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Abstract

The outcome of many ecological interactions lies somewhere along a continuum
between pure positive and pure negative effects. Although the popularity of this
idea has notoriously risen in the last decades, with the occurrence of continua in
interaction outcomes invoked for a wide variety of interactions, the absence of a
precise theoretical treatment has led to considerable inaccuracy and ambiguity in
its treatment. We develop here a consumer-resource model to explore the occur-
rence of continua. This model is based on the assumption that the distribution of
individual interaction events includes both negative and positive immediate out-
comes, with variable frequencies, for at least one of the interacting species.
Our study shows that continua in interaction outcomes happen just by varying
the sign and impact of individual events. The exact shape of the continua depends
on the proportion of positive versus negative events and the relative magnitude of
per-capita interaction strengths. Our model shows that continua in interaction
outcomes are a key property of most pairwise interactions and are originated
from the variable roles played by the interacting partners. It constitutes a step for-
ward in the paradigm change from discrete categorization of ecological interac-

tions to a new perspective over a continuous space.

KEYWORDS

coexistence parameter range, consumer-resource interaction, context-dependency, cusp
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individuals of different species encounter and interact
(interaction events). Each of these interaction events entails

Biotic interactions are essential components of the biodi-
versity of all ecological communities (Begon et al., 2006),
crucial drivers of the functioning of most ecosystems
(Loreau et al., 2001), and one of the most important fac-
tors shaping the evolution of species (Thompson, 2005).
Biotic interactions can be envisaged as processes where

an immediate effect on at least one of the interacting
organisms by providing them with a given resource or ser-
vice or by damaging, killing, or depriving them from a
given resource (the immediate outcome of the interaction)
(interaction mechanism sensu Abrams, 1987). This causes
an effect on the fitness of the interacting individuals
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(individual outcome). The interaction may subsequently
have a long-term effect on the demography, growth rate
and dynamics of their populations (population outcome)
(Abrams, 1987; Jordano, 2016; Schupp et al., 2017).
Consequently, biotic interactions can be decomposed in
numerous events that have immediate outcomes on any of
the interacting individuals and that altogether may affect
the fitness of the individuals and the growth rate of the
populations (Abrams, 1987; Abrams & Ginzburg, 2000;
Aratjo et al., 2011; Arditi & Ginzburg, 1989; Bolnick et al.,
2003). For example, the immediate outcome for a plant of a
pollination interaction is the deposition of pollen onto the
stigma by a floral visitor, whereas the individual outcome is
the consequence of this deposition for the fecundity of the
plant, and the population outcome is the consequence
for the growth rate of the population it belongs
to. Similarly, the immediate outcome for a predator of a
predation interaction is the killing and consumption of
another animal, whereas the individual outcome is the
consequence of this consumption for the fitness of the
predator, and the population outcome is the effects on
the dynamics of their populations. Interestingly, the
identity of the interaction is usually defined according to
their immediate outcomes (pollination, seed dispersal,
plant-plant allelopathy, ant-protected plants, intraguild
predation, parasitoidism, parasitism, etc.), whereas the
type of interaction is defined according to their popula-
tion outcomes (antagonism, mutualism, competition,
commensalism, amensalism) (Abrams, 1987).

Biotic interactions are fluid, dynamic, and labile both
at ecological and evolutionary timescales (Abrams, 1987;
Bronstein, 2015; Holland & DeAngelis, 2009; Sachs et al.,
2011; Thompson, 1982, 1988, 2005). Variation in interac-
tion outcomes can occur at different levels (Figure 1).
Although the perception of a variation in the outcome of
the interactions has a long history (Ewald, 1987; Haskell,
1949; Leary, 1976; Lidicker, 1979; Yodzis, 1988), its popu-
larity has notoriously risen in the last decades (Bolnick
et al., 2011; Bronstein, 2015; Chamberlain et al., 2014,
Thompson, 2005, 2013). It is widely assumed nowadays
that most interspecific interactions are context-dependent
(Butterfield & Callaway, 2013; Chamberlain et al., 2014;
Frederickson, 2017; Hoeksema et al., 2010; Hoeksema &
Bruna, 2015; Maron et al., 2014). Context-dependent vari-
ation in interaction outcomes is caused by spatio-
temporal changes in abiotic factors (nutrient, climate,
temperature, etc.) and community structure and diversity
(third party, co-occurring competitors, predators, etc.)
(Bronstein, 1994; Chamberlain et al., 2014). Context-
dependency causes the occurrence of interaction norms,
significant spatio-temporal variations in the outcome of
interactions (Thompson, 1988, 2005). However, variation
in the outcomes of ecological interactions may happen

not only between contexts but also within the same
ecological context as a result of age, size, phenotype, and
genetic differences among the interacting individuals
(distributed outcomes, Thompson, 1988, 2005, 2013). This
variation may sometimes entail radical changes in the
effect or service provided by the interacting organisms,
causing, for at least one of the interacting species, the
coexistence of negative and positive immediate outcomes
(dual outcomes). For example, a proportion of aquatic
invertebrates preyed upon and ingested by waterbirds is
effectively killed and digested (negative immediate out-
comes for the invertebrates) but another proportion is
passively dispersed through endozoochory (positive
immediate outcomes for the invertebrates) (Green &
Sanchez, 2006; van Leeuwen et al., 2012). Similarly, a
proportion of aphids tended by ants are effectively
protected (positive immediate outcomes for the aphids)
but another proportion is killed and consumed by ants
(negative immediate outcomes for the aphids) (Stadler &
Dixon, 2005). A proportion of aphid genotypes increase
their survival when infected by the symbiont Regiella
insecticola (positive immediate outcomes) but another
proportion decreases (negative immediate outcomes)
(Parker et al., 2021). In fact, dual outcomes occur in a
wide variety of interactions, whether symbiotic (DiSalvo
et al., 2015; Johnson and Graham, 2013; Johnson et al.,
1997; Lin & Koskella, 2015; Mandyam & Jumpponen,
2015; Parker et al., 2021; Regus et al., 2015; Sachs & Wilcox,
2006; Saikkonen et al., 1998), or non-symbiotic mutualistic
(Brehm & Mortelliti, 2022; Gomez et al., 2019; Navarro, 2000;
Quinn & Kokorev, 2002), antagonistic (Belsky et al., 1993;
Carper et al, 2016; Delibes et al., 2017; Green &
Sanchez, 2006; Maschinski & Whitham, 1989; Paige &
Whitham, 1987; Polis et al., 1989), or competitive interactions
(Butterfield & Callaway, 2013; Callaway & Walker, 1997).
Remarkably, dual outcomes can also occur in traditionally
considered fixed interactions. For example, a proportion of
predators are damaged or even killed by preys in some
predator—prey interactions (Cowlishaw, 1994; Kornilev
et al., 2023; Mukherjee & Heithaus, 2013). Similarly, experi-
ments determining the pollinator efficiency using single-visit
pollen deposition have frequently found that pollinators
transport pollen only in a proportion of the visits, the other
visits not providing any service and behaving exclusively as
consumers (Herrera, 1987; Spira et al., 1992).
Acknowledging the occurrence of variation in
interaction outcomes has led to the proposal of a mutualism-
antagonism continuum as a useful framework to study
the functioning of many disparate interspecific interactions,
such as rhizobial symbiosis (Regus et al., 2015), fungal
endophytes (Cheplick & Faeth, 2009; Mandyam &
Jumpponen, 2015; Saikkonen et al., 1998), myxotrophic
algae (Granéli & Turner, 2006), gut endosymbiosis
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(Lin & Koskella, 2015), mycorrhizae (Johnson et al., 1997; Theimer, 2005), pollination (Rodriguez-Rodriguez et al.,

Johnson & Graham, 2013), seed dispersal (Gémez et al., 2017), ant-guard interactions (Cushman & Addicott, 1991;

2019; Montesinos-Navarro et al., 2017; Perea et al., 2013; Cushman & Whitham, 1989), and brood parasitism
(A) MULTILEVEL NATURE OF CONTINUA
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(Canestrari et al., 2014). According to this idea, the
interaction between many species pairs, rather than belong-
ing to a specific type, is located somewhere along a contin-
uum running between pure mutualism and pure antagonism
(Johnson et al., 1997; Thompson, 2005). It is important to
note that the “mutualism-antagonism continuum” idea has
been applied to different organization levels. So, it has
been applied to differences in the interaction outcomes
among individuals of one pair of interacting organisms
in one single context (individuals outcomes; Cheplick &
Faeth, 2009), or on one pair of interacting organisms in differ-
ent contexts (sites, populations, years, etc.) (population out-
comes; Canestrari et al., 2014), or between one host species
interacting with several partners (Gémez et al., 2019), or even
across different pairs of species (Johnson et al., 1997). This
means that, as it has been conceived, mutualism-antagonism
continuum has a clear multilevel nature (Figure 1A). In addi-
tion, in most cases the mutualism-antagonism continuum
has been estimated as the variation in the effect of one species
on its partner, assuming that the reciprocal effect is always
fixed. However, continua may happen for both partners.
This bidirectionality in continua result in the possibil-
ity of multiple interaction outcomes from competition
to antagonism, to amensalism, to commensalism and
to mutualism (Figure 1B). To accommodate these
two features of the continua (multilevel nature and
bidirectionality) to reduce the ambiguity of the idea, we
propose the most inclusive term “continua in interac-
tion outcomes”. We define continua in interaction out-
comes as the continuous variation in the outcomes of
the biotic interaction at any level (individual, popula-
tion, species) resulting from the distributed outcomes
on one or both partners due to the coexistence of nega-
tive and positive immediate outcomes (dual outcomes).
Although variation in the outcomes of ecological inter-
actions is widely accepted (Bronstein, 1994; Chamberlain

et al., 2014; Thompson, 1988), theoretical approaches have
defied considering it until recent times (Gibert & Brassil,
2014; Hale & Valdovinos, 2021; Holland & DeAngelis,
2009, 2010; Lichstein et al., 2007; Lloyd-Smith et al., 2005;
Okuyama, 2008). In the last decade, several models based
on consumer-resource interactions have been developed
to explore context-dependency of interactions (Hale &
Valdovinos, 2021; Holland & DeAngelis, 2009, 2010; Ke &
Nakazawa, 2018; Neuhauser & Fargione, 2004; Revilla &
Encinas-Viso, 2015; Wang et al., 2011; Zwolak & Crone,
2012). However, despite the widespread recognition of out-
come continua as a frequent feature of many interactions,
its existence has not been yet successfully explained. In
this study, we develop a consumer-resource model based
on the assumption that the population outcomes of the
interactions are the end result of numerous interaction
events that affect either negatively or positively the individ-
uals of each interacting species. This model shows that
continua in interaction outcomes can arise due to the exis-
tence of dual immediate outcomes. Our study suggests that
continua in interaction outcomes are a fundamental prop-
erty of most pairwise interactions that origin from the vari-
able roles played by the interacting partners.

METHODS

A direct, consumer-resource model of
interactions including dual immediate
outcomes

We have used a consumer-resource (C-R) model to study
ecological interactions with dual immediate outcomes.
C-R models are fundamental to understand interspecific
interactions (Lafferty et al., 2015; Martinez, 2020;
Pimm, 1980; Turchin, 2003; Williams & Martinez, 2000;

FIGURE 1 (A)Thelevelsatwhich the outcome of a given interaction may vary, illustrated here with the predation interaction between a
hypothetical clonal cladoceran species and a hypothetical dabbling duck species. Four types of ducks differing in genotype or phenotype interact
with 10 individuals of a given cladoceran clone within each context (represented by dots). Each time a duck encounters and ingests a cladoceran

(interaction event), it can either consume it (negative immediate outcome in red) or disperse it ( positive immediate outcome in blue). The size of the
dots is proportional to the strength of each interaction event. The effect of ducks on the fitness of each cladoceran clone (individual outcome) is
expressed as RII values obtained by comparing the outcomes with and without the interaction (see the Methods section). Negative RII values mean
that the interaction is antagonistic, and positive values mean that the interaction is mutualistic. As observed in the figure, the individual outcome
varies within each context (distributed outcomes) due to differences in the proportion of positive and negative immediate outcomes (dual outcomes)
and in the magnitude of these effects. This causes the occurrence of within-context continua in interaction outcomes, expressed as between-duck
differences in RII values. The effect of the ducks on the cladoceran population growth (population outcome), pooling together the effects of the

four types, changes among contexts due to changes in either abiotic factors or co-occurring interacting organisms (context dependency). This causes
the occurrence of between-context continua in interaction outcomes, expressed as between-context differences in RII values. The effect of the ducks,
pooling together across all contexts, differs from the effects caused by other interacting species, such as geese, terns, godwits or plovers, as a
consequence of interspecific differences in plant-animal trait matching. This between-species differences in interaction outcomes values have been
used to indicate the occurrence of interspecific continua in interaction outcomes. (B) The continua in the outcomes of any pairwise interaction may
occur for one or both interacting partners. This property makes continua to cause the interactions range across any type of biotic interaction.
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Yodzis & Innes, 1992). In these models, resources are those
factors that, when exploited at given rates, increase the popu-
lation growth of consumers. In interspecific interactions
resources are entire individuals or part of them that are
exploited by the interacting partners. C-R models have
proven very useful to describe the behavior of many differ-
ent types of interactions, such as predator—prey interactions
(Turchin, 2003), plant-herbivore interactions (Feng &
DeAngelis, 2018), host-parasite interactions (Roberts, 1995),
mutualistic interactions (Holland & DeAngelis, 2009, 2010)
and facilitation-competition interactions (Dangles, 2019).
Our model was formulated using an extension of the
Rosenzweig-MacArthur model. We propose to combine both
negative and positive terms of the Rosenzweig-MacArthur
model in a single equation to model pairwise interaction
with dual outcomes, following some previous approaches
(Holland & De Angelis, 2009, 2010; Martinez, 2020;
Williams & Martinez, 2000). Our model is as following:

dN N N
—1:}"1N1<1——1)+N1 G P1

The first term of the model is the population growth of
species i independent of the interaction with species j,
modeled as logistic growth through density-dependence.
r; is the maximum per-capita growth rate. K; is the carry-
ing capacity of the logistic growth of the species i when
there are no interactions with the other study species.
The second term describes the increase in the growth
rate of species i when interacting with species
Jj (by consuming or obtaining a service). This term models
the positive individual outcome of the interaction assum-
ing that the positive interaction with N; saturates follow-
ing a type II functional response. We modeled this
response using a Michaelis—-Menten equation, mathemat-
ically equivalent to Holling’s disc equation (Jeschke
et al., 2002; Real, 1977). The parameter ¢; is the maxi-
mum positive per-capita interaction strength at which
the interaction saturates, expressed as the highest positive
numerical response of one individual of species i to the
interaction with species j (Berryman, 1992; Feng &
DeAngelis, 2018; Holland & DeAngelis, 2009; Real, 1977;
Sala & Graham, 2002). The interaction strength saturates
with Nj, following the structure of the C-R models
(Arditi & Ginzburg, 2012; Turchin, 2003). This is proba-
bly the simplest assumption that can be made when

modeling positive outcomes (Holland & DeAngelis, 2009,
2010). The parameter h; is, thus, the half-saturation
density of species j (Arditi & Ginzburg, 2012).

The third term describes the decrease in population
growth rate of species i when interacting with species
Jj (by being killed, consumed, or deprived of growth and
reproduction). This term models the negative individual
outcome of the interaction assuming that the negative
interaction with N; saturates following a type II functional
response. Here, a; is the maximum negative per-capita
interaction strength at which the interaction saturates,
expressed as the highest negative numerical response of
one individual of species i to the interaction with species
j (Berryman, 1992; Real, 1977; Sala & Graham, 2002).
In this case, the interaction strength saturates with N,
following the classical C-R models for preys (Arditi &
Ginzburg, 2012; Murdoch et al., 2003). The parameter ¢; is
then the half-saturation density of species i (Arditi &
Ginzburg, 2012).

To model the existence of dual immediate outcomes,
we multiplied the second and third terms by P;
[0 < P; <1], and 1—P;, respectively. The parameter P; is
the proportion of interaction events where the immediate
outcomes for the individuals of the species i are positive
either because the interacting individuals obtained a
resource or is provided with a service. On the other hand,
1—P; is the proportion of interaction events where the
immediate outcomes for the individuals of the species i
are negative, either because it is killed, damaged, or
cheated (no service is provided). By making P; =1 and
P,=0 in our equations, we obtain a standard
predator-prey model. However, in many other interactions
P; and P, may vary between 0 and 1. We provide in Table 1
some examples suggesting how P; can be recorded in differ-
ent types of interactions.

Solving the model and testing variation in
interaction outcomes

We solved numerically the system of equations by means
of standard instructions integrated in the symbolic soft-
ware Mathematica, following the instruction of NDSolve,
which appeals to a classical Runge-Kutta method. We
used initial conditions N;(0) = 500 = N,(0) (which is the
chosen carrying capacity K; of the habitat if interaction is
not allowed), moving P; and P, from 0 to 1 and fixing the
rest of parameters as following: (1) Each of the four
per-capita interaction parameters (o, oy, €1, €;) was fixed
to either 0.1 as an indication of weak interaction or to 0.9
as an indication of strong interaction. This distribution of
parameter values produces 16 alternative scenarios
resulting from the combination of weak and strong
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TABLE 1 Examples illustrating how positive and negative immediate outcomes can be measured in different types of interactions.
Proportion of positive Proportion of negative
immediate outcomes for immediate outcomes for

Interaction Species i Species j species i (P;) species i (1—P;) Sources

Pollination Plant Floral visitor Proportion of visits to the flowers Proportion of visits without 1
of a given plant species made pollen transportation and
by a floral visitor resulting in where the floral visitors
pollen deposition and behave as consumers rather
transfer. than as legitimate pollinator.

Grazing Plant Herbivore Proportion of seeds of a given Proportion of seeds actually 2
plant species accidentally consumed by grazing
endozoochorously dispersed ungulates.
by grazing ungulates.

Synzoochory Plant Granivore Proportion of seeds of a plant Proportion of seeds consumed by 3
species cached by a a species of granivorous
granivorous species. species.

Ant tending Aphid Ant Proportion of ant-tended aphids  Proportion of ant-tended aphids 4
that are not preyed upon by preyed by ants.
ants.

Brood parasitism Cuckoo Host Proportion of cuckoos that Proportion of cuckoos that 5
parasite naive hosts lacking parasite experienced hosts
experience and cognitive that kill the parasite eggs or
abilities to kill their parasites. chicks.

Predation Invertebrates Waterbirds  Proportion of live and viable Proportion of ingested 6
invertebrates passing though invertebrates that are killed
the digestive tract and and eventually digested.
defecated.

Intraguild predation Carnivore Carnivore Proportion of events where the Proportion of events where the 7
individual of species i is individual of species i is
larger than the individual of smaller than the individual of
species j in systems where species j where predation is
predation is size-dependent. size-dependent.

Facilitation/competition Plant Plant Proportion of seedlings of a plant Proportion of seedlings of a plant 8
surviving when associated dying when associated with
with another plant species another plant species

Endoparasitism Microparasite Host Proportion of parasites surviving  Proportion of parasites killed by 9

to the attack of the immune
responses

the immune system

Note: In all cases, the immediate outcomes are measured on species i as a consequence of the interaction with species j. The column “Sources” includes studies
where this metric has been empirically recorded in real systems. (1) Herrera, 1987; Spira et al., 1992; (2) Delibes et al., 2017; (3) Gémez et al., 2019; (4) Stadler
& Dixon, 2005; (5) Molina-Morales et al., 2014; (6) Martin-Vélez et al., 2022; van Leeuwen et al., 2012; (7) Polis et al., 1989; (8) Castillo et al., 2010;

(9) Ariyaratne & Finney, 2019; Meeusen & Balic, 2000.

interactions (see below). (2) r; was fixed to 1. (3) h; and e¢;,
were fixed to 50. We found that the transient phase was
completed, and an equilibrium state was achieved after
100 generations (a numerical integration after 1000 gen-
erations provided identical results).

The overall effect, whether positive or negative, of one
species on another species needs to be evaluated by compar-
ing population growth with and without the presence of the
interacting species (Bogdziewicz et al., 2020; Zwolak &
Crone, 2012). To do this, we compared the population sizes
of each interacting species resulting from running our

model at all combinations of P; and P, values with the
outcomes obtained from a model solved in the absence of
the interaction. To do this, the final population sizes of Ny
and N, obtained from the models for each of the 16 resulting
scenarios were compared with those obtained from a model
solved by fixing all per-capita interaction parameters
(0g, 01, €1, €2) to zero. The comparison between the models
with and without interaction was made using an index
widely used in ecology to determine experimentally the out-
come of the interactions, the Relative Interaction Intensity
(RII; Armas et al., 2004). We calculated RII as
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with Interaction without Interaction
N; N;

3)
with Interaction without Interaction (
N; +N;

Where N; is the population size at equilibrium after 100
generations. RII varies between —1 (when N;Vi interaction g
zero) and 1 (when N;Vithout inferaction §5 7e10) and is symmetri-
cal around zero (Armas et al., 2004). The symmetry property
is important since it allows comparing positive and negative
outcomes on the same scale (Chamberlain et al., 2014).
Negative values indicate that the effect of species j on i is neg-
ative, while positive values indicate positive effect of species
jon i. We plotted all the RII values in a 2-dimensional space
defined by variations in P; and P, (P-space hereafter) and
marked the regions where bifurcations occur. In the
resulting P-space, we identified the regions where the out-
come of the interactions is positive for both species, for only
one species, and for neither species.

All Mathematical codes are available in Zenodo/Github
(ptorres-ugt., 2023).

Exploring the continuum in interaction
outcomes

The continuum in interaction outcomes was explored by
observing how RII values of species 1 vary depending on
the gradual change in P, for each of the combinations of
per-capita interaction strengths. We identified in each
case the P; critical values where RII changes from nega-
tive values to zero or positive values (P;* hereafter).
Because RII is calculated at equilibrium, P,* is the value
of P; at which interaction changes sign for species 1. This
analysis was made for several values of P, to check for
possible interactions between P; and P,. Because the
model is symmetrical, the results are identical for the spe-
cies 2 and, therefore, are not shown here.

RESULTS
Variation in interaction outcomes

The comparison of the population sizes at equilibrium
with and without interactions by means of RIIs indicates
that the whole range of outcomes can be found occupy-
ing different regions of the P-space (Figure 2). In addi-
tion, this analysis also shows the existence of transitions
between positive and negative outcomes (Figure 2).
Interestingly, the patterns followed by these transitions
varied depending on the values of the per-capita interac-
tion parameters (Figure 2).

When all per-capita interactions are weak (Figure 2a),
the P-space is divided in four almost identical regions

identifying the combination of positive and negative
outcomes for each of the two species. The interaction is
negative for the two species when their P; values are low,
changing to positive as P; values increase. Consequently,
the interaction is —, — in the bottom left corner of the
P-space, +, + in the upper right corner and +, — in
the other two corners (Figure 2a). When increasing the
strength of the positive per-capita interaction (e; and/or
€, = 0.9), the pattern of transition is qualitatively similar,
differing only in the relative extension of the region
associated with positive and negative outcomes and the
P; values where the negative-positive transitions occur
(Figure 2b-d).

A qualitatively different situation is observed when
the per-capita negative interaction of species 1 onto spe-
cies 2 is strong (a, = 0.9). In this case, species 2 becomes
extinct below a given threshold of P,, the exact position
of this threshold depending on the value of the other
three per-capita interaction parameters (Figure 2e-h).
This creates a large region of the P-space where the inter-
action is absent. In the region where both species coexist,
the behavior of the system is similar to the previous four
scenarios, with a steady change from antagonism to mutu-
alism as the proportion of positive interactions increases.
The symmetrical situation, when the per-capita negative
interaction of species 2 onto species 1 is strong (o; = 0.9),
causes opposite scenarios (Figure 2i-1). In this case species
1 becomes extinct at low values of P;, that is, a high pro-
portion of positive interactions are necessary for species
1 to survive, and the region of P-space where both species
coexist is again small. The change from negative to positive
effects occurs for species 1 at large values of P;
(Figure 2i-1).

Another qualitatively different situation is observed
when both per-capita negative interactions are strong
(o = ap = 0.9) (Figure 2m-p). When this occurs, one or
both species become extinct in a large region of the
P-space, causing the interaction to collapse. The small
region of the P-space where the two species can coexist
is divided in four subregions where the interaction is neg-
ative for both species, negative for one species, and
positive for the other, or positive for both species
(Figure 2m-p). In the language of the classical theory of
catastrophes (Kuznesov, 1998; Poston and Stuart, 1979),
what we found in this scenario is a subcritical cusp bifur-
cation. Outside the cusp, one of the species becomes
extinct (Figure 3). Inside the cusp (white areas), there are
three nontrivial equilibria and only one of them is stable
(Figure 3). The stable manifold of the two unstable equi-
libria determines the frontier of the coexistence area.

To check the robustness of our results, we changed
the values of o, oy, €1, €, in a continuous way from 0.1 to
0.9 and recorded the resulting changes in the P-space
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FIGURE 2 Transitions between interaction outcomes, quantified as changes in the sign of RII values, across the P-space for two
contrasting values (0.1 and 0.9) of the negative (;) and positive (g;) per-capita interaction strengths. The x and y axes of each panel depict the
continuous variation of P; and P, from 0 to 1, respectively. Red thin lines delimit the regions of the P-space with different interaction
outcomes. As depicted in the (a) panel at the lower-left corner, the upper-right region delivers mutualistic outcomes (+, +), the upper-left
and the lower-right deliver antagonistic outcomes (—, +) and (+, —), and the lower-left region competitive interactions (—, —). Thick black
lines delimit the region of the P-space where interaction collapses because one or both species become extinct. Gray areas are the regions
where N; becomes extinct, red areas are the regions where N, becomes extinct, and white areas are the regions where both species coexist.
The blue arrows indicate the transition between scenarios as we change the parameters of the model (alphas and epsilons) from 0.1 to 0.9.

patterns. We observed the existence of a smooth transi-
tion between any pair of scenarios, represented by blue
arrows in Figure 2. The region of extinction for any of the
two species appeared when the corresponding o; > 0.32.
We additionally checked the robustness of our results by
changing two orders of magnitude the values of both r;
and r,, from 0.1 to 1 to 10 for each of the 16 scenarios.
The patterns appearing when changing the per-capita
growth rates reflect what we have found when changing
the other saturation parameters (Appendix S1). This
includes the existence of regions in the P-spaces where
one of the species becomes extinct and the appearance
of cusp bifurcations when r’s values are low and

symmetrical (Appendix S1). All these analyses suggest
that the patterns that we found and are provided in
Figure 2 are robust.

Continua in interaction outcomes

Our analysis shows that the value of P,* varies depending
on the relative strengths of positive and negative
per-capita interactions and the proportion of positive
immediate effects of species 1 on 2 (P,) (Figure 4).

When the negative per-capita interaction is weak for
species 1 and both positive per-capita interactions are
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FIGURE 3 Phase-plane diagrams for the population dynamics of the two interacting species when positive interactions (e; = €, = 0.1)
are weak and negative interactions (a; = a, = 0.9) are strong (scenario m in Figure 2). Upper diagram illustrates a situation where both
species coexist but the interaction is negative for both of them (the region marked in the bifurcation diagram with the arrow). Bottom
diagram illustrates a situation where species 1 has gone extinct and species 2 stays (the region marked in the bifurcation diagram with the
arrow). Thick lines are separatrices (frontiers between extinction and coexistence regions), stable equilibria are notated with black filled
nodes, unstable equilibria with red nodes, and saddle points with hollow nodes.
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FIGURE 4 Continua in interaction outcomes for species 1 depicting the change in the sign of the RII values as a function of changes

in the proportion of positive individual interactions (P,), for strong (0.9) and weak (0.1) values of positive (e;, €,) and negative (o, a,) per-capita

interaction strengths, and proportion of positive individual interactions for the other interacting species (P,). The critical values of P; at which

the changes in the sign of the RII values take place (P,*) are shown by arrows. The a-p letters inside each panel show the different

combinations of alphas and epsilons that correspond with the scenarios shown in Figure 2.

also weak (o; =€, =€, =0.1, Figure 4a,e), a gradual
increase in the values of RII is observed, with P;* equal
to 0.5 for all P, values (Figure 4a,e). When negative
per-capita interaction is weak for species 1 (a; = 0.1) but
positive per-capita interaction is strong for species 2
(e2=0.9), P;* is 0.6 (Figure 4b,f). When negative
per-capita interaction is weak 1 (a; = 0.1) but positive
per-capita interaction is strong (e; = 0.9) for species 1,
there is also an steady increase in the RII, but P;* occurs
this time at much lower values, the exact point
depending on the value of P,, the smaller the P, value
the sooner the change from negative to positive
(Figure 4c,d,g,h). That is, the interaction is positive for a
given species not only due to the proportion of positive
immediate outcomes receiving from the other species but
also depending on the proportion of negative immediate
outcomes giving to the other species.

When negative per-capita interaction is strong only
for species 1 («; = 0.9) but positive per-capita interaction
is weak (e; = 0.1), RII of species 1 is —1 during most of
the range of P; values, indicating that N; is zero and
species 1 is extinct (Figure 4i,j). At intermediate values of
P,, the abundance of species 1 suddenly increases and
RII becomes larger than zero, the interaction changing
from negative to positive (Figure 4i). P;* is thus reached

at large values of P, (Figure 4ij). When the positive
per-capita interaction for species 1 becomes strong
(e1 = 0.9), P* isreached at intermediate values (Figure 4k).
When the two positive per-capita interaction parameters
become strong, the behavior of the continua becomes more
complex (Figure 41). So, RII is still —1 for a large range of P,
values. However, and contrasting with the previous situa-
tion, the increase in abundance of species 1 occurs at differ-
ent values of P; for different values of P,, and P;* values are
more evenly distributed. Again, P;* occurs later at larger
values of P, (Figure 41).

The most complex behavior occurs when all
per-capita negative interactions are strong (Figure 4m-p).
In this situation, RII is zero along all P; values if P, is
zero. This is a surprising result, because it means that
when species 1 has not any positive effect on species 2, it
does not benefit from the interaction. When P, is low
(P,=02 & 0.4), RIT is —1 during a short range of P;
values, rising then to zero for the rest of the P; values.
This means that when species 1 has scarce positive effects
on species 2, it goes extinct unless it receives a certain
amount of positive interactions from its partner. In any
case, RII values do not rise above zero, meaning that the
interaction is not beneficial for species 1. At intermediate
values of P, (P, =0.6), RII is —1 during a considerable
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range of P; values, rising then to positive values
but dropping again to zero at large values of P;
(Figure 4m-p). Only when P, is large (P, = 0.8 & 1.0) RII
remains positive, although P;* is over 0.50. That is, spe-
cies 1 must have frequent positive effects on species 2 to
obtain a benefit from the interaction.

DISCUSSION
Novelty and generality of our model

Biotic interactions have been intensely examined, both
theoretically and empirically, during the last century, and
because of the vast body of knowledge accumulated dur-
ing this period, some general principles have been devel-
oped. However, there are still significant gaps that need
to be addressed to build a comprehensive and definitive
theory on the evolutionary and ecological consequences
of biotic interactions. One of the most relevant gaps in
the theory of biotic interactions is related to the fact that
they are ecologically and evolutionarily labile. This
implies that many interactions do not have precise signs,
blurring the boundaries between the different types of
interactions (Holland & DeAngelis, 2009). Sometimes,
the interacting organisms play dual roles (Gémez et al.,
2019; Thompson, 1982, 1988, 2005). Consequently, most
of the time, the outcomes of biotic interactions move
along a continuum (Johnson et al., 1997). The models
developed up to date have successfully described the
context dependency of biotic interactions (Holland &
DeAngelis, 2009, 2010; Ke & Nakazawa, 2018; McGill,
2005; Neuhauser & Fargione, 2004; Revilla & Encinas—
Viso, 2015; Wang et al., 2011; Zwolak & Crone, 2012).
We provide here a model that goes one step further and
shows that the outcome of the interactions may vary in
such a way that continua in interaction outcomes may
occur even without any change in the context. This
occurs because our model approaches the interaction
between any pair of species from their fundamental com-
ponents, the interaction events. In comparison to previ-
ous models, the presence in our model of the parameter
P;, a parameter that indicates the proportion of interac-
tion events that are positive or negative for the
interacting organism, allows modeling the occurrence of
variation in the immediate outcomes of the interactions.
By including the idea of distributed and dual outcomes,
the model is more realistic and interaction events vary in
their immediate outcomes (positive vs. negative) even
under the same environmental conditions.

An important distinctiveness of our theoretical
approach is that it teases apart the direct negative effect
of an organism on the fitness of its partner from the

decrease in fitness resulting from the investment in the
production and maintenance of interaction traits,
because the negative term in our model is not the cost
caused by investing in an interaction trait but the nega-
tive numeric response of one species to the interaction
with the other species. This opens the possibility of evalu-
ating separately the effect resulting from establishing an
interaction from that of displaying a trait that it is useful
only when the interaction occurs. In the current assess-
ment of the model, we have not considered any cost of the
interaction traits, to focus on the consequences of chang-
ing the magnitude of the parameters of the dual immediate
effects. In addition, because we have not explored the sys-
tematic variation in other parameters, we cannot predict
the behavior of the system across these dimensions of the
parameter space. We will explore in future studies the con-
sequences of modifying the magnitude of these parameters
for the transition patterns found here. Nevertheless, we are
confident that the pattern shown in this study is robust,
since it remained similar after the perturbation of satura-
tion parameters and the maximum per-capita growth rate.

Our model also describes those situations where both
partners are negatively affected, as shown by the —, —
region appearing in most P-space scenarios of Figure 2.
This type of mutually negative interactions is tradition-
ally associated with competitive interactions. Because our
model focuses on direct interactions, it cannot be applied
to classic exploitative indirect competitions. Nevertheless,
when competition occurs by interference, the interaction
is direct. In many of these competitive interactions, one
partner may even provide a service to the other partner.
For example, many competing plants may facilitate the
growth, reproduction, and survival of their partners by
ameliorating the stressful environmental conditions
(Bertness & Callaway, 1994). In this type of interactions,
outcomes can range from —, — to —, 0 to —, + and even
+, + (Yang et al., 2022). Mutually negative interactions
may occur in non-competitive interactions. They may occur
in, for example, interactions where the preys consume some
life-history stages of their parasitoids (Obregdn et al. 2012)
or Kkill their predators (Cowlishaw, 1994; Mukherjee &
Heithaus, 2013), or when predators are engaged in mutual
predation and intraguild predation (Polis et al., 1989).
Mutually negative outcomes may even happen within the
context of mutualistic interactions. For example, some
ant-tended Lycaenid butterflies could compete with their
mutualistic tending ants when they are adults because they
visit the same plant species for floral nectar (Atsatt, 1981).
Likewise, many bird and mammal species that forage
together forming mutualistic heterospecific groups can
sometimes compete and interfere agonistically (Cimprich &
Grubb, 1994; Pomara et al., 2003; Stensland et al., 2003;
Zamora et al., 1992).
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As a consequence of our theoretical approach, our
model uses the same equation to model those direct inter-
actions that are always negative (i.e., many predator—prey
interactions or interference competitions), always positive
(i.e., many mutualisms and commensalisms), and those
interactions where positive and negative immediate out-
comes coexist (Butterfield & Callaway, 2013; Callaway &
Walker, 1997; DiSalvo et al., 2015; Gomez et al., 2019;
Johnson et al.,, 1997; Johnson & Graham, 2013; Lin &
Koskella, 2015; Mandyam & Jumpponen, 2015; Paige &
Whitham, 1987; Regus et al., 2015; Saikkonen et al., 1998).
Therefore, a main strength of this model is its generality,
because it can be applied to any classical type of interspe-
cific interaction.

Main predictions of our model

Our model contains several testable predictions about
how the continua in the outcomes of biotic interactions
behave. First, our model predicts that the critical value of
P; where the transition between positive and negative
outcomes occurs is not fixed but varies depending on the
per-capita interaction strengths. Specifically, we found
that mutualistic interactions are more likely not only
when positive immediate outcomes are more frequent
but also when per-capita positive interactions are
strong because mutualistic partners are more effective
(e.g., €1 = 0.9, Figure 4). This finding is congruent with
the results obtained from many previous models examin-
ing mutualistic interactions (Hale & Valdovinos, 2021).
Interestingly, our model has found that strong per-capita
positive interactions facilitate the occurrence of mutual-
isms even when the proportion of interaction events with
negative immediate outcomes is high (i.e., low values of
P, and P,), an indication of the frequent occurrence of
cheating interactions. Presence of cheaters is common in
most mutualisms (Jones et al. 2015; Sachs, 2015), where
they seem to improve their stability (Ferriere, 2002;
Foster & Kokko, 2006), diversity, and complexity
(Wechsler & Bascompte, 2022). Our model is in concor-
dance with these theoretical results, and it also predicts
that mutualisms can be stable even under the presence of
a considerable frequency of cheaters as long as the bene-
ficial effect of the mutualistic partners is high.

It is widely admitted the existence of a trade-off between
interaction strength and stability of consumer-resource
models (Murdoch et al., 2003; Ushio et al., 2018; Vasseur &
McCann, 2005). Whereas an increase in the per-capita
interaction strength has been frequently associated
with the destabilization of consumer-resource interactions
(McCann, 2012; Vasseur & McCann, 2005), many
theoretical and empirical studies have shown that

weak interactions often lead to greater stability
(Barabas et al., 2016; Gellner & McCann, 2016; Karakoc
et al, 2020; May, 1974; McCann et al., 1998; Ushio
et al., 2018). Our model is again in concordance with these
theoretical predictions and found that an increase in
per-capita strength of the antagonistic interaction may
result in a crash in the populations of the interacting organ-
ism that may lead to its extinction. In those scenarios where
per-capita negative interactions are strong there is an ample
region of the parameter space where one species goes to
extinction. However, this effect vanishes when increasing
the frequency of interacting events with positive immediate
outcomes for the resource. That is, our model predicts that
increasing the proportion of positive interaction events
counteracts the detrimental effect of strong negative inter-
actions and confers stability to the system.

However, the shapes of the continua in interaction
outcomes (P;*) are molded not only by the P; values but
also by the relative proportion of P; and P; values. In fact,
as shown in Figure 4, the interaction is positive for a
given species not only due to the proportion of positive
immediate outcomes receiving from the other species (P;)
but also depending on the proportion of positive immedi-
ate outcomes providing to the other species (P;). When
the per-capita interaction strengths are high, our model
predicts that the relevance of P; is more important, and
that the more beneficial a given species is for the other
species the more detrimental it is for itself (i.e., a larger
value of P; is needed to reach the threshold from negative
to positive outcome). This is an interesting prediction
that merits further testing with the establishment of
empirical experiments. Altogether, these results suggest
that the continua in interaction outcomes are not just a
linear function of the proportion of positive versus nega-
tive interaction events affecting the target species but are
also influenced by retroactive effects mediated by the
population dynamics of the partner species.

Properties of the continua in interaction
outcomes

Any continuum in interaction outcomes can be envisaged
as a gradient resulting from the combination of per-event
effects of one interacting species on its partner. Our theo-
retical approach may help to identify some general prop-
erties of continua in interaction outcomes.

First, continua in interaction outcomes can occur just
for one member or for both members of the interacting
pair. This is because, although ecological interactions are
defined by the occurrence of reciprocal, bidirectional
effects, they are actually the combination of two unidirec-
tional effects (Vazquez et al., 2015; Yodzis, 1988). This
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property, the fact that continua can be unidirectional or
bidirectional, is crucial because it is the main reason
why the continua does not range along one single
mutualism-antagonism axis but can also take place along
the two axes defined by the two effects occurring in any
pairwise interaction (Figure 1B). This bidimensionality of
the continuum is what causes the range not only between
mutualism and antagonism but also commensalism,
ammensalism, and competition (Figure 1B).

Second, continua in interaction outcomes have been
proposed mostly when comparing the between-context
variation in interaction outcomes (Canestrari et al., 2014;
Lin & Koskella, 2015; Maschinski & Whitham, 1989;
Saikkonen et al., 1998). In this case, continua in interac-
tion outcomes are the consequence of the occurrence of
interaction norms (Figure 1A). However, our theoretical
approach shows that continua in interaction outcomes is
multilevel and can also occur within context as a conse-
quence of within-population variation in dual immediate
outcomes (Lin & Koskella, 2015; Mandyam & Jumpponen,
2015; Regus et al., 2015). That is, our model indicates that
the existence of context-dependency is not necessary for the
occurrence of continua in interaction outcomes. In fact, we
propose that dual outcomes at within-context level may
scale up and cause the appearance of context dependency.
Under this idea, continua expressed at higher levels of inter-
action (individuals, populations, and species) are the conse-
quence of dual outcomes occurring at the lowest level of
interactions (interaction events).

Third, continua in interaction outcomes have often
been presented as patterns resulting from combining
information of multiple and disparate pairwise interac-
tions (Gomez et al., 2019; Johnson et al., 1997; Johnson &
Graham, 2013; Perea et al., 2013; Saikkonen et al., 1998;
Stadler & Dixon, 2005). However, because the continuum
in interaction outcomes is a pattern that informs us about
how fuzzy is the outcome of particular biotic interactions,
we consider that it has theoretical and empirical signifi-
cance mostly when explored for pairs of interacting spe-
cies separately or for one species interacting with a set of
species (Figure 1A). In this sense, our proposal is analo-
gous to the approach used to study context dependency, a
phenomenon considered to be a property of each single
pairwise interaction (Chamberlain et al., 2014).

Applicability of the model to real-world
ecological interactions

A fundamental consideration is to assess how applicable
is our theoretical approach. The only extra information
that our model requires with respect to previous models
is the distribution of immediate outcomes of interaction

events. Although gathering this information could be
considered a difficult task, this approach is already
taken by field ecologists working on interaction effective-
ness, interaction intensity, coevolution, eco-evolutionary
dynamics, individual specialization, or individual-based
networks (e.g., Bolnick et al., 2003; Brehm & Mortelliti,
2022; Gomez et al., 2019; Thompson, 1988, 2005). To
show the applicability of our model, we briefly describe
here some aspects of the natural history of a few interac-
tions to show how the distribution of immediate out-
comes of interaction events is routinely assessed. For
example, when assessing the trophic interaction between
waterbirds and their invertebrate preys, many studies
have counted the proportion of live and viable inverte-
brates appearing in feces and pellets (P;), in some cases
after having been fed a known number of invertebrates,
versus the proportion that were killed and consumed dur-
ing the digestion process (1—P;) (Martin-Vélez et al.,
2022; van Leeuwen et al., 2012). Likewise, when studying
the interactions between plants and synzoochorous seed
dispersers, studies usually quantify the proportion of
encounter seeds that are dispersed (P;) to be eventually
cached in different microsites differing in suitability for
seed germination, seedling emergence and survival, versus
the proportion of those killed and consumed in situ (1—P;)
(e.g., Forget, 1992; Goémez, 2003; Gomez et al., 2008;
Mufioz & Bonal, 2007; Pesendorfer et al.,, 2016). When
studying the effectiveness of floral visitors as pollinators,
many studies quantify the proportion of visited flowers
receiving some pollen on the stigma or donating some pol-
len to the visitors (P;) versus those where the visitors did
not touch the stigma or anthers and consumed pollen
and/or nectar without transporting and transferring
pollen and behavior (1—P;) (Herrera, 1987; Spira et al.,
1992). When studying the interaction between vertebrates
and their endoparasites, many studies record the propor-
tion of parasites surviving to the attack of the immune
responses and thereby infecting and living on the host tis-
sues (P;) versus those killed by some immune system
components such as eosinophils and macrophages (1—P;)
(Ariyaratne & Finney, 2019; Meeusen & Balic, 2000).
These few examples, selected from a wider diversity of
other interactions with similar information, indicate that
our model can be easily applied to real-world ecological
interactions.

Scaling up from pairwise interactions to food webs and
interaction networks has been done by extending
consumer-resource models to a multi-species level (Hale,
Valdovinos & Martinez, 2020; Lockwood et al., 1997;
Montoya & Solé, 2003; Pimm, 1980; Schneider et al., 2016;
Valdovinos et al., 2010; Williams & Martinez, 2000, 2004,
Yan & Zhang, 2019). Under this idea, two-species models
are used as building blocks of more complex systems
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involving many interacting species (Martinez, 2020;
Yodzis & Innes, 1992). The model described in this study
can be also scaled up to generate a multi-species model.
We presume, however, that the resulting model would be
more complex than most previous ones because the
pairwise interactions include both positive and negative
effects. Nevertheless, it is worthy to explore how the exten-
sion and intensity of dual immediate outcomes and the
presence of continua in interaction outcomes may influence
the dynamics of ecological communities (Martinez, 2020;
Yodzis & Innes, 1992), the appearance of higher-order inter-
actions (Kleinhesselink et al., 2022), and the functioning of
ecosystems (Schneider et al., 2016).

CONCLUSIONS

Considering the interaction event as the fundamental unit
that generates the properties of a given pairwise interaction,
we have developed a new model that allows assigning the
position of a given pairwise interaction along a continuum
between competition, antagonism, amensalism, commen-
salism, and mutualism within the same environmental con-
text. This means that the changes in sign are not just
derived from changes in the environmental context, but
essentially originate from the variable roles played by the
interacting partners. Any pairwise interaction could in prin-
ciple change from mutualistic to commensalistic to antago-
nistic to competitive within the same context. The general
model described here provides a useful tool for assessing
the net impact of interacting organisms on their partner for
any type of interspecific interaction, irrespective of the type
of relationship establishing between them. Thus, our model
facilitates the transition from a classical categorical stand-
point of biotic interactions to a more realistic perspective
providing a treatment of the interactions over a continuous
space. This allows the identification of subtle changes in the
distribution of interaction outcomes and affords new
insight, fostering the development of new theoretical and
empirical advances in the study of biotic interactions.

AUTHOR CONTRIBUTIONS
The study was conceived, performed, and written by all
authors.

ACKNOWLEDGMENTS

We thank Javier Galeano, Pedro Jordano, Marcos
Méndez, Adela Gonzilez-Megias, Eugene W. Schupp,
and three anonymous reviewers for their comments on a
preliminary version of this manuscript. This work has
been partially funded by the Spanish Ministry of Science
grant PID2021-126456NB and the MICINN through
European Regional Development Fund SUMHAL

LIFEWATCH-2019-09-CSIC-13. This is a contribution to
the Research Unit Modeling Nature, funded by the
Consejeria de Economia, Conocimiento, Empresas y
Universidad, and European Regional Development Fund
(ERDF), reference QUALIFICA 00011.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

No data were collected for this study. Codes
(ptorres-ugr, 2023) are available Zenodo at https://doi.
org/10.5281/zenodo.7551807.

REFERENCES

Abrams, P. A. 1987. “On Classifying Interactions between
Populations.” Oecologia 73: 272-81.

Abrams, P. A., and L. R. Ginzburg. 2000. “The Nature of Predation:
Prey Dependent, Ratio Dependent or neither?” Trends Ecol.
Evol 15: 337-41.

Aratijo, M. S., D. L. Bolnick, and C. A. Layman. 2011. “The
Ecological Causes of Individual Specialisation.” Ecology Letters
14: 948-58.

Arditi, R., and L. R. Ginzburg. 1989. “Coupling in Predator-Prey
Dynamics: Ratio-Dependence.” Journal of Theoretical Biology
139: 311-26.

Arditi, R., and L. R. Ginzburg. 2012. How Species Interact: Altering
the Standard View on Trophic Ecology. Oxford: Oxford
University Press.

Ariyaratne, A., and C. A. Finney. 2019. “Eosinophils and
Macrophages within the Th2-Induced Granuloma: Balancing
Killing and Healing in a Tight Space.” Infection and Immunity
87: e00127-19.

Armas, C., R. Ordiales, and F. I. Pugnaire. 2004. “Measuring Plant
Interactions: A New Comparative Index.” Ecology 85: 2682-6.

Atsatt, P. R. 1981. “Lycaenid Butterflies and Ants: Selection for
Enemy-Free Space.” The American Naturalist 118: 638-54.

Barabas, G., J. M. Michalska-Smith, and S. Allesina. 2016. “The
Effect of Intra- and Interspecific Competition on Coexistence
in Multispecies Communities.” American Naturalist 188:
E1-E12.

Begon, M. R, C. R. Townsend, and J. L. Harper. 2006. Ecology:
From Individuals to Ecosystems, 4th ed. Malden:
Wiley-Blackwell.

Belsky, A. J., W. P. Carson, C. L. Jensen, and G. A. Fox. 1993.
“Overcompensation by Plants: Herbivore Optimization or Red
Herring?” Evolutionary Ecology 7: 109-21.

Berryman, A. A. 1992. “The Origin and Evolution of Predator-Prey
Theory.” Ecology 73: 1530-5.

Bertness, M. D., and R. Callaway. 1994. “Positive Interactions in
Communities.” Trends in Ecology & Evolution 9: 191-3.

Bogdziewicz, M., E. E. Crone, and R. Zwolak. 2020. “Do Benefits of
Seed Dispersal and Caching by Scatter-Hoarders Outweigh the
Costs of Predation? An Example with Oaks and
Yellow-Necked Mice.” Journal of Ecology 108: 1009-18.

Bolnick, D. I, P. Amarasekare, M. S. Araujo, R. Biirger, J. M.
Levine, M. Novak, V. H. W. Rudolf, S. J. Schreiber,
M. C. Urban, and D. A. Vasseur. 2011. “Why Intraspecific

85U801 SUOWWOD SAIERI 3(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|Nn 10y ArIq1T8UlUO /8|1 O (SUOTHPUOD-PUR-SLLIBY/LIOD A8 | 1M ARe.d 1 [Bu[UO//SNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/70/70] uo Akeiqiauljuo AB[IM *(-oul eAnde) agqnopesy Aq Ge6€"A98/200T 0T/I0p/LLoo"A8|Im Areiq1jpul|uo s euIno fesa//:sdiy Woly pepeojumod ‘ ‘€202 ‘0L T66E6T


https://doi.org/10.5281/zenodo.7551807
https://doi.org/10.5281/zenodo.7551807

ECOLOGY

| 15 of 18

Trait Variation Matters in Community Ecology.” Trends in
Ecology & Evolution 26: 183-92.

Bolnick, D. I., R. Svanbick, J. A. Fordyce, L. H. Yang, J. M. Davis,
C. D. Hulsey, and M. L. Forister. 2003. “The Ecology of
Individuals: Incidence and Implications of Individual
Specialization.” American Naturalist 161: 1-28.

Brehm, A. M., and A. Mortelliti. 2022. “Small Mammal
Personalities Generate Context Dependence in the Seed
Dispersal Mutualism.” PNAS 119: e2113870119.

Bronstein, J. L. 1994. “Conditional Outcomes in Mutualistic
Interactions.” Trends in Ecology & Evolution 9: 214-7.

Bronstein, J. L. 2015. “The Study of Mutualism.” In Mutualism,
edited by J. L. Bronstein, 3-19. Oxford: Oxford University Press.

Butterfield, B. J., and R. M. Callaway. 2013. “A Functional
Comparative Approach to Facilitation and its Context
Dependence.” Functional Ecology 27: 907-17.

Callaway, R. M., and L. R. Walker. 1997. “Competition and
Facilitation: A Synthetic Approach to Interactions in Plant
Communities.” Ecology 78: 1958-65.

Canestrari, D., D. Bolopo, T. C. J. Turlings, G. Roder, J. M. Marcos, and
V. Baglione. 2014. “From Parasitism to Mutualism: Unexpected
Interactions between a Cuckoo and its Host.” Science 343: 1350-2.

Carper, A. L., L. S. Adler, and R. E. Irwin. 2016. “Effects of
Florivory on Plant-Pollinator Interactions: Implications for
Male and Female Components of Plant Reproduction.”
American Journal of Botany 103: 1061-70.

Castillo, J. P., M. Verdu, and A. Valiente-Banuet. 2010.
“Neighborhood Phylodiversity Affects Plant Performance.”
Ecology 91: 3656-63.

Chamberlain, S. A., J. L. Bronstein, and J. A. Rudgers. 2014. “How
Context Dependent Are Species Interactions?” Ecology Letters
17: 881-90.

Cheplick, G. P., and S. Faeth. 2009. Ecology and Evolution of the
Grass-Endophyte  Symbiosis. New York, USA: Oxford
University Press.

Cimprich, D. A., and T. C. Grubb, Jr. 1994. “Consequences for
Carolina Chickadees of Foraging with Tufted Titmice in
Winter.” Ecology 75: 1615-25.

Cowlishaw, G. 1994. “Vulnerability to Predation in Baboon
Populations.” Behaviour 131: 293-304.

Cushman, J. H., and J. F. Addicott. 1991. “Conditional Interactions
in Ant-Plant-Herbivore Mutualisms.” In Ant-Plant Interaction,
edited by C. R. Huxley and D. F. Cutler, 92-103. Oxford:
Oxford University Press.

Cushman, J. H.,, and T. G. Whitham. 1989. “Conditional Mutualism
in a Membracid-Ant Association: Temporal, Age-Specific, and
Density-Dependent Effects.” Ecology 70: 1040-7.

Dangles, O. 2019. “A Dynamic Model of Facilitation on
Environmental Stress Gradients.” Oikos 128(8): 1206-14.

Delibes, M., I. Castafieda, and J. M. Fedriani. 2017. “Tree-Climbing
Goats Disperse Seeds during Rumination.” Front. Ecol.
Environm. 15: 222-3.

DiSalvo, S., T. S. Haselkorn, U. Bashir, D. Jimenez, D. A. Brock,
D. C. Queller, and J. E. Strassmann. 2015. “Burkholderia
Bacteria Infectiously Induce the Proto-Farming Symbiosis of
Dictyostelium Amoebae and Food Bacteria.” Proc. Natl. Acad.
Sci. USA 112: E5029-37.

Ewald, P. W. 1987. “Transmission Modes and Evolution of the
Parasitism-Mutualism Continuum.” Ann. N.Y. Academy of
Sciences 503: 295-306.

Feng, Z., and D. L. DeAngelis. 2018. Mathematical Models of
Plant-Herbivore Interactions. Boca Ratén: Chapman &
Hall/CRC.

Ferriere, R., J. L. Bronstein, S. Rinaldi, R. Law, and M. Gauduchon.
2002. “Cheating and the Evolutionary Stability of
Mutualisms.” Proceedings of the Royal Society of London B 269:
773-80.

Forget, P.-M. 1992. “Seed Removal and Seed Fate in Gustavia
Superba Lecythidaceae.” Biotropica 24: 408-14.

Foster, K. R., and H. Kokko. 2006. “Cheating Can Stabilize
Cooperation in Mutualisms.” Proceedings of the Royal Society
of London. B 273: 2233-9.

Frederickson, M. E. 2017. “Mutualisms Are Not on the Verge of
Breakdown.” Trends in Ecology & Evolution 32: 727-34.

Gellner, G., and K. S. McCann. 2016. “Consistent Role of Weak and
Strong Interactions in High- and Low-Diversity Trophic Food
Webs.” Nature Communications 7: 11180.

Gibert, J. P., and C. E. Brassil. 2014. “Individual Phenotypic Variation
Reduces Interaction Strengths in a Consumer-Resource System.”
Ecology and Evolution 4: 3703-13.

Gomez, J. M. 2003. “Spatial Patterns in Long-Distance Dispersal of
Quercus Ilex Acorns by Jays in a Heterogeneous Landscape.”
Ecography 26: 573-84.

Goémez, J. M., C. Puerta-Pifiero, and E. W. Schupp. 2008.
“Effectiveness of Rodents as Local Seed Dispersers of Holm
Oaks.” Oecologia 155: 529-37.

Goémez, J. M., E. W. Schupp, and P. Jordano. 2019. “Synzoochory:
The Ecological and Evolutionary Relevance of a Dual
Interaction.” Biological Review 94: 874-902.

Granéli, E., and J. T. Turner. 2006. Ecology of Harmful Algae.
Heidelberg: Springer.

Green, A. J., and M. L. Sdnchez. 2006. “Passive Internal Dispersal of
Insect Larvae by Migratory Birds.” Biology Letters 2: 55-7.
Hale, K. R, and F. S. Valdovinos. 2021. “Ecological Theory of
Mutualism: Robust Patterns of Stability and Thresholds in
Two-Species Population Models.” Ecology and Evolution 11:

17651-71.

Haskell, E. F. 1949. “A Clarification of Social Science.” Main
Currents in Modern Thought 7: 45-51.

Herrera, C. M. 1987. “Components of Pollinator" Quality": Comparative
Analysis of a Diverse Insect Assemblage.” Oikos 50: 79-90.

Hoeksema, J. D., and E. M. Bruna. 2015. “Context-Dependent Outcomes
of Mutualistic Interactions.” In Mutualism, edited by J. L.
Bronstein, 181-202. New York: Oxford University Press.

Hoeksema, J. D., V. B. Chaudhary, C. A. Gehring, N. C. Johnson,
J. Karst, R. T. Koide, A. Pringle, et al. 2010. “A Meta-Analysis
of Context-Dependency in Plant Response to Inoculation with
Mycorrhizal Fungi.” Ecology Letters 13: 394-407.

Holland, J. N., and D. L. DeAngelis. 2009. “Consumer-Resource
Theory Predicts Dynamic Transitions between Outcomes of
Interspecific Interactions.” Ecology Letters 12: 1357-66.

Holland, J. N., and D. L. DeAngelis. 2010. “A Consumer-Resource
Approach to the Density-Dependent Population Dynamics of
Mutualism.” Ecology 9: 1286-95.

Jeschke, J. M., M. Knopp, and R. Tollrian. 2002. “Predator
Functional Responses: Discriminating between Handling and
Digesting Prey.” Ecological Monographs 72: 95-112.

Johnson, N. C., and J. H. Graham. 2013. “The Continuum Concept
Remains a Useful Framework for Studying Mycorrhizal
Functioning.” Plant & Soil 363: 411-9.

85U801 SUOWWOD SAIERI 3(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|Nn 10y ArIq1T8UlUO /8|1 O (SUOTHPUOD-PUR-SLLIBY/LIOD A8 | 1M ARe.d 1 [Bu[UO//SNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/70/70] uo Akeiqiauljuo AB[IM *(-oul eAnde) agqnopesy Aq Ge6€"A98/200T 0T/I0p/LLoo"A8|Im Areiq1jpul|uo s euIno fesa//:sdiy Woly pepeojumod ‘ ‘€202 ‘0L T66E6T



16 of 18

GOMEZ ET AL.

Johnson, N. C,, J. H. Graham, and F. A. Smith. 1997. “Functioning
of Mycorrhizal Associations along the Mutualism-Parasitism
Continuum.” New Phytology 135: 575-85.

Jones, E. I, M. E. Afkhami, E. Akcay, J. L. Bronstein, R. Bshary,
M. E. Frederickson, K. D. Heath, et al. 2015. “Cheaters Must
Prosper: Reconciling Theoretical and Empirical Perspectives
on Cheating in Mutualism.” Ecology Letters 18: 1270-84.

Jordano, P. 2016. “Sampling Networks of Ecological Interactions.”
Functional Ecology 30: 1883-93.

Karakog, C., A. T. Clark, and A. Chatzinotas. 2020. “Diversity and
Coexistence Are Influenced by Time-Dependent Species
Interactions in a Predator-Prey System.” Ecology Letters 23: 983-93.

Ke, P.-J., and T. Nakazawa. 2018. “Ontogenetic Antagonism-Mutualism
Coupling: Perspectives on Resilience of Stage-Structured
Communities.” Oikos 127: 353-63.

Kleinhesselink, A. R., N. J. B. Kraft, S. W. Pacala, and J. M.
Levine. 2022. “Detecting and Interpreting Higher-Order
Interactions in Ecological Communities.” Ecology Letters 26:
1604-17.

Kornilev, Y. V., N. D. Natchev, and H. B. Lillywhite. 2023. “Perils of
Ingesting Harmful Prey by Advanced Snakes.” Biological
Reviews 98: 263-83.

Kuznetsov, Y. A. 1998. Elements of Applied Bifurcation Theory,
Second ed. New York: Springer-Verlag.

Lafferty, K. D., G. DeLeo, C. J. Briggs, A. P. Dobson, T. Gross, and
A. M. Kuris. 2015. “A General Consumer-Resource Population
Model.” Science 349: 854-7.

Leary, R. A. 1976. Interaction Geometry: An Ecological Perspective.
General Technical Report NC-22. St. Paul, MN: US Dept. of
Agriculture, Forest Service, North Central Forest Experiment
Station: 22.

Lichstein, J. W., J. Dushoff, S. A. Levin, and S. W. Pacala. 2007.
“Intraspecific Variation and Species Coexistence.” American
Naturalist 170: 807-18.

Lidicker, W. Z. 1979. “A Clarification of Interactions in Ecological
Systems.” Bioscience 29: 475-7.

Lin, D., and B. Koskella. 2015. “Friend and Foe: Factors
Influencing the Movement of the Bacterium Helicobacter
Pylori along the Parasitism-Mutualism Continuum.”
Evolutionary Applications 8: 9-22.

Lloyd-Smith, J. O., S. J. Schreiber, P. E. Kopp, and W. M. Getz.
2005. “Superspreading and the Impact of Individual Variation
on Disease Emergence.” Nature 438: 355-9.

Lockwood, J. L., R. D. Powell, M. P. Nott, and S. L. Pimm. 1997.
“Assembling Ecological Communities in Space and Time.”
Oikos 80: 549-53.

Loreau, M., S. Naeem, P. Inchausti, J. Bengtsson, J. P. Grime,
A. Hector, D. U. Hooper, et al. 2001. “Biodiversity and
Ecosystem Functioning: Current Knowledge and Future
Challenges.” Science 294: 804-8.

Mandyam, K. G., and A. Jumpponen. 2015. “Mutualism-Parasitism
Paradigm Synthesized from Results of Root-Endophyte
Models.” Frontiers in Microbiology 5: 776.

Maron, J. L., K. C. Baer, and A. L. Angert. 2014. “Disentangling the
Drivers of Context-Dependent Plant-Animal Interactions.”
Journal of Ecology 102: 1485-96.

Martinez, N. 2020. “Allometric Trophic Networks from Individuals
to Socio-Ecosystems: Consumer-Resource Theory of the
Ecological Elephant in the Room.” Fr. Ecol. Evol. 8: 92.

Martin-Vélez, V., M. L. Sinchez, A. Lovas-Kiss, F. Hortas, and A. J.
Green. 2022. “Dispersal of Aquatic Invertebrates by Lesser
Black-Backed Gulls and White Storks within and between
Inland Habitats.” Aquatic Sciences 84: 1-10.

Maschinski, J., and T. G. Whitham. 1989. “The Continuum of Plant
Responses to Herbivory: The Influence of Plant Association,
Nutrient Availability, and Timing.” American Naturalist
134: 1-19.

May, R. M. 1974. “Biological Populations with Nonoverlapping
Generations: Stable Points, Stable Cycles, and Chaos.” Science
186: 645-7.

McCann, K., A. Hastings, and G. R. Huxel. 1998. “Weak Trophic
Interactions and the Balance of Nature.” Nature 395: 794-8.

McCann, K. S. 2012. Food webs. Princeton, New Jersey, USA:
Princeton University Press.

McGill, B. 2005. “A Mechanistic Model of a Mutualism and its
Ecological and Evolutionary Dynamics.” Ecological Modelling
187: 413-25.

Meeusen, E. N. T., and A. Balic. 2000. “Do Eosinophils Have a Role
in the Killing of Helminth Parasites?” Parasitology Today 16:
95-101.

Molina-Morales, M., J. G. Martinez, D. Martin-Gélvez, D. A.
Dawson, T. Burke, and J. M. Aviles. 2014. “Cuckoo Hosts Shift
from Accepting to Rejecting Parasitic Eggs across their
Lifetime.” Evolution 68: 3020-9.

Montesinos-Navarro, A., F. Hiraldo, J. L. Tella, and G. Blanco.
2017. “Network Structure Embracing Mutualism-Antagonism
Continuums Increases Community Robustness.” Nat. Ecol.
Evol. 1: 1661-9.

Montoya, J. M., and R. V. Solé. 2003. “Topological Properties of
Food Webs: From Real Data to Community Assembly
Models.” Oikos 102: 614-22.

Mukherjee, S., and M. R. Heithaus. 2013. “Dangerous Preys and
Daring Predators: A Review.” Biological Reviews 88: 550-63.

Muifioz, A., and R. Bonal. 2007. “Rodents Change Acorn Dispersal
Behaviour in Response to Ungulate Presence.” Oikos 116:
1631-8.

Murdoch, W. M., C. J. Briggs, and R. M. Nisbet. 2003.
Consumer—-Resource Dynamics. Princeton, New Jersey, USA:
Princeton University Press.

Navarro, L. 2000. “Pollination Ecology of Anthyllis Vulneraria
Subsp. Vulgaris Fabaceae. néctar Robbers as Pollinators.”
American Journal of Botany 87: 980-5.

Neuhauser, C., and J. E. Fargione. 2004. “A Mutualism-Parasitism
Continuum Model and its Application to Plant-Mycorrhizae
Interactions.” Ecological Modelling 177: 337-52.

Obregén, R., S. de Haro, D. Jordano, and J. F. Haeger. 2012.
“Lampides Boeticus (Lepidoptera: Lycaenidae) Preys on
Cocoons of its Own Specific Parasitoid Cotesia Specularis
(Hymenoptera: Braconidae).” Journal of Insect Behavior 25:
514-17.

Okuyama, T. 2008. “Individual Behavioral Variation in
Predator-Prey Models.” Ecological Research 23: 665-71.

Paige, K. N., and T. G. Whitham. 1987. “Overcompensation in
Response to Mammalian Herbivory: The Advantage of Being
Eaten.” American Naturalist 129: 407-16.

Parker, B. J., J. Hrcek, A. H. C. McLean, J. A. Brisson, and H. C. J.
Godfray. 2021. “Intraspecific Variation in Symbiont Density in
an Insect-Microbe Symbiosis.” Molecular Ecology 30: 1559-69.

85U801 SUOWWOD SAIERI 3(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|Nn 10y ArIq1T8UlUO /8|1 O (SUOTHPUOD-PUR-SLLIBY/LIOD A8 | 1M ARe.d 1 [Bu[UO//SNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/70/70] uo Akeiqiauljuo AB[IM *(-oul eAnde) agqnopesy Aq Ge6€"A98/200T 0T/I0p/LLoo"A8|Im Areiq1jpul|uo s euIno fesa//:sdiy Woly pepeojumod ‘ ‘€202 ‘0L T66E6T



ECOLOGY

17 of 18

Perea, R., M. Delibes, M. Polko, A. Suarez-Esteban, and J. M. Fedriani.
2013. “Context-Dependent Fruit-Frugivore Interactions: Partner
Identities and Spatio-Temporal Variations.” Oikos 122: 943-51.

Pesendorfer, M. B., T. S. Sillett, W. D. Koenig, and S. A. Morrison.
2016. “Scatter-Hoarding Corvids as Seed Dispersers for Oaks
and Pines: A Review of a Widely Distributed Mutualism and
its Utility to Habitat Restoration.” The Condor 118: 215-37.

Pimm, S. L. 1980. “Food Web Design and the Effect of Species
Deletion.” Oikos 35: 139-49.

Polis, G. A,, C. A. Myers, and R. D. Holt. 1989. “The Ecology and
Evolution of Intraguild Predation: Potential Competitors that
Eat each Other.” Annual Review of Ecology and Systematics 20:
297-330.

Pomara, L. Y., R. J. Cooper, and L. J. Petit. 2003. “Mixed-Species
Flocking and Foraging Behavior of Four Neotropical Warblers
in Panamanian Shade Coffee Fields and Forests.” The Auk
120: 1000-12.

Poston, T., and I. Stewart. 1979. In Catastrophe Theory and its
Applications. Pitman, USA: Dover Publications Inc.

ptorres-ugr. 2023. “Ptorres-ugr/Mutualistic-Antagonistic-Continua:
Accepted Version.” Zenodo. https://doi.org/10.5281/zenodo.
7551807.

Quinn, J. L., and Y. Kokorev. 2002. “Trading-off Risks from
Predators and from Aggressive Hosts.” Behavioral Ecology and
Sociobiology 51: 455-60.

Real, L. 1977. “The Kinetics of Functional Response.” The
American Naturalist 111: 289-300.

Regus, J. U, K. A. Gano, A. C. Hollowell, V. Sofish, and J. L. Sachs.
2015. “Lotus Hosts Delimit the Mutualism-Parasitism
Continuum of Bradyrhizobium.” Journal of Evolutionary
Biology 28: 447-56.

Revilla, T. A., and F. Encinas-Viso. 2015. “Dynamical Transitions
in a Pollination-Herbivory Interaction: A Conflict between
Mutualism and Antagonism.” PLoS One 10: €0117964.

Roberts, M. G. 1995. “A Pocket Guide to Host-Parasite Models.”
Parasitology Today 11: 172-7.

Rodriguez-Rodriguez, M. C., P. Jordano, and A. Valido. 2017.
“Functional Consequences of Plant-animal Interactions along
the Mutualism-antagonism Gradient.” Ecology 98: 1266-76.

Sachs, J. L. 2015. “The Exploitation of Mutualisms.” In Mutualism,
edited by J. L. Bronstein, 93-106. Oxford: Oxford University
Press.

Sachs, J. L., R. G. Skophammer, and J. U. Regus. 2011.
“Evolutionary Transitions in Bacterial Symbiosis.” Proc. Natl.
Acad. Sci. USA 108: 10800-7.

Sachs, J. L., and T. P. Wilcox. 2006. “A Shift to Parasitism in the
Jellyfish Symbiont Symbiodinium Microadriaticum.” Proc. Roy.
Soc. B 273: 425-9.

Saikkonen, K., S. H. Faeth, M. Helander, and T. J. Sullivan. 1998.
“Fungal Endophytes: A Continuum of Interactions with Host
Plants.” Annual Review of Ecology and Systematics 29: 319-43.

Sala, E., and M. H. Graham. 2002. “Community-Wide Distribution
of Predator-Prey Interaction Strength in Kelp Forests.” Proc.
Natl. Acad. Sci. USA 99: 3678-83.

Schneider, F. D., U. Brose, B. C. Rall, and C. Guill. 2016. “Animal
Diversity and Ecosystem Functioning in Dynamic Food
Webs.” Nature Communications 7: 1-8.

Schupp, E. W., P. Jordano, and J. M. G6émez. 2017. “A General
Framework for Effectiveness Concepts in Mutualisms.”
Ecology Letters 20: 577-90.

Spira, T. P., A. A. Snow, D. F. Whigham, and J. Leak. 1992.
“Flower Visitation, Pollen Deposition, and Pollen-Tube
Competition in Hibiscus Moscheutos Malvaceae.” Amer. J. Bot.
79: 428-33.

Stadler, B., and A. F. Dixon. 2005. “Ecology and Evolution of
Aphid-Ant Interactions.” Annual Review of Ecology, Evolution,
and Systematics 36: 345-72.

Stensland, E. V. A., A. Angerbjorn, and P. E. R. Berggren. 2003.
“Mixed Species Groups in Mammals.” Mammal Review 33:
205-23.

Theimer, T. C. 2005. “Rodent Scatterhoarders as Conditional
Mutualists.” In Seed Fate, edited by P. M. Forget, J. E.
Lambert, P. E. Hulme, and S. B. Vander Wall, 283-95.
Wallinford: CABI Publishing.

Thompson, J. N. 1982. Interaction and Coevolution. New York:
J. Wiley and Sons.

Thompson, J. N. 1988. “Variation in Interspecific Interactions.”
Ann. Rev. Ecol. Syst. 19: 65-87.

Thompson, J. N. 2005. The Geographic Mosaic of Coevolution.
Chicago: University of Chicago Press.

Thompson, J. N. 2013. Relentless Evolution. Chicago: The University
of Chicago Press.

Turchin, P. 2003. Complex Population Dynamics: A Theoretical/
Empirical Synthesis. Princeton: Princeton University Press.

Ushio, M., C. Hsieh, R. Masuda, E. R. Deyle, H. Ye, C.-W. Chang,
G. Sugihara, and M. Kondoh. 2018. “Fluctuating Interaction
Network and Time-Varying Stability of a Natural Fish
Community.” Nature 554: 360-3.

Valdovinos, F. S., R. Ramos-Jiliberto, L. Garay-Narvaez, P. Urbani,
and J. A. Dunne. 2010. “Consequences of Adaptive Behaviour
for the Structure and Dynamics of Food Webs.” Ecology Letters
13: 1546-59.

van Leeuwen, C. H., G. Van der Velde, J. M. van Groenendael, and
M. Klaassen. 2012. “Gut Travellers: Internal Dispersal of
Aquatic Organisms by Waterfowl.” Journal of Biogeography 39:
2031-40.

Vasseur, D. A,, and K. S. McCann. 2005. “A Mechanistic Approach
for Modeling Temperature-Dependent Consumer-Resource
Dynamics.” American Naturalist 166: 184-98.

Viazquez, D. P., R. Ramos-Jiliberto, P. Urbani, and F. S. Valdovinos.
2015. “A Conceptual Framework for Studying the Strength of
Plant-Animal Mutualistic Interactions.” Ecology Letters 18:
385-400.

Wang, Y., D. L. DeAngelis, and J. N. Holland. 2011.
“Uni-Directional Consumer-Resource Theory Characterizing
Transitions of Interaction Outcomes.” Ecological Complexity 8:
249-57.

Wechsler, D., and J. Bascompte. 2022. “Cheating in Mutualisms
Promotes Diversity and Complexity.” American Naturalist 199:
393-405.

Williams, R. J.,, and N. D. Martinez. 2000. “Simple Rules Yield
Complex Food Webs.” Nature 404: 180-3.

Williams, R. J., and N. D. Martinez. 2004. “Limits to Trophic Levels
and Omnivory in Complex Food Webs: Theory and Data.”
American Naturalist 163: 458-68.

Yan, C.,, and Z. Zhang. 2019. “Impacts of Consumer-Resource
Interaction Transitions on Persistence and Long-Term
Interaction Outcomes of Random Ecological Networks.” Oikos
128: 1147-57.

85U801 SUOWWOD SAIERI 3(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|Nn 10y ArIq1T8UlUO /8|1 O (SUOTHPUOD-PUR-SLLIBY/LIOD A8 | 1M ARe.d 1 [Bu[UO//SNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/70/70] uo Akeiqiauljuo AB[IM *(-oul eAnde) agqnopesy Aq Ge6€"A98/200T 0T/I0p/LLoo"A8|Im Areiq1jpul|uo s euIno fesa//:sdiy Woly pepeojumod ‘ ‘€202 ‘0L T66E6T


https://doi.org/10.5281/zenodo.7551807
https://doi.org/10.5281/zenodo.7551807

18 of 18

GOMEZ ET AL.

Yang, X., L. Gémez-Aparicio, C. J. Lortie, M. Verdu, L. A. Cavieres,
Z. Huang, et al. 2022. “Net Plant Interactions Are Highly
Variable and Weakly Dependent on Climate at the Global
Scale.” Ecology Letters 25(6): 1580-93.

Yodzis, P. 1988. “The Indeterminacy of Ecological Interactions as
Perceived through Perturbation Experiment.” Ecology 69: 508-15.

Yodzis, P., and S. Innes. 1992. “Body Size and Consumer-Resource
Dynamics.” American Naturalist 139: 1151-75.

Zamora, R., J. A. Hodar, and J. M. Gémez. 1992. “Dartford Warblers
Follow Stonechats while Foraging.” Ornis Scandinavica 23:
167-74.

Zwolak, R., and E. E. Crone. 2012. “Quantifying the Outcome of
Plant-Granivore Interactions.” Oikos 121: 20-7.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Gdmez, José Maria, José
Maria Iriondo, and Pedro Torres. 2023. “Modeling
the Continua in the Outcomes of Biotic
Interactions.” Ecology 104(4): €3995. https://doi.
org/10.1002/ecy.3995

85U801 SUOWWOD SAIERI 3(dedl|dde aupy Aq peusenob ase sooiie O ‘85N JO Sa|Nn 10y ArIq1T8UlUO /8|1 O (SUOTHPUOD-PUR-SLLIBY/LIOD A8 | 1M ARe.d 1 [Bu[UO//SNL) SUORIPUOD Pue SWLB | 8L 88S *[£202/70/70] uo Akeiqiauljuo AB[IM *(-oul eAnde) agqnopesy Aq Ge6€"A98/200T 0T/I0p/LLoo"A8|Im Areiq1jpul|uo s euIno fesa//:sdiy Woly pepeojumod ‘ ‘€202 ‘0L T66E6T


https://doi.org/10.1002/ecy.3995
https://doi.org/10.1002/ecy.3995

	Modeling the continua in the outcomes of biotic interactions
	INTRODUCTION
	METHODS
	A direct, consumer-resource model of interactions including dual immediate outcomes
	Solving the model and testing variation in interaction outcomes
	Exploring the continuum in interaction outcomes

	RESULTS
	Variation in interaction outcomes
	Continua in interaction outcomes

	DISCUSSION
	Novelty and generality of our model
	Main predictions of our model
	Properties of the continua in interaction outcomes
	Applicability of the model to real-world ecological interactions

	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


