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Abstract 11 

How directly-transmitted pathogens benefit from harming hosts is key to understanding 12 

virulence evolution. It is recognized that pathogens benefit from high within-host loads, often 13 

associated with virulence. However, high virulence may also directly augment spread of a given 14 

amount of pathogen, here termed “spreadability”. We used house finches and the conjunctival 15 

pathogen Mycoplasma gallisepticum to test whether two components of virulence– the severity 16 

of conjunctival inflammation and behavioral morbidity produced– predict pathogen 17 

spreadability. We applied ultraviolet powder around the conjunctiva of finches that were 18 

inoculated with pathogen treatments of distinct virulence and measured within-flock powder 19 

spread, our proxy for “spreadability”. When compared to uninfected controls, birds infected with 20 

a high-virulence, but not low-virulence, pathogen strain, spread significantly more powder to 21 

flockmates. Relative to controls, high-virulence treatment birds both had more severe 22 

conjunctival inflammation– which potentially facilitated powder shedding– and longer bouts on 23 

feeders, which serve as fomites. However, food peck rates and displacements with flockmates 24 

were lowest in high-virulence treatment birds relative to controls, suggesting inflammatory rather 25 

than behavioral mechanisms likely drive augmented spreadability at high virulence. Our results 26 

suggest that inflammation associated with virulence can facilitate pathogen spread to 27 

conspecifics, potentially favoring virulence evolution in this system and others. 28 
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Introduction 32 

Pathogens that rely on host mobility to spread, yet are also sufficiently virulent to cause 33 

lethargy or death in their hosts, present an apparent evolutionary paradox [1,2]. Theoretical 34 

models of virulence (defined here as the pathogen contribution to infection-induced morbidity 35 

and mortality) helped resolve this paradox by demonstrating that, despite its presumed fitness 36 

costs, high virulence can still be favored for directly-transmitted pathogens [e.g. 1]. Most simply, 37 

high virulence can benefit pathogen fitness if the damage to hosts (e.g., inflammation, behavioral 38 

morbidity) associated with virulent infections directly augments an infected host’s likelihood of 39 

transmission. For example, the symptoms associated with the severe tissue inflammation (e.g., 40 

coughing, diarrhea, weeping lesions) caused by some virulent pathogens can facilitate the exit of 41 

live pathogen from hosts, the deposition of pathogen onto surfaces that serve as fomites, or even 42 

the degree of pathogen viability in the external environment [3–6], all of which could augment 43 

spread to conspecifics. Further, behaviors such as immobility that result from some virulent 44 

infections have clear potential fitness benefits for pathogens that rely on successful vector biting 45 

of hosts for spread [1]. Overall, while these direct benefits of high virulence for pathogens were 46 

first hypothesized >60 years ago [7], it is challenging to isolate such benefits from the other 47 

potential fitness benefits of high virulence that may occur simultaneously for many pathogens. 48 

It is particularly difficult to disentangle potential direct benefits of virulence for 49 

pathogens discussed above, whereby host tissue damage or morbidity itself facilitates spread, 50 

from what we term the “load-dependent” benefits of virulence that are associated with high 51 

within-host pathogen replication rates in many systems [8]. For example, under a common 52 

formulation of the seminal virulence "trade-off" hypothesis, virulence and its associated fitness 53 

costs for pathogens arise as an unavoidable consequence of the high within-host exploitation 54 

needed for successful pathogen replication and transmission [1,9]. Under this framework, higher 55 

virulence can be favored whenever the benefits to pathogens from high within-host exploitation 56 

(for example, by augmenting the amount of within-host pathogen available to transmit) outweigh 57 

the associated fitness costs of virulence for pathogens (i.e., fewer opportunities for transmission 58 

due to morbidity [10] and mortality [11], or other trade-offs [12]). Thus, a common but not 59 

universal assumption of this framework is that transmission benefits to virulence for pathogens 60 

are largely load-dependent [e.g. 8]. Indeed, a meta-analysis of the trade-off hypothesis found 61 

support for two core assumptions of this virulence model: among pathogen strains, positive 62 



relationships were detected between pathogen within-host replication rates and virulence, and 63 

between pathogen within-host replication and transmission rate [8]. In contrast, the potential for 64 

virulence per se (tissue damage, behavioral morbidity) to directly augment the ability of a 65 

pathogen strain to spread a given amount of its available within-host load to conspecifics [1], 66 

leading to potential transmission benefits above and beyond those associated with higher 67 

pathogen loads, has received relatively less attention [but see 13,14]. 68 

Here we aimed to explicitly test these potential direct benefits of high virulence (tissue 69 

damage, behavioral morbidity) for pathogens by quantifying the extent to which a host spreads 70 

equivalent starting amounts of an inert powder to conspecifics following inoculation with 71 

treatments of distinct virulence. By doing so, we aimed to empirically isolate one key direct 72 

benefit to high virulence for pathogens [e.g. 1,9]: the ability to spread a given amount of 73 

pathogen load to conspecifics, which we term “spreadability”. We note that because 74 

spreadability is defined as the ability of a strain to transmit a given load of pathogen (Figure 1), 75 

in most host-pathogen systems it should be considered alongside other pathogen traits, such as a 76 

given strain’s average pathogen load, to predict overall transmission potential or force of 77 

infection [15,16]. Although our metric of “spreadability” shares similarities with metrics such as 78 

contact rate and “infectiousness” [17], the lack of clear parallels with existing terms in the 79 

infectious disease literature led us to use a unique term (Figure 1). Few empirical studies have 80 

explored the role of direct benefits of strain virulence (tissue damage, behavioral morbidity) for 81 

pathogens, but here we leveraged a system for which pathogen virulence has steadily increased 82 

in the wild [18,19], and for which prior work suggests direct benefits of virulence (in the form of 83 

tissue damage) for transmission: house finches (Haemorhous mexicanus) and their bacterial 84 

pathogen Mycoplasma gallisepticum (MG).  85 

 86 



 87 
Figure 1. Illustration and definition of the concept of pathogen spreadability, a trait relevant for 88 
a range of directly-transmitted pathogens. For context, we also define three epidemiological traits 89 
that are most related yet still distinct from spreadability, and note their expected relationship with 90 
spreadability. For most systems, pathogen spreadability would need to be combined with related 91 
traits such as pathogen load to generate robust overall estimates for a given strain’s “force of 92 
infection”, defined generally as a product of the contact rate between susceptible and infectious 93 
hosts, and the probability that a given contact results in successful transmission [16]. While 94 
spreadability influences both components of the force of infection, the average pathogen load 95 
available for spread will also contribute to the latter component. Figure made in Biorender. 96 

 97 

The severe conjunctivitis caused by MG infection in house finches significantly reduces 98 

host survival rates and resulted in notable population declines following initial pathogen 99 

emergence [20,21], suggesting that high virulence carries mortality costs for MG in this system. 100 

MG in finches is transmitted directly or via indirect contacts on environmental fomites such as 101 

bird feeders [22]; however, the fairly limited environmental viability of MG outside of the host 102 

[23] makes this pathogen highly dependent on host mobility for transmission, akin to an 103 

exclusively directly-transmitted pathogen [24]. Nonetheless, following its emergence in house 104 

finches in the mid-1990s [25], MG has steadily increased in virulence on each coast of the 105 

United States [18,19]. Prior studies found that more virulent MG strains are associated with 106 

higher within-host pathogen loads [19] and higher transmission rates [24], suggesting the 107 

potential for associated benefits of virulence in terms of higher within-host pathogen replication. 108 



However, a more recent study using 55 MG strains collected over time since the pathogen 109 

emerged in house finches found the higher transmission rates of more recent, virulent strains 110 

could not be explained by within-host pathogen loads, suggesting instead that direct benefits to 111 

virulence in the form of tissue inflammation are more important for transmission in this system 112 

[13]. The potential importance of inflammation in mediating transmission benefits for MG in this 113 

system was further supported by recent work using a single MG strain, which found that the 114 

relative degree of conjunctival pathology (while controlling for pathogen load) among infected 115 

hosts was highly predictive of MG spread to cagemates [26].  116 

Together, past results in the house finch-MG system suggest that the conjunctival 117 

inflammation associated with virulence may directly facilitate the likelihood of spreading a given 118 

unit of pathogen load, a phenomenon that may occur broadly for pathogens where transmission 119 

is associated with inflammation [4,6]. Further, host behaviors associated with high virulence may 120 

also augment pathogen "spreadability", if hosts infected with more virulent strains spend more 121 

time in contact with bird feeders, a metric shown to influence MG transmission in experimental 122 

epidemics and free-living birds [22]. Thus, both inflammatory and behavioral mechanisms of 123 

virulence may be important drivers of higher spreadability for virulent pathogen strains, both for 124 

the house finch-MG system and more broadly. Nonetheless, empirically isolating direct effects 125 

of strain virulence on "spreadability" requires methods that can directly assay relevant proxies of 126 

spread that are not confounded by potential differences in the amount of pathogen available for 127 

shedding among strains or treatments.  128 

To address this challenge, we applied equivalent amounts of an inert, UV-fluorescent 129 

powder to “index birds” experimentally inoculated with MG strains of distinct virulence or 130 

control media (Table 1) to test whether virulence treatment is associated with the degree of 131 

within-flock powder spread (our metric of "spreadability"). To measure spreadability in a manner 132 

most relevant to MG transmission, fluorescent powder was applied directly around the 133 

conjunctivae of index birds and spreadability was quantified as the degree of powder spread to 134 

the conjunctival region of each index bird’s flockmates. Any detected differences in powder 135 

spread across treatments (‘spreadability’) thus represent both 1) how much of the starting amount 136 

of powder (equivalent for all index birds) was shed from the conjunctival region of index birds 137 

and 2) the rate of contact (both direct and indirect) between the conjunctival regions of index 138 

birds and those of their flockmates, independent of any differences in MG load. We predicted 139 



that birds experimentally infected with a high-virulence strain would spread fluorescent powder 140 

more effectively to their flockmates than those infected with a low-virulence strain or control 141 

media. We also measured potential mechanisms associated with the degree of powder spread 142 

through a flock. 143 

 144 

Materials and Methods 145 

Forty-five hatch-year house finches were captured via cage traps in Montgomery County 146 

and the City of Radford, VA. All birds were quarantined for two weeks (see ESM) and screened 147 

for MG seropositivity via an IDEXX© MG Ab Test kit (IDEXX, Westbrook, Maine) as per [27]. 148 

After stratifying by sex to ensure equivalent sex ratios in our mixed-sex flocks (either a 2:3 or 149 

3:2 F:M sex ratio), birds were assigned randomly to flocks (n=5 birds per flock) with the 150 

exception of three seropositive birds that were assigned to control treatments given their 151 

potential prior exposure to MG (see ESM). Each bird was given a unique combination of color 152 

bands, one of which contained a passive integrated transponder (PIT) tag with a unique 9-digit 153 

identifier.  154 

On experimental day -14 (i.e., two weeks prior to index bird inoculation), birds were 155 

placed in flocks in one of nine outdoor aviary units (5.5 m × 2.5 m × 2.4 m) that were set up 156 

identically (Figure S1); each flock had access to two tube-shaped feeders (one on each side of the 157 

aviary unit) containing ad libitum food (see ESM). Each feeder had only one accessible feeding 158 

port with a perch, to which a radio frequency identification device (RFID) antenna was attached 159 

[28]. Each antenna was connected to a reader which logged any birds present each second from 160 

06:00 to 20:00 EDT for the duration of the study. Because prior work found that the time an 161 

index bird spends on a feeder predicts the extent of transmission in experimental epidemics [22], 162 

we controlled for such variation by selecting birds from each flock that spent the second-highest 163 

amount of time on the feeder as the index bird for that group (see ESM). The majority (7/9) of 164 

the index birds were males, but one index bird in each virulence treatment (low and high) was 165 

female. 166 

On 9 October 2017, the selected “index” bird in each flock was inoculated with 40 uL 167 

total, split between conjunctivae, of sterile Frey’s medium (control treatment) or with one of two 168 

strains of Mycoplasma gallisepticum (n=3 flocks / each) suspended in Frey’s media at a 169 

concentration of 7.5 x 105 color-changing units per mL. We used the strains VA1994 (7994-1 170 



(7P) 2/12/09), a low to mid-virulence strain, and NC2006 (2006.080-5 (4P) 7/26/12), a high-171 

virulence strain. Both strains have been repeatedly characterized in prior work and show 172 

consistent differences in virulence, as measured by the degree of conjunctival inflammation 173 

produced in house finches from the same capture population [19,24,29]. Following inoculation, 174 

we quantified clinical signs of disease twice weekly using a 0-3 scoring system described in [30],  175 

with values assigned at 0.5 intervals for clinical signs that fell intermediate to two integer scores. 176 

Scores per eye were combined at each time point to give a composite eye score ranging from 0 to 177 

6 for each individual. Conjunctival pathogen loads were also quantified (see ESM) over the 178 

course of infection.  179 

We used inert, UV-fluorescent powder (inset picture, Figure 2) to measure the potential 180 

for a given load of MG to spread from index birds to flockmates. A single individual (R.B.) blind 181 

to treatment assignments and goals of the study (until data collection was over) used small make-182 

up brushes to apply equivalent amounts of powder of a single color (ECO-11 Aurora Pink; Day-183 

Glo Color Corp., Cleveland, OH, USA) to the feathered region directly surrounding the 184 

conjunctiva of each index bird, avoiding any direct contact with the conjunctiva itself. Powder 185 

was applied on day 10 post-inoculation (PI) to capture variation in spreadability when it is most 186 

relevant for the infectious period of MG (which peaks days 7-14; [31]). Twenty-four hours later, 187 

we captured all birds and scored the amount of powder around the conjunctiva of flockmates 188 

(within ½ eye width diameter of edge of the conjunctiva) as 0=not detectable, 1=trace amounts, 189 

2=moderately fluorescent, or 3=brightly fluorescent. The two conjunctivae were scored 190 

separately and summed (left plus right) within sampling day per individual for data analysis, for 191 

a maximum possible powder score of six. The same individual (R.B.) scored powder amounts for 192 

all birds while blind to treatments and study goals to prevent bias in powder application or 193 

scoring.  194 

We used video imaging to quantify behaviors not generated by RFID data, which only 195 

record bird presence at feeding ports. We took close-up videos of a single feeder port for each 196 

flock for a minimum of one hour per flock on days 7-9 post-inoculation (PI). Video from one 197 

flock was not usable and thus that flock was re-taped on day 16 PI. Videos were analyzed by a 198 

single observer unfamiliar with the goals of the study. The number of pecks per second at food 199 

were quantified by counting the number of times an individual bird stuck its head into the port 200 

(pecks that successfully resulted in food acquisition and those that did not were considered 201 



equivalent), and dividing that total by the length of the feeding bout in seconds (defined as the 202 

total time birds were perched continuously on a feeding port).  203 

Statistical Analyses. All analyses were done in R Version 4.2.1 [32] using code and raw 204 

data available at [33]. To test for pairwise differences amongst fixed effects or their interactions 205 

in the mixed models detailed below, we used contrasts (back-transforming to the response scale) 206 

in the emmeans package [34], which calculates Tukey-adjusted p-values.  207 

First, we used cumulative link mixed models (CLMM) in the ordinal package [35] to 208 

answer our core question as to whether virulence treatment predicted the degree of an index 209 

bird’s powder spread to flockmates ("spreadability"). Our predictor variable was index bird 210 

treatment (control, low-virulence, high-virulence) and we accounted for non-independence 211 

among flockmates housed with the same index bird by specifying "group" as a random effect. 212 

Our response variable was the summed powder score of each flockmate (left plus right powder 213 

score), which was treated as a factor (here an ordinal factor of 0, 1, or 2; Figure 2). Although 214 

powder scores had a maximum possible value of six, only the index birds (which had powder 215 

directly applied to their conjunctivae to initiate spread) were observed with summed values of 216 

six. In contrast, the maximum summed powder score for flockmates (the only birds included in 217 

the spreadability analysis), was two, reflecting the expected lower quantities of powder resulting 218 

from spread versus direct application; thus the maximum ordinal response for flockmate powder 219 

score in our CLMM was 2 (Figure 2). Sex was initially included as a covariate but the parameter 220 

estimate was not significant (p=0.65) and inclusion of sex did not improve the model (Likelihood 221 

ratio test: p=0.65); thus sex was removed from the final model. 222 

We next examined two potential mechanisms that may contribute to differences in 223 

spreadability among strains. To test whether virulence treatments resulted in the expected 224 

differences in severity of tissue inflammation, we tested whether conjunctivitis severity varied 225 

with index bird treatment. To eliminate non-independence in our data, we calculated the 226 

maximum eye score observed for a given index bird (n=9 total) in the first two weeks PI. 227 

Because our response data did not meet the assumptions of parametric tests, we used a Kruskal-228 

Wallis test (kruskal.test in base R)  to determine whether maximum eye scores differed by 229 

treatment. We then conducted pairwise Dunn’s tests using the dunn.test package [36] to 230 

determine which treatments differed significantly from each other. 231 



Finally, we examined how virulence treatment influenced the behavior of the 232 

experimentally infected index birds, focusing on three behavioral metrics potentially important 233 

for spreadability of MG. First, we used RFID data to quantify the length of individual feeding 234 

bouts (in seconds), defining a unique bout as >3 seconds long, with any RFID detection gaps at a 235 

given port > 4 sec long distinguishing the start of a new unique feeding bout for a given 236 

individual, as per our prior work [22]. Second, we used RFID data to quantify a proxy for the 237 

number of aggressive interactions occurring per day between focal birds and their flockmates at 238 

feeder ports, where house finches actively displace each other in competition for food resources 239 

[37]. Our proxy for aggressive interactions was the number of displacements per day at feeder 240 

ports for each bird, quantified as replacement of one individual’s PIT tag by another unique PIT 241 

tag within 2-seconds on the same feeding port (as per [22]). As such, displacement interactions 242 

may represent opportunities for both direct or indirect contact at feeder ports. For both feeding 243 

bout length and displacement interactions, we limited our analysis to RFID data collected on 244 

days that birds were not captured and sampled (which may alter behavior), focusing on three 245 

time-points: pre-inoculation (day -1 PI) as a baseline control, early in infection (days 1-2 PI), and 246 

at peak infectiousness for MG [31], which included the two days (days 8-9 PI) prior to powder 247 

application and the day after power quantification (day 12 PI). Finally, we used videos (collected 248 

days 7-9 PI) to collect data on the number of times per second that a bird directly pecked at food 249 

(see above).  250 

All three analyzed behavioral metrics (whether from RFID or video) contained multiple 251 

non-independent observations for a given individual; thus we used linear mixed models (LMM) 252 

or generalized linear mixed models (GLMM), implemented as lmer or glmer, respectively, in the 253 

lme4 package in R [38]), with bird ID as a random effect in all models (see ESM for calculation 254 

of fixed effect estimate p-values for LMM). Foraging bout lengths (in seconds) were analyzed in 255 

a GLMM with a gamma distribution and log-link function, to account for overdispersion in the 256 

integer data (see ESM). The number of displacement interactions (total count per bird per day) 257 

were analyzed in a LMM after square-root transformation, as recommended for count data [39], 258 

to meet the assumptions of linear models. Model residuals were checked for normality using 259 

Sharpiro-Wilk tests for the LMM. Data on pecks at food per second were right-skewed and did 260 

not meet the assumptions of linear models, so a gamma distribution in a GLMM was used (see 261 



ESM). For all LMMs and GLMMs, we tested for overall significance of fixed effects using the 262 

Anova function in the car package, which generates Type II Wald chisquare tests [40].  263 

For the RFID data models (foraging bout length, displacement interactions), we analyzed 264 

the data in two ways: first, we analyzed behavior of all birds at peak infection (days 8-9 and 12 265 

PI), testing the hypothesis that virulence treatment influenced the behavior of index birds, but not 266 

flockmates, at peak infection. To do so, we modeling interactive effects of two categorical 267 

variables: virulence treatment (control, low, high) and bird status (index bird versus flockmate). 268 

Second, we analyzed data over time for index birds only, testing the hypothesis that if MG 269 

treatment caused differences in behavior among index birds, differences should only be present 270 

post-treatment, and strongest at peak-infection. Thus, we modeled interactive effects of virulence 271 

treatment and time period (pre-infection, early-infection, and peak-infection), both treated as 272 

categorical. For the number of pecks per second at food while at feeder ports, data was only 273 

analyzed for index birds, and thus fixed effects included virulence treatment alone.  274 

Final sample sizes. A single flockmate (from a low-virulence treatment flock) was found 275 

dead on day 10 PI from unknown causes (necropsy was unremarkable). Thus, analyses of 276 

"spreadability" (data collected on day 11 PI) were limited to 35 total flockmates. A single index 277 

bird (also from the low-virulence treatment) was euthanized on day 15 PI, with necropsy results 278 

suggestive of Atoxoplasma. Thus, to ensure complete data, we limited analyses of maximum eye 279 

score for index birds to the first 14 days post-infection, when eye scores typically reach 280 

maximum values, and we limited behavioral data to the first 12 days PI. All video data were 281 

collected from complete flocks (prior to any mortality) but there were no foraging bouts recorded 282 

for a single index bird (high-virulence treatment) during video-taping. Thus, analyses of index 283 

bird behaviors from videos were limited to n=8 index birds (see below). For RFID data, we had 284 

complete data from all index birds, but PIT tags of two flockmates (one from a control flock, one 285 

from a low-virulence flock) were not consistently detected by RFID antennae. Therefore, 286 

analyses of flockmate foraging bout lengths were limited to n=34 flockmates.  287 

 288 

Results 289 

Spreadability to Flockmates. Relative to uninfected controls, index birds that were 290 

experimentally infected with a high-virulence strain spread significantly more of the same 291 

starting amount of UV powder to flockmates (Figure 2; n=35; CLMM: high-virulence b = 2.07 ± 292 



0.84 s.e., z = 2.46, p = 0.01). In contrast, experimental infection with the low-virulence strain 293 

was not associated with significantly augmented powder spread relative to controls (low-294 

virulence b = 0.28 ± 0.81 s.e., z = 0.35, p = 0.73) Post-hoc contrasts found significant pairwise 295 

differences between the control and high-virulence treatments (control-high: z ratio = -2.46, p = 296 

0.037) but only moderate and not statistically significant support for pairwise differences 297 

between the low-virulence and high-virulence treatments (low-high: z ratio = -2.09, p = 0.092). 298 

Consistent with CLMM parameter estimates, there was no support for pairwise differences 299 

between the control and low-virulence treatments (control-low z ratio = -0.35, p = 0.93).  300 

 301 
Figure 2. Index house finches infected with a high-virulence strain of Mycoplasma gallisepticum 302 
spread significantly more of the same starting amount of conjunctival UV fluorescent powder to 303 
their flockmates than did uninfected, control house finches (inset picture of an uninfected finch 304 
not used in this study, to illustrate powder application to index birds). The stacked bar chart 305 
summarizes the proportion of flockmates with a given powder score (max of score 2 observed 306 
for flockmates), representing spread from an index bird, for each treatment (n=35 flockmates in 9 307 
total groups). Scores were analyzed as ordinal factors (0, 1, or 2) in a cumulative link mixed 308 
model that accounted for flockmate group as a random effect. 309 
 310 

Index Bird Inflammation. As expected based on our a priori selection of treatments 311 

known to vary in virulence, the maximum eye scores of index birds post-inoculation varied with 312 
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virulence treatment (Figure 3; n=9, Kruskal-Wallis Chi-squared = 6.47, df = 2, p = 0.04). 313 

Maximum eye scores were lowest, on average, for control index birds (n=3; mean = 0, eye score 314 

range = 0-0), intermediate for index birds infected with the low-virulence strain (n=3; mean = 315 

2.17, eye score range = 0.5-5), and highest for index birds infected with the high-virulence strain 316 

(n=3; mean = 4.17, eye score range = 2-5.5). Post-hoc Dunn’s tests showed pairwise differences 317 

in maximum eye score between the high-virulence and control treatment (p = 0.018), but not the 318 

low-virulence versus control (p = 0.16) or low versus high-virulence treatments (p = 0.54). 319 

 320 
Figure 3. Index house finches (n=9) varied significantly in the maximum eye pathology scores 321 
(left plus right scores, for a maximum value of six) observed in the first 14 days following 322 
treatment with control media, a low-virulence strain of Mycoplasma gallisepticum, or a high-323 
virulence strain of M. gallisepticum. Darker lines represent the median, lower lines represent the 324 
25% quartile and upper lines indicate the 75% quartile.  325 

 326 

Foraging Bout Lengths. Foraging bout lengths at peak-infection (n=16,035 unique 327 

feeding bouts from n=43 unique birds over three days at peak infection [9-10 and 12 PI]) were 328 

significantly predicted by the interaction between virulence treatment and bird status, as well as a 329 

main effect of bird status, i.e. whether a bird was a directly-inoculated index bird or flockmate 330 

(Figure 4; status: Wald Test 𝑋2 = 7.17; p = 0.007; treatment:status interaction Wald Test: 𝑋2 = 331 
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13.1, p = 0.001; Table S1-S2). GLMM parameter estimates indicate that index status in 332 

interaction with both low- and high-virulence treatment was associated with significantly longer 333 

foraging bouts relative to control flockmates (Figure 4, high-virulence:index status b = 1.54 ± 334 

0.43 s.e., t = 3.58, p = 0.003; low-virulence:index status: b = 1.00 ± 0.44 s.e., t = 2.26, p = 0.024; 335 

Table S1). Post-hoc pairwise tests indicated that index birds in the high-virulence treatment 336 

significantly differed from index birds in the control treatment, as well as from flockmates in all 337 

treatment groups. However, there was no support for pairwise differences between low- and 338 

high-virulence index birds (Table S3).  339 

When examining index birds only across time categories, there was a main effect of 340 

treatment on bout length, as well as a significant interaction between virulence treatment and 341 

time period (n=4,494 unique feeding bouts from 9 index birds; treatment Wald Test: 𝑋2 = 8.11, p 342 

= 0.017; treatment:time period Wald Test: 𝑋2 = 180.0, p < 0.0001). Parameter estimates of all 343 

fixed effects show that both the low and high-virulence strain treatments in interaction with early 344 

(for high-virulence only) and peak time period predicted longer feeding bouts for index birds 345 

(Figure S2; high-virulence:early b = 0.38 ± 0.19 s.e., t= 2.07, p = 0.038; high-virulence:peak b = 346 

1.34 ± 0.18 s.e., t = 7.27, p < 0.0001; low-virulence:peak b = 1.01 ± 0.19 s.e., t = 5.43, p < 347 

0.0001; baseline intercept [control, pre-infection]: b = 4.17 ± 0.28 s.e.). Pairwise contrasts found 348 

significant differences in bout lengths between high-virulence index birds and control index birds 349 

at peak infection (Table S4), as well as for high-virulence index birds at peak infection relative to 350 

earlier time points (both pre- and early infection). Interestingly, control birds also showed 351 

significant pairwise differences across time points within treatment, but while control index birds 352 

decreased in bout lengths over time, index birds in the high-virulence treatment increased in bout 353 

lengths over time (Table S4).  354 

 355 



 356 
Figure 4. Index house finches (n=9) inoculated with one of three treatments (control, low-357 
virulence strain, or high-virulence strain of M. gallisepticum) varied significantly in the duration 358 
of feeding bouts (log10 seconds) at peak infection (top panel). In contrast, there were no 359 
differences in bout duration among untreated flockmates (n=34 birds across 9 flocks) during the 360 
same time period (bottom panel). Each data point (jittered for visualization) represents a single 361 
unique foraging bout detected via Radio Frequency Identification Device (see Methods); non-362 
independence in repeated bouts was controlled for by including bird ID as random effect. 363 
Untransformed data were analyzed with a log-link function in a GLMM but are shown here log-364 
10 transformed for ease of visualization. Box plots represent the median (dark line), 25% quartile 365 
(lower line), and 75% quartile (upper line). 366 
 367 

Displacement interactions. There were no detected effects of virulence treatment, bird 368 

status, or their interaction on the number of displacement interactions per day at peak-infection 369 

(Figure S3; n=127 daily values over 3 days from 43 unique birds; all Wald Test Effects 𝑋2 < 2.8, 370 

p > 0.23). However, in an LMM of index birds only, the number of displacement interactions per 371 

day varied for index birds as a function of both time period (pre, early, peak-infection) alone, and 372 

virulence treatment in interaction with time period (Figure 5; n=52 daily values from n=9 index 373 

birds; time period Wald Test 𝑋2 = 37.0, p < 0.0001; treatment:time period interaction: Wald Test 374 

𝑋2 = 21.1, p = 0.0003; Table S5-S6). The high-virulence treatment in interaction with the peak-375 
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infection time period was associated with a significant, negative parameter estimate for the rate 376 

of displacement interactions with flockmates (high-virulence:peak b = -6.00 ± 1.79 s.e., t = -377 

3.34, p = 0.002). The parameter estimate for the low-virulence treatment in interaction with 378 

peak-infection was also negative but not statistically significant (low-virulence:peak b = -1.88 ± 379 

1.65 s.e., t = -1.14, p = 0.26; see Table S5 for all LMM parameter estimates including baseline 380 

intercept). Pairwise contrasts indicate that the apparent differences across treatments in the 381 

number of displacement interactions at peak infection (Figure 5, bottom panel) are not 382 

statistically significant (Table S7); instead, the significant parameter estimates are driven by 383 

distinct changes in index bird displacement rates across time periods within treatment: for 384 

example, there were significant pairwise differences for index birds across time periods within 385 

both the control and low-virulence treatments, while index birds in the high-virulence treatment 386 

showed no pairwise differences over time, or relative to other treatments.  387 

 388 
Figure 5. Index house finches inoculated with one of three treatments (control, low-virulence 389 
strain, or high-virulence strain of M. gallisepticum) varied in the number of displacement 390 
interactions they had per day with flockmates over time (n=52 daily values from 9 unique birds). 391 
There were no pairwise differences amongst treatments for any time period, but index birds in 392 
the control and low-virulence treatments showed significant changes over time (i.e., across 393 
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panels), while high-virulence index birds did not. Each data point (jittered for visualization) 394 
represents a single daily sum of displacements (square root transformed to meet assumptions of 395 
linear mixed models), quantified via Radio Frequency Identification Device (see Methods); non-396 
independence among individuals was controlled for in the analysis by including bird ID as 397 
random effect. Box plots represent the median (dark line), 25% quartile (lower line), and 75% 398 
quartile (upper line). 399 
 400 

Pecks per second while foraging. Virulence treatment significantly predicted the rate of 401 

pecks at food while at feeding ports (n=72 observations from n=8 index birds; treatment Wald 402 

Test: 𝑋2 = 7.19, p = 0.028). While present at feeding ports, index birds infected with the high-403 

virulence strain of MG made significantly fewer pecks at food per second than sham-treated 404 

control index birds (Figure 6; GLMM on gamma scale with inverse parameter estimates: high-405 

virulence b = 5.10 ± 2.16 s.e., t = 2.35, p = 0.018; control treatment intercept β = 0.38 ± 0.059). 406 

Pairwise contrasts found support only for differences between the control and high-virulence 407 

treatment (see ESM).  408 

 409 
Figure 6. Index house finches exposed to one of three inoculation treatments (control, low-410 
virulence strain, or high-virulence strain of M. gallisepticum) varied significantly in the rate at 411 
which they pecked at food during peak infection, with index birds infected with the high-412 
virulence strain of M. gallisepticum showing fewer pecks at food per second relative to 413 
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uninfected controls during a foraging bout. Point color represents each unique index bird (n=8 414 
for which we had video data); non-independence in repeated observations was controlled for in 415 
the analysis by including bird ID as random effect.  416 
 417 

Discussion 418 

We experimentally examined whether infection virulence is associated with higher 419 

pathogen "spreadability", which we define as the probability of successfully transferring a given 420 

load of pathogen (or in this case, inert fluorescent powder) to flockmates. While it can be 421 

challenging to empirically isolate potential direct benefits of virulence for pathogen transmission 422 

in non-model systems, here we paired experimental infections using treatments of distinct 423 

virulence with assays of contacts with flockmates (powder spread) that were independent of the 424 

MG load being shed by a given bird across treatments, to directly measure spreadability per se 425 

during peak infectiousness. By doing so, we demonstrated that birds infected with a high-426 

virulence MG strain show higher spreadability potential than birds infected with control media, 427 

while a low-virulence strain showed no significant difference relative to the control treatment. 428 

We also explored potential mechanisms for higher spreadability in the house finch-MG system, 429 

which may relate to tissue inflammation, host behavioral changes, or both. 430 

Our primary question was whether we could measure differences in pathogen 431 

“spreadability” across distinct index bird virulence treatments, from no to high virulence. Despite 432 

all index birds receiving equivalent starting amounts of inert fluorescent powder, index birds 433 

infected with a high-virulence pathogen strain were more successful at transferring the given 434 

load of powder to their flockmates than were birds inoculated with sham control media. In 435 

contrast, inoculation with the low-virulence strain did not significantly augment spreadability 436 

over control levels. Our results suggest that some characteristic associated with high-virulence, 437 

but not low-virulence, MG infections facilitates the movement of powder and thus presumably 438 

also pathogen, between hosts. However, we were not able to detect statistically significant 439 

support for pairwise differences in powder spread between our low- and high-virulence treatment 440 

groups (pairwise comparison: p=0.09). One interpretation of these results is that the low-441 

virulence treatment fell intermediate with respect to powder spread, differing significantly from 442 

neither the control nor high-virulence treatment. However, the lack of pairwise differences 443 

between the low-and high-virulence treatments also reflects sample size constraints, limiting our 444 

ability to make definitive conclusions about effects of strain virulence on spreadability. While 445 



future studies using larger sample sizes and more MG strains are needed to confirm our 446 

spreadability results, the consistency of our powder findings with the results of multiple MG 447 

transmission studies [13,24] using 3 to 55 MG strains (per study) that span a range of virulence 448 

lend support to the idea that virulent MG strains harbor direct transmission benefits. In particular, 449 

the recent study by Bonneaud et al. [13] leveraged variation among 55 MG strains in within-host 450 

pathogen loads to elegantly show that the benefits to high virulence in recently evolved MG 451 

strains are not pathogen-load dependent. Similarly, another recent study found that within a 452 

single MG strain, the severity of conjunctival swelling among finches is predictive of the 453 

likelihood of spread to a cagemate when pathogen load is controlled for [26]. These studies both 454 

support a role for pathogen load-independent benefits to high virulence in this system, here 455 

measured as spreadability.  456 

Such direct benefits to high virulence for pathogens, in terms of what we refer to as 457 

spreadability, have long been hypothesized [e.g. 1] but are difficult to isolate using empirical 458 

methods. While direct benefits of virulence for transmission can be elucidated experimentally in 459 

model systems amenable to gene knock-outs [e.g. 6,41], or isolated statistically with sufficiently 460 

large sample sizes [13], we took a distinct approach by using powder spread to directly measure 461 

a proxy for pathogen spreadability during experimental treatments of distinct virulence. Thus, 462 

our study essentially merged experimental approaches used in other systems, whereby either 463 

powder spread is quantified during unmanipulated epidemics in free-living systems [e.g. 42], or 464 

transmission rates are quantified across strains of distinct virulence without a paired measure of 465 

contact [e.g. 24]. By concomitantly manipulating infection virulence (none, low, or high) in 466 

index hosts and measuring their ability to spread equivalent starting amounts of inert fluorescent 467 

powder, we were able to assess associations between virulence treatment and pathogen 468 

spreadability without confounding effects of variation in the amount of pathogen load available 469 

for spread among strains. At the same time, because our approach necessitated measuring spread 470 

among wild-caught birds in a free-flight setting to most closely mimic transmission dynamics for 471 

this host-pathogen system in the wild, our sample sizes and strain replication were limited. 472 

Overall, while future studies should examine a larger number of MG strains in the context of 473 

“spreadability”, our results combined with prior MG transmission studies [13,24,26] are strongly 474 

suggestive that strain virulence contributes to detected differences in spreadability. 475 



A secondary goal of our study was to understand what potential mechanisms 476 

(inflammation, behavioral changes, or both) contribute to the detected differences in 477 

spreadability across treatments. Importantly, effects of tissue inflammation and/or behavioral 478 

changes on spreadability could operate by facilitating shedding relevant for direct contacts 479 

(defined as close physical contacts between birds) or indirect contacts between individuals, 480 

defined here as powder deposited onto a feeder surface by an index bird and picked up by a 481 

flockmate during a later feeding bout at the same port. While our study design cannot distinguish 482 

between powder spread via direct versus indirect contacts, we can consider whether variation in 483 

the overall amount of powder spread among treatments likely resulted from differences in tissue 484 

inflammation or behavioral changes in index birds. The significant differences in conjunctival 485 

inflammation across virulence treatments (Figure 3), expected based on a priori strain selection, 486 

mirrored our results for spreadability differences, with pairwise differences only present between 487 

control and high-virulence treatments. These results are consistent with the possibility that tissue 488 

inflammation at least partly underlies the detected differences in spreadability between the 489 

control and high-virulence treatments, though larger strain sample sizes are needed to confirm 490 

causation. Relationships between tissue inflammation and transmission have been found in other 491 

systems; for example, work by Zafar et al. [6,41] on the respiratory pathogen Streptococcus 492 

pneumoniae found that host inflammation induced by bacterial toxins during infection is key to 493 

successful host-to-host transmission. Further, prior work in house finches found that the degree 494 

of conjunctival pathology among individuals infected with the same MG strain predicted the 495 

proportion of their conjunctival pathogen load deposited onto feeder ports [43]. Thus, our 496 

among-treatment results, and those detected recently by Bonneaud et al. [13] are consistent with 497 

the possibility that the more severe inflammation and pathology associated with high-virulence 498 

strains in this system underlies treatment differences in spreadability, potentially due to 499 

deposition onto and resulting indirect contacts at feeders as shown in [43]. However, whether 500 

differences in conjunctival inflammation are sufficient to explain the detected differences in 501 

spreadability between the control and high-virulence treatments in our study is challenging to 502 

determine with our limited sample sizes.  503 

Notably, we also found behavioral differences that may contribute to spreadability in this 504 

system. In particular, index birds infected with the high-virulence strain spent significantly 505 

longer bouts of time on bird feeders relative to controls. Because variation in time on feeders was 506 



associated with MG spread in experimental epidemics [22], the longer observed feeding bouts 507 

may also facilitate powder deposition onto feeding ports. On the other hand, relative to 508 

uninfected controls, birds infected with the high-virulence strain pecked at a significantly lower 509 

rate at food during a given feeding bout. Reduced feeding efficiency has also been documented 510 

in free-living house finches with conjunctivitis relative to clinically healthy birds [44], though 511 

here we only detected significantly lower peck rates at food for index birds infected with the 512 

high-virulence, but not low-virulence, strain relative to uninfected controls. While past work in 513 

this system has not directly examined whether strain virulence is associated with higher degrees 514 

of behavioral morbidity, our results and the few other systems where virulence and behavioral 515 

changes have been explicitly studied [10] are consistent with the possibility that high-virulence 516 

strains result in more extreme behavioral morbidity. If pecks at food are important opportunities 517 

for contact with feeder surfaces and resulting MG deposition, the lower food peck rates in the 518 

high-virulence treatment relative to controls should reduce rather than augment powder spread. 519 

In addition, index birds infected with the high-virulence strain were involved in significantly 520 

fewer displacement interactions with healthy flockmates than were uninfected control index 521 

birds, which may further reduce powder spread at high-virulence if displacement events result in 522 

direct or indirect contacts between hosts. However, past work manipulating feeder density in 523 

aviary units identical to those used here suggests that such displacement interactions may not 524 

contribute meaningfully to MG transmission in this system [45]. Overall, the behavioral 525 

morbidity detected in index birds in the high-virulence treatment are consistent with documented 526 

behavioral outcomes of MG infection in house finches, including lethargy, longer feeding bouts, 527 

and reduced displacements at feeders relative to healthy controls [44,46]. Importantly, at least 528 

some components of behavioral morbidity detected during infection with the high-virulence 529 

strain (reduced peck rates and displacement interactions) here would be predicted to dampen 530 

rather than augment pathogen spreadability, and thus are unlikely to underlie the detected 531 

spreadability differences between high-virulence and control treatments in our study. In support 532 

of this possibility, prior work using a single MG strain found that finches that showed stronger 533 

behavioral anorexia during infection, when controlling for associated variation in pathogen load, 534 

were less likely to spread MG to a cagemate than individuals exhibiting less severe anorexia 535 

[26].  536 



Taken together, our results paired with past work in this system [13] suggest that 537 

inflammatory mechanisms are most likely driving the higher detected spreadability for birds 538 

infected with high-virulent MG strains relative to control birds. However, the longer amounts of 539 

time spent on feeding ports while infectious may also contribute to spreadability by providing 540 

opportunities for powder deposition onto bird feeders. Disentangling the relative contributions of 541 

inflammation, behavioral changes, and their potential interaction for spreadability would require 542 

large sample sizes, but is an important avenue for future work in this system and others. For 543 

example, in an epidemiological study of humans with influenza-less illness, Van Kerckhove et 544 

al. [47] found that symptomatic, but not asymptomatic, individuals altered their behavior in ways 545 

that significantly reduced their contact rates with conspecifics, akin to house finches in this 546 

study. Nonetheless, humans with symptomatic influenza-like illness were estimated to be 3-12 547 

times more infectious per contact than asymptomatic hosts, and were therefore predicted to 548 

contribute disproportionately to influenza transmission despite their drastically reduced contact 549 

rates [47]. Whether the high estimated infectiousness of symptomatic humans in this study was a 550 

result of higher pathogen loads in symptomatic versus asymptomatic hosts, or aspects of 551 

spreadability such as coughing or sneezing that facilitated spread of a given amount of influenza 552 

from symptomatic hosts, was not determined. However, such studies suggest that even when 553 

aspects of virulence such as tissue inflammation and behavioral morbidity have some opposing 554 

effects of spreadability as appears the case in house finches, intermediate to high levels of 555 

virulence can still be favored if the spreadability benefits of tissue inflammation to pathogens 556 

outweigh the transmission costs associated with behavioral morbidity [10].  557 

Although our study took place in an aviary setting, potential associations between tissue 558 

inflammation and spreadability are expected to play out similarly in the wild, where house 559 

finches commonly congregate at shared feeding spaces such as feeders [48]. Free-living house 560 

finches with conjunctivitis show similar patterns of behavioral morbidity as we found here, with 561 

symptomatic individuals spending longer time on feeders than asymptomatic birds in the wild 562 

[44]. Further, the MG strains isolated from free-living house finches since the pathogen’s 563 

emergence have been increasing in average virulence over time [18,19], measured as the degree 564 

of conjunctival inflammation produced in hosts of similar genetic background. That the severity 565 

of conjunctival inflammation caused by MG has increased over time, despite higher predicted 566 

mortality rates in finches with more severe conjunctivitis [20,49], suggests that the degree of 567 



conjunctival inflammation has some adaptive benefit for MG that outweighs associated mortality 568 

costs for the pathogen in the wild. While other factors such as incomplete host immunity and the 569 

evolution of host resistance are likely contributing to virulence evolution in this system [18,29], 570 

our results and those of others [13] suggest that high virulence in MG is also favored by the 571 

direct transmission benefits to pathogens of tissue inflammation.  572 

Overall, understanding the extent to which virulence carries direct transmission benefits 573 

to pathogens is key to predicting the evolution of virulence both in systems where virulence 574 

carries associated benefits in terms of within-host pathogen replication [8], and in cases where 575 

host replication rate and virulence may evolve independently [50]. Direct transmission benefits 576 

of high virulence for pathogens are likely present for a breadth of host-pathogen systems where 577 

transmission success is facilitated by host tissue inflammation, regardless of whether the relevant 578 

tissue is intestinal, genital, respiratory, or conjunctival (e.g. [41,51,52]). Nonetheless, outside of 579 

the house finch-MG system, few empirical studies have explored the role of pathology-580 

associated transmission on virulence evolution per se, with work to date limited to studies among 581 

diverse types of pathogens rather than among strains of the same pathogen. For example, Leggett 582 

et al. [53] considered 61 human pathogens that they categorized as either those where symptoms 583 

are likely to aid transmission (potentially akin to house finches and MG), symptoms are likely to 584 

inhibit transmission, or neither. In contrast to their predictions, human pathogens where 585 

symptoms are likely to augment transmission did not harbor higher average virulence relative to 586 

those systems where symptoms have no effect or even hinder transmission [53]. These results do 587 

not support a strong role for direct spreadability benefits to pathogens in driving virulence 588 

evolution, at least for the examined human pathogens. However, the challenges inherent in 589 

disentangling host and pathogen contributions to virulence can preclude our ability to uncover 590 

relationships between symptom-mediated transmission and virulence. For example, the ability of 591 

hosts to minimize virulence during infection (termed 'tolerance') will have key implications for 592 

pathogen evolution, particularly when pathology is critical for transmission success [14], yet the 593 

degree of host pathology expressed during infection is often strongly influenced by host 594 

responses [54]. Thus, understanding when and where pathogens benefit directly from causing 595 

high pathology in their hosts, and the degree to which such pathology is under pathogen versus 596 

host 'control' [54], is critical for predicting host-pathogen coevolution and the types of systems 597 

where high virulence will be favored for pathogens.  598 



In conclusion, our results suggest that the inflammation associated with high-virulence 599 

infections may directly facilitate pathogen spreadability, and thus provide a key fitness benefit 600 

favoring high pathogen virulence, as shown by Bonneaud et al. [13] for MG in house finches. 601 

Further, while not captured by our powder assay here, the exudate and pus associated with some 602 

high-virulence infections such as MG may also augment pathogen durability in the environment, 603 

leading to associations between virulence and environmental survival akin to those documented 604 

for respiratory pathogens of humans by Walther and Ewald [55]. Overall, any direct benefits 605 

associated with higher virulence in terms of strain spreadability and/or environmental durability 606 

may act in concert with higher within-host pathogen loads to facilitate the higher detected 607 

transmission rates of virulent strains in this system [e.g. 24] and others (reviewed in [8]). Such 608 

direct benefits of virulence are often not explicitly accounted for in classic trade-off models of 609 

virulence evolution (e.g. [8,11]), but are likely to be present and important for diverse types of 610 

pathogens where successful transmission is associated with the same pathology as is virulence. 611 

 612 

Acknowledgements. We thank Jenna Holub, Natalie Bale, William Rinehart, Ariel Leon, 613 

Katie Stiltner, RJ Savino, Rebecca McLaughlin, and Sahnzi Moyers for assistance with this 614 

work. We thank Bill Hopkins for facilitating our use of the free-flight aviary units. Finally, we 615 

thank Camille Bonneaud and several anonymous reviewers for helpful comments on an earlier 616 

version of this manuscript. This work was supported by NSF grants IOS-1054675 and IOS-617 

1754872 to D.M.H, and NIGMS 5R01GM105245 to D.M.H. as part of the NIH-NSF-USDA 618 

Ecology and Evolution of Infectious Diseases Program.  619 

 620 

Ethics Statement. All work was completed under approved state (VDGIF permit No. 621 

056090) and federal (USFWS MB158404-0) permits, and with approved protocols for animal 622 

care and use by the Virginia Tech Institutional Animal Care and Use Committee.  623 

 624 

Data accessibility. All data and code used in this manuscript are available at 625 

doi:10.5061/dryad.95x69p8ph. 626 

 627 

 628 

  629 



References Cited 630 
 631 
1. Bull JJ. 1994 Perspective: Virulence. Evolution. 48, 1423. (doi:10.2307/2410237) 632 

2. Ewald PW. 1983 Host-parasite relations, vectors, and the evolution of disease severity. 633 
Annu. Rev. Ecol. Syst. 14, 465–485. 634 

3. Downie AW, Dumbell KR. 1947 Survival of variola virus in dried exudate and crusts from 635 
smallpox patients. Lancet 1, 550–553. 636 

4. Lipsitch M, Moxon ER. 1997 Virulence and transmissibility of pathogens: what is the 637 
relationship? Trends Microbiol. 5, 31–37. 638 

5. Maines TR, Belser JA, Gustin KM, van Hoeven N, Zeng H, Svitek N, von Messling V, 639 
Katz JM, Tumpey TM. 2012 Local innate immune responses and influenza virus 640 
transmission and virulence in ferrets. J. Infect. Dis. 205, 474–485. 641 

6. Zafar MA, Wang Y, Hamaguchi S, Weiser JN. 2017 Host-to-Host Transmission of 642 
Streptococcus pneumoniae Is Driven by Its Inflammatory Toxin, Pneumolysin. Cell Host 643 
Microbe 21, 73–83. 644 

7. Fenner F, Day MF, Woodroofe GM. 1956 Epidemiological consequences of the mechanical 645 
transmission of myxomatosis by mosquitoes. J. Hyg.  54, 284–303. 646 

8. Acevedo MA, Dillemuth FP, Flick AJ, Faldyn MJ, Elderd BD. 2019 Virulence-driven 647 
trade-offs in disease transmission: A meta-analysis. Evolution 73, 636–647. 648 

9. Ewald PW. 1994 Evolution of Infectious Disease. Oxford University Press, Oxford, UK. 649 

10. Kennedy DA. 2021 Detection, not mortality, constrains the evolution of virulence. BioRxiv. 650 
(doi:10.1101/2021.11.14.468516) 651 

11. Anderson RM, May RM. 1982 Coevolution of hosts and parasites. Parasitology 85 (Pt 2), 652 
411–426. 653 

12. Mideo N, Alizon S, Day T. 2008 Linking within- and between-host dynamics in the 654 
evolutionary epidemiology of infectious diseases. Trends Ecol. Evol. 23, 511–517. 655 

13. Bonneaud C, Tardy L, Hill GE, McGraw KJ, Wilson AJ, Giraudeau M. 2020 Experimental 656 
evidence for stabilizing selection on virulence in a bacterial pathogen. Evol Lett 4, 491–501. 657 

14. Henschen AE, Adelman JS. 2019 What Does Tolerance Mean for Animal Disease 658 
Dynamics When Pathology Enhances Transmission? Integr. Comp. Biol. 59, 1220–1230. 659 

15. McCallum H et al. 2017 Breaking beta: deconstructing the parasite transmission function. 660 
Philos. Trans. R. Soc. Lond. B Biol. Sci. 372. (doi:10.1098/rstb.2016.0084) 661 

16. Begon M, Bennett M, Bowers RG, French NP, Hazel SM, Turner J. 2002 A clarification of 662 



transmission terms in host-microparasite models: numbers, densities and areas. Epidemiol. 663 
Infect. 129, 147–153. 664 

17. VanderWaal KL, Ezenwa VO. 2016 mechanisms and methodology. Funct. Ecol. 30, 1606–665 
1622. 666 

18. Bonneaud C, Giraudeau M, Tardy L, Staley M, Hill GE, McGraw KJ. 2018 Rapid 667 
Antagonistic Coevolution in an Emerging Pathogen and Its Vertebrate Host. Curr. Biol. 28, 668 
2978-2983.e5. 669 

19. Hawley DM, Osnas EE, Dobson AP, Hochachka WM, Ley DH, Dhondt AA. 2013 Parallel 670 
patterns of increased virulence in a recently emerged wildlife pathogen. PLoS Biol. 11, 671 
e1001570. 672 

20. Faustino CR, Jennelle CS, Connolly V, Davis AK, Swarthout EC, Dhondt AA, Cooch EG. 673 
2004 Mycoplasma gallisepticum infection dynamics in a house finch population: seasonal 674 
variation in survival, encounter and transmission rate. J. Anim. Ecol. 73, 651–669. 675 

21. Hochachka WM, Dhondt AA. 2000 Density-dependent decline of host abundance resulting 676 
from a new infectious disease. Proc. Natl. Acad. Sci. U. S. A. 97, 5303–5306. 677 

22. Adelman JS, Moyers SC, Farine DR, Hawley DM. 2015 Feeder use predicts both 678 
acquisition and transmission of a contagious pathogen in a North American songbird. 679 
Proceedings of the Royal Society B: Biological Sciences 282, 20151429. 680 

23. Dhondt AA, Dhondt KV, Hawley DM, Jennelle CS. 2007 Experimental evidence for 681 
transmission of Mycoplasma gallisepticum in house finches by fomites. Avian Pathol. 36, 682 
205–208. 683 

24. Williams PD, Dobson AP, Dhondt KV, Hawley DM, Dhondt AA. 2014 Evidence of trade-684 
offs shaping virulence evolution in an emerging wildlife pathogen. J. Evol. Biol. 27, 1271–685 
1278. 686 

25. Ley DH, Edward Berkhoff J, McLaren JM. 1996 Mycoplasma gallisepticum Isolated from 687 
House Finches (Carpodacus mexicanus) with Conjunctivitis. Avian Diseases. 40, 480. 688 
(doi:10.2307/1592250) 689 

26. Ruden RM, Adelman JS. 2021 Disease tolerance alters host competence in a wild songbird. 690 
Biol. Lett. 17, 20210362. 691 

27. Hawley DM, Grodio J, Frasca S, Kirkpatrick L, Ley DH. 2011 Experimental infection of 692 
domestic canaries (Serinus canaria domestica) with Mycoplasma gallisepticum: a new 693 
model system for a wildlife disease. Avian Pathol. 40, 321–327. 694 

28. Bridge ES, Bonter DN. 2011 A low-cost radio frequency identification device for 695 
ornithological research. J. Field Ornithol. 82, 52–59. 696 

29. Fleming-Davies AE, Williams PD, Dhondt AA, Dobson AP, Hochachka WM, Leon AE, 697 



Ley DH, Osnas EE, Hawley DM. 2018 Incomplete host immunity favors the evolution of 698 
virulence in an emergent pathogen. Science 359, 1030–1033. 699 

30. Sydenstricker KV, Dhondt AA, Hawley DM, Jennelle CS, Kollias HW, Kollias GV. 2006 700 
Characterization of experimental Mycoplasma gallisepticum infection in captive house 701 
finch flocks. Avian Dis. 50, 39–44. 702 

31. Dhondt AA, Dhondt KV, McCleery BV. 2008 Comparative infectiousness of three 703 
passerine bird species after experimental inoculation with Mycoplasma gallisepticum. Avian 704 
Pathol. 37, 635–640. 705 

32. R Development Core Team. 2021 R: A Language and Environment for Statistical 706 
Computing. 707 

33. Hawley, DM, Thomason C, Aberle M, Brown R, and Adelman JS. In press. High virulence 708 
is associated with pathogen spreadability in a songbird-bacterial system. 709 
(doi:10.5061/dryad.95x69p8ph) 710 

34. Lenth R, Singmann H, Love J, Buerkner P, Herve M. 2022 Emmeans: Estimated marginal 711 
means, aka least-squares means. R package version 1.8.2. (https://cran.r-712 
project.org/web/packages/emmeans/) 713 

35. Christensen RHB. 2019 ordinal—regression models for ordinal data. R package version 714 
2019.12-10, (https://CRAN.R-project.org/package=ordinal) 715 

36. Dinno A. 2017 dunn. test: Dunn’s test of multiple comparisons using rank sums. R package 716 
version 1.3.5. (https://cran.r-project.org/web/packages/dunn.test/) 717 

37. Thompson WL. 1960 Agonistic Behavior in the House Finch. Part II: Factors in 718 
Aggressiveness and Sociality. Condor 62, 378–402. 719 

38. Bates D, Mächler M, Bolker B, Walker S. 2015 Fitting Linear Mixed-Effects Models using 720 
lme4. Journal of Statistical Software 67, 1-48. (https://doi.org/10.18637/jss.v067.i01) 721 

39. Maindonald J, Braun J. 2010. Data Analysis and Graphics Using R: An Example-based 722 
Approach. 3rd Edition. Cambridge University Press, New York City, USA. 723 

40. Fox J, Weisberg S, Price B, Adler D, Bates D et al. 2022 Package “car”: Companion to 724 
applied regression. R package version 3.1-1. (https://CRAN.R-project.org/package=car) 725 

41. Zafar MA, Ammar Zafar M, Hammond AJ, Hamaguchi S, Wu W, Kono M, Zhao L, Weiser 726 
JN. 2019 Identification of Pneumococcal Factors Affecting Pneumococcal Shedding Shows 727 
that the dlt Locus Promotes Inflammation and Transmission. mBio. 10. 728 
(doi:10.1128/mbio.01032-19) 729 

42. Hoyt JR et al. 2018 Cryptic connections illuminate pathogen transmission within 730 
community networks. Nature 563, 710–713. 731 



43. Adelman JS, Carter AW, Hopkins WA, Hawley DM. 2013 Deposition of pathogenic 732 
Mycoplasma gallisepticum onto bird feeders: host pathology is more important than 733 
temperature-driven increases in food intake. Biol. Lett. 9, 20130594. 734 

44. Hotchkiss ER, Davis AK, Cherry JJ, Altizer S. 2005 Mycoplasmal Conjunctivitis and the 735 
Behavior of Wild House Finches (Carpodacus mexicanus) at Bird Feeders. Bird Behav. 17, 736 
1–8. 737 

45. Moyers SC, Adelman JS, Farine DR, Thomason CA, Hawley DM. 2018 Feeder density 738 
enhances house finch disease transmission in experimental epidemics. Philos. Trans. R. Soc. 739 
Lond. B Biol. Sci. 373, 20170090. (doi:10.1098/rstb.2017.0090) 740 

46. Bouwman KM, Hawley DM. 2010 Sickness behaviour acting as an evolutionary trap? Male 741 
house finches preferentially feed near diseased conspecifics. Biol. Lett. 6, 462–465. 742 

47. Van Kerckhove K, Hens N, Edmunds WJ, Eames KTD. 2013 The impact of illness on 743 
social networks: implications for transmission and control of influenza. Am. J. Epidemiol. 744 
178, 1655–1662. 745 

48. Badyaev AV, Belloni V, Hill GE. 2012 House Finch (Haemorhous mexicanus). The Birds 746 
of North America Online. (doi:10.2173/bna.46) 747 

49. Adelman JS, Mayer C, Hawley DM. 2017 Infection reduces anti-predator behaviors in 748 
house finches. J. Avian Biol. 48, 519–528. 749 

50. Tardy L, Giraudeau M, Hill GE, McGraw KJ, Bonneaud C. 2019 Contrasting evolution of 750 
virulence and replication rate in an emerging bacterial pathogen. Proc. Natl. Acad. Sci. U. S. 751 
A. 116, 16927–16932. 752 

51. Doenhoff MJ. 1997 A role for granulomatous inflammation in the transmission of infectious 753 
disease: schistosomiasis and tuberculosis. Parasitology. 115, 113–125. 754 
(doi:10.1017/s0031182097001972) 755 

52. Mayer KH, Venkatesh KK. 2011 Interactions of HIV, other sexually transmitted diseases, 756 
and genital tract inflammation facilitating local pathogen transmission and acquisition. Am. 757 
J. Reprod. Immunol. 65, 308–316. 758 

53. Leggett HC, Cornwallis CK, Buckling A, West SA. 2017 Growth rate, transmission mode 759 
and virulence in human pathogens. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372, 20160094. 760 
(doi:10.1098/rstb.2016.0094) 761 

54. Little TJ, Shuker DM, Colegrave N, Day T, Graham AL. 2010 The coevolution of 762 
virulence: tolerance in perspective. PLoS Pathog. 6, e1001006. 763 

55. Walther BA, Ewald PW. 2004 Pathogen survival in the external environment and the 764 
evolution of virulence. Biol. Rev. Camb. Philos. Soc. 79, 849–869. 765 


