2309.10884v2 [g-bio.PE] 9 Jan 2024

.
.

arxiv
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We explore the connection between migration patterns and emergent behaviors of evolving popu-
lations in spatially heterogeneous environments. Despite extensive studies in ecologically and med-
ically important systems, a unifying framework that clarifies this connection and makes concrete
predictions remains much needed. Using a simple evolutionary model on a network of intercon-
nected habitats with distinct fitness landscapes, we demonstrate a fundamental connection between
migration feedback, emergent ecotypes, and an unusual form of discontinuous critical transition.
We show how migration feedback generates spatially non-local niches in which emergent ecotypes
can specialize. Rugged fitness landscapes lead to a complex, yet understandable, phase diagram in
which different ecotypes coexist under different migration patterns. The discontinuous transitions
are distinct from the standard first-order phase transitions in statistical physics. They arise due to
simultaneous transcritical bifurcations and exhibit a “fine structure” due to symmetry breaking be-
tween intra- and inter-ecotype interactions. We suggest feasible experiments to test our predictions.

I. INTRODUCTION

Biological populations live and evolve in spatially het-
erogeneous environments, where selection pressures de-
pend on location. While certain consequences of spatial
heterogeneity are well established — e.g. that heterogene-
ity can stabilize biodiversity [1-7] — recent studies have
uncovered unexpected behaviors, such as persistent fluc-
tuations in species abundance [8] and chaotic alternation
of locally dominant strains [9], non-monotonic effects of
dispersal ability [10-12], and re-entrant transitions [12].
These findings highlight the need for a more comprehen-
sive understanding of how migration patterns influence
populations in spatially-structured environments.

Spatial structure in medically important systems pro-
duces complex behaviors and raises important questions.
Human gut microbiota inhabit several distinct regions
with differing physiological conditions (e.g. nutrient con-
centrations [13]) and migration of microbes is modu-
lated 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]. Infectious bacteria exposed to an-
tibiotics live within, and transfer between, distinct hosts
and clinical settings [17], and their migration patterns
can affect evolution of antibiotic resistance [18-20]. In
metastatic cancers, invasion of new tissue sites and an
increased diversity of motility phenotype are often asso-
ciated with the emergence of drug resistance and systemic
failure [21]. In the adaptive immune system, antibody-
producing B-cells undergo rapid evolution within local-
ized germinal centers [22]. It remains an open question
to what extent the strength and pattern of migration
between germinal centers shape clonal diversity and re-
sponse efficacy.

A general approach for modeling spatially heteroge-

neous systems is to treat the environment as a network
of interconnected habitats, where each habitat has dis-

tinct selection pressures. 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 localized adaptation (where evolution
favors organisms specialized to their local environment),
whereas high migration rates promote generalist organ-
isms that are globally well-adapted. However, previous
studies assume neutral evolution or simple unimodal fit-
ness landscapes in each habitat, whereas realistic fitness
landscapes may well be rugged [28, 29]. In addition, in-
teresting results on the influence of migration patterns
have been found [30], yet a general understanding of the
impact of different forms of migration patterns is lack-
ing. Furthermore, although many of these models exhibit
transitions between regimes [27, 31-33], 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 prin-
ciples by which migration patterns shape the population
composition and critical transitions. We find that migra-
tion feedback (i.e. ‘loops’ in migration patterns) allow
for the evolution of emergent ecotypes that adapt to fill
spatially non-local niches. At high migration rates, spa-
tial coexistence of distinct ecotypes is lost, and evolution
leads to a generalist only if there is migration feedback.
When fitness landscapes are rugged, there is an interme-
diate regime where a multitude of emergent ecotypes—
neither fully generalist nor fully specialist—may coexist.

Migration feedback produces an intriguing form of dis-
continuous transition which, although observed before
[33], has not been characterized mathematically. Of
a distinct nature than previously studied catastrophic
shifts [34], these transitions feature simultaneous stabil-
ity swaps and reflect an underlying symmetry. Interest-
ingly, when the symmetry of genotype-independent in-
teractions is broken by a genotype-specific perturbation,
the discontinuous transition splits into two closely-spaced
continuous transitions (in analogy to how atomic spectral
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forl =1,..., L, where the overdot indicates a time deriva-
tive and where nf°t = "M ', ; is the total population of
habitat [. Note that the logistic discount to net growth
is identical for all genotypes. k" is habitat I’s total out-

going migration rate (kP = Zﬁzl kip) and R is the fluz
of organisms migrating into habitat [ (B, = 25:1 kpifip).
Fig. 1A is a schematic of a generic habitat [ with influx R

and outflux kP"*7;. The ‘evolution matrix’ V; describes
selection and mutation,

M
Vl,z‘j = 0iP1,5 + ’Y(/L'j — 045 Z Akz) (2)
k=1

where A is the genotype adjacency matrix: AU =1 if
genotypes ¢ and j differ by a single mutation, and /Alij =
0 otherwise. Importantly, our results are valid for any
symmetric A. In the examples that we discuss, we choose
A;; = 1if |i — j| = 1 and zero otherwise (which is the
adjancency matrix of a 1 dimensional lattice) because it
makes the results easy to visualize. However, our results
do not depend on this choice of A. This model extends
that of [12, 35] to a network and, crucially, incorporates
two-way migration between connected habitats.

III. RESULTS
A. Evolution of native and emergent ecotypes

The dynamics of Eq. 1 lead to the evolution of eco-
types, which are subpopulations that form a cluster in
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FIG. 1. Migration feedback produces emergent eco-
types. (A) Schematic of a generic habitat [, indicating mi-

gration influx R, and outflux Epue

;. (B) Example of a fitness
landscape (Ez and native ecotype 1/7;, 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 (i77) high migration regimes
are shown. Native ecotypes are labeled with numbers cor-
responding to their habitat. Emergent ecotypes are labelled
A and G. The effective landscape q;eﬁ in the high migration
regime is shown, illustrating that the generalist G is the ‘na-
tive’ 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 land-
scape is merely the landscape of habitat 1, which is a sink.
The mutation rate is ¥ = 0.01¢max, Where @max is the maxi-
mum fitness value across all habitats. See SM for the steady
state populations in other habitats and specification of other
parameters.

genotype space as they specialize to a particular niche.
Fig. 1B illustrates an ecotype in the simplest setting: an
isolated habitat with zero migration. With the fitness
landscape (51, the population evolves into a cluster with
distribution 1/_;1 around the most-fit region of the fitness
landscape (Fig. 1B). This cluster is the native ecotype of
the habitat. Mathematically, the steady state population
is et = K, 51/71 where 15[ is the eigenvector of V; with the
largest eigenvalue ()\;), normalized so that >, vy; = 1
[12, 35]. K; = \;/p; is the carrying capacity. The eigen-
vector 1/_;1 describes the distribution of genotypes in habi-
tat I’s native ecotype, and it is exponentially localized




around the region of genotype space most fit in habitat
[ [12, 35].

In a network of habitats, the migration pattern {kj,}
that connects the habitats has a profound effect on both
the populations that evolve, and the response of evolved
populations to changes in migration. In particular, net-
works with migration feedback show emergent behaviors
and abrupt critical transitions that are not exhibited by
networks without feedback. To define this terminology:
a network has migration feedback if migration allows an
organism to circulate back to a habitat it earlier left.
Definitions of this and related concepts are given in Ap-
pendix A. Fig. 1C 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 out-
going flux. Fig. 1D 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, without feedback, only the native eco-
types of individual habitats can stably persist (Appendix
B). In other words, while each habitat provides a local
niche where its native ecotype can specialize, migration
feedback generates non-local niches where emergent eco-
types are 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 behav-
iors can be classified into three migration-dependent
regimes. With feedback, there is (i) a low migration
regime with coexisting native ecotypes; (ii) an inter-
mediate migration regime in which one or more native
ecotypes go extinct and are replaced by emergent eco-
type(s). We only observe this regime when fitness land-
scapes are rugged, with multiple local fitness maxima.
Finally, there is (74) a high migration regime in which
all spatial coexistence of ecotypes is lost and an emer-
gent generalist takes over each strongly connected com-
ponent of the network. In networks without feedback,
no emergent ecotypes evolve, and the intermediate and
high migration regimes are characterized by loss of na-
tive ecotypes without replacement by emergent ecotypes.
The following two sections explain these regimes.

1. Networks with feedback

(i) Low migration regime: coexistence of native eco-
types. For low rates, migration leads to spatial coexis-
tence of multiple ecotypes within each habitat. We define
a parameter x to control the overall strength of migra-
tion, and write the migration rates as kj, = k7, where
T1p specify the relative migration rates between pairs of
habitats. For low k, the steady-state populations are

iy = (1 — kx) AN + KerlFlﬁgat + O(x%) (3)
pF#l

3

where Fj (defined in SM) is a linear filter that describes
how the genotype distribution of an ecotype migrating
into habitat [ is modified by the local selection pressure.
X is a constant (defined in SM). Eq. 3 describes how the
native ecotype in each habitat coexists with the (filtered)
native ecotypes of other habitats. This behavior is illus-
trated in Fig. 1C (%), which shows how habitat 1 supports
its native ecotype as well as incoming ecotypes from all
other habitats (see SM for the steady state populations
in other habitats).

(ii) Intermediate migration regime: growth of emergent
ecotypes. As k increases, the average fitness of native eco-
types decreases 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 moderate 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 geno-
types (i.e. emergent ecotypes) growing and outcompeting
native ecotype(s). These emergent ecotypes persist while
one or more native ecotype goes extinct. This behavior is
illustrated in Fig. 1C(i1), where two emergent ecotypes
(labelled A and G) coexist and three native ecotypes (1,
3 and 4) have gone extinct. This regime typically con-
tains many phases, each characterized by a particular set
of coexisting native and emergent ecotypes.

(iii) High migration regime: dominance of an emergent
generalist. For very high migration rates, the dynam-
ics dramatically simplify because the timescale on which
the population samples the network becomes fast rela-
tive to net population growth. In the limit x — oo, each
strongly connected component of the network behaves as
a single isolated habitat; it has a population N = Do
(summing over habitats within the component) governed
by dynamics of the form of Eq. 1 but with effective pa-
rameters:

Z\_/: — (Vcﬁ" _ pcfthot)N (4)

where ‘A/Z-?-H = 61‘]‘(]5?5 + ’)/(Aij - 51']' Zk A;ﬂ) with (Eeff =
> sigy and pff = >, sipi. The weights s; are the sta-
tionary probabilities for a random walk on the component
with hopping rates r;, (see SM). Eq. 4 reveals that, at
high migration rates, only one ecotype can stably persist
within each strongly connected component: the ‘native’
ecotype of the effective fitness landscape 595. We call
this ecotype the emergent generalist and it has popula-
tion N* = Kcﬁ"lz;cﬁ‘ where the carrying capacity K.g and
genotype distribution Qz)'eﬁ 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). Hence, the high-« regime is likely acces-
sible in both laboratory and natural systems. Fig. 1C (i)
shows the emergent generalist (labeled G) and the effec-

tive fitness landscape 5‘95 for the example network shown.



2. Networks without feedback

In networks with no feedback, there is an analytical
formula for the steady state populations at any x (see
SM). 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 k increases into the (ii) interme-
diate 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 transi-
tion (see [12]). For higher k, there can be a variety of
phases where various native ecotypes are extinct. For
sufficiently large « in the (ii7) high migration regime, the
populations will be depleted due to outgoing migration
in every habitat | with k" # 0. Only sink habitats
will have nonzero population, and only the native eco-
type in each sink habitat will persist. Hence, similar to
networks with feedback, all spatial coexistence is lost in
the high migration regime, but unlike networks with feed-
back, there is no generalist adaptation. Notably, without
feedback, much higher migration rates are typically re-
quired for the system to enter the high migration regime
(see SM). Fig. 1D illustrates 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). It is
illuminating to explore these phenomena within a mini-
mal network: two interconnected habitats, as shown in
Fig. 2A. In this minimal setting, we map out the phase
diagram and examine the critical transitions that sepa-
rate the phases. The two-habitat system has migration
feedback when both k15 and ks; are positive.

Fig. 2A shows example fitness landscapes, and the ef-
fective landscape in the high migration regime for a par-
ticular ratio of kis/ko; (the slope of the dotted line in
Fig. 2B). The shaded regions indicate the ecotypes that
can exist in this system. The regions labelled 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.

Fig. 2B shows the phase diagram for this system. Each
phase (labelled I through VII) is characterized by the
ecotypes that stably exist. Each point (ks21,k12) on the
diagram is colored according to the relaxation time 7 of
the population at the migration rates ko1 and kio. This
relaxation time to steady state is given by 7 = —1/w;
where wy 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). Mathematically, CSD oc-
curs due to a bifurcation in the steady state at the critical
transition; as we will see, feedback induces an unusual
form of bifurcation. Thus, the bright lines in Fig. 2B
along which 7 is sharply peaked indicate where the crit-
ical transitions occur.

The phase diagram provides a global view of the low,
intermediate, and high migration regimes. Phase I is the
low migration regime, phase VII is in the high migration
regime, and the remaining phases constitute the interme-
diate migration regime. There are three other phases in
the high migration regime (out of view, shown in SM) in
which different k15 /ko; ratios produce different 5"5 with
corresponding emergent generalists.

Fig. 2C shows one ‘slice’ through the phase diagram
along the white dotted line in Fig. 2B. This reveals two
distinct types of critical transitions. There are discon-
tinuous transitions, where the steady state populations
change discontinuously across the transition, at kK = k¢
and k.o. At these transitions a native ecotype is replaced
by an emergent ecotype. There is a continuous transi-
tion (where the steady state populations change continu-
ously) at k = k.3, where an ecotype goes extinct without
any replacement by another ecotype. It is no coincidence
that the transitions where an emergent ecotype replaces
a native ecotype are discontinuous, whereas transitions
involving only the extinction of an ecotype are continu-
ous. Moreover, when feedback is removed (k;2 = 0 or
k21 = 0), no discontinuous transitions occur (see SM).

These observations point toward a general connection
between migration feedback, emergent ecotypes, and dis-
continuous transitions. First, emergent ecotypes require
migration feedback to exist (as discussed above). Second,
discontinuous transitions require emergent ecotypes. In-
deed, 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 [12]. These results show that feed-
back induces a greater variety of emergent phenomena,
and that observation of emergent ecotypes or discontin-
uous transitions in a particular system implies that mi-
gration patterns must contain feedback.

As k 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
requires measuring the dynamics of each genotype, which
may be unfeasible. Instead, one needs only to measure
ecotype populations and estimate 7 from the autocorre-
lation time of stochastic fluctuations; see SM for details.
Fig. 2D shows both 7 (black curve) and the autocorre-
lation times of the ecotype that emerges (or vanishes) at
each transition (squares, colored according to ecotype).
As shown, a rising 7 indicates an approaching discon-
tinuous transition even though steady state populations
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FIG. 2. Continuous and discontinuous critical transitions in a minimal setting. (A) Two-habitat system with
fitness landscapes d_;l and 52. Shaded regions indicate the parts of genotype space corresponding to native ecotypes 1 and 2 and
emergent ecotypes A and G. Effective landscape gz?eff in the high k regime where r12 = 1 and 721 = 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). (B) Phase diagram revealed by a heat map of the relaxation time 7.
Phases (labelled 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 r, 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. 7 is peaked at both the continuous (k = ke3) and discontinuous (k = Kc1, Ke2) 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). Color coding is as labelled 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 k are provided in the SM.

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 sys-
tem. 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 suf-
ficiently high, possibly in rapidly evolving B-cell pop-
ulations. Moreover, in synthetic experiments, organisms
could be introduced by design to satisfy this requirement.
This caveat is further discussed in the SM.

Questions remain: 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.

Mechanism and fine-structure of the discontinuous
transitions

The mechanism of the discontinuous transitions can be
elucidated by reducing Eq. 1 to a simple and easily solv-
able model. As we show below, the discontinuity arises
from two transcritical bifurcations that occur at the same

value of k, reflecting symmetry in the governing equation.
A genotype-dependent perturbation that breaks the sym-
metry of genotype-independent interactions splits these
simultaneous bifurcations into two nearby ones, inducing
a “fine structure” to the transition.

Specifically, the ecological character of the transition,
where ecotype emergence or extinction involves an entire
cluster of genotypes collectively emerging or vanishing,
motivates a simple model of ecotype population dynam-
ics. Consider a two-habitat system with three ecotypes:
native ecotypes of habitats 1 and 2 and an emergent gen-
eralist 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 eco-
types both have fitness ¢ in their native habitat and that
the generalist has fitness p in both habitats, and assum-
ing p1 = p2 = p and k12 = ko1 = K, the model reduces to
(see SM):

in =(¢p—pleny +zg) — K)zN (5)
ic = (p—plan +26))7c (6)

where z is the population of the native ecotype in each
habitat and z¢ the population of the generalist in either
habitat. This model has two steady states that swap sta-



6.4 Kcl Keo .6.4 Keo Kcp .6

4 K¢
K K
Strain
1 2 G
=
S Aldr 0 pg
=
g 0 ¢2 wp
Antlblotlc Antibiotic <

B

FIG. 3. Fine-structure of discontinuous transitions
permits experimental probing for asymmetry of inter-
actions. (A) The steady state values x3 when a = 0, show-
ing a discontinuous transition. Stable and unstable steady
states are shown as solid and dashed lines, respectively. Lower
panel shows the relaxation time 7. See SM for z¢; for panels
A, B, and C. (B) z} for a > 0, where the discontinuous tran-
sition has split into two continuous transitions. Each tran-
sition 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 neg-
ative populations (z < 0 or ¢ < 0). Lower panel shows
that 7 is peaked around both transitions. (C) z} for a < 0,
where there is a region of bistability between the two continu-
ous 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
x = 0 and its corresponding relaxation time 7 are marked
in blue, to identify which 7 corresponds to which z. (D)
For a < 0, sweeping x across both transitions and back will
produce a hysteresis loop as shown. (E) Relation between
AKe = Kea — Ke1, 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 con-
trolled by transporting bacteria between two habitats (e.g.
chemostats). The table lists the growth rate of each strain in
the habitat with either antibiotic.

bility at a discontinuous transition at critical migration
ke = ¢ — p (see SM). Fig. 3A shows the stable (solid
lines) and unstable (dashed lines) steady state values of
N, and the discontinuous transition at x.. While a tran-
sition of this type has been described before [33], its exact
nature has not been clarified.

Intriguingly, at the transition, the restoring force that
drives the system to steady state vanishes ezactly (in
a typical bifurcation, it would vanish only up to cer-
tain order). To be specific, for a population [zy zg] =
(2% 5] + c(t)¢ where [z}, (] is a steady state and

¢ the eigenvector of the Jacobian with zero eigenvalue,
the dynamics are ¢ = 0. To explore its implications, we
perturb Eqs. 5 and 6 with the lowest-order interaction
terms —apz% and —apz? that break the symmetry of
ecotype-independent interactions. These terms reintro-
duce a restoring force at the transition, and by taking
the limit a — 0 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
ke1 = ¢ — 1(1 4+ a) and the other at ke = ¢ — p/(1+ a).
The resulting steady state populations are shown in Fig.
3B (for a > 0) and Fig. 3C (for a < 0). At each bifur-
cation, a steady state (solid line) swaps stability with an
unstable steady state (dashed line). Red lines mark un-
realistic steady states (with negative populations). For
a < 0, the region between k. and k.1 exhibits bistabil-
ity, where an external input (drive or noise) can induce a
switch from one steady state to the other. Intuitively, this
bistability arises because cooperativity (a < 0) stabilizes
ecotypes with large populations, so the system is stable
either when ecotype 1 has a high population and ecotype
2 has zero population, or vice versa. As a result, the
system will show hysteresis if x drifts across both transi-
tions and back (Fig. 3D). This would provide an experi-
mental signature that distinguishes between competitive
(a > 0) and cooperative (a < 0) within-ecotype interac-
tions. Furthermore, the strength a of the cooperative or
competitive effect could be determined experimentally by
measuring the split between transitions Ak, = Keo — Kel
(Fig. 3E).

An experiment that not only detects the fine-structure
of a discontinuous transition, but also uses it as a tool to
measure 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, respec-
tively, to the antibiotics A and B. Strain G is resistant to
both antibiotics, but faces a fitness cost due to the main-
tenance of resistance. Habitats 1 and 2 (implemented,
for example, with two chemostats) contain antibiotic A
and B, respectively. A cartoon of an experimental setup
is shown in Fig. 3F, where bacteria are transported be-
tween the habitats at a controlled rate. The table in
Fig. 3F shows the growth rate of each strain in either
habitat, where ¢ > p, and ¢2 > pp. In the special
case that ¢1 = ¢2 = ¢ and p; = pe = u, the dynam-
ics reduce to Eqgs. 5 and 6. In the more general case
where these conditions do not hold, both a continuous
and a discontinuous phase transition are predicted (see
SM). The fine-structure of the discontinuous transition
would reveal whether intra-strain interactions are more
or less competitive than inter-strain interactions (Fig.
3E). Moreover, one could use this setup to quantify the
effects of interaction-altering mutations.



DISCUSSION

Spatial heterogeneity is a nearly universal feature of
the environments in which biological populations live and
evolve, and the impacts of heterogeneity on evolution-
ary and ecological dynamics have been heavily studied
[1-4, 6-10, 12, 24, 25]. Yet, much remains to be under-
stood about how differing migration patterns affect such
systems. We show a fundamental 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 emergence of
such ecotypes occurs through an intriguing form of dis-
continuous critical transition. These abrupt transitions
occur only in systems with migration feedback. The sig-
nificance of feedback in a network of habitats is remi-
niscent of the significance of feedback loops (i.e. ‘recur-
rence’) in recurrent neural networks (RNNs). RNNs al-
low for memory (persistence of information in time) [36],
which resembles how migration feedback generates non-
local niches (persistence of fitness information through
spatially-extended collections of habitats).

Since migration feedback (circulating flux) can occur in
a multitude of evolving systems throughout the body, the
pertinent emergent ecotypes may have important health
implications. During metastatic invasion, cancer cells not
only move out toward distant ecological niches, but also
can return to the primary tumor [37]. Our model sug-
gests that under high migration (relative to net growth),
drug-resistant cancer cells may evolve as a generalist eco-
type that fills a subnetwork of connected tissue sites.
This might provide an alternative explanation for can-
cer recurrence (regrowth after a surgery): rather than
due to reseeding, recurrence in time is in fact recurrence
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 fit-
ness landscapes [28, 29]. Our model predicts that there
is an intermediate migration regime in which, by modu-
lating their own motility, bacteria can exploit 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, 34, 38-47]. A form
of discontinuous transition was recently discussed in [34]
where an abrupt change occurs due to loss of bistabil-
ity. The discontinuous transitions in our model are dif-
ferent, as they do not require bistability and arise due to
simultaneous transcritical bifurcations that reflect an un-
derlying symmetry (see SM). One biological consequence
our model predicts is that strengthening migration causes
a decline in species abundance as an emergent ecotype
drives native ecotypes to extinction. This resembles what
is found experimentally [8] that species abundance de-

clines in response to strengthening interactions.

Feasible experiments may be able to explore the pre-
dictions of our model. We propose such an experiment in
which only three bacterial strains and two habitats are
required. Measurement of the fine-structure of the tran-
sition, where genotype-dependent interactions split the
discontinuous transition into two closely-spaced continu-
ous transitions, may provide a means to infer the type
and magnitude of asymmetry in interactions. Alterna-
tively, interactions may be modified experimentally (e.g.
by varying nutrient concentrations as in [8, 48]) in order
to tune the fine structure. Finally, expanding our model
to explicitly include resource dynamics may reveal addi-
tional behaviors, such as multi-stability (such as in [49]),
that such experiments could detect.

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 our def-
initions:

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 feed-
back, 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 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 discon-
tinuous transitions are connected in the following way:
emergent ecotypes require migration feedback to exist
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 eco-
types and discontinuous transitions, we prove that net-
works without feedback only produce native ecotypes and



continuous transitions. The proof of this follows from the
analytical formula for steady state populations in net-
works without feedback, and it is given in the SM.

The following illustrates intuitively why networks with
feedback produce emergent ecotypes and discontinuous
transitions. Feedback allows global growth rates to be
larger than relative local growth rates (defined below),
which allows emergent ecotypes to grow on the network
despite having lower fitness in each habitat than the habi-
tat’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 intermediate fitness (not the maximum or 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 eco-
type arises and coexists with the native ecotypes. We will
model this using an ecological model (neglecting muta-
tion) of the form

. tot t
Nie = (¢le - plnlo - k?u )nle + Z kplnpe
p

(B1)

where subscript [ denotes the habitat (I = 1,..., L), and
subscript e denotes the ecotype (e = 1,..., L are the na-
tive ecotypes and e = (G is a non-native ecotype which
emerges when the system enters the intermediate migra-
tion regime). The connection between migration feed-
back, emergent ecotypes, and discontinuous transitions
becomes clearer when the dynamics are expressed in
terms of ecotype frequencies fie = n./n{°*. In these
new variables, the dynamics are

tot

fie = (61 = ") e + 3 s (fe — fre) - (B2)
P l

-tot __ avg tot out) tot tot
= (" — pny® — k) + E :kplnp
p

(B3)

where ¢7"% = 3" fiedie. Now, consider the growth of
the emergent ecotype G. Let fg = [fig - frc]t, so
fG = Mng where

n
Mg 11 k217§ot
ntot

Mg = le@ (B4)

and where the diagonal elements
ntot
Mau=¢ic— | 6]+ kplﬁ (B5)
1
P

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 Mg 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, Mg can be writ-
ten in lower triangular form (with an appropriate label-
ing of habitats), whereas with feedback, M 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 non-lower
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 neg-
ative relative local growth rates at steady state. Hence,
an emergent ecotype can never grow without feedback.
With feedback, instead, 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 con-
sider the discontinuous transition as the limit where two
transcritical bifurcations occur simultaneously. First,
consider a discontinuous transition that is split into two
transcritical bifurcations at x.; and k.o by a symmetry-
breaking interaction term (as in Fig. 3B). As shown in
Fig. 3B, the steady state populations change rapidly as x
is increased from k.; to ke2. As the symmetry-breaking
term is reduced toward zero, k.; and k.o move closer to-
gether, and the steady state n*(k) for k. < Kk < Keo
becomes ‘steeper’ (i.e. |-£n* (k)| becomes larger). n* (k)
becomes ‘vertical’ (varies arbitrarily quickly with &) in
the limit that the symmetry-breaking term vanishes (as
in Fig. 3A). This ‘vertical’ line of states represents a con-
tinuum of steady states at k., parametrized by n* + ¢C
for any ¢, where the steady state n* and zero mode ¢
are vectors with components for each ecotype in each
habitat. In the language of dynamical systems theory,
this continuum 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* 4+ ¢¢ into
Eq. 1 shows that, in order for ¢ = 0 for any ¢, nj°" must
be independent of ¢ in every habitat.

Now consider Eq. B3 for this continuum of steady
states. nj°" = 0, as required for a steady state, and
the previous paragraph shows that n{°" is constant on
this continuum of steady states. Therefore, Eq. B3
implies that ¢;"® must also be constant on this con-
tinuum of steady states. For ¢;"® to remain constant
while fjs transitions from zero to nonzero, the condition
mine{¢re } < dig < maxe{¢} must be satisfied for every
habitat [ (if this weren’t true, then increasing f; would
necessarily increase or decrease ¢;"#). Native ecotypes do
not satisfy this inequality, because for native ecotype I,
¢u = max.{ ¢ }. Therefore, ecotype G cannot be native
to any habitat, so it must be an emergent ecotype.
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