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Migration feedback induces emergent ecotypes and abrupt transitions in evolving populations
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We explore the connection between migration patterns and emergent behaviors of evolving populations in
spatially heterogeneous environments. Despite extensive studies in systems of ecological and medical impor-
tance, a unifying framework that clarifies this connection and makes concrete predictions remains much needed.
Using a simple evolutionary model on a network of interconnected habitats with distinct fitness landscapes,
we demonstrate a fundamental connection between migration feedback, emergent ecotypes, and a form of dis-
continuous critical transition. We show how migration feedback—via circulating migration patterns—generates
spatially nonlocal niches in which emergent ecotypes specialize. Rugged fitness landscapes lead to a complex,
yet understandable, phase diagram in which different sets of ecotypes coexist under different migration patterns.
Under certain ecological interactions, a discontinuous transition splits into two continuous transitions—this
effect suggests a sensitive experimental probe for the nature and magnitude of the underlying interactions.
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I. INTRODUCTION

Biological populations live and evolve in spatially hetero-
geneous environments, where selection pressures depend on
location. While certain consequences of spatial heterogeneity
are well established—e.g., that heterogeneity can stabilize
biodiversity [l-7]—recent studies have uncovered unex-
pected behaviors, such as persistent fluctuations in species
abundance [8], chaotic alternation of locally dominant strains
[9], nonmonotonic effects of dispersal ability [10-12], and
re-entrant critical transitions [12]. These findings highlight
the need for a more comprehensive understanding of how mi-
gration patterns influence populations in spatially structured
environments.

Spatial structure in medically important systems produces
complex behaviors and raises significant questions. Human
gut microbiota inhabit several distinct regions with differ-
ing physiological conditions (e.g., nutrient concentrations
[13]) and migration of microbes is modulated by active
mechanisms (e.g., contraction of the colonic walls [14]).
Flow speed and pattern were found to strongly shape the
spatiotemporal composition of the microbiome [15,16]. Infec-
tious bacteria exposed to antibiotics live within, and transfer
between, distinct hosts and clinical settings [17], and their
migration patterns can affect the evolution of antibiotic re-
sistance [18-20]. In metastatic cancers, invasion of new
tissue sites and an increased diversity of motility phenotype
are often associated with the emergence of drug resistance
and systemic failure [21]. In the adaptive immune system,
antibody-producing B-cells undergo rapid evolution within
localized germinal centers [22]. It remains an open question
to what extent the strength and pattern of migration between
germinal centers shape clonal diversity and response efficacy.
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A general approach for modeling spatially heterogeneous
systems is to treat the environment as a network of intercon-
nected habitats where each habitat has a distinct selection
pressure. There is a long history of such models in the
ecology and evolution literature, which has revealed how
migration rates can control the spatial scale of adaptation
[23-27]. In particular, low migration leads to spatially local-
ized adaptation (where evolution favors organisms specialized
to their local environment), whereas high migration rates
promote generalist organisms that are globally well adapted
[25,26,28-30]. However, previous studies assume neutral evo-
lution or simple unimodal fitness landscapes in each habitat,
whereas realistic fitness landscapes may well be rugged
[31,32]. In addition, interesting results on the influence of
migration patterns have been found [33], yet a general under-
standing of the impact of different forms of migration patterns
is lacking. Furthermore, although many of these models ex-
hibit transitions between regimes [27-29,34], the exact nature
of these transitions is often unclear.

In this paper, we study a model of an evolving popula-
tion on a network of habitats and uncover general principles
by which migration patterns shape the population composi-
tion and critical transitions. We find that migration feedback
(i.e., ‘loops’ in migration patterns) is required for the evolu-
tion of emergent ecotypes—subpopulations that adapt to fill
spatially nonlocal niches. While previous studies have docu-
mented a high migration regime where a generalist ecotype
prevails, we discover an intermediate regime where a multi-
tude of emergent ecotypes—neither fully generalist nor fully
specialist—may coexist.

Migration feedback produces an interesting form of
discontinuous transition. We demonstrate that these dis-
continuous transitions require stable emergent ecotypes,
which in turn require migration feedback. Distinct from
the catastrophic shifts as depicted in [35], these transitions
can be described using simple Lotka-Volterra equations.
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Interestingly, if the system is perturbed with genotype-
dependent interactions, the discontinuous transition splits into
two continuous transitions. We suggest an experiment that
could take advantage of this splitting to measure interactions.

II. MODEL

Our model describes an asexual population inhabiting a
network of L discrete habitats connected by migration. An
organism’s reproduction rate depends on its genotype as spec-
ified by a fitness landscape in each habitat, and rare mutations
let the population evolve under natural selection. Interactions
between organisms (e.g., due to competition over limited
resources) are first assumed to be independent of genotype;
this symmetry of interactions produces discontinuous critical
transitions, and in Sec. III C, we explore the case where this
symmetry is broken. Migration rates are also assumed to be
independent of genotype.

Mathematically, organisms are characterized by one of M
possible genotypes, labeled i =1, ..., M. A genotype adja-
cency matrix A describes which mutations can occur: A; i=1
if genotypes i and j differ by a single mutation, and A; =0
otherwise. In the examples that we study, we choose A; ;= 1if
li — jl =1 and A, j = 0 otherwise (i.e., the adjacency matrix
of a one-dimensional lattice) because it makes the results easy
to visualize. However, our analytical results and conclusions
do not depend on this choice of A.

Habitat / € {1, ..., L} has a fitness landscape q?l e RM
where the ith component ¢; ; specifies the fitness of genotype i
in habitat /. The population of habitat [ is denoted by 7, € RM,
where component 7; ; is the population of genotype i in habitat
/. Mutations occur at rate . Organisms migrate from habitat
[ to p at a per capita rate k;,. Interactions between organ-
isms, such as competition for resources, are characterized by
a parameter p; in each habitat, which sets the strength of a
logistic discount to growth rates. Specifically, growth rates
are discounted by p;n}™, where nj** = Zfil ny; is the total
population of habitat /. Note that all organisms contribute
equally to the discount regardless of their genotype.

We first consider deterministic dynamics and later inves-
tigate the effects of demographic noise. The deterministic
model is the following system of coupled differential equa-
tions:

i = (Vi — pim® — k)i + Ry, (L
for [ =1, ..., L, where the overdot indicates a time deriva-
tive. k" is habitat /s total outgoing migration rate (k"' =
Zf;:l kip) and R, is the flux of organisms migrating into habi-

tat / (R; = Z;z 1 k1{lﬁp)' The ‘evolution matrix’ V; describes
selection and mutation,

M
Viii=8ijdi+v (Aij — 8ij ZAki), )
=1

where A is the genotype adjacency matrix described above.
Figure 1(a) shows a schematic of a generic habitat [ with
influx ﬁ, and outflux k,"“‘ﬁ,. This model extends that of [12,36]
to a network and, crucially, incorporates two-way migration
between connected habitats.
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FIG. 1. Migration feedback produces emergent ecotypes.
(a) Schematic of a generic habitat /, indicating migration influx
R, and outflux kp"#i;. (b) Example of a fitness landscape q‘;l and
native ecotype ¥;, which is localized around the most fit region of
the fitness landscape. (c) A network with feedback. Steady-state
populations of habitat 1 in the (i) low, (ii) intermediate, and (iii)
high-migration regimes are shown. Native ecotypes are labeled
with numbers corresponding to their habitat. Emergent ecotypes are
labeled A and G. The effective landscape $°" in the high-migration
regime is shown, illustrating that the generalist G is the ‘native’
ecotype on this effective landscape. (d) A network with no
feedback, obtained by removing one connection from the network
in panel C. Without feedback, only native ecotypes can evolve.
In the high-migration regime, the effective landscape is merely
the landscape of habitat 1, which is a sink. The mutation rate is
Y = 0.01¢ax, Where ¢, is the maximum fitness value across all
habitats. See SM Sec. I A [37] for the steady-state populations in
other habitats and the specification of other parameters.

III. RESULTS

A. Evolution of native and emergent ecotypes

The dynamics of Eq. (1) lead to the evolution of ecotypes,
which are subpopulations that form a cluster in genotype
space as they specialize to a particular niche (simulations
are provided, see Supplemental Material (SM) Sec. II [37]).
Figure 1(b) illustrates an ecotype in the simplest setting:
an isolated habitat with zero migration. With the fitness
landscape ¢, the population evolves into a cluster with distri-
bution ¥, around the most-fit region of the fitness landscape
[Fig. 1(b)]. This cluster is the native ecotype of the habitat,
and it is defined mathematically as follows. The distribu-
tion v is the eigenvector of V; with the largest eigenvalue
(denoted A;, and we assume there is a unique largest eigen-
value), normalized so that ), ¢, ; = 1. The eigenvector 1/71 is
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exponentially localized around the region of genotype space
most fit in habitat / [12,36], and its components are non-
negative (as guaranteed by the Perron-Frobenius theorem
[38]). The steady-state population is ﬁ}‘l‘“ =K 1/7;, where K; =
A1/ pr is the carrying capacity of the habitat. For an isolated
habitat, 7;(t) — ﬁ?’at as t — oo for any initial condition with
a nonzero population.

In a network of habitats, the migration pattern {k;,} that
connects the habitats has a profound effect on both the pop-
ulations that evolve, and the response of evolved populations
to changes in migration. In particular, networks with migra-
tion feedback show emergent behaviors and abrupt critical
transitions (where steady-state populations change discon-
tinuously with changes in k;,) that are not exhibited by
networks without feedback. To define this terminology: A
network has migration feedback if migration allows an organ-
ism to circulate back to a habitat it earlier left. Definitions
of this and related concepts are given in Appendix A. Fig-
ure 1(c) shows a network with feedback (this network is
also strongly connected; see Appendix A). In contrast, in
a network without feedback, all migration leads eventually
to sinks, which are habitats with no outgoing flux. Fig-
ure 1(d) shows a network without feedback, where habitat 1 is
a sink.

Migration feedback allows for the evolution of emergent
ecotypes: ecotypes that are not native to any habitat. We
demonstrate that for general systems obeying Eq. (1), the
absence of migration feedback implies that only the native
ecotypes can stably persist (Appendix B). With migration
feedback, however, emergent ecotypes can evolve to fill spa-
tially nonlocal niches, stabilized by the migration pattern
through the network. Hence, according to the model, an
experimental observation of emergent ecotypes implies that
migration patterns must have feedback.

With or without migration feedback, network behaviors
can be classified into three migration-dependent regimes.
With feedback, there is (i) a low migration regime with co-
existing native ecotypes; and (ii) an intermediate migration
regime in which one or more native ecotypes go extinct
and are replaced by emergent ecotype(s). We only observe
this regime when fitness landscapes are rugged, with mul-
tiple local fitness maxima. Finally, there is (iii) a high
migration regime in which all spatial coexistence of eco-
types is lost and an emergent generalist takes over each
strongly connected component of the network. In networks
without feedback, no emergent ecotypes evolve, and the in-
termediate and high migration regimes are characterized by
the loss of native ecotypes without replacement by emer-
gent ecotypes. The following two sections explain these
regimes.

Importantly, we find numerical evidence that Eq. (1) al-
ways has a unique stable fixed point for small networks (SM
Sec. X [37]). By testing 400 randomly generated three-habitat
networks (randomly generated fitness landscapes and migra-
tion rates), the population approached a unique stable fixed
point for all tested initial conditions in every case. However,
it remains to be seen whether multistability or oscillatory be-
havior could emerge in larger networks. For networks without
feedback, Eq. (1) always has a unique stable fixed point (SM
Sec. VI [37]).

1. Networks with feedback

(i) Low migration regime: coexistence of native ecotypes.
For low migration rates, migration leads to the spatial coexis-
tence of multiple ecotypes within each habitat at steady state.
We define a parameter k to control the overall strength of mi-
gration, and write the migration rates as k;, = kr;, where r;,
specify the relative migration rates between pairs of habitats.
For low «, the steady-state populations are

i = (1 — kO + & Y rpbiy™ + 0?),  (3)
p#l

where F; (defined in SM, Eq. (S1) [37]) is a linear filter that
describes how the genotype distribution of an ecotype migrat-
ing into habitat / is modified by the local selection pressure.
x is a constant (defined in SM, Eq. (S2) [37]). Equation (3)
describes how the native ecotype in each habitat coexists with
the (filtered) native ecotypes of other habitats. This behavior
is illustrated in (i) of Fig. 1(c), which shows how habitat 1
supports its native ecotype as well as incoming ecotypes from
all other habitats (see Fig. S1 for the steady-state populations
in other habitats [37]). Simulations of the dynamics, showing
how the system approaches this steady state, are given in SM
Sec. 11 [37].

(ii) Intermediate migration regime: growth of emergent
ecotypes. Consider how the steady-state population changes
with «: at a higher migration rate, the average fitness of native
ecotypes is reduced because migration carries native ecotypes
away from the habitats where they are most fit. At the same
time, the average fitness rises for other genotypes with mod-
erate fitness across multiple habitats connected by feedback.
This intuitive idea is made more precise in Appendix B. This
results in cluster(s) of globally fit genotypes (i.e., emergent
ecotypes) growing and outcompeting native ecotype(s). These
emergent ecotypes persist while one or more native ecotypes
go extinct. This behavior is illustrated in (ii) of Fig. 1(c),
where two emergent ecotypes (labeled A and G) coexist and
three native ecotypes (1, 3, and 4) have gone extinct. This
regime typically contains many phases, each characterized by
a particular set of coexisting native and emergent ecotypes.
See Fig. S1 for the steady-state populations in all four habitats,
and SM Sec. 11 [37] for simulations of the approach to a steady
state.

(iii)) High migration regime: dominance of an emer-
gent generalist. For very high migration rates, the dynamics
dramatically simplify because the timescale on which the
population samples the network becomes fast relative to net
population growth. In the limit k — oo, each strongly con-
nected component of the network behaves as a single isolated
habitat; it has a population N = >, Ai; (summing over habitats
within the component) governed by dynamics of the form of
Eq. (1) but with effective parameters:

N — (Veff _ pefthot)N’ (4)
where Vi;ff = (Sij(pieff + V(Aij — 8,']' Zk Ak,‘) with q;eff =
> 51y and peff = > s,2 o1- The weights s; are the stationary
probabilities for a random walk on the component with
hopping rates 7;, (see SM Sec. IV [37]). Equation (4) reveals
that, at high migration rates, only one ecotype can stably
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persist within each strongly connected component: the
‘native’ ecotype of the effective fitness landscape ¢°f. We
call this ecotype the emergent generalist and it has population
N* = effg;eff where the carrying capacity K. and genotype
distribution lpeff are defined as before, but now with the
effective habitat parameters.

Even though Eq. (4) is only exact in the k — oo limit,
the generalist typically emerges at migration rates much lower
than the maximum per capita growth rate in the system (see
SM Sec. IX.D. [37]). Hence, the high-x regime is likely ac-
cessible in both laboratory and natural systems. In Fig. 1(c),
(iii) shows the emergent generalist (labeled G) and the effec-
tive fitness landscape (f)eff for the example network shown.

2. Networks without feedback

In networks with no feedback, there is an analytical for-
mula for the unique stable steady-state populations at any
(see SM Sec. VI [37]). This formula shows that only native
ecotypes can stably exist. There is (i) a low migration regime
with the same behavior as for networks with feedback [de-
scribed by Eq. (3)]. As « increases into the (ii) intermediate
regime, a native ecotype will go extinct; however, it is possible
that this ecotype will regain stability at even higher migration
rates through a re-entrant transition (see [12]). For higher «,
there can be a variety of phases where various native ecotypes
are extinct. For sufficiently large « in the (iii) high migration
regime, the populations will be depleted due to outgoing mi-
gration in every habitat [ with k" # 0. Only sink habitats
will have nonzero population, and only the native ecotype
in each sink habitat will persist. Hence, similar to networks
with feedback, all spatial coexistence is lost in the high mi-
gration regime, but unlike networks with feedback, there is no
generalist adaptation. Notably, without feedback, much higher
migration rates are typically required for the system to enter
the high migration regime (see SM Fig. S2 [37]). Figure 1(d)
illustrates the three regimes for a network with no feedback.

B. Critical transitions and phase diagram

Interestingly, migration feedback not only allows a greater
variety of ecotypes to evolve, it also induces a richer variety
of critical transitions. These transitions occur at migration
rates where an ecotype gains or loses stability (i.e., where
an ecotype’s steady-state population transitions from zero to
nonzero, or vice versa). We demonstrate the following general
results regarding the types of critical transitions that occur
with and without migration feedback:

(1) For networks without feedback, all transitions are con-
tinuous, i.e., the steady-state populations vary continuously
from zero to nonzero as the migration rate passes a critical
value. See SM Sec. VII for proof [37].

(2) For networks with feedback, discontinuous transitions
occur and involve emergent ecotypes. We provide a mathe-
matical argument that every discontinuous transition involves
an emergent ecotype (Appendix B). Conversely, numerical
evidence suggests that an emergent ecotype always arises via
a discontinuous transition (see SM Sec. IX.C. [37]).

As an illustrative example, consider the minimal network:
two interconnected habitats, as shown in Fig. 2(a). In this min-

imal setting, we map out the phase diagram and examine the
critical transitions that separate the phases. The two-habitat
system has migration feedback when both kj, and kp; are
positive.

Figure 2(a) shows example fitness landscapes, and the ef-
fective landscape in the high migration regime for a particular
ratio of kj3/kp; [the slope of the dotted line in Fig. 2(b)].
The shaded regions indicate the ecotypes that can exist in this
system. The regions labeled 1 and 2 correspond to the native
ecotypes of habitats 1 and 2, and, as we will show, there are
two emergent ecotypes A and G, as indicated.

Figure 2(b) shows the phase diagram for this system. Each
phase (labeled I through VII) is characterized by the ecotypes
that stably exist. Each point (ky, k12) on the diagram is col-
ored according to the relaxation time t describing the rate at
which the population relaxes to a steady state at the migration
rates ky; and k. This relaxation time is given by t = —1/w;
where w; is the greatest (i.e., least negative) eigenvalue of
the Jacobian matrix of the system defined by Eq. (1). 7 is
sharply peaked around the migration rates at which an ecotype
gains or loses stability due to the phenomenon of critical
slowing down (CSD) [41,42]. Mathematically, CSD occurs
due to a bifurcation in the steady state at the critical tran-
sition; as we will see, feedback induces an unusual form of
bifurcation. Thus, the bright lines in Fig. 2(b) along which
T is sharply peaked indicate where the critical transitions
occur.

The phase diagram provides a global view of the low,
intermediate, and high migration regimes. In fact, this over-
all organization of the phase diagram with three regimes is
general, as long as emergent ecotypes exist to give rise to the
intermediate and high regimes. However, the specific structure
of the phases depends on the details of the fitness landscapes;
Fig. S6 shows phase diagrams for additional examples. In
Fig. 2(b), Phase I is the low migration regime, phase VII
is in the high migration regime, and the remaining phases
constitute the intermediate migration regime. There are three
other phases in the high migration regime (out of view, shown
in Fig. S2) in which different k5 /k»; ratios produce different
¢ with corresponding emergent generalists.

Figure 2(c) shows one ‘slice’ through the phase diagram
along the white dotted line in Fig. 2(b). This reveals the
two distinct types of critical transitions. There are discontin-
uous transitions, where the steady-state populations change
discontinuously across the transition, at k = k. and k. At
these transitions, a native ecotype is replaced by an emergent
ecotype. There is a continuous transition (where the steady-
state populations change continuously) at k = x.3, where an
ecotype goes extinct without any replacement by another
ecotype.

These observations point toward a general connection
between migration feedback, emergent ecotypes, and discon-
tinuous transitions. First, emergent ecotypes require migration
feedback to exist (as discussed above and in Appendix B).
Second, discontinuous transitions require emergent ecotypes.
Indeed, we show in Appendix B that a transition at which a
native ecotype is replaced by an emergent ecotype is always
discontinuous. Conversely, in networks without feedback,
transitions cannot be discontinuous; instead, only continuous
transitions due to a single transcritical bifurcation can occur
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FIG. 2. Continuous and discontinuous critical transitions in a minimal setting. (a) Two-habitat system with fitness landscapes $1 and ¢,
and carrying capacities K; = 1, K, = 0.7. Shaded regions indicate the parts of genotype space corresponding to native ecotypes 1 and 2
and emergent ecotypes A and G. Note that ¢;; = 1 for genotypes i in all four shaded regions, but wider regions confer stronger mutational
robustness and hence selective advantage to the occupying ecotype, due to the ‘survival of the flattest” mechanism [39,40]. Effective landscape
#°" in the high « regime where r; = 1 and r,; = 0.6. These fitness landscapes were chosen for visual clarity, though all conclusions apply
generally, as supported by both analytical results and statistical tests with randomly generated fitness landscapes (see SM Sec. IX [37]). (b)
Phase diagram revealed by a heat map of the relaxation time t. Phases (labeled by Roman numerals) are characterized by the ecotypes that
stably coexist; the coexisting ecotypes within each phase are listed. (c) Steady-state total populations of each ecotype (summed over both
habitats) as a function of migration strength «, along a slice of the phase diagram indicated by the dotted white line in panel B. (d) Relaxation
time 7 (solid black curve) along the same slice as panel C. t is peaked at both the continuous (k = «.3) and discontinuous (k = k.1, k2) phase
transitions. Colored squares show the autocorrelation time of the population of the ecotype that emerges or vanishes at the nearby transition,
obtained from stochastic simulations with demographic noise (see SM Sec. VIII [37]). Color coding is as labeled in panel C. From left to right,
the ecotypes whose autocorrelation times are shown are: G, 2, A, 1, A. Autocorrelation times for all ecotypes at each « are provided in SM

Fig. S3 [37].

[12]. These results show that feedback induces a greater vari-
ety of emergent phenomena, and that observation of emergent
ecotypes or discontinuous transitions in a particular system
implies that migration patterns must contain feedback.

As « approaches a discontinuous transition, there is no
change in the steady-state populations to warn of the im-
pending transition. However, CSD may provide an early
warning signal. In an experiment, measuring 7 directly re-
quires measuring the dynamics of each genotype, which may
be unfeasible. Instead, one needs only to measure ecotype
populations and estimate t from the autocorrelation time of
stochastic fluctuations; see SM Sec. VIII for details [37].
Figure 2(d) shows both 7 (black curve) and the autocorrela-
tion times of the ecotype that emerges (or vanishes) at each
transition (squares, colored according to ecotype). As shown,
a rising 7 indicates an approaching discontinuous transition
even though steady-state populations show no decline prior
to the transition. An important caveat is that, in order for
this warning signal to work, the genotypes that comprise the
emerging but not-yet-stable ecotype must be present at low
levels in the system. This may occur in the human gut, where
a broad range of microbes enter from food, so that there are
low levels of many genotypes that are otherwise unable to
persist. It could also occur when mutation rates are sufficiently
high, possibly in rapidly evolving B-cell populations. More-
over, in synthetic experiments, organisms could be introduced
by design to satisfy this requirement. This caveat is further
discussed in SM Sec. VIII [37].

Questions that remain are: What causes the discontinuity
in steady-state populations? Are there feasible experiments
that could probe this abrupt change? These questions are
addressed in the following section.

C. Mechanism and splitting of the discontinuous transitions

The mechanism of the discontinuous transitions can be
elucidated by reducing Eq. (1) to a simple Lotka-Volterra
model describing the interaction between ecotypes. As we
show below, the discontinuity arises from two transcritical bi-
furcations that occur “simultaneously,” i.e., at the same value
of k. We start with genotype-independent interactions, as in
Eq. (1). Then, we show that a genotype-dependent interac-
tion splits the discontinuous transition into two continuous
transitions.

The ecological character of the transition, where eco-
type emergence or extinction involves an entire cluster
of genotypes collectively emerging or vanishing, motivates
a Lotka-Volterra model of ecotype population dynamics.
Consider a two-habitat system with three ecotypes: native
ecotypes of habitats 1 and 2 and an emergent generalist G.
In general, the populations n;, (I € {1, 2}, e € {1, 2, G}) obey
Eq. (B1) below, but to retain only the essential mechanism,
we further reduce the model to two degrees of freedom. By
assuming that the native ecotypes both have fitness ¢ in their
native habitat and that the generalist has fitness p in both
habitats, and assuming p; = p, = p and kj» = kp; = «, the
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FIG. 3. Splitting of discontinuous transitions permits experimen-
tal probing for asymmetry of interactions. (a) The steady-state values
xy when a = 0, showing a discontinuous transition. Stable and un-
stable steady states are shown as solid and dashed lines, respectively.
Lower panel shows the relaxation time . Figure S4 shows x(; cor-
responding to panels A, B, and C. (b) x} for a > 0, where the
discontinuous transition has split into two continuous transitions.
Each transition is a transcritical bifurcation, where two steady states
swap stability (i.e., switch from solid to dashed or vice versa). Red
dashed lines indicate unrealistic steady states with negative popu-
lations (xy < 0 or x§ < 0). Lower panel shows that 7 is peaked
around both transitions. (c) x3, for a < 0, where there is a region of
bistability between the two continuous transitions. Red lines indicate
steady states with negative populations. Lower panel shows 7 at
each stable steady state, which shows two one-sided peaks. The
stable steady state xy = 0 and its corresponding relaxation time
are marked in blue, to identify which = corresponds to which xy,.
(d) For a < 0, sweeping « across both transitions and back will
produce a hysteresis loop as shown. (e) Relation between Ax, =
Ko — k1, which could be measured experimentally, and strength a of
asymmetry of interactions. (f) Schematic of an experiment involving
three antibiotic-resistant bacterial strains—two specialists and one
generalist. Migration is controlled by transporting bacteria between
two habitats (e.g., chemostats). The table lists the growth rate of each
strain in the habitat with either antibiotic.

model reduces to (see SM Sec. XI [37])
iy = (¢ — pOxy + Xx6) — K)xn, )

x¢ = (U — p(xy + x6))xG, (6)

where xy is the population of the native ecotype in each
habitat and x¢ the population of the generalist in either habitat.
This model has two steady states that swap stability at a
discontinuous transition at critical migration «, = ¢ — u (see
SM Sec. XI [37]). Figure 3(a) shows the stable (solid lines)
and unstable (dashed lines) steady-state values of xy, and the
discontinuous transition at x.. While a transition of this type
has been described before [29], its exact nature has not been
clarified.

Intriguingly, at the transition, the restoring force that drives
the system to a steady state vanishes exactly (in a typical
bifurcation, it would vanish only up to a certain order). To
be specific, for a population [xy xg] = [xy x5] + c(t)¢ where
[xy x&] is a steady state and ¢ the eigenvector of the Ja-
cobian with zero eigenvalue, the dynamics are ¢ = 0. To
explore the implications of this, we perturb Egs. (5) and (6)
with the lowest-order interaction terms —a,ox,zv and —a,oxé
that break the symmetry of ecotype-independent interactions.
These terms reintroduce a restoring force at the transition, and
by taking the limit @ — O we reveal how a lack of restoring
force induces a discontinuity.

The perturbation introduced by the above symmetry-
breaking terms splits the discontinuous transition into two
closely-spaced transcritical bifurcations: one at k. = ¢ —
(1 + a) and the other at k., = ¢ — /(1 + a). The resulting
steady-state populations are shown in Fig. 3(b) (for a > 0)
and Fig. 3(c) (for a < 0). At each bifurcation, a stable steady
state (solid line) swaps stability with an unstable steady state
(dashed line). Red lines mark unrealistic steady states (with
negative populations). For a < 0, the region between k.,
and k. exhibits bistability, where an external input (drive
or noise) can induce a switch from one steady state to the
other. Intuitively, this bistability arises because cooperativ-
ity (a < 0) stabilizes ecotypes with large populations, so the
system is stable either when ecotype 1 has a high popula-
tion and ecotype 2 has zero population, or vice versa. As
a result, the system will show hysteresis if « drifts across
both transitions and back [Fig. 3(d)]. This would provide an
experimental signature that distinguishes between competitive
(a > 0) and cooperative (a < 0) within-ecotype interactions.
Furthermore, the strength of the cooperative or competitive
effect could be determined experimentally by measuring the
split between transitions Ak, = k. — k. [Fig. 3(e)]. In SM
Sec. XIII [37] we show the splitting of the discontinuous
transition for the full model [Eq. (1)] using the example from
Fig. 2.

An experiment that not only detects the splitting of a
discontinuous transition but also uses it as a fool to mea-
sure inter-organism interactions, could be arranged as follows.
Take a bacterial species with three strains: 1, 2, and G. Strains
1 and 2 are each resistant, respectively, to the antibiotics A
and B. Strain G is resistant to both antibiotics, but faces a
fitness cost due to the maintenance of resistance. Habitats
1 and 2 (implemented, for example, with two chemostats)
contain antibiotics A and B, respectively. A cartoon of an
experimental setup is shown in Fig. 3(f), where bacteria are
transported between the habitats at a controlled rate. The
table in Fig. 3(f) shows the growth rate of each strain in
either habitat, where ¢; > p, and ¢ > ;. In the special case
that ¢; = ¢» = ¢ and ;| = wy = pu, the dynamics reduce
to Egs. (5) and (6). In the more general case where these
conditions do not hold, both a continuous and a discontin-
uous phase transition are predicted (see SM Sec. XV [37]).
The splitting of the discontinuous transition would reveal
whether intra-strain interactions are more or less competitive
than inter-strain interactions [Fig. 3(e)]. Moreover, one could
use this setup to quantify the effects of interaction-altering
mutations.
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IV. DISCUSSION

Spatial heterogeneity is a nearly universal feature of the
environments in which biological populations live and evolve,
and the impacts of heterogeneity on evolutionary and ecologi-
cal dynamics have been heavily studied [1-4,6-10,12,24,25].
Yet, much remains to be understood about how differing
migration patterns affect such systems. We show a fundamen-
tal connection between migration patterns, the populations
that evolve, and the response of those populations to changes
in migration. Specifically, migration feedback is required for
emergent ecotypes and generalists to evolve, and the emer-
gence of such ecotypes occurs through an intriguing form of
discontinuous critical transition. These abrupt transitions oc-
cur only in systems with migration feedback. The significance
of feedback in a network of habitats is reminiscent of the
significance of feedback loops (i.e., ‘recurrence’) in recurrent
neural networks (RNNs). RNNs allow for memory (persis-
tence of information in time) [43], which resembles how
migration feedback generates nonlocal niches (persistence of
fitness information through spatially extended collections of
habitats).

The generality of these results is demonstrated in
Appendix B. Put briefly, we show that for a generic system
obeying Eq. (1), discontinuous transitions cannot occur with-
out migration feedback, and every discontinuous transition
involves the emergence of an emergent ecotype. Moreover,
numerical evidence suggests that an emergent ecotype al-
ways arises via a discontinuous transition (SM Sec. IX.C.
[37]). An important question is: How do these results change
upon modifications of Eq. (1)? In Sec. III C, we show how
genotype-dependent interactions split a discontinuous tran-
sition into two continuous transitions. In addition, Eq. (1)
could be generalized such that migration rates are genotype
dependent. It will be interesting to see how this might affect
the critical transitions.

Since migration feedback (circulating flux) can occur in
a multitude of evolving systems throughout the body, the
pertinent emergent ecotypes may have important health im-
plications. During metastatic invasion, cancer cells not only
move out toward distant ecological niches but also can return
to the primary tumor [44]. Our model suggests that under high
migration (relative to net growth), drug-resistant cancer cells
may evolve as a generalist ecotype that fills a subnetwork
of connected tissue sites. This might provide an alternative
explanation for cancer recurrence (regrowth after surgery):
Rather than due to reseeding, recurrence in time is in fact re-
currence in space; after a tumor is removed from one location,
generalist cancer cells may continue to exist elsewhere, and
eventually spread back to the original location. On the other
hand, bacteria adapt in habitats connected by circulating fluid
flow (e.g., in the gut and lungs), and the evolution of antibiotic
resistance proceeds on rugged fitness landscapes [31,32]. Our
model predicts that there is an intermediate migration regime
in which, by modulating their own motility, bacteria can ex-
ploit a variety of emergent ecotypes for adapting in a broader
range of niches.

Critical transitions and emergent phenomena have been
widely studied in ecology [8,35,42,45-53]. A form of dis-
continuous transition was recently discussed in [35] where
an abrupt change occurs due to loss of bistability. The dis-

continuous transitions in our model are different, as they do
not require bistability and arise due to simultaneous transcriti-
cal bifurcations when interactions are genotype independent
(see SM Sec. XIV [37]). One biological consequence our
model predicts is that strengthening migration causes a de-
cline in species abundance as an emergent ecotype drives
native ecotypes to extinction. This resembles what is found
experimentally [8] that species abundance declines in re-
sponse to strengthening interactions.

Two common mechanisms that produce multiple stable
steady states in ecological models are (i) self-interactions
where a species’ per capita growth rate i/n includes terms
quadratic or higher-order in n (e.g., due to the Allee ef-
fect [35,54]), and (ii) nontrivial inter-species interactions,
such as those in Lotka-Volterra equations [55,56]. Impor-
tantly, Eq. (1) contains neither mechanism. Excluding these
mechanisms lets us isolate the influence of spatial hetero-
geneity and migration on the evolution of ecotypes and
on the interactions between ecotypes. Introducing genotype-
dependent interactions can induce bistability, as shown in
Fig. 3(c).

Feasible experiments may be able to test the predictions
of our model. We propose such an experiment in which only
three bacterial strains and two habitats are required. Mea-
surement of the splitting of a discontinuous transition, where
genotype-dependent interactions split the discontinuous tran-
sition into two closely spaced continuous transitions, may
provide a means to infer the type and magnitude of asymmetry
in interactions. Alternatively, interactions may be modified
experimentally (e.g., by varying nutrient concentrations as in
[8,57]) in order to tune the splitting. Finally, expanding our
model to explicitly include resource dynamics may reveal
additional behaviors, such as multistability (such as in [58]),
that such experiments could detect.

ACKNOWLEDGMENTS

This work is in part supported by an NSF CAREER Award
(No. PHY-2146581) to S.W. and C.0O.B. was supported by
the NSF Graduate Research Fellowship Program (NSF Grant
No. DGE-2034835) and the Systems and Integrative Biology
Training Grant (NIH Grant No. T32GMO008185).

APPENDIX A: DEFINITION OF MIGRATION FEEDBACK

We introduce the terminology of migration feedback,
which is similar to, but not equivalent to, the property of
strong connectivity in graph theory. Here are the definitions:

(1) A network of habitats has migration feedback if there is
(at least one) habitat that an organism can migrate out of, then
return to at a later time. Equivalently, a network has migration
feedback if there is a pair of strongly connected habitats.

(2) A network is strongly connected if any node (i.e.,
habitat) can be reached from any other node through some
sequence of steps. Note that all strongly connected networks
of habitats have feedback, but not all networks with feedback
are strongly connected.

(3) A strongly connected component of a network is
a subnetwork that is strongly connected, and for which
the inclusion of any additional nodes in the subnetwork
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would break its strong connectivity (in other words, the
subnetwork is as large as possible while maintaining its
strong connectivity). Under high migration, each strongly
connected component is overtaken by a single emergent
generalist.

APPENDIX B: FEEDBACK, EMERGENT ECOTYPES,
AND DISCONTINUOUS TRANSITIONS

Migration feedback, emergent ecotypes, and discontinuous
transitions are connected in the following way: Emergent eco-
types require migration feedback to exist stably at steady state,
and discontinuous transitions require an emergent ecotype to
occur. Hence, migration feedback is a necessary ingredient for
both of these behaviors.

To prove that feedback is required for emergent ecotypes
and discontinuous transitions, we prove that networks without
feedback only produce native ecotypes and continuous transi-
tions. The proof of this follows from the analytical formula for
steady-state populations in networks without feedback, and it
is given in the SM Secs. VI and VII [37].

The following illustrates intuitively why networks with
feedback produce emergent ecotypes and discontinuous tran-
sitions. Feedback allows global growth rates to be larger
than relative local growth rates (defined below), which
allows emergent ecotypes to grow on the network de-
spite having lower fitness in each habitat than the habitat’s
native ecotype. Second, the discontinuity in steady-state
populations at a discontinuous transition requires that the
ecotype transitioning from unstable to stable has an inter-
mediate fitness (not the maximum nor minimum fitness in
any habitat). This condition is satisfied only for emergent
ecotypes.

Consider the transition from the low migration regime to
the intermediate regime, where the first emergent ecotype
arises and coexists with the native ecotypes. We will model
this using an ecological model (neglecting mutation) of the
form

fe = (e — pinf™ — k")nie + Y kpnpe.  (B1)

p

where subscript [ denotes the habitat (I = 1, ..., L), and sub-
script e denotes the ecotype (e =1,...,L are the native
ecotypes and ¢ = G is a non-native ecotype which emerges
when the system enters the intermediate migration regime).
The connection between migration feedback, emergent eco-
types, and discontinuous transitions becomes clearer when
the dynamics are expressed in terms of ecotype frequencies
fre = nye/ n}o‘. In these new variables, the dynamics are

tot

fre = (9re = 8"V fre + D _kpi— (fpe = fie),  (B2)
P l
' = (9" — pim)™

— k) Y k', (B3)
P

where ¢,"* =Y, fie¢.. Now, consider the growth of the
emergent ecotype G. Let fG = [fig ... frcl’, so fG = MGfG

where
ntm

Mg » , (B4)

Mg 11
tot

n
Mg = | kil
2

and where the diagonal elements

ntol

Mo =¢ic— [ 9"+ ko | (BS)
» 1
are the relative local growth rates (i.e., the fitness of G in
habitat [, relative to average fitness in / plus the discount
due to migration out of /). This contrasts with the global
growth rates of G, which are the eigenvalues of Mg (if
an eigenvalue of M is positive, then G will grow on the
network).

The key effect of feedback is that it allows global growth
rates to be larger than relative local growth rates. The reason is
that, without feedback, M can be written in lower triangular
form (with an appropriate labeling of habitats), whereas with
feedback, Mg cannot be written in lower triangular form.
For a lower triangular matrix (no feedback), the diagonal
elements are equal to the eigenvalues; in other words, relative
local growth rates are equal to global growth rates. For a
nonlower triangular matrix (with feedback), the eigenvalues
can be larger than the diagonal elements, so feedback allows
global growth rates to be larger than the relative local growth
rates.

Without feedback, emergent ecotypes always have negative
relative local growth rates at steady state. Hence, an emergent
ecotype can never grow without feedback. With feedback, in-
stead, an emergent ecotype can have a positive global growth
rate even if all relative local growth rates are negative.

To see why every discontinuous transition must involve the
emergence of an emergent ecotype, it is useful to consider the
discontinuous transition as the limit where two transcritical
bifurcations occur simultaneously. First, consider a discontin-
uous transition that is split into two transcritical bifurcations
at k.; and k. by a symmetry-breaking interaction term [as
in Fig. 3(b)]. As shown in Fig. 3(b), the steady-state pop-
ulations change rapidly as « is increased from «.; to k.
As the symmetry-breaking term is reduced toward zero, k.
and k. move closer together, and the steady state n*(k)
for k.1 < k < k., becomes ‘steeper’ (i.e., |d‘1—Kn*(/<)| becomes
larger). n*(x) becomes ‘vertical’ (varies arbitrarily quickly
with «) in the limit that the symmetry-breaking term vanishes
[as in Fig. 3(a)]. This ‘vertical’ line of states represents a
continuum of steady states at k., parametrized by n* + c¢
for any c, where the steady state »* and zero mode ¢ are
vectors with components for each ecotype in each habitat.
In the language of dynamical systems theory, this contin-
uum of states is the center manifold, and at a discontinuous
transition, the dynamics on the center manifold vanish to all
orders in c. Inserting n* + c¢ into Eq. (1) shows that, in order
for ¢ =0 for any ¢, n® must be independent of ¢ in every
habitat.

Now, consider Eq. (B3) for this continuum of steady states.
n® =0, as required for a steady state, and the previous

paragraph shows that n}® is constant on this continuum of
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steady states. Therefore, Eq. (B3) implies that ¢;"* must
also be constant on this continuum of steady states. For
#,"* to remain constant while fj transitions from zero to
nonzero, the condition min.{¢;.} < ¢;¢ < max,.{¢;.} must be
satisfied for every habitat [ (if this weren’t true, then in-

creasing fjg would necessarily increase or decrease ¢>Iavg).
Native ecotypes do not satisfy this inequality, because for
native ecotype /, ¢;; = max,.{¢;.}. Therefore, ecotype G can-
not be native to any habitat, so it must be an emergent
ecotype.
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