Journal of Theoretical Biology 480 (2019) 112-128

Contents lists available at ScienceDirect - Jourgalior

Theoretical
o c Biology

Journal of Theoretical Biology

journal homepage: www.elsevier.com/locate/jtb

Plant coexistence mediated by adaptive foraging preferences of n

exploiters or mutualists

Check for
updates

Vlastimil Kfivan®P, Tomas A. RevillaP®+

aDepartment of Mathematics, Faculty of Science, University of South Bohemia, BraniSovskd 1760, Ceské Bud&jovice 370 05, Czech Republic
b Czech Academy of Sciences, Biology Centre, Institute of Entomology, BraniSovskd 31, Ceské Bud@jovice 370 05, Czech Republic

ARTICLE INFO

Article history:

Received 7 December 2018
Revised 29 July 2019

Accepted 3 August 2019
Available online 8 August 2019

Keywords:

Behaviorally-mediated interactions
Competition for preference
Differential inclusion

Generalized isocline

Switching

Sliding and repelling regimes

ABSTRACT

Coexistence of plants depends on their competition for common resources and indirect interactions medi-
ated by shared exploiters or mutualists. These interactions are driven either by changes in animal abun-
dance (density-mediated interactions, e.g., apparent competition), or by changes in animal preferences
for plants (behaviorally-mediated interactions). This article studies effects of behaviorally-mediated inter-
actions on two plant population dynamics and animal preference dynamics when animal densities are
fixed. Animals can be either adaptive exploiters or adaptive mutualists (e.g., herbivores or pollinators)
that maximize their fitness. Analysis of the model shows that adaptive animal preferences for plants can
lead to multiple outcomes of plant coexistence with different levels of specialization or generalism for the
mediator animal species. In particular, exploiter generalism promotes plant coexistence even when inter-
specific competition is too strong to make plant coexistence possible without exploiters, and mutualist
specialization promotes plant coexistence at alternative stable states when plant inter-specific competi-
tion is weak. Introducing a new concept of generalized isoclines allows us to fully analyze the model
with respect to the strength of competitive interactions between plants (weak or strong), and the type of

interaction between plants and animals (exploitation or mutualism).

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

How do competing species coexist has been a puzzling question
for ecologists. The competitive exclusion principle states that two
species competing for the same resource cannot coexist at an equi-
librium (Gause, 1934; Hardin, 1960). This view is supported by the
Lotka-Volterra competition model which predicts that coexistence
requires inter-specific competition to be weaker than intra-specific
competition. The ecological interpretation is that niche overlap for
competing species cannot be too large for species coexistence at an
equilibrium (MacArthur and Levins, 1967). These early models of
competition focused on two species competing either directly, or
indirectly (i.e., interference vs. exploitative competition). Exploita-
tive competition is an example of indirect interaction between two
populations mediated by common resources (Grover, 1997). An-
other indirect interaction is apparent competition (Holt, 1977) that
is mediated by shared consumers. In these competitive scenarios
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coexistence requires that species are limited by different factors.
Thus, two exponentially growing plants will not coexist if they are
limited by the same resource (“R*” rule, Tilman 1982) or by the
same single predator (“P*” rule, Holt et al. 1994). Plant-animal mu-
tualisms, on the other hand, can lead to apparent facilitation as
in the case of pollination (Feinsinger, 1987; Ghazoul, 2006) where
two plants flowering in different times can sustain large pollinator
populations (Waser and Real, 1979).

Indirect interactions can be either density- or behaviorally-
mediated. In density-mediated indirect interactions the media-
tor species density changes. E.g., in apparent competition an in-
crease in one plant density increases herbivore density which, in
turn, decreases density of the other plant species. In behaviorally-
mediated indirect interactions changes in one plant population
density are transmitted through changes in animal behavior when
animal population density is fixed. In reality, both density- and
trait-mediated indirect interactions operate concurrently (Bolker
et al., 2003; Kfivan and Schmitz, 2004). Analysis of the apparent
competition food web module with two plants and their com-
mon consumers who undergo population dynamics and adap-
tively change their foraging preferences showed that combination
of density- and behaviorally-mediated interactions promotes plant
coexistence that would not be possible if consumer preferences
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were fixed (Kfivan, 1997). Even when consumers were kept at fixed
densities but they adaptively changed their preferences for plants,
plant coexistence was still promoted by behaviorally-mediated in-
teractions only (Kfivan, 2003b). This suggests that in antagonistic
networks adaptive foraging promotes species coexistence by re-
ducing apparent competition. This was verified in more complex
antagonistic di- and tri- trophic food web modules with many
species (Kfivan, 2010). In simulated complex antagonistic food-
webs adaptive prey switching also led to increased species persis-
tence (Kondoh, 2003; Berec et al., 2010).

Antagonistic interactions such as competition, predation and
parasitism are cornerstones of the niche centric view of commu-
nity structure (e.g., food webs, guilds), and theories of ecological
dynamics and biodiversity (e.g., stability-complexity debate). Cur-
rently, there is a great interest about the role of mutualisms as fac-
tors shaping communities (Bastolla et al., 2009; Bronstein, 2015).
As it turns out, many mutualisms are mediated by consumer-
resource mechanisms, and several of them evolved from exploita-
tive relationships such as parasitisms (Bronstein, 2015). Thus, we
may be able to understand consequences of both mutualisms and
antagonisms using common methodologies (Holland and DeAnge-
lis, 2010). Several models considered apparent competition or ap-
parent facilitation separately, and more recently, also together in
the context of mixed mutualistic-antagonistic communities (Mougi
and Kondoh, 2014; Sauve et al., 2016). A limited number of mod-
els consider density- and behaviorally-mediated effects transmitted
by mutualisms. Some predict that adaptive mutualism promotes
coexistence in the case of large communities (Valdovinos et al.,
2013; Mougi and Kondoh, 2014), while others predict that adap-
tation constrain coexistence by favoring profitable partner species
in detriment to rare ones (Revilla and Kfivan, 2016). Thus, more
research is required to evaluate the importance of adaptation and
plasticity as drivers of population dynamics and community struc-
ture in interaction networks that combine both mutualistic and an-
tagonistic interactions. And this motivates us to explore how adap-
tive behavior of exploiters or mutualists changes the outcomes of
competition between the plants with which they interact.

In this article we analyze how behaviorally-mediated interac-
tions transmitted by shared animals influence plant competition.
We demonstrate that foraging behavior of animal exploiters (e.g.,
herbivores) or mutualists (e.g., pollinators) can have important and
predictable consequences for plant competitive coexistence. By as-
suming that animal population densities are fixed, we eliminate
density-mediated effects, e.g., apparent competition or apparent fa-
cilitation. In this way, we can focus entirely on indirect effects that
are mediated only by changes in animal preferences (i.e., they are
trait-mediated) for plants. We give conditions for plant coexistence
at an equilibrium under exploitation or mutualism either when in-
teraction strength is fixed, or when it is adaptive and maximizes
animal fitness.

A plant competition model with adaptive preferences of one an-
imal species for two plants is presented in Section 2. Because op-
timal animal strategy is not uniquely defined when both plants
provide the same payoffs to animals, plant population dynam-
ics are described by a differential inclusion (Aubin and Cellina,
1984; Colombo and Kfivan, 1993). For such models we introduce
generalized isoclines that allow us to fully analyze the model.
Section 3 provides a complete classification of plant equilibria and
corresponding animal preferences when animals are either ex-
ploiters or mutualists and when inter-specific plant competition is
either weak or strong. We conclude that adaptive exploitation per-
mits global stable coexistence when competition between plants is
weak, and global or local stable coexistence when competition is
strong. In the case of adaptive mutualism only weakly competing
plants can coexist at a single equilibrium or at one of two alterna-
tive stable states.

2. Model

We consider an interaction module consisting of two competing
plant species with population densities P; and P, and one animal
species with population density A. The important feature of this
interaction module is that plant-animal interactions can be either
exploitative (e.g., folivory, granivory, modeled by parameter s = —1)
or mutualistic (e.g., pollination, seed dispersal, s = 1). We assume
that animal population density A is fixed, and we are interested in
plant population dynamics that are described by a Lotka-Volterra
(LV) model

dP1 51 (1 — 7131 + C2P2 )P] + SU]P]A

dr K
dP2 P+ P
E = r2<1 —T)PZ +Su2P2A (1)

where r;>0 and K; >0 are plant intrinsic growth rates and envi-
ronmental carrying capacities in absence of inter-specific interac-
tions, and ¢; >0 is the competition coefficient that measures com-
petitive effects of plant i on the other plant. The strength of plant-
animal interactions depends on animal density (A) as well as on
animal preferences u; and u, for plant 1 and 2, respectively (u; >0
for i=1,2 and uq +uy = 1). Preference for plant i can be inter-
preted as the proportion of time that an animal spends interacting
with that plant, or, alternatively, as the fraction of the animal pop-
ulation (u;A) interacting with that plant.

When animals are mutualists (s = 1), model (1) assumes facul-
tative mutualism for plants, i.e., plant populations can grow even
without animals. This is a reasonable assumption because the great
majority of plants do not rely on a single mutualist species. E.g.,
when the mutualist is a pollinator, plants can be pollinated by
other means (e.g., by wind, or another pollinator species that is
not being explicitly considered). Another feature of model (1) is
that it assumes constant animal density. This can be a reason-
able assumption if plant population dynamics are faster than an-
imal population dynamics or model (1) describes plant dynamics
in a small locality, saturated at level A by a large regional popu-
lation of highly mobile animals (Melian et al., 2009). In these sce-
narios effects of plants on animal population density (i.e., the nu-
meric response) can be ignored. However, feedbacks between plant
density and animal foraging behavior can remain important. Ani-
mal adaptation in response to changes in plant community com-
position affects animal fitness even when the numerical response
is not considered. In turn, changes in animal preference influence
population density of plants and alter plant community composi-
tion. The constant animal density assumption allows us to focus on
behavior-mediated effects arising from adaptive animal preferences
for plants.

For fixed animal preferences u; (i = 1,2) model (1) is the classi-
cal Lotka-Volterra competitive system with well known dynamics
(e.g., Case, 2000; Rohr et al., 2014). In particular, both plants coex-
ist at a globally stable equilibrium

)

(15 13 ) _ K]Tz(f] +SAU1) — I (Tz +5Au2)
b rra(1 —cicz)

Korq (T'z + SAUZ) — kK (r1 + SAU]) (2)
rra(1—cicz)
if and only if the ratio of carrying capacities satisfies’
(1 +suA/ry) K 1+ suA/r; 3)

T+smA/n K - a(+smAm)

1 When A = 0 inequalities (3) reduce to ¢; < % < % which are the classic condi-

tions for stable coexistence in the Lotka-Volterra competition model.
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Fig. 1. Interactions as a function of plant densities (axes) when animal preference
changes according to the step-like rule (5). Below the switching line (6) animals
specialize on plant 1, and above they specialize on plant 2. Generalism occurs along
the switching line where animals display intermediate preferences for plants.

Thus, stable plant coexistence requires that
16 < 1. (4)

When inequalities in (3) are reversed, equilibrium (2) is still
feasible for intermediate K;/K, ratios, but it is unstable, i.e., either
plant 1 or 2 wins depending on initial conditions. This is the bi-
stable outcome for the LV model when inter-specific competition
is stronger relative to intra-specific competition (c;c; > 1). If under
exploitation u;A>r;, plant i is not viable and no interior equilib-
rium exists.

In the next sections we show that these predictions change
when animals behave adaptively and they maximize their fitness.

2.1. Adaptive animal preferences

Here we assume that animal preferences change in the di-
rection that maximizes animal fitness. The payoff to an animal
when feeding on plant i(= 1,2) is measured, e.g., as the amount
of energy obtained per unit of time, ie., e;P; where e; denotes
the amount of energy obtained from a single plant per unit of
time. Animal fitness is then defined as the average payoff, i.e.,
W, = equq Py + eyuy P, where uq +uy =1 and u; > 0. Under the ideal
circumstances where individuals have a perfect knowledge about
plant profitabilities and abundances, maximization of this fitness
leads to the following optimal foraging strategy (Kfivan, 2003b;
Kfivan and Vrko¢, 2007):

{0} when eP < eP,
[0,1] when e P =eP, (5)
{]} when el > ey.

u elUi (P, R) =

When plant densities are such that
€]P] = €2P2, (6)

animal preference for plant 1 (u4) is not uniquely defined and can
take any value between 0 and 1. This is because either of the two
plants provides the same payoff for animals.

The switching line (6) splits the positive quadrant of plant den-
sity phase space in two sectors, as shown in Fig. 1. In both of these
sectors, animals behave as specialists. In sector I (sector II), which
is below (above) the switching line, animals specialize on plant 1
(plant 2) only because this maximizes their fitness. For plant den-
sities along the switching line, animals have intermediate prefer-
ences (0 <uq <1), i.e, they are generalists that interact with both
plants.

We observe that when u; is defined by (5), model (1) becomes
a differential inclusion, or, equivalently, a Filippov (1988) regular-
ization of a differential equation with a discontinuous right hand
side (see Appendix A.l; Colombo and Ktivan, 1993). To analyze
such models we introduce in the next section generalized isoclines.

2.2. Interaction dynamics

2.2.1. Generalized isoclines

The effect of adaptive animals on plant coexistence can be pre-
dicted by isocline analysis in the plant 1-plant 2 phase plane.
However, because population dynamics (1) together with animal
preferences (5) are described by a differential inclusion, we need
to define generalized plant isoclines for this model. Isoclines need
to be defined in both sectors I and II, as well as in the switching
line (6).

Within sectors I or II plant 1 and 2 isoclines are

Py + P, = Hy
P+ P = Hy, (7)
respectively. Here

A .
K; (1 + Sr> K2> in sector I
1

SA . (8)
Ky, K| 1+ . in sector Il
2

are sector-dependent adjusted carrying capacities that depend on
exploitative (s = —1) or mutualistic animal effects (s = 1). For iso-
clines to exist in both sectors, H; and H, in (8) must be posi-
tive, i.e.,, r;+SA >0, i=1,2. Plant i monoculture is viable under
exploitation if A <r;, i.e., plant i has limited tolerance for exploita-
tion. If A>r; (A>ry), isocline for plant 1 (plant 2) does not exist in
sector I (sector II) under exploitation. On the other hand, monocul-
tures are always viable under facultative mutualism (r; + A > 0).

As a result, isoclines in sectors I and II are piece-wise linear as
illustrated in Fig. 2. Plant 1 isocline in sector I is the line segment
connecting points b and E;, and in sector II is the line segment
connecting points k; and a. Point

E = (P,0) = (1(1 (1 + 5:) , o) (9)

is plant 1 monoculture equilibrium of model (1), and formulas for
intersection points a, b (with switching line) and kq (with P, axis)
are given in Appendix A.1. Similarly, plant 2 isocline consists of line
segments connecting points E; and p in sector II, and q and k; in
sector I. Point

E;=(0,P) = <0, 1<2<1+5r';‘)> (10)

is plant 2 monoculture equilibrium of model (1), and intersection
points p, q (with switching line) and k, (with P; axis) are given
in Appendix A.1. We remark that both monoculture equilibria exist
for mutualists while for exploiters, plant i monoculture equilibrium
exists if A<r;.

We define generalized isoclines by adding the segment a—b to
plant 1 isocline, and segment p—q to plant 2 isocline. Thus, both
plant isoclines are continuous, piece-wise linear curves in plant
phase space. Plant 1 (plant 2) isocline is shown as the black (gray)
line in Fig. 2. We stress here, that along their central segments
(a—b for plant 1 isocline, and p—q for plant 2 isocline) the usual
definition of isoclines as points of zero growth for particular plant
species does not hold for generalized isoclines. In particular, we
show in the next section that when the two segments partially
overlap along the switching line as in Fig. 2b,c, the overlap seg-
ment (b—q in panel b and a—p in panel c) does not consist of
equilibria only, as we explain in the next section.

(Hy, Hy) =
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Fig. 2. Generalized isoclines (plant 1: black, plant 2: gray) and plant dynamics un-
der weak competition (cic; <1). The (dashed) switching line (6) splits the phase
plane in sectors I and II. Stable equilibria are shown as dots, and unstable equi-
libria as circles. Panel a assumes low population of exploiters and isoclines in-
tersect at a stable equilibrium in sector I. As the number of exploiters increases
(panel b), plants coexist at stable equilibrium Eg at the switching line where an-
imals are generalists. In panel ¢ animals are mutualists and isoclines intersect at
two stable equilibria, one in each sector. Equilibrium Es is unstable. Parameter val-
ues: 1;=0.1,c;=0.6,e; =1.5,e; =1,A=0.04,K; =22; K, =12 in (a) and K; =20
in (b,c); s=—1 in panels a,b, and s =1 in panel c.

We remark that under exploitation (s = —1) plant 1 (plant 2)
generalized isocline consists of three segments if r; >A (ry >A).
Otherwise, the isocline has only two segments because E; and b
(E; and p) are not in the first quadrant. In case of mutualism
(s = 1) generalized isoclines always consist of three segments be-
cause monocultures are viable since we assume that mutualism is
facultative.

Appendix D shows that generalized isoclines obtained for step-
like preferences given in (5) are well approximated by smooth

(usual) isoclines when preferences are more gradual. However, the
generalized isoclines allow us to fully analyze the model.

2.2.2. Model equilibria

In the classic Lotka-Volterra (LV) model (1) stable plant co-
existence requires that the missing species can invade when the
other plant is at its population equilibrium. This is a consequence
of linear isoclines that generically intersect at most once. The case
where animals behave adaptively is more complex, because gen-
eralized isoclines are piece-wise linear and there can be interior
equilibria in both sectors (e.g., Fig. 2¢). In addition, we show in
this section that there is one equilibrium at the segment of the
switching line where the two isoclines coincide (e.g., Fig. 2b,c).

We start by analyzing position of isoclines in sectors I and IL
Since isoclines are linear there they can intersect in either sector
at most once. If they intersect, the corresponding equilibrium is
locally stable? when c;c; <1 and unstable when c;c, > 1. This fol-
lows from analysis of the classic LV competition model. We also
observe that at these equilibria animals behave as specialists as
they interact with a single plant only. To determine if isoclines in-
tersect within a sector, we compare their intersections with the
corresponding sector’s axis and with the switching line (6). In sec-
tor I we compare position of equilibrium E; with respect to point
Kk, on P; axis, and position of point b with respect to point q on
the switching line. If E; exists and

Ei <k, and q<b (11)

by which we mean that point E; is to the left of point ky on P;
axes and point q is to the left and down from point b along the
line e P; = e,P,, or

Ei >k, and q>b, (12)

Appendix A.1 shows that there is one coexistence equilibrium

BB Kirp (r1 + sA) — Koy
El—(Pl’P2)—< rr2(1-cic2)

Koriry — c1 K1 (17 + sA)
rr2(1—cicz)

(13)

in sector I and this equilibrium is locally stable when (11) holds
because in this case cjc; <1 (Fig. 2a,c). If conditions in (12) hold,
the equilibrium is unstable. Appendix A.1 shows that (11) is equiv-
alent with

y2=c1<l+sr?)<§2<(2122)<1+s:>=r2. (14)
If both inequalities in (14) are reversed, Ej still exists because iso-
clines intersect in sector I but the equilibrium is unstable. If K5/K;
is larger or smaller than both y, and 75, there is no equilibrium
in sector I because the two isoclines do not intersect there (e.g.,
Fig. 2b where E; <k but b < q).

Similarly, in sector II we compare position of k; with respect to
equilibrium E; on the P, axis, and position of a with respect to p
along the switching line. If equilibrium E, exists and

E; <k; and a<p (15)
or
E; >k; and a->p, (16)

Appendix A.1 shows that there is one equilibrium in sector II
Ey = (P.B)

_ [ Kiriry = Koty (1 + 5A)
B rira(1 —c¢icz)

=

Korq(ry + SA) — 1K1 (17)
rira(1 —cicz) ’

N

By local stability we mean local asymptotic stability throughout this article.
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This equilibrium is locally stable if and only if

. sA K e, + e SA\
y1:c2<1+rz><1<2<(€1+C1€2><1+T2)=t1' (18)

As in sector I, instability of Ey follows from inequality reversal in
(18). When K;/K, is larger or smaller than both y; and t{, no
equilibrium exists in sector II.

We note that y; and y, are invasion thresholds that must be
met by K; /K, and K, /K, respectively, for plant 1 to invade at equi-
librium E, and for plant 2 to invade at equilibrium E;, respectively.
Invasion thresholds depend on resident plant parameters, plant-
animal interaction type, and animal density. For example, y is di-
rectly proportional to the competitive effect of plant 2 on plant
1 (cy) exactly as in standard LV models. This means that increas-
ing inter-specific competition makes plant 1 less likely to invade
resident population consisting of plant 2 only. Under exploitation,
increasing animal density decreases the threshold allowing plant 1
to invade, while increasing plant 2 intrinsic growth rate (r,) makes
this plant more difficult to invade. These predictions change un-
der mutualism because the invasion threshold for plant 1 increases
with increasing density of mutualists and decreases with plant 2
intrinsic growth rate.

Now we look for plant equilibria in the segment of the switch-
ing line where the two generalized isoclines overlap. To answer
this question we have to analyze plant dynamics (1) with op-
timal animal behavior (5) on the switching line where animal
preference for either plant is not uniquely defined. Analysis in
Appendix A.2 shows that when the two generalized isoclines par-
tially overlap along the switching line, there exists a single equi-
librium in the overlap segment

e K1 Ky (ﬁ + 1)+ SA)
Kiry(eq + c1e3) + Koty (e + c2e1)’

e1K1 Ky (11 + 15 + sA) )

Es = (P, B) = (

(19)

Kiry(eq + c1e2) + Kory (62 + c2e1)
see Fig. 2b,c. This equilibrium is locally stable under exploitation
(Fig. 2b) and unstable under mutualism (Fig. 2¢). Appendix A.2 also
shows that animal preference for plant 1 at this equilibrium is
- Kori(ry +sA)(ex + cper) — Kirra(eq +crep)

U = , 20
1 sA[Kira(e1 + c1e2) + Korp(ex + caeq)] (20)

i.e., animals behave as generalists at this equilibrium.

This analysis allows us to give meaning to attraction thresholds
7; defined in (14) and (18). For equilibrium Eg to exist, &i; must be
between 0 and 1. Under exploitation (s = —1) this happens when

Kq K,

K, > 1; and K > T (21)
while under mutualism (s = 1) the conditions are

Kq K;

6 <0 and rae! (22)

Equilibrium Eg exists when r; + 1, +sA >0 and it is always lo-
cally stable for exploitation (i.e., (21) holds and “Eg attracts” locally
trajectories from both sectors) and unstable for mutualism (i.e.,
(22) holds and “Eg repels” trajectories away; see Appendix A.2). If
only one attraction threshold is passed, equilibrium Es does not
exist and there is no plant population equilibrium at which ani-
mals behave as generalists. Here the important observation is that
existence and stability of equilibrium Eg does not depend whether
single plant monocultures are viable or not. In fact, even if neither
of the two plants is viable (i.e.,, A>r;, i =1, 2), equilibrium Eg still
exists provided A < ry +r, (Fig. 3). We show next how plant coex-
istence and animal preferences depend on animal abundance and
model parameters.

Fig. 3 illustrates the effects of adaptive exploiters on plant equi-
libria and exploiter preferences for plants. Let us consider the sit-
uation where

K; €y + (281

— 23
Ky~ eq+ciep (23)

(left column of Fig. 3). Without exploiters (A =0), plant 1 wins
competition over plant 2. As the number of exploiters increases,
exploiters are plant 1 specialists (u; =1, bottom-left panel) and
plant 1 equilibrium density decreases until A~ 0.017. For higher
exploiter density (approx. 0.017 <A <0.055) plant 2 invades plant
1 monoculture and both plants coexist at equilibrium E; given in
(13). Plant 1 population density keeps decreasing with increasing
A while plant 2 population density increases. Exploiters still be-
have as specialists on plant 1 till their population reaches another
critical threshold A~ 0.055. For yet higher exploiter density, ani-
mals behave as generalists feeding on both plants with decreasing
preference for plant 1 given in (20) and plants coexist at equilib-
rium Eg given in (19). Thus, both plant population densities now
decrease with increasing animal abundance. The case where oppo-
site inequality in (23) holds is shown in the right panels of Fig. 3.
In this case, exploiters start as plant 2 specialists (u; = 0, bottom-
right panel) at plant equilibrium Ey given in (17). Thus, plant 2
decreases monotonically while plant 1 increases for 0 <A <0.021.
Once both plants are equally profitable for animals, animals be-
come generalists and both plants start to decrease together as pref-
erence for plant 1 keeps increasing.

Fig. 3 also shows that adaptive exploitation leads to indirect
positive effects between plants. First, when animals are adap-
tive exploiters, plant equilibrium densities are positive for ani-
mal densities at which plant monocultures are not viable. E.g.,
plant 1 (plant 2) monoculture cannot exist for A> 0.1 (A> 0.08) in
Fig. 3 but both plants do coexist at Eg as long as A <ry; +1r, =0.18.
Thus, for large exploiter densities viability of plant 1 relies on co-
occurrence with plant 2 and vice-versa. Second, from (19) it fol-
lows that under generalism increasing K; or K, raises both plant
equilibrium densities (cf. right vs. left top panels in Fig. 3 for
A>0.05). This is unlike standard LV models where increasing K,
causes increase of plant 2 equilibrium density and decrease of
plant 1. The effect of other parameters on plant equilibria (E;, Ey,
Eg) is given in Appendix B.

Effects of changes in parameters on plant equilibria in the case
of mutualism are often in opposite directions as compared to ex-
ploiters (see Appendix B). Because we assume that mutualism is
facultative, plant monocultures (E; and E,) are always viable and
they increase with A. Provided both plants coexist, plant 1 in-
creases and plant 2 decreases with A at equilibrium E;, and the
opposite happens at equilibrium Ey. Equilibrium Eg, if it exists, is
always unstable. Fig. 4 serves as a good illustration. The left col-
umn displays plant coexistence at equilibrium E; when A <0.022
and animals specialize on plant 1 (u; = 1). For higher animal den-
sities there are two stable equilibria E; and Ej and unstable in-
terior equilibrium Eg at which animals are generalists. The right
column shows situation where K;/K; is lower and plants coexists
at equilibrium Ej when A <0.0115 and animals specialize on plant
2. For higher animal densities there are two coexisting stable plant
equilibria E; and Ey and the unstable equilibrium Eg.

3. Plant coexistence under exploitation or mutualism

By comparing K;/K, with y; and 7t thresholds in (18), and
K,/K; with y, and 7, thresholds in (14), we provide a complete
classification of model outcomes for all generic parameter combi-
nations, see Appendix C. In the following sections we discuss all
possible global dynamics when animals are exploiters or mutual-
ists, and plant inter-specific competition is weak or strong. In the
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particular case of exploitation, we only display scenarios where
A<ry and A <15, ie., plant monocultures are viable and general-
ized isoclines display three segments. Scenarios where monocul-
tures are not viable, i.e., A>r;, lead to similar global dynamics as
long as r; + 1, > A (i.e,, if A > r; + 1, both plants go extinct like in
Fig. 3).

3.1. Exploitation (s = —1) and weak inter-specific plant competition
(cica<1)

All qualitatively different patterns of isoclines intersections
when inter-specific competition is weak and A <r; are shown in
Fig. 5. Since s = —1, either K;/K; > t1 or Ky/K; > 75, ie., at least
one plant is always above its attraction threshold.> This is why
Fig. 5a,b,d,e are blank, because there are no parameters that sat-
isfy inequalities that define these four panels. With respect to plant
equilibria, there are three mutually exclusive possible outcomes of
plant competition.

First, the missing plant cannot invade the other plant monocul-
ture equilibrium and plant coexistence is not possible. These are
situations where generalized isoclines do not intersect nor overlap,
and the dynamics globally converge toward the monoculture equi-
librium of the plant that can invade (to E; in Fig. 5c, and to E; in
panel g).

Second, both plants can invade one another and the generalized
isoclines intersect in one of the two sectors. Thus, both plants co-

3 The case where both K;/K, <7 and K/K; <7, is not possible because then
l<tn=>0- ;i])(] - ;iz) <1, a contradiction.

exist either at the globally stable equilibrium E; (panel f) at which
exploiters specialize on plant 1, or globally stable equilibrium Ejy
(panel h) at which exploiters specialize on plant 2.

Third, generalized isoclines partially overlap along the switch-
ing line (Fig. 5i), so that there is globally stable equilibrium Eg at
which animals behave as generalists with intermediate preferences
for plant 1 given by u; in (20).

3.2. Exploitation (s = —1) and strong inter-specific plant competition
(cicx>1)

Since s = —1, there are no parameters satisfying K,/K; <7, and
K1 /Ky < 71 exactly as in the previous case of weak competition and
there are 8 qualitative cases for isoclines intersections (Fig. 6).

Due to strong competition, stable plant coexistence is impossi-
ble in sector I or sector II, but when both attraction thresholds are
met (i.e., K1/K; > t1 and K;/K; > t5), the isoclines partially overlap
along the switching line and plants can coexist at equilibrium Eg
where exploiters behave as adaptive generalists with intermediate
preference u; for plant 1. This state of coexistence can be locally or
globally stable, depending on whether invasion thresholds are met,
as we will see next.

If neither of the two invasion thresholds are met (Fig. 6e), equi-
librium Eg is locally stable and depending on initial conditions
there are three possible outcomes for plant population dynam-
ics: (i) monoculture equilibrium E; where exploiters specialize on
plant 1 (u; = 1) and plant 2 is excluded, (ii) monoculture equilib-
rium E; where exploiters specialize on plant 2 (u; = 0) and plant
1 is excluded, or (iii) plant coexistence equilibrium Eg.
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Fig. 6. Plant generalized isoclines under exploitation (s = —1) and strong competition (c;c, > 1). Notation like in Fig. 5.

If only one plant invasion threshold is met, equilibrium Eg stays
locally stable and there is another monoculture equilibrium for the
plant that meets its invasion threshold (i.e., E; in panel f, or E; in
panel h).

If both plants are above their invasion thresholds, Eg is globally
stable (Fig. 6i), despite of intra-specific competition being stronger
than inter-specific (c;cp > 1) that would not permit stable coexis-
tence in the standard LV competition model.

Like in standard LV models with strong competition, there are
parameter values for which generalized isoclines intersect in a sin-
gle unstable equilibrium, leading to the well known bi-stable out-
come where plant 1 or plant 2 wins depending on initial condi-
tions (Fig. 6b,d).

3.3. Mutualism (s = 1) and weak inter-specific plant competition
(cica<1)

All possible qualitative intersections of isoclines under mu-
tualism and weak inter-specific plant competition are shown in
Fig. 7. As inter-specific competition is weak (c;c; <1), plant inva-
sion thresholds are smaller than attraction thresholds (1 <t and
¥ <T3) and there are no parameter values such that K;/K; > 74
and K,/K; > T,, i.e., panel i in Fig. 7 is empty.*

There are important differences in plant competition dynam-
ics under mutualism when compared to the exploitative case
(cf. Fig. 7 vs. Fig. 5). The main difference is that the interior equi-
librium Eg, when it exists, is unstable for mutualism (Fig. 7a,b,d,e).

4 Indeed inequalities K;/K, >, and K,/K; > 7, imply that 7,7, = (1 + %)(1 +
%) < 1 which is false under mutualism when s = 1.

As this is the only plant coexistence equilibrium at which animals
behave as generalists, this predicts that mutualists will always be-
have as specialists when plants are at a locally stable equilibrium,
whether both plants coexist (Fig. 7b,d,e,f,h) or not (Fig. 7a,c.g).
The other important difference between mutualists vs. exploiters
is that mutualism leads to alternative locally stable plant equilib-
ria (Fig. 7a,b,d,e). Where the plant dynamics converge depends on
initial plant population densities, and there are three general cases
that we describe next.

First, if neither plant invasion threshold is met (Fig. 7a) initial
conditions lead towards monoculture equilibrium E; or E,, where
mutualists specialize on plant 1 or plant 2 respectively. This out-
come is analogous to the bi-stable case of the standard LV com-
petition model when competition is strong (cic; > 1) and the inte-
rior equilibrium is a saddle point. But here, instead, competition is
weak (cjcy < 1), and bi-stability arises because equilibrium Eg on
the switching line behaves like a saddle point. We described simi-
lar outcomes of mutual exclusion in previous obligatory mutualism
models (Revilla and Kfivan, 2016), where plants competed exclu-
sively for pollinator preferences (i.e., ¢c; = ¢c; = 0).

Second, when plant 1 (2) meets its invasion threshold and the
other plant 2 (1) does not, initial conditions lead either to a mono-
culture of plant 1 (2) or to stable coexistence of both plants with
mutualists specializing on plant 2 (1) (e.g., E; or Ey in Fig. 7b; E,
or Ej in panel d).

Third, when both plants are above their invasion thresholds
there are locally stable equilibria in both sectors, and initial condi-
tions determine whether coexistence takes place at equilibrium E;
where mutualists specialize on plant 1, or at Ej; where they spe-
cialize on plant 2 (Fig. 7e).
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3.4. Mutualism (s = 1) and strong inter-specific plant competition
(C1C2 > 1)

When animals are mutualists (s =1) and inter-specific plant
competition is strong (c;cy > 1) attraction thresholds are smaller
than invasion thresholds (y; > t;, i = 1, 2) and there are no param-
eters satisfying K,/K; >y, and K;/K, >y (i.e.,, panels e, f, h and
i in Fig. 8 are empty). Moreover, plant coexistence is impossible
(Fig. 8) which is in a sharp contrast with the case of exploiters
(Fig. 6) where plant coexistence is possible depending on initial
conditions.

When isoclines intersect in sector I or II, and do not over-
lap along the switching line, one plant competitively excludes the
other plant, and plant population dynamics are bi-stable (Fig. 8b,d).
These bi-stable scenarios can be attributed entirely to strong inter-
specific competition, like in standard LV competition models. But
again, as in the case of exploitation with strong competition, bi-
stability leads to mutualists specializing either on plant 1, or on
plant 2.

Bi-stability can also be caused by instability of equilibrium Eg
when the two plant isoclines partially overlap (Fig. 8a), similarly
to the case where competition is weak as discussed in the previous
Section 3.3.

4. Discussion

In this article we study effects of adaptive exploiters or mu-
tualists on two competing plant population dynamics, and on ani-
mal preference for plants. For plant population dynamics described
by the Lotka-Volterra competition model we provide a complete
classification (Figs. 5-8, Appendix C) of coexistence states when

plants interact either with adaptive exploiters or mutualists that
have fixed population densities. This classification is based on com-
paring plant invasion (y; given in (14)) and attraction (t; given in
(18)) thresholds. These critical numbers capture the combined in-
fluences of (i) plant-animal interaction type (exploitation vs. mu-
tualism), (ii) inter-specific plant competition (weak vs. strong), and
(iii) indirect effects between plants mediated by changes in animal
preferences.
Model analysis leads to the following general predictions:

1. Under exploitation and weak competition a globally stable
plant coexistence equilibrium exists when carrying capaci-
ties are not very unbalanced. At plant coexistence equilib-
rium exploiters are specialist when at low densities while at
high densities they are generalists. Plant coexistence is pos-
sible even if neither of the two plants is viable as a mono-
culture.

2. Plant coexistence under exploitation and strong competition
is possible but conditional, i.e., depends on initial conditions.
Up to three plant equilibria can co-exist. Plant coexistence is
possible only due to adaptive behavior of exploiters when
exploiters behave as adaptive generalists.

3. Plant coexistence under mutualism and weak competition
can be global or conditional on initial plant population den-
sities. Under mutualism animals always specialize on the
more profitable plant only.

4. Plant coexistence under mutualism and strong competition
is impossible.

An important special case when plants do not compete directly
(cq1 = ¢ = 0), e.g., when plants grow in separate pots, or plants are
separated by a fence or a road (Geslin et al., 2017), was analyzed
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Fig. 8. Plant generalized isoclines under mutualism (s = 1) and strong competition (c;c, > 1). Notation like in Fig. 5.

in Kfivan (2003b) for exploiters. In this case plant 1 (plant 2) iso-
cline is vertical (horizontal) in sectors I and II, invasion thresholds
are zero so that they play no role at all, and attraction thresholds
simplify to 7; = %(1 + %) and 7, = %(] + %). In the case of ex-
ploitation (s = —1) the only possible outcome is either global ex-
tinction (when exploiter density is too high) or global coexistence
where animals can be specialists (when exploiter density is low) or
generalists (when exploiter density is intermediate). In the case of
mutualism (s = 1) possible outcomes always predict coexistence,
including alternative stable states, as shown in Fig. 7e,fh.

We stress here that our predictions concern a small commu-
nity, and it would be incorrect to extrapolate them to larger
plant-animal interaction networks without proper consideration
of model (1) limitations and assumptions (see section Model as-
sumption below). For example, our model predicts that both plants
can coexist with generalist exploiters but not with generalists mu-
tualists, while there is empirical evidence that insect pollinators
are more generalist than insect herbivores (Fontaine et al., 2009).
Disagreement arises, e.g., because our Lotka-Volterra model does
not consider competition for plants among the animals that are
kept at fixed density. When mutualism is modeled under explicit
consumer-resource dynamics where animal population densities
change (Valdovinos et al., 2013; Revilla and Kfivan, 2016), resource
depletion (e.g., nectar consumption) can promote mutualist gener-
alism, countering the tendency towards exclusive specialization on
the most profitable plant.

Another counter-intuitive prediction is that exploitation cou-
pled with flexible foraging enables indirect facilitation between
plants. Once again, this is due to fixed animal population densities,
because increase in one plant population density does not lead
to increase in exploiter population density, a necessary condition

for apparent competition (Holt, 1977) to occur. Even models that
consider coupled prey-predator dynamics predict important posi-
tive effects between preys due to predator switching (Abrams and
Matsuda, 1996). Thus by coexisting, plants share exploitation costs,
which leads to facilitation (i.e., higher equilibrium densities). Such
indirect positive effect can be extreme, i.e., plants that cannot
tolerate exploitation alone can survive when sharing exploitative
stress with another plant (e.g., Fig. 3). In the case of mutualism,
flexible preferences gives rise to competition for preferences. This
increases competitive asymmetries already present between the
plants (Fig. 4). In addition, indirect facilitation between plants that
share mutualists (Waser and Real, 1979) is prevented from happen-
ing by the animals having fixed densities. In this respect, experi-
ments show that competition between plants for pollinator prefer-
ences can overcome such facilitation effects (Ghazoul, 2006).

4.1. Population dynamics and adaptive animal preferences

To model effects of adaptive animal preferences on population
dynamics of two competing plant species, we combine the Lotka-
Volterra competitive model with a behavioral model that describes
changes in animal preferences for plants. This is a common sce-
nario in plant communities interacting with guilds of herbivores,
parasites, pollinators or seed dispersers (Melian et al., 2009; Sauve
et al., 2016; Bronstein, 2015). We assume that animal preferences
for plants track instantaneously current plant population densities
which, in turn, influence plant population dynamics. To model this
feedback, we assume that animal preferences maximize animal fit-
ness at current plant population densities. As optimal animal pref-
erences when both plants are equally profitable are not uniquely
given, the resulting plant population dynamics are described by
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a Lotka-Volterra differential inclusion (e.g., Colombo and Kfivan,
1993; Kfivan, 1996; 1997; 2007; Kfivan et al., 2008). We analyze
this model by generalizing the concept of isoclines which allows us
to provide a complete classification of all plant equilibria. To this
end, we split the plant phase space into two sectors (Figs. 2a,c,e
and 5-8). The boundary that separates these sectors is called the
switching line because animals switch their preferences for plants
when plant population numbers cross this line. Along the switch-
ing line animal fitness is independent from animal preferences be-
cause payoffs from both plants are the same. Inside the sectors,
animals specialize on one plant only.”> Thus, plant isoclines in-
side each sector coincide with the classical isoclines for the Lotka-
Volterra competition model. In this article we define generalized
plant isoclines that are formed by sector-wise pieces of isoclines
that are connected with segments of the switching line (Figs. 5-
8). Thus, globally, generalized plant isoclines are piece-wise linear,
which leads to multiple isocline intersections and multiple steady
states. In particular, the segments of the two plant isoclines that
are subsets of the switching line can partially overlap (Fig. 5i;
Fig. 6e,fh,i; Fig. 7a,b,d,e; Fig. 8a). If so, we show that plant pop-
ulation dynamics have a unique equilibrium in this overlapping
segment (e.g., Fig. 2b,c). This equilibrium is either locally stable
when animals are exploiters or unstable when animals are mutu-
alists. There are important differences between plant equilibria in
the switching line and those that are inside sectors because ani-
mals are specialists inside sectors, but they are generalists at the
equilibrium that is in the switching line.

The configuration of generalized isoclines depends on plant
invasion thresholds (14) and attraction thresholds (18). Invasion
thresholds y; determine whether the missing plant species can in-
vade the other plant monoculture at the equilibrium. For the stan-
dard Lotka-Volterra competition model with fixed animal prefer-
ences, coexistence as well as global dynamics can be predicted
entirely in terms of invasion thresholds. However, when interac-
tions between plants and animals are adaptive, we have to con-
sider animal preferences which leads to non-linear generalized iso-
clines, and the concept of attraction thresholds. Attraction thresh-
old 7; determines whether the plant coexistence equilibrium at
the switching line, where animals behave as plant generalists, lo-
cally attracts or repels orbits. This is analogous to the invasion
threshold which determines whether the boundary equilibria at-
tract or repel orbits. Attraction thresholds depend on animal den-
sity, inter-specific competition, and on payoffs (e;) animals obtain
from plants. These payoffs define animal fitness which is a func-
tion of plant densities. Despite the fact that we assume fixed an-
imal densities, animal preferences (i.e., animal behavioral traits)
change with changes in plant numbers. In other words, we observe
indirect interactions between plants mediated by changes in ani-
mal preferences (i.e., trait-mediated indirect interactions between
plants sensu Bolker et al., 2003). Thus, attraction thresholds cap-
ture the combined effects of inter-specific plant competition and
behaviorally-mediated indirect effects, and their positions relative
to invasion thresholds determine global interaction dynamics as
summarized at the start of the discussion section.

4.2. Model assumptions

The plant-animal model assumes constant animal density. This
allows us to focus on behavior-mediated indirect interactions be-

5 Similar concepts, called isodars and isolegs, are used in the habitat selection
theory (Pimm and Rosenzweig, 1981; Rosenzweig, 1981; Kfivan and Sirot, 2002;
Morris, 2003; Kfivan and Vrkoc, 2007) where distribution of a single population is
studied as a function of the number of individuals of that population. In this article
distribution of animals depends not only on animal population density, but also on
plant densities.

tween plants not affected by simultaneous density-mediated inter-
actions caused by changes in animal density (i.e., apparent com-
petition and facilitation). This is reasonable assumption if animal
populations are regulated mainly by external factors not explic-
itly considered. A good example is the case of common bees with
large managed populations (Geslin et al., 2017), spilling over natu-
ral communities. Constant animal density is also enforced in short
term experiments that study the effect of foraging behavior on
plant success (Fontaine et al., 2005). Another plausible scenario
is that the animal population dynamics is very slow when com-
pared with plants due to differences in generation time (e.g., ungu-
late recruitment being slower than grass regrowth). An important
prediction of the model is that exploitation favors animal gener-
alism, while mutualism favors specialization. When animal pop-
ulation dynamics are considered, animal benefits must decrease
due to intra-specific competition for plant resources, favoring gen-
eralism over specialization, even under mutualism (Revilla and
Kfivan, 2016).

Another important assumption is that animal adaptation is
much faster than plant population dynamics. This requires that
changes of foraging behavior occur within individual lifetimes, e.g.,
highly mobile consumers dispersing between plant species, like
in the ideal free distribution (Kfivan, 2003b). The assumption of
fast adaptation can be relaxed by modeling preference dynam-
ics explicitly using, e.g., replicator equation (Kondoh, 2003). In
Revilla and Kfivan (2016) we showed that qualitative predictions
related to mutualist generalism vs. specialism are preserved even
when adaptation runs on a similar time scale as population dy-
namics. However, when adaptation was much slower than pop-
ulation dynamics, predictions frequently diverged due to extreme
dependence on animal initial preferences. For example, if animals
initially strongly prefer one plant over the other despite the fact
that such behavior is not optimal, the initially preferred plant can
die out before animal preferences could change. In addition, when
adaptation occurs over multiple generations, specialization or gen-
eralism also depends on the evolution of fitness related traits such
as conversion efficiencies (e;), which scale interactions with pay-
offs. Parameters like these depend on complex morphological and
physiological constraints, and they generally relate to one another
via non-linear trade-offs (Egas et al., 2004). Accounting for long
term change of these parameters requires different approaches
(e.g., adaptive dynamics, Kisdi 2002; Egas et al. 2004; Rueffler et al.
2006).

Finally, we only consider facultative mutualism because many
plants have multiple pollinators or seed dispersers (Melian et al.,
2009). Obligate mutualism can be modeled with Lotka-Volterra
equations (Vandermeer and Boucher, 1978), but adaptive prefer-
ence rules out coexistence trivially because mutualists interact
with the more profitable plant only and the less profitable plant
will die. Obligate mutualisms are better studied using mechanistic
models (Revilla and Kfivan, 2016; 2018), that predict coexistence
depending on initial conditions because of mutualistic Allee effects
(Bronstein, 2015).

4.3. Conditional coexistence and alternative plant stable states

The interplay between plant competition and animal adaptation
gives rise to complex plant population-animal preference dynam-
ics. As plant isoclines are non-linear (e.g., Fig. 7) multiple equi-
libria can co-exist. This has important implications for the diver-
sity of communities under perturbations (Yan and Zhang, 2014;
Zhang et al., 2015). On the one hand, perturbations in plant abun-
dances can lead to loss of coexistence under exploitation and
strong competition, i.e. coexistence conditioned by initial condi-
tions (e.g., Fig. 6e,fh). On the other hand, they can trigger tran-
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sitions between alternative stable states of coexistence when mu-
tualism and weak inter-plant competition combine (e.g., Fig. 7e).

Conditional coexistence and coexistence at alternative stable
states are common predictions of models that combine posi-
tive and negative density-dependent interactions (e.g., Hernandez,
1998; Holland and DeAngelis, 2010; Revilla and Encinas-Viso,
2015). In the present model, however, plants always interact neg-
atively due to inter-specific competition, and additional positive
or negative effects arise due to adaptive preference of com-
mon exploiters or mutualists. Since animal densities are fixed,
these indirect effects are behavior-mediated, but triggered by
changes in plant densities. It is very important to remark that
such abundance-preference feedbacks between trophic levels leads
to very different predictions when compared to abundance-
abundance feedbacks between trophic levels. In this latter case
where animals respond numerically to plant densities, exploitation
leads to apparent competition (Holt, 1977) and mutualism to ap-
parent mutualism (or apparent facilitation) between plants, which
respectively opposes and favors coexistence (Sauve et al., 2016).
When animal preferences respond to plant densities, exploitation
leads to a competitive release that promotes stable plant coex-
istence (Kfivan, 1997; 2003a) while mutualism leads to compe-
tition for mutualists preferences between plants that destabilizes
plant coexistence and leads to plant exclusion (Revilla and Kfivan,
2018).

In this article we showed that conditional plant coexistence is
expected in scenarios where generalist exploiters regulate strongly
competing plants (i.e., cjcy > 1, Fig. 6e,fh,i). On the other hand,
outcomes like coexistence at alternative stable states are ex-
pected between weakly competing plants (i.e., cic; <1) that are
regulated by specialized mutualists. How relevant these predic-
tions are in the real world depends on how widespread are sit-
uations where intra-specific competition is stronger than inter-
specific, and vice-versa. On the one hand, meta-analyses sug-
gest that intra- and inter-specific effects are too similar to
be discerned (Gurevitch et al, 1992), or that intra-specific ef-
fects are actually much stronger than inter-specific (i.e., cic; <1;
Adler et al., 2018). However, recent pair-wise competition experi-
ments (Sheppard, 2019) suggest that inter-specific competition can
be strong (i.e., cicy >1). Such uncertainty is rooted in the fact
that these surveys assume models like (1) that treat competition
phenomenologically, and there can be multiple underlying factors
that can lead to strong net competition. For example, competition
can be strengthened by allelopathy (Inderjit and Del Moral, 1997),
which is decidedly stronger against non-specifics compared to con-
specifics.

It will be interesting to explore to what extent our conclusions
can be extrapolated to larger communities, consisting of several
animal and plant species. For such diverse scenarios coexistence
must result from intricate balances between multiple positive and
negative effects (Melian et al., 2009; Georgelin and Loeuille, 2014;
Mougi and Kondoh, 2014; Revilla and Kfivan, 2016), where density-
and behaviorally-mediated effects mix up. The analytical study of
combined exploitative and mutualist effects is more difficult. For
an illustration, let us consider a second exploiter or mutualist. This
modification of model (1) will result in two switching lines (one
for each animal species), three sectors and piece-wise continuous
generalized isoclines that will consist of five segments. Mathemat-
ical analysis given in this article can be extended to describe this
case as well, but as the number of species increases, complete
mathematical classification will be intractable due to combinato-
rial complexity of possible outcomes. In these cases simulation
approaches can be useful for studying the likelihood of multiple
equilibria, as a function of competition intensity and the propor-
tion of exploitative vs. mutualistic interactions (e.g., Melian et al.
2009).
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Appendix A. Plant population dynamics
The switching line e;P; = e;P, of the animal splits the positive
quadrant into
sector I = {(P;,P,) | e1P; > e;P,, P; > 0, P, > 0}
and
sector Il = {(P;,P;) | e1P, < e;B, Pp >0, P, > 0}.

In sector I animals interact with plant 1 only and plant popula-
tion dynamics [system (1) in the main text] are

dP] = (ﬁ (1 — w) +SA)P]

dt K
dP2 . Py + 1Py
= (r2<1 e ))Pz, (A1)

whereas in sector Il animals interact with plant 2 only and popu-
lation dynamics are

dP, _ Py + ;B
@ = (=" )n

dp, _ P+ P
@ = (n(1-) +sa)ee

Along the switching line e{P; =e,P, animal strategy is not
uniquely defined and population dynamics satisfy

dp r (1 _ Py + P

—

(A2)

)H+smﬂA

dr K
dP2 Pz +C1P]
E —Tz(l—T)Pz +su2P2A

(ur,uz) € {(v1,v2) | V1 +v2=1,v1 20,1, > 0} (A3)
A.1. Plant dynamics in sectors I and Il

From (A.1) and (A.2), the isoclines of plant 1 in sectors I and II
are

Py + P =K, (1 + 5;_A>
1

P + P =Ky,

(A4)

(A5)

respectively. We observe that plant 1 isocline exists in sector I iff
r1 +sA > 0. For mutualists (s = 1) this is always the case, but for
exploiters this holds only if A <r; which we assume now. The seg-
ment of plant 1 isocline in sector I given in (A.4) intersects the P,
axis at Eq [given by (9) in the main text] and switching line (6) at

_ [ ek (ry +sA)  eKi(r1 +sA)
ri(es +czeq) ’ ri(ey +coe1) )’

and the segment of plant 1 isocline in sector II given in (A.5) in-
tersects the P, axis and the switching line at points

(A.6)

m:(ugﬁ (A7)
G
_ < ey e1K; ) (A 8)
e, +cer’ ey +ce )’ )

respectively.
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Fig. A.l. Plant isoclines (plant 1: black, plant 2: gray) and population dynam-
ics under weak competition (c;c; <1) and preferences given by the Hill function
with z =20 (dashed lines correspond to contour lines for which u; =0.05 and
uy = 0.95). Panels and parameters correspond to those of Fig. 2 in the main text.

Similarly from (A.1) and (A.2), plant 2 isocline in sector I is

P+ =K (Ag)

and in sector II

P+ P =K, (1 + i/q), (A.10)
2

respectively. Once again, plant 2 isocline exists in sector II iff ry +
sA > 0. Isocline (A.9) intersects the P; axis and the switching line
at points

K = (Ki o) (A11)
C1
q= ( ek, , e1K; )1 (A]Z)
e1+Cci1ey e +cey

respectively. Isocline (A.10) intersects the P, axis at E, [given by
(10) in the main text] and the switching line at

_ eZKZ (Tz + SA) 611(2 (Tz + SA)
ra(e1 +ciep) " ey +crey) )

(A13)

Isoclines position in sector I is determined by position of ky
with respect to E; on the P; axis, and position of b with respect to
q along the switching line. The following statements apply in this
sector

kz >E & > (1 <1 + SA) =) (Al4)
K I
K, e+ Cc1ey SA -
q>b<:,m><w>(1+r]>=r2. (A15)

If both conditions above are true, plant 2 isocline is above plant
1 isocline in sector I and there is no interior equilibrium in this
sector (e.g., Fig. 2c, sector I). If both conditions are false, then
plant 1 isocline is above plant 2 isocline in sector I (Fig. 5c, sec-
tor I). If (A.14) is true and (A.15) false, isoclines intersect at point
E; [given by (13) in the main text], and because plant 1 isocline
is steeper than plant 2 isocline (% > (1) this equilibrium is stable
(e.g., Fig. 5f, sector I). If (A.14) is false and (A.15) true, isoclines in-
tersect again but because plant 2 isocline is steeper than plant 1
isocline (% < 1), Ej is unstable (e.g., Fig. 6d, sector I).

For sector Il we compare k; with E; on the P, axis, and a with
p along the switching line. We obtain

1(1 > Ey & & > Cy (1 + SA) =M (Al6)
K r

K; ey + C2eq SA
A>Pp= — > ()(1+>zrl.

K; e1 +cie r
If both conditions above are true (e.g., Fig. 2a,c) or both are false
(e.g., Fig. 5g), there is no interior equilibrium in sector II because
the two plant isoclines do not intersect there. If (A.16) is true and
(A.17) false, isoclines intersect at the point Ey [given by (17) in the
main text], and because plant 1 isocline is steeper than plant 2
isocline (% > c1) the equilibrium is stable (e.g., Fig. 2e, sector II).
And if (A.16) is false and (A.17) true, isoclines intersect and because
plant 2 isocline is steeper than plant 1 isocline (% <cp), Ey is
unstable (e.g., Fig. 6b, sector II).

(A17)

A.2. Plant population dynamics along the switching line

Here we are interested in plant population dynamics at the
switching line. Let n = (e;, —e;) be a perpendicular vector to the
switching line e;P; = e;P, and let us denote the right hand sides
of (A1) and (A.2) by fl and fI, respectively. The dynamics close to
the switching line depend on the following scalar products

Kira(e1 +ciep) — Kyri(ex +coe
(n,t"):elPl{(r1+sA)—r2+P1 1r2(e1 +c1e2) 21(2+21)}

e K1 s

Kirp(e1 +c1ep) — Karq (e + e
(n,f")=€1P1{r17(r2+sA)+P1 112(e1 +c1€2) ar1(ex + 21)}'

e, KKy
(A18)

There are four possibilities (Filippov, 1988; Colombo and Kfivan,
1993):

1. If (n, Y <0 and (n, fl1) <0 trajectories are crossing the
switching line in direction from sector I to sector II.

2.If (n, fY>0 and (n, fl1) > 0 trajectories are crossing the
switching line in direction from sector II to sector I.
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Table A1

List of all possible overlaps of generalized isoclines along the switching line.

Cases (n, 1Y (n, f1)  overlap Es dynamics at the
segment overlap segment
s=-1 pi<bi<ai<qq <0 >0 ba Yes Sliding regime
bi<p1<q1 < <0 >0 Pq Yes  sliding regime
p1<bi<q1<a <0 >0 bq Yes  sliding regime
bi<pi<ai <qq <0 >0 pa Yes sliding regime
p1<qi<bi<ay >0 >0 no overlap No crossing from sector II to |
by <ay<p1<qq <0 <0 no overlap  No crossing from sector [ to Il
s=1 q1<a; <by <py >0 <0 ab Yes  repelling regime
a1 <q; <py <b; >0 <0 qp Yes repelling regime
q1<a; <py <bq >0 <0 ap Yes repelling regime
ay<qy <by <py >0 <0 qb Yes  repelling regime
q1<p1<a; <by >0 >0 no overlap  No crossing from sector II to |
a1 <by <q1 <p1 <0 <0 no overlap No crossing from sector I to Il

3.If (n, f1Y<0 and (n, fi) > 0 trajectories do not cross the
switching line and they have to stay for some positive time
on the switching line. This is called the sliding regime.

4. 1f (n, 1> 0 and (n, fiY <0 trajectories that start at such
points are not uniquely defined. They can move along the
switching line for some time and then leave the line either
to sector I or to sector IL This is called the repelling regime.

We observe that
(n, 1y = (n, f1) 4 2se;PA.

Thus, when s=1, (n, fl) >0 implies (n, f1)>0 which excludes
the sliding regime. Similarly, when s = —1, (n, fi) <0 implies (n,
fl) <0 which excludes the repelling regime.

To analyze all possible situations under which sliding or re-
pelling regime occurs, using (A.6), (A.8), (A.12), and (A.13) we
rewrite (A.18) as

erP {Kira(e1 4 c1€2)[P1 — q1] — Kori (e + cae1) [P — b1}

n.f) = e K1 Ko
(n, 1) — e1P {Kiry(er + crex)[Py — p1] — Kari (€2 + coe1) [Py — aq]}
T el Ky ’

(A19)

For exploiters (s=—1) b<a and p <q so that there are four pos-
sibilities for isoclines overlap at the switching line. All these pos-
sibilities together with the overlap segment of the two generalized
isoclines are listed in Table A.1. Moreover, scalar products given in
(A.19) show that in the overlap segment plant dynamics are in the
sliding regime.

Similarly, for mutualists (s=1) b>a and p>q and again there
are four possibilities where the two isoclines overlap at the switch-
ing line (Table A.1). However, in this case, the overlap segment re-
pels trajectories.

A.2.1. Equilibrium Eg
Now we look for equilibria of model (1) and (5) in the switch-
ing line. Every non-trivial equilibrium there must satisfy

€1P1 = €2P2
0=r (1 - M)H 451 PA
K,
PP
0=r (1 - %)Pz +5(1— up)PA.
2

These equations have a single non-trivial solution that gives equi-
librium Eg given in (19) and the corresponding preference for plant
1, Uy, given in (20). For Eg to be feasible, ti; must be between 0
and 1. This happens iff either (21) or (22) holds. Using (A.6) and
(A.12), plant 1 population equilibrium given in (19) can be written

as a convex combination of points b; and ¢4

B — Kyri(e2 + cae1) b
! Kira(er + crey) + Koy (€2 + cze1) | !

Kiry(eq + crez) q
Kira(er + crey) + Kori (62 + coeq) |70

which shows that by < P; < q;.
Similarly, using (A.8) and (A.13), plant 1 population equilibrium
becomes
P — K>ri(ex + o) a
! Kira (e + c1e2) + Kori (62 + 2€1) |
Kiry(e; +cre) p
Kira (e + cre2) + Kory (€2 + c2e1) |

which shows that p; < P; < aj. It follows from Table A.1 that equi-
librium Eg is in the sliding regime where the plant generalized iso-
clines overlap. Now we study stability of Eg.

First we consider the exploitation case where s=-1.
Table A.1 shows that at points where the generalized isoclines
overlap, trajectories are driven toward the switching line from
both sectors. In this case trajectories cannot cross the switching
line inside the isoclines overlap segment. Thus, once a trajec-
tory reaches the overlap segment, it must move along it, i.e.,
e1P;(t) = eyP5(t). This means that when the trajectory moves
along the overlap segment, preferences for plants (uq, up) must
satisfy e P (t) = ;P (1), i.e,

e [n (1 - w) +su1A] =e [rz (1 _Brah +s(1 - uQA)],
K K,

where we used the fact that e P (t) = e;P,(t). The corresponding
preference for plant 1 along the trajectory is

Uy
_ eyl (sAe1 Ky + cpe1Piry +exr (P — Kq)) — eqKira(crexPy + e Py — e2Ksy)
- sAe; KKy (eq +e3) .

With this preference for plant 1, plant population dynamics in
the sliding regime are described by the logistic equation
dPy e (r1 +1+5sA)
e+ e

dt —
Kiry(e; +crep) + Ko (e + ce1)
x |:1 - ( KKy (11 + 12 + SA) Pi|Pr, (A20)

with equilibrium P, corresponding to Eg = (P;, e;/e,P; ). This shows
that equilibrium Es is locally stable, because trajectories close to
this equilibrium are attracted from both sector I and II toward the
switching line (Table A.1) and they converge along the switching
line to the equilibrium.
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Table A.2
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Classification of all possible stable equilibria of model (1) with adaptive animal behavior for all generic parameter cases.

Interacting conditions  Position of isoclines intersections along the switching line

Position of isoclines intersections along P; and P, axes

Kk; > Ez, ky > E;

Kkq > Ez, ky <E;

Ky <Ez, ky > E;

Kk <E3, ky <E;

s=-1 i <1 p<q<b<a E,(Fig. 5f) E,(Fig. 5¢) [ [}
b<a<p<q Ej(Fig. 5h) [ E(Fig. 5g) [}
p<b<a<q Es [ [ [
b<p<q<a Es [ [ 4
p<b<qg<a Es [ [ 4
b<p<a<q Es(Fig. 5i) [ [/ [}

16> 1 p<q<b<a [} E,(Fig. 6¢) [ {Eq, E;}(Fig. 6b)

b<a<p<q [} [ Ex(Fig. 6g) {E,, Ex}(Fig. 6d)
p<b<a<q Es {Es, E1}(Fig. 6f) {Es, E2} {Es, E1, Ex}(Fig. 6e)
b<p<qg<a Es (Fig. 6i) {Es, E1} {Es, E2} {Es, Ej, Ez}
p<b<g<a Es {Es, E1} {Es, Ez} {Es, E1, E2}
b<p<a<q Es {Es, E1} {Es, Ex}(Fig. 6h)  {Es, E1, E2}

s=1 1 <1 q<p<a<b E(Fig. 7f) E,(Fig. 7c) [ [}
a<b<q<p Ey(Fig. 7h) [ E,(Fig. 7g) [}
q<a<b<p {E1, En} {En, E1} {Ei, E2} {E1, Ex}(Fig. 7a)
a<q<p<b {Ei, En}(Fig. 7e)  {En, E1} {Ei, Ez} {E1, E2}
q<a<p<b {Ey, En} {En, E1}(Fig. 7b)  {Ej, Ep} {E1, E2}
a<q<b<p {E1, En} {En, E1} {Ei, E}(Fig. 7d)  {Eq, E2}

ci1c>1 q<p<a<b [} E, (Fig. 8¢c) [ {E,, Ex}(Fig. 8b)
a<b<q<p [} [ Ex(Fig. 8g) {Eq, Ex}(Fig. 8d)
q<a<b<p % ? W {E1, E3}
a<q<p<b [/ [7) [7) {E;1, E2}
q<a<p<b [} [ [ {E1, E2}
a<q<b<p [} [ [ {E1, E3} (Fig. 8a)
Second, we consider stability of Es for mutualisms when s = 1. where G = Ky Ky (ry+15+5A) This quantity varies with pa-

Table A.1 shows that the overlap segment of the two isoclines re-
pels nearby trajectories, equilibrium Eg is unstable. Moreover, tra-
jectories that start at the overlap of the two plant generalized iso-
clines are not uniquely defined, because they can leave this seg-
ment of the switching line either to sector I, or to sector II

Appendix B. Effect of parameters on equilibria

Using (7) and (8) for sector I, equilibrium densities at E;
(13) take the form

Hy — Ky 4 K5 — c1Hq
P = .
1- C1Cy 1- C1Cy

13]:

where H; = K1 (1 + %). Thus, dP/dry, dP./de;, dP./de, (i=1,2) are
all zero, and

ap —sKiA B sKiA

o r2(1-cc)’ orr - r?(1-ac)’
b sk B sk

0A ~ (1 —-cicp)’ 0A ~ (1 —-cic)’
BT 1 sA ab, -G sA
ogr_ (1424 g2 _ 71 (1.4
81(1 1- 10 < + 51 >’ 81(1 1- 16 + 51 ’
81{2 - 1—C1C2’ 81{2 - ]—C1C2’

b __ah b _ P

8c1 _1—C]C2’ 8c1 _1—C]C2’

3131 —132 3132 . Clﬁz

8C2_1—C1C2’ 8C2_1—C1C2'

We remark that because r; +sA > 0 is required for E; to be feasi-
ble, the sign of 32 and 312 is independent of 1 + %. Parameter

effects on Ey are obtained analogously.
At equilibrium Eg (19) plant densities take the form

151 = EZG, 132 = elG,

Kyry(eg+crex)+Kprq (ex+cpeq)”

rameters as
aG

96 _ (’Ll .
8r1 - K5

) (€1 +C1 82)K1 K22

1
) { [Kirz(e1 + c1ez) + Kary (e3 + c2e1) }

r1(ry + 13+ sA) (ex + c201)K3

3G
oKy { [Kira(er + crez) + Koty (62 + c2e1) [

|

G { eara (11 + 12 + SA)K?K; }
e [Kir2(e1 + c1€2) + Kori (€2 + c2e1) [
G KK

9A S{ Kira(eq + crez) + Kori (e +cZel)}

KK, (T'] +1+ SA) (K] ry + Ko C2)

—_

G
dey { [Kira(e1 + c1ez) + Koy (€2 + c2e1) | }

where the quantities between curly braces are positive (because

feasibility of Eg requires ry + 15 +sA > 0). Thus 33761 >0, 5’761 <0,
ile G

and e, < 0. Moreover, 9% <0 under exploitation (s=-1) and
G

94 > 0 under mutualism (s =1). Under exploitation {‘;’T‘i >0 be-

cause Eg is feasible iff both plants are above their attraction thresh-
olds (i.e., K;/K; >t and K;/K; > t,). Conversely, 5’761 < 0 under
mutualism. Since P, = e;G where i, j=1,2 but i#j, we can con-

clude
op, oP,

OP [> 0 exploitation AP [<0 exploitation
oy £ a < i)
BK] BC1

9r; | <0 mutualism, 9A |>0 mutualism,

i.e, both plant densities change in the same direction (i.e.,

Py /0P, > 0) when 4, Ky, ¢1, A change. Now when e; varies we

P _ , 0G
have ey = €29e < 0, but

8152 i 0G ezK] K2 (Kzrl +C K] Tz)(r] + 1+ SA)

< = 10— =

des I [Kira(er +cre2) + Koy (€2 + coeq)

which is positive. Mutatis mutandis % >0 and % < 0. Thus,

when e; or e, change, plant densities change in opposite directions
(i.e., 8P1/8P2 < 0)
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Finally the derivatives of generalist preference ti; (20) at Eg
are

oy _ r2(e2 + cae1)Ky iy
ar a ri[Kirz(e1 + cre2) + Koy (ez + caeq)]

ouy —s{ r112Ka (61 + crez) (62 + oe1) (1 + 12 +3A)}

Ky A[Kiry(ey + cre2) + Kory (e + czel)]2
aiy _ —s{ 111262K1 K (€2 + €2€1) (1 + 12 + 5A) }
dcr AlKira(er + ciez) + Koty (e2 + e
% — 5(Ci6y— 1){A[K r 6(?21’11'21(1K2(r1 + 713+ 5A) 2 }

1r2(e1 + c1e2) + Korq (€2 + czeq)]
8&25<K717e2+c2e1){ riraKa(er + cre;) }
0A Ky er+ciex/ | A2[Kira(er +cre) + Kari(ez + coer) ]’

where the quantities between curly braces are positive (because

feasibility of Eg requires ry +15 +SA > 0). Thus 3%1 > 0 trivially.

dily

Under exploitation (s = —1), g,% > 0, and 5o > 0. And under mu-
. di d . di
tualism (s =1), ﬁ <0 and ﬁ < 0. The sign of ﬁ depends on

interaction type and strength of competition as follows

>0 for exploitation & cic; < 1
dtli; | <0 for exploitation & ¢i¢; > 1
de; | <0 for mutualism & cjc; < 1

>0 for mutualism & cic; > 1

and the sign of dii;/0A depends on interaction type and the sign
of the % - 21% Since u; and u, vary in opposite directions, the
derivatives of ti; with respect to r,, K3, ¢y, e, are of opposite signs
compared with the corresponding derivatives with respect rq, Ki,

1, €1 above.

Appendix C. Classification of equilibria

Table A.2 summarizes our previous analyzes given in
Appendices A1 and A.2, and lists all feasible (i.e., non-negative)
stable equilibria for system (1) under exploitation (s=—1) or
mutualism (s =1), and weak (cic; < 1) or strong (cicy; > 1) com-
petition. Empty (@) cells indicate that no parameter combination
satisfies row or column conditions. Cells with only one equilibrium
indicate that this equilibrium is globally stable. Cells with multiple
equilibria indicate that these equilibria are locally stable. There
are 56 non-empty cells in Table A.2, each of them corresponding
to a unique isocline configuration. The configurations shown in
Figs. 5-8 are indicated by figure number and panel. Out of these
56 configurations, there are 11 possible combinations (i.e., E, E3,
Ey, En, Es, {Ep, En}, {Es, E1}, {Es, Ez}, {Ey, En}, {Ez, Ei}, {Es, Eq, E3})
with respect to stable equilibria.

Equilibria Eq, E; given in (9), (10) are boundary (i.e., monocul-
ture) equilibria for plant 1 and 2, respectively; E;, Ey, Eg given in
(13), (17), and (19) are interior equilibria in sector I (where u; = 1),
sector Il (where uy = 0), and the switching line (where uy = tiy is
given by (20)), respectively. Cases are classified with respect to po-
sition of ky given in (A.7) and E; on Py axes, Ky given in (A.11) and
E; on P, axes, and points a, b, p, q given in (A.8), (A.6), (A.13),
(A.12) along the switching line. For mutualisms (s =1), q <p and
a <b while for exploitation (s =—1), p<q and b <a. We remark
that for exploitation when A>r; (A>ry), point b (p) is in the
third quadrant and boundary equilibrium E; (E;) is not feasible.
Table A.2 considers all generic cases excluding those cases where
one or more inequalities between points and parameters are re-
placed by equalities.

Appendix D. Gradual change in preference

Preference modeled by Eq. (5) in the main text assumes ideal
animals that are omniscient and perfect optimizers that switch
instantaneously on the plant that is more profitable. Now let us
consider a more realistic animal that adjusts its plant preferences
more gradually with changes in plant densities. This can be mod-
eled by the Hill function

(e1Pr)?
(e1P1)? + (exPr)?
where the exponent z>0 controls the steepness of preference
transitions. As z converges to infinity, graphs of the Hill func-
tions converge to the graph of the step-like preference (5) in the
main text. When we substitute this gradual switching function in
the Lotka-Volterra Eqs. (1) of the main text, piece-wise isoclines
change into smooth curves. As the steepness exponent z increases
and switching becomes more step-like, these isoclines converge to
generalized isoclines from the main text.

We observe (cf. Fig. A.1 here vs. Fig. 2 in the main text) that
for sufficiently large values of the Hill exponent the dynamics of
model (1) in the main text with step-like preferences are well
approximated by plant population dynamics where animal prefer-
ences for plants are gradual and described by (D.1). In Fig. A.1 that
matches Fig. 2 of the main text we show a cone of intermediate
plant 1 preferences (area between 5% and 95% preference contour
lines). Increasing the Hill exponent (z) towards infinity collapses
the cone into the switching line (Eq. (6) in the main text) and
in panel b the intersection of isoclines converges to Eg given in
Eq. (19) in the main text. Isoclines in the cone converge to the seg-
ments of generalized isoclines that are in the switching line.

uy (P, B) = (D.1)
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