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abstract: Empirical evidence suggests that coevolutionary arms
races between flowering plants and their pollinators can occur in
wild populations. In extreme cases, trait escalation may result in
evolutionary switching from mutualism to parasitism. However,
theoretical approaches to studying coevolution typically assume fixed
types of ecological interactions and ignore the evolution of absolute
fitness. Here, we introduce a novel approach to track the evolution of
absolute fitness as a framework to determine when escalatory coevo-
lution results in a switch from mutualism to parasitism. We apply
our approach to two previously studied mechanisms mediating se-
lection as a function of phenotype. Our results demonstrate that in-
teractions mediated by a “bigger-is-better”mechanism evolve toward
parasitism. In contrast, generalizing theclassical trait-matchingmech-
anism so that the fitness of each species is optimized when trait val-
ues mismatch by a particular amount, we find theoretical support
for indefinite trait exaggeration that preserves mutualistic interac-
tions. Building on our results, we discuss the consequences of coevo-
lutionary arms races for themaintenance of cheating.Moving beyond
pairwise interactions, we consider the ramifications of coevolution in
a South African pollination network for the evolution of parasitism.
Future work extending our approach beyond pairwise interactions
can lead to a framework for understanding the evolution of parasitism
inmutualistic networks and further insights into the structure and dy-
namic nature of ecological communities in general.
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Introduction

Coevolution between pairs of species has long been con-
sidered an important driver of phenotypic exaggeration
(Darwin 1862; Wallace 1867; Benkman et al. 2003; Brodie
et al. 2005; Toju and Sota 2006; Anderson and Johnson 2007,
2009; Pauw et al. 2009; Anderson et al. 2010; Muchhala and
Thomson 2010; Thompson 2014; Nuismer 2017; Nuismer
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and Week 2019; Week and Nuismer 2019). In particular,
coevolutionary theory predicts that antagonistic victim-
exploiter interactions, such as host-parasite and predator-
prey interactions, often result in coevolutionary cyclic chases
(Gavrilets 1997; Gavrilets and Hastings 1998) or escalatory
arms races (Nuismer et al. 2007). If an arms race goes un-
checked by external sources of stabilizing selection, the in-
teracting species are predicted to evolve ever greater defen-
sive and offensive trait values. However, this dynamic is not
unique to antagonistic interactions. Indeed, several cases of
apparent trait escalation involving mutualistic interactions
have been documented (Anderson and Johnson 2007, 2009;
Pauw et al. 2009). Furthermore, the classification of an inter-
action as amutualism or an antagonismmay change as part-
ner species evolve or as the ecological context in which the
interaction occurs changes over space and time (Bronstein
1994; Gomulkiewicz et al. 2003; Nuismer et al. 1999, 2003).
For example, the interactions between the pollinating seed
parasite Greya politella and the plant it pollinates, Litho-
phragma parviflourm, changes from mutualism to parasit-
ism as the abundance of copollinators decreases (Thomp-
son and Pellmyr 1992). Alternatively, if one mutualistic
partner outpaces the other in an evolutionary race, the
carefully balanced mutual benefits may disintegrate lead-
ing to the evolutionary switching from mutualism to par-
asitism (Pauw et al. 2009; Jones et al. 2015).
Here, we study the disintegration of mutualisms due to

escalatory coevolution.We focus on twomechanismsme-
diating fitness as a function of phenotype. In one model,
the arms race is driven by a “bigger-is-better” (i.e., trait dif-
ferences sensu Nuismer et al. 2007) mechanism where fit-
ness increases indefinitely with trait size. In the other model,
the arms race is driven by an “offset-matching” mecha-
nism (sensu Week and Nuismer 2019), where fitness is
a unimodal function peaking at some value larger than
the trait of the interacting partner. Our goal is to deter-
mine whether these interaction mechanisms yield coevo-
lutionary dynamics that preserve or destroy mutualistic
interactions.
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Although coevolutionary models of victim-exploiter in-
teractions often predict indefinite trait escalation, most co-
evolutionary models of mutualistic interactions rarely, if
ever, predict coevolutionary arms races and sustained esca-
lation of traits (Nuismer 2017). A notable exception is Kies-
ter et al. (1984), where it was demonstrated that sexual se-
lection in pollinator populations can lead to escalation of
pollinator preference.When plant traits evolve to track pol-
linator preference, sexual selection in the pollinator popula-
tion may then indirectly lead to the evolutionary escalation
of plant traits. However, the escalatory dynamics described
in this situation are driven by sexual selectionwithin species
and not coevolutionary selection between species. Further-
more, Kiester et al. (1984) concluded that in the absence of
sexual selection, coevolution in mutualisms would lead to
the stable convergence of trait values. Recent coevolution-
ary models focused on dynamics driven solely by interspe-
cific interactions continue this tradition of modeling the
phenotypic interface of mutualisms with a trait-matching
mechanism (Guimarães et al. 2017; Nuismer 2017; Me-
deiros et al. 2018; de Andreazzi et al. 2019). Hence, it is gen-
erally assumed that coevolving mutualists do not engage
in cycles or arms races.
While this dichotomy between antagonistic and mutu-

alistic interactions is generally accepted, striking counter-
examples exist in a range of empirically well-studied mu-
tualistic interactions characterized by extremely exaggerated
traits (Anderson and Johnson 2007, 2009; Pauw et al. 2009;
Muchhala and Thomson 2010). For instance, in the interac-
tion between the long-proboscid fly Prosoeca ganglbaueri
and the flowering plantZaluzianskyamicrosiphon, Anderson
and Johnson (2007) found extreme trait exaggeration, in-
cluding proboscis lengths of up to 50 mm and floral tube
depths of up to 55 mm. Furthermore, these authors dis-
covered significant spatial correlations in mean proboscis
length andfloral tube depth, suggesting a role for coevolution
in explaining patterns of phenotypic exaggeration. Similarly,
Pauw et al. (2009) found significant spatial correlations be-
tween another long-proboscid fly,Moegistorhynchus longi-
rostris, and a long-tubed flower, Lapeirousia anceps. Using
a clever experimental design, Pauw et al. (2009) also demon-
strated evidence for reciprocal directional selection caused
by this interaction for longer floral tubes and pollinator pro-
boscises. Hence, evolutionary exaggeration in these systems
may be explained by interspecific coevolutionary selection
instead of intraspecific sexual selection.
These examples suggest that coevolutionary trait exag-

geration in mutualisms is more widespread than previ-
ously thought. However, if trait escalation of one partner
outpaces that of the other, the interaction may cease to be
beneficial for the second partner. That is, the mutualism
may collapse into a parasitism (Jones et al. 2015). For in-
stance, if the fly mouthpart evolves to exceed the nectar-
tube depth by an extreme amount, the fly may be better
described as a nectar thief rather than a pollinator (Inouye
1980; Pauw et al. 2009). Hence, these mutualisms may be
maintained by a delicate coevolutionary dance between
partner species.
In a convincing counterargument drawing on meta-

analyses of selection gradients and macroevolutionary
patterns, Frederickson (2017) challenged the notion that
mutualisms are on the verge of breakdown. Instead, Fred-
erickson (2017) argues that a host-parasite interaction is
more likely to experience an evolutionary switch to mutu-
alism than the other way around. Combining this argument
with our knowledge of coevolutionary arms races in mutu-
alisms leads us to two key questions: Can sustained arms
races within mutualistic interactions continue indefinitely
without disintegrating into antagonisms? And if so, which
mechanisms mediating fitness as a function of phenotype
favor the stability of mutualism in the face of ongoing arms
races for ever-increasing trait values?
Here, we answer these questions by analyzing the trait-

differences and offset-matching models of mutualistic
arms races. By tracking the absolute fitness of interacting
species in response to trait evolution, our results demon-
strate that unchecked mutualistic arms races mediated by
a weak selection approximation to trait differences are
doomed to a parasitic fate. In contrast, offset matching
(with weak or strong selection) can preserve mutualistic
interactions in spite of ever-increasing trait values.
Methods

Our analysis focuses on two interaction mechanisms de-
termining the fitness of individuals as functions of their
phenotype and the phenotype of an encountered individ-
ual: the trait-differences mechanism (Nuismer et al. 2007)
and the offset-matching mechanism (Week and Nuismer
2019). We therefore begin the description of our methods
with a brief review of trait differences and offset matching.
We then describe our approach to modeling coevolution-
ary dynamics and present population growth rates associ-
ated with each interaction mechanism.We show that these
growth rates can be additively decomposed into a com-
ponent representing the overall effect on fitness due to the
interaction and a component representing effects due to
sources outside the interaction. By tracking the component
describing the overall effect of the interaction on absolute
fitness, we develop a method to model the evolutionary
switching of interaction types and the transition from mu-
tualism to parasitism in particular. In the results section,
we combine our models of coevolutionary dynamics with
our approach tomodel the evolutionary switching of inter-
action types to determine when trait differences and offset
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matching promote an evolutionary switch frommutualism
to antagonism.
Trait Differences

The trait-differences mechanism assumes that the com-
ponent of fitness due to a biotic interaction changes
monotonically with the trait value of the focal individual.
Nuismer et al. (2007) used trait differences to derive quan-
titative genetic models of coevolutionary trait escalation
driven by antagonistic interactions. The coevolutionary
behavior implied by the trait-differences mechanism ex-
hibits two characteristic features. First, the mean traits will
diverge toward ever larger values. Second, in the limit of
weak selection, the rate of trait evolution for one species
does not depend on the trait value of the other, leading
to independent evolutionary trajectories.
The trait-differences mechanism has frequently been

modeled using a logistic curve describing the probability
of a successful interaction given the trait values of the in-
teracting individuals (Toju and Sota 2006; Nuismer et al.
2007; Nuismer 2017; Nuismer andWeek 2019). However,
the same bigger-is-better mechanism can also be modeled
with an exponential curve. Although not as biologically re-
alistic, the latter option simplifies analysis and yields the
same dynamics as the logistic curve in the limit of weak se-
lection (Nuismer et al. 2007;Week andNuismer 2019).We
therefore make use of the exponential curve instead of the
logistic curve in our derivations.
Denoting x the trait value of an individual of species X,

denoting y the trait value of an individual of species Y, and
assuming each individual engages in a single interaction,
individual fitness can be captured by

WX(x, y) ∝ exp(BX(x2 y)), ð1aÞ
WY(y, x) ∝ exp(BY(y2 x)), ð1bÞ

where BX, BY 1 0 determine the sensitivity of fitness to
trait values and hence mediate the strengths of selection
on the respective species. We therefore refer to these pa-
rameters as the strengths of biotic selection. This interac-
tion mechanism is summarized graphically in figure 1.
Offset Matching

The offset-matching mechanism generalizes the trait-
matching mechanism frequently used to model coevolu-
tionary interactions (Kiester et al. 1984; Week and Nuis-
mer 2019). In particular, offset matching relaxes the key
assumption that trait values from interacting pairs must
be perfectly matched to optimize fitness for both species.
Instead, fitness for each species is optimized when their
trait value differs from the other by a particular amount,
which we refer to as the optimal offset. By assuming that
Figure 1: Fitness curves under trait differences (left) and offset matching (right) as functions of the difference in individual traits x2 y.
Solid lines represent the fitness of individuals in species X. Dashed lines represent the fitness of individuals in species Y. Vertical dotted
lines mark the location of offset fitness optima. In the offset-matching case we have set d p 0:5. In both plots we have set BX 1 BY so that
species X experiences stronger selection than species Y. In particular, for trait differences we set BX p 1:5 and BY p 1, and for offset
matching we set BX p 15 and BY p 5.
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fitness is maximized at a positive optimal offset for both
species, we obtain a phenotypic mechanism for escalatory
selection. In particular, this assumes that each species ben-
efits from having a slightly larger trait but suffers reduced
fitness beyond a certain threshold. This model of fitness
was introduced by Week and Nuismer (2019) to simulta-
neously explain trait exaggeration and correlations of mean
traits across multiple populations, enabling the use of a sim-
ple maximum likelihood approach to measure the strength
of coevolution in the wild. By setting the optimal offset to
zero, the trait-matching model commonly used to model
mutualistic coevolution is recovered. Figure 1 compares
fitness curves under trait differences and offset matching.
Following the notation introduced above, we denote by x

the trait value of an individual in species X and by y a trait
value in species Y. Assuming each individual participates
in a single interaction, individual fitness under the offset-
matching model can be described by

WX(x, y) ∝ exp 2
BX

2
(x1 d2 y)2

� �
, ð2aÞ

WY(y, x) ∝ exp 2
BY

2
(y1 d2 x)2

� �
, ð2bÞ

where d is the optimal offset and BX, BY 1 0 again deter-
mine the strength of biotic selection on the respective spe-
cies. Although it is likely that each species will experience a
unique offset (say, dX and dY), such asymmetry can be ac-
counted for in our model by the change of variables x0 p
x1 dX=2, y0 p y1 dY=2, and d p (dX 1 dY)=2.We there-
fore proceed with our assumption of identical optimal
offsets without loss of generality. A formal connection with
the trait-differences model can be established using a si-
multaneous weak selection and large optimal offset ap-
proximation. In particular, substituting BX, BY p ε3 and
d p 1=ε, the trait-differences mechanism can be obtained
using a second-order Taylor expansion around ε ≈ 0. We
illustrate this calculation in the supplemental PDF (avail-
able online).
Modeling Approach

The novelty of our approach lies in rigorous derivations
of growth rates alongside trait dynamics. Beginning with
the above-described models of individual fitness, we follow
Week et al. (2021) and formally derive the continuous-time
growth rates for interacting populations from individual-
based models (detailed calculations are provided in sec. A
of the supplemental PDF). The approach is essentially a
generalization of the classical diffusion-limit approach in-
troduced by Feller (1951; but see Otto and Day 2011). To
illustrate the basic idea, consider a single population. First
assume that the population is composed of n discrete indi-
viduals and rescale their individual contribution to pop-
ulation size by the amount N0=n. Then, summing across
all individuals, the initial population size is N0 for any
n 1 0. Fitness is rescaled byW → W1=n so that as individ-
uals become more numerous and contribute less to overall
population size, their expected lifetime reproductive output
converges toward unity. Simultaneously, the rate at which
individuals reproduce and senesce is multiplied by n. This
latter step can be thought of as considering larger temporal
scales over which the dynamics are occurring. Finally, the
effects of mutation on offspring trait values are rescaled by
the amount 1=n so that mutation becomes less noticeable
at the individual scale with larger n. With this rescaling in
place, each n corresponds to a rescaled version of the orig-
inal individual-based model. While population size and
mean trait value evolve in discrete jumps at birth and death
events for the individual-based model, in the limit n → ∞
the rescaled models converge to a limiting model with con-
tinuous evolution of mean trait and population size. This
diffusion limit provides a more mathematically tractable
model while preserving crucial features of the underlying
biology. This approach is typically taken to study stochas-
tic dynamics resulting from small population size. How-
ever, we make use of this method here to formally derive
population-level models from interactions between indi-
viduals. To avoid eco-evolutionary feedbacks, we assume
that each individual interacts with exactly one individual
from the partner species. This assumption removes the
dependency of selection on abundance of the partner spe-
cies. To dismiss stochastic dynamics, we send the rescaled
initial population sizes N0 → ∞ after we have obtained
the diffusion limit from the rescaled individual-based
model. Applying this approach to the models of fitness re-
viewed above results in a set of ordinary (deterministic)
differential equations tracking the mean traits of coevolv-
ing species.
To describe our models mathematically, we denote by

mX(x, y) the growth rate of individuals in species X with
trait value x that interact with individuals of species Y
having trait value y. Similarly, we denote by mY(y, x) the
growth rate of individuals in species Y having trait value y
interacting with individuals of species X with trait value x.
Averaging mX(x, y) and mY(y, x) across interacting pairs,
we obtain the continuous-time growth rates �mX and �mY

for species X and Y, respectively. We assume that trait val-
ues x and y are normally distributed with means �x and �y,
respectively, and variances j2

X and j2
Y , respectively. We de-

note by GX and GY the additive genetic variances (assumed
to be constant), by rX and rY the intrinsic growth rates, and
by eX and eY the baseline effects of interactions on growth
rates (i.e., the effects on growth rates due to the interaction
that do not vary with trait values) for species X and Y, re-
spectively. This notation is summarized in table 1.
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Using D to denote results under trait differences and
O for offset matching, we find the following pairs of pop-
ulation growth rates:

D �mX p rX 1 eX 1 BX(�x 2 �y),

�mY p rY 1 eY 1 BY(�y 2 �x);

�
ð3aÞ

O
�mX p rX 1 eX 2

BX

2
(�y 1 d2 �x)2 2

BX

2
(j2

X 1 j2
Y),

�mY p rY 1 eY 2
BY

2
(�x 1 d2 �y)2 2

BY

2
(j2

X 1 j2
Y):

8><
>:

ð3bÞ
In section C of the supplemental PDF, we show that

the trait-specific growth rates mX(x, y)and mY(y, x) do not
exhibit frequency-dependent selection. Hence, following
our approach to derive deterministic dynamics, we calcu-
late the evolution of mean traits via

d�x
dt

p GX

∂�mX

∂�x ,
ð4aÞ

d�y
dt

p GY

∂�mY

∂�y:
ð4bÞ

This yields the following two sets of mean trait
dynamics:

D
d�x
dt

p GXBX ,

d�y
dt

p GYBY ;

8>><
>>: ð5aÞ

O
d�x
dt

p GXBX(�y 1 d2 �x),

d�y
dt

p GYBY(�x 1 d2 �y):

8>><
>>: ð5bÞ

Under our assumption of fixed phenotypic variances,
the population growth rates presented in equations (3)
change only through mean trait evolution. In particular,
we find growth rates for each species can be additively
partitioned as �mX p IX 1 rX and �mY p IY 1 rY , where IX
and IY represent the components due to the interspecific
interaction and the intrinsic growth rates rX and rY repre-
sent the components due to everything else. Following
equations (3), trait differences and offset matching respec-
tively yield

D
IXp eX 1 BX(�x 2 �y),

IYp eY 1 BY(�x 2 �y);

(
ð6aÞ

O
IX p eX 2

BX

2
[(�y 1 d2 �x)2 1 j2

X 1 j2
Y],

IY p eY 2
BY

2
[(�x 1 d2 �y)2 1 j2

X 1 j2
Y]:

8><
>: ð6bÞ

Hence, IX and IY determine the type of interaction be-
tween species X and Y. Specifically, if IX, IY 1 0, the inter-
action is a mutualism, and if either IX ! 0 or IY ! 0, the
interaction is an antagonism. Thus, by tracking the signs
of IX and IY as mean traits evolve, we can track the evolu-
tionary switching of ecological interaction types. In par-
ticular, if an interaction mechanism promotes the evolu-
tionary switching from a mutualism to a parasitism, then
IX and IY begin with positive values and eventually one of
either IX or IY becomes negative because of the evolution
of �x and �y. In the following section, we combine the co-
evolutionary models presented above with this criterion
to determine when an interaction mechanism promotes
evolutionary switching from mutualism to parasitism.
Results

Trait Differences Promotes Switching to Parasitism

We begin by exploring the conditions under which sus-
tained trait exaggeration can occur under the model of
trait differences without the interaction dissolving into an-
tagonism. Specifically, because the trait-differences model
Table 1: Summary of notation
Parameter
 Description
x, y
 Individual trait values

�x, �y
 Population mean trait values

j2
X , j2

Y ≥ 0
 Population trait variances

GX, GY ≥ 0
 Additive genetic variances: the heritable components of j2

X and j2
Y

mX(x, y), mY(y, x)
 Growth rates as functions of focal individual trait and trait of interacting partner

�mX , �mY
 Population growth rates: averages of mX and mY across interacting partners

rX, rY
 Intrinsic growth rates: population growth rates in the absence of interaction

IX, IY
 Overall interaction effects: effects of the interaction on population growth rates

eX, eY
 Baseline interaction effects: effects of the interaction in the absence of biotic selection

BX, BY ≥ 0
 Strengths of biotic selection: coevolution requires BX, BY 1 0

d ≥ 0
 Optimal offset: determines fitness maxima in the offset-matching model
Note: Except for those indicated, all model parameters can be positive or negative.
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yields sustained trait exaggeration under positive selection
strengths (i.e., BX, BY 1 0), we study how the ecological na-
ture of the interaction evolves under this regime. Combining
equations (5a) and (6a), we find that the overall effects of the
interaction on species growth rates evolve via

dIX
dt

p BX(GXBX 2 GYBY), ð7aÞ

dIY
dt

p BY(GYBY 2 GXBX): ð7bÞ

Hence, unless the products of additive genetic variance
and strength of biotic selection is perfectly balanced be-
tween the two species so that GXBX p GYBY , the effects
on species growth rates will indefinitely evolve in opposite
directions. This symmetry condition is unlikely to hold in
nature, implying that one of the species will evolve to be-
come a parasite of the other. Thus, no matter how large
the baseline effects eX and eY are, mutualisms mediated
by a trait-differences mechanism tend toward parasitism.
The left panel of figure 2 displays this steady disintegra-
tion of mutualism by tracking the evolution of overall in-
teraction effects IX and IY. For the particular parameters
chosen, species Y becomes the host, and species X be-
comes the parasite. The right panel of figure 2 displays
the rate of transition from mutualism to parasitism as a
function of GXBX 2 GYBY . When GXBX ! GYBY , species Y
becomes the parasite, and when GXBX 1 GYBY , species X
becomes the parasite.
There are three important caveats to this result: (1) the

lack of stabilizing selection, (2) the assumed independence
of ecological and evolutionary dynamics, and (3) the as-
sumption of weak selection. Eachmay have important con-
sequences for our predictions, which we work through in
detail in the discussion section.
Offset Matching Stabilizes Mutualistic Interactions

Here, we assume that fitness for an individual is maxi-
mized when its trait value exceeds that of its partners’
by some specific amount d 1 0, which we refer to as the
optimal offset (see fig. 1). Under these assumptions, equa-
tion (5b) yields ever-increasing trait values. Combining
equations (5b) and (6b), we find that the effects on species
growth rates evolve via
Figure 2: Left, time-series plot illustrating the trajectories of overall interaction effects IX and IY. The solid line represents the overall in-
teraction effect on species X, and the dashed line represents the overall interaction effect on species Y. The horizontal dotted line marks
the threshold determining the interaction type. When IX or IY is below this line, the interaction is an antagonism. Hence, for the particular
parameters chosen, this graph shows that species X evolves to become a parasite of species Y. Right, rate of transition from parasitism to
mutualism as a function of GXBX 2 GYBY under the assumption BX ! BY . On the right side of the plane, species X becomes a parasite of
species Y. On the left side of the plane, this relationship is reversed. For both plots we set BX p 5e2 3 and BY p 1:5e2 2. For the left plot,
we used initial values IX p 1 and IY p 3 and set GX p 10 and GY p 1.
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dIX
dt

p 2BX(d2 D)
dD
dt

, ð8aÞ

dIY
dt

p 2BY(d1 D)
dD
dt

, ð8bÞ

where D p �x2 �y. In turn, the difference in mean traits D
evolves via

dD
dt

p (GXBX 1 GYBY)
GXBX 2 GYBY

GXBX 1 GYBY

d2 D

� �
: ð9Þ

Since the offset-matching model requires positive se-
lection strengths BX ,BY 1 0, equation (9) implies that the
difference in mean trait values Dwill always evolve to a sta-
ble equilibrium, even though themean traits �x and �y evolve
indefinitely greater values. In particular, we find that the
difference in mean trait values at equilibrium can be ex-
pressed as

D̂ p
GXBX 2 GYBY

GXBX 1 GYBY

d: ð10Þ

In spite of ever-escalating mean trait values �x and �y,
when D is at its equilibrium, the components of species
growth rates IX and IY have also reached a stable equilib-
rium, given by
Î X p eX 2
BX

2
2GYBYd

GXBX 1 GYBY

� �2

1 (j2
X 1 j2

Y)

� �
, ð11aÞ

Î Y p eY 2
BY

2
2GXBXd

GXBX 1 GYBY

� �2

1 (j2
X 1 j2

Y)

� �
: ð11bÞ

Hence, trait escalation under the offset-matching model
promotes the stabilization of interaction effects in the ab-
sence of all other evolutionary forces. This means that if
the baseline effects eX and eY are large enough, the interac-
tion will remain a mutualism even as trait values escalate
indefinitely toward larger values. Furthermore, this result
implies novel interactions that begin as a parasitism may
evolve toward mutualism when mediated by an offset-
matching mechanism. Figure 3 illustrates these results by
tracking the evolution of overall interaction effects IX and
IY for two scenarios.
Inspection of equations (11) reveals that the minimal

baseline benefits eX and eY needed to preserve mutualism
increase logistically with the selection strength of the part-
ner species. For example, the minimal value of eX required
to maintain benefits for species X does not increase indef-
initelywithBY. In contrast, we see that theseminimal quan-
tities do increase indefinitely with the selection strengths
of their focal species, the optimal offset d, and phenotypic
Figure 3: Time-series plots of overall interaction effects IX and IY under two scenarios. Solid lines represent the overall interaction effect on
species X, and dashed lines represent the overall interaction effect on species Y. The horizontal dotted lines mark the threshold determining
the interaction type. When IX or IY is below this line, the interaction is an antagonism. The left plot illustrates a mutualism that is preserved
in spite of indefinitely escalating trait values. The right plot illustrates a novel parasitism that experiences an evolutionary switch to mutu-
alism. Parameter values for the left plot are D0 p 0, d p 100, BX p 1e2 5, BY p 5e2 5, eX p 2, eY p 3, and GX p GY p j2

X p j2
Y p 10.

Parameter values for the right plot are D0 p 500, d p 0:5, BX p 1e2 5, BY p 1:5e2 5, eX p 2, eY p 1, and GX p GY p j2
X p j2

Y p 10.
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variances j2
X and j2

Y . To summarize, mutualisms mediated
by an offset-matching mechanism are more likely to dis-
solve into parasitisms when fitness is maximized for large
offsets, when either species maintains a sufficiently large
trait variance, or when either species experiences strong
selection.
Discussion

We have shown that mutualistic interactions can be pre-
served in the face of indefinite coevolutionary trait escala-
tion. However, this result depends on the mechanismme-
diating interspecific interactions. In particular, we found
that interactions mediated by a weak selection approx-
imation of the trait-differences mechanism, which has
been traditionally employed to model trait escalation in
coevolving antagonisms (Toju and Sota 2006; Nuismer
et al. 2007), encourages the dissolution of mutualism into
parasitism. In contrast, employing the recently introduced
offset-matching mechanism (Week and Nuismer 2019),
which generalizes the classical trait-matching mechanism
proposed by Kiester et al. (1984), we found that mutualistic
interactions are preserved when the baseline benefits of the
interaction are sufficiently large (eqq. [11]).
Our analyses are particularly relevant for the study of

pairwise plant-pollinator interactions. Indeed, the primary
motivation for this work is the hypothesis that exaggerated
floral tubes and pollinator proboscises observed in the wild
are explained by pairwise coevolutionary races. Plant-
pollinator interactions provide classical examples of mu-
tualisms in which the plant provides a nutritional or met-
abolic resource to the pollinator in trade for movement of
pollen. Under the trait-differences mechanism, our results
imply that the difference between average proboscis length
and average floral tube depth will increase indefinitely,
leading to one of two outcomes: (1) floral tube depth will
eventually exceed pollinator proboscis length, such that
the pollinator is essentially tricked into transferring pollen
without access to any reward, or (2) pollinator proboscis
length will eventually exceed floral tube depth, such that
the pollinator drains the flower of nectar without transfer-
ring pollen. In both of these cases, one species is eventually
exploited while the other continues to profit from the in-
teraction. Quantitatively, this implies that the overall in-
teraction effect on absolute fitness becomes negative for
one of the species and hence results in a host-parasite
relationship.
Alternatively, results based on the offset-matchingmech-

anism, which assumes that fitness is maximized at a partic-
ular offset instead of indefinitely increasing or decreasing
with the difference in mean trait values, imply that this
parasitic fate is not universal among mutualistic pairs en-
gaged in a coevolutionary arms race. Returning to the plant-
pollinator example given above, the offset-matchingmech-
anism implies that the difference in average proboscis
length and average floral tube depth will converge to a sta-
ble equilibrium proportional to the optimal offset, even
though these mean traits will themselves continue to esca-
late indefinitely. In this case, there are three conditions re-
quired to maintain the mutualism: (1) the optimal offset
must be sufficiently small, (2) biotic selection cannot be
too strong (as determined by eX and eY; see eqq. [11]),
and (3) local phenotypic variances cannot be too large. If
all three of these conditions are satisfied, then the pheno-
typic distribution of each species remains in a range that
benefits the other species, even though these ranges are
dynamic.
One hypothesized mechanism for the evolutionary

breakdown of mutualism is the evolution of cheating in-
dividuals that exploit the benefits of the interaction with-
out reciprocation (Bronstein 2001; Ferrière et al. 2007).
To understand whether this mechanism explains the evo-
lutionary switch from mutualism to parasitism predicted
by the trait-differences model, we can apply the definition
of cheating provided by Jones et al. (2015). According to
this definition, cheaters must satisfy two conditions. First,
a cheater must enjoy greater fitness than the mean fitness
of their focal population. Second, a cheater must decrease
the fitness of their partner below the average fitness of the
partner population. Since we assume that individuals en-
counter each other at random, individuals are expected to
cheat under the trait-differences model whenever their
trait value exceeds the average trait value of their focal
population. Furthermore, since we assume that traits are
symmetrically distributed, half of the individuals in each
species are expected to cheat at any stage of the coevolu-
tionary arms race. In particular, this implies that the mecha-
nism of mutualistic breakdown studied here is not explained
by the evolution of cheaters when using the definition pro-
vided by Jones et al. (2015). However, if we define cheating
using absolute fitness instead of relative fitness, the fre-
quency of cheating in the eventual parasitic species would
evolve toward unity. Hence, under an alternative defini-
tion of cheating, this result is equivalent to an explanation
of mutualistic breakdown by cheating. Thus, whether the
mechanism of mutualistic breakdown studied here is dis-
tinct from the evolution of cheating depends on the defi-
nition of cheating employed.
Although our mathematical analyses shed light on the

outcomes of pairwise interactions, plant-pollinator inter-
actions based on a trade between pollen movement and
food tend to be generalized (Waser et al. 1996; Vázquez
and Aizen 2004). These interactions may therefore vary
as a result of their ecological context. To understand the
dynamics of evolutionary interaction switching in the
presence of multispecific interactions, the analytical methods
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developed here can be extended to models of coevolving
mutualistic networks (e.g., Medeiros et al. 2018). In the
case that a subset of the community engages in a multi-
specific coevolutionary arms race, the species left behind
are at risk of becoming parasitized. For example, in the
fly-flower pollination system investigated by Pauw et al.
(2009), the long-proboscid flyMoegistorhynchus longirostris
is known to visit at least 20 long-tubed flower species
(Manning and Goldblatt 1997). This plant guild includes
Lapeirousia anceps, which is the most abundant and wide-
spreadmember (Pauw et al. 2009). The exaggerated nectar
tube of L. anceps exhibits strong spatial correlations with
the proboscis length ofM. longirostris. By interfacing these
patterns of trait exaggeration and spatial correlation with
coevolutionary theory, Week and Nuismer (2019) were
able to provide quantitative evidence for a coevolutionary
arms race between the two species. However, in the course
of this arms race it is likely that M. longirostris imposed
and received selection pressures from other members of
the long-tubed plant guild, leading to a compartment of
species engaged in a coevolutionary arms race (Pauw et al.
2009). As a consequence, mutualistic interactions between
M. longirostris and flower species outside this compartment
are at risk of disintegrating into parasitisms.
A likely antagonism that may have been produced in-

directly as a by-product of coevolutionary escalation as
described above occurs between M. longirostris and the
iris Babiana thunbergii. Moegistorhynchus longirostris has
been observed to frequently visit flowers of B. thunbergii,
which are usually pollinated by malachite sunbirds and
have a much shorter and wider floral morphology. Pauw
et al. (2009) noted that M. longirostris rarely contacts the
reproductive organs of B. thunbergii while draining its
nectar and hence acts as a parasitic nectar thief. In the case
that B. thunbergii originally profited from visits ofM. lon-
girostris, before the evolution of extreme proboscis lengths,
external sources of selection, such as those due to sunbirds,
may have countered selection for floral elongation. In this
case, the disintegration of mutualism follows a different
path from what we have described above for pairwise in-
teractions. Instead of direct pairwise interactions leading
to an intimate race for exaggerated trait values, indirect co-
evolutionary effects due to interactions with other com-
munitymembers impose inconsistent patterns of selection
for each member of the focal pair. A recent theoretical re-
sult supports this view by suggesting that such indirect ef-
fects are as important for shaping coevolutionary dynam-
ics in ecological networks as direct effects (Guimarães et al.
2017).
For the sake of analytical tractability and clarity of re-

sults, we have kept our analysis as simple as possible while
recognizing that our assumptions are unlikely to be satis-
fied literally in real biological systems. For instance, ig-
noring stabilizing selection implies the absence of well-
established physiological and anatomical constraints that
prevent indefinite runaway coevolution. Similarly, we have
ignored the possible depletion of heritable variation and
the influence of abundance dynamics, and in the case of
trait differences we considered only weak coevolution. Al-
though these assumptions come at the cost of biological
realism, they have allowed us to understand and illumi-
nate the tendency of trait differences and offset matching
to motivate or resist evolutionary transitions frommutual-
ism to parasitism. Hence, our results should be interpreted
in much the same way as results obtained from experi-
ments conducted in controlled but biologically unrealistic
environments. It would therefore be premature, for example,
to combine our results with the argumentmade by Frederick-
son (2017)—namely, that parasitisms aremore likely to expe-
rience a switch to mutualism than vice versa—to conclude
that mutualistic arms races observed in the wild tend to be
mediated by offset mechanisms. Indeed, mutualism in the
face of an arms racemay instead be explained by combining
the trait-differences mechanism with abiotic stabilizing se-
lection. Thus, to predict and understand when wild popu-
lations of coevolvingmutualists are doomed to an inevitable
parasitic fate, wemust confront these complications directly
and with more complex and biologically realistic models.
Of the large set of processes we have controlled for, per-

haps the most important are eco-evolutionary feedbacks.
Future models using our framework can incorporate the
effects of eco-evolutionary feedbacks by replacing the as-
sumption that each individual interacts with a single indi-
vidual of their partner species with the assumption that
individual interaction frequencies depend on abundances.
As an example, assuming that each individual of species X
interacts once with each individual of species Y (and vice
versa) yields baseline benefits eX and eY and strengths of bi-
otic selection BX and BY that depend linearly on the abun-
dance of the partner species. Hence, this assumption leads
to generalizations of classical mass action models of pop-
ulation dynamics, such as the Lotka-Volterra predator-
prey model (Lotka 1925; Volterra 1926), that allow for
the evolutionary switching of interaction type in tandem
with the fluctuations of abundance. In this case, the overall
interaction effects can be expressed as IX p aXNY and
IY p aYNX , where aX and aY represent the interaction
coefficients corresponding to speciesX andY, respectively.
In principle, the same approach developed here to analyze
evolutionary interaction switching can be directly extended
to this more complicated scenario.
Conclusion

We have introduced a novel approach to model the evo-
lutionary switching of interaction types by tracking the
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evolution of absolute fitness in addition to trait dynamics.
Applying our approach to two models of coevolutionary
trait escalation inspired by plant-pollinator interactions
revealed that mutualisms mediated by a bigger-is-better
(i.e., trait-differences) mechanism inevitably dissolve into
parasitism. In contrast, our results show that mutualisms
mediated by an offset-matchingmechanism, a generaliza-
tion of classical trait matching, are preserved when the
baseline benefits of the interaction (i.e., the components
that do not vary with trait values) are large enough. Our
results are based on minimal models of mean trait coevo-
lution determined by different interaction mechanisms
and hence ignore the effects of external evolutionary pro-
cesses and eco-evolutionary feedbacks. Predicting when
wild populations of mutualists are prone to disintegration
via coevolutionary arms races will likely requiremore com-
plex models that account for a variety of processes, such
as abiotic stabilizing selection, gene flow, random genetic
drift, and multispecific interactions. Future work applying
the analytical approach developed here to models that ac-
count for realistic sets of evolutionary processes can enrich
our understanding of the dynamical nature of ecological
relationships observed in the wild and produce novel sta-
tistical tools to forecast the evolutionary stability of ecolog-
ical relationships.
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