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Appendix 1 
Description of past studies on within-host priority effects 
The following studies have been included in Table 1 in the main text. Studies were included if they 

compared the fitness of parasites in singly infected hosts, coinfected hosts in which the parasite was 

the first to arrive, and coinfected hosts in which the parasite was the second to arrive. Studies that 

included within-host interactions between parasites and non-parasitic symbionts were also included. 

Papers were found by searching for the phrase ‘within-host priority effects’ on Google Scholar. 

Papers were additionally found by searching for two-way combinations of the phrases ‘sequential 

infection’, ‘priority effect’ and ‘parasite interaction’. Finally, studies were found by searching 

through papers that cited or were cited by manuscripts concerned with the impact of within-host 

priority effects for host population scale dynamics (Natsopoulou et al. 2015, Wuerthner et al. 2017, 

Halliday et al. 2017, Marchetto and Power 2017). All searches were conducted from Spring 2017 to 

Spring 2018 for papers published in any year. 

To inform our modeling, we examined each relevant study for whether parasites displayed 

priority effects, whether parasites benefited from arriving first or second in coinfected hosts, and 

whether arrival order determined whether coinfection facilitated or repressed parasites. We also 

indicate whether each parasite meets the criteria for unimodal prevalence relationships. Each study 

included in our literature review has been categorized according to these four factors in Table 1 in 

the main text. In order to categorize each study according to the four factors, we needed to know 

whether there were significant differences in parasite fitness between singly infected hosts, 

coinfected hosts where the parasite arrived first, and coinfected hosts where the parasite arrived 

second.  

In some studies, authors explicitly tested for significant differences in parasite fitness 

between all three host classes. In these cases, we relied on author reported significance to categorize 

the study (Balogun 2008, Lohr et al. 2010, Marchetto and Power 2017, Clay et al. in press). 

In other cases, authors explicitly tested for significant differences in parasite fitness between 

sequential coinfection classes and single infection classes, but did not test for significant differences 
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in parasite fitness between sequential coinfection classes. In these cases, we only say that infection 

order altered parasite fitness if 1) the fitness of parasites was significantly higher in coinfected hosts 

than in singly hosts with one infection order, and significantly lower in coinfected hosts than in 

singly infected hosts with the opposite infection order (Adame-Álvarez et al. 2014), 2) only one 

sequential infection class had significantly different parasite fitness than the single infection class 

(Hoverman et al. 2013, Adame-Álvarez et al. 2014, Doublet et al. 2015, Natsopoulou et al. 2015, 

Rynkiewicz et al. 2017), or 3) confidence intervals of parasite fitness in the two sequential 

coinfection classes did not overlap (Sandoval-Aguilar et al. 2015). In some cases confidence 

intervals were not reported, but estimated from reported standard error (de Roode et al. 2005, 

Jackson et al. 2006, Levin 2007).   

In Al-Naimi et al. (2005), authors tested for whether infection timing/order determined 

parasite fitness via an ANOVA, without explicitly testing for significant differences of parasite 

fitness between individual treatments. However, authors displayed mean and standard error of 

parasite fitness for each sequential infection treatment compared to mean parasite fitness in single 

infection treatments (Fig. 2, 3). We considered parasite fitness in sequential infection treatments to 

be different than that in single infection treatments if the error bars would not overlap mean parasite 

fitness in singly infected hosts even when multiplied by 1.96 to estimate 95% confidence intervals. 

We consider parasite fitness in coinfected hosts with first versus second arrival to be different if 

they have different relationships to the single infection treatment (e.g. higher than single infection 

treatment versus lower than single infection treatment).    

In Hall and Little (2013), no statistical model was run on differences in parasite fitness 

(transmission) between treatments, but raw data was available. Hence we calculated p-values 

corrected for multiple comparisons for differences in parasite fitness between treatments. 

Finally, in Goodman and Ross (1974), no statistical model was run, nor was standard error 

given nor raw data available. In this case, we relied on the interpretation of the authors and 

comparisons of mean values to determine how order of infection altered parasite fitness. 

In some cases (Al-Naimi et al. 2005, Sandoval-Aguilar et al. 2015), within host priority effects were 

tested across multiple host or parasite genotypes. In these situations, we report in Table 1 of the 

main text patterns that occur in at least 50% of tested host/parasite types.  

 

Adame-Álvarez et al. 2014: 

Host: Lima bean  

Parasite A: Pseudomonas Syringae 

Fitness measurement A: Colony forming units per gram leaf tissue 
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Parasite B: one of 5 different endophytic fungi species (generally mutualists with host) 

Fitness measurement B: Not tested 

Design: Hosts were inoculated with one of the endophytic fungi 4 days before, simultaneously with, 

2 days after, or 4 days after the parasite Pseudomonas Syringae. Hosts were infected with 

Pseudomonas on the same day in all treatments, which was shortly after the host produced five 

trifoliate leaves. Pseudomonas fitness in each coinfection treatment was compared to fitness in 

hosts singly infected with Pseudomonas. 

Results: Figure 4b shows that for 3 out of the five endophytes, coinfection significantly increases 

Pseudomonas fitness if the parasite arrives first, and significantly decreases fitness if the parasite 

arrives second. The two remaining endophytes create a similar pattern qualitatively, though the 

increased Pseudomonas fitness in coinfections with first arrival is not significant. Thus, we 

conclude that the parasite has 1st arrival advantage, and that arrival order determines whether 

coinfection facilitates or represses Pseudomonas. The maximum Pseudomonas fitness occurs in 

coinfected hosts with first arrival for 3 out of 5 endophytes, potentially creating unimodal 

prevalence relationships.  

Figure 4a gives further information for coinfection of Pseudomonas with two of the endophytes, 

and indicates that coinfection with Keissleriella genistae facilitates Pseudomonas only if 

Pseudomonas infects the host long before Keissleriella (facilitation at 4 days before, but not at 2 

days before). This does not prevent unimodal prevalence relationships, however, because as the 

prevalence of Keissleriella increases, Pseudomonas infection will move from single infections, to 

coinfections where it infects long before the endophyte (increase in fitness), to coinfections where it 

infects a short time before the endophyte (decrease in fitness). 

Coinfection combination 2: 

Parasite A: Enterobacter sp. 

Fitness measurement A: Colony forming units per gram leaf tissue 

Parasite B: one of 5 different endophytic fungi species (generally mutualists with host) 

Fitness measurement B: Not tested 

Comparisons based on: Author reported significance 

Design: Same as above, with Enterobacter sp. rather than Pseudomonas 
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Results: Figure 5 shows that for all five endophytes, coinfection significantly increases 

Pseudomonas fitness if the parasite arrives first, and has no effect on parasite fitness if the parasite 

arrives second. Thus, we conclude that the parasite has 1st arrival advantage, and that arrival order 

does not determine whether coinfection facilitates or represses Pseudomonas. The maximum 

Pseudomonas fitness occurs in coinfected hosts with first arrival for all endophytes, potentially 

creating unimodal prevalence relationships.  

 

Al-Naimi et al. 2005: 

Host: three wheat genotypes 

Parasite A: Pyrenophora triticirepentis 

Fitness measurement A: Pyrenophora urediniospore production in coinfections relative to single 

infections 

Parasite B: Puccinia triticina 

Fitness measurement B: Puccinia urediniospore production in coinfections relative to single 

infections. 

Design: Hosts were singly exposed to either parasite when the host was 28 days old or 31 days old. 

Hosts were then sequentially coinfected with the first infection occurring on day 28 and the second 

infection occurring on day 31. The fitness of parasites in coinfected hosts was then compared to the 

fitness of parasites in singly infected hosts that had corresponding infection timing for the focal 

parasite. Each treatment was repeated on young or old leaves of three host genotypes, for a 

combination of six host types. 

Results (Pyrenophora): Pyrenophora had a significantly higher fitness in coinfected hosts in which 

it arrived first than in singly infected hosts in three out of six host types. It also had a significantly 

lower fitness in coinfected hosts in which it arrived second than in singly infected hosts in three out 

of six host types (Fig. 3). Thus, we conclude that Pyrenophora has 1st arrival advantage, and that 

arrival order determines whether coinfection facilitates or represses Pyrenophora. Maximum 

Pyrenophora fitness occurs in coinfected hosts with first arrival, in three out of six host types, 

potentially creating unimodal prevalence relationships.  

Results (Puccinia): Puccinia had equivalently low fitness in all coinfected hosts compared to singly 

infected hosts, and so did not experience priority effects. 
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Balogun 2008: 

Host: tomato 

Parasite A: Tomato virus X (PVX) 

Fitness measurement A: Virus concentration in coinfected leaves relative to singly infected leaves 

of same age 

Parasite B: Tomato mosaic virus (TMV) 

Fitness measurement B: Virus concentration in coinfected leaves relative to singly infected leaves 

of same age. 

Design: Tomato leaves were singly inoculated with either virus when host plants were 28 days old. 

Leaves of additional hosts were then sequentially infected with both parasites, with the first 

infection on day 28 and the second infection on day 32. Each host received its infection treatment 

on leaves of four different ages. Parasite fitness was compared between all treatments, controlling 

for leaf age.  

Results (Tomato virus X): Arriving first gave PVX higher fitness in coinfected hosts than arriving 

second in 2 out of four leaf ages, while arrival order didn’t alter pathogen fitness in the remaining 

leaf ages. Thus, we conclude that PVX has 1st arrival advantage on average. Coinfection facilitated 

PVX in 5 out of 8 coinfection treatments, and repressed PVX in 1 coinfection treatment. However, 

this switch does not seem to depend on arrival order. We also conclude that since PVX has a higher 

concentration in coinfected leaves with first arrival than in singly infected leaves for two out of four 

leaf ages, and a higher concentration in coinfected leaves with first arrival than in coinfected leaves 

with second arrival for three out of four leaf ages, that it may experience unimodal prevalence 

relationships due to within-host priority effects (Table 2). 

Results (Tomato mosaic virus): TMV fitness is only significantly reduced in coinfection if it arrives 

second. Thus, TMV has 1st arrival advantage. There is no evidence that arrival order determines 

whether coinfection facilitates or represses TMV, or that within-host priority effects can create 

unimodal prevalence relationships (Table 3). 

 

Clay et al. in press: 

Host: Daphnia dentifera 
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Parasite A: Metschnikowia bicuspidata 

Fitness measurement A: Infectious spores released from host at death 

Parasite B: Pasteuria ramosa 

Fitness measurement B: Infectious spores released from host at death. 

Design: Hosts were singly infected by either parasite at age 7 days or 12 days. Hosts were then 

sequentially coinfected with the first infection occurring on day 7 and the second infection 

occurring on day 12. The fitness of parasites in coinfected hosts was then compared to the fitness of 

parasites in singly infected hosts that had corresponding infection timing for the focal parasite. 

Fitness of parasites in sequential coinfection classes was also compared. 

Results (Metschnikowia): Coinfected hosts infected first by Metschnikowia had a significantly 

lower Metschnikowia spore yield than coinfected hosts infected first by Pasteuria. Thus, we 

conclude that Metschnikowia has 2nd arrival advantage. Mean spore yield of Metschnikowia from 

coinfected hosts is higher than in singly infected hosts if Metschnikowia arrives second, and lower 

if Metschnikowia arrives first. Thus, we conclude that arrival order changes whether coinfection 

facilitates or represses Metschnikowia. Metschnikowia has the lowest fitness when it arrives first in 

coinfected hosts, so it may experience unimodal prevalence relationships due to within-host priority 

effects.  

Results (Pasteuria): We find that Pasteuria fitness is uniformly lowered across coinfection 

treatments, and thus does not have within-host priority effects.   

 

de Roode et al. 2005: 

Host: mce 

Parasites: One of four strains of Plasmodium chabaudi (As, Cb, AS(pyr1A), AJ) 

Fitness measurement: Total number of parasite produced in a host.  

Design: In one experiment, 9 week old mice were singly infected with strains of either AS or CB on 

day 0 of the experiment. Additional hosts were then sequentially infected, with the first infection 

occurring on day 0 and the second infection occurring on day 3. Researchers then compared the 

number of parasites produced by each strain in each treatment. A second experiment was performed 

that followed a similar procedure with strains AS(pyr1A) and AJ. In this experiment, the second 

infection in the sequential infection treatments occurred on day 3 or day 11. Additionally, single 
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infection treatments for both strains occurred on days 0, 3, or 11, so that the impact of coinfection 

could be measured while controlling for the timing of infection events. 

Results: In the first experiment, parasite fitness in coinfections was lower than in single infections 

except if the focal parasite preceded its competitor (Fig. 2). In experiment 2, AS(pyr1A) fitness 

decreased due to coinfection if it infected hosts simultaneously with or after AJ, and this effect 

became stronger the longer that the focal parasite was delayed compared to its competitor (Fig. 4). 

AJ fitness decreased due to coinfection if it infected hosts after AS(pyr1A), and this effect also 

became stronger the longer that the focal parasite was delayed compared to its competitor (Fig. 4). 

Thus, we conclude that all strains have 1st arrival advantage. There is no evidence that arrival order 

determines whether coinfection facilitates or represses Plasmodium, or that within-host priority 

effects can create unimodal prevalence relationships. 

 

Doublet et al. 2015: 

Host: honeybee 

Parasite A: Deformed wing virus 

Fitness measurement A: Number of virus copies per host at death 

Parasite B: Nosema ceranae 

Fitness measurement B: Number of infectious spores per host at death. 

Design: Hosts were singly exposed to either parasite 2 days after emergence or 6 days after 

emergence from pupae. Additional hosts were then sequentially coinfected with the first infection 

occurring 2 days after emergence and the second infection occurring 6 days after emergence. The 

fitness of parasites in coinfected hosts was then compared to the fitness of parasites in singly 

infected hosts that had corresponding infection timing for the focal parasite. 

Results (DWV): DWV fitness is only significantly reduced in coinfection if Nosema arrives first. 

Thus, DWV has 1st arrival advantage. There is no evidence that arrival order determines whether 

coinfection facilitates or represses DWV, or that within-host priority effects can create unimodal 

prevalence relationships (Fig. 2). 

 Results (Nosema): Nosema fitness is not affected by coinfection (Fig. 1).  

 

Goodman and Ross 1974: 
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Host: tobacco 

Parasite A: Potato virus X/Potato virus X-GM 

Fitness measurement A: Concentration of virus in coinfected host leaves relative to the virus 

concentration of virus in singly infected host leavesParasite B: Potato virus Y 

Fitness measurement B: None 

Design: Researchers infected focal leaves of 5 week old tobacco plants with either PVX or PVX-

GM. Tobacco leaves were additionally infected with PVY at various time points, ranging from 60 

hours before PVX/-GM infection to 60 h after PVX/-GM infection. The timing of PVX/-GM did 

not change across treatments. Researchers then reported the concentration of PVX or PVX-GM in 

coinfected leaves relative to their concentration in singly infected leaves. 

Results: For both PVX strains, researchers found that PVY facilitated PVX. Additionally, for both 

strains, PVY facilitation weakened if it arrived long before or long after PVX. PVY had the 

strongest positive effect on PVX fitness if it arrived 12 hours before PVX, and the strongest positive 

effects on PVX-GM fitness if it arrives 6 hours after PVX-GM. Thus we say that PVX had a 2nd 

arrival advantage, and PVX-GM had 1st arrival advantage, though the pattern is more complicated 

than in other cases. There is no evidence that arrival order determines whether coinfection 

facilitates or represses parasites (Fig. 3, 4). 

We also conclude that both strains of PVX can exhibit unimodal prevalence relationships due to 

within-host priority effects. In our model, as the prevalence of parasite B increases, parasite A goes 

from being most likely to appear in single infections, to most likely to appear in coinfections where 

it arrives first, to most likely to appear in coinfections where arrives second. If we further divide 

these coinfection classes based on time between arrival, then as we increase the prevalence of 

parasite B, parasite A goes from being most likely to appear in single infections, to most likely to 

appear in coinfections where it infects the host long before parasite B, to coinfections where it 

arrives close to the same time as parasite B, to coinfections where it arrives long after parasite B. If 

we trace the fitness of PVX and PVX-GM along this continuum in Fig. 3 and 4, we see that virus 

fitness follows a humped shape pattern, and thus will have a unimodal prevalence relationship.  

 

Hall and Little 2013: 

Host: wheat 

Parasite A: Barley yellow dwarf virus (PAV) 



9 
 

Fitness measurement A: Infected hosts were exposed to susceptible aphids, which were then 

exposed to new susceptible hosts. Parasite fitness is the proportion of secondary hosts successfully 

infected. (Paper also reports viral titer in hosts over time, but transmission is a more direct 

measurement of host fitness). 

Parasite B: Barley yellow dwarf virus (PAS) 

Fitness measurement B: Infected hosts were exposed to susceptible aphids, which were then 

exposed to new susceptible hosts. Parasite fitness is the proportion of secondary hosts successfully 

infected. (Paper also reports viral titer in hosts over time, but transmission is a more direct 

measurement of host fitness). 

Design: 10 day old wheat plants were singly infected by exposure to aphids carrying either virus. 

Additional plants were sequentially coinfected, with infection by the first virus occurring on day 

ten, and the second infection occurring on day 13 or 25. At day 45, hosts were exposed to 

susceptible aphids, which were then exposed to susceptible host plants, and the proportion of 

successful secondary infections by each parasite per treatment was compared (% infected with 

[focal virus] in Table 1). 

We compared the proportion of successful secondary infections of each parasite across treatments 

with the prop.test function in R. We then corrected p-values for multiple comparisons using the 

p.adjust function in R (method= “fdr”). We made comparisons using only sequential infection 

treatment with 15 days between inoculation events so as not to make more comparisons than in 

other studies.  

Results (PAV): There are no significant differences between the transmission of PAV from singly 

infected hosts and coinfected hosts where PAV arrives first (p=1.0), between the transmission of 

PAV from singly infected hosts and coinfected hosts where PAV arrives second (p=0.216), or 

between the transmission of PAV from coinfected hosts with first or second arrival (p=0.279), 

(Table 1). Thus, we conclude there are no priority effects for PAV. 

Results (PAS): The transmission of PAS from coinfected hosts in which it arrived second was 

significantly lower than from singly infected hosts (p=3.1 x 105) and from coinfected hosts in which 

it arrived first (p=0.012). Thus we say that PAS has 1st arrival advantage. There is no evidence that 

arrival order determines whether coinfection facilitates or represses PAS, or that within-host 

priority effects can create unimodal prevalence relationships (Table 1). 
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Hoverman et al. 2013: 

Host: Pacific chorus frog 

Parasite A: Ribeiroia ondatrae 

Fitness measurement A: Percentage of parasites exposed to the host which successfully encyst 

Parasite B: Echinostoma trivolvis 

Fitness measurement B: Percentage of parasites exposed to the host which successfully encyst. 

Design: Tadpoles of the same age were exposed to either parasite in single infections on day 0 or 

day 3 of the experiment. Additional tadpoles were then exposed sequentially, with the first infection 

occurring on day 0 and the second infection occurring on day 3. All exposures on day 0 used 15 

parasites, and all exposures on day 3 used 20 parasites. The fitness of parasites in coinfected hosts 

was then compared to the fitness of parasites in singly infected hosts that had corresponding 

infection timing for the focal parasite. 

Results (Ribeiroia): Ribeiroia has a higher total fitness when it infects the host at time zero in both 

singly infected and coinfected hosts. When we control for infection timing, coinfection has a 

detrimental effect on Ribeiroia in both coinfection treatments, but it is significant only when 

Echinostoma arrives before Ribeiroia (Comparing expected to realized infection success, Figure 

A1, significance reported in main text). Thus, Ribeiroia has 1st arrival advantage. There is no 

evidence that arrival order determines whether coinfection facilitates or represses Ribeiroia, or that 

within-host priority effects can create unimodal prevalence relationships. 

Results (Echinostoma): Echinostoma encystment was not significantly reduced in sequential 

coinfection (p-values in main text, shown in Fig. A1). Thus, there are no priority effects.  

 

Jackson et al. 2006: 

Host: clawed toad 

Parasite A: Protopolystoma xenopodis 

Fitness measurement A: Number of juvenile parasites found in host kidney and mature parasites 

found in host bladder. 

Parasite B: Protopolystoma sp. 
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Fitness measurement A: Number of juvenile parasites found in host kidney and mature parasites 

found in host bladder.  

Comparisons based on: Estimated confidence intervals 

Design: Post-metamorphic juveniles of the clawed toad were exposed to ten individuals of either 

parasite for ten days. After ten more days without parasites, hosts were then exposed to ten parasites 

of the other parasite for ten more days, after which they dissected and examined for parasites. A 

single infection control group was exposed to ten P. xenopodis for ten days prior to dissection. 

Researchers compared the fitness of both parasites in all infection groups.  

Results (P. xenopodis): For P. xenopodis, juvenile worms were only found in coinfected hosts in 

which P. xenopodis arrived second. Many mature worms were found in singly infected hosts, a 

reduced number in coinfected hosts in which the parasite arrives second, and none in coinfected 

hosts in which the parasite arrives first (Fig. 2). Since parasite fitness was 0 in coinfected hosts in 

which it arrived first, we conclude that it has 2nd arrival advantage. There is no evidence that arrival 

order determines whether coinfection facilitates or represses P. xenopodis. Since parasite fitness is 

lowest in coinfected hosts in which the parasite arrives first, unimodal prevalence relationships are 

possible (Figure 2).  

Results (Protopolystoma sp): There was no single infection treatment for Protopolystoma sp., so we 

do not consider its fitness.  

There was another experiment in this manuscript which involved sequential infections, but we are 

not reviewing it because it conducted sequential infections of simultaneous coinfections (e.g. 

parasites A and B at time point 1, parasite C at time point 2).  

 

Levin 2007: 

Host: mice 

Parasite A: Anaplasma phagocytophilum 

Fitness measurement A: Infected mice were exposed to susceptible ticks. Parasite fitness is the 

proportion of those ticks the parasite transmitted to.  

Parasite A: Borrelia burgdorferia 

Fitness measurement B: Infected mice were exposed to susceptible ticks. Parasite fitness is the 

proportion of those ticks the parasite transmitted to. 
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Design: 2 month old mice were singly infected by exposing mice to ticks infected with Anaplasma 

or Borrelia. Researchers sequentially infected additional mice by exposing two month old mice to 

ticks infected by one parasite, and exposing them to ticks infected with the other parasite 2 weeks 

later. The probability of naïve ticks to pick up parasite from each of these host classes was 

compared. 

Results: Both Anaplasma and Borrelia have significantly lower fitness in sequentially infected hosts 

in which they arrived second than in either sequentially infected hosts in which they arrive first or 

singly infected hosts. Neither parasite has significantly different fitness between hosts in which they 

arrived first and singly infected hosts. Thus, both parasites have 1st arrival advantage, and arrival 

order does not determine whether coinfection facilitates or represses the parasites (Table 4). 

 

Lohr et al. 2010: 

Host: Daphnia galeata 

Parasite A: Metschnikowia bicuspidata 

Fitness measurement A: Infectious spore yield at host death, proportion hosts infected in each 

treatment. 

Parasite B: Caullerya mesnili 

Fitness measurement A: Infectious spore yield at host death, proportion hosts infected in each 

treatment. 

Design: Daphnia were exposed to infectious spores of either parasite when they were 7 days old to 

create singly infected hosts. For sequential treatments, additional Daphnia were exposed to one 

pathogen on day 7, and the other pathogen on day 10. Fitness of both pathogens was compared 

across all treatments.  

Results (Metschnikowia): Coinfection uniformly increased the ability of Metschnikowia to infect the 

host (Figure 1). The number of Metschnikowia spores released from coinfected hosts where 

Caullerya arrived first is not significantly different than the number of Metschnikowia spores 

released from singly infected hosts. However, coinfection significantly reduces the number of 

Metschnikowia spores released when Metschnikowia arrives first. Thus, Metschnikowia has 2nd 

arrival advantage. Further, this means that Metschnikowia can experience a unimodal prevalence 

relationship, since its lowest fitness is when it arrives first in coinfected hosts. There is no evidence 

that arrival order determines whether coinfection facilitates or represses Metschnikowia (Fig. 4b). 
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Results (Caullerya): Coinfection uniformly increased the ability of Caullerya to infect the host 

(Figure 1). The number of Caullerya spores released from coinfected hosts where Caullerya arrived 

first is not significantly different than the number of Caullerya spores released from singly infected 

hosts. However, coinfection significantly reduces the number of Caullerya spores released when 

Metschnikowia arrives first. Thus, for Caullerya, there is a benefit to 1st arrival. There is no 

evidence that arrival order determines whether coinfection facilitates or represses Caullerya, or that 

within-host priority effects can create unimodal prevalence relationships (Fig. 4a). 

 

Marchetto and Power 2017: 

Host: barley 

Parasite A: Barley yellow dwarf virus 

Fitness measurement A: Infected hosts were exposed to susceptible aphids, which were then 

exposed to naïve hosts. Parasite fitness is the proportion of secondary hosts successfully infected. 

(Study also reports viral titer in hosts over time, but transmission is a more direct measurement of 

host fitness). 

Parasite B: Barley stripe mosaic virus 

Fitness measurement B: Leaves from infected hosts were used to inoculate naïve hosts. Parasite 

fitness is the proportion secondary hosts successfully infected. 

Design: Barley plants were singly infected by either virus 1 week after planting. Additional plants 

were sequentially coinfected, with infection by the first virus occurring one week after planting, and 

the second infection occurring one week later. 10 weeks after planting, the ability of both viruses to 

transmit to secondary hosts (by aphids or physical contact) was compared between treatments.  

Results (YBDV): Coinfection had no impact on virus transmission (stated in text). 

Results (BSMV): Coinfection had no impact on virus transmission (stated in text). 

 

Natsopoulou et al. 2015: 

Host: European honeybee 

Parasite A: Nosema ceranae 

Fitness measurement A: Pathogen load per host at time of host death 
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Parasite A: Nosema apis 

Fitness measurement B: Pathogen load per host at time of host death. 

Design: Researchers singly infected hosts with either parasite 3 or 6 days after host emergence from 

pupae. Additional hosts were sequentially coinfected with the first parasite infecting on day three 

and the second parasite infecting on day 6. Pathogen fitness in coinfected hosts was then compared 

with pathogen fitness in singly infected hosts with the corresponding single infection time point.  

Results (Nosema ceranae): Parasite load was significantly reduced for Nosema ceranae in 

coinfections only when it was the second parasite to arrive. Thus, Nosema ceranae had 1st arrival 

advantage. There is no evidence that arrival order determines whether coinfection facilitates or 

represses Nosema ceranae, or that within-host priority effects can create unimodal prevalence 

relationships (Fig. 1). 

Results (Nosema apis): Parasite load was significantly reduced for Nosema apis in coinfections only 

when it was the second parasite to arrive. Thus, Nosema apis had 1st arrival advantage. There is no 

evidence that arrival order determines whether coinfection facilitates or represses Nosema apis, or 

that within-host priority effects can create unimodal prevalence relationships (Fig. 1). 

 

Rynkiewicz et al. 2017: 

Host: white-footed mouse 

Parasite A: Borrelia burgdorferi (Strain BL206) 

Fitness measurement: Researchers let uninfected ticks feed on infected hosts at various time points, 

and then measured the proportion of ticks infected by each strain. 

Parasite A: Borrelia burgdorferi (Strain LG734) 

Fitness measurement: Researchers let uninfected ticks feed on infected hosts at various time points, 

and then measured the proportion of ticks infected by each strain. 

Design: Adult mice were singly infected by exposing them to ticks infected with either pathogen 

strain on day 0 of the experiment. Additional hosts were sequentially coinfected by exposing them 

to ticks infected by one strain on day 0 of the experiment, and to ticks infected by the other strain on 

day 21 of the experiment.  Strain fitness was measured in each treatment by exposing mice to naïve 

ticks on days 7, 14, 28, 35 and 49 of the experiment, and measuring the proportion of ticks to 

become infected by each parasite.  
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Results (BL206): The transmission of strain BL206 is significantly reduced in coinfections only if it 

is the second parasite to arrive in a host. Thus, we it has 2nd arrival advantage (Table 1, Fig. 3). 

There is no evidence that arrival order determines whether coinfection facilitates or represses 

BL206, or that within-host priority effects can create unimodal prevalence relationships (Fig. 3). 

Results (BL206): Transmission of strain LG734 is not impacted by coinfection (Fig. 3). 

 

Sandoval-Aguilar et al. 2015: 

Host: diamondback moth 

Parasite A: Zoophthora radicans 

Fitness measurement A: Proportion of hosts innoculated with Zoophthora to release infectious 

Zoophthora spores at time of host death. 

Parasite B: Pandora blunckii 

Fitness measurement B: Proportion of hosts inoculated with Pandora to release infectious Pandora 

spores at time of host death. 

Design: 3rd instar moth larvae were singly exposed to either parasite by exposing hosts to spores for 

thirty minutes. For sequential coinfection, 3rd instar larvae were exposed to either pathogen for 

thirty minutes, and then exposed to the other pathogen 4, 8, or 12 hours later. These experiments 

were conducted for two different strains of Zoophthora crossed with two different strains of 

Pandora. For reporting pathogen fitness, all sequential infections for an arrival order were lumped.  

Results (Zoophthora): Zoophthora fitness in coinfected hosts is reduced when it arrives first in all 

strain combinations compared to when it arrives second (Fig. 1–4). Thus it has 2nd arrival 

advantage. There is no evidence that arrival order determines whether coinfection facilitates or 

represses Zoophthora. Because Zoophthora has its lowest fitness in coinfected hosts in which it 

arrives first, within-host priority effects may create unimodal prevalence relationships. 

Results (Pandora): Pandora fitness in coinfected hosts is reduced when it arrives first in all strain 

combinations compared to when it arrives second (Fig. 1–4). Thus it has 2nd arrival advantage. 

Because Pandora has its lowest fitness in coinfected hosts in which it arrives first, within-host 

priority effects may create unimodal prevalence relationships. 
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Studies on sequential infection and within-host priority effects which were not 

included in Table 1  

We found many studies on sequential infection that did not meet our qualifications for inclusion in 

Table 1. We include them here, along with our reasons for not including them, so that readers may 

have a broader view of the field of sequential coinfection studies.  

Many studies conducted sequential infections, but only did so in one order. Thus, we do not know 

the fitness of any one pathogen both in coinfections where they arrived first, and in coinfections 

where they arrive second. The studies excluded for this reason were Jager and Schorring (2006), 

Cooper et al. (2008), Karvonen et al. (2009), Dianne et al. (2010), Lee et al. (2010), Laine (2011), 

Randall et al. (2013), Hafer and Milinski (2016), Budischak et al. (2016), Klemme et al. (2016), 

(Wuerthner et al. 2017), Chowdhury et al. (2018).  

 

Gold et al. (2009) and Devevey et al. (2015) lack reported comparisons between parasites in singly 

infected and coinfected hosts. 

 

Sousa (1993), Curtis and Tanner (1999), and Hood (2003) found superinfection patterns, and thus 

did not examine coinfected hosts.  

 

Fernandez and Esch (1991a, b) and Sapp and Esch (1994) both used mark recapture studies of 

parasite infra-communities. While they observed how order of infection changed parasite infra-

communities, they only reported prevalence of each parasite over time. 

 

Hargreaves et al. (1975), Tchuenté et al. (1995), and Thomas et al. (2003) all conducted sequential 

infections, but did not measure parasite fitness, instead measuring factors such as host health. 

 

Aapola and Rochow (1971), Sernicola et al. (1999), and Seifi et al. (2012) all used a primary 

infection to induce complete cross-protection against later arriving parasites, and so didn’t study 

coinfected hosts.  

 

Ben-Ami et al. (2008) studied sequential intra-specific coinfections. Researchers could not 

differentiate between the fitness of different strains in coinfected hosts.  

 

Kennedy et al. (2009) and Werner and Kiers (2015) studied sequential inoculation of mutualists, not 

parasites.  
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Leung and Poulin (2011) did not differentiate between parasite fitness in single infections and 

parasite fitness in coinfections with first arrival. 

 

Kim et al. (2010) was not included because while it did measure the fitness of various viruses in 

sequential infections, results comparing the fitness of pathogens between coinfection treatments 

were not presented (though we suspect the comparison could have been done with the data).  

 

Mordecai et al. (2016) was not included because the within-host priority effects used in their model 

were taken from other studies.  

 

Prevalence relationships with density-dependent or frequency-dependent direct 

transmission 

Here we show that our general results hold for models where there is density-dependent or 

frequency-dependent direct transmission.  The model for density-dependent direct transmission is 

given in Eq. A1–A5. The model for frequency-dependent direct transmission is given in Eq. A6–

A10. All parameters and variables have the same interpretation except that the 𝛽 parameters 

represent transmission rates for each infectious class (the units for the beta parameters are 

individual/time for the density-dependent model and 1/time for the frequency-dependent model).  

For both direct transmission models, the prevalence of parasite 𝐴 was increased by increasing the 

transmission rates for all infectious classes infected by parasite 𝐴. In particular, we set 𝛽#(#) = 𝑞 ∗

𝛽(((), 𝛽#(#()= 𝑞 ∗ 𝛽((#(), and 𝛽#((#)=𝑞 ∗ 𝛽(((#) and then increased the value of 𝑞 from 0 to 2, 

which causes a monotonic increase in the prevalence of parasite 𝐴. Note that the parameter 𝑞 is a 

ratio of the transmission rates of parasites 𝐴 and 𝐵.   

As shown in supplementary Fig. A1 and A2, the prevalence relationships for direct 

transmission models are qualitatively similar to prevalence relationships for environmental 

transmission models (Fig. 3, main text) for all scenarios.  In particular, monotonically decreasing 

relationships arise for scenarios I and IV (no priority effects) and scenario V (first arrival advantage, 

parasite fitness reduced in coinfections).  Unimodal relationships occur for scenarios II (first arrival 

advantage, no net fitness effect of coinfection on parasites), III (second arrival advantage, no net 

fitness effect of coinfection on parasites) and VI (second arrival advantage, parasite fitness reduced 

in coinfections). 
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Figure A1. Effects of priority effects on parasite prevalence in models with density-dependent direct 

transmission. Lines show prevalence of parasite 𝐵 at equilibrium conditions in response to 

transmission of parasite 𝐴 relative to the transmission of parasite 𝐵. Dashed vertical lines mark 

where parasite 𝐴 transmission is equal to parasite 𝐵 transmission. As we increase parasite 𝐴 

transmission, the prevalence of parasite 𝐴 increases. Thus, relationships shown here approximate 

correlations between host prevalences. Asterisks indicate maximum or minimum values. Parameter 

values which differ between priority effect scenarios are given in Table A1.  
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Parameter Scenario I Scenario II Scenario 

III 

Scenario 

IV 

Scenario V Scenario 

VI 

𝛽((() 0.001 0.001 0.001 0.001 0.001 0.001 

𝛽((#() 0.001 0.0005 0.0015 0.0006 0.0003 0.0009 

𝛽(((#) 0.001 0.0015 0.0005 0.0006 0.0009 0.0003 

𝛽#(#) q0.001 q0.001 q0.0005 q0.001 q0.001 q0.001 

𝛽#(#() q0.001 q0.0015 q0.0005 q0.0006 q0.0009 q0.0003 

𝛽#((#) q0.001 q0.0005 q0.0015 q0.0006 q0.0003 q0.0009 

Table A1. Parameter values for transmission rates in different priority effect scenarios for our 

density-dependent direct transmission model. 𝛽9(U) represents the transmission rate of parasite 𝑖 

from host class 𝑗 (units = hosts/time). 𝑞 represents the ratio of transmission rates from hosts singly 

infected by 𝐴 to hosts singly infected by 𝐵,	as represented by the x-axis of Fig. A1.  

 

 

Figure A2. Effects of priority effects on parasite prevalence in models with frequency-dependent 

direct transmission. Lines show prevalence of parasite 𝐵 at equilibrium conditions in response to 

transmission of parasite 𝐴 relative to the transmission of parasite 𝐵. Dashed vertical lines mark 

where parasite 𝐴 transmission is equal to parasite 𝐵 transmission. As we increase parasite 𝐴 

transmission, the prevalence of parasite 𝐴 increases. Thus, relationships shown here approximate 

correlations between host prevalences. Asterisks indicate maximum or minimum values. Parameter 

values which differ between priority effect scenarios are given in Table A2.  
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Parameter Scenario I Scenario II Scenario 

III 

Scenario 

IV 

Scenario V Scenario 

VI 

𝛽((() 1 1 1 1 1 1 

𝛽((#() 1 0.5 1.5 0.6 0.3 0.9 

𝛽(((#) 1 1.5 0.5 0.6 0.9 0.3 

𝛽#(#) q1 q1 q1 q1 q1 q1 

𝛽#(#() q1 q1.5 q0.5 q0.6 q0.9 q0.3 

𝛽#((#) q1 q0.5 q1.5 q0.6 q0.3 q0.9 

Table A2. Parameter values for transmission rates in different priority effect scenarios for our 

frequency-dependent direct transmission model. 𝛽9(U) represents the transmission rate of parasite 𝑖 

from host class 𝑗 (units = 1/time). 𝑞 represents the ratio of transmission rates from hosts singly 

infected by 𝐴 to hosts singly infected by 𝐵,	as represented by the x-axis of Fig. A2.  

 

Priority effects acting through mortality, clearance or susceptibility 

Here we show that our general results hold for models with priority effects where infection order 

alters host mortality rates or parasite clearance rates. The model for priority effects which act 

through host mortality is given in Eq. A11–A17. All parameters and variables have the same 
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interpretation as in the main text, except that all infected hosts have the same propagule production 

rate (𝛽), and parasite induced mortality is now written as 𝑚U where 𝑗 represents the host infection 

class. Whereas in the main text, infection order may decrease parasite fitness by decreasing 

propagule production rate, here infection order may decrease parasite fitness by reducing host 

lifespan, thus giving parasites a shorter time over which to spread. 

The model for priority effects which act through host clearance is given in Eq. A18–A24. 

All parameters and variables have the same interpretation as in the main text, except that all 

infected hosts have the same propagule production rate (𝛽), and 𝛾9(U) represents the clearance rate 

of parasite 𝑖 from infection class 𝑗, with units 1/time. For all models, the prevalence of parasite 𝐴 

was increased by increasing the propagule infectivity, as in the main text. Whereas in the main text, 

infection order may decrease parasite fitness by decreasing propagule production rate, here 

infection order may decrease parasite fitness by increasing parasite clearance, thus giving parasites 

a shorter time over which to spread. 

As shown in supplementary Fig. A3 and A4, the prevalence relationships for models which 

incorporate priority effects via host mortality or parasite clearance are qualitatively similar to 

prevalence relationships for models where priority effects act via propagule production (Fig. 3, 

main text) for all scenarios. In particular, monotonically decreasing relationships arise for scenarios 

I and IV (no priority effects) and scenario V (first arrival advantage, parasite fitness reduced in 

coinfections).  Unimodal relationships occur for scenarios II (first arrival advantage, no net fitness 

effect of coinfection on parasites), III (second arrival advantage, no net fitness effect of coinfection 

on parasites) and VI (second arrival advantage, parasite fitness reduced in coinfections). 

Priority effects do not create non-monotonic relationships if they act via host susceptibility 

(e.g. parasites altering the ability of other parasites to co-infect the host). This is because non-

monotonic prevalence relationships require the lifetime transmission of pathogens in singly infected 

hosts, pathogens in co-infected hosts where the pathogen is the first to arrive, and pathogens in co-

infected hosts where the pathogen is the second to arrive to be different. This pattern cannot arise 

when priority effects increase or decrease host susceptibility to further infection, as hosts are 

identical once they have been co-infected.  
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Figure A3. Effects of priority effects on parasite prevalence when priority effects only influence the 

mortality rates of infected individuals. Lines show prevalence of parasite 𝐵 at equilibrium 

conditions in response to infectivity of parasite 𝐴 relative to the infectivity of parasite 𝐵. Dashed 

vertical lines mark where parasite 𝐴 infectivity is equal to parasite 𝐵 infectivity. As we increase 

parasite 𝐴 infectivity, the prevalence of parasite 𝐴 increases. Thus, relationships shown here 

approximate correlations between host prevalences. Asterisks indicate maximum or minimum 

values. Parameter values which differ between priority effect scenarios are given in Table A3.  
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Parameters Scenario I Scenario II Scenario 

III 

Scenario 

IV 

Scenario V Scenario 

VI 

𝑚# 0.02 0.02 0.02 0.02 0.02 0.02 

𝑚( 0.02 0.02 0.02 0.02 0.02 0.02 

𝑚#( 0.02 0.013 0.03 0.033 0.022 0.066 

𝑚(# 0.02 0.03 0.013 0.033 0.066 0.022 

Table A3. Parameter values for parasite induced mortality rates in different scenarios in which 

infection order changes parasite induced host mortality. 𝑚U  and 𝑚Uj are the mortality rate for  𝐼U 

and 𝐶Uj, respectively (units = 1/time).  

 

 

Figure A4. Effects of priority effects on parasite prevalence when priority effects only influence 

parasite clearance. Lines show prevalence of parasite 𝐵 at equilibrium conditions in response to 

infectivity of parasite 𝐴 relative to the infectivity of parasite 𝐵. Dashed vertical lines mark where 

parasite 𝐴 infectivity is equal to parasite 𝐵 infectivity. As we increase parasite 𝐴 infectivity, the 

prevalence of parasite 𝐴 increases. Thus, relationships shown here approximate correlations 

between host prevalences. Asterisks indicate maximum or minimum values. Parameter values 

which differ between priority effect scenarios are given in Table A4.  
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Parameters Scenario I Scenario II Scenario 

III 

Scenario 

IV 

Scenario V Scenario 

VI 

𝛾#(#) 0.02 0.02 0.02 0.02 0.02 0.02 

𝛾#(#() 0.02 0.013 0.033 0.033 0.022 0.066 

𝛾#((#) 0.02 0.033 0.013 0.033 0.066 0.022 

𝛾((() 0.02 0.02 0.02 0.02 0.02 0.02 

𝛾((#() 0.02 0.033 0.013 0.033 0.066 0.022 

𝛾(((#) 0.02 0.013 0.033 0.033 0.022 0.066 

Table A3. Parameter values for parasite induced mortality rates in different scenarios in which 

infection order changes parasite clearance rate. 𝛾9(U) represents the clearance rate of parasite 𝑖 from 

host class 𝑗 (units = 1/time).  
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Virulence expressed via reductions in host fecundity 

Here we show that our general results hold for models where parasites reduce host fitness by 

reducing fecundity rather than host lifespan.  The model for priority effects which act through host 

mortality is given in Eq. A25–A31. All parameters and variables have the same interpretation as in 

the main text, except that there is no parasite induced mortality (𝑚 = 0), and all infected host 

classes have a birthrate 𝑏A= 0.1, while susceptible hosts have a birthrate 𝑏A=0.2. This is meant to 

represent parasites which may castrate their hosts, or reduce host energy reserves to where host 

cannot reproduce, even though their lifespan is not reduced. The prevalence of parasite 𝐴 was 

increased by increasing the propagule infectivity, as in the main text.   

As shown in supplementary Fig. A5, the prevalence relationships for models in which 

parasites express virulence by reducing host fecundity is qualitatively similar to prevalence 

relationships for models where parasites express virulence by increasing host mortality (Fig. 3, 

main text) for all scenarios.  In particular, monotonically decreasing relationships arise for scenarios 

I and IV (no priority effects) and scenario V (first arrival advantage, parasite fitness reduced in 

coinfections).  Unimodal relationships occur for scenarios II (first arrival advantage, no net fitness 

effect of coinfection on parasites), III (second arrival advantage, no net fitness effect of coinfection 

on parasites) and VI (second arrival advantage, parasite fitness reduced in coinfections). 

 

 

Figure A5. Effects of priority effects on parasite prevalence when parasites reduce host fecundity. 
Lines show prevalence of parasite 𝐵 at equilibrium conditions in response to infectivity of parasite 
𝐴 relative to the infectivity of parasite 𝐵. Dashed vertical lines mark where parasite 𝐴 infectivity is 
equal to parasite 𝐵 infectivity. As we increase parasite 𝐴 infectivity, the prevalence of parasite 𝐴 
increases. Thus, relationships shown here approximate correlations between host prevalences. 
Asterisks indicate maximum or minimum values. Parameter values are the same as in main text, 
except where noted above.  
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Prevalence of parasite A plotted against prevalence of parasite B 

 

Figure A6. Prevalence of parasite 𝐵 as a function of parasite 𝐴 prevalence for all scenarios. This 

plot is recreated from Fig. 3 except that the prevalence of parasite A is shown on the x-axis instead 

of the propagule infectivity. Note that as the spore infectivity of parasite A increases, the prevalence 

of parasite A increases towards 1.  

 

Nondimensionalization 

In order to ascertain the generality of the model, we nondimensionalized our model to explore the 

sensitivity of our qualitative results to model parameters.  

Let 𝑟 = 𝑏 − 𝑑 and 𝐾 = :q
r

. Our rescaled (dimensionless) variables are  

𝑁 = s
q

; 𝑆 = a
q

; 𝐼9 =
At
q

; 𝐶9U =
Otu
q

; 𝐴 = #:
vw(w)q

; 𝐵 = (:
(x(y)q

; 𝜏 = 𝑡𝑟, where 𝑡 = time. 

The equations for the nondimensionalized model are 

𝑑𝑆
𝑑𝜏 = 𝑁Y1 − 𝑁Z − 𝑆Y𝑝#𝐴 − 𝑝(𝐵Z																																							𝑒𝑞. 𝐴32	 

𝑑𝐼#
𝑑𝜏 = 𝑝#𝑆𝐴 − 𝑝(𝐼#𝐵 − µ𝐼#																																													𝑒𝑞. 𝐴33 

𝑑𝐼(
𝑑𝜏 = 𝑝(𝑆𝐵 − 𝑝#𝐼(𝐴 − µ𝐼(																																											𝑒𝑞. 𝐴34 
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𝑑𝐶(#
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𝑑𝐴
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𝑑𝐵
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Where 𝑝# =
bwvw(w)q

:
, 𝑝( =

byvy(y)q
:

, 𝜇 = g}~
:

, 𝛽#(9U) =
vw(tu)
vw(w)

, 𝛽((9U) =
vy(tu)
vy(y)

, 𝛼 = �
:
, 𝑓 = qC

:
. 

We explored the parameter space of the remaining variables across which we found unimodal 

prevalence relationships for scenarios II, III, and VI (Table A4). 

Variable/Parameter Scenario II Scenario III Scenario VI 

𝑓 ̅ (0.0-0.0038] (0.0-0.0038] (0.0-0.0037] 

𝛼� [0.0-1.7] [0.0-1.7] [0.0-1.7] 

𝑚�  (0.0-0.23] (0.0-0.35] (0.0-0.24] 

𝑝(��� (0.0-0.0011] (0.0-0.0017] (0.0-0.002] 

𝑃𝑟𝑖𝑜𝑟𝑖𝑡𝑦	𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ [0.003-2.0] [0.03-2.0] [0.05-1.33] 

    

Table A4. Range of values for which there is a unimodal prevalence relationship for scenarios II, 

III, and VI. Parentheses and brackets denote if the intervals are open or closed, respectively. 

Altering parameters removed unimodal prevalence relationships only when doing so increased 

parasite fitness enough so that all hosts were consistently co-infected, or decreased parasite fitness 

enough so that hosts were never co-infected. This is because unimodal prevalence relationships 

require transitions between singly infected and co-infected host classes (Fig. 5). Parasite fitness was 

too low at high values of 𝑚 and 𝛼 and low values of 𝑝( and 𝑓. Parasite fitness was too high at low 

values of 𝑚 and 𝛼 and high values of 𝑝( and 𝑓.  

 

𝑃𝑟𝑖𝑜𝑟𝑖𝑡𝑦	𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑃𝑆) is measured as the spore yield difference of parasite 𝐵 between co-

infection classes, divided by the average spore yield of parasite 𝐵 across co-infection classes, or  

𝑃𝑆 = �
(𝛽((#() − 𝛽(((#))

(𝛽((#() + 𝛽(((#))/2
� 																																																𝑒𝑞. 𝐴9 
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Thus, the greater 𝑃𝑆 is, the greater the impact of infection order on pathogen fitness. At very low 

𝑃𝑆 values (weak priority effects), prevalence relationships are driven by impacts of pathogens on 

host density, and the fitness differences of pathogens between singly infected hosts and co-infected 

hosts on average. In main text, values of 𝑃𝑆 are 0.0 for scenarios I and IV, and 1.0 for all other 

scenarios.  
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