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Abstract

Although research has focused on density-dependent responses to single parasite infections, much less in known about how
parasite density affects the more common scenario in nature, co-infections. We investigate how parasite density alters co-infection
dynamics by simultaneously exposing Cuban treefrogs (Osteopilus septentrionalis), in all pairwise combinations and at a range
of doses, to: the nematode Aplectana hamatospicula, the chytrid fungus (Batrachochytrium dendrobatidis), and Ranavirus.
The latter two parasites are implicated in widespread amphibian declines. We found that all pairwise co-infections were density
dependent, but some were positively and others negatively density dependent, and these effects drove host pathology. Also, all
co-infections were highly asymmetric – strong in one direction and weak in the other – consistent with weak and asymmetric
interactions dominating food webs and mutualistic networks. These findings suggest that the null expectation for co-infections
should be that they are density-dependent, asymmetric, and important to host health.

Introduction:

Co-infections, where hosts are infected with more than one parasite at a time, are extremely common (Greub
et al. 2000; Kim et al.2003; Swanson et al. 2006). Co-infections can be important because they can cause
variation in disease progression that can have significant negative or positive effects on the health of hosts by
altering resistance (i.e ., ability to reduce the abundance of parasites) or tolerance (i.e ., ability to reduce the
per capita cost of parasites to maintain health) to parasites. For example, HIV infection reduced resistance
to and mortality by a Mycobacteriumthat causes tuberculosis in humans (Corbett et al. 2003), whereas co-
infection with helminths improved resistance and reduced the spread of bovine tuberculosis in African buffalo
populations (Ezenwa & Jolles 2015). Mice co-infected with influenza virus and Legionella pneumophila were
less tolerant of tissue damage associated with infection than singly infected mice (Jamieson et al. 2013).

Co-infecting parasites can interact directly or indirectly within hosts (Kuris & Lafferty 1994; de Roode et
al. 2004). For parasites to interact directly, they typically infect the same tissue of hosts or use the same
resources. This is common when parasites are closely related to each other. For example, when testing
genetically divergentPlasmodium chabaudi clones, strong competition between the strains was predicted by
strain identity (Bell et al. 2006). Indirect interactions between parasites are often mediated by the host
immune system. These indirect interactions thus can play a role in disease progression even if the parasites
are unlikely to ever come into contact within the host. For example, macroparasites activate the T helper 2
(Th2) arm of the immune system (Paul & Zhu 2010), microparasites activate the Th1 arm of the immune
system, and fungal infections can activate the Th17 arm (Berger 2000; Blanco & Garcia 2008; Zelante et
al. 2009). If two parasites activate the same portion of the host immune system (e.g. co-infection with two
microparasites), they have the potential to inhibit one another by activating immune responses that combat
both parasites, which is often referred to as cross-immunity (Johnson & Buller 2011). If two parasites
activate different branches of the host immune system, they have the potential to facilitate one another.
This is because the Th1 and Th2 arms limit one another and therefore hosts have trouble upregulating both
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simultaneously (Abbas et al. 1996; Morel & Oriss 1998; Yazdanbakhsh et al. 2002). As an example, mice
infected withToxoplama gondii mounted a Th1 response and it limited the host’s ability to mount a Th2
response against subsequent Heligmosomoides polygyrus infection (Ahmed et al. 2017).

Because co-infecting parasites interact with one another and the environment of the host, community ecology
principles, such as negative density dependence, may alter host health and inform our understanding of co-
infections (Pedersen & Fenton 2007; Johnson et al. 2015). Negative density dependence predicts that the
strength of competition between species can depend on their densities, with potential impacts for community
assembly (Chesson & Kuang 2008). Hence, all else being equal between species, the species at the higher
density should outcompete the one at the lower density. Although there are many studies on the effects of
parasite density or dose on single-species infections (Khuroo 1996; Pearman et al. 2004; Garner et al. 2009;
Echaubard et al. 2010), few studies have examined how parasite density or dose alters co-infections and
associated disease progression (Ge et al. 2012; Niczyporuk et al. 2014). The terms density and dose will be
used interchangeably throughout the remainder of the manuscript. Of the few studies that have considered
this, they have either focused on closely related parasite taxa (Ge et al.2012) or included other variables in
their design, such as vaccination, making it difficult to parse the effects of density of co-infecting parasites on
disease progression (Niczyporuk et al. 2014). Hosts are often concomitantly exposed to multiple parasites
in nature, and due to the spatiotemporal variation in abundance of parasites that a host might encounter,
co-infection with multiple parasites at different densities is more likely in the wild than co-infections with
identical parasites densities. Thus, our experiment aims to test how co-infection with varying doses alters
the outcome of co-infections and disease in amphibians.

Amphibians are the most highly threatened vertebrate taxa partly due to the spread of parasites (Wake &
Vredenburg 2008). To address this aim, we exposed Cuban treefrogs (Osteopilus septentrionalis) to pairwise
co-infections of the following parasite species:Batrachochytrium dendrobatidis (Bd), Ranavirus, andAplectana
hamatospicula . Importantly, we tested how the dose of each species affected co-infection and disease
progression. Bd is a chytrid fungus that is associated with extinctions and population declines of amphibians
globally (Berger et al. 1998; Skerrattet al. 2007; Kilpatrick et al. 2010). The infectious zoospores of this
parasite enter the skin of amphibians and fuse the keratinous portions of the skin (Kilpatrick et al. 2010).
This limits osmoregulation and can cause cardiac arrest (Voyles et al.2009). Ranavirus is a virus that causes
mass mortality in amphibians also on a global scale (Green et al. 2002; Gray et al.2009). Ranavirus is
from the family Iridoviridae and it replicates in the internal organs of ectothermic vertebrates, causing
hemorrhaging of these organs, particularly in the liver and kidneys (Gantress et al. 2003; Gray et al. 2009).
These two parasites are microparasites, meaning that they are small and that they can replicate internally in
the host, leading to higher parasite loads even without repeated exposure (Rojas et al. 2005; Rosenblumet al.
2012). Alternatively, we tested a macroparasite, the nematode A. hamatospicula, which is a common parasite
of amphibians in the Southeastern US and Latin America (Baker 1987; Vhora & Bolek 2013; Ortega et al.
2015). A. hamatospiculainfects the host when juveniles penetrate the skin and migrate to the amphibian
gastrointestinal tract (Knutie et al. 2017b). There, they mature into adults eventually passing juveniles
through the feces that can re-infect the frogs (Knutie et al. 2017b). Parasitic worms, Ranavirus, and Bd
frequently co-occur in amphibian hosts in the wild (Hoverman et al. 2012; Stutz et al. 2018; Watterset al.
2018). In fact, in a biodiversity hotspot in the Peruvian Andes, up to 50% of frogs were co-infected with
Ranavirus and Bd (Warneet al. 2016).

The goals for this study were to test if the dose of parasite exposure alters 1) the load of the co-infecting
parasite (i.e ., resistance), 2) survival or growth rate of the host, and 3) the host’s ability to tolerate
infections. These goals were motivated by several hypotheses. First, we hypothesized that the load of one
infecting parasite would be negatively associated with the exposure dose of the co-infecting parasite because
of density-dependent competition. We also hypothesized that the advantage a parasite has when it is at a
high density would be amplified if the co-infecting parasite activates a similar immune response (i.e., are
both microparasites) and lessened or potentially facilitated if the co-infecting parasite activates a different
immune response (i.e., a micro- and microparasite). Second, we hypothesize that co-infection will decrease
a host’s tolerance (e.g. a host’s ability to maintain their health despite high infection loads) when the
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co-infecting species are facilitative and increase host tolerance when they inhibit one another.

Methods:

Animal Husbandry

Cuban treefrog tadpoles (Osteopilus septentrionalis ) were collected from kiddy pools (140 L) filled with
water in the University of South Florida Botanical Gardens (Tampa, FL, USA) in August 2016. Individuals
were raised in plastic containers filled to 11 L with artificial spring water (ASW) at densities of 20-30
tadpoles/container and were fed ad libitum every other day a mixture crushed fish flakes (United Pet Group,
Inc., Blacksburg, VA, USA), spirulina (NOW foods, Bloomingdale, IL, USA), in an agar block (Fisher
BioReagents, Pittsburgh, PA, USA). Tadpoles were moved to new containers with fresh ASW weekly. Used
plastic containers were washed by hand, bleached, rinsed with deionized (DI) water, and dried weekly. Once
tadpoles grew back legs lids were placed on the container to prevent escape. When metamorphosing frogs
grew front legs, frogs were housed in 57.75 cm3 sterilized plastic cups containing an unbleached paper towel
and 10 mL of ASW. After metamorphosis frogs were held in sterilized plastic cups containing an unbleached
paper towel wet with ASW and frogs were fed 2-week-old crickets ad libitum twice a week. Containers were
also changed weekly and cleaned as described above. All frogs were housed at 25 °C with a 12 h photoperiod.

Experimental Design

To examine how the dose of parasite exposures affects host-parasite dynamics, we exposed frogs to one of
28 total parasite treatments. Treatments included exposure to Ranavirus alone, Bd alone, A. hamatospicula
alone, all pairwise combinations of these parasites at a range of densities, and controls (no exposure). In each
of the pairwise co-infection treatments hosts were exposed to one parasite at an intermediate density and
the second parasite at one of a range of densities (one of four potential densities) in all possible combinations
(Table 1). There were six individuals for each treatment group (n=6 ), and twelve control individuals (n=12
), for a total of 174 frogs.

Parasite culture

A. hamatospicula were collected from the gastrointestinal tract of euthanized Cuban treefrogs. Cuban tree-
frogs were collected from Flatwoods Wilderness Park (Tampa, FL, USA). After extraction, worms were
stored in Petri dishes (15 x 150 mm; n [?] 5 per dish) filled with 2 mL of DI water and gastrointestinal
content from the infected amphibians in dark conditions. After the adult female worms laid larval worms
(J1 larvae), they were kept for at least 14 days to ensure that larval worms reached the infectious stage (J3
larvae). Petri dishes with 2mL of DI water and gastrointestinal content from uninfected frogs collected to
act as a sham treatment.

Ranavirus (FV3) was cultured in fathead minnow (Pimephales promelas ) cells and maintained at -80degC
in minimal essential medium (MEM).

Bd (SRS-JEL 212 strain) in a 1% tryptone solution was aliquoted into Petri dishes previously filled with
1% agar and 1 % tryptone gel. Bd was grown at 23degC for seven days until zoosporangia had matured
and were releasing zoospores, after which, 1 mL of DI water was added to the Petri dishes and gently mixed
to encourage zoospore release. To asses Bd zoospore concentration, we poured this solution into a beaker
and diluted it until we counted a final Bd density of 105zoospores/mL using a hemocytometer. Plates with
a sterile 1% tryptone solution without Bd were stored and washed identically to the Bd plates to produce
sham treatments.

Parasite exposures

Two days before parasite exposure, individuals were moved to an environmental chamber kept at 17degC
because Cuban treefrogs can clear Bd at higher temperatures (McMahon et al. 2014; Cohen et al.2017). In
the co-infection treatments, the host was exposed to one parasite at an intermediate, fixed dose and to the
other parasite at a dose that ranged from low to high for each of the tested parasites (Garner et al. 2009;
Echaubard et al. 2010; Hovermanet al. 2010; Gervasi et al. 2013; Knutie et al.2017a; Knutie et al. 2017b).
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For the microparasites Bd and Ranavirus, doses ranged from 103 to 105 zoospores or plaque forming units
(PFU), respectively, and the intermediate dose was 104 (Table 1). For the macroparasite A. hamatospicula
, doses ranged from 15 to 60 J3 larvae and the intermediate dose was 30 (Table 1). These doses were
applied to frogs held in Petri dishes (25 x 100 mm). Frogs received the doses for their randomly assigned
treatment as 1-mL of DI water with Bd zoospores, or with J3 A. hamatospicula , or a 69 μl aliquot of MEM
with Ranavirus. All hosts also received sham exposures for parasites to which they were not exposed to
ensure that each frog received identical treatments with the exception of the parasite. For example, hosts
co-exposed to Bd and A. hamatospicula , received a 69 μl aliquot of MEM without Ranavirus. Control
individuals received sham treatments for all three parasites.

Amphibian responses to parasites

To measure amphibian growth, frogs were weighed weekly for four weeks. Individuals were also checked twice
daily for mortality. If mortality occurred, frogs were weighed and swabbed for Bd and/or Ranavirus and/or
dissected to assess A. hamatospicula loads in their gastrointestinal tract, depending on their treatment group.
All surviving frogs were euthanized and dissected 28 days after initial parasite exposure. Growth rates were
calculated as the final mass minus the initial mass divided by weeks spent alive (g wk-1)

Assessing parasite loads

To assess loads of Ranavirus, hosts were swabbed five times around the mouth and cloaca on days 2, 4, and
8. To assess Bd load, hosts were swabbed five times from hip to toe on both rear legs on days 8, 16, and
24 after exposure. Swabs were placed in 2 mL sterile microcentrifuge tubes and stored at -80°C for later
processing. A. hamatospicula loads were assessed by checking the frog’s feces weekly for larval worms and
dissecting individuals and checking their gastrointestinal tract for adult worms either when they experienced
mortality or at the end of the experiment.

DNA from each swab was extracted using a Qiagen DNEasy Blood & Tissue Kit and analyzed using quan-
titative polymerase chain reaction (qPCR; Boyle et al. 2004; Picco et al. 2007). Days 16 and 4, for Bd and
Ranavirus respectively, were chosen for statistical analyses after initial qPCR analyses, where we analyzed
subsets of swabs across treatments across days. From these initial analyses these days were chosen as op-
timal time points for assessing load differences as they were both early enough for individuals to not have
experienced mortality from the infections, but also late enough to address parasite establishment (Gray et
al. 2009; Voyles et al. 2009).

Statistical Analyses

All analyses were run with R version 3.6.1 (R Core Team 2019). Plots were created using the visreg package
and visreg function (Breheny & Burchett 2019). Survival plots were created using thesurvminer package and
ggsurvplot function (Kassambaraet al. 2019).

How do changing doses of parasite affect the resistance to the fixed dose, co-infecting parasite?

To test how the interaction between the identity of a co-infecting parasite and its dose alter the load of
Ranavirus or Bd, we conducted a generalized linear model (glm) with a negative binomial error distribution.
For A. hamatospicula load, we used logistic regression (glm function) with a binomial error distribution,
where the dependent variable was defined as the number of larvae that successfully infected (penetrated
the host, migrated to gut, and reached maturity) over the total number of larvae to which the hosts were
exposed. The independent variables for all of the above models were the crossed dose and identity of the
changing-dose parasite. Dose was expressed as a proportion of the highest possible dose hosts were exposed
to for each parasite. Altering dose to be a proportion allowed us to make comparisons across doses even
though the quantity of dose we exposed hosts to varied widely for macro- and microparasites. For this and
all further described analyses Tukey Post-hoc tests were run to compare among parasite identities when the
main effect or interaction were significant (multcomp package and glht function (Hothorn 2010).

How do parasite dose and identity affect host growth, survival, and tolerance?

4
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To test how the interaction between the identity of a co-infecting parasite and its dose affect host growth we
conducted general linear models. To address change in host weight, growth rate was calculated as weight of
the host at the end of experiment or on the day of death divided by the total weeks alive (g/week) and used
as the dependent variable. The identity of the fixed dose parasite, the identity of the changing dose parasite,
and the dose of the changing dose parasite were used as crossed independent variables. To test how these
same factors affected tolerance based on growth, this same model was repeated with the addition of parasite
load of the fixed-dose parasite as a third, crossed independent variable.

To address how the identity of the co-infecting parasites and dose of exposure affected host survival, we
conducted a survival analysis (using the survival package and the coxph function (Therneau & Lumley 2019)
with host survival as the dependent variable. The identity of the fixed- and changing-dose parasites, as well
as the dose of the changing-dose parasite, were crossed independent variables. To test how these same factors
affected tolerance based on survival, this same model was repeated with the addition of parasite load of the
fixed-dose parasite as a third, crossed independent variable.

Results

How do changing doses of parasites affect resistance to the fixed dose, co-infecting parasite?

Analyses revealed a significant negative association between the dose of the co-infecting parasite and the
load of Ranavirus, regardless of the identity of the co-infecting parasite (χ²1=4.07,p =0.04; Fig. 1). For A.
hamatospicula , there was an interaction between the identity and the dose of the changing-dose parasite
(χ²1=12.42, p <0.001). Dose of Bd was associated negatively with A. hamatospicula(p <0.001; Fig. 2),
whereas dose of Ranavirus was not significantly associated with A. hamatospicula load (p =0.22; Fig. 2).

Neither the identity of the co-infecting parasite (χ²1=0.03, p =0.86) nor its dose (χ²1=0.01, p =0.92) affected
Bd load in co-infected hosts.

How do parasite dose and identity affect host growth, survival, and tolerance?

The identity of both fixed (F 2,157=35.5,p <0.001) and changing dose parasites (F 2,157=10.89, p <0.001)
were significant predictors of weight change. For both the fixed- and changing-dose parasites, growth was
significantly higher for control hosts than infected hosts (controls vs. Bd: fixed dose parasite and changing
dose parasite: p <0.001; controls vs. A. hamatospicula : fixed dose parasite: p =0.02, changing dose parasite:
p =0.01; controls vs. Ranavirus: fixed dose parasite:p =0.01, changing dose parasite: p <0.01). Additionally,
exposure to Bd at a fixed dose caused a significant decrease in host growth rate (g/week) when compared to
exposure toA. hamatospicula (Bd vs. A. hamatospicula : p<0.001) or Ranavirus (Bd vs. Ranavirus: p<0.001).
Dose of co-infecting parasite was not a significant predictor of weight gain when all parasites were analyzed
together (F 1,157=1.75, p =0.19), but dose of Bd was negatively associated with host growth (F 1,46=8.8, p
<0.005).

The identity of the fixed-dose parasite was the only significant predictor of host survival (F 2,125=17.03,p
<0.001), with exposure to Bd significantly reducing host survival relative to Ranavirus (Bd vs. Ranavirus:p
<0.001), A. hamatospicula (Bd vs. A. hamatospicula : p <0.001), and the uninfected controls (Bd vs. control:
p <0.001; Fig.4).

We found no significant effects of dose or identity of the co-infecting parasite on host tolerance of Ranavirus
(Viral load x dose:F 1,37=0.02, p =0.9; Viral load x identity of co-infecting parasite: F 2,37=1.89,p =0.17)
or A. hamatospicula (A. hamatospicula loadx dose: F 1,39=0.49, p =0.49; A. hamatospicula load x identity
of co-infecting parasite: F 1,39=0.02, p =0.88).

However, dose and identity of the co-infecting parasite interacted to affect host tolerance of Bd (Bd load x
dose x identity:F 1,44=6.0, p =0.02). Tolerance (defined as less negative slopes between parasite load and
weight gain) of Bd based on host weight gain was associated positively with the dose of A. hamatospicula,
but negatively with the dose of Ranavirus (Fig. 5). We found no significant effects of host tolerance when
using host survival as a metric for tolerance.
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Discussion:

Hosts are frequently co-infected and there is spatiotemporal variation in the densities of parasite that they
encounter. We found that every set of pairwise co-infections was density dependent. Additionally, each was
highly asymmetric and weak in one of the two directions, consistent with other ecological interactions, such
as the asymmetric and weak interactions that dominate food webs (Paine 1992; McCann et al.1998) and
mutualistic networks (Bascompte et al. 2006). We also found that the density of a co-infecting parasite has
the potential to alter the loads of the other co-infecting parasites and host tolerance these infections.

In co-infections with Ranavirus and A. hamatospicula , higher doses of A. hamatospicula lowered viral
load (Fig. 1), but higher doses of Ranavirus did not alter A. hamatospicula load (Fig. 2). The negative
associations between A. hamatospicula and Ranaviral load are inconsistent with our hypothesis of positive
density dependent competition between macro- and microparasites. Given that viruses elicit the Th1 arm of
the immune system, whereas helminths upregulate the Th2 arm and these two arms are well-documented to
be antagonistic in vertebrate host taxa (Degen et al. 2005; Graham 2008; Salgameet al. 2013), the expectation
was that co-infection with Ranavirus and A. hamatospicula would be facilitative rather than inhibitory. When
the dose of Ranavirus was manipulated, there was a non-significant trend in support of facilitation of A.
hamatospicula that was consistent with the hypothesized positive density dependence. In contrast, however,
when A. hamatospiculawas manipulated, there was significant inhibition of Ranavirus or significant negative
density dependence. This competition is likely immune-mediated because these parasites are unlikely to
interact directly given that Ranavirus infects the liver and kidneys (Grayet al. 2009) and A. hamatospicula
lives in the gastrointestinal tract (Knutie et al. 2017b). Additionally, the host immune response to these
parasites might be further complicated by the fact that A. hamatospicula , in entering through the skin
of the amphibians, has to combat the complex chemical and physical defenses present in the mucosa of
amphibians (reviewed in Fites et al.2014) and Ranavirus does not when it is ingested, the method we used
for this experiment. Therefore, either this polarization between the Th1 and Th2 immune system does not
differentiate as strongly because the mucosal immune system combats parasites before they even enter the
amphibians or there is another mechanism responsible for this response.

In co-infections with Ranavirus and Bd, higher doses of Bd decreased viral load (Fig. 1), but higher doses of
Ranavirus did not impact Bd load. We hypothesized negative density dependence between these parasites
because they are both microparasites that activate similar arms of the host immune system (Berger 2000).
We found evidence to support this hypothesis, but only in one direction. Ranavirus was outcompeted at
higher Bd loads. Bd and Ranavirus are unlikely to interact directly in the host because Bd infects the skin of
amphibians (Berger et al. 2005) and Ranavirus infects the liver and kidneys (Gray et al. 2009), but results
show that there is the potential for Bd to inhibit Ranavirus infection through cross-immunity (Berger 2000).
Interestingly, this pattern does not occur in the reverse direction, suggesting that the immune response
to combat Bd can successfully combat Ranavirus, but the immune response to combat Ranavirus cannot
successfully combat Bd. Although our understanding of whether amphibians can upregulate a Th17 immune
response is limited (Fites et al. 2014), Th17 is frequently upregulated in conjunction with Th1 immune
responses to combat fungal infections in other vertebrates (Blanco & Garcia 2008). Therefore, this difference
in how host immune systems respond to Bd versus Ranavirus could make our hypothesis of cross-immunity
between these parasites overly simplistic. Additionally, we found that our hosts are more susceptible to Bd
infection than the other parasites tested (Fig. 3, Fig. 4). Therefore, if Bd mounts a mix of a Th1 and Th17
immune responses, the mounted Th1 response may function through cross-immunity to combat Ranavirus,
but if Ranavirus only mounts a Th1 response, that might not be a strong or complex enough immune response
to successfully combat Bd.

In co-infections with Bd and A. hamatospicula , the dose of Bd negatively impacted the load of A. hama-
tospicula (Fig. 2), but the dose of A. hamatospicula did not alter the load of Bd. We hypothesized positive
density dependence for this interaction because Bd and A. hamatospicula likely activate different parts of
the host immune system, with Bd activating the Th1 and Th17 arms¸ although the use of Th1 and/or Th17
to combat Bd is not fully characterized (Fites 2014), and A. hamatospicula activating the Th2 arm (Berger
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2000; Paul & Zhu 2010). We infected hosts simultaneously, so Bd would not be established in the skin when
A. hamatospicula infects and therefore it is unlikely that this direct interaction plays a role in competitions
between these parasites (Berger et al. 2005; Knutieet al. 2017b). Therefore, interactions between parasites are
likely to be indirect and mediated by the host immune system. Although not originally hypothesized, there
is the potential that this interaction could be largely driven by innate, instead of acquired, immunity. For
example, macrophages can combat both Bd (Fites 2014) and helminth infections (Motran et al. 2018) and
short-term upregulation of innate immune responses (i.e. macrophages) could be driving the decrease in A.
hamatospciula load at higher Bd doses, especially if macrophages are more effective against A. hamatsopicula
than Bd.

Host tolerance to Bd was significantly impacted by an interaction between identity and dose of the co-
infecting parasites. Tolerance (defined as less negative slopes between parasite load and weight gain) of Bd
was associated positively with the dose of A. hamatospiculabut negatively with the dose of Ranavirus (Fig.
5). This pattern was not in keeping with our hypotheses that microparasites would upregulate similar arms of
the host immune system and therefore inhibit each other, and co-infections with macro- and micro-parasites
would facilitate one another through tradeoffs in immune activation, causing increases and decreases in host
tolerance, respectively. In fact, we saw the opposite pattern. Additionally, we found that exposure to Bd
significantly decreased host growth and survival relative to controls and more so than any other parasite
(Fig.3, Fig.4). This suggests that Cuban treefrogs are particularly susceptible to Bd infection. Infection with
Ranavirus and A. hamatospicula also decreased host growth when compared to individuals without infections
(Fig. 3). Therefore, the fact we only found significant results on amphibian tolerance to Bd is in keeping
with our other results on host health. Our results suggest that hosts are intolerant of Bd and Ranavirus co-
infection, especially at high doses. Mounting immune responses to combat these multiple deadly and rapidly
replicating microparasites is costly and could limit resources that the host can allocate to other demanding
processes such as growth, leading to the observed patterns (Lochmiller & Deerenberg 2000; Greenet al. 2002;
Gray et al. 2009; Kilpatrick et al.2010). However, the negative effects on host growth caused by higher loads
of Bd seem to be mediated by higher doses of A. hamatospicula , suggesting that hosts are more tolerant
to macro- and microparasite co-infections than micro- and microparasite co-infections. Additionally, these
results indicate that density-dependent competition plays a role in host tolerance to these parasites and
therefore host health.

All pairwise parasite comparisons were significantly impacted by dose. Additionally, the directions of the
interactions were variable, with marginally positive and negative density dependent interactions. However,
the strength of these interactions was highly asymmetric and always weak in one of the two directions. These
results are consistent with other ecological interactions, such as interactions in food webs and in plant-
pollinator networks, which often show asymmetric interactions that are weak in one direction (Paine 1992;
McCann et al. 1998; Bascompte et al. 2006). Asymmetric interactions have also been seen before in this
co-infection system (Ramsay & Rohr submitted). These asymmetric interactions are thought to maintain
biodiversity and long-term co-existence by dampening oscillations between the interacting individuals (Paine
1992; McCann et al.1998; Bascompte et al. 2006). In this system, these patterns were likely driven by indirect
interactions mediated by the host immune system and were drivers of host tolerance to these co-infections.
Thus, our results suggest that density can drive parasite interactions and host health, but the direction
and strength of these interactions vary. Further studies on amphibian immune systems would help better
elucidate the mechanisms behind the density-dependent interactions we have found in this system.
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Table 1 . Hosts were co-exposed to one parasite at a fixed density and a second parasite over a range of
densities shown below.

Parasite Doses

Ranavirus (PFUs) 1.00E+03 1.00E+04 4.50E+04 1.00E+05
Bd (zoospores) 1.00E+03 1.00E+04 4.50E+04 1.00E+05
A. hamatospicula (J3 larvae) 15 30 45 60

Fig. 1. The proportional dose of either Batrachochytrium dendrobatidis or Aplectana hamatospicula (there
was no difference between the two) was negatively related to load of Ranavirus on Osteopilus septentrionalis
hosts (χ²1=4.07,p =0.04). Dose of co-infecting parasite is provided as a proportion of the maximum dose
such that 1.0 is the highest dose and 0.0 is a host singly infected with Ranavirus. Shown is shown as a
conditional plot displaying the expected value (dashed line), a confidence interval for the expected value
(gray band), and partial residuals (points).

Fig. 2 . The dose of Batrachochytrium dendrobatidis (Bd) was negatively associated with Aplectana ha-
matospicula load (p <0.001), whereas the dose of Ranavirus (Rv) was not significantly associated with A.
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hamatospicula load (p =0.22; Dose x parasite identity: χ²1=17.2,p <0.001). Dose of co-infecting parasite is
provided as a proportion of the maximum dose. Shown are conditional plots displaying the expected value
(dashed line), a confidence interval for the expected value (gray band), and partial residuals (points).

Fig. 3. All three parasites reduced host growth rate relative to hosts that were not infected, but Bactra-
chochytrium dendrobatidis (Bd) was the most virulent of the parasites, reducing host growth significantly
more than Aplectana hamatospicula (Ah) or Ranavirus (Rv). Shown are conditional plots displaying the
expected value (dashed line), a confidence interval for the expected value (gray band), and partial residuals
(points). Treatments that share letters are not different from one another based on a Tukey HSD multiple
comparison test.

Fig. 4. Hosts exposed to Bactrochochytrium dendrobatidis(Bd) as the fixed-dose parasite had significantly
reduced survival relative to hosts exposed to Aplectana hamatospicula (Ah;p <0.001), Ranavirus (Rv; p
<0.001) or no parasite (Control; p <0.001), regardless of the identity or dose of the changing dose parasite.
Survival curves shown as median survival (solid line) with the associated 95% confidence interval (grey band).

Fig. 5. Tolerance (defined as less negative slopes between parasite load and growth rate) of Batrachochytrium
dendrobatidis(Bd) was associated negatively with the dose of Ranavirus (Rv,A ), but positively with the
dose of Aplectana hamatospicula (Ah, B ). Shown are the conditional plots displaying the expected value
(dashed line), a confidence interval for the expected value (gray band), and partial residuals (points).
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