Theoretical Ecology (2025) 18:33
https://doi.org/10.1007/512080-025-00628-5

RESEARCH

®

Check for
updates

Hetero-chaos in a common ecological modality

John Vandermeer’

Received: 6 August 2025 / Accepted: 16 October 2025 / Published online: 9 December 2025

©The Author(s) 2025

Abstract

Based on an example of a four dimensional ecological community composed of three ant species and a group of phorid
flies, a simplified dynamic model is proposed and analyzed qualitatively. The model contains an intransitive triplet of ant
species coupled with a predator/prey pair, where the prey is one of the ants in the intransitive competition, thus coupling
a 3D oscillator with a 2D oscillator. Relaxing basic symmetries, a chaotic attractor emerges in which two distinct unstable
modalities are recognizable, identifiable with the two biological processes involved. The unstable manifolds of each of
the instabilities are of distinct dimensionalities, a characteristic known as hetero-chaos. It is suggested that the qualita-
tive arrangement may be common as a modality within large ecological systems, thus proposing hetero-chaos as possibly

common in ecosystems that have chaotic behavior.

Acceptance of chaos as a common form of population
behavior in ecology has been slow. The important paper by
Rogers and colleagues (2022) has accelerated that accep-
tance, perhaps leading to a new and interesting set of ques-
tions (Munch et al. 2022). An alternative literature, mainly
in physics and mathematics, has been dealing with the
complications that chaos implies for some time now (e.g.,
Blanchard 2008; Crutchfield 2012; Sander and Yorke 2015),
suggesting a potential refitting of some applications in ecol-
ogy. Especially important today, seemingly intractable prob-
lems such as global climate change and biodiversity loss
require an articulation with the reality of the complications
inherent in ecological systems, rivaling or even exceeding
the similar issue in climatology (Lorenz 1963, 1993), and
certainly generating the same concerns in relevant models
(Patil et al. 2001). Confronting the chaotic behavior that is
almost certain to exist in the complex models needed to deal
with such large problems has given center stage to the gen-
eral field of chaos studies.

Ecology’s connection with the broader subject of envi-
ronmental science and its frequent identification with pop-
ular notions of “the natural” have enriched (or burdened)
it with powerful metaphors. The popular notion of the
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balance of nature is an example, strongly suggesting that
ecosystems in their natural state are in some sense stable,
unless perturbed by a destabilizing force. Gause’s experi-
ments were closely tied to elementary dynamic theory, and
the formalities of Lotka and Volterra tied that dynamic
theory to the basic question of equilibrium — stable or not
(Gause 1932; Lotka 1925; Volterra 1927). Tying these
early results with popular notions of diversity and stabil-
ity, MacArthur (1955) suggested that a natural equilibrium
(implicitly a stable one) would emerge as a system became
more diverse, already a popular idea among naturalists.
In what remains as a central core of understanding, May
pointed out that ecology’s most basic equations suggested
the opposite, that more diversity led to more instability
(May 1971, 1972, 1973), a clear rejection of the popular
notion that a “balance of nature” must be somehow cen-
tral to our ecological understanding of the world. Never-
theless, the underlying framework continued to dominate
ecology, tacitly setting the core question for the field as
whether an ecosystem was stable or unstable, perhaps
not unique to ecology (Ghys 2013). Yet acceptance of the
stable/unstable dichotomy is an Achilles heel for theoreti-
cal ecology in light of the chaos revolution (e.g., a chaotic
attractor likely contains an unstable equilibrium point yet
is as persistent over time as any stable point).

Although Lorenz’s classic paper (1963) likely initiated
the modern interest in chaos, for ecology it was mainly
May’s exposition that the most basic of all ecological
equations implied chaos. In the common discrete time

@ Springer


https://doi.org/10.1007/s12080-025-00628-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s12080-025-00628-5&domain=pdf&date_stamp=2025-11-27

33 Page2of9

Theoretical Ecology (2025) 18:33

model of population dynamics, the logistic map [X,,; =
rX(1 - X})], as long as the rate of population increase (r)
was less than about 3.5, or greater than 4, the population
would be either well-behaved or extinct. Perhaps ecolo-
gists had been inadvertently ignoring the 3.5-4 range of
population growth since it led to confusing population
behavior. That interregnum between good behavior (e.g.,
equilibrium population) and extinction, for ecology’s most
basic equation, turned out to be arguably the most inter-
esting part, chaos. Failure to appreciate its importance in
part stemmed from the early use of discrete maps (espe-
cially the logistic) to interrogate partial data sets, causing
ecologists to focus on rate of population increase as the
key variable distinguishing chaos from non-chaos (Munch
et al. 2022), perhaps taking too literally what should have
been treated as intended, as a toy model.

The logistic map style of chaos, while important,
reflects only part of the more interesting complexity
of what is now known to be a more extensive group of
behaviors, collectively treated as “chaos.” Recent litera-
ture is extensive (e.g., Saiki et al. 2024; Strogatz 2024),
especially in the mathematical and physical sciences. Yet
it is in ecology that the implications may be most impor-
tant. The growing complexity of chaotic forms being dis-
covered theoretically (e.g., Desharnais et al. 2024; Sander
and Yorke 2015; Saiki et al. 2021) suggests that a deeper
look at particular ecological arrangements is warranted.
In particular, hetero-chaos is one form of a chaotic pat-
tern in which the complexity of chaos is understandable
with a simple metaphor, unstable dimension variability
(Dawson et al. 1994; Saiki et al. 2024), referring to the
dimensions of various local outsets (unstable manifolds)
of particular unstable points. A hetero-chaotic system is
one in which the dimension of two or more instabilities is
itself variable (e.g., as in the present work, explained in
what follows, one unstable region is unidimensional the
other bidimensional).

We use a specific four-dimensional case studied for
the past seven years in Puerto Rico, to construct a model
that we propose suggests hetero-chaos. It is worth noting
that the qualitative arrangement of an intransitive triplet
coupled with a predator acting on one of the competi-
tors is likely to be a common motif in natural systems,
even if hidden within the complexity of further network
connections. Using a knowledge of the dynamics of
this example of this motif is thus of potentially broader
interest than the actual natural system that motivates the
analysis.
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A low-dimensional, yet complex, tropical
system: qualitative network structure and a
toy model

Observations of a small component of the insect commu-
nity on a coffee farm in Puerto Rico suggests a network pat-
tern that seems self-contradictory in a spatial context. On a
plot of approximately 120 x30 m, for the past seven years
we have monitored the detailed spatial patterns of three non-
native species of ants (Solenopsis invicta, Wasmannia auro-
punctata, and Monomorium floricola — which we refer to by
their generic names henceforth), and conducted supportive
laboratory studies. These experimental and observational
studies revealed that the three species form an intransitive
loop (much as in the game of rock, scissors, paper) (Van-
dermeer and Perfecto 2023, 2024; Vandermeer et al. 2022).
A complicating feature of this arrangement is the pres-
ence of a group of parasitoid flies in the family Phoridae
(Pseudacteon curvatus, P. tricuspis, and P. obtusus) that
are all specialists on S. invicta. In addition to their basic
predatory effects (each one consumes the brain of a worker
ant), their presence notably affects the behavior of the ant,
with reduced foraging activity and a behavioral response of
remaining motionless, teleologically suggesting “fear” of
the marauding flies (Vandermeer and Perfecto 2020, 2024).

When initiating the study of this system in 2019, there
was an overwhelming preponderance of Wasmannia in the
sampling plot. The replacement by Solenopsis proceeded
for the next two to three years, with Monomorium replacing
Solenopsis periodically (as expected from the intransitive
nature of their competition). The phorids were discovered
in a spatially explicit form in 2021, and have been increas-
ing in one part of the sampling area since then, evidently
increasing and weakening the expansion of Solenopsis by
reducing its competitive effect against Wasmannia, leading
to a current preponderance of Wasmannia on the plot. In the
summer of 2025 the permanent plot was divided between the
two oscillatory processes: to the west, the intransitive com-
petition still dominated the dynamics while to the east (at a
distance of approximately 100 m), the predator/prey system
seemed to dominate. Thus, overall, the system appears as a
collection of sections, on a gradient from west to east, of the
two oscillatory mechanisms — to the west oscillations of the
intransitive triplet, to the east, predator and prey. It makes
sense, then, to view the overall system in a philosophically
mean field framework, describing the dynamics as an inter-
section of two oscillatory dynamic modes — intransitive
competition and predator prey interaction.
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Interactions among all four species are contingent on
environmental and other biological forces, dependent on
particularities of spatial extent, either from background con-
ditions or autonomously generated, influenced by migrations
from other sites, and much more. Yet, the basic features are,
as we deduce from a decade of studying the system directly
in the field, three species compete in an intransitive fashion
and one of the intransitive species is attacked by a predator
(Vandermeer and Perfecto 2020, 2023, 2025). The dynamics
inherent in these two fundamental ecological forms (intran-
sitive competition and predator/prey interaction) form the
foundation of a simple model of the network structure of
the system.

A completely “stripped down” version of the basic natu-
ral history is represented by the four dimensional system:

<1+ 75° m> (1a)

M 71 P 1b

( [0 22) - 1+ fS > ( )
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Fig. 1 Diagram of the four dimen-
sional system, with the studied
parameters indicated. S=Sole-
nopsis invicta, M= Monomorium f
floricola, W= Wasmannia auro- |
punctata, P=the phorid species 1
complex, Pseudacteon tricuspis, 1
P. curvatus, and P. obtusus. M is
referred to as a neutral competi-
tor because it is neither dominant
nor subdominant, not because
it does not exert and respond to
competition. Small filled circles
at the ends of connectors indicate 1
a negative effect, arrowheads [
indicate a positive effect. Con- [
nections that connect with other 1
connectors represent higher order H
i
|
\

-
Predator P

indirect effects (e.g. 6 reduces i
aws in proportion to the value of !
P), making the graph, formally, i

a hypergraph (Golubski et al. 1 (04
2016). Connection between S and \ f
W is thicker than the other two \
meaning that when competition ~ o’

is not symmetrical, awsg is the
larger coefficient

where S=Solenopsis, P=phorids, M=Monomorium,
W=Wasmannia. We refer to Solenopsis as the dominant
competitor since it is the species affected by the predator,
and is referred to as such in older literature on predator-
mediated coexistence (Caswell 1978). Its strongest com-
petitive effect is directed at Wasmannia which we refer to
as the subdominant competitor, leaving Monomorium as the
“neutral” competitor (all such monikers are arbitrary). The
system has been simplified to include only parameters that
previous experimental or observational information sug-
gest may be important, at least sometimes. There are only
four relevant parameters: The base-line competition coeffi-
cient, o, , the competitive effect of S on W, awsg, the preda-
tor functional response, f, and the trait-mediated effect, 6,
which is the effect the phorid predators have on the behavior
of S. Other evident parameters have effectively been set to
either 0 or 1.0 and do not emerge as interesting interlocu-
tors in the system. All parameters have been qualitatively
established in the field, although any pretense at accurately
stating their quantitative values would be, indeed, pretense,
except at the extremes (the competition coefficients are all
positive real numbers, the predation coefficients are positive
real numbers, etc...). In Fig. 1 is a diagram of equation sys-
tem 1, using general ecological categories, illustrating the
four parameters involved (o, , aws , f, and 0).

Isolating the two subsystems (the intransitive triplet and
the predator/prey pair), base elements of stability are evi-
dent. The predator subsystem (S, P) zero growth isoclines
are:

o, T
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‘ ‘Dominant competitor
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o
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/
;o Subdominant
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P=1-S+fS(1-S) (2)
and
S=m/ (1 —mf) 3)

both of which are diagramed in Fig. 2a. If the prey isocline
is less than the Hopf bifurcation point, the local equilibrium
will be unstable, if to the right of the point it will be stable.
The critical point separating the stable from unstable occurs
when,

m=(f—1)/(f +f) @)
a graph of which is shown in Fig. 2b.

Predator
isocline
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Fig. 2 Basic phase plane dynamics of the predator/prey component of
the system. (a) isoclines when f=5.6, m=0 0.05. (b) Equation 4, sepa-
rating the stable versus unstable foci of the equilibrium point. Note that
there is a unique maximum for the mortality rate
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The second subsystem (S, W, M), has been the subject
of a great deal of analysis (see esp., May and Leonard
1975; Zeeman and Zeeman 2002). The analysis begins
with the neutral case, for the more general competitive
system, @; = x; (1 — 2; — 4T — & ,2;,), Where the
matrix A with elements o; is circulant, which is to say,
oy > i, Ok > Ok, 0 > aik. Following May and Leon-
ard, a special case (herein called the “neutral” case) is
when oj; = a5 = 2.0, which in the case of Eq. 1a, 1b,
lc, 1d, with 6 = 0, is a, = aws (average competition =
2.0). Under these parameter settings all initial conditions
merge rapidly to a stable manifold defined as S+ W + M
= 1.0. The metric,

So Wo M,

o
Sy + W, + M,]° )

stipulates a particular permanent oscillation located on
the carrying simplex. If initial conditions are such that
S,+ W, + M, = 1.0, then S, + W, + M, = 1.0 for all t>0,
and C=S ;W M,, defines a unique cycle on the carrying
simplex, of which there are thus an infinite number. Fur-
thermore, by definition (of the carrying simplex), S, +
W, + M, will always approach 1.0, which means that no
matter where in 3D space the initial conditions lie, some
cycle on the carrying simplex will be approached, meaning
that in the 3D space there exist an infinite number of limit
cycles (all, in the limit, located on the carrying simplex, or
manifold).

It is useful to consider two forms of stability in the
context of this model. If we restrict the analysis to o, =
aws = 2, the background condition of P=0 insures that
some limit cycle will occur on the carrying simplex, that,
no matter the initial conditions, the carrying simplex is
an attractor for an unlimited number of limit cycles. This
behavior seems unusual in the context of the actual tra-
jectories on the carrying simplex which are “centers” in
the sense that any particular initial conditions, if on the
carrying simplex, will repeat after one oscillation, from
M to W to S to M. If we allow 2a, + aws = 6 (an average
competition of 2.0), all a, >0 result in either the unlimited
number of limit cycles (if a, = aws = 2) or a stable focal
point. Thus, 2, +aws = 6 can be considered as a stable
form. It is, in another sense, similar to a Hopf bifurcation
in that if 2, + aws > 6 the carrying simplex itself is dis-
torted (Zeeman and Zeeman 2002) such that a single het-
eroclinic cycle (provided the difference between «, and
aws 1s not too large, always approaching the cycle, 0,0,1;
0,1,0; 1,0,0) occurs as opposed to 2a, + aws < 6 in which
the carrying simplex is distorted in the opposite direction
such that a focal point attractor is ultimately approached,
an equilibrium at,
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Designating total competition as Tc, the equation Tc=2c«,
+aws separates the stable parameter combinations when
Tc<6, from the more complicated situations where total
competition is larger, specifically when Tc>6. In this case
the asymmetry of competition (the difference between «,
and awsg ) determines whether the system is heteroclinic or
a stable focus (or, indeed, if one of the species is excluded).

Thus, the overall system is biologically composed of
two subsystems, both of which are inherently oscillatory,
the S, W, M system which is intransitive and three dimen-
sional, and the S, P system which is predator/prey and two
dimensional. From this characterization of the biological
system only, the dynamic system (Eq. 1) can thus be quali-
tatively thought of as initially composed of a system of non-
homogenous dimensional coupled oscillators (a 2D and a
3D oscillator).

We begin with an exploration of the intransitive subsys-
tem symmetrical (a, = aws ) with neutral stability (a, =
2.0) coupled with the predator/prey subsystem at its Hopf
point (a “neutral” state). From Eq. 4 (Fig. 2), m is maxi-
mized when f=2.4 (whence m=0.172), which we take as
the two parameters (f=2.4 and m=0.172) for the “symmet-
rical/neutral system.” The system in this parameter space,
if set at an arbitrary point on the carrying simplex (S, + W,
+ M, = 1.0) with the predator very small, the SWM system
moves toward a limit cycle (it’s precise position depend-
ing on the exact initial condition). At this particular param-
eter setting it is not possible for the predator to persist in
the system. Since the motivation for this toy model is the
real system of three ants and a parasitoid, it is worth not-
ing that most biologists who work with phorids agree that
the direct predatory effect is small compared to the indirect
effect of changing the ant’s behavior (i.e. q) (Feener and
Brown 1992; Morrison et al. 1997; Morrison and Gilbert
1999). Increasing 6 might be expected to switch the system
from one in which a stable oscillation of the SMW intran-
sitivity (in limit cycle form) switches to the extinction of
Monomorium and a dominance of the predator prey system.
An example is illustrated in Fig. 3a.

As the predator increases, the system rapidly oscillates
to the extinction of M and an oscillatory 3D system of
SWP, as would be suggested by a qualitative look at the
graph of the system (Fig. 2). Initiating the system off of the
carrying simplex for the intransitive component, changes
nothing. It seems a generalization that with the symmetry
of aws = a,, the addition of even a small population of P
into the system relieves some of the competitive pressure

g——

Al

Wasmannia

Fig. 3 Alternative trajectories of the 4D system (Egs. la, 1b, lc, 1d)
pictured in PSW space. (a) two alternative trajectories. Red orbit is
with =0, grey orbit is with § =2.0. Parameters are o, = aws = 2,
m=0.172, f=2.4, the symmetrical/neutral system with maximum mor-
tality of the predator. (b) Three alternative attractors with m=0.124
and f=5.6. The red and blue attractors are limit cycles persisting on
the carrying simplex of the SMW subsystem as P approaches zero,
while the black attractor is the single predator prey cycle that exists as
M approaches zero

W experiences from S and thus W is able to competitively
exclude M from the system. It is also evident that increas-
ing 6 does not change this basic pattern, indeed further
strengthens the tendency of M moving towards extinction.

The relatively high level of predator mortality (0.172)
and low level of functional response (2.4) represent an
extreme, with m at its maximum possible value (Fig. 2b).
Reducing the value of m, but retaining the assumption of
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neutrality (with the equilibrium value of S set at the Hopf
critical point — Fig. 2a), we set m=0.124 and f=5.6. There is
a persistence of alternative attractors -- multiple limit cycles
in cases where P approaches zero, and a single oscillatory
attractor when M approaches zero. Exemplary trajectories
pictured in Fig. 3b.

The simultaneous existence of apparently an unlim-
ited number of limit cycles in the SMW subspace (as P
approaches zero) plus a stable limit cycle in the PS space
(as M approaches zero), sets the stage for what might be
expected to be an attractor that moves between these two
qualitatively distinct modes, a chaotic attractor. However,
extensive searches failed to find such a situation. It seems
the case that the extreme symmetry built into the particular
point in parameter space mitigates against chaos.

There are two general structures that are herein referred
to as symmetric: (1) the assumption that the predator zero
growth isocline (Eq. 3) is coincident with the Hopf point
of the predator/prey system (Eq. 4); (2) the assumption
that competition coefficients are all =2.0, meaning that the
intransitive subsystem has the special behavior that is con-
strained to the simplex, S+W+M=1.0. We relax these two
assumptions in turn.

Relaxing the first assumption, we set m=0.09 and f=5.6,
locating the predator prey system well below the Hopf criti-
cal line (Fig. 3). With this assumption relaxed, there are,
again multiple attractors, but seemingly no dynamic inter-
connection among them possible. Changing the competi-
tion symmetry by allowing o, = 1.2 and awgs = 3.6 (thus
retaining the average value of competition at 2.0), connects
what had been separate alternative attractors (one class with
P approaching zero, the other a single focal point attractor
with M approaching zero), into one chaotic attractor, as dis-
played in Fig. 4. Note that a periodic window (Fig. 4a) is
easily interpreted as a repeated switch between the intransi-
tive competition behavior and the predator/prey behavior.
The nearby chaotic version (Fig. 4b) repeats that repetitive
pattern, although never in a precisely periodic fashion (since
it is chaotic).

The nature of the chaotic trajectory in Fig. 4b is “het-
ero” chaotic (Saike et al. 2024) in that the two components
of the dynamical structure have distinct dimensionality of
their unstable parts. The local instability of the intransitive
competition is one-dimensional (Fig. 4a) while the local
instability of the predator/prey system is two-dimensional
(Fig. 4a), the definition of hetero-chaos (Saike et al. 2024),
as reflected in the chaos (Fig. 4b).

Returning to the source of symmetry in the original
system, we now examine how changing the symmetry
involved in the assumption that 2c, =aws = 1, the assump-
tion made so that the underlying intransitive structure is
neither stable nor heteroclinic (unstable). Keeping with the
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Wasmannia

Fig.4 A periodic attractor with two biologically distinct behaviors and
a closely related chaotic attractor. (a) The periodic window at param-
eter states a, =1.2, aws =3.6; f=5.6; m=0.1; §=2.5. (b) The related
chaotic attractor at the same parameter values, except m=0.09

original parameterization set to its symmetric/neutral form,
we assume the parameters are m=0.172, f=2.4, 0=0. Set-
ting the intransitive system to its heteroclinic form 2a,
+aws > 6, regardless of the initiation point, the predator
declines to extinction and the intransitive part of the sys-
tem goes heteroclinic (provided the difference between «,
and awysg is not too large). Allowing the trait-mediated indi-
rect effect, 6, to increase, at the value of 0.83, the system
switches from intransitive heteroclinic, to the extinction of
M and the dominance of the predator prey system (setting
aws =2.5). The critical value of 6 changes as aywg changes
but the qualitative result remains the same.

Reducing the predator mortality rate to its lowered,
but still at the Hopf point, we set m=0.127 and f=5.6. At
0=2.3, the system switches from a heteroclinic cycle to a
predator/prey system with M absent. Further explorations
of parameter space suggests that this pattern is common,
wherein there are alternative attractors, but no chaotic
behavior. It is only when the predator prey system alone
is unstable (theoretical equilibrium of S less than the point
of the Hopf bifurcation), and the intransitive system alone
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is stable but non-symmetric, that chaos emerges. That is,
the main controlling forces leading to chaos are an unstable
predator prey component and a non-symmetric competitive
system with a non-zero trait-mediated predator effect (i.e.,
aws > a, Te<2,60>0.

Discussion

Herein, based on an intensively studied natural system, we
present a simplified model of two coupled oscillators, each
of which is driven by distinct biological mechanisms, pred-
ator/prey oscillations and intransitive competitive oscil-
lations, intended to represent a system of three species of
ants and a species complex of a parasitic fly that attacks
one of them. A major component, evident from natural his-
tory observations of the system, is the behavioral changes
in one ant species induced by the aggressive attacks of the
parasite, effectively an additional non-linearity in the basic
population equations (Vandermeer and Perfecto 2023).
Using a “stripped down” version of the classic interaction
equations of community ecology (Egs. la, 1b, lc, 1d), we
show that under a wide variety of parameter values the
4D system resolves into either (1) a 3D system involving
predator prey and subdominant competitor, (2) a 3D intran-
sitive system involving all three competitors, or (3) a het-
ero-chaotic system involving all four species, wherein the
“shadow” of each of the two biological formulations can be
seen, qualitatively, in the trajectories (similar to that noted
in Vandermeer and Perfecto (2024), but absent the situating
in “hetero”-chaos). If restricted to a perfectly symmetrical
version of the model the first two alternative modes are gen-
erally embedded in the system (the two 3D modes) -- which
one emerges depends on initial conditions. Relaxing the
symmetry by allowing either the predator/prey system or
the intransitive system to become unstable, it is possible for
a chaotic attractor to emerge.

Subsequent to our original report on this system (Van-
dermeer and Perfecto 2023), changes in the field, as yet
unreported in the literature, suggest to us that changes in
the spatial pattern of this four dimensional system and,
especially, changes in the spatial pattern of the phorid
parasitoids, including sections of the study site seemingly
representing more of a predator/prey dynamics while other
sections retain the signature of intransitivity, are quali-
tatively suggestive of a heterochaotic pattern. Yet, by its
very nature, such qualitative suggestiveness is unlikely to
be resolvable into anything more precise, which is not the
intent of the qualitative modeling presented herein. Further-
more, as in all studies of chaos, the entanglement with sto-
chastic processes can make interpretation difficult, although
in at least one example (King et al. 2004) it is precisely the

stochasticity that makes the chaos understandable in a labo-
ratory population.

The general structure of the natural system that motivates
this theoretical exercise is likely to be common, perhaps a
common generalized module in larger networks. The old
assumption that competition is usually transitive has broken
(Soliveres et al. 2015), and the indirect effects of predators
is now understood to be common (Peacor et al. 2022). Com-
bining these two effects may, as reported herein, result in
hetero-chaos. In plant competition, for instance, shoot com-
petition is undoubtedly transitive — by virtue of stature alone
species A beats B beats C, but A also necessarily beats C
(the taller plant shades the shorter). In contrast, root compe-
tition (nutrient competition) is generally three dimensional
such that although A shades C, C may utilize a soil nutrient
more efficiently than A, such that its sum competitive effect
on A overwhelms the reciprocal shading effect (Kier et al.
2013), and an intransitive competitive structure emerges.
Add an herbivore and the basic structure for hetero-chaos
emerges. The lack of reports of these two structures occur-
ring simultaneously in nature may be an artifact of failure
to search for them.

Chaotic systems are now appreciated as more diverse
than the early simple examples, such as the logistic map.
The many forms they take in models and, apparently, in
nature make it difficult to even define, some suggesting that
it “cannot” now be satisfactorily defined mathematically
with a simple conceptual framing (Sanders and Yorke 2015).
Saike and colleagues (Saiki et al. 2018) conjecture that
almost all high dimensional systems are chaotic in one form
or another, suggesting a challenging future for empiricists
studying complicated systems. Sanders and Yorke (2015)
further expand on some evident complexities emerging in
the general field of chaos science, one of which is hetero-
chaos. Among the various and sometimes almost monstrous
issues of complexity in chaotic systems, hetero-chaos sug-
gests a particular structure wherein there exist various loci
of instabilities each of which has a distinct dimensionality,
“unstable dimension variability.” We argue that the present
study system is an example of hetero-chaos. Two distinct
loci of dynamics can be seen, predator/prey and intransitive
competition, corresponding to the two alternative dynamics
inherent in the natural system. These two dynamical struc-
tures contain distinct dimensionalities of instability, the
definition of hetero-chaos (Saike et al. 2024).

More general and larger ecological systems are likely to
be far more complicated, perhaps just as complicated as the
infamous complexity of global weather models (Patil et al.
2001), and the well-known cascading non-linearities fre-
quently involved suggest that they are more likely than not
to be generally chaotic (Rogers et al. 2022; Munch et al.
2022), perhaps in the sort of complicated ways suggested

@ Springer



33 Page80f9

Theoretical Ecology (2025) 18:33

for other systems (e.g., Sanders and Yorke 2015). Appre-
ciation of the range of behaviors commonly referred to as
chaotic (Sanders and Yorke 2015), such as hetero-chaos, is
contributive to the resolution the disturbing and confusing
patterns in time and space that those of us who work in the
field on natural systems have come to appreciate (or have
become frustrated with).
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