between these mean values were significant, linearly independent 195 

pairwise comparisons were used with Bonferroni adjustment for multiple comparisons. 196 

Differences in infection parameters were then tested between the exposure levels using the 197 

same process, except temperature was used as the covariate in these models.  198 

 199 

Finally, to determine if infection influenced the growth rate of the fish, specific growth rate 200 

(SGR) was calculated as the change in body mass of the fish over the experimental period, 201 

from [lnWt+1 – lnWt] / t] × 100, where Wt = starting weight, Wt+1= finishing weight, and t = 202 

number of days between Wt and Wt+1. Differences in specific growth rates of fish between 203 
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temperatures and parasite exposure levels were then tested using GLMs as described above, 204 

with multiple linear regression analysis then used to test the influence of the infection 205 

parameters, temperature and parasite exposure on SGR. This provided the significance of the 206 

predictor variables and their standardized beta coefficients (). Variables with the highest  207 

value had the strongest singular contribution to the model.  208 

 209 

Results 210 

 211 

Probability of infection 212 

At the conclusion of the 60 days after parasite exposure, there were considerable differences 213 

in infection levels apparent between temperatures and exposure levels (Fig. 1). The logistic 214 

regression model revealed both temperature and exposure level had significant effects on 215 

parasite prevalence (Fig. 1; Table 1). At 18 
o
C, infection required higher parasite exposure 216 

levels compared with 22 
o
C, with 50 % prevalence requiring exposure to 6 intermediate hosts 217 

at 22 
o
C, but 26 at 18 

o
C (Fig. 1). 218 

 219 

Infection parameters 220 

The GLM testing the effect of temperature on the parasite abundance of the infected fish 221 

revealed that there were significant differences in the mean numbers of parasites between the 222 

two treatments (Wald 
2 

= 4.23, P = 0.04), with mean parasite number significantly higher at 223 

22 
o
C than 18 

o
C (P < 0.01; Fig. 2a). The effect of exposure on parasite abundance also 224 

revealed significant differences in mean number (Wald 
2 

= 20.46, P < 0.01), with 225 

significantly higher numbers of parasites per infected fish at exposure to 40 intermediate 226 

hosts (mean number: 7.80 ± 0.98) than at all than other exposure levels (mean numbers: 2.42 227 
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to 3.46; P < 0.01 in all cases; Fig. 2b). In both GLMs, the effect of the covariate was also 228 

significant (P < 0.05).  229 

 230 

Temperature was not a significant predictor of parasite abundance when it was measured as 231 

the total parasite mass in the infected fish (Wald 
2 

= 0.01, P = 0.92; Fig. 2c), but parasite 232 

exposure was (Wald 
2 

= 13.10, P = 0.01). Mean total parasite mass was higher at 40 233 

intermediate hosts (mean parasite mass: 24.23 ± 3.06 mg) than all other exposure levels 234 

(mean parasite mass range: 9.02 to 17.12 mg), although the differences were only significant 235 

between 40 and 60 hosts (difference 15.20 ± 4.35 mg; P < 0.01) (Fig. 2d).  236 

 237 

The mean weight of individual parasites in the infected fish was significantly influenced by 238 

temperature (Wald 
2 

= 9.48, P < 0.01), being higher at 18 than 22 
o
C (P < 0.01; Fig. 2e). The 239 

effect of parasite exposure on the mean weight of individual parasites was also significant 240 

(Wald 
2 

= 13.29, P < 0.01), with higher means at lower exposure levels (Fig. 2f). The effect 241 

of temperature on parasite burden was significant (Wald 
2 

= 15.37, P < 0.01), with 242 

significantly higher burdens at 18
 
(0.23 ± 0.03 %) than 22 

o
C (0.06 ± 0.03 %) (P < 0.01). The 243 

effect of exposure on parasite burden was, however, not significant (Wald 
2 

= 7.63, P = 244 

0.11).  245 

 246 

Fish growth 247 

Mean fish weight at the start of the experiment was 5.20 ± 0.16 g and at the end was 7.89 ± 248 

0.31 g. The effect of temperature and parasite exposure on fish growth (as SGR) was not 249 

significant in either GLM (Wald 
2 

= 0.01, P = 0.91; Wald 
2 

= 5.01, P = 0.28 respectively). 250 

Multiple regression revealed the effects on SGR of all infection parameters, exposure and 251 
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temperature were not significant (R
2 

= 0.11; F5,23 = 0.77, P = 0.56), with no significant 252 

predictors (all P > 0.05).  253 

 254 

Discussion 255 

 256 

Elevated water temperature had a significant and positive effect on parasite prevalence, with 257 

parasite infections developing from exposure to lower numbers of intermediate hosts in the 258 

warmer water. Despite these clear differences in prevalences, the effects of temperature and 259 

parasite exposure on the infection parameters of the individual hosts were relatively complex. 260 

Although elevated temperature resulted in increased parasite number in hosts, this involved a 261 

trade-off with their mass, with significantly smaller parasites present in hosts held at higher 262 

temperatures and resulting in significantly lower parasite burdens. These outputs on the 263 

infection parameters are a contrast to Macnab and Barber (2012), who revealed that elevated 264 

temperature increased the growth rates of the parasite Schistocephalus solidus (Müller) in 265 

three-spined stickleback Gasterosteus aculeatus Linnaeus. 266 

 267 

A major challenge in understanding how warming will affect host-parasite interactions is 268 

decoupling the individual effects of warming on the susceptibility of hosts to infection from 269 

the effects on parasite virulence. Here, the collection and holding of the parasite intermediate 270 

hosts, and the holding of the fish and their exposure to the parasite, was all completed at 18 271 

o
C, an ambient temperature representative of temperate freshwaters in the late summer period 272 

(Britton, 2007). The exposed fish were then held at this ambient temperature and an elevated 273 

temperature (+4 
o
C) for the experimental period. With the initial parasite exposure all being 274 

completed at ambient temperature, it is suggested that the effect of the sudden temperature 275 

elevation in the treatment altered the susceptibility of the fish hosts to infection (Hakalahti et 276 
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al. 2006), rather than it affecting the parasite virulence (Lõhmus and Björklund, 2015). The 277 

sudden increase in temperature for this fish meant it was not possible to decouple the effect of 278 

the temperature effect on susceptibility per se from the specific effect of the rapid 279 

temperature increase. Nevertheless, that the net effect of the elevated temperature increased 280 

host susceptibility to infection was supported by evidence from other studies that suggest it 281 

often results in substantial negative consequences for fish immuno-competence (Dittmar et 282 

al. 2014), as it potentially shifts energy allocation from immunological processes (Poisot et 283 

al. 2009) and/ or acts as an additional stressor that compromises the immune response 284 

(Cramp et al. 2014).  285 

 286 

The complex effects of both temperature and parasite exposure on the infection parameters 287 

within the hosts were related to either temperature impacting the development rate of 288 

parasites or the increased parasite number in hosts at elevated temperatures resulting in 289 

marked density-dependent effects, resulting in relatively high densities of parasites with 290 

relatively small body sizes (Luong et al. 2011). It is suggested that the latter explanation was 291 

more consistent with the outcomes of the experiment, given that these revealed fish exposed 292 

to high numbers of intermediate hosts at the ambient temperature resulted in low parasite 293 

numbers compared with the elevated temperature, but with these parasites being substantially 294 

larger, resulting in significantly higher parasite burdens.  295 

 296 

Notwithstanding, as elevated temperatures can have both marked effects on the development 297 

rates of parasites in temperate regions (Tinsley et al. 2011) and on fish immune function, 298 

disease resistance and fitness (Cramp et al. 2014), then it is remains difficult to definitively 299 

decouple the effects of warming on these aspects of the infection dynamics from these data. It 300 

is thus recommended that these outputs serve as an initial assessment of the effects of 301 
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warming temperatures and parasite exposure levels on these host-parasite dynamics, enabling 302 

the design of subsequent experiments of greater complexity that should enable, for example, 303 

greater assessment of how warming affects the development rate the parasite within hosts, 304 

such as their maturity (e.g. Altizer et al. 2013), how temperature affects the immune response 305 

of hosts (e.g. Nikokelainen et al. 2004), and how parasite virulence is affected by the 306 

interactions of warming with other environmental variables, and the influence of this on 307 

selection (e.g. Wolinska and King, 2009). Given the ease at which fish final hosts, such as S. 308 

cephalus, can be infected experimentally with known numbers of P. laevis via G. pulex 309 

intermediate hosts, then this host-parasite model would provide a strong model host-parasite 310 

system to answer these questions in both controlled and semi-controlled conditions. For 311 

example, to decouple the effects of host susceptibility from parasite virulence across different 312 

temperatures could utilise experiments where the fish and intermediate hosts are held at the 313 

different temperatures prior to exposure (unlike here, where they were all initially held at 18 314 

o
C) and then used in the experimental design used here. Parasites from these initial 315 

experiments could then be harvested and used to produce laboratory grown parasites in G. 316 

pulex that are raised across the different temperatures. Their subsequent exposure to the fish 317 

would then be completed in a fully-factorial experimental design that enables quantification 318 

of differences in virulence and hosts susceptibility across the different generations and 319 

rearing temperatures of both G. pulex and the host fish.   320 

 321 

Despite the strong effect of temperature on parasite prevalence and development, there were 322 

no measureable consequences for the hosts, with no differences in the specific growth rates of 323 

the fish between the controls, temperature and exposure treatments. Studies have suggested 324 

that P. laevis is a relatively benign parasite in temperate European fluvial fishes (Hine and 325 

Kennedy, 1974), with the effects of ancanthocephalan parasites generally being more related 326 
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to the consequences of their pathology rather than their loading (Latham and Poulin, 2002). 327 

Thus, it is suggested that the effect of elevated temperature on this host-parasite system was 328 

primarily in relation to altering host susceptibility to infection, with this then influencing 329 

parasite development and dynamics via density-dependent mechanisms within hosts. 330 

Consequently, the importance of these findings are that they indicate that warming could 331 

result in substantial shifts in disease progression via altered host susceptibility, but potentially 332 

with concomitant changes in parasite infectivity and development.  333 
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Figure captions 428 

 429 

Figure 1. Parasite exposure versus (i) proportion (0-1) of infected fish at 18 
o
C (filled circles) 430 

and 22 
o
C (open circles), and (ii) probability of infection (0 to 1 scale) according to binary 431 

logistic regression (cf. Table 1, Equation 1) at 18 
o
C (solid line) and 22 

o
C (dashed line). 432 

 433 

Figure 2. Mean adjusted parasite number and mass, and mean parasite weight per fish (from 434 

generalised linear models) according to temperature (a, c, e), where parasite exposure was the 435 

model covariate, and parasite exposure (b, d, f), where temperature was the covariate. Error 436 

bars represent standard error. 437 
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Table 1. Binary logistic regression coefficients (Equation 1), and their statistical significance, 438 

for the probability of infection of Squalius cephalus by Pomphorhynchus laevis according to 439 

temperature and parasite exposure.  440 

 441 

442 

Parameter Symbol in equation 2 Coefficient Standard error P 

Constant a -18.97 6.21 0.02 

Temperature b 0.82 0.28 <0.01 

Parasite exposure c 0.16 0.05 <0.01 
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Figure 1. 444 

445 
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Figure 2. 447 


