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Abstract

Interactions between two populations are often defined by their interaction outcomes;
that is, the positive, neutral, or negative effects of species on one another. Yet, signs of
outcomes are not absolute, but vary with the biotic and abiotic contexts of interactions.
Here, we develop a general theory for transitions between outcomes based on
consumer—resource (C—R) interactions in which one or both species exploit the other as
a resource. Simple models of C—R interactions revealed multiple equilibria, including one
for species coexistence and others for extinction of one or both species, indicating that
species” densities alone could determine the fate of interactions. All possible outcomes
[(+ +), (+ =), (= =), (+ 0), (= 0), (0 0)] of species coexistence emerged merely through
changes in parameter values of C-R interactions, indicating that variation in C-R
interactions resulting from biotic and abiotic conditions could determine shifts in

Jjholland@rice.edu outcomes. These results suggest that C-R interactions can provide a broad mechanism
for understanding context- and density-dependent transitions between interaction
outcomes.
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INTRODUCTION

Interspecific interactions affect biological processes when
the actions, traits, or density of individuals of one
population change some attribute (e.g., density, size,
abundance, demographic rate, fitness, trait values) of
another species’ population. Arising from their positive
(+), neutral (0), or negative (—) effects on such attributes,
interspecific interactions are differentiated into six discrete
forms based on the pairwise signs (+, 0, —) of their
interaction outcomes, including, for example, preda-
tion/parasitism (+ —), competition (— —), mutualism (+
+) and commensalism (+ 0). Yet, interaction outcomes are
not static in space or time, as depicted by an interaction grid
of their pairwise signs. Instead, species interactions vary on a
continuum along which the strengths and signs of interac-
tion outcomes grade into one another (Haskell 1949; Paine
1980; Thompson 1988; Bronstein 1994, 2001; Berlow e al.
2004; Wootton & Emmerson 2005).

Originally proposed by Haskell (1949) and later improved
upon by Bronstein (2001), the interaction compass (Fig. 1)
describes continuous transitions and shifts back and forth
between the six basic forms of species interaction by varying
the sign of the effect of one or both species on the other.
For example, intraguild predation (+ —) may transition to
competition with (— —) interaction outcomes depending on
the supply of the shared resources; or alternatively, to
mutual predation with (— —) outcomes if the predator-prey
relationship is bi-directional and detrimental to both species
(Polis et al. 1989). Competition (— —) can become highly
asymmetric and shift to amensalism with (= 0) or (0 —)
outcomes, depending on which species is the superior
competitor. As a final example, mutualism can transition to
commensalism (+ 0) or parasitism (+ —) as one species
diminishes its supply of resources to and/or overexploits the
other species. This latter case of the mutualism-parasitism
continuum is the foundational example from which has
arisen the principle of the context dependency of species
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Figure 1 The interaction compass for the classification of inter-
specific interactions based on interaction outcomes, for which the
positive (+), neutral (0), or negative (—) signs represent the effect of
one species on the other. The first sign represents the effect
of species 7 on species j, and the second sign represents the effect
of species 7 on species 7 Unlike the discrete characterization of
interspecific interactions by the interaction grid, the interaction
compass depicts how changes in the sign of species / and/or /
reflects a continuum of transitions among the six basic forms of
interspecific interaction. Interaction outcomes with (+ —) signs are
termed predation here, but also includes parasitism, herbivory, and
the like.

interactions (Cushman & Whitham 1989; Cushman 1991,
Cushman & Addicott 1991; Bronstein 1994).

Now recognized as a key area of study for advancing
population and community ecology (Agrawal ez al. 2007),
context dependency (or conditionality) refers to a change
in the outcome of an interspecific interaction through a
shift in the sign (+, 0, —) of one or both species due to
variation in the local biotic or abiotic conditions of the
community. There is a growing body of literature on the
various biotic and abiotic factors that contribute to
variation in the outcomes of many diverse species
interactions, a few of which include the identity, behaviour,
and densities of the interacting species; the age, size and
stage classes of the individuals; the presence, absence, and
densities of other species and exploited resources; and
environmental factors such as rainfall and nutrient avail-
ability (Del-Claro & Oliveira 2000; Offenberg 2001;
Daugherty & Juliano 2002; van Ommeren & Whitham
2002; Schmitt & Holbrook 2003; Westerbergh 2004,
Kersch & Fonseca 2005; Callaway 2007; Heath & Tiffin
2007; Chamberlain & Holland 2008; Goldenheim e 4.
2008; Lee e al. 2009). These and other studies show that
species interactions may often rest somewhere between the
six pure forms, and that they may grade into one another
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and routinely transition back and forth between different
interaction outcomes.

Important attention is being given to the evolutionary
transitions between interaction outcomes (Herre e al. 1999;
Hochberg ez al. 2000; Sachs & Simms 20006), and specific
models have been developed for the ecological transitions of
particular species interactions (Johnstone & Bshary 2002;
Kokko ez al. 2003; Neuhauser & Fargione 2004), but basic
theory is largely lacking for the dynamics of ecological
transitions between interaction outcomes. In this study, we
modelled population interactions and tested whether merely
varying parameters of density-dependent consumer—
resource (C-R) interactions can contribute to transitions
between interaction outcomes. Although C—R interactions
are usually assumed to be identical with the (+ —) outcomes
of predator—prey or parasite—host relations, C-R interac-
tions are also central to competitive and mutualistic
interactions (Holland ez 4/ 2005). Indeed, our results suggest
that C—R interactions can provide a broad mechanistic basis
for understanding context- and density-dependent transi-
tions between different outcomes of species interactions.

CONSUMER-RESOURCE MODELS OF SHIFTS IN
INTERACTION OUTCOMES

Originally integrated into the study of species interactions as
a means to describe the mechanism or ways by which
individuals of different species interact (MacArthur 1972),
the C-R interaction has become a central principle for
understanding interspecific interactions (Murdoch ez al.
2003; Turchin 2003). Resources are biotic or abiotic factors
that increase population growth of consumers over some
range of the availability or supply of the resource. Resources
can be entire individuals of an exploited species, such as in
predator—prey interactions; a portion of exploited species,
such as leaves in herbivore—plant interactions; or a food
provisioned for a consumer, such as nectar in pollination
mutualisms. Consumers change (and typically deplete)
the availability or supply of the exploited resoutrce. In this
way, species interactions are recognized as bi-directional,
uni-directional, and indirect C—R interactions. Bi-directional
C—R interactions occur when each species functions as both
a consumer and a resource of the other, such as mutual
predation (Polis ez /. 1989) and plant-rhizobial mutualisms
(Holland e# a/. 2005). Uni-directional C-R interactions occut
when one species functions as a consumer and the other as a
resource, but neither functions as both. Indirect C-R
interactions occur when the effects of the two species on
one another are mediated entirely by the density or traits of
a third species that is a consumer or resource of one or both
of them. While indirect C-R interactions are important and
widespread in ecological communities (Wootton 1994;
Werner & Peacor 2003), we do not consider them further
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here, as their dynamics and outcomes arise from three-
species interactions, which goes beyond this initial study of
dynamic transitions between the outcomes of two species
bi- and uni-directional C-R interactions.

Equations for the population dynamics of bi-directional
C-R interactions include, for each species, increases in
population growth from consumer functional responses and
decreases in population growth from being exploited as a
resource by the other species. In this way, the population
dynamics of bi-directional C—R interactions can be depicted

by:

AN,
71 = NMln + af(N, N2) — qua (N1, N2) — daNi] - (1)
AN,
- No[r + efp(N1, N2) — @o20(N1, N2) — oo, (2)

where N represents the number or biomass density of
species 2 The first term, 7, on the right-hand side of eqns 1
and 2 represents population growth independent of inter-
specific interactions, which can be set equal to or greater
than zero for obligate and facultative species, respectively.
Specifically, when 7; = 0, then a positive growth rate of
species 7 occurs only as a result of its functional response
with species j, whereas when 7; > 0, then a positive growth
rate of species 7 occurs in the absence of interactions
with species /. The second and third terms describe the
bi-directional C-R interaction. The second term, ¢fi{(IV,, V),
describes increases in the growth of species 7 due to its
consumption of resources obtained from species /, of which
JiN;, N) is the functional response for how resources
acquired by NN, vary with /N, and/or N, The third term,
q8(IN,, IN)), describes decreases in population growth of
species 7 from being consumed by or supplying resources to
species j, of which g(/N;, IV) describes how resource con-
sumption by species j reduces biomass or energy of species
i. Coefficients ¢; and ¢, convert fi{(IN;, N) and g(IN,, N)
into rates of numerical change in the number or biomass
density of species 7z Both equations for /V; and IV, have
terms for ¢f(IN, N) and gg(lN, N) because each species
functions as a consumer and a resource. The fourth
term, d;N7, modifies population growth through density-
dependent self-limitation.

The population dynamics of uni-directional C-R interac-
tions can be portrayed by:

AN
j = N[n +afilNi, Vo) — g1 (N1, N;) — dhINy] - (3)
dIN.
72 =Nl + 0 p(N1, N2) — oINS, (4)

where the parameters and variables are the same as in eqns 1
and 2. In this case, C-R interactions are uni-directional, with
N, provisioning a non-trophic beneficial service of dispersal

or defense in the other direction (Holland ez a/. 2005). As
defined here, uni-directional C—R interactions differ from
bi-directional C-R interactions in that N,’s population
growth rate does not decrease from being exploited as a
resource by V.

These models entail interspecific linkage of C—R interac-
tions coupled through / and g, and /; and g in bi-directional
C-R interactions (eqns 1, 2) and through £ and g; in uni-
directional C-R interactions (eqns 3 and 4). To test
influences of C—R interactions on transitions between
outcomes, we used the following specific formulations of
the models:

ANy [ %12V, BN, ]

N - ARG
~ f -r1+f1 </92+N2> 7l (€1+N1 1 1_ ( )

AN, [ %21V BN |

£2_oN - —hNy| (6
7 z_rz+fz<bl+Nl) qz<€2+N2 2 2_ ( )

and

ANy [ %12V, BN, ]

N - —dN| (7
dt 1 _7"1 o </72 +Nz> n (61 + N 1 1_ @)

AN, 021 NV

— =V — N, | . 8
7 2{72+52(b1+N1> b 2} (8)

In the hyperbolic functional response, o is the per-capita
interaction strength of species j on 7 (the saturation level of
the functional response), and /; is the half-saturation density
of species /. We used a similar saturating function for
resources exploited of species 7 for which B, is the
saturation level and ¢; the half-saturation constant. These
formulations of bi- and uni-directional C-R interactions are
a simple extension of the Rosenzweig-MacArthur model of
predator—prey interactions, one of the most commonly
employed C-R models in ecology.

PHASE-PLANE ANALYSES OF UNI- AND
BI-DIRECTIONAL C-R INTERACTIONS

We conducted phase-plane analyses of uni- and bi-direc-
tional C—R interactions between facultative species (r; > 0)
through solutions of eqns 5-8 with Matlab R2007b (Math-
works Inc., Natick, MA, USA) (Edelstein-Keshet 2005).
Each species has logistic growth, such that, in the absence of
interactions with the other, population growth (r/V) and
self-limitation (4;/N?) determine an equilibrium density ()
at a node along its positive axis in phase-plane space
(IN>0, N = ). By comparing species’ densities at equi-
libria of coexistence (V;'>0, N>0) with equilibrial densi-
ties of each species in the absence of interactions with the
other (N >0, N = (), we were able to assess the positive
(+), neutral (0), and negative (—) effects of C—R interactions
on interaction outcomes. In this way, interaction outcomes
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are based on density effects of each species on the other
(Abrams 1987). We tested the influence of C-R interactions
on transitions between outcomes by vatrying the saturation
levels of increases in population growth from consumer
functional responses [i.e., o; in £i(/N; )] and decreases in
population growth from being exploited as a resource [i.e.,
B, in (N, N)]. An increase in a; increases the saturation
level of the consumer functional response of species 7 and
hence the positive effects of species j on population growth
of species 7 An increase in f3; increases the magnitude of the
resources of species 7 that can be exploited by species j, and
hence decreases the population growth of species 7 Aside
from oy and P, other parameter values in this study
remained largely unchanged.

Transitions between outcomes of uni-directional C—-R
interactions

Equations (7, 8) and (5, 0) are sufficient to explain all
possible interaction outcomes for uni- and bi-directional
C—R interactions. Consider uni-directional C—R interactions,
for which five equilibria occurred for each phase-plane
portrait regardless of the interaction outcome (Fig. 2). The
equilibria, ]\71*/, are henceforth labelled with two subcripts, 7
to number the equilibrium point and ; to number the
species. In c order (Fig. 2), the equilibria include an unstable
node at the origin (Vi; = 0,/Nf, =0); a stable node
N3y = 0,N5, = r/dy); a saddle point (N3, >0, Nj,>0); a
central, stable node of species coexistence (INV;; >0, Ny, >0);
and another saddle point (N7 = r/dy, N7, = 0). We first
describe how the interior saddle point within each phase-
plane portrait can lead to shifts in outcomes without varying
the C-R interaction.

Associated with the interior saddle point in each of the six
phase-plane portraits is a separatrix that passes from the
origin through the saddle point, subdividing phase-plane
space into a central and a peripheral basin of attraction. The
separatrix divides the system between the basin where
trajectories lead to species coexistence at the central, stable
equilibrium (N, >0, N;,>0) and the basin where all
trajectories lead to extinction of species 1 and persistence
of species 2 at its carrying capacity in the absence of
interactions (/V,; = O,NZ*’ s =N /). As shown in the six
panels of Fig. 2’, there are six possible outcomes for the
central, stable attractor for species  coexistence
(Ny1>0, N ,>0), depending on the interaction parameter
values (ot B) of eqns 7 and 8. The first is predation (+ —)
(Fig. 2a), in which the density of species 2 is increased above
its carrying capacity in the absence of interspecific interac-
tions (Nj,>Ny, = r/dy) and the density of species 1 is
reduced below its carrying capacity in the absence of
interspecific interactions (N <Ny, = r1/d). The second
is commensalism (+ 0) (Fig. 2b), in which the density of
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species 2 is increased and species 1 remains the unchanged.
The third is a mutualism (+ +) (Fig. 2¢), in which the
densities of both species increase above their carrying
capacities in the absence of interspecific interactions. The
fourth is commensalism (0 +) (Fig. 2d), in which the density
of species 2 remains the same and species 1 increases
above its catrying capacity in the absence of interactions.
The fifth case in neutralism (0 0) (Fig. 2¢), in which the
densities of both species remain unchanged relative to their
carrying capacities in the absence of interactions. And, the
sixth case is amensalism (0 —) (Fig. 2f), in which the density
of species 2 remains the same as its carrying capacity in
the absence of interactions, while species 1 is reduced
(Fig. 2f).

The other part of the phase-plane, the peripheral basin of
attraction, has a stable attractor (N;, =0, N;, = n/d)
representing a predator—prey (+ —) outcome, by which NN,
overexploits and drives /V; to extinction. A transition from
the stable node of coexistence in the central basin of
attraction can occur if there is a sufficiently positive
fluctuation in the density of IV,, or negative fluctuation in
Ny, or a combination of both. Thus, even without changes
in the functional forms of the C—R interactions themselves,
that is f(/V,, IV) or g(IV, IN), ecological variation in the
species’ densities alone can lead IV, to shift from coexisting
with N} as a predator (Fig. 2a), commensalist (Fig. 2b),
mutualist (Fig. 2c), or neutralist (Fig 2d, e, f), to being a
predator that drives /V; extinction.

Increasing and decreasing the saturation levels of the
interaction parameter values of o, in the consumer
functional response [f(IV,, N)] or of B; in resource supply
function [g(/N;, V)] also lead to transitions in interaction
outcomes by causing stable nodes of coexistence to shift
to new equilibrium densities with different = stability
properties. For example, when the zero-growth isocline
of N, asymptotes at a large value (V;, = (n + 0201)/ds),
such that it intersects near the peak of Ny’s isocline, but
with (N} <NZ| = r/d), then stable predator-prey coex-
istence occurs with a (+ —) interaction outcome for species
2 and 1, respectively (Fig. 2a). This stable predator—prey
interaction can be destabilized by increasing o to the
point where the /V, zero-growth isocline does not intersect
with the IV} zero-growth isocline (ie., the point/Nj,>0,
Ny ,>0 disappears), leading N, to overexploit and drive
N to extinction. On the other hand, decreasing oy causes
the N, zero isocline to intersect lower on the hump of the
N zero isocline at a larger density of /NV;. Hence, the
stable node of coexistence shifts to commensalism with (+
0) outcomes for N, and MV, tespectively (Fig. 2b). A
further reduction in oy leads its isocline to intersect yet
lower on the hump for even larger densities of 7V, and
hence a stable node of mutualistic (+ +) coexistence

(Fig. 2¢).
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Figure 2 Phase-plane diagrams for the population dynamics of uni-directional consumer—resource interactions between two species with
population densities of /V; and NV,. The sequence of panels shows how changes in the interaction strengths (a1, saturation level) of functional
responses and saturation levels () of supplying resources lead to dynamic transitions between (a) predation (+ =) (11 = 0.7, r, = 0.5,
oy = 0.4, 01 = 0.5, By = 0.3), (b) commensalism (+ 0) (5 = 0.7, 7, = 0.5, o1, = 0.4, 0py = 0.435, B; = 0.3), () mutualism (+ +) ( = 0.7,
r, = 0.5, o1 = 0.4, oy = 0.25, B = 0.3), (d) commensalism (0 +) (r = 0.7, n = 0.5, oty = 0.4, 0y = 0, B; = 0.3), (¢) neutralism (0 0)
(1 = 0.7, = 05,0, = 021, 0y = 0, B; = 0.3), and (f) amensalism (+ =) (r, = 0.7, = 0.5, 01, = 0.15, 0lp; = 0, B; = 0.3). The red and
green lines are zero-growth isoclines for Ny and IV,, respectively. Vector fields in phase-plane space are shown with grey arrows, which show
the direction and speed (size/length of arrow) of population trajectorties for particular points throughout phase-plane space. Stable and unstable
nodes are identified by filled and open circles, respectively. Saddle points have a black line (separatrix) passing through them to the origin,
subdividing the phase-plane space into different basins of attraction that correspond with a particular node. Starting with the origin and moving
clock-wise, the equilibria for each panel ate unstable node, stable node, saddle point, stable node, and a saddle point. Signs (+,0,—) of
interaction outcomes are based on the effect of the interaction on equilibrium densities of the interacting species, compared to their equilibrium
densities in the absence of interactions (i.e., the node on each species axis). Other parameter values remained unchanged (¢ = o, = 1.0,
@1 = q=10,dy = dp =001, hy = by = 0.3, ¢, = ¢, = 0.3) and the scales of axes are fixed among panels.

Eliminating the effect of NV} on N, by setting oy = 0
leads to a linear isocline for N,, which then intersects /V;’s

Ngy = ri/dy, producing a stable commensalism with (0 +)
outcomes for N, and 1V, respectively (Fig. 2d). Although

isocline at densities of N, equal to /V,’s stable node on its
axis, and for certain choices of the parameters, at
(N:’l>r1/d1, N:,z = r/d,). Thus, V] has no effect on the
density of N,, but N still increases with /V, relative to

olp; cannot be reduced further, other parameters of the C—R
interaction can be adjusted, such that either a stable node
of neutralism (0 0) (Fig. 2¢) or a stable node of amensalism
(0 - (Fig. 2f) occurs for IV, and NV;. We do not show the
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results, but transitions in the outcomes of uni-directional
C-R interactions also occur with the facultative status of V.
For example, as /V; shifts from being facultative (large r1) to
nearly obligate (small 7)), its equilibrium in the absence of
interactions with N, (V)" = r/d;, N; = 0) shifts from a
high to a low density value, as obligate species do not have a
node on their axis separate from that of extinction. In turn,
the stable node of predator—prey (Fig. 2a) and commensal-
istic (Fig. 2b) coexistence can shift to one of mutualistic
coexistence.

Transitions between outcomes of bi-directional C-R
interactions

As with uni-directional C-R interactions, varying the
parameters o; of (N, IN)) and/or B, of g(IN;, IN)) changed
the stability properties and interaction outcomes of bi-
directional C—R interactions. However, unlike the case of
uni-directional C—-R interactions, here the number of
equilibria (along with their stability properties) varied with
changes in the parameters of interspecific interactions. Most
phase-plane portraits of bi-directional C—R interactions
resulted in six equilibria (e.g., Fig 3a, d, e, f), including the
one with a central stable attractor with a mutualistic (+ +)
outcome. In this case, the equilibria include, in clock-wise
order, an unstable node at the origin (thl =0, V), = 0);
a stable node (N, = O,Nz*’ s =1 /dh); a saddle point
(N51>0, N3 ,>0); a central, stable node of mutualistic
coexistence Ny1>0,N;,>0); a saddle point (IVg;>0,

5,>0); and a stable node (Vg = r/dy, N, = 0). The
separatrices associated with the saddle points split the system
into three basins of attraction, a central basin of attraction
and two peripheral basins of attraction (Fig. 3a), each with a
different outcome: coexistence of the two species at the
central, stable node of mutualistic coexistence (/Ny;>0,
Ny ,>0), extinction of species 1 and persistence of species 2
at its carrying capacity in the absence of interactions
(N3 = 0,N;, = r/d), and extinction of species 2 and
persistence of species 1 at its carrying capacity in the absence
of interactions (N;" = r1/d;, Nj = 0). The peripheral basins
of attraction correspond to predator-prey interactions of (+
—) or (= +) outcomes for /N, and /Vy, respectively. Transition
from the stable node of mutualistic coexistence in the central
basin of attraction can occur for the same density conditions
of uni-directional C-R interactions; that is, if there is a
sufficiently positive fluctuation in the density of IV, or
negative fluctuation in /N, or both; in this case, however,
either IV, or IV,

Vj
exploited as resources by the other. As with uni-directional

can overexploit the other, as both species are

C-R interactions, ecological variation in species’ densities
alone can lead to shifts in interaction outcomes.

For stable mutualistic coexistence (+ +) to occur, the pair
of parameters o, and 0o (set to Ojp = Oy here for

© 2009 Blackwell Publishing Ltd/CNRS

convenience) of the functional response fi(/V;, V) must be
sufficiently large relative to By and B, (set to B; = P, again
for convenience) of the exploited resourcesg(/V,, V). If the
pair of parameters o, = 0lp; are decreased relative to
Bi = B, then the three points (IN5,>0,N;,>0),
(N7, >0, N;,>0), and (N2, >0, NZ,>0) coalesce into a
single fixed point. In this case, the bi-directional C—R
interaction shifts from mutualistic (+ +) coexistence
(Fig. 3a) to unstable mutualism (+ +) (Fig. 3b). Four (rather
than six) equilibria now occur, with the densities of /V; and
N, at the central equilibrium point being greater than those
of the stable nodes on [NV and N, axes (e,
N5 >Ng, = n/di, N;,>N;, = dy/r) (Fig. 3b). While
N; and NV, can attain higher densities in the presence
rather than absence of interactions with the other, the
mutualistic effect is unstable, as the central equilibrium is a
saddle point (Fig. 3b). Predator—prey dynamics ensue, in
which, depending on the initial densities associated with the
separatrix, either IV} or N, overexploits the other and causes
it to go to extinction (Fig. 3b). If we continue to reduce the
oljp = Olp; parameters of functional responses relative to the
By = P, parameters, to the point that oy, = 0y = Py
= P2 (eg to 0.30), so that £(IN;,, N7 ) = &(N;;, N} ;)
(where £ = 3, 4, 5), then this leads to the same dynamics as
unstable mutualism (Fig. 3b), but in this case /V; and IV, at
the saddle point are equal to the densities of their carrying
capacities in the absence of interactions (i.e. Ny = Ng| =
r/ di, N5, = Nz* s =0 /r2), and hence unstable neutralism
(Fig. 30). Reducing oy, = oy = By = B, further (e.g., to
0.15), leads to a stable node of neutralism (0 0) (Fig. 3d).
The phase-plane configuration in Fig. 3d looks similar to
that of the stable mutualism (Fig. 3a), but it is a stable
neutral outcome rather than a stable mutualistic outcome.
Bi-directional C-R interactions can also shift to mutual
(or reciprocal) predation with outcomes ranging from (+ —)
to (= =) (Polis e al. 1989). Bi-directional C-R interactions
shift to mutual predation when trophic loops are relatively
weak compared to facultative growth (r;/V) and self-
limitation (4,/N?) (Fig. 3e, f). Specifically, shifts to stable
mutual predation with (+ —) outcomes for /V; and /V, occur
when £(INVy, No) > g1(INy, Vo) and (N, No) = (N, Ny)
(e.g., when o5 is increased from its value of 0.15 in Fig. 3d
to 0.26 and other parameters are kept the same) (Fig. 3e).
In this case, the stable node of coexistence entails an
increase in one species’ density (/V)) and a decrease in the
other’s density (/V;), compared with their catrying capaci-
ties in the absence of interactions (N, >Ny = n/d,
<Ny, = db/r). Alternatively, transitions to stable
mutual predation with (— —) outcomes (Fig. 3f) occur when
SN, N) <g(N, N) for both species (e.g., when
oy = 0y = 0.05, By = B, = 0.15). In this case, population
growth of both species is reduced more as a result of their
being a resource than it is increased from being a consumer
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(@) Stable mutualism (+ +) (d) Stable neutralism (0 0)
N, F §
: . ' 1 e : *—
(b) Unstable mutualism (+ +) (e) Stable mutual predation (+ -)
N
2 9 '
~— d N
(c) Unstable neutralism (0 0) (f) Stable mutual predation (- -)
N
2 L ]
:
N, N,

Figure 3 Phase-plane diagrams for the population dynamics of bi-directional consumer—resource interactions between two species with
population densities of NV} and /N,. The sequence of panels shows how changes in the interaction strengths (a1, saturation level) of functional
responses and saturation levels (B) of supplying resources can lead to dynamic transitions between (a) stable mutualism (+ +)
(op; = ol = 0.4, By = B2 = 0.2), (b) unstable mutualism (+ +) (01 = o = 0.39, By = B, = 0.3), (c) unstable neutralism (0 0)
(o1 = olip = 0.3, By = B, = 0.3), (d) stable neutralism (0 0) (0 = o1, = 0.15, By = B = 0.15), () stable mutual predation with (+ —)
outcomes (0 = 0.15, oy, = 0.26, By = B, = 0.15), and (f) stable mutual predation with (= =) outcomes (0 = ojp = 0.05,
Bi = Bo = 0.15). As in Fig. 2, red and green lines are zero-growth isoclines for /Ny and N,; vector fields are denoted with grey arrows;
stable and unstable equilibria are identified by filled and open circles; saddle points have a black line (separatrix) passing through them to the
origin, subdividing phase-plane space into different basins of attraction; and signs (+,0,—) of interaction outcomes are based on interaction
effects on equilibrium densities of the species, compared to the equilibrium densities in the absence of interactions. Starting with the origin
and moving clock-wise, the equilibria for panels (a), (d), (e), and (f) are unstable node, stable node, saddle point, stable node, saddle point,
stable node, and for panels (b) and (c) are unstable node, stable node, saddle point, stable node. Other parameter values remained constant
(n=rn=0506=60=10,9=¢ =10,d =d, = 0.01, by = b, = 0.3, ¢, = ¢; = 0.3) and the scales of axes are fixed among panels.

of the other. The stable node of coexistence entails a

. . . . . DISCUSSION
decrease in the density of both species compared with their
densities in the absence of interactions (N;;<Nj; = With growing appreciation of the context dependency of

n/d, N <Ny, =dy /r) (Fig. 3f). Consistent with decreas- species interactions in nature (Bronstein 1994; Agrawal ef al.

ing functional responses and increasing exploited resources,
the area under the isoclines in which dN/dt > 0 becomes
smaller as outcomes shift from mutualism to mutual
predation (compare Fig. 3a—f).

2007), it is ever more essential to develop theory for
dynamic transitions between outcomes of interspecific
interactions. For good reasons, species interactions with
different outcomes have been studied with models of

© 2009 Blackwell Publishing Ltd/CNRS
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contrasting structure and undetlying biological principles.
As such, population dynamic models of species interactions
have been understandably poor in describing transitions in
interaction outcomes. In this study, we modified an
underlying biological principle inherent to most species
interactions, namely the C—R interaction, to build general
population dynamic models of two species interactions. We
incorporated interspecific linkages between increases in
population growth from consumer functional responses and
decreases in population growth from being exploited as a
resource. Using phase-plane analyses, we tested whether
shifts in interaction outcomes could be predicted by changes
in the saturation levels of the consumer functional responses
[i.c., ot in £V}, V)] and resource supply functions [i.e., B; of
(N, N)]. Analyses show that, without altering the structure
of the models, the C-R interaction can provide a broad
mechanism for understanding transitions back and forth
between pure forms of predation/parasitism (+ —), mutual
predation [(+ —) ot (= —)], mutualism (+ +), commensalism
(+ 0), neutralism (0 0), and amensalism (0 —).

Transitions between interaction outcomes arose from two
general processes associated with the C—R mechanism of
interspecific interaction. First, species interactions transi-
tioned to different outcomes simply through fluctuations in
the densities of the interacting species that pushed the system
into a new basin of attraction. Specifically, phase-plane
topologies included central basins of attraction in which
interaction outcomes of a variety of forms of species
coexistence (e.g., predation, mutualism, amensalism, com-
mensalism, mutual predation) were stable. Peripheral basins
of attraction also occurred in which these stable outcomes of
coexistence shifted to pure predator-prey interactions
(Figs 2, 3). Due to the basic nature of C-R interactions,
when the densities of the interacting species are perturbed
into certain zones in the phase-plane, such that one species is
very abundant and compared with the other that is relatively
rare, then the former overexploits and drives the latter to
extinction. In this way, ecological perturbations that results in
such changes in the relative densities of the interacting species
can in turn alter their interaction outcomes. Thus, without
changing the nature of the C—R interaction itself [i.e., without
altering the interaction parameters in the consumer functional
response, f{(IN;, IV), or the resource supply function g(IV,
N)], fluctuations in species’ densities alone may often
account for shifts in the outcomes of species interactions.

Second, transitions between interaction outcomes arose
from changes in the saturation levels of consumer functional
responses [i.c., o in f(IN, N)|] and/or resource supply
functions [i.e., B; of g(IV,, N)], which shifted the equilibrium
points themselves to densities with different stability
properties and interaction outcomes. Without altering the
overall structure or biological principles of the models,
merely changing the strengths of density-dependent C—R

© 2009 Blackwell Publishing Ltd/CNRS

interactions resulted in the equilibria of species coexistence
transitioning between predation, commensalism, mutualism,
neutralism, amensalism and mutual predation. Context-
dependent interaction outcomes in nature may commonly
arise from biotic and abiotic conditions that alter the
strengths of the density dependence of the C—R interactions
that are inherent to most species interactions. Yet, some
changes in o; of f(IN;, N) and B; of g(IV;, N) can just
strengthen or weaken a particular outcome of coexistence,
without shifting its signs. Though variance occurs around
mean outcomes, and interaction strengths can vary from
weak to strong (Betlow ef al 2004), context dependency
does not occur unless there is a change in the signs of the
outcomes resulting from the C-R interactions. While it is
well-recognized that discrete interaction outcomes vary
along a continuum of interaction strengths (Paine 1980;
Berlow ez al. 2004; Wootton & Emmerson 2005), these
results demonstrate how the signs of interaction outcomes
may vary with interaction strengths.

Take as an example of transitions between the outcomes
of C-R interactions pollinating seed-eating interactions
between yucca and yucca moths and senita cacti and senita
moths (Holland & DeAngelis 2002, 2006; Holland ez al.
2004). Adult insects lay eggs in flowers they pollinate, from
which larvae that consume the seeds and fruit develop. First,
outcomes can shift via fluctuations in the densities of moths
to flowers. If pollinators become abundant relative to
flowers, then enough eggs can be laid that larval seed
consumption (plant resource supply function) outweighs the
reproductive functional response of plants, which can shift
the interaction from mutualism to parasitism. Second,
changes in the relative magnitudes of oy of fi(IV, IN;) and
B; of g(IN; N) for the plants may shift the strength and
outcome of interactions. For example, short-term environ-
mental conditions may favour larval survival, thereby
reducing the discrepancy between the pollination functional
response and the seed consumption functional response
[resource supply (seeds, fruit) function]. This will reduce the
strength of the mutualism and/or shift it to parasitism
depending upon the relative magnitudes of f(V, IV;) and
(N, N). While the theory goes well beyond this example, it
is in need of empirical and theoretical exploration, especially
in the context of specific study systems. Carefully controlled
experiments and sutvey’s of natural populatons will be
useful for evaluating how and when interaction strengths
and outcomes vary with £(V;, V) and g(V,, INV;).

In this study, we have shown that variation in C-R
interactions can provide a general means for understanding
dynamic transitions between interaction outcomes. While
this is to our knowledge one of the first mechanistic theories
for variation in interaction outcomes, a few other theoretical
studies are yielding similar results. For example, in a series of
thoughtful analyses, Hernandez 1998, 2008; (Hernandez &
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Barradas 2003) explicitly examined transitions in interaction
outcomes by replacing static interaction coefficients in
Lokta-Volterra models with nonlinear density-dependent
interaction functions which span the range of positive to
negative values (see also Zhang 2003; Zhang e al. 2007).
The results of her theoretical studies led to conclusions
similar to ours, with the exception that the underlying
biological mechanism for the density-dependent interaction
functions, and hence the transitions between interaction
outcomes, was largely absent. We have tried to take a step
forward in this direction by incorporating the biological
principle of variation in C-R interactions. Our results entail
greater vatiation in the shapes of the zero-growth isoclines,
along with dynamical properties of species interactions.

Despite well-recognized variation in species interactions
(Thompson 1988), few theories explain transitions in their
interaction outcomes. As C—R interactions are universal to
nearly all species interactions, we suggest that variation in
the outcomes of species interactions may be more fully
understood by studying bi- and uni-directional linkages
between consumer functional responses and the exploited
resources. Our results are consistent with interspecific
interactions lying along a continuum of outcomes, as
depicted by the interaction compass (Fig. 1), which under
changing contexts of local biotic and abiotic conditions, may
phase from one to another (Figs 2, 3). Of course, one may
ask whether interspecific interactions with particular out-
comes are distinct and happen to share the C-R mechanism
of interaction, or alternatively, whether they are simply
different forms of the C-R interaction differing in their
outcome. Though semantic to some extent, having a clear
hierarchical basis for understanding the patterns and
processes of interest can influence how we petceive and
study them. Thus, pure forms of species interaction may
share more in common with one another than previously
thought, and consequently, the study of interspecific
interactions may greatly benefit from focusing on their
similarities, rather than discrepancies associated different
interaction outcomes. In either case, this study suggests that
the C-R interaction is a general mechanism of interspecific
interaction, from which we can gain a better understanding
of the universal features of interspecific interactions, and in
turn the context- and density-dependent transitions between
pute forms of interaction outcome.
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