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ABSTRACT: Resource dynamics influence the contemporary ecol-
ogy of consumer-resource mutualisms. Suites of resource traits, such
as floral nectar components, also evolve in response to different selec-
tive pressures, changing the ecological dynamics of the interacting
species at the evolutionary equilibrium. Here we explore the evolution
of resource-provisioning traits in a biotically pollinated plant that
produces nectar as a resource for beneficial consumers. We develop
a mathematical model describing natural selection on two quantita-
tive nectar traits: maximum nectar production rate and maximum
nectar reservoir volume. We use this model to examine how nectar
production dynamics evolve under different ecological conditions
that impose varying cost-benefit regimes on resource provisioning.
The model results predict that natural selection favors higher nectar
production when ecological factors limit the plant or pollinator’s
abundance (e.g., a lower productivity environment or a higher polli-
nator conversion efficiency). We also find that nectar traits evolve as
a suite in which higher costs of producing one trait select for a com-
pensatory increase in investment in the other trait. This empirically
explicit approach to studying the evolution of consumer-resource
mutualisms illustrates how natural selection acting via direct and in-
direct pathways of species interactions generates patterns of resource
provisioning seen in natural systems.

Keywords: consumer-resource interactions, pollination mutualisms,
floral nectar evolution, indirect effects.

Introduction

Many species relationships involve exchanges of energy or
material resources that alter the population dynamics of
the interacting species. Herbivores consume plants, thus
increasing their own abundance and in many cases reduc-
ing the size of the plant population (Crawley 1989). Plant
species compete with one another for nutrients, depressing
each other’s abundances by consuming those limiting re-
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sources (Tilman 1982; Goldberg 1990). Consumer-resource
dynamics have long been a unifying theme in theoretical
considerations of antagonistic species relationships, such as
predation, parasitism, and resource competition (Murdoch
et al. 2003). Crucially, consumer-resource dynamics are in-
fluenced by species traits. For instance, plants with higher
concentrations of inducible toxic alkaloids may experience
reduced herbivory (e.g., Karban et al. 1997), and plants with
a stronger ability to take up nitrogen will be better compe-
titors for that limiting resource (e.g., Gutschick 1981). As
these traits experience natural selection and evolve, the eco-
logical dynamics of the consumer-resource interaction will
evolve as well (e.g., Roughgarden 1972; Slatkin 1980; Taper
and Case 1985; Abrams and Chen 2002; Vasseur and Fox
2011; McPeek 2017a,2017b,2019). By studying how natural
selection acts on traits that affect consumer-resource dy-
namics, we gain insights into the ecological conditions that
shape the evolution of energy flow in communities.

Many mutualisms can also be classified as consumer-
resource interactions because they too are trait-mediated
interactions that involve an exchange of energy or mate-
rials (Herre et al. 1999; Holland et al. 2005; Holland and
DeAngelis 2009, 2010; Jones et al. 2012; Bronstein 2015).
In consumer-resource mutualisms, the resource is not the
individual itself but rather a product that the individual
produces in exchange for some form of benefit from its
consumer. For example, larvae of some lycaenid butterflies
provide nutritive secretions to ants, which directs the ants’
predatory behaviors toward lycaenids’ natural enemies
rather than toward the lycaenids themselves (Pierce et al.
2002). Many plants produce sugar-rich fruits that are fed
upon by animals that then disperse the seeds, increasing
the likelihood that some will germinate (Simmons et al.
2018). To date, consumer-resource mutualisms have re-
ceived little attention as a major component of consumer-
resource theory (but see Holland et al. 2005). This is a
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severe oversight, as consumer-resource mutualisms can
have profound impacts on the structure of diverse ecolog-
ical communities (e.g., Stachowicz 2001; Johnson 2015).
Furthermore, the benefit of product consumption for the
resource provider is often an indirect result of how its own
resource provisioning affects the consumer’s behavior, pro-
viding a unique opportunity to study how trait-mediated in-
direct effects influence ecological and evolutionary dynamics
in consumer-resource interactions (Abrams 1995; Werner
and Peacor 2003).

In consumer-resource mutualisms, the dynamics of the
resource can be treated separately from the population dy-
namics of the interacting species. This differs notably from
consumer-resource antagonisms wherein species deplete
each other’s abundances, not each other’s resource prod-
ucts. Explicitly modeling mutualistic resources has provided
critical mechanistic insights into how resource dynam-
ics may shape mutualism ecology (Soberon and Martinez
del Rio 1981; Valdovinos et al. 2013; Revilla 2015; Bachelot
and Lee 2018; Valdovinos 2019). For example, a provider
has a finite ability to produce resources. Its maximum rate
of resource provisioning will constrain the consumer and
resource-provider’s population growth rates and thus the
fitness benefits that can be accrued by each from the inter-
action (Soberon and Martinez del Rio 1981; Revilla 2015).
The consumer species’ foraging behavior further affects the
resource dynamics of the interaction by determining the
rate of resource depletion (Valdovinos et al. 2013; Revilla
2015). Overall, consumer-resource theories of mutualism
suggest that a provider species’ optimal rate of resource
provisioning balances the costs and benefits of provision-
ing for a partner (Pyke 1981; Soberon and Martinez del
Rio 1981; Bachelot and Lee 2018). If we further conceptu-
alize resource dynamics as trait dynamics, we can add an
evolutionary perspective to this cost-benefit framework:
species should evolve resource trait combinations that
maximize their fitness via their provisioning for a mutual-
istic consumer.

Incorporating natural selection on resource traits into
theories of consumer-resource mutualism can generate em-
pirical predictions about how resource-provisioning traits,
as well as the species relationships they mediate, may evolve
under varying cost-benefit regimes. For instance, an evolu-
tionary perspective on consumer-resource mutualism holds
potential for explaining the astonishing diversity of plant
traits associated with pollination mutualisms. Many polli-
nation interactions are consumer-resource mutualisms in
which plants produce floral nectar and pollen that feed
animals, which then move pollen between flowers as they
seek more food from the plants (Willmer 2011). Crucially,
traits that influence a plant’s nectar supply dynamics, such
as a plant’s rate of nutrient uptake from the environment,
the quantity and chemical composition of the nectar a plant

produces, and the rate at which a plant can replenish its
nectar as the consumer depletes its standing crop, all play
akeyrolein mediating a plant’s interaction with pollinators
(Nicolson et al. 2007). While empirical studies have exam-
ined diverse aspects of nectar quality and quantity in natural
plant populations, we have little understanding of the causes
and strengths of natural selection on the traits that underlie
its production dynamics in different ecological settings (Pa-
rachnowitsch et al. 2019). An empirically explicit theory of
mutualism evolution will provide directions for future in-
quiry into the past, present, and future ecological forces that
drive the evolution of resource provisioning in consumer-
resource mutualisms, including pollination.

To this end, we develop a consumer-resource model of
a mutualist plant’s evolving nectar-provisioning dynamics
in a pairwise plant-pollinator interaction. The model de-
scribes the fitness landscapes of two plant traits that influ-
ence nectar quantity, nectar production rate and nectar res-
ervoir volume, under a range of ecological conditions and
various pollinator foraging capabilities. Nectar production
rate captures a plant’s physiological capacity to produce
and secrete nectar and determines how fast depleted nec-
tar can be replenished; nectar reservoir volume captures a
plant’s total nectar-holding capacity, reflecting traits such
as floral corolla depth and the number and size of flowers
on a plant individual. Together, these traits define the to-
tal resource pool available to consumers, which directly
affects the local abundance of pollinators and the frequency
of plant-pollinator interactions and indirectly affects the
abundance of plants via interactions with pollinators. Our
resource trait-centered model generates testable predic-
tions about how consumer-resource mutualisms evolve in
natural communities.

Model of Nectar Evolution in a
Plant-Pollinator Interaction

We begin by defining the dynamics of a plant population
with a population size R,. To attract pollinators, individ-
uals produce nectar. Plants have two quantitative traits
that determine their nectar production dynamics. We as-
sume that the average values of these traits are constant
over an individual’s lifetime, and we treat a population’s
mean trait values as averages across all flowers on all
plants. We also assume that these two traits are geneti-
cally uncorrelated and can evolve independently of one
another. The first quantitative trait is the maximum rate
at which an individual can produce and secrete nectar into
flowers: we represent this trait as zypr. The second trait is
the maximum volume of nectar that an individual plant
can hold, summed across all flowers on the plant (here-
after, “reservoir volume”): we represent this trait as zzy. The
model analyzed here does not consider whether reservoir



volume is distributed across many small or a few large flow-
ers (e.g., Cohen and Shmida 1993; Venable 1996). For sim-
plicity, we assume that plants always replenish nectar to its
maximum holding capacity within an individual flower.
We also assume that all other properties of nectar remain
constant (e.g., sugar and amino acid content and concen-
tration). Additionally, we do not consider selection on
flowering phenology, floral longevity, or seasonal varia-
tion in nectar production, and we also do not consider
pollen as an additional resource for consumers. We are
primarily concerned with the population’s average trait
expression across the entire flowering period, since these
measures describe the average total resource pool avail-
able to consumers at a given time.

Plants in this model replenish nectar dynamically as
pollinators deplete their supply. We define the standing
volume of nectar currently available to pollinators on a
single plant (hereafter, “standing nectar volume”) as S,.
At any moment, the total volume of nectar on all plants
in the population is thus R;S,. Individual plants produce
nectar to fill their reservoirs according to a simple logistic
resource renewal function:

n(1-2) 8

The production rate when S, = 0 in all flowers on a plant
is equal to the maximum nectar production rate zypx, and
this rate decreases linearly until a plant’s reservoir is full
(fig. 1A). For a given constant nonzero rate of nectar de-
pletion, an increase in either zypr Or zzy will increase the
equilibrium volume of nectar S, on a plant. (Descriptions
of all state variables and model parameters used in this
model are provided in table 1.)

We assume that the plant population displays logistic
growth in the absence of pollinators, such that its per capita
growth rate is

1 (Zwer> Zrv) — diRy (2)

(Verhulst 1838; Pearl and Reed 1920). Here, ¢, (Zxpr> Zrv)
is the plant population’s intrinsic rate of increase, which
is a function of the values of the two traits (see below),
and d, is the strength of density dependence from limiting
factors that regulate its population size but are not explic-
itly modeled (Pianka 1972; Schoener 1973; Schaffer and
Leigh 1976; Schaffer 1981). In the absence of pollinators,
the plant population will increase to an equilibrium pop-
ulation size of R} = ¢,(zypr, Zrv)/d, if the plant exists in
favorable environmental conditions and does not need
the pollinator’s fitness benefit to maintain a population,
that is, ¢, (zxpr, Zry) > 0. In this scenario, the plant is a fac-
ultative mutualist. However, if the plant is an obligate
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Figure 1: Illustrations of the functional relationships for various
components of the plant and pollinator dynamics. A, The rate at
which nectar is produced to fill the nectar reservoir of the plant de-
creases linearly as nectar volume increases in the reservoir (eq. [1]).
The maximum rate (zypr) of filling occurs when the reservoir is empty
and stops when the volume reaches zy. In this panel, zypr = 0.15 and
zZgy = 1.5. B, The realized nectar consumption rate (i.e., the attack co-
efficient) increases with the plant trait according to a Michaelis-
Menten function (eq. [5]; a,,(S;) = a1,S,/[91, + S]), in which a,, is
the asymptotic maximum and 9,, is the half-saturation constant
(i.e., the trait value at which the nectar consumption rate is at half
the asymptote). In this panel, a,, = 0.5and9,, = 5.0. C, The fitness
benefit received by the plant from benefits with pollinators follow
Holling’s saturating functional response that saturates at 1/¢, (eq. [6]).
In this panel, ¢, = 0.25.
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Table 1: State variables and parameters used in the model

Description
State variables:
R, Population abundance of plant
N, Population abundance of pollinator
S Mean standing volume of nectar on a plant individual
Znpr Mean trait value for nectar production rate
Zrv Mean trait value for reservoir volume
Parameters:
o Maximum intrinsic rate of increase for plant
d, Strength of intraspecific density dependence for plant
an Maximum consumption rate for pollinator feeding on nectar
by, Conversion efficiency in fitness for pollinator feeding on nectar
h Intrinsic death rate for pollinator
YNPR Scaling parameter for decline in plant intrinsic rate of increase with increasing values of zypr
Yrv Scaling parameter for decline in plant intrinsic rate of increase with increasing values of zgy
o} Scaling parameter determining the maximum fitness benefit that an individual plant can receive from inter-
acting with the pollinator population
o, Michaelis-Menten half-saturation constant for pollinator feeding on nectar
2 Scaling parameter for fitness cost of producing one unit of nectar

mutualist (i.e., it cannot reproduce without pollinators)
or is in poor environmental conditions where it cannot
maintain a population without the pollinator’s fitness
benefit—that is, ¢ (zxpr, zZrv) < 0—the population will
decline to extinction when pollinators are absent.

We assume that individual plants may pay three differ-
ent costs of producing nectar depending on the values of
the two traits. First, producing the machinery necessary
to make nectar may be costly (e.g., nectaries; Nicolson
etal. 2007). This cost is expressed as a decrease in the plant
population’s intrinsic rate of increase (in eq. [2]) according
to a quadratic function of zypr. Second, producing the
structures to hold nectar (e.g., increasing the number or
depths of flowers) may be costly as well, also decreasing
the plant population’s intrinsic rate of increase according
to a quadratic function of zpy (e.g., Nobel 1977; Ashman
1994). Based on these assumptions, the population’s in-
trinsic rate of increase is then

1 (zapry Zry) = € — ’YNPRZZNPR - 'YRVZ121V> (3)

where ¢, is the maximum intrinsic rate of increase when
Zxpr = Zry = 0 and yypr and gy scale the decline in the
plant’s intrinsic rate of increase as zwpr and zzy increase.
From an evolutionary perspective, these two scaling pa-
rameters also modulate the steepness of the selection gra-
dient that acts on a plant’s nectar production traits via
individual fitness effects on the population’s intrinsic rate
of increase. Finally, individuals may pay an incremental
cost for every unit of nectar produced:

Yizwew <1 - i) , (4)

Zrv

which is simply the realized nectar production rate (eq. [1])
times a constant i, that scales the fitness cost for each unit of
nectar a plant produces.

The plant population interacts with a pollinator that
has a population size N,. Just like any consumer, a polli-
nator uses a resource, in this case the nectar produced by
the plant, to gain energy and produce offspring. Pollinators
consume nectar at a rate that scales with the amount of
available nectar on each plant according to the Michalis-
Menten/Monod relationship

an(S) = ———, (5)

where g,, is the asymptotic maximum consumption rate
and 9,, is the half-saturation constant (fig. 1B; Michaelis
and Menten 1913; Monod 1949). We also assume that the
pollinator population has an intrinsic density-independent
death rate given by f,. These assumptions entail that the
nectar provided by the plant is the main factor limiting lo-
cal pollinator abundance.

While foraging for nectar, pollinators incidentally pro-
vide a fitness benefit to plants by transferring pollen be-
tween flowers. This benefit is also a function of the nectar
consumption rate a,,(S,). Consistent with Holland and
DeAngelis (2009, 2010), we assume that this fitness benefit



saturates with increasing pollinator population size ac-
cording to

an$, N
B(S,,N,) = ( a, (SN, ) _ o + S ! ’
1+ a,(S)é N, 1+ an$i &N
9 +8

(6)

where ¢, defines the maximum fitness benefit that an indi-
vidual plant can receive from pollinator foraging. This
maximum fitness benefit when pollinator abundance is
very large is thus 1/¢, (fig. 1C). This fitness benefit can
be measured as the increase in female plant fitness due to
a greater number of ovules being fertilized by the actions
of the pollinators as they forage for nectar. Specifically,
¢ (Znpr> Zry) 1s @ fitness component of the plant that defines
the plant population’s rate of increase independent of the
pollinator’s actions (i.e., how many plant ovules are fertil-
ized by vectors other than pollinators), B(S,, N,) defines
the supplement of this fitness component given local polli-
nator population size, and 1/¢, is the maximum value of
B(S,,N,) if pollen is deposited in excess of the amount
needed to fertilize all ovules. Note that we do not consider
male fitness in this model. As stated above, if ¢; (Zyprs Zry) >
0, the plant can maintain a population in the absence of
pollinators under the local conditions it experiences. How-
ever, if ¢, (Zxpr> Zrv) < 0, the plant must receive a sufficient
fitness increase from the actions of pollinators (i.e., polli-
nators must fertilize enough additional ovules to generate
a sustaining per capita fitness) in order for ¢, (zypr, Zzy) +
B(S,,N,) > 0: otherwise, the plant population will become
extinct when no pollinators are present.

Given these assumptions, the dynamics of the plant
population R, its total nectar pool R,S,, and the pollinator
population N, are given by the following set of differential
equations (note that the plant and pollinator equations
are expressed in their per capita forms but the nectar
equation is expressed in its total growth rate form, ie.,
the change in the plant population’s total nectar volume):

Ril% = (61 — YwerZer — YrvZrv) — diR,
anS
+ % — Y1 Zner (1 - ZS—1>,
Lrg s ol o

(7)
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In the pollinator equation, b,, is the conversion efficiency
describing the rate at which pollinators convert consumed
nectar into pollinator offspring,

The per capita population growth equation for the plant
species in (7) also expresses the average per capita fitness of
the plant with mean trait values of zypr and zzy (Lande
1982, 2007). In other words, this equation defines the fit-
ness topography against which the plant population evolves.
The various terms in (7) define how zypr and zgy influence
fitness components that act in combination to determine
the plant’s total fitness. However, the equation given in
(7) only explicitly relates the relationships of these traits
to the fitness costs. The relationships of these traits to the
benefits of nectar production for the plant are not apparent
because they are embedded in the dynamic variable for
standing nectar volume, S,.

To incorporate both the fitness benefit and cost rela-
tionships with the two quantitative plant traits into the
plant equation, we assume that standing nectar volume is
always at equilibrium with plant and pollinator population
size (ie., d(R,S,)/dt = 0) and solve the nectar dynamics
equation for the equilibrium standing nectar volume. This
results in a quadratic function, and the root associated with
positive equilibrium standing nectar volume is

§ = 2 Zry — 9 + \/(ZRV + 911)2 + 4Z%{V911a11N1/ZNPR
' e 2(zwpr T ZrvanNy) ’

(8)

This derivation is then substituted into the plant pop-
ulation dynamics equation in (7) to express the plant per
capita fitness explicitly as a function of its two quantitative
traits.

The resulting equation can then be used to model the
evolution of nectar production rate and nectar reservoir
volume in response to the various selection pressures out-
lined above. We follow Lande’s (1982, 2007) approach to
trait dynamics using the continuous time breeder’s equa-
tion formulation to study the evolution of the mean nectar
production phenotype in this population. We favor Lande’s
approach over other possible approaches (e.g., adaptive dy-
namics) because it is based on the breeder’s equation from
quantitative genetics. Thus, the evolutionary process is mod-
eled in the same framework empiricists use to study the dy-
namics of selection in natural systems. The dynamics of trait
evolution are then given in box 1.

A model of this complexity prohibits analytical analy-
sis. Therefore, we use computer simulations (numerical
integration of the model using the ode45 solver of Matlab)
to analyze patterns emerging from interesting and biolog-
ically reasonable areas of parameter space. Matlab code is
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Box 1: Dynamics of trait evolution
The two nectar dynamics traits of the plant evolve according to
dR,
dzyer -G _Rydt dt
dt MR Ozaer
oS oSy
an9,N, 87 St ZNPR?
= Gy —27ynprZnpR T 4 N;,)R 7 ¢1 1- Z_ - Z—m >
9, +SH 1+ v e
( 11 1 ) 911 + S+ ¢1 1
R 9)
1
dzpy -G R/ dt
dt Y 0zpy
oSy
a9 Ny — + +
= Gpv| —2vrvzrv + 4 I\;V 7 2 2 <Z_1 - % - >
RV RV NPR
9, + srf(l g SN )
where
oS! _ 2zpya N, (zry — 911)
0Zxpr (2znpr + ZZRva11N1)2
+ 2zgyan N, (ZNPRS%I + ZNPRZ%{V + 2212<V¢I11911N1)
(2zypr + 2Zp\vaan)2 \/(ZNPRZRV + ZNPRSII)Z + 4zyprZay O a1 N,
oS/ _ 2zypr(Zapr + 91141, N))
0Zxy (2zypr + ZZRVallNl)Z
T 2Z%pr (ZxerY11 + ZaorZry T 32ry9a N, — 9%101111\]1)
(2zypr + 2Zp\vaan)2 \/(ZNPRZRV + ZNPRSII)Z + 4zyprZiy 940N,
Guer and Ggy are the additive genetic variances in nectar production in the two corresponding traits, and the terms
in parentheses are the selection gradients on zypr and zzy from the various fitness components of the plant.

provided in the Dryad Digital Repository (https://doi.org
/10.5061/dryad.7mOcfxptq; McPeek et al. 2021).

Results
Defining the Fitness Surfaces of Nectar Production Traits

We first examine how the fitness landscape of the plant’s
two nectar production traits, maximum nectar production
rate zypr and maximum nectar reservoir volume Zzgy, de-
fine the ecological and evolutionary trajectory of the plant
population R,. We partition the plant’s total fitness into
three components that depend on its trait values zwpr
and zpy (eq. [7]): the fitness contributions of the intrinsic
rate of increase, of pollinators, and of nectar production.

First, consider a plant population that receives no at-
tention from pollinators. The population’s total and com-
ponent fitness surfaces at ecological and evolutionary
equilibrium are shown in figure 2. Without pollinators,
the costs of producing nectar for no beneficial returns
push the plant population to evolve to a fitness maximum
at a zero nectar production rate (fig. 2A4) and a zero nectar
reservoir volume (fig. 2B). Notice that the plant popula-
tion’s total fitness surfaces for nectar production rate
(fig. 2A) and reservoir volume (fig. 2B) are identical to
the component surfaces measuring the cost of making
nectar-secreting and nectar-holding structures on its in-
trinsic rate of increase ¢, (zypr, 2Zrv) (fig. 2C, 2D). The other
component surfaces remain completely flat because plants
in this case earn no fitness benefit from making nectar
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Figure 2: Determinants of plant fitness for nectar production rate and nectar reservoir volume without pollinators at evolutionary equilib-
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this example, the plants accrue neither of these benefits or production costs, so the overall fitness topography is identical to the trait effects
on the intrinsic rate of increase. Model parameters are as follows: ¢, = 2.0, d; = 0.02, yxpr = Yav = ¥, = 0.05, ¢, = 0.25, a,, = 0.25,
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(fig. 2E, 2F), and they pay no incremental cost i/, of producing
nectar because the nectar reservoir has a volume of zero
(fig. 2G, 2H).

Now, consider the total and component fitness surfaces
of the same plant population when pollinators are present
(fig. 3). The structural costs on the plant’s intrinsic rate of
increase of making nectar-producing and nectar-holding
structures (fig. 3C, 3D) are identical in magnitude to those
experienced by an abiotically pollinated plant (fig. 2C, 2D).
However, in this population these fitness costs are offset by
the direct benefits pollinators provide to plants by fertiliz-
ing ovules while they forage for nectar. Therefore, plants
with faster nectar production rates (fig. 3E) and larger nec-
tar reservoir volumes (fig. 3F) attain higher fitness benefits
by inducing pollinators to consume nectar at faster rates
a,,(8,) from larger total nectar pools S,. Plants with faster
nectar production rates also provide more food for polli-
nators, directly increasing pollinator population size and
indirectly increasing plant fitness and plant population size
by elevating the number of pollinator individuals that in-
teract with plants (fig. 1C). However, this benefit saturates
with higher pollinator population size because females
have a finite number of ovules, and more pollinators can-
not continue to confer benefits to female fitness once all
plant ovules have been fertilized. Last, a plant’s nectar pro-
duction is further constrained by the per capita cost ¥, of
filling a larger nectar reservoir as pollinators consume nec-
tar at faster rates (fig. 3G, 3H).

Altering Selection on the Benefits of Nectar Production

In both previous cases, the plant population evolves to a
phenotypic optimum that balances the costs and benefits
of nectar production for total plant fitness. We now ex-
amine how different selective environments affect the
evolution of nectar production dynamics in this pairwise
plant-pollinator relationship.

Both nectar production traits generally increase in a sim-
ilar manner as the maximum fitness benefit from the pol-
linator to the plant increases (fig. 44, 4B). Figure 4 shows
the equilibrium trait values, population sizes, and standing
nectar volume along gradients of ¢,, the plant’s maximum
intrinsic rate of increase, and 1/¢,, the maximum fitness
benefit a plant can earn from the actions of pollinators.
The plant evolves both a faster nectar production rate and
a larger nectar reservoir volume when the benefit it earns
from pollinators 1/¢, is high (e.g., 1/¢, = 4.0; fig. 44,
4B). Additionally, plants evolve larger nectar reservoir vol-
umes and faster nectar production rates in an environment
affording a lower ¢, (i.e., a lower intrinsic rate of increase
independent of the actions of pollinators) compared with
plants in environments with higher ¢, (fig. 44, 4B). Below
a certain level of pollinator benefit 1/¢,, plants with a
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lower ¢, cannot maintain a population in that environ-
ment, causing plants to evolve lower and lower nectar pro-
visioning until both the plant population and the pollinator
population become extinct (fig. 44, 4B). Likewise, a higher
minimum intrinsic death rate for pollinators, f;, which
reflects ecological conditions that limit the growth of the
pollinator population independent of its relationship with
the plants, also causes the plant to evolve higher nectar pro-
visioning (results not shown).

Plant and pollinator population sizes also increase with
elevated fitness benefits from pollinators (fig. 4C, 4E). The
pollinator population increases because the plant provides
more nectar via an increased nectar production rate and a
larger reservoir volume (fig. 4E). The plant population in-
creases because plants receive a greater fitness benefit via
the larger number of interacting pollinators (fig. 4C). Note
that while the nectar production rate and the total nectar
reservoir volume both increase with higher 1/¢,, the stand-
ing nectar volume per plant decreases (fig. 4D) because
more pollinator individuals with higher nectar consump-
tion rates are continuously depleting the plant’s standing
nectar volume (fig. 4E).

Varying properties of the pollinators that affect the fre-
quency of their interactions with plants also cause corre-
sponding evolutionary responses in the plant’s nectar pro-
duction rate and nectar reservoir volume (fig. 5A, 5B).
Figure 5 depicts the effects of these interaction-limiting fac-
tors, the pollinator’s maximum nectar consumption rate a,,
and its maximum nectar conversion efficiency b,,, on plant
traits, population sizes, and standing nectar volume, with
fitness benefits 1/¢, and fitness costs Yxer, Yrv»> and ¥, held
constant. When the pollinator’s maximum nectar con-
sumption rate is low (i.e.,low a,,), the plant evolves a larger
nectar reservoir volume (fig. 5B) and produces nectar to fill
that reservoir at a faster rate (fig. 5A4), both of which cause
the plant to supply nectar to the pollinator at a faster rate.
Likewise, when the pollinator’s maximum nectar conver-
sion efficiency is low (i.e., low b,,, meaning that each pol-
linator must consume more nectar to produce one oft-
spring), plants that supply nectar at faster rates and have
larger reservoir volumes earn higher fitness benefits by in-
creasing the number of pollinators, thereby also increasing
the number of interactions they receive (fig. 54, 5B).

Plant population size and standing nectar volume re-
spond identically to a pollinator with a higher nectar con-
sumption rate and a higher nectar conversion efficiency,
while pollinator population size responds differently to
these interaction-limiting factors (fig. 5C, 5D). Plant pop-
ulation sizes are largest when their pollinator’s nectar con-
version efficiency and nectar consumption rate are high
because plants receive a greater number of visits from a
larger population of pollinators while also experiencing
weaker selection to produce more nectar, thus paying
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lower production costs (fig. 5C). Correspondingly, the
standing nectar volume per plant is highest when the op-
posite is true: when the pollinator’s nectar conversion ef-
ficiency and nectar consumption rate are low there are
fewer pollinators consuming plant nectar, and each is con-
suming nectar at a slower rate (fig. 5D). Pollinator popula-
tion sizes are largest when their nectar conversion efficiency
is high and their nectar consumption rate is low (fig. 5E)
because individual pollinators deplete less of the nectar re-
source pool but produce more offspring.

Modulating Selection on the Costs of Nectar Production

In contrast to changes in the benefits from pollinators,
nectar production rate and nectar reservoir volume re-
spond differently to changes in the various nectar pro-
duction costs. The surfaces in figure 6 display how the
plant traits, population sizes, and standing nectar volume
change with varying fitness costs of nectar production
traits (i.e., various combinations of yypr and yry) on the
plant’s intrinsic rate of increase. High fitness costs on
the plant’s intrinsic rate of increase resulting from higher
costs of making larger nectar-secreting structures (i.e.,
larger values of yxpr) select for a slower nectar production
rate (fig. 6A). Additionally, at high costs for increasing
production rate but low costs for increasing nectar reser-
voir volume (i.e., small yry), the plant evolves a larger res-
ervoir volume that compensates for a slower production
rate (fig. 6B). In contrast, increasing the fitness cost of a
larger nectar reservoir volume has almost no effect on
the evolution of a plant’s maximum nectar production
rate (fig. 6A).

The per capita cost of replenishing nectar y, affects the
evolution of the two plant traits in a similar way, but re-
sponses to this cost vary between the two traits depending
on the fitness cost of increasing nectar production rate
(yxer) on the plant’s intrinsic rate of increase (fig. 7).
Overall, a higher incremental cost of replenishing nectar
ata given rate (i.e., larger y,) selects for both a slower nec-
tar production rate (fig. 7A) and a smaller reservoir volume
(fig. 7B). The plant evolves the largest reservoir volume
when the cost of replenishing nectar at a given rate (y,)
is low and the cost of a faster nectar production rate on
the plant’s intrinsic rate of increase (ynpr) is high (fig. 7B),
again demonstrating a compensatory evolutionary response
of increasing reservoir volume when nectar production
costs are high. The plant evolves the fastest nectar produc-
tion rate when both costs are low (fig. 7A). Interestingly,
the cost of replenishing nectar at a given rate (y,) has a
greater effect on the evolution of a plant’s maximum nec-
tar reservoir volume than it does on a plant’s maximum
nectar production rate. This further supports the evolu-
tion of trait combinations that cause an increase in stand-

ing nectar volume in compensation for high nectar pro-
duction rate costs (fig. 7D).

Varying the costs of nectar production also has differ-
ential impacts on equilibrium population sizes. Steeper
production costs on either nectar production rate (larger
Ynpr) OF Nectar reservoir volume (larger yxy) reduce plant
population size (fig. 6C) and pollinator population size
(fig. 6E) and increase the standing nectar volume avail-
able from each plant individual (fig. 6D). However, pop-
ulation sizes and standing nectar volumes respond much
more strongly to increasing costs of nectar production
rate than they do to the cost of a larger reservoir volume.
Standing nectar volume primarily increases when nectar
production rate decreases because there are fewer pollina-
tors to deplete the plant’s nectar pool when plants pro-
vide fewer resources (fig. 6D, 6E). Plant population size
generally decreases as any of these costs increase (figs. 6C,
7C). Pollinator population size increases when both pro-
duction costs are low because the plants provide the most
nectar under these conditions (figs. 6E, 7E).

Discussion

The contemporary ecology of consumer-resource mutu-
alisms is shaped by past selection on a species’ resource-
provisioning dynamics (Parachnowitsch et al. 2019). In this
article, we explicitly model how ecological processes generate
natural selection on two plant resource-provisioning traits
to shape the evolutionary trajectory of the plant’s interac-
tion with a pollinator. We show that consumers with low
functional or numerical responses (i.e., lower nectar-foraging
rates or lower nectar conversion efficiencies) select for in-
creased nectar provisioning by plants, which has the effect
of boosting their population size (fig. 5). Additionally, high
nectar production costs select for suites of nectar traits that
minimize the effects of these costs on the level of resource
provisioning, thus increasing the plant’s population by main-
taining high levels of pollination interactions (figs. 6, 7). In
particular, selection against larger values of one trait may
cause a compensatory increase in the other. These model
results extend existing theories of consumer-resource mu-
tualisms into an evolutionary framework and provide test-
able predictions that can guide empirical research on the
evolution of consumer-resource mutualisms in nature.

Providers Evolve Resource Production Dynamics
That Increase Interactions with Consumers

Several researchers have shown that consumer functional
and numerical responses play a key role in shaping the
consumer-resource dynamics of mutualisms (e.g., Holland
et al. 2005; Holland and DeAngelis 2009; Valdovinos et al.
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2013; Revilla 2015; Hale et al. 2020). Our findings demon-
strate how these consumer characteristics may also serve
as agents of natural selection on resource-provisioning
traits. The model results show how pollinators’ behavioral
(e.g., traits that influence nectar-foraging rate a,,) and
physiological (e.g., traits that influence nectar conversion
efficiency b,,) properties have identical effects on nectar
trait evolution (fig. 54, 5B), but the effects of these two dif-
ferent selective agents are mediated through distinct indi-
rect pathways.

First, our model predicts that plants evolve trait com-
binations that provide more resources for consumers
with lower intrinsic functional responses (i.e., lower a,;
fig. 5A, 5B) via a trait-mediated indirect effect (Abrams
1995; Werner and Peacor 2003). Specifically, plants that
provision more nectar enact a trait-mediated indirect ef-
fect on their own fitness by causing pollinators to con-
sume nectar at faster rates. Increasing the pollinator’s
nectar-foraging rate indirectly enhances the plant’s own
fitness by increasing the frequency and duration of its in-
teractions with pollinators. Furthermore, a plant earns a
greater fitness benefit from increasing its nectar produc-
tion when pollinator foraging rates are low (fig. 54, 5B).
If pollinators already forage frequently from the plants
and pollinate most of a plant’s ovules in the process, indi-
viduals earn only a marginally greater benefit by provision-
ing more nectar and in fact evolve to provision less nectar,
causing a slight decrease in pollinator abundance (fig. 5E).
One empirical prediction emerging from this result is that
plants with generalist pollinators that visit infrequently
may evolve to produce more nectar than plants with pol-
linators that forage exclusively on that species. Indeed, John-
son and Nicolson (2008) found this exact pattern in bird-
pollinated plants: species that interact with a large group of
generalist pollinators produce up to 10 times more nectar
than those with highly specialized pollinators. These pat-
terns are typically attributed to larger body sizes of generalist
species, but our results suggest an alternative explanation:
by increasing their resource supply, generalist-pollinated
plants garner higher visitation rates and thus higher fit-
ness benefits, whereas specialist-pollinated plants earn only
a marginal fitness increase from provisioning more re-
sources for an already active consumer. We note that while
our model assumes saturating pollinator foraging on the
plant’s resource, the same qualitative evolutionary patterns
will hold for pollinators with linear functional responses
(e.g., Feldman 2006).

Second, our model predicts that plants should evolve
trait combinations that provision more resources for con-
sumers with lower intrinsic numerical responses (lower
b.;; fig. 5A, 5B) via an abundance indirect effect. High-
provisioning plants generate a positive indirect effect on
their own abundance via their effect on the consumer’s
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abundance (fig. 5C, 5E). Specifically, plants increase the
consumer’s population size by increasing its food supply,
thus indirectly enhancing the plant’s own fitness benefit
and increasing its population growth rate. As evidence
for positive effects of resource provisioning on small polli-
nator populations, Crone (2013) found that abundant flo-
ral resources increase pollinator population sizes from one
flowering season to the next. This effect was especially pro-
nounced for solitary species over social species, perhaps
because solitary foragers must accumulate all of the energy
required for reproduction while social foragers share ener-
getic resources to grow their colony (Crone 2013; Maia
et al. 2019). Furthermore, this model result is consistent
with a widespread natural pattern: plants visited by pol-
linators that have higher energy needs, such as bats, hawk-
moths, and birds, produce larger volumes of nectar than
plants with small insect pollinators that have lower energy
requirements (Heinrich and Raven 1972; Cruden et al.
1983). This relationship would not evolve unless plants
earn some fitness benefit from provisioning more nectar
for more needy consumers. Here we have demonstrated
a potential mechanism for that benefit that merits further
investigation in empirical systems: enhancing the pollina-
tor’s abundance by provisioning more nectar may enhance
the plant’s own fitness benefit. Although our model col-
lapses many biological properties of pollinators (e.g., spec-
ificity, metabolic efficiency, sociality) into a few parameters
describing consumer population growth, it points to spe-
cific pollinator traits that may be important selective agents
on a plant’s resource-provisioning traits.

Providers Evolve Trait Combinations That Lower the
Demographic Consequences of Costly Production

Costs of provisioning can substantially impact ecological
consumer-resource dynamics in mutualisms (Revilla 2015; Ba-
chelot and Lee 2018; Cropp and Norbury 2018,2019). Our
model further highlights how production costs can shape
the form of stabilizing selection on resource traits, which will
in turn affect the ecological dynamics of consumer-resource
interactions. In previous ecological models, a slight imbal-
ance of provisioning costs over benefits often resulted in
mutualism collapse (Holland and DeAngelis 2009, 2010).
By allowing resource traits to evolve in response to these
trade-offs, plants in our model sustain nectar production
over a wide range of fitness costs. In fact, our model predicts
that resource-provisioning traits evolve in ways that mini-
mize these trade-offs between resource production and in-
dividual growth (figs. 6, 7). This response is possible be-
cause the model treats resource provisioning as a suite of
traits that can each respond independently to production
costs. Thus, plants can still evolve higher provisioning via
the less costly trait, thereby compensating for limitations
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affecting the more costly trait. This theoretical result pre-
sents a potential explanation for why some plants replenish
large volumes of nectar slowly and others replenish small
volumes of nectar rapidly (e.g., Luo et al. 2014): contrasting
values of a plant’s nectar production traits may result in
part from differential costs of making nectaries and nectar-
holding structures. Some empirical evidence suggests that
high nectar production rates can impose fecundity costs
(e.g., Pyke 1991; Rutter and Rausher 2004; Whitehead
et al. 2012), potentially influencing selection on nectar pro-
duction in the ways our model predicts. Evaluating these
predictions in nature will require more studies that examine
the individual and demographic costs of various nectar pro-
duction traits in a wide range of plant systems (Pyke 1991;
Whitehead et al. 2012; Parachnowitsch et al. 2019).

Mechanisms that minimize resource production costs
will likely be favored in environments with harsh abiotic
conditions, such as those characterized by water, nitrogen,
or other nutrient limitations. Our model predicts that plants
evolve higher nectar provisioning when their intrinsic rate
of increase (c,) is low (fig. 4A, 4B) because allocating more
resources toward the pollinator boosts the plant’s abun-
dance by greatly increasing the pollinator’s population size
and foraging rate (fig. 4C, 4E). As a caveat, abiotic resource
limitations may constrain a plant’s ability to produce nec-
tar (e.g., Shuel 1955, 1957; Dudley 1996; Boose 1997). How-
ever, these populations may also experience lower growth
rates when pollinators are scarce, potentially favoring a
higher proportional investment in resource provisioning
despite higher individual costs. Alternatively, the costs of
provisioning may themselves evolve via selection on traits
that are not modeled here, such as water uptake capacity or
nutrient use efficiency (e.g., Brodribb et al. 2009), particu-
larly in nutrient-limited environments. This may be the
case in desert honey mesquite, where Golubov et al. (2004)
found no measurable fitness differences between nectar-
producing individuals and nectarless individuals. Absence
of evidence for resource production costs is not necessarily
evidence of their absence in an evolutionary sense. Instead,
we suggest that selection may act on nonresource traits that
affect nutrient uptake or nutrient metabolism, thus indi-
rectly lowering the costs of resource production.

Dynamic Resource Provisioning
in an Evolving Community

Our model explores the evolutionary response of two
plant nectar-provisioning traits that determine the stand-
ing nectar volume available to the pollinators. Since we
are principally concerned with the evolution of traits that
impact average resource provisioning in a plant popula-
tion, our model does not capture the full intricacy of pol-
linator foraging observed in nature (e.g., Conner and

Rush 1996; Zimmerman 1983; Makino and Sakai 2007;
Knauer and Schiestl 2015). For example, the spatial pat-
terning of nectar distribution among flowers may partic-
ularly impact a plant’s male fitness, which we do not ex-
plicitly model here, by affecting how pollinators move pollen
between flowers and plants (Klinkhammer and de Jong 1993;
Pyke 2016a; Pyke et al. 2020). We expect spatial complexity
to affect the quantitative but not qualitative patterns of
provisioning dynamics observed in our model. Addition-
ally, the foraging strategies of pollinators will shape pat-
terns of natural selection on resource provisioning if
individuals in the focal plant population compete with
other nectar-producing species. Several empirical studies
have found that high plant density contributes to increas-
ing pollinator visitation to all species in the patch (e.g.,
Moeller 2004; Mesgaran et al. 2017). Our results suggest
that resource provisioning among co-occurring species
will play a key role in shaping community dynamics by
impacting not only pollinator behavior (e.g., Valdovinos
et al. 2013, 2016) but local pollinator abundance as well.
Sharing the burden of supporting a pollinator population
may lessen the selective pressure for increased provisioning
by each individual species. Hence, plant species with higher
production costs may have higher likelihoods of persisting
in communities with multiple high nectar-producing spe-
cies. Alternatively, competition for optimally foraging pol-
linators may increase the fitness benefits of producing more
nectar, initiating an evolutionary race for higher and higher
resource production. If nectar is costly to make, intense
competition for forager attention may also drive selection
for traits that lower the costs of resource provisioning.

The insights of our evolutionary model stem from its
explicit examination of how two plant traits that deter-
mine the nectar supply available to pollinators interact
to generate a plant’s resource-provisioning dynamics. It
would also be valuable to develop models that ask the
same questions about resource quality, such as the sugar
or amino acid content of nectar. For instance, while the
model of total nectar quantity finds that populations of
both species respond more strongly to provisioning rates
than they do to provisioned volumes, incorporating nu-
tritional content may increase the value of holding larger
volumes of nectar, particularly if sugar is costly. Studies of
nectar concentration often find an inverse relationship
between nectar volumes and sugar concentrations (John-
son and Nicolson 2008; Pyke 2016a). Costs of sugar pro-
duction are one hypothesis for this pattern, while others
include the biophysical limitations of different nectar-
sipping morphologies (e.g., Kim et al. 2011) or evolved
behavioral manipulations by plants that force pollinators
to visit more plants and thus transfer more pollen to
meet their energy needs (Pyke 20164, 2016b). In general,
we expect that sugar concentrations will follow similar



evolutionary patterns as nectar production rates and vol-
umes because nutrient content will also impact the pop-
ulation dynamics of pollinators.

By linking population and trait dynamics with consumer-
resource ecology, our evolutionary model provides testable
predictions about how natural selection from pollinators
and other ecological sources may affect the evolution of a
provider species’ resource provisioning. Furthermore, our
model highlights how the mechanics of natural selection
acting on quantitative traits, often via indirect pathways,
can produce observed but little understood patterns of
consumer-resource trait dynamics, such as the close covaria-
tion between a plant’s nectar volume and its pollinators’ en-
ergy requirements (Heinrich and Raven 1972; Cruden et al.
1983; Johnson and Nicolson 2008) and the growing mosaic
evidence of varying nectar production costs in different
plant species (Pyke 1991; Rutter and Rausher 2004; Golubov
et al. 2004; Whitehead et al. 2012). While we focus on nectar
here, our modeling framework could be modified to explore
trait evolution and its ecological consequences in other uni-
directional consumer-resource mutualisms, such as seed-
dispersal and defense mutualisms, as well as bidirectional
consumer-resource mutualisms, such as plant-mycorrhizal
and by-product mutualisms. Overall, the core insight of the
evolutionary model is this: ecological dynamics define the
evolution of resource provisioning in consumer-resource
mutualisms. The rest, as with all patterns in nature, depends
on ecological context.
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