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Infectious disease dynamics depend on the speed, number and fitness of para-

sites transmitting from infected hosts (‘donors’) to parasite-naive ‘recipients’.

Donor heterogeneity likely affects these three parameters, and may arise

from variation between donors in traits including: (i) infection load, (ii) resist-

ance, (iii) stage of infection, and (iv) previous experience of transmission. We

used the Trinidadian guppy, Poecilia reticulata, and a directly transmitted

monogenean ectoparasite, Gyrodactylus turnbulli, to experimentally explore

how these sources of donor heterogeneity affect the three transmission par-

ameters. We exposed parasite-naive recipients to donors (infected with a

single parasite strain) differing in their infection traits, and found that donor

infection traits had diverse and sometimes interactive effects on transmission.

First, although transmission speed increased with donor infection load, the

relationship was nonlinear. Second, while the number of parasites transmitted

generally increased with donor infection load, more resistant donors trans-

mitted more parasites, as did those with previous transmission experience.

Finally, parasites transmitting from experienced donors exhibited lower popu-

lation growth rates on recipients than those from inexperienced donors. Stage

of infection had little effect on transmission parameters. These results suggest

that a more holistic consideration of within-host processes will improve our

understanding of between-host transmission and hence disease dynamics.

This article is part of the themed issue ‘Opening the black box: re-examining

the ecology and evolution of parasite transmission’.
1. Introduction
Understanding how multiple within-host processes interact to determine vari-

ation in between-host parasite transmission remains a fundamental and largely

outstanding challenge in epidemiology and disease ecology [1,2]. Epidemics

such as HIV/AIDS, gonorrhoea and SARS, in which a minority of ‘superspread-

ing’ infected hosts (‘donors’) are responsible for the majority of transmission

events, highlight the importance of such heterogeneity between donors [3–9].

In the context of host-to-host parasite transmission, variation in at least four ‘infec-

tion traits’ can contribute to donor heterogeneity: infection load, resistance, stage

of infection and previous experience of transmission. These components of donor

heterogeneity have the potential to affect the speed at which transmission occurs

(‘transmission speed’) [10–12], the number of parasites transmitting (‘trans-

mission load’) [9,12–16] and the fitness of transmitted parasites (defined here

as the instantaneous population growth rate) [17], and thus the progression of

epidemics. These infection traits are also fundamental for evolutionary dynamics,

determining the strength of selection, the evolutionary response and thus the
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evolutionary trajectories of both host and parasite [18–20].

It is therefore important to investigate how the potentially

interactive effects of donor infection traits, driven by within-

host processes, contribute to variation in these between-host

transmission parameters [1,2].

While still poorly understood, variation in infection load

is the best-studied and most intuitive source of donor hetero-

geneity [1]. In order to quantify infection load, some studies

use an instantaneous measure [10,17], whereas others use the

area under the curve of infection load over the whole course

of an individual’s infection (‘infection integral’, [11]). Although

these two metrics may sometimes be highly correlated, we

argue that for many disease systems, they describe different,

potentially uncorrelated, aspects of within-host processes:

donors with low instantaneous loads could go on to develop

heavy loads, and vice versa. We therefore here explore

the contribution of both the donor’s instantaneous infec-

tion load (‘donor infection load’), and its infection integral

(as a measure of resistance, following [21]) to variation in

transmission parameters.

Both donor infection load and infection integral are often

positively correlated with transmission speed [10–12]

and load [12,14–16], although the shapes and generality of

these relationships remain unclear [1]. Intuitively, the more

parasites a host has, the larger the number that can poten-

tially transmit to a new host. However, in many systems,

this relationship may be more nuanced, for example, because

parasite dispersal rates may depend on individuals balancing

the costs of density-dependent resource competition with the

benefit of increased mating opportunities [22–24]. Similarly,

donor infection integral (our measure of ‘resistance’) may

often be positively correlated with transmission load, but

can also be seen as a measure of a host’s quality from the

parasite’s perspective. Parasites may be less likely to transmit

from a less resistant host that provides the quantity or quality

of resources necessary to sustain high parasite growth rates

[23,25,26], but such a relationship is likely only detectable

while controlling for a donor’s instantaneous infection load.

The fitness of transmitted parasites, defined here as the

instantaneous population growth rate, may also be affected

by the infection load or resistance of the previous host. For

example, donors with heavy infection loads could be infected

with and therefore transmit faster-growing parasite strains

[7,12,17] or they may transmit less fit parasites owing to

increased resource competition [27,28]. Resistant donors may

transmit slower-growing parasites: those that were directly

damaged by the host’s immune response [13] or parasite gen-

otypes that have reduced fitness associated with the cost of

avoiding damage from that immune response [17].

Other, largely neglected, sources of donor heterogeneity

may contribute to the variation in transmission parameters.

One such is the timing of the transmission event during the

donor’s infection (e.g. early or late stage of infection) which,

for many infections, encompasses variation in the strength of

the donor’s immune response, infection load, symptoms and

behaviour, as well as the demography of the infecting parasites

[10,13,17,29–32]. This potentially important source of donor

heterogeneity remains poorly studied, but does appear to

affect transmission: the time between trypanosome infection

of donor bumblebees and transmission to the recipient affects

parasite establishment success on the recipient [13]. Simila-

rly, entomopathogenic nematodes extracted from caterpillars

early in infection are larger and better able to establish infection
in new hosts than those extracted late in infection [28].

Additionally, experience of transmitting an infection (‘trans-

mission experience’) may contribute to donor heterogeneity

by changing the interaction between the donor and its para-

sites, and the behaviour of both organisms in ways that alter

the speed, number or fitness of the parasites transmitting

during subsequent transmission events. The number of trans-

mission events experienced by an individual will depend on

the rate at which it contacts others, which is highly variable

in natural populations [3,5,33–36]. Highly connected individ-

uals, simply by virtue of these connections, may give rise to

superspreading events that accelerate epidemics [4,5,7,37]:

superspreaders do not necessarily differ from the rest of

the population in their infection characteristics [37] (although

this is common [7]). Despite the obvious importance of these

superspreaders, this study is, to the best of our knowledge,

the first to quantify how multiple transmission parameters

are affected by donor experience; previous studies using a ‘con-

tact tracing’ approach have considered only binary outcomes

(i.e. transmission or no transmission [5,8,36,38]).

Donor heterogeneity may thus result from variation in at

least four related components: infection load, resistance,

stage of infection and donor experience. We used the guppy

Poecilia reticulata–Gyrodactylus turnbulli host–parasite system

to experimentally explore how these four components affect

transmission speed and load, and the subsequent fitness of

transmitted parasites. This system has a number of features

that make it ideal for studying transmission. First, ectoparasitic

G. turnbulli feed and reproduce on host skin, and their abun-

dance is easily monitored through time using non-destructive

methods [31,32]. Second, because the parasite can reproduce

asexually, experimental strains can be founded by single indi-

viduals, meaning variation among experimentally infected

donors in their infection traits, and the fitness of transmitted

parasites, is unlikely to be caused by profound genetic differ-

ences between the parasites. Third, individual guppies differ

markedly in their ability to limit the population size and

growth rate of G. turnbulli [31,39,40]. Fourth, transmission

events are experimentally tractable, because individual para-

sites move between hosts during social contact [31,41]. In this

experiment, we took advantage of these features to expose

parasite-naive recipients to donors (all infected with a single

parasite strain) differing in their infection traits. Our results

reveal that donor infection traits have important and, in some

cases, interactive effects on parasite transmission.
2. Material and methods
(a) General experimental design
We experimentally explored how heterogeneity between donors

in four infection traits (infection load, resistance, stage of infec-

tion and transmission experience) contributes to variation in

three transmission parameters: transmission speed, transmission

load and transmitted parasites fitness (figure 1). The experiment

was built around natural variation in donor resistance, which we

quantified as the integral of infection load over the course of the

infection (or the observation period if this was shorter). The

infection integral thus captures in a single value both the dur-

ation and intensity of infection [21]. For donor infection load,

we used the number of parasites on the donor on the day of

transmission, and both donor stage of infection and transmis-

sion experience were experimentally manipulated. We infected

naive donors, monitored their infection load through time, and
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Figure 1. Diagram of the transmission experiment design. At day 0, all donors (unshaded) were isolated and infected with two individual Gyrodactylus turnbulli
(black dots). Their infection was monitored every other day for 30 days. At days 5 (double donors only) and 12 (all donors), G. turnbulli-naive recipients (light grey
shading for day 5, dark grey for day 12) were added to the donor tanks. Both fish were screened for infection every 24 h. Once a recipient had become infected,
it was isolated and its infection monitored every other day for 30 days. A, data from these recipients were used to test the role of donor heterogeneity in infection
load, resistance and stage of infection on the speed, number and fitness of parasites transmitting to recipients (see table 1). B, data from these recipients were used
to test the hypothesis that a donor’s previous experience of transmission affected the parameters of subsequent transmission events.
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exposed them to naive recipients during the late stage of infec-

tion (single donors), or at both early and late stages of infection

(double donors; figure 1). Thus, during the late stage of infection,

double donors had previous experience of transmission, whereas

single donors did not; this comparison allowed us to test for an

effect of transmission experience. We measured transmission

speed as the number of days before transmission occurred, and

transmission load as the number of parasites transmitting from

donors to recipients. We estimated the fitness of the transmitted

parasites by calculating the instantaneous growth rate of the

parasite population on the recipient during the first 12 days of

its infection. Instantaneous growth rate was calculated as r ¼ ln

NDay12 2 ln NDay1/12, where N is the number of parasites on

the recipient [32].

(b) Fish origin and maintenance
The experimental fish were laboratory-bred, parasite-naive des-

cendants of guppies collected from the Lower Aripo River,

Trinidad in 2007, and maintained at the University of Exeter,

UK. In 2012, approximately 1000 fish were used to found a popu-

lation at Cardiff University, UK, where they were housed at 25+
18C, on a 14 h L : 10 h D schedule (overhead fluorescent lighting),

and fed daily with live Daphnia sp. and flake food (Aquarianw).

(c) Donor infection and parasite screening
On day 0 of the experiment, 65 female guppies (mean standard

length+ s.e.: 17.5+0.4 mm) were haphazardly selected and

infected. The experimental G. turnbulli strain (Gt3) used was

founded by a single parasite from an ornamental guppy in 1997,

and has since been maintained on an inbred ornamental guppy

stock (‘culture fish’). To infect experimental donors, culture fish

were killed using an overdose of tricaine methanesulfonate

(MS222; Pharmaq UK, Ltd.). Donor fish were anesthetized with

0.02% MS222. Under a dissecting microscope, the tails of the
culture and donor fish were placed in close proximity until two

individual parasites, each pregnant with a mid-term embryo

[32], had transmitted. Infected donor fish were revived, placed

in individual 1 l tanks and maintained under standard con-

ditions (as above). Water in each tank was changed every other

day. We monitored the infection trajectory of experimental

donor and recipient fish by mildly anaesthetizing each fish

(0.02% MS222) and counting the number of G. turnbulli every

other day throughout the course of infection (‘screening’). This

method also exposed the parasites to MS222, but the frequency

of exposure was standardized across fish for all experimental

factors, and previous work indicates that such brief exposure

to low doses of anaesthetic has negligible effects on Gyrodactylus
spp. parasites [42].

(d) Experimental procedure
Building upon natural variation in resistance among the 65 exper-

imental donors, we incorporated donor infection load at time of

transmission, stage of infection and donor experience into the

experimental design as follows. We divided the donors into two

groups. One group transmitted parasites to recipients only at the

‘late’ stage of their infection, whereas the other group transmitted

to recipients at both the ‘early’ and ‘late’ stages of their infection.

Two time points were selected as representative of these infection

stages: day 5 and day 12. On day 5 in this system, the parasite

is established, but infection loads tend to be low and relatively uni-

form, whereas by day 12 infection loads are highly variable among

hosts [43]. For ‘double donors’ (n ¼ 48), a naive recipient fish was

added to the tank on day 5 and day 12, whereas for ‘single donors’

(n ¼ 17), a naive recipient fish was added to the tank on day

12 only (figure 1). At day 5 (n ¼ 48) and day 12 (n ¼ 57; all

donors minus double donors that had lost their infection by day

12 [n ¼ 3] or were accidentally omitted [n ¼ 3]), naive female reci-

pients were size matched within 2 mm (recipient mean standard

length+ s.e.: 17.5+0.4 mm) to the donor and placed in the
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donor holding tanks. We excluded data from four experimental

pairs in which the recipient did not become infected (two pairs

at day 5, two at day 12). Each pair of fish was screened for

transmission every 24 h, but because of the generation time of

G. turnbulli (24–48 h at 258C; [32]), these data could not indicate

the number of parasites lost from the donor. Further, the data

could not be used to discriminate between the number of parasites

transmitting directly from the donor, and those born on the recipi-

ent within 24 h of transmission. As variation in the population

growth rate was not associated with the number of parasites trans-

mitting or donor stage of infection (as described in the Results

section), however, we consider this uncertainty to affect all exper-

imental pairs equally. When transmission occurred, the recipient

was isolated, its experimental time set to day 1, and it was screened

every other day up to day 30.
s.R.Soc.B
372:20160093
(e) Data analysis
All statistical analyses were conducted in R (3.0.2; [44]), and we

provide the data, script and output of the analyses in electronic

supplement material, S1 and S2. During data exploration, the

highest correlation coefficient we found between our continuous

dependent variables was r ¼ 0.35 (for donor integral and donor

infection load), and we therefore include all of these in our starting

models. Although donors had significantly higher infection loads

in late than early infection (mean difference ¼ 14.29; t59.1 ¼ 4.26;

p , 0.001), we included both stage of infection and infection load

in the starting models to test whether there were any effects of

stage of infection on our response variables that could not be

explained by infection load alone. There was no difference in infec-

tion load between experienced and inexperienced donors at day

12 (t44.34 ¼ 20.77; p ¼ 0.44).

We used transmission speed (number of days until trans-

mission occurred), transmission load (the number of parasites

transmitting from the donor to recipient) and fitness of the trans-

mitted parasites (instantaneous population growth rate over the

first 12 days of the recipient’s infection) as response variables in

models with the four components of donor heterogeneity as expla-

natory variables. Transformation of the explanatory variables, the

error family and link function were chosen to optimize the fit of

each model independently (table 1). For donor load, resistance

and stage of infection, we used the data from all transmission

events (labelled A in figure 1), and ran either general or generalized

linear mixed models (GLMM, depending on error family and link

function; in the lme4 [45] and glmmADMB packages [46]) with

donor identity as a random effect to account for non-independence

of early and late transmissions by double donors. To test for the

effects of donor experience (controlling for both donor load and

resistance) on each transmission parameter, we ran either general

or generalized linear models (GLMs, again depending on error

structure, using R [44] and the MASS package [47]) using only

data from transmission events from donors late in infection

(labelled B in figure 1).

All six starting models (using either all data or only data from

late infection transmission events, and one for each transmission

parameter: speed, load, transmitted parasite fitness) contained

donor infection load at time of transmission and donor resistance

(the infection load integral) as continuous fixed effects. Because

fish size is often identified as an important determinant of infec-

tion dynamics in this system [43,48], and the size difference

between fish often affects how they interact [49,50], we addition-

ally included the standard length of the recipient, and the size

difference between the donor and recipient as continuous fixed

effects in all models. All analyses began with a full model with

two-way interactions between fixed effects. The full models were

reduced using backward stepwise deletion of non-significant

terms to minimize Akaike’s information criterion (AIC), following

the drop1 function in the lme4 package [45].
3. Results
Our results reveal that donor heterogeneity has strong effects

on the three transmission parameters: transmission speed,

load and transmitted parasite fitness. The more heavily

infected a donor on the day of recipient exposure (donor

load), the faster transmission occurred, but the relationship

was nonlinear (models 1 (all data) and 4 (late infection trans-

mission events only) in table 1; figure 2). We confirmed that

this result is not simply a sampling artefact associated with

the Poisson distributions of the predictor and response vari-

ables (further analyses described in electronic supplementary

material, S1). The data additionally suggest a ‘transmission

threshold’ of ca 40 parasites; transmission took longer than

one day in 12.5% of trials above this donor infection load

threshold, compared with 55.7% of trials below this threshold

(figure 2).

The number of parasites transmitting depended principally

on the donor’s infection load at transmission, but this effect

varied with donor resistance (models 2 and 5 in table 1;

figure 3). While more resistant donors transmitted more para-

sites with increasing infection loads, less resistant donors

(those with high infection integrals) tended to transmit rela-

tively few parasites, regardless of their loads at the time of

transmission. We also found weak evidence that donors trans-

mitted more parasites at the later stage of infection (model 2 in

table 1).

Among late-stage transmission to recipients added at day

12, donors with transmission experience transmitted more

parasites than those without experience (model 5 in table 1;

figure 4a). Although this result is only marginally significant

( p ¼ 0.03), the effect size is substantial: in the raw data, experi-

enced donors transmitted on average 3.1 parasites more than

inexperienced donors. Donor experience is also the only

variable that explains a significant amount of variation in

the fitness of the transmitted parasites (models 3 and 6 in

table 1). Parasites transmitted by experienced donors were sig-

nificantly less fit (showed slower population growth over the

first 12 days on the recipient) than those transmitting from inex-

perienced donors (model 6 in table 1; figure 4b). This effect was

dramatic: parasite populations transmitted by experienced

donors were equally likely to increase or decrease in size, but

those from inexperienced donors almost exclusively increased

over the first 12 days on the recipient (figure 4b). We found no

evidence that the size of the recipient or the difference between

donor and recipient size affected any of our transmission

parameters (all p . 0.05).
4. Discussion
Our results reveal that donor heterogeneity arising from

variation in infection load, resistance, stage of infection and

transmission experience, affect transmission speed, trans-

mission load and the fitness of transmitted parasites in

complex ways. Heavily infected donors transmitted infection

more quickly, but the relationship was not linear (figure 2).

The donor’s instantaneous infection load also predicted the

number of parasites transmitting (‘transmission load’), but

this relationship was more nuanced than commonly assumed:

the least resistant donors (those with the highest infection inte-

grals) transmitted fewer parasites, and their transmission loads

increased little with infection load (figure 3). This result
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suggests that the widely held assumption that infection

load and transmission load are positively correlated may actu-

ally depend on donors’ ability to limit parasite population

growth. Additionally, we found that donors with transmission

experience transmitted more parasites, but that the parasites

transmitted by such hosts were less fit on the recipient

(figure 4). We discuss the potential mechanisms and

implications of these three results in turn.

Transmission speed increased with donor infection load,

but the relationship was not linear. This nonlinearity indicates

that the increase in infectiousness was not simply a result of

there being more parasites and thus a higher probability of

some transmitting. Instead, it appears that the host–parasite

interaction changes, encouraging parasites to transmit, once a

certain infection load is reached. In our data, there appeared

to be a threshold of ca 40 parasites above which transmission

rarely took longer than 1 day. Hendrichsen et al. [51] found a

similar pattern among Atlantic salmon infected with G. salaris.

The existence of a threshold infection load above which trans-

mission is rapid may therefore be a pattern common to this

genus, and suggests that Gyrodactylus spp. transmission is

density-dependent.

The number of parasites transmitting increased with donor

infection load, but our results suggest the relationship is more

complex than commonly assumed [1,52]. While empirical

studies support the assumption that donor infection load

and transmission load are positively correlated [9,12,14–17], it

is becoming increasingly clear that factors other than

donor infection load should be considered. For example, patho-

gen genotype [12,17], co-infection [53], the donor’s stage

of infection [13,28], parasite age [15] and ecological interactions

between parasites within a host [22,24] are all known to affect

the number of parasites transmitting. To this list, we add

the donor’s ability to limit parasite growth, i.e. resistance.

In our data, for a given infection load, less resistant donors (i.e.

those with high infection integrals) transmitted fewer parasites.

The distributions of donor loads and integrals underlying this

pattern show the overdispersion typical of host–parasite sys-

tems, with relatively few donors exhibiting high infection

loads and integrals (figure 3). Given that the few heavily infected

hosts in a population are commonly assumed to be the
superspreaders, that the number of parasites these hosts transmit

is affected by their infection integral is a key result: the sparseness

of high load, high integral observations is expected and should

not lead to a downplaying of their fundamental importance.

The importance of the infection integral over the full

duration of a donor’s infection (up to 30 days) to the number

of parasites transmitting relatively early in infection (mean

day of infection on which transmission occurred ¼ 10.7)

suggests that the parasites are able to detect and respond to

differences in resistance between fish before these are evident

in differences in infection load. We found only weak support

for donors later in infection transmitting more parasites,

which perhaps indicates that these differences are evident

before day 5. Potential mechanisms of resistance that could

provide cues to the parasite include the pH, chemical compo-

sition or quantity of the mucous [54]. This result may

therefore support the hypothesis that gyrodactylids leave

hosts when conditions are, or are likely to become, unfavour-

able [31], i.e. transmission may be condition- as well as

density-dependent. Corroboratively, donors with high infec-

tion integrals are those that are most profitable, and hence

the parasites are less likely to leave such hosts [23,25]. These

fish may also have been unable to maintain social behaviours

that promote transmission, and may have displayed sickness

behaviours [34,55] or released cues that elicited avoidance

behaviours in recipients [56]. Such avoidance would reduce

the number of parasites able to transmit, as has been

demonstrated theoretically [35,57] and empirically [58,59].

While it seems likely that heavily infected donors transmit

more parasites because more parasites leave these hosts, as

described in other systems [9,12,13,53], we cannot rule out

an alternative explanation. We were unable to quantify the

number of parasites lost by the donor during transmission,

so our results may reflect a difference in the quality of these

parasites: donors with fewer parasites or higher infection inte-

grals may release poorer quality parasites that are less likely to

attach to the recipient, and that therefore go unrecorded. Data

collected by Scott & Anderson [31] provide partial support for

this idea, but further empirical work is needed to rigorously

test this hypothesis. Our experiment therefore subsumes the

effects of variation in exposure to parasites in our measure

of transmission load, but we acknowledge that a recipient’s

infection load after exposure to a given number of infectious

particles is complex, and depends in part on its geno- and

phenotype [60,61]. More generally, considering exposure and

susceptibility as separate aspects of disease transmission has

been shown to improve the performance of transmission

models [62].

We found that donors with transmission experience trans-

mitted more parasites, but that once transmitted to the

recipient these parasites grew more slowly than those from

donors without experience. Although we tested only the

effect of a single previous transmission event, our result

suggests that sequential transmission events may increase the

number, but reduce the fitness of parasites transmitted by

donors. The mechanisms driving the effects of donor experi-

ence on transmission load and transmitted parasite fitness

are unclear. Behaviour may be important: variation in donor

behaviour as a result of infection can alter its likelihood of

transmitting [34,63]. In this system, donors gain both thera-

peutic (i.e. a temporary reduction in infection load) and

evolutionary benefits (i.e. increased relative fitness) from trans-

mission, so donors may learn to modify their behaviour to
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increase transmission rates. Indeed, infected guppies often

swim in close proximity to others and attempt to initiate

body contact ([64]; JF Stephenson 2013, personal observation).

It is possible that changes in the host–parasite interaction

resulted in donors with prior experience transmitting more,

slower-growing, parasites [32,51]. The extra days with a compa-

nion during the experiment may have reduced the stress

response of double donors relative to single donors [65],

enabling them to mount a more effective immune response

[66]. Although during post hoc tests we did not see an effect of

the number of experimental days donors spent with recipients

on either transmission parameter, a more effective immune

response would result in a more hostile environment for the

parasite, potentially explaining both why more parasites trans-

mitted, and why parasites from double donors were less fit.
Alternatively, Leggett et al. [67] demonstrate that low host avail-

ability (such as in our single donor treatment) promotes high

levels of within-host competition, favouring parasites that

maximize host exploitation rather than transmission. Conver-

sely, high host availability favours slower-growing, more

transmissible parasites [67], which is the pattern we see in the

double donor treatment. Such effects could act within or

across parasite generations, and be due to parasite plasticity

[68] or genetic effects [69] (though the latter may be less likely

here, given the highly inbred parasite strain we used).

In conclusion, our results indicate that heterogeneity in

infection load, resistance and transmission experience make

diverse and in some cases complex, interactive contributions

to variation in the speed, number and fitness of parasites trans-

mitting. We found little support for an effect of the donor’s
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stage of infection on transmission, suggesting that donor experi-

ence and infection load, which were both associated with stage

of infection, explained most of the variation that would other-

wise have been attributed to this factor. Our results support

the common assumption that heavily infected donors contrib-

ute disproportionately to epidemics, but show that donor

resistance and transmission experience can modulate this

relationship substantially. Transmission load may be particu-

larly important to the success of transmission in natural

settings where transmission is risky for Gyrodactylus spp.:

about 60% of parasites leaving the donor fail to infect a recipient

[31]. Although a single gyrodactylid parasite is sufficient to

establish an infection, the more individuals that attempt to

transmit, the higher the probability of one successfully estab-

lishing on a recipient host, similar to the ‘infective dose’ of

single-celled pathogens [27,60,61]. Donor heterogeneity may

continue to have an effect on epidemic progression even after

successful establishment of the parasite on the recipient, how-

ever, as parasite fitness on the recipient depends on the

previous host [28]. Parasite growth rate is often correlated

with virulence (i.e. the damage inflicted on the host) [70], so

this result implies that the host from whom an infection is

acquired may affect the severity of the infection on the
subsequent host. While the mechanisms behind these findings

require elucidation, this study further validates recent calls

for more holistic consideration of the effects of within-host

processes on between-host transmission [1,2,52].
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Schmid-Hempel R. 1999 Dynamic and genetic
consequences of variation in horizontal transmission
for a microparasitic infection. Evolution 53,
426 – 434. (doi:10.2307/2640779)

14. Anderson RM, Whitfield PJ, Dobson AP. 1978
Experimental studies of infection dynamics:
infection of the definitive host by the
cercariae of Transversotrema patialense.
Parasitology 77, 189 – 200. (doi:10.1017/
S0031182000049386)

15. Keymer AE, Anderson RM. 1979 The dynamics of
infection of Tribolium confusum by Hymenolepis
diminuta: the influence of infective-stage density
and spatial distribution. Parasitology 79, 195 – 207.
(doi:10.1017/S0031182000053282)

16. Karvonen A, Paukku S, Valtonen ET, Hudson PJ.
2003 Transmission, infectivity and survival of
Diplostomum spathaceum cercariae. Parasitology
127, 217 – 224. (doi:10.1017/S0031182003003561)

17. Fraser C, Lythgoe K, Leventhal GE, Shirreff G,
Hollingsworth TD, Alizon S, Bonhoeffer S. 2014
Virulence and pathogenesis of HIV-1 infection: an
evolutionary perspective. Science 343, 1243727.
(doi:10.1126/science.1243727)

18. Boots M, White A, Best A, Bowers R. 2012 The
importance of who infects whom: the evolution of
diversity in host resistance to infectious disease.
Ecol. Lett. 15, 1104 – 1111. (doi:10.1111/j.1461-
0248.2012.01832.x)

19. Lion S, Boots M. 2010 Are parasites ‘prudent’ in
space? Ecol. Lett. 13, 1245 – 1255. (doi:10.1111/
j.1461-0248.2010.01516.x)

20. Duffy MA, Housley Ochs J, Penczykowski RM,
Civitello DJ, Klausmeier CA, Hall SR. 2012 Ecological
context influences epidemic size and parasite-driven
evolution. Science 335, 1636 – 1638. (doi:10.1126/
science.1215429)

21. Adelman JS, Kirkpatrick L, Grodio JL, Hawley DM.
2013 House finch populations differ in early
inflammatory signaling and pathogen tolerance at
the peak of Mycoplasma gallisepticum infection. Am.
Nat. 181, 674 – 689. (doi:10.1086/670024)

22. Stephenson JF. 2012 The chemical cues of male sea
lice Lepeophtheirus salmonis encourage others to
move between host Atlantic salmon Salmo salar.
J. Fish Biol. 81, 1118 – 1123. (doi:10.1111/j.1095-
8649.2012.03347.x)

http://dx.doi.org/10.1098/rstb.2014.0302
http://dx.doi.org/10.1111/1365-2435.12645
http://dx.doi.org/10.1111/1365-2435.12645
http://dx.doi.org/10.1073/pnas.94.1.338
http://dx.doi.org/10.1038/438293a
http://dx.doi.org/10.1038/nature04153
http://dx.doi.org/10.1016/j.ijid.2010.06.020
http://dx.doi.org/10.1016/j.ijid.2010.06.020
http://dx.doi.org/10.1890/110111
http://dx.doi.org/10.1890/110111
http://dx.doi.org/10.1073/pnas.0503776103
http://dx.doi.org/10.1111/1365-2656.12511
http://dx.doi.org/10.1098/rsif.2013.1083
http://dx.doi.org/10.1128/AEM.01742-06
http://dx.doi.org/10.2307/2640779
http://dx.doi.org/10.1017/S0031182000049386
http://dx.doi.org/10.1017/S0031182000049386
http://dx.doi.org/10.1017/S0031182000053282
http://dx.doi.org/10.1017/S0031182003003561
http://dx.doi.org/10.1126/science.1243727
http://dx.doi.org/10.1111/j.1461-0248.2012.01832.x
http://dx.doi.org/10.1111/j.1461-0248.2012.01832.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01516.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01516.x
http://dx.doi.org/10.1126/science.1215429
http://dx.doi.org/10.1126/science.1215429
http://dx.doi.org/10.1086/670024
http://dx.doi.org/10.1111/j.1095-8649.2012.03347.x
http://dx.doi.org/10.1111/j.1095-8649.2012.03347.x


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

372:20160093

9
23. Skelton J, Creed RP, Brown BL. 2015 A symbiont’s
dispersal strategy: condition-dependent dispersal
underlies predictable variation in direct transmission
among hosts. Proc. R. Soc. B 282, 20152081.
(doi:10.1098/rspb.2015.2081)

24. Connors BM, Lagasse C, Dill LM. 2011 What’s love
got to do with it? Ontogenetic changes in drivers of
dispersal in a marine ectoparasite. Behav. Ecol. 22,
588 – 593. (doi:10.1093/beheco/arr024)
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