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ABSTRACT: Theory often predicts that host populations should
evolve greater resistance when parasites become abundant. Further-
more, that evolutionary response could ameliorate declines in host
populations during epidemics. Here, we argue for an update: when
all host genotypes become sufficiently infected, higher parasite abun-
dance can select for lower resistance because its cost exceeds its ben-
efit. We illustrate such a “resistance is futile” outcome with mathemat-
ical and empirical approaches. First, we analyzed an eco-evolutionary
model of parasites, hosts, and hosts’ resources. We determined eco-
evolutionary outcomes for prevalence, host density, and resistance
(mathematically, “transmission rate”) along ecological and trait gra-
dients that alter parasite abundance. With high enough parasite
abundance, hosts evolve lower resistance, amplifying infection prev-
alence and decreasing host density. In support of these results, a
higher supply of nutrients drove larger epidemics of survival-reducing
fungal parasites in a mesocosm experiment. In two-genotype treat-
ments, zooplankton hosts evolved less resistance under high-nutrient
conditions than under low-nutrient conditions. Less resistance, in
turn, was associated with higher infection prevalence and lower host
density. Finally, in an analysis of naturally occurring epidemics, we
found a broad, bimodal distribution of epidemic sizes consistent with
the resistance is futile prediction of the eco-evolutionary model. To-
gether, the model and experiment, supplemented by the field pattern,
support predictions that drivers of high parasite abundance can lead
to the evolution of lower resistance. Hence, under certain conditions,
the most fit strategy for individual hosts exacerbates prevalence and
depresses host populations.

Keywords: host evolution, infectious disease, eco-evolutionary feed-
backs, experimental evolution.

Introduction

Infectious diseases threaten many populations (Dobson
et al. 2008), posing risks to livestock (Horan and Fenichel
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2007) and species of conservation concern, such as birds
and amphibians (Cooper et al. 2009; Vredenburg et al.
2010). Parasites harm their hosts by decreasing survival
(“mortality virulence”) or decreasing birth rate (“fecundity
reduction or castration”; Ebert et al. 2000). Such virulence
can reduce host density and increase extinction risk (Ebert
et al. 2000). However, in the face of selective pressure and
given sufficient genetic variance, hosts can evolve resis-
tance to infection (via prevention of infection) in popula-
tions experiencing outbreaks. This evolution of resistance
during the epidemic should reduce infection prevalence
(proportion of hosts infected) and ameliorate depression
of host density (Altizer et al. 2003; Duffy and Sivars-Becker
2007; Christie and Searle 2018), perhaps rapidly (Penczy-
kowski et al. 2011). Such rapid evolution of resistance might
even help terminate epidemics (Duffy and Sivars-Becker
2007; Dulffy et al. 2009).

However, such evolution of resistance can hinge on its
cost. Resistance becomes costly when linked to fecundity
or other traits (Boots and Begon 1993; Hall et al. 2010;
Duncan et al. 2011; van der Most et al. 2011; Auld et al.
2013). Hence, host populations without parasites should
evolve decreased resistance (given its cost without bene-
fit), as seen in, for example, poultry (van der Most et al.
2011), wildflowers (O’Hara et al. 2016), paramecia (Dun-
can et al. 2011), and nematodes (via evolution of selfing;
Slowinski et al. 2016). With parasites, the cost of resis-
tance may become worth paying, depending on its benefit
(preventing infection and virulence). This benefit depends
on the abundance of parasites and the force of infection.
For example, when ecological drivers make parasites scarce
and epidemics small (Dufty et al. 2012), hosts can evolve
less resistance. Then, as ecological drivers increase parasite
abundance, hosts typically evolve more resistance (Frank
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1994; Boots et al. 2009; Dufty and Forde 2009; Duffy et al.
2012; Lopez-Pascua et al. 2014; Koskella 2018). This pre-
diction holds especially strongly for parasites that com-
pletely castrate (Bohannan and Lenski 1997, 2000; Boots
and Haraguchi 1999; Lopez-Pascua et al. 2014; Gomez
etal. 2015). Thus, theory typically predicts that hosts should
evolve resistance when ecological factors drive increased
parasite abundance because the benefit of resistance ex-
ceeds the cost.

This evolutionary response can flip if infected hosts
can reproduce. In fact, high enough parasite abundance
can select for lower resistance (Bonds et al. 2005; Miller
et al. 2007; Donnelly et al. 2015; Best et al. 2017). Hence,
the fittest strategy for costly resistance becomes a hump-
shaped function of the drivers of higher parasite abun-
dance (Donnelly et al. 2015). At low parasite abundance,
resistance offers little benefit, as all genotypes experience
similar low rates of infection. But intermediate parasite
abundance selects for resistance, as more resistant geno-
types benefit from less infection (Donnelly et al. 2015).
Yet at even higher parasite abundance, lower resistance
can become most fit again. This outcome arises once all
genotypes face similarly high probabilities of infection.
Then the benefit of resistance contributes little to relative
fitness (Donnelly et al. 2015). Instead, the fecundity cost
of resistance reigns supreme. Hence, when drivers lead
to very high parasite abundance, “resistance is futile.”

Here, we illustrate conditions and consequences for re-
sistance is futile evolution with math and data. We first
develop it with focus on a driver that we can manipulate
(carrying capacity of hosts’ resources). We then show its
population-level consequences for infection prevalence
and host density (unlike most previous work; for a partial
exception, see Miller et al. 2007). While decreased resis-
tance increases prevalence, the density response is more
complex. Generally, adaptive evolution may increase or
decrease host density, most dramatically in evolutionary
rescue (increase; Carlson et al. 2014) or suicide (decrease;
Rankin and Lépez-Sepulcre 2005). In the present prob-
lem, the impact of resistance on host density depends
on parasite abundance, the cost of resistance, and the re-
sponses of other populations (e.g., resources) to host traits.
As a result, host density may increase or decrease with re-
sistance. We show how resistance evolution, given its eco-
logical context, affects host density using nonevolving,
ecology-only populations. We also evaluate evolution as
competition between two host genotypes at equilibrium or
during transient epidemics. All of these modeling perspec-
tives point to the same conclusion: as ecological drivers lead
to high parasite abundance, the resistance is futile mecha-
nism can amplify prevalence and depress host density.

We then test these predictions qualitatively with a me-
socosm experiment in a planktonic system. In this system,
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infection with a fungal parasite (Metschnikowia bicuspi-
data) increases the mortality of infected zooplankton
hosts (Daphnia dentifera). However, infected hosts can still
reproduce. Additionally, hosts face a fecundity-resistance
trade-off (via a foraging rate mechanism; Hall et al. 2010;
Auld et al. 2013). Both features meet model assumptions.
In mesocosms, we manipulated the carrying capacity of
hosts’ resources, and higher nutrient supply supported
denser host populations and larger epidemics. All popula-
tions started with the same mean level of resistance. After
clonal turnover, high-nutrient (high-parasite) populations
became less resistant than low-nutrient (low-parasite)
populations. Across these high-nutrient populations, lower
resistance correlated with higher prevalence and lower host
density. Finally, we looked to a survey of epidemics in lake
populations of the focal fungus in its plankton host for con-
cordant results. We found a somewhat bimodal, right-
skewed, widely spread distribution of epidemics. While pro-
viding only indirect evidence, this field distribution was
consistent with the resistance is futile mechanism. Hence,
the models and experiment support a resistance is futile ef-
fect that may help explain distributions of epidemics in the
field.

Eco-Evolutionary Model of Resources,
Hosts, and Parasites

The Model

The resistance is futile prediction arises in an eco-
evolutionary model analyzed under equilibrium and non-
equilibrium conditions. Inspired by the planktonic system,
this model allows for full feedbacks of resources (R),
susceptible (S;) and infected (I;) hosts of genotype i, and
free-living parasite propagules (Z). We use reasonable
parameters values for the focal planktonic system (see ta-
ble 1; Hall et al. 2010; Strauss et al. 2015; Strauss et al. 2019):

dR R
- = wR(l - K) — fuR(S; + 1), (1a)

B = ors +o1)— 58— 85z, (1b)
T
e (1¢)
7
fi_t = o(6 + v)I; — mZ. (1d)

Resources grow logistically with intrinsic rate of increase
w and carrying capacity K (first term, eq. [1a]). They are
consumed by the sum of susceptible and infected hosts
(H=S+1) of genotypes i =1 to n (S: = > i.,S,
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Table 1: Symbols, meaning, and default values or ranges for state variables, functions of state variables, and traits
and other parameters in an eco-evolutionary model of hosts, parasites, and resources (eqq. [1])

Symbol Meaning Unit Value or range
State variables:
t Time day Varies
R Density of resources pgchla L™ See figures
S Density of susceptible host i hosts L* See figures
I Density of infected host i hosts L™ See figures
Z Density of parasite propagules parasites L™ Varies
Functions:
H Total density of hosts, S + I hosts L™! See figures
p Prevalence, I/H unitless See figures
Traits and other parameters:
Jrnax Maximum foraging rate (eq. [2]) L host™! day™! .0207*
Jonin Minimum foraging rate (eq. [2]) L host™" day™! .0052*
Jrcale Trade-off parameter (eq. [2]) parasites host™ 2,984°
e Conversion efficiency hosts ug chl a™* .18°
f: Foraging rate, host i L host™' day™! Sonin 1O frnax
K Carrying capacity, resource pgchlal™ 30, 25 to 150°
m Loss rate of parasites day™! 1.5¢
v Mortality virulence day™ .05°
w Intrinsic rate of increase, R day™* 9
6 Background mortality rate day™! .05°
B: Transmission rate from propagules L parasite™" day™" 0 to 40 x 10~
to host i
0 Fecundity of infected relative to unitless .65,° 0 (castration) to
susceptible hosts 1 (full fecundity)
g Parasites released per host parasites host™" 100,000°

Note: Only traits f; and 8; vary with host genotype; others are held constant. chl a = chlorophyll a (a measurement of algal biomass).

* Trade-off parameters were chosen to match focal clones and give reasonable evolution.

" Biologically reasonable values of traits (Strauss et al. 2015).

©m = 1.5 corresponds to 22% (e™'**') of propagules alive after 1 day. Other values (e.g., Strauss et al. 2015) produce excessively high infection prevalence

here.
4 Biologically reasonable during an epidemic (Strauss et al. 2019).
¢ Biologically reasonable (Hall et al. 2010).

I = >"i_1,) foraging at weighted average rate f,, (f., =
S (F H/H)).

Each host genotype i differs in two key traits, transmis-
sion rate and foraging rate. More specifically, these fixed
traits are (1) the per-parasite, per-host transmission rate
of infection from the environment to hosts 3; and (2) the
per-host, per-resource rate of resource capture (i.e., forag-
ing rate f;). Here, a lower transmission rate provides an
“avoidance” form of resistance that prevents infection
(Boots and Bowers 1999). Through foraging, hosts also
compete for their shared resources (R). Both host classes,
Siand I, may convert these resources into susceptible off-
spring (i.e., transmission is purely horizontal; first term,
eq. [1b]). Susceptible hosts do so with a conversion effi-
ciency e. Meanwhile, infected hosts do so with modified ef-
ficiency ef), where = 1 means full fecundity while § = 0
represents complete castration (no production of off-
spring). Genotypes with a higher foraging rate (e.g.,
f>>f1) have higher fecundity (ef,R > ef R if uninfected

and ef ,R0 > ef | RO if infected), all else equal. We parame-
trized the model with moderate fecundity reduction for in-
fected hosts (0.65; Hall et al. 2010) but consider a full range
of & = 0-1 (fig. S1). All genotypes experience an identical
background mortality rate 6.

Additionally, susceptible hosts become infected at rate
; by encountering parasite propagules while foraging.
Hence, a genotype’s foraging rate (f;) connects to trans-
mission rate by a trade-off (eq. [2]),

e B

as governed by three positive shape parameters (fi.c fuin
and f.....) and where In(...) is the natural logarithm. Hence,
foraging rate f, remains bounded, ranging from f,, (corre-
sponding to 3; = 0) to f,.« (corresponding to B; = o,
ensuring that hosts evolve to less than f,..,) as scaled by



a constant ( f....). This trade-off has two key features. First,
it links three host traits: higher foraging rate (f;) is asso-
ciated with higher per capita fecundity (efiR or efR0, at a
given R) and increased transmission rate (3; (i.e., decreased
resistance). Second, this trade-off shape imposes accelerat-
ing costs: increased resistance (decreased (3;) corresponds
to a small cost (decreased f;) when resistance is low (high
£3). But when resistance is high (low 3;), even further in-
vestment in resistance imposes very costly foraging reduc-
tion. When are accelerating costs justified? This curvature
can arise if both exposure and susceptibility (probability of
infection once exposed) increase with foraging rate (for
suggestive evidence of such a link in this system, see
Strauss et al. 2019). Hence, (3, the product of exposure
and susceptibility, increases faster than linearly with f.
More importantly, accelerating costs offer an important
intellectual attribute here. Generally, decelerating costs
tend to select for extremely low or extremely high resis-
tance (Boots and Haraguchi 1999). Instead, here the con-
servative shape we implemented prevents extreme evolu-
tion and promotes the existence of a continuously stable
strategy (CSS; for proof in the case of & = 0 that a positive
trade-off curvature is necessary, see the supplemental PDF,
sec. 1; generally decelerating costs tend to select for extreme
traits; Boots and Haraguchi 1999). Hence, this accelerating-
cost shape prevents a resistance is futile effect from running
wild, selecting for a higher transmission and foraging rate to
biologically unrealistic extremes (for a more extreme exam-
ple of the resistance is futile effect with a less conservative
shape, see fig. S2). Yet despite our focal trade-oft’s conser-
vativeness (eq. [2]), hosts can still evolve extremely high or
low transmission rates in the model (fig. 1).

Infection converts susceptible hosts into infected hosts
(first term, eq. [1c]). These hosts suffer an elevated death
rate due to mortality virulence of infection, 6 + v (where v
is the added mortality, assumed equal for all genotypes).
When infected hosts die, all genotypes release o parasite
propagules, Z, back into the environment (first term,
eq. [1d]). Losses of parasite propagules occur at back-
ground rate m.

Overview of Analyses of the Model: Adaptive Dynamics,
Two-Clone Equilibria, and Simulations

We captured results of selection on host resistance with
three complementary modeling approaches. First, we mod-
eled continuous trait evolution (via adaptive dynamics
with stable equilibria; see the supplemental PDF, sec. 1)
to any point along the trade-off, assuming that ecological
processes happen much faster than evolutionary processes
and mutations have a small effect. We show how these
outcomes depend on the fecundity of infected hosts with
more classical results when infected hosts cannot repro-
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duce. This approach has the advantage of finding where
hosts evolve along the entire trade-off. However, it is not
fully comparable to experiments in which host genotypes
have significantly different traits. Second, we modeled out-
comes of competition at stable equilibrium between two
host clones with significantly different traits (but still fall-
ing along the trade-off; for trait values, see fig. S24). We
chose transmission rates for the less resistant (3, = 2.48 x
107%, f, = 0.012) and more resistant (3, = 7.22 x 1077,
f1 = 0.009) genotypes from a previously measured range
(Strauss et al. 2015). Furthermore, we used foraging rates
typical of these genotypes during epidemics (Strauss et al.
2019).

Third, still using two genotypes, we relaxed equilibrial
assumptions to resemble epidemics in mesocosms more
closely. To mimic experimental conditions, we started
host densities at 10 hosts L™! (either 100% or a 50:50
mixture of two genotypes) and parasites at 3,600 spores
L™, with resources at their carrying capacity: S = 10,
TLiia = 0, Ziia = 3,600, and R,.q = K. We simulated
(method: Dormand-Prince 4(5), local order 7) eco-evo-
epidemics for 150 days to approximate the amount of
clonal turnover in the experiment and averaged results
from days 100 to 150 (Soetaert et al. 2010). Over time,
these simulations approached a stable equilibrium (fig. S3);
thus, the choice of 100-150 days parallels averaging over
the later portion of the experimental time series (as we im-
plement for our experiment below). The transient average
approaches the equilibrium if the averaging window is
set later or as initial values start closer to the equilibrium.
Nonetheless, these simulations provide a qualitative but di-
rect comparison to the mesocosm experiment while con-
firming that core patterns of the resistance is futile mecha-
nism still emerge some distance from equilibrium. Indeed,
the central findings emerge harmoniously from all three
modeling approaches, indicating a stronger level of robust-
ness than if they emerged only from one.

For continuous trait evolution, we use adaptive dynam-
ics (Eshel 1983) to find a CSS for resistance (3css). Evolu-
tion to such a trait value depends on host invasion fitness,
which we find as the lifetime reproductive output (R,, not
to be confused with R for resources) of an individual of a
mutant genotype (m) when rare and invading the envi-
ronment created by the resident (r):

R, of m when invading r =

ef R N By N ef nR0
5+ B.Z, 6+ BuZ, s+v. (3
— ~ .
output while  probability of ~ output while
susceptible infection infected

where R; and Z; are the resource and parasite densities,
respectively, at the resident’s stable equilibrium. The
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Figure 1: Higher carrying capacity and parasite prevalence can cause hosts to evolve less resistance. Solid black curves represent eco-
evolutionary outcomes for transmission rate (Bcss; inverse of resistance) across a gradient of carrying capacity (K). Gray curves denote re-
sponse of single-reference genotypes (ecology-only populations: solid line = less resistant [high (]; dashed line = medium resistance [me-
dium fS]: dotted line = more resistant [low 8]). A-D, Castration (§ = 0). Hosts evolve increasing resistance (decreasing (Bcss) with K (A),
which keeps prevalence, pcg, much lower relative to ecology-only cases (as p.., increases with K; B). Higher resistance and lower pegs allow
the density of total hosts, H¢gs (C), and susceptible hosts, Scss (D), to increase with K. E-G, Fecundity reduction (§ = 0.65). Higher resis-
tance first evolves with K, then lower resistance evolves (in the resistance is futile blue box; E). At high K, there are two continuously stable
strategies (CSSs) separated by a repeller (dashed curve). The black square marks the high Bcss and its associated curves, while the white
triangle marks the low (Bcss. Prevalence increases with K, more slowly at first, then more quickly as hosts evolve decreasing resistance (blue
box; F). Total (G) and especially susceptible (H) host density remain low with K because of low resistance. Note that the solid gray curves fall
almost entirely under the solid black curves in G and H. See table 1 for default parameter values.



reproductive output while susceptible is the fecundity
(ef »R;) multiplied by the average duration in the suscep-
tible class (1/(8 + 8,,Z,)). Infected hosts also contribute
to reproduction (at rate ef,,R.0) while they remain in-
fected (1/(6 + v)), but their contribution is scaled by the
probability of infection (i.e., the ratio of the flow from §
to I divided by all flow from §). If and only if R, exceeds
1 can the mutant invade the resident’s equilibrium. This
same expression for R, (eq. [3]) can be found with the
next-generation matrix (Hurford et al. 2009). We use
adaptive dynamics (Eshel 1983) to find (s (which has a
corresponding fess); when considering trait values near
Bess> the CSS is uninvadable and host populations will
evolve toward it (for additional descriptions of a CSS,
see the supplemental PDF, sec. 1).

In all three modeling approaches, we varied carrying
capacity of the resource (K) as the key ecological driver
of parasite abundance. We chose K because we manipu-
lated it in mesocosms (below) by varying nutrient supply
and because we described gradients of nutrient supply
that increase epidemic size in nature. For a given value
of K, we compute host evolution (either Bcss or the fre-
quencies of the two clones) and the corresponding infec-
tion prevalence (proportion of hosts infected) and host
density. While disease outbreaks may not reach a stable
equilibrium, we used long-term attractors (stable equi-
libria and averages over transient dynamics) to make
qualitative predictions. We also calculated outcomes for
evolving populations and compared them with those for
nonevolving populations along a gradient of resource car-

rying capacity.

Results: Continuous Trait Evolution

When parasites castrate their hosts (0 = 0), higher carry-
ing capacity (K) leads to the evolution of stronger resis-
tance (lower ). Higher K ecologically increases the
density of parasite propagules (Z, not shown) when hosts
cannot evolve (i.e., fixed 8 as gray lines in fig. 1A); note
that infected host and parasite propagule (Z) densities are
proportional at equilibrium (since Z° = I'a(8 + v)/m
from eq. [1d]). Hence, higher K increases prevalence (p";
gray curves in fig. 1B). In response, host populations
evolve increasing resistance (black curve in fig. 14), and
prevalence (pcgs) flattens or even slightly decreases with
K (fig. 1B). In a negative feedback loop, increasing K
elevates parasite density, selecting for more resistance
and thereby lowering parasite density. Notably, the evolu-
tion of resistance enables hosts to attain increasing total
host density (H¢gs; fig. 1C) and especially susceptible den-
sity (Scss = m/(0Bcss); fig. 1D) as K increases (relative to
fixed 3 populations). Hence, this castration case conforms
to typical predictions of the evolution of resistance: when
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ecological drivers create large epidemics, high resistance
evolves, reducing prevalence and suppression of host den-
sity. We found oscillations only in the minority of param-
eter ranges (0 = 0 and Bueqium in K = 86-150 and B, in
K = 16-150); for all other parameter values reported
here, we found only an approach to stable equilibria. In
these cases, we averaged over the last third of a very long
time series (days 6.67 x 10* to 10 x 10*, otherwise follow-
ing the simulation procedure described above) to estimate
ecological outcomes. These averages qualitatively followed
the same pattern as and form a continuous curve with sta-
ble equilibrium outcomes (see fig. 1B-1D).

When parasites allow reproduction (e.g., 6 = 0.65),
qualitatively different eco-evolutionary dynamics and
the resistance is futile effect emerge. As K increases, par-
asite density and prevalence once again increase. However,
once these are sufficiently high (p¢ss = 0.46 and K = 35),
the benefit of resistance declines and a resistance is futile
scenario arises (fig. 1E). Instead of investing in increasing
resistance, hosts invest in a faster foraging rate, despite a
higher risk of infection. Notably, this switch occurs well
before all individuals become infected. Now, positive feed-
backs can arise between host evolution and parasite den-
sity; increased K elevates parasite density, selecting for less
resistance, which further elevates parasite density. The sta-
bilizing trade-off constrains these positive feedbacks, lead-
ing to high but biologically plausible 3.s. However, posi-
tive feedbacks do create evolutionary bistability, where a
repeller separates two CSSs (dashed curve: not conver-
gence stable [nor evolutionarily stable]). Thus, at high
enough K, resistance is not always “futile” hosts may
evolve to high resistance (low Bcss) if the population begins
evolving at low enough 3. Hence, unlike for the castration
case, when infected hosts reproduce, the resistance is futile
effect and bistability can both arise.

The resistance is futile mechanism has clear implica-
tions for prevalence and host density. At low K, evolution
of increasing resistance slows (but does not prevent) an
increase in prevalence (pcgs; fig. 1F) with K. But at higher
K, prevalence in the evolving host increases more quickly
than for any ecological case (black square) unless hosts
evolve to the resistant CSS (white triangle). That preva-
lence pattern approximates the response of the density
of infected hosts (I") or parasite propagules (Z'; both not
shown). Increased prevalence strongly depresses host den-
sity; it can even decrease slightly with K (Hgs; slight dip
in black curve in fig. 1G; more dramatic for susceptible
host density in fig. 1H). Hence, evolution toward the high-
transmission-rate CSS results from selection on individual
fitness and hurts the host population in terms of prevalence
and host density.

The fecundity of infected hosts attracts host evolution
toward a high-fecundity and low-resistance state, thereby
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inflicting damage on host density. This result becomes
very clear when comparing ecological host densities with
and without castration to eco-evolutionary densities. All
else equal and without evolution (ecology only), a castrat-
ing parasite hurts infected individuals more (i.e., is more
“virulent”) and more strongly suppresses host density
(compare gray curves in fig. 1C-1G, especially the lower-
resistance curves, which experience more infection and
castration; Anderson and May 1981). But once hosts can
evolve, less severe fecundity reduction (less virulence) on
individuals ends up leading to stronger suppression of host
density with the resistance is futile effect (black curves in
fig. 1C vs. 1G), particularly for susceptible hosts (S", fig. 1D

vs. 2H). Hence, because of eco-evolutionary dynamics,
the less virulent parasite can suppress host density more
than a more virulent one.

Further study of this model expands the scope of the re-
sistance is futile result in three ways (supplemental PDF,
sec. 1). First, it can arise at various carrying capacities (K)
and prevalence levels (p). On the one hand, it may require
higher K with more harmful parasites (lower 0 or higher v;
fig. S1A, S1B). Nonetheless, high K will still trigger a resis-
tance is futile effect unless parasites eliminate the fitness
of infected hosts (through complete castration, § = 0,
or instant killing as with predation, v = eo; fig. S1); with-
out the fitness of infected hosts, a driver that acts through
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Figure 2: Increasing carrying capacity selects for higher, then lower, resistance. We show stable equilibria for each genotype (gray curves
low [dashed] and high [dotted] resistance) or the two-genotype system (dashed black). The solid black curve shows simulation outcomes
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increased parasite density, Z", drives evolution toward
more resistance (assuming that evolution is a continuous
function of the driver, as we find in fig. 1A; for proof, see
the supplemental PDF, sec. 1). On the other hand, it can
also begin at a quite low prevalence (fig. S1C, S1D), de-
pending on trait values. Second, resource feedbacks un-
derlie the resistance is futile scenario. In particular, the
trophic cascade created by parasites elevates resource
density so that a higher birth rate can compensate for
the higher mortality caused by the epidemic (fig. S4A).
Third, the resistance is futile effect arises along gradients
of other ecological drivers of parasite abundance. In these
other cases, evolution of lower resistance increases prev-
alence and suppresses host density as well (figs. S5, S6).
Overall, the resistance is futile effect can emerge in a va-
riety of scenarios that may matter for diverse biological
populations.

Results: Two-Genotype Model, Equilibrial
and Nonequilibrial Dynamics

The same general patterns of the resistance is futile effect
arise for the two-genotype model. At low K, there is little
infection and the low-resistant genotype fixes (vertical
hatching in fig. 2A). As K increases, infection increases
and the system transitions to coexistence of the genotypes
(cross-hatching), then the high-resistance genotype fixes
(horizontal hatching). However, as K increases still fur-
ther, the resistance is futile effect becomes possible. As
prevalence in each genotype rises (fig. S4B), the difference
in prevalence—and the benefit of resistance—is maxi-
mized at intermediate K (fig. S4C). Hence, at high K the
benefit of resistance is small. There, selection favors high
foraging rate/transmission rate, leading to a higher prev-
alence and release of more parasite propagules. This pos-
itive feedback loop leads to alternative stable states (i.e.,
priority effects) between fixation of the two genotypes
(solid black). When the high-resistance genotype fixes,
parasite propagules are less abundant and resistance is
worthwhile. When the low-resistance genotype fixes, par-
asite propagules are more abundant and resistance be-
comes futile. At even higher K, parasite propagules be-
come abundant enough that resistance is futile regardless
of initial conditions. There, the low-resistance genotype al-
ways fixes. This clonal competition is qualitatively similar
to results from continuous trait evolution (fig. 1E) and
leads to similar results for prevalence (compare fig. 1F with
2B) and host density (compare fig. 1G with 2C).
Simulations of the two-genotype evolution qualitatively
follow the trend of stable equilibria. Throughout our K
range and for each genotype alone or both together, we an-
alytically find that one or two stable equilibria and simula-
tions approach these; in all of these cases, our simulations
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asymptotically approached these equilibria, failing to find
any exotic features, such as stable limit cycles. These sim-
ulations provide a qualitative comparison to trends in the
mesocosm experiment (described in the next section).
Simulations with both genotypes started with equal fre-
quencies. For reference to the experiment, we also simu-
lated ecology-only outcomes with only the low-resistance
genotype (black squares) or the high-resistance genotype
(white triangles).

We use the simulation results to illustrate the impact of
the resistance is futile effect on prevalence and host den-
sity in the experiment. The approach involves a quantita-
tive thought exercise. In both the simulation (here; fig. 2)
and the experiment (below; fig. 3), hosts evolved lower re-
sistance (higher ) in the high-carrying-capacity treat-
ment (K = 150 vs. K = 63 in the simulations). To esti-
mate the consequences of such evolution, we imagine
that the host instead evolved to the higher resistance (lower
() achieved in the lower-K treatment (likely a conservative
value). Then, given that higher resistance level, we estimate
what prevalence of infection (p) and host density (H) could
have been reached. However, this inference requires care,
as the B-p and 3-H relationships differ between low and
high K. Hence, we first fitted a beta regression to estimate
the 3-p relationship at high K and a linear one to estimate
the B-K relationship. We then used those regressions to cal-
culate what hypothetical prevalence and density would
have been reached (given higher resistance; blue circle) ver-
sus what was reached (in reality; gray circle; figs. 2D, 2E,
3D, 3E). The consequences of the resistance is futile effect
then follow: the arrows point to the increase in prevalence
and decline in host density caused by this evolutionary
response.

Eco-Evolutionary Outcomes from Selection
on Resistance: Experiment

Methods

We tested predictions of the model by creating experi-
mental epidemics with a plankton system. This system
meets many assumptions of the model. The host, the
zooplankton grazer Daphnia dentifera, feeds on an alga,
Ankistrodesmus falcatus. The carrying capacity of this
resource depends on nutrient supply. Then, because
hosts ingest infectious spores, they trade off the forag-
ing rate (and hence the birth rate) with the transmission
rate of a fungal parasite, Metschnikowia bicuspidata
(Hall et al. 2010, 2012; Auld et al. 2013). Hosts also vary
in susceptibility to terminal infection once exposed (Stew-
art Merrill et al. 2019; Strauss et al. 2019); this varia-
tion forms part of the trade-off. Infected hosts retain sig-
nificant fecundity, providing a test for the noncastration
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Figure 3: Implications of an epidemic driver (nutrient supply) for resistance, prevalence, and host density in populations that can evolve,
relative to ecology-only controls. Symbols denote genotype treatments with approximately three replicates each (see the main text). A, Re-
sistance: high-nutrient populations were less resistant than low-nutrient populations, consistent with a resistance is futile effect (see K in-
creasing frequency of less resistant genotype in fig. 2A). Bars show =1 SE calculated over two time points and replicates within a treatment.
B, Prevalence (p) averaged over time and treatment for low-resistance (squares), high-resistance (triangles), and evolving-resistance (circles)
genotype treatments. High-resistance populations have lower prevalence. Higher nutrients increase p, but not for high-resistance popula-
tions (similar to fig. 2B). C, High-resistance populations have higher host density (H). Higher nutrients increase H, especially for high-
resistance populations (as in fig. 2C). D, E, At high nutrients, less resistance in A was significantly associated with higher p (D) and lower
H (E). Blue points represent hypothetical prevalence and host density (as in fig. 2D, 2E), and large gray points show actual treatment means.
Blue arrows connect these points, illustrating the consequences of the resistance is futile effect for prevalence and host density.

case (Hall et al. 2010). In the 50-L mesocosms, thou-
sands of individuals interacted dynamically with resources
and parasites (as in the model) for approximately 10 host
generations.

We stocked mesocosms with two clonal genotypes of
hosts with known (premeasured) traits (Strauss et al. 2015;
Walsman et al. 2022b). In monoclonal, “ecology-only” ref-
erence mesocosms, we added either a genotype with high
resistance but slower foraging (hereafter, “high-resistance
genotype”) or one with lower resistance but a higher for-
aging rate (hereafter, “low-resistance genotype”; mimick-
ing the gray nonevolving curves in fig. 1). In “evolving”
mesocosms, we introduced both genotypes at equal fre-
quency, and then clonal frequency changed as they com-
peted during epidemics. These three host treatments were

crossed with two nutrient levels (to mimic low and high
K), yielding a 3 x 2 design with three replicates. Of these
18 populations, two outliers were excluded in the final
analysis (for more details, see the supplemental PDF,
sec. 2). We sampled hosts twice a week to estimate density
and prevalence. We used these samples of hosts twice dur-
ing the epidemic to genotype each evolving population
(see the supplemental PDF, sec. 2).

This experiment tested qualitative predictions of our
model. Specifically, compared with populations that re-
ceived a lower supply of nutrients, those with a high nu-
trient supply may experience the resistance is futile effect,
leading to larger epidemics, lower resistance, and lower
host density. We tested whether nutrients increased prev-
alence and host density with a beta regression (because



prevalence is bounded between 0 and 1), and we used a
linear model for host density (see the supplemental PDF,
sec. 2). We calculated the mean transmission rate (3) for
evolving populations as the frequency-weighted average
of clonal estimates of that trait (collected 16 and 24 days af-
ter spore addition; see the supplemental PDF, sec. 2). We
tested whether genotype frequency differed between nu-
trient supply treatments using a logistic regression of ge-
notype identity on nutrients with mesocosm as a random
effect. We then evaluated the relationship between the
transmission rate (x-axis) and prevalence ( y-axis, beta re-
gression) or host density (y-axis, total and infected, linear
model) at each nutrient level (for details, see the supple-
mental PDF, sec. 2). The ecological results here (host den-
sity and prevalence) were reported previously as part of
a larger experiment, with a different focus and analysis
(Walsman et al. 2022b). In contrast, the evolutionary re-
sults (host genotype frequencies and calculated average
transmission rate) are reported here for the first time.

Results

The experimental results qualitatively matched the eco-
evolutionary model phenomenon of resistance being fu-
tile: lower resistance evolved when epidemic drivers were
high compared with when they were low. In evolving
populations, the frequency of the low-resistance genotype
increased from 17.5% at low nutrient supply to 42.9% at
high nutrient supply (P = .0415 with 85 individuals geno-
typed; fig. 3A). Nutrients increased prevalence (P = .004;
fig. 3B) and host density (P < .001; fig. 3C).

The eco-evolutionary model predicts that a higher
transmission rate should increase prevalence and infected
host density while decreasing total host density. We used
the single-genotype reference populations to determine
the ecological effects of the transmission rate. At high nu-
trient supply, a higher transmission rate was associated
with higher prevalence (P = .002; beta regression curve
in fig. 3D) and lower host density (P = .002; line in
fig. 3E); infected host density had a nonsignificant positive
association (P = .226; not shown). These regressions al-
lowed us to evaluate the impact of the resistance is futile
effect using the quantitative thought exercise described
above. More specifically, the regression enabled estimation
of hypothetical prevalence (blue point in fig. 3D) and host
density (blue point in fig. 3E) if hosts had evolved as much
resistance at high nutrient supply as at low supply (as in
fig. 2D, 2E). The arrows, then, connect these hypothetical
values to those reached in the actual mesocosms (large
gray points). These arrows point out how the resistance
is futile mechanism amplified prevalence (fig. 3D) and
suppressed host density (fig. 3E), as predicted (see fig. 2D,
2E, respectively).
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Comparison of the Distributions of Epidemic Size:
Models and the Field

Methods

If the resistance is futile effect can occur in mesocosms,
does it matter in nature? While this would be difficult
to test directly, we examined whether preliminary evi-
dence is consistent with the resistance is futile prediction.
As we will show below, the positive feedbacks of the resis-
tance is futile effect should make the distribution of epi-
demic size broader, somewhat bimodal, and right skewed.
We tested this prediction using the distribution of natural
fungal epidemics. We sampled epidemics in Indiana lakes
during the period 2009-2016 (166 unique lake-years) and
measured the prevalence of fungal infection multiple
times over the epidemic season (for details, see the sup-
plemental PDF, sec. 3). We consider epidemic size in a
given lake-year as the maximum prevalence attained over
the epidemic season (correlated with mean prevalence;
fig. S7). We consider only lakes that had an epidemic (de-
fined as reaching a maximum prevalence of >0.1; table S1
shows how these results shift somewhat if we use mean or
maximum prevalence and alter threshold choice). We
compare this field distribution (fig. 4A) to those produced
from the eco-evolutionary model, given a distribution of
the carrying capacity of the resource. (We chose K as the
focal ecological driver because it influenced prevalence in
the model and experiment, and likely in the field as well;
see fig. S7).

Model distributions were generated under two cases
of host evolution in the model with some fecundity while
infected (f# = 0.65). Normal distributions of K in the
model had their mean and standard deviation fitted to
maximize their match to the field data for each model
case (for details, see the supplemental PDF, sec. 3). In
the “constrained” case, we force hosts to evolve more re-
sistance with K. To implement this constraint, we use
trait values across K from the castration case, in which
hosts only evolve increasing resistance with K (fig. 14).
The different implementation method of this case did
not qualitatively affect the outcomes (not shown). In the
resistance is futile case, hosts evolve normally; hence, re-
sistance can increase and then decrease with K (as in
fig. 1E; see fig. 4B). Because of unmeasured factors in nat-
ural populations (e.g., various other ecological drivers), we
did not expect a precise match between distributions of
prevalence in the model and field. Instead, we measured
the deviations between them with descriptive statistics
of breadth and shape: the interquartile range (IQR), bi-
modality (Ashman’s D [AshD]), and right skew. A lower
sum of relative deviations provided a better fit (found for
each case using a genetic algorithm; see the supplemental
PDF, sec. 3).
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Results

Natural populations displayed a broad, somewhat bi-
modal, right-skewed distribution of prevalence. The ob-
served distribution had an IQR of 0.184, an AshD of
2.123, and a skew of 0.716 (fig. 4A). Without the resis-
tance is futile effect (i.e., following the constrained K-f3
relationship; fig. 4B), host evolution created a narrow
(IQR = 0.049; fig. 4C), less bimodal (AshD = 1.790),
and left-skewed (skew = —1.464) distribution with a
poorer match to field data (summed relative deviance =
3.934). In contrast, the resistance is futile mechanism pro-
duced a broader distribution (IQR = 0.213; fig. 4D) with
more bimodality and right skew (AshD = 4.576, skew =
0.920). Interestingly, the model did not fit high enough
K values to fall in the range of bistability (for the 2,000
K values generated, see fig. 4B for mean and standard devi-
ation) but generated bimodality simply from the shape of
the 8-K curve. These metrics better matched the field data
(summed relative deviance = 1.602). The resistance is fu-
tile case produced larger IQR, AshD, and right skew be-
cause of positive feedbacks between parasite density and
host evolution. Hence, the broad, bimodal, right-skewed
distribution observed in nature is more consistent with
predictions of positive feedbacks that arise only in the resis-
tance is futile case of the eco-evolutionary model.

Discussion

One might expect hosts to evolve more resistance when
ecological drivers favor high parasite abundance. How-
ever, we argue that those conditions can make resistance
futile: more parasites can select for less resistance, which
increases infection prevalence and depresses host density.
We show this possibility in an eco-evolutionary model of
a host-parasite-resource system using adaptive dynamics
as well as equilibrial and transient competition between
two clones. We confirm it qualitatively with a population-
level experiment in a plankton system. Furthermore, the
resistance is futile response can create positive feedbacks
between host evolution and parasite density, which can
even generate bistability (see two CSSs [fig. 1] and priority
effects [fig. 2]). These positive feedbacks produced broad,
somewhat bimodal, right-skewed distributions of preva-
lence in the model consistent with those observed in
epidemics in lakes. Hence, our theory and experimental
results, with support from the field survey, all suggest that
resistance can become futile when ecological drivers lead
to high parasite abundance.

Under what conditions do we expect to see the resis-
tance is futile effect? First, hosts must pay a cost for resis-
tance, for example, via a resistance-fecundity trade-oft;
otherwise, selection never decreases resistance. Second,
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the resistance is futile outcome would be less likely if
resistance to infection also reduced the harm from infec-
tion; in the asymptotic case of 100% infection, the resis-
tance is futile effect is driven by the fact that the lowest-
resistance genotypes have the highest fitness when all
genotypes are infected. Hence, we do not see the resis-
tance is futile effect when parasites fully castrate (elimi-
nate reproduction) or if hosts die immediately after infec-
tion (for proof, see the supplemental PDF, sec. 1; Leibold
1996; Bohannan and Lenski 1997, 2000; Lopez-Pascua
et al. 2014). If hosts could plastically maximize their for-
aging rate once infected, this adaptive response would
also undermine the resistance is futile effect, as all geno-
types would have the same maximal foraging rate. Such
a plastic maximization seems biologically unlikely in our
focal system, as foraging rate decreases because of the bur-
den of infection (Penczykowski et al. 2022). Third, ecolog-
ical factors must favor high enough parasite abundance to
render resistance futile. We demonstrate this idea (mathe-
matically and empirically) using the carrying capacity of
the resource (but also extend it to other growth and loss
factors that influence parasite abundance).

How often do systems meet these conditions in nature?
Various systems show the trade-off (Boots and Begon
1993; Kraaijeveld and Godfray 1997; Hall et al. 2010; Auld
et al. 2013), hosts often/usually retain some fecundity
while infected (Kuris et al. 2008), and many systems have
a high prevalence of infection (Ezenwa 2004). Some sys-
tems may indeed meet all three requirements. For in-
stance, a guppy-flatworm system likely possesses the trade-
off (Huizinga et al. 2009; Hockley et al. 2014) while certainly
retaining some fecundity while infected (Pérez-Jvostov
et al. 2015) and reaching a high prevalence in nature
(Stephenson et al. 2015). When these conditions are met,
increased parasite abundance may undermine selection
for resistance. However, we know of no other empirical
demonstration—yet—of this phenomenon.

Our model builds on others that demonstrate when re-
sistance is futile. Indeed, it arises in other models (Bonds
et al. 2005; Miller et al. 2007; Donnelly et al. 2015; Best
etal. 2017; Walsman and Cressler 2022), as does a similar
form of evolutionary bistability (Miller et al. 2007; Best
etal. 2017). All of these models, despite differences in de-
tails, share a common thread. In each, high enough para-
site abundance and force of infection reduces the benefit
of resistance. Instead, reproduction by infected hosts
rewards lower resistance (due to the fecundity cost of re-
sistance in a trade-off). Eventually, the cost of resistance
outweighs the diminishing benefit of resistance. However,
our work builds on previous work in two useful ways.
First, we showed the implications of the resistance is futile
effect for prevalence and host density with comparison to
ecology-only populations. It may benefit more adaptive
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dynamics analyses to make similar connections to ecol-
ogical relevance, which is currently uncommon. Second,
we show similar resistance is futile outcomes for resis-
tance, prevalence, and density across three complemen-
tary modeling approaches. Harmony between the three
modeling approaches ensured robustness of these findings
while qualitatively simulating evolutionary outcomes in the
experiment.

As importantly, we show direct experimental support
for the resistance is futile effect. Specifically, the ex-
periment saw hosts evolve less resistance during larger
epidemics (created by higher nutrient supply) than dur-
ing smaller epidemics. One other example (Parker 1991)
showed evolution of decreased resistance during a large
epidemic, but not along a gradient. In contrast, previous
efforts showed evolution of higher resistance when eco-
logical drivers lead to high parasite abundance (Dufty
et al. 2012; Lopez-Pascua et al. 2014). Hence, the resis-
tance is futile mechanism might explain why resistance
and prevalence can correlate negatively in nature (Thrall
and Burdon 2000; Laine 2004; Ericson and Burdon 2009).
In a sense, the resistance is futile mechanism flips cause
and effect: less resistance causes higher prevalence (a tra-
ditional explanation) or higher prevalence causes lower
resistance through resistance is futile feedbacks (the new
one here). The field survey of fungal epidemics in lakes
was also consistent with a resistance is futile affect. Our
model with resistance is futile-type evolution produced
a broad, right-skewed, somewhat bimodal distribution of
prevalence. That prediction better captured the qualitative
shape of the field data than a resistance-only version of the
model (a finding that, by itself, offers consistency but not
conclusiveness). Hence, supported by the suggestive field
pattern, the mesocosm data challenges expectations that
conditions leading to higher parasite abundance should se-
lect for stronger resistance. They may not.

The implications of the resistance is futile effect for
prevalence and host density raise broad ecological con-
cerns. When hosts evolve high resistance, infection prev-
alence remains small, and parasites depress host density
little (Altizer et al. 2003; Duffy and Sivars-Becker 2007;
Christie and Searle 2018). If hosts instead evolve less re-
sistance, parasites may depress host density more signif-
icantly. Furthermore, depressed density may threaten the
persistence of host populations (Ebert et al. 2000; De
Castro and Bolker 2005). Additionally, the resistance is fu-
tile effect can produce a high density of infected hosts (seen
in the model, trended in the experiment). Higher infected
density may increase the risk of spillover to other host spe-
cies (Daszak et al. 2000; Power and Mitchell 2004). Hence,
evolution of lower resistance may exacerbate the negative
effects of ecological drivers of high parasite abundance for
hosts of multiple species.

The resistance is futile effect resembles the evolution of
tolerance in two ways, but they differ in one key aspect.
First, evolution of lower resistance (higher fecundity)
maximizes fitness of the infected host class. Similarly,
tolerance minimizes virulence on fecundity (Restif and
Koella 2004) or mortality (Boots and Bowers 1999; Miller
et al. 2006). Hence, both strategies increase the fitness of
infected hosts without eliminating infection. Second,
both the resistance is futile effect and tolerance invoke
positive feedbacks, where higher parasite density can se-
lect for less resistance or higher tolerance. Both responses
lead to still higher parasite density (for tolerance, see Roy
and Kirchner 2000; Miller et al. 2005, 2006). However,
these mechanisms likely exert different consequences for
host density. While lower resistance depresses host density,
increased tolerance can elevate it (Miller et al. 2006). How-
ever, more complex possibilities arise: tolerance that lowers
mortality may sometimes amplify directly transmitted dis-
ease, thereby suppressing host density (Anderson 1979).
We suggest that reanalysis/future development of models
of tolerance evolution (e.g., Boots et al. 2009; Cressler
etal. 2015; Best et al. 2017) could clarify and contextualize
how tolerance evolution impacts host density (as we did in
figs. 1 and 2).

After establishing that the resistance is futile effect can
arise, how do we know when and where to look for it in
the future? First, to characterize the predicted U shape
of the evolution of transmission rate, future tests of the
eco-evolutionary model could employ a wider range and
more levels of nutrient supply (fig. 1E). Second, to broaden
and generalize, future tests should evaluate how other
factors (besides nutrients) drive the resistance is futile ef-
fect (as we modeled). Factors that increase production of
resources, hosts, and parasites and those that decrease
losses of hosts and parasites could all trigger it. Third, to
test for the predicted priority effects at higher nutrient
supply, experiments could be started at different frequen-
cies of genotypes (i.e., some starting at high resistance and
others at low resistance). Fourth, to more conclusively
evaluate predictions in the field, traits can be measured be-
fore and after epidemics (as in Duffy et al. 2012) during the
largest epidemics (although this task can prove quite labo-
rious). In addition, future theoretical work could alter key
assumptions made here. First, other trait relationships
can be included. For instance, if lower resistance increases
mortality virulence (Hall et al. 2010), fitness advantages of
low-resistance strategies would shrink. Second, parasite
coevolution—say along a virulence-transmission trade-
off (Best et al. 2009)—could interact with these dynamics;
for example, fast enough parasite evolution can stabilize
positive feedbacks in the resistance is futile mechanism
(see the supplemental material of Walsman and Cressler
2022). These extensions would highlight how and when



drivers of high parasite abundance should and should not
lead to the resistance is futile effect.

This study warns that the evolution of lower resistance
during larger epidemics may elevate prevalence and de-
press host density. This resistance is futile outcome
broadens the range of eco-evolutionary possibilities dur-
ing epidemics. Even more importantly, resistance is futile
effects may increase prevalence and lower host density
more commonly than anticipated. This possibility raises
important implications for controlling the spread of dis-
ease. Yet this eco-evolutionary mechanism requires sev-
eral components (fecundity-resistance trade-offs, repro-
duction by infected hosts, and sufficiently large epidemics).
At this point, it remains unclear how many systems meet
these assumptions. Just when will maximization of the fit-
ness of individual hosts amplify already-large epidemics,
and when/why will it not? Guided by theory, we now know
where to look.
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“Most persons have no doubt seen the little crab, with a smooth, rounded body, that lives in the interior of the shell between the gills of the
oyster, and is often cooked with that excellent bivalve. This is the Pinnotheres ostreum [figured], and is doubtless parasitic in the oyster
merely for the sake of shelter, and probably does not injure the oyster unless by the irritation that its motions might cause.” From “On
the Parasitic Habits of Crustacea” by A. E. Verrill (The American Naturalist, 1869, 3:239-250).



