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Host density shapes infection risk through two opposing phenomena. First,
when infective stages are subdivided among multiple hosts, greater host
densities decrease infection risk through ‘safety in numbers’. Hosts, how-
ever, represent resources for parasites, and greater host availability also
fuels parasite reproduction. Hence, host density increases infection risk
through ‘density-dependent transmission’. Theory proposes that these
phenomena are not disparate outcomes but occur over different timescales.
That is, higher host densities may reduce short-term infection risk, but
because they support parasite reproduction, may increase long-term risk.
We tested this theory in a zooplankton-disease system with laboratory
experiments and field observations. Supporting theory, we found that nega-
tive density–risk relationships (safety in numbers) sometimes emerged over
short timescales, but these relationships reversed to ‘density-dependent
transmission’ within two generations. By allowing parasite numerical
responses to play out, time can shift the consequences of host density,
from reduced immediate risk to amplified future risk.
1. Background
Individuals within a population can experience reduced risk of consumption
when density is high through a phenomenon called ‘safety in numbers’ [1].
For instance, fish often shoal in response to the threat of predation [2]. Because
the threat imposed by a predator is shared among the fish in a shoal, a shoal
with more individuals inherently possesses lower per capita risk. This phenom-
enon arises, in part, from predator functional responses, because predator
attack rates saturate with increasing prey density due to handling time and
satiation [3]. In a simpler sense, this benefit emerges from probabilities: when
predator numbers (the numerator) are finite and fixed, and prey numbers
(the denominator) increase, individual risk (the quotient) declines [4]. The
mathematical basis to safety in numbers implies that it may be extended
generally, regardless of the predator or prey under consideration.

Similarities between predator–prey and host–parasite interactions [5–7]
suggest that safety in numbers might also extend to hosts when they are
exposed to parasites [8]. This can occur when parasite infective stages are
removed from the parasite’s population via irreversible exposure of hosts (i.e.
where a single parasite can only infect one host). Host–parasite systems that
replicate the condition of a free-living and finite consumer (parasite) population
may be particularly likely to demonstrate safety in numbers [8–10]. For
example, many parasites with complex life cycles rely on eggs or other free-
living stages for their transmission, and these infective stages tend to be limiting
within an environment (their supply depends on the density of the preceding
host in the life cycle [11]). Consequently, support for safety in numbers (some-
times termed ‘encounter dilution’ in disease systems) has been reported for
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interactions between molluscs and trematodes [11,12], fish
and ectoparasites [13,14], and reindeer and warble flies [15].

While increasing host density may provide a benefit of
reduced individual risk, host density simultaneously benefits
the parasite through increased opportunity for transmission
[11,16]. This is manifested in mass-action models of parasite
transmission [17,18]. Parasite transmission increases as a
function of βSZ, where S represents the density of susceptible
hosts, Z the density of infective propagules and β the trans-
mission parameter [19,20]. The βSZ product signifies that
the more hosts there are in an environment, the greater the
probability that a parasite will encounter a host [21,22].
This phenomenon—density-dependent transmission—is funda-
mental to our understanding of infectious disease [19,23,24]
and predicts that host risk should increase with host density
via the following steps: increased host density increases the
likelihood of a parasite encountering and infecting a host,
which then increases parasite reproduction through the
numerical response, ultimately yielding greater host risk
(the opposite prediction of safety in numbers). When compar-
ing the disparate predictions of safety in numbers and
density-dependent transmission, it can be useful to consider
the effects of density from the host perspective (how does
host risk change with host density?) and the parasite perspec-
tive (how does parasite infection success change with host
density?). Acknowledging these perspectives then raises a
key question: if host density both decreases host risk and
increases parasite transmission, then does high host density
produce a cost or benefit to the host? In other words, is it
safer or riskier to live at high density?

The answer to this question likely depends on the time-
scale over which it is asked. Increasing timescale can reveal
density-dependent processes [25], and theory predicts that
safety in numbers will invert to density-dependent trans-
mission over time [26]. While high host density will
immediately reduce individual host risk, it should also fuel
parasite reproduction (via the numerical response), resulting
in greater parasite density and greater host risk in the second
parasite generation. These temporal dynamics are supported
at evolutionary timescales. Comparative approaches have
described greater abundance of parasites in social versus
solitary taxa [27,28] and with increasing group size [29,30].
Experimental approaches can augment this evidence by
providing mechanistic depictions of how host risk and
parasite transmission operate over ecologically relevant
timescales [10].

The crustacean Daphnia dentifera and its fungal parasite,
Metschnikowia bicuspidata, represent an ideal system for test-
ing theory on density–risk relationships. First, both host
and parasite can be maintained in a well-mixed aquatic
environment, which mirrors the mass action principles of
host–parasite contact rates [31]. Second, the parasite is trans-
mitted during its free-living spore stage, and spore density
can be tightly controlled to approximate a fixed and finite
parasite population [32–34]. Third, the rapid generation
times of both players mean that transmission can be evalu-
ated over multiple generations, and thus over increasing
timescales. Finally, the hosts are transparent, such that para-
site attack rates and successful attacks can be directly
quantified [35]. With these attributes, we evaluated the effects
of Daphnia density on host infection risk and Metschnikowia
transmission success over two generations of the interaction.
Our study combined a laboratory transmission experiment,
microscopic evaluations to ground-truth assumptions and
field observations of disease dynamics. We found mixed sup-
port for safety in numbers, alongside consistent support for
density-dependent transmission. Moreover, including
increasing timescale revealed that host density could reduce
immediate risk of infection for Daphnia, but by supporting
Metschnikowia reproduction, also increased Daphnia future
risk. Time can therefore reverse density–risk relationships.
2. Methods
(a) Study system
Our system includes the zooplankton host, Daphnia dentifera and
fungal parasite, Metschnikowia bicuspidata. Infection occurs when
Daphnia consume fungal spores, which puncture the gut epi-
thelium and enter the body cavity. Inside the body cavity, the
fungus undergoes four stages of development and replication
[36], ultimately producing thousands of spores that are released
upon host death [37]. The within-host life cycle—from initial
infection to production of spores—takes approximately ten
days under laboratory conditions [36].

(b) Laboratory transmission experiment
We manipulated host and parasite densities and perpetuated
transmission over two generations of the interaction (figure 1).
In brief, we began each generation with a starting host density.
We exposed hosts in a density treatment to an initial spore
dose and measured infection prevalence ten days later. From
those hosts, we also quantified how many fungal spores were
produced and used spore counts to inoculate the second gener-
ation of hosts (while keeping host densities constant). By
evaluating the relationship between starting host density and
prevalence at the end of the first generation, we captured
density–risk relationships on a ‘short’ timescale (over one gener-
ation of the interaction). And by evaluating the relationship
between starting host density and prevalence at the end of the
second generation, we captured density–risk relationships on a
‘long’ timescale (over two generations of the interaction). The
transmission experiment used a single clone of Daphnia dentifera
(CB 03–15) and a single strain ofMetschnikowia bicuspidata. Exper-
imental Daphnia were collected as neonates from mothers
maintained in culture and were raised with 1 mg C/L of the
alga, Ankistrodesmus falcatus, provided daily. Experimental
manipulation began when Daphnia reached seven days of age.
Further information regarding Daphnia culture and maintenance
is provided in the electronic supplementary materials (S1:
Extended Methods).

(i) First generation
Daphnia were allocated to one of five host density treatments: 1,
4, 8, 12 or 16 Daphnia per replicate (electronic supplementary
material, table S1). Replicates consisted of 50 ml filtered lake
water in tubes, such that host densities were: 0.02, 0.08, 0.16,
0.24 or 0.32 Daphnia ml−1. To start the experiment, each tube
received an initial parasite inoculum of either 50 (low dose) or
200 (high dose) spores ml−1, which represent standard spore
doses for this system and fall within the range of doses selected
for a similar study [38]. The inoculation lasted 24 h, after which
hosts were transferred to fresh, spore-free water. Ten days after
inoculation, Daphnia were examined with a dissecting micro-
scope for mature infections. Infections were designated as those
in which the Daphnia body was full of fungal spores. From
each replicate, we also quantified total spore production (the
number of fungal spores released by all infected Daphnia). All
infected Daphnia from a given replicate were homogenized for
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Figure 1. Laboratory transmission experiment timeline. We began the experiment by inoculating Daphnia in five host density treatments with a low (50 spores ml−1)
or high (200 spores ml−1) initial spore dose. By quantifying prevalence of infection and total spore production ten days later—after one generation of the host–parasite
interaction—we evaluated how host density affected host risk and parasite reproduction on a short timescale. Keeping host densities constant, we inoculated hosts in
the second generation with spore counts resulting from parasite reproduction in the first generation. By evaluating the relationship between starting host density (i.e. at
the beginning of the experiment) and prevalence and parasite reproduction at the end of the second generation, we captured density–risk relationships on a long
timescale (over two generations of the interaction). In the first generation, a subset of hosts were assessed microscopically to quantify parasite attacks and the number of
successful attacks.
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two minutes with a grinding implement, and released fungal
spores were counted using a haemocytometer under high
magnification (compound microscope; 40× objective).
(ii) Second generation
To begin the second generation of the interaction, new experimen-
talDaphnia (7 days old) were randomly allocated to the same host
density treatments. The spore dose provided to each host density
treatment in the second generation was equivalent to the average
fungal spore production resulting from each host density treat-
ment in the first generation (see figure 1 for a description of the
process and figure 2 for spore values). That is, we quantified the
average spore production resulting from each host density by
initial dose combination from the first generation, then used
those averages as the parasite inoculum in the second generation.
In that sense, transmission was perpetuated across the two gener-
ations. When counting total spore production, two of the 104
tubes that contained infected hosts did not have their spores
counted; we imputed values for those two tubes (details available
in electronic supplementary materials).
(c) Microscopic evaluations to ground-truth
assumptions

Because Daphnia are transparent, we could visualize and evalu-
ate mechanisms involved in density-risk relationships,
including how host density shapes parasite attack rates and the
success of parasite attacks. We quantified these processes on a
subset of individuals from each replicate at the end of the inocu-
lation period (figure 1). Daphnia were examined microscopically,
and we counted fungal spores that had partially punctured the
host gut epithelium, and spores that had crossed the gut and
entered the body cavity. With these spore counts, we quantified
two metrics. ‘Attacking spores’ represents the total number of
fungal spores that attempted to infect the Daphnia, i.e. the
sum of spores partially embedded in the gut and spores that
entered the body cavity [35]. ‘Successful attacks’ represents
only those fungal spores that successfully infected the body
cavity [35]. Attacking spores are those with infection potential,
and successful attacks are those with realized infection potential.

(d) Field observations
We connected previously published field infection data [39] with
estimates of Daphnia density to assess density–risk relationships
in natural systems. We visited six lakes in Central Indiana over
six months to quantify Daphnia density and Metschnikowia preva-
lence. Every two weeks, each lake was sampled with a 70 µm
Wisconsin net. Six vertical tows were conducted during each
visit: plankton from the first three tows were pooled as a ‘live’
sample (for infection estimates; available in [39]) and plankton
from the second three tows were pooled as a ‘preserved’
sample (for host density estimates). While the previously pub-
lished study assessed Daphnia prior to Metschnikowia epidemics,
the present study focuses on Daphnia collected during epidemics.

(e) Analyses
We were specifically interested in effects of host density and
timescale on infection risk. Because we had no a priori interest
regarding how the two standard initial doses would affect infec-
tions (and have previously investigated dose effects in [35]), we
ran all models independently for both the low initial dose
(50 spores ml−1) and high initial dose (200 spores ml−1). This
enabled us to focus on effects of interest (host density, and
dose variation resulting from the parasite’s numerical response).
However, understanding the effects of initial dose on probability
of infection and other infection patterns remains an important
area of disease ecology. For the interested reader, we include
results and interpretation of models containing initial dose as a
fixed effect (and all potential interactions) in the electronic sup-
plementary materials (Section S2: Full models incorporating
initial spore dose).

(i) The host perspective
With the laboratory transmission experiment, we asked whether
host density decreased infection risk (safety in numbers) or
increased infection risk (density-dependent transmission), and
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Figure 2. Effects of host density on host risk and parasite reproduction through time. For each initial spore dose (rows), we provide the relationship between host
density and host risk (infection prevalence) and parasite reproduction (spore production) over time. The plots follow the timeline of the experiment (figure 1). (a) In
the low initial dose (top row), host risk in the 1st generation declines with density, supporting safety in numbers. (b) However, parasite reproduction resulting from
the 1st generation increases with host density. (c) Higher parasite reproduction leads to increased host risk with density in the 2nd generation, supporting density-
dependent transmission. (d ) The positive relationship between host density and parasite reproduction is maintained at the end of the 2nd generation. Thus, in the
low initial dose, we observed safety in numbers reverse to density-dependent transmission with increasing timescale. In the high initial dose, we did not observe
safety in numbers. (e) Host risk in the 1st generation trended positively with host density, and ( f ) parasite reproduction resulting from the 1st generation increased
with host density. These same patterns continued in the second generation (g and h). Each point represents the average value from a treatment, with bars for
standard error. (Online version in colour.)
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how the direction of the relationship was affected by increasing
timescale. Our metric for host risk was individual infection
status (0: uninfected, 1: infected), as this value describes likeli-
hood of infection [11]. We ran a generalized linear mixed
model (function ‘glmmTMB’ [40]) with a binomial error distri-
bution testing for effects of host density on infection status.
Because individual Daphnia were grouped together in tubes,
we incorporated tube ID as a random effect. Our model predic-
tors included host density, generation (first or second) and a
host density by generation interaction. We assessed the full
model and its nested variants (host density and generation,
and host density alone) and compared the fit of each model
with AIC (where the lowest AIC indicates the best model fit).

(ii) The parasite perspective
Switching perspectives, we investigated whether total host den-
sity increased parasite reproduction and how this pattern
(density-dependent transmission) was affected by increasing
timescale. Our metric for parasite reproduction was total spore
production. We ran a generalized linear model (function
‘glmmTMB’ [40]) testing for effects of host density on total
spore production within a tube. We modelled the residuals
with a negative binomial error distribution with zero inflation
and included generation as a fixed effect and a host density by
generation interaction effect. As above, we used AIC to assess
the fit of the full model and its nested variants.

(iii) Microscopic evaluations
Safety in numbers should occur when parasite infective stages
are diluted among an increasing number of potential hosts
[8,11,38]. That is, as total host density increases, each host
should be exposed to fewer parasites, reducing each individual’s
probability of infection and, consequently, the population’s
prevalence. To evaluate whether this condition was met, we
assessed how parasite attack rates and successful attacks chan-
ged with host density when the number of administered
parasites was fixed. Using generalized linear mixed models
with negative binomial error distributions, we assessed attacking
spores (spores with infection potential) and successful attacks
(spores with realized infection potential) as a function of host
density. We incorporated tube ID as a random effect because,
in some cases, multiple Daphnia were assessed from the same
tube. These analyses only contained experimental Daphnia from
the first generation (since the second generation received varying
spore doses).

We used the results of these models to produce predictions
for cumulative parasite attack (how many spores in total attacked
hosts?) and cumulative parasite success (how many spores in
total successfully infected hosts)? Because our models had eval-
uated numbers of spores per individual Daphnia (the host
perspective), we could extrapolate from these models to calculate
the cumulative number of spores that interacted with Daphnia in
each density treatment (the parasite perspective). To obtain these
values, we used the predict function (Base R [41]) on the four
models to obtain model estimates of average number of attacking
spores and successful attacks per Daphnia in each host density
treatment. We then multiplied per capita estimates by the total
number of Daphnia hosts within a density treatment to arrive
at cumulative values. In the case that the model had a non-
significant effect of host density, we used the predict function
on the intercept-only version of the model. We provide a
schematic of this approach in the electronic supplementary
materials (S3: Predictions for cumulative attack and success).
(iv) Field observations
We used field observational data to explore density–risk relation-
ships in naturally occurring Daphnia–Metschnikowia interactions
and whether these relationships depended on the timescale
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examined. Using six months of host density and infection preva-
lence data, we ran generalized linear mixed models with
individual infection status as the response variable and log-
transformed Daphnia density as the predictor. Because trans-
mission occurs continuously in the field, we denoted
individuals as ‘infected’ based on presence of any infection
stage (from the earliest ‘spore’ stage, to the final ‘ascus’ stage
[36]). Our model structure accounted for temporal autocorrela-
tion and non-independence of lakes (populations of origin) by
incorporating a random effect of sampling event nested in lake,
with an autoregressive covariance structure (ar1(event +
0 | lake); function ‘glmmTMB’ [40]). We ran the model at three
separate timescales: on the immediate relationship between
Daphnia density and Metschnikowia prevalence assessed during
the same sampling event (t = i); on the lagged relationship
between density and prevalence assessed at the subsequent
sampling event (t = i + 1; two-week lag); and the lagged relation-
ship between density and prevalence assessed two sampling
events later (t = i + 2; four-week lag). The lagged density terms
were not correlated with one another (all r < 0.3 and all p > 0.1).
89:20221106
3. Results
(a) The host perspective
In the low initial dose, the full model containing host density,
generation, and a host density by generation interaction fit best
(electronic supplementary material, table S1). In this model,
host density affected infection status (z =−2.935; p = 0.003),
but the direction of the effect depended on the generation of
the interaction (host density × generation: z = 3.061; p =
0.002). In the first generation, individual infection risk
declined with host density (supporting safety in numbers),
but in the second generation, individual infection risk
increased with host density (supporting density-dependent
transmission; figure 2). Generation was a significant effect in
the low initial dose treatment (z =−3.228; p = 0.001). In the
high initial dose, the model with host density alone fit best
(electronic supplementary material, table S1). Here, host den-
sity was marginally positively associated with individual
infection risk (z = 1.903; p = 0.057; figure 2). There were no sig-
nificant effects of generation or the interaction between host
density and generation in any of the worse-fitting models.
We therefore found evidence for safety in numbers (in the
first generation) in the low initial dose, but not in the high
initial dose.

(b) The parasite perspective
We found strong support for density-dependent trans-
mission. In the low initial dose, the model containing host
density and generation fit best (electronic supplementary
material, table S2). Here, host density increased total spore
production (z = 6.129; p < 0.001), with a significant positive
effect of generation (z = 2.199; p = 0.028). The host density
by generation interaction effect was non-significant (elec-
tronic supplementary material, table S2). In the low initial
dose, the highest parasite reproduction resulted from the
highest host density treatment following two generations of
the interaction (figure 2). In the high initial dose, the best-
fitting model was that containing host density alone (elec-
tronic supplementary material, table S2), where host
density increased total spore production (z = 3.89; p < 0.001).
There were no significant effects of generation or the
interaction between host density and generation (electronic
supplementary material, table S2). In the high initial dose,
the highest parasite reproduction also resulted from the high-
est host density treatment following two generations of the
interaction (figure 2).

(c) Microscopic evaluations
We found limited evidence for safety in numbers when we
counted attacking spores and successful attacks on Daphnia.
In the low initial dose, the number of attacking spores per
Daphnia decreased with host density, supporting safety in
numbers (z =−2.910; p = 0.004; figure 3a). In the high initial
dose, the relationship between host density and attacking
spores was non-significant (z =−1.767; p = 0.077; figure 3b).
For successful attacks (spores that entered the body cavity),
there was no effect of host density in either low or high initial
doses (low: z =−0.792; p = 0.428; high: z =−0.502; p = 0.616;
figure 3c,d). Transforming per capita values (the host perspec-
tive) to cumulative values (the parasite perspective) indicated
that attacking and successful spores had positive responses to
host density (figure 3 inset panels). From the host perspective,
higher host densities could reduce per capita risk of parasite
attacks (but not successful attacks). The parasite perspective,
however, demonstrated that higher host densities increased
both parasite attack rates and the rates of successful attacks.

(d) Field observations
We found field evidence for safety in numbers occurring over
immediate timescales and density-dependent transmission
occurring over longer timescales. When hosts and parasites
were evaluated during the same time period (t = i), there
was a marginal negative effect of host density on individual
risk of infection (z =−1.936; p = 0.053; figure 4). This relation-
ship flattened out to a null association when individual risk
of infection was evaluated as a function of host density two
weeks prior (t = i + 1; z = 1.699; p = 0.089; figure 4). When indi-
vidual infection risk was evaluated as a function of host
density four weeks prior (t = i + 2), there was a positive
effect of host density on infection prevalence (z = 2.796;
p = 0.005). Over the longest timescale, more hosts were
associated with higher per capita risk.
4. Discussion
High host densities can have disparate effects on infection,
from reduced per capita risk of hosts (safety in numbers) to
enhanced transmission of parasites (density-dependent trans-
mission). Theory suggests that the outcomewill depend on the
timescale over which host–parasite dynamics are observed
(i.e. whether the observational window incorporates the para-
site’s numerical response [26]). We tested this theory and
found strong support that Daphnia–Metschnikowia interactions
exemplify density-dependent transmission, with positive
effects of host density becoming more evident with increasing
timescale. In our laboratory transmission experiment, we
found evidence for density-dependent transmission, where
host density increases parasite reproduction leading to a posi-
tive relationship between host density and infection risk. Our
microscopic evaluations confirmed that host density can dilute
the number of parasites attacking each host (reducing
per capita risk from the host’s perspective), while simul-
taneously increasing the parasite’s attack rate and rate of
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Figure 3. Microscopic evaluations to ground-truth assumptions. Attacking spores per host and successful attacks per host were quantified from a subset of Daphnia
after inoculation. (a) In the low initial dose, attacking spores per host decreased with host density, supporting the mechanistic condition for safety in numbers.
(b) This relationship was negative but non-significant in the high initial dose. In both doses (c and d ), there was no effect of host density on successful attacks per
host. Because spores must infect the body cavity to develop into a mature infection, these data do not support a pattern of decreasing host risk with increasing host
density. Multiplying per capita averages by the number of hosts in each treatment creates predictions for how parasite cumulative success changes with host density
(inset subplots). The cumulative number of spores that attacked a host is positive, saturating with host density in the low initial dose (a); this relationship is linear in
the high initial dose (b). The cumulative number of successful attacks also increases linearly with host density (c and d inset subplots). Each point represents an
individual Daphnia’s count, with lines representing the fit regression (solid: significant, dashed: non-significant). (Online version in colour.)
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successful attacks (enhancing transmission from the parasite’s
perspective). Finally, field data revealed a clear inversion of
density–risk relationships over time: from safety in numbers
over short timescales, to density-dependent transmission
four weeks later. It has long been suggested that dense
groups provide individual-level benefits, because conspecifics
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can be used as cover from predation or decoys for infection.
Our results highlight the rapidity with which parasite
numerical responses can erode these benefits.

High host densities can decrease per capita risk, with some
caveats. One important factor is the ratio of consumers to
resources, or in our case, the ratio of parasites to hosts. When
parasites are limiting compared to hosts, hosts may experience
declining risk with increasing host density [11]. Conversely, if
the density of parasites is sufficiently high, no host will go
without risk [26,29,42]. There may then be a threshold para-
site-to-host ratio, below which hosts experience safety in
numbers and above which density-dependent transmission
dominates. Our laboratory transmission experiment sup-
ported the importance of parasite–host ratios and appeared
to bracket the threshold at which density–risk relationships
switch from negative to positive. In the low initial spore
dose, the administered exposure levels ranged from 3.125
parasites per ml per host (highest host density treatment) to
50 parasites per ml per host (lowest host density treatment),
and we observed a negative density–prevalence relationship.
Conversely, our high initial spore dose included exposure
levels ranging from 12.5 to 200 parasites per ml per host, and
ultimately led to higher rates of successful parasite attack
and a general positive relationship between host density and
infection prevalence. The parasite-to-host ratio can therefore
determine whether or not safety in numbers is observed.
Importantly, each experimental Daphnia likely did not ingest
all the spores administered to them. Indeed, our microscopic
evaluations demonstrated numbers of attacking spores that
fell far below the values administered. For example, the treat-
ment with the highest parasite-to-host ratio (1 host exposed to
500 spores per ml) resulted in only five attacking spores per
host on average. Daphnia can reduce their foraging rates (an
innate defense termed ‘adaptive anorexia’, e.g. [43,44]) shortly
following exposure to fungal spores [45]. Indeed, parasite
avoidance behaviours are a common strategy to reduce disease
among taxa [46,47]. Hosts employing parasite avoidance traits
may therefore impose strong limits on per capita exposure
levels, with consequences for which parasite-to-host ratios
confer safety in numbers benefits.

Consumer success can be encapsulated by the numerical
response, or in our study, how parasite density changes with
host density. The sequence of events spanning a parasite’s
initial attack to its release of infective stages takes time and
highlights the importance of timescale when relating densities
of both players. In measuring parasite reproduction in the lab-
oratory 10 days after host exposure, we observed a positive
numerical response: the more hosts that were made available
to the parasite, themore parasite offspringwere ultimately pro-
duced. This numerical response resulted in increasing host risk
(prevalence) with host density in the second generation in the
laboratory and following a one-month time lag in the field.
Collectively, these results emphasize the scale-dependence of
density–risk relationships and clarify discrepancies between
past Daphnia studies. For instance, safety in numbers was
observed in Daphnia following a single experimental gener-
ation [38], while longer-term studies found strong evidence
of density-dependent transmission [22]. Our results indicate
that these findings are not contradictory, but merely capture
separate time periods of the interaction.

Safety in numbers can best operate if detection of a group
by a consumer, as well as the consumer’s attack rate, do not
increase proportionally with prey/host density [4,8,9,13,15].
Hence, consumer traits create key criteria mediating the
direction of density–risk relationships. While a large group
of prey can serve as an attractant for predators—increasing
probability of detection—we can ignore this aspect in our
disease system because infective spores are not actively
searching for hosts [37]. However, it is important to consider
how the parasite’s attack rate, or the per-parasite probability
of attacking a host, increases with host density. Predator
attack rates often conform to nonlinear functional responses,
saturating with increasing prey density due to handling time
and satiation [3]. Our system, however, deviates from preda-
tor–prey systems in two important ways. First, fungal spores
encounter hosts at random, which can allow mass action to
shape host–parasite encounter rates [48]. Second, each spore
can only attack and infect one host, removing consideration
of satiation and handling time. These traits suggest that a
single spore’s rate of attacking a host should increase linearly
with host density. Our microscopic evaluations, however, did
not entirely fit this linear approximation. In the low initial
dose, we observed reduced attack rates with increasing host
density (this relationship was marginal in the high initial
dose), resulting in a positive, saturating relationship between
host density and cumulative parasite attacks. This result may
be explained by increased host competition in high-density
treatments, which has been shown to result in suppressed
Daphnia foraging and, subsequently, reduced per capita
exposure [38,45]. A host’s risk of attack may then be
shaped by more than just the host density denominator and
may be subject to indirect effects arising from competition
[38]. Our understanding of how parasite attacks scale with
host density may benefit from a dual consideration of para-
site traits that initiate attack, and host traits that increase or
decrease contact with attacking parasites.

While the parasite functional response dictates the attack
rate, the host dose–response curve may be equally important
in determining whether a given attack is successful. Host–
parasite interactions follow a classic dose-dependent relation-
ship, with greater exposure to attacking parasites resulting in
higher probability of host infection [49]. When dividing infec-
tive stages among a group of hosts, the host dose–response
curve will then determine whether the per capita level of
attack is sufficient to result in infection. These curves suggest
that parasite attacks could become unsuccessful at the highest
host densities (where per capita attack rates occupy the lower
end of the dose–response curve; [50]) and therefore indicate
that host susceptibility can shape the degree to which suc-
cessful transmission versus safety in numbers scales with
host density [51]. While the dilution of infective stages with
increasing host density has been met with support in diverse
systems [13,41,52], we did not observe this pattern. This may
be due to Daphnia gut barrier defenses that can block attack-
ing parasites and decouple the relationship between attack
and successful infection [35]. In line with this, we observed
no differences in per capita rates of successful attacks across
host densities: Daphnia in the highest host density treatments
had the same number of spores entering their body cavities
as those in the lowest density treatments. These constant
levels of parasite success imply that Daphnia in all treatments
shared an equal probability of developing mature infections,
thereby removing the importance of the dose–response curve
for density–risk relationships (while Daphnia clones can vary
in their ability to clear early infections, our study used only
one clone to standardize these clearance probabilities).
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Switching from the host perspective to the parasite perspec-
tive illustrated an important outcome of constant parasite
success among hosts. We observed a positive, linear relation-
ship between host density and the cumulative number of
successfully attacking spores, emphasizing that parasite
success can be a strict function of host supply.

The field brings with it many real-world complexities not
seen in the laboratory—host densities do not stay constant,
population genetic structure can shift, and other ecological
players can influence transmission. Despite these complex-
ities, we observed a strong signal for safety in numbers
inverting to density-dependent transmission in the field.
This finding highlights that host densities can immediately
reduce per capita risk but can also promote risk in the
long term. Simulations have described these same inversions,
demonstrating that any beneficial effects of host density can
rapidly decay as transmission is allowed to occur [50]. This
outcome is similarly predicted by theoretical consumer–
resource models (including those for predator–prey inter-
actions [26]). The difference between host–parasite and
predator–prey systems is that the inversion is expected to
occur more quickly for parasites because of their rapid gener-
ation times. That this inversion occurs has applications that
extend beyond theory. For instance, whether farmed oysters
amplify or dilute pathogens of wild oysters depends on the
time that farmed oysters are allowed to remain in a system
before harvest—i.e. whether there is sufficient time for the
parasite numerical response to promote transmission [51].
Both increasing host density [14] and culling [53] have been
suggested as management strategies that can reduce disease.
Our results indicate that elevating host density will only
reduce disease if the added hosts act as true dead-ends for
transmission. Adding hosts with even a slight ability to trans-
mit will ultimately produce parasite infective stages, rather
than absorbing them [51]. Given the rapidity with which
safety in numbers reverses to density-dependent transmission,
ecologists and managers alike should exercise caution with
expectations that host density will decrease disease risk.

5. Conclusion
We empirically assessed how time modifies infection risk
through its effects on host and parasite densities and found
that, because time allows for transmission, high host density
can result in highhost risk in as little as twogenerations of para-
site reproduction. Our results highlight that addressing
density–risk relationships requires a side-by-side comparison
of the host and parasite perspectives, with the latter allowing
us to evaluate the capacityof host populations topromotepara-
site reproduction and transmission. In our study,we simplified
some responses with linear models; nevertheless, nonlinear
approaches may be powerful for addressing theory in the
future. Both the saturating response of parasite attack rates
with host density, and the potential for dose–response curves
to reduce parasite success at the highest host densities, may
result inunimodal relationships betweendensityand infection,
fitting with theory that transmission is a nonlinear process
[20,24].Models and experiments containingbroadandecologi-
cally relevant host and parasite densities will be critical for
understanding when group living benefits or harms hosts.
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