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Abstract Despite depleting the resources in their
environments, some species and societies are capable
of sustainable habitat expansion by alternating between
a low-growth migratory lifestyle and high-growth but
destructive behavior. Examples include nomadic pas-
toralism and shifting cultivation, practiced by humans
for millennia. Although specific models have been
developed for species or societies which practice peri-
odicmigration and habitat depletion, theoretical insight
into such phenomena as a whole is lacking. Prior work
has shown that a population in a single habitat can sur-
vive by alternating between a resource-independent but
negative-growth ‘nomadic’ strategy and a destructive
but high-growth ‘colonial’ strategy. By explicitly mod-
eling the spatial dynamics of these strategies as they
migrate across multiple habitats, we now demonstrate
that a population can not only survive, but also sustain-
ably colonize an arbitrarily large network of habitats
by alternating between the two strategies. This is pos-
sible under a wide range of conditions, as long as the
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resource level at which a colonial population switches
to nomadism is sufficiently high, and the number of
neighbors of each habitat in the network is reasonably
small. Our theoretical model thus explains the appar-
ent paradox of how two life strategies that individu-
ally lead to extinction can nonetheless be combined
through spatiotemporal alternation to enable sustained
territorial expansion—a finding which synthesizes the
theoretical frameworks of Parrondo’s paradox with the
exploration–exploitation dilemma.
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1 Introduction

A number of species, known as ecosystem engineers
[1,2], are capable of significantly transforming the
environments they reside in, with humanity itself the
archetypal example. Such species alter their habitats
in a way that promotes their survival and growth, at
least in the short term. In the long term, these alter-
ations can be destructive and unsustainable, as anthro-
pogenic climate change is forecast to be. Yet, there also
exist species and societies that survive in stable oscilla-
tion with their environments despite these destructive
behaviors [3]. Onemechanismbywhich this is possible
is a strategy of periodic alternation between destructive
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but high-growth and nondestructive but low-growth
behaviors [4]. For example, many traditional nomadic
pastoralists and shifting cultivators are careful to limit
the amount of resource depletion that occurs as a result
of grazing or farming.By enduring periods ofmigration
to more abundant habitats when their original habitats
are sufficiently depleted, they allow the original habi-
tats to recover and remain usable in the future [5–8].

While many attempts have been made to model par-
ticular instances of the strategy described above, these
models have been highly specific to the society or
species under study (e.g., army ants, swidden agricul-
ture, nomadic pastoralism) [9–13]. As a result, there
remains a lack of theory and insight into this general
category of phenomena, and the broad conditions for
survival and growth remain unknown. Optimal forag-
ingmodels capture some aspects of migratory behavior
after a habitat’s resources are depleted [14–17]. How-
ever, because such models assume that organisms for-
age so as to optimize locally for fitness, they leave out
the possibility of switching to low-growth behaviors to
ensure long-term survival.

Separately, there have been many studies of organ-
isms that alternate behaviors or switch phenotypes to
promote resilience and survival, even when the behav-
iors would individually lead to extinction [18,19]. For
example, random phase variation of bacterial pheno-
types can ensure subsistence in a temporally varying
environments, despite each phenotype being unfit for
survival on its own [20]. In ecology, it has been shown
that environmental stochasticity can allow a popula-
tion can persist bymigrating between sink habitats only
[21]. Apart from a previous study on the topic [4], how-
ever, there is an absence of research on such counter-
intuitive ‘reversal behaviors’ in the case of migratory
and environmentally destructive species.

As demonstrated in prior work [4], survival through
alternation between nondestructive ‘nomadism’ and
destructive ‘colonialism’ can be understood as a mani-
festation of Parrondo’s paradox, which states that there
are pairs of losing strategies which can be combined,
through alternation, to win [22–26]. In the context of
that prior study, ‘nomadism’ was used in a broad sense
to refer to any behavioral strategy that has zero or nega-
tive growth but also leaves the environment untouched,
while ‘colonialism’ referred to strategies which rely
on some amount of cooperation and have high rates of
short-term growth, but cause environmental destruc-
tion in the long run. Individually, both of these strate-

gies are losing strategies, leading to eventual extinc-
tion. Paradoxically, however, alternating between the
two strategies leads to a positive outcome. In particu-
lar, colonialism acts as a resource-dependent ‘ratchet-
ing’ strategy, periodically exploiting the environmental
resources recovered during prior periods of nomadism,
thus ensuring survival and growth in a single habitat.

Although this analysis of nomadic-colonial alterna-
tion captured many aspects of practices like nomadic
pastoralism and shifting cultivation, explicit spatial
dynamics were not considered, and as such, the highly
significant role of nomadic habitat migration was set
aside. Such migration can play a crucial role, because
it adds an explorative component to nomadism that
can counteract the exploitative nature of colonialism.
Rather than exploiting the current environment to the
point of no return, populations can migrate to nearby
habitats with more resources, enabling not just sur-
vival, but population growth. When those habitats are
depleted in turn, migration to either the original envi-
ronment or environments further out can allow the pop-
ulation to continue its growth. Behavioral alternation
in the migratory context might thus manifest as not just
an expression of Parrondo’s paradox, but also a natu-
rally occurring solution to the exploration–exploitation
dilemma , i.e., the question of how to optimally split
effort between gaining access to new information or
resources (exploration) and using currently accessible
resources or knowledge (exploitation) so as to maxi-
mize total reward [27–30].

To understand the spatial and temporal dynamics of
periodic habitat destruction and migration, along with
the conditions which make it sustainable, we devel-
oped and analyzed a multi-habitat model of nomadic-
colonial alternation that incorporates the process of
inter-habitat migration. This paper presents the results
of that investigation, revealing mathematical and the-
oretical insights that can apply to multiple real-world
systems. More concretely, it elucidates analytical con-
ditions under which an environmentally destructive
species can sustainably colonize an arbitrarily largenet-
work of connected habitats through periodicmigration.
As such, the work presented here develops upon prior
work substantially, showing that nomadic-colonial
alternation paradoxically enables not only survival and
growth in a single habitat, but also sustainable terri-
torial expansion across habitat networks that are arbi-
trarily large. By interpreting these results in the con-
text of both Parrondo’s paradox and the exploration–
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exploitation dilemma, the present study also suggests
a novel synthesis of these theoretical perspectives that
have thus far been considered distinct.

2 Population model

Wemodel a structured population of individuals across
n habitat patches, or nodes. The population in each
habitat i ≤ n comprises a subpopulation of free-living
and migratory nomads, xi , and a subpopulation of
environmentally destructive colonists, yi . Each habi-
tat patch also has an associated carrying capacity Ki ,
which limits the size of its colonial population.

Within each habitat i , colonists are capable of
switching to nomadism at a per capita rate sxyi , and
nomads to colonialism at a per capita rate syxi . Nomads
also migrate from habitat j to habitat i at a per capita
ratemi j , whereas colonists stay in their original habitat
unless they switch to nomadism. The overall growth
rates for the nomadic subpopulation xi and colonial
subpopulation yi are thus

dxi
dt

= gx (xi )+sxyi yi−syxi xi+
∑

j �=i

mi j x j −
∑

j �=i

m ji xi

(1)
dyi
dt

= gy(yi ) + syxi xi − sxyi yi (2)

where gx and gy are, respectively, the endogenous
nomadic and colonial growth rates (i.e., the growth
rates in the absence of both behavioral switching and
migration), to be defined below.

2.1 Nomadism

Nomads are distinguished from colonists by their abil-
ity to migrate to other habitats, as already reflected
in Eq. 1. They also have a negligible impact on their
environment. We restrict our model to the case where
pure nomadism leads to extinction in the long run. The
endogenous growth rate of the nomadic population xi
in habitat i is thus given by

gx (xi ) = −rx xi (3)

with nomadic decay constant rx > 0. This restriction is
made for two reasons: Firstly, it captures the harsh con-
ditions that nomads often experience while migrating
to a new, uncolonized habitat. Secondly, any positive

results that are obtained, such as population survival
through periodicmigration, can then be easily extended
to the case where nomadic conditions are more favor-
able. If survival is ensured under poor conditions, then
it can be ensured under better conditions as well.

2.2 Colonialism

Colonists are distinguished by the following features:
They are subject to both cooperative and competitive
effects, and they exploit their environment to grow their
population, thus causing long-term habitat destruction.
Cooperation and competition are accounted for in the
endogenous growth rate gy by amodified logistic equa-
tion with carrying capacity Ki , Allee capacity A, and
colonial growth constant ry > 0:

gy(yi ) = ry yi

(
yi

min(A, Ki )
− 1

) (
1 − yi

Ki

)
(4)

It can be seen that gy(yi ) is negative when yi <

min(A, Ki ), a phenomenon known as the strong Allee
effect [31,32]. This captures the necessity of coopera-
tion—colonists need to exceed the critical mass A in
order to collectively survive. The growth rate is also
negative when yi exceeds the carrying capacity Ki ,
due to overcrowding and excessive competition. Posi-
tive growth is only achieved when A < yi < Ki , i.e.,
when the colonial population is neither too large nor
too small.

Long-term habitat destruction is accounted for by
modeling changes in the carrying capacity Ki as neg-
atively dependent upon the colonial population yi .
Specifically, the rate of change of is given by

dKi

dt
= α · 1Ki<Kmax − βi yi (5)

where α > 0 is the default growth rate of Ki , β > 0
is the per capita rate of habitat destruction, Kmax is
themaximum possible carrying capacity, and 1Ki<Kmax

is the indicator function which evaluates to one when
Ki < Kmax and evaluates to zero otherwise. The indi-
cator function ensures that Ki is limited to a finitemaxi-
mum of Kmax, accounting for the fact that the resources
in any single habitat cannot grow infinitely large. This
assumption has no effect as long as Ki remains below
Kmax, but serves as a useful simplificationof othermod-
els which limit the growth of Ki more gradually (e.g.,
the logistic model presented in prior work [4]).
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From Eq. 5, we can deduce a habitat-stable popula-
tion level:

y∗ = α

β
(6)

At this population level (yi = y∗), no habitat destruc-
tion occurs ( dKi

dt = 0). When the colonial population
yi exceeds this level, the carrying capacity decreases,
and vice versa. Thus, y∗ can also be understood as the
long-term carrying capacity of any particular habitat. If
this long-term carrying capacity is less than the Allee
capacity A, the short-term capacity Ki will eventually
decrease until it can no longer sustain the critical mass
A required for colonists to grow. Under these condi-
tions, pure colonialismwill be unsustainable in the long
run as well.

2.3 Behavioral alternation

When should a group of nomads colonize a habitat,
and when should the colony then revert to nomadism?
A simple and natural rule to follow is to colonize the
habitat when resources are abundant and to switch
back to nomadism when resources become depleted,
allowing for the exploration of other potential habi-
tats. In accordance with this reasoning, we model the
population in each habitat i such that it switches to
nomadism from colonialism when the carrying capac-
ity is low (Ki < L1), and switches to colonialism
from nomadism when the carrying capacity is high
(Ki > L2). Here, L1 ≤ L2 are the switching levels
that trigger the alternation of behaviors, assumed to be
constant across the entire population. Let rs > 0 be the
switching constant. The colonial-to-nomadic switching
rate sxyi and the nomadic-to-colonial switching rate syxi
can then be expressed as follows:

sxyi =
{
rs if Ki < L1

0 otherwise
syxi =

{
rs if Ki > L2

0 otherwise

(7)

2.4 Reduced parameters

Without loss of generality, we scale all parameters such
that α = β = 1. Equation 5 thus becomes:

dKi

dt
= 1Ki<Kmax − yi (8)

Under this scaling, the habitat-stable population size
becomes y∗ = α

β
= 1, and all other population

sizes and capacities are to be interpreted as ratios with
respect to y∗. Additionally, since the per capita rate
of habitat destruction β = 1, rx , ry , and rs are to be
interpreted as ratios to this rate. As an illustration, if
ry � 1, this means that colonial growth occurs much
faster than habitat destruction. Setting rx , ry � 1 thus
achieves timescale separation between the population
growth dynamics and the habitat change dynamics. Set-
ting rs � rx , ry likewise ensures separation between
the dynamics of behavioral switching and population
growth.

3 Methods

MATLAB R2017a (MathWorks) was used to perform
numerical simulations with the included ode23 ordi-
nary differential equation (ODE) solver. ode23 imple-
ments the Runge–Kutta (2,3) formula pair by Bogacki
andShampine [33].Accuracywas ensured by repeating
each result with consecutively more stringent tolerance
levels until the output did not change significantly (i.e.,
a difference of less than 1%). Both the relative error tol-
erance and absolute error tolerance were fixed at 10−6

after this process.
Exploratory simulations were first conducted for

a small number of habitat patches over wide range
of parameters and initial conditions. General trends
observed from these simulations were then used to
guide systematic investigation into the dynamics of
migration and colonization. The dynamics of colo-
nization were studied by limiting the initial conditions
such that they were progressively less favorable for
successful colonization (e.g., by reducing the initial
carrying capacities). The observed trends and condi-
tions were then formalized analytically, derivations for
which can be found in the Supplementary Information.
These conditionswere then used to find parameters that
ensured survival and expansion for simulations con-
ducted with a large number of habitats. In deriving
these conditions, reasonable assumptions were made
in order to make the model analytically tractable. In
particular, it was assumed that the rate of behavioral
switching was much faster than all other processes
(rs � rx , ry,mi j , 1), and that colonial growth rates
were much faster than the rate of habitat destruction
(ry � 1). Initial conditions which result in unstable
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equilibria (e.g., yi = Ki = 1 < A) were avoided as
unrealistic.

4 Results

Simulations over a range of parameters showed that the
strategy of nomadic-colonial alternation—previously
demonstrated to ensure survival in a single habitat—
was also capable of ensuring survival when extended
to multiple habitats. The results also showed that a
population localized to a single habitat was capable
of colonizing adjacent habitats when resources grew
scarce, and then periodically recolonize its original
habitat whenever the resources there grew abundant
again. Through this strategy of periodic recolonization,
a single colony was capable of sustainably expanding
to populate all connected habitats in a simulated net-
work, thereby demonstrating that under the right strat-
egy, habitat destruction does not prevent sustainable
growth.

Sufficient conditions for the emergence of these phe-
nomena were derived, and are presented in the rele-
vant sections below. As with work on the single-habitat
case, we restrict our results to the case of large switch-
ing rates (rs � rx , ry,mi j , 1), which reflect scenar-
ios where behavior switching can occur more or less
instantaneously (i.e., within a fraction of an individ-
ual’s lifespan, as is the case for changes in human and
animal behavior). This restriction also makes for both
conceptual clarity and analytical simplicity, allowing
for general insights which can be extended to cases
where switching rates are relatively slow as well.

4.1 Survival through periodic migration

As noted in our description of the model, neither pure
nomadism nor pure colonialism alone can ensure sur-
vival when the habitat-stable population level y∗ = 1
is smaller than the Allee capacity A (explained fully in
the Supplementary Information). However, as showed
previously in [4], a population in a single habitat can
ensure survival through nomadic-colonial alternation.
Survival was achieved because periodically switching
to nomadism allowed the carrying capacity of the habi-
tat to recover after periods of colonial exploitation, and
switching to colonialism allowed population levels to
recover after periods of nomadic attrition. Unsurpris-
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(a) Population graphs for each habitat.

(b) Population graphs for each component.

Fig. 1 By periodically alternating behaviors and migrating
between two habitats, the population ensures its survival. Ini-
tial conditions are x = [0, 2], y = [2, 0], K = [3.5, 3.25]. Other
parameters are rs = 1000, rx = 1, ry = 10, ∀i, j, mi j = 5,
A = 1.001, Kmax = 5.0, L1 = 3.0, and L2 = 3.5

ingly, this finding can be extended to an arbitrary num-
ber of isolated habitats (i.e., habitats with no migra-
tion between them). Here, our results show that with
the addition of inter-habitat migration, periodic alter-
nation between nomadism and colonialism can ensure
survival as well.
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Fig. 2 Survival can also be ensured by periodic migration
between three habitats, as shown here. Initial conditions are
x = [6.1, 0, 0], y = [0, 0, 0], K = [6, 7, 5.25]. Other parame-
ters are rs = 1000, rx = 1, ry = 10, ∀i, j, mi j = 5, A = 1.001,
Kmax = 10.0, L1 = 6.1, and L2 = 7.0

Figures 1 and 2 show, respectively, the survival of
populations which periodically migrate between 2 and
3 connected habitats, with equal migration constants
mi j = 5 between all of them. We primarily explain the
mechanics with respect to Fig. 1 because the dynamics
of the two-habitat case can easily be generalized to a

larger number of habitats. In Fig. 1, habitat 1 is initially
populatedwith colonists, and habitat 2with nomads.As
time passes, it can be seen from Fig. 1a that each habi-
tat periodically switches between nomadic and colo-
nial phases—periods of time during which nomadism
or colonialism, respectively, is dominant. Furthermore,
it can be seen from Fig. 1b that the two habitats alter-
nate phases—when nomadism is dominant in habitat 1,
colonialism is generally dominant in habitat 2, and vice
versa. Hence, when nomads (or colonists) are abundant
in habitat 1, they are scarce in habitat 2.

Importantly, when each habitat switches to the
nomadic phase (e.g., at t � 0.75 in habitat 2), there
is a resultant influx of migratory nomads into the adja-
cent habitat, causing a sudden increase in the nomadic
population of that habitat (e.g., t � 0.75 in habitat 1).
Sometimes a jump in the number of colonists happens
instead, because incoming nomads immediately switch
behaviors to colonialism (e.g., at t � 0.25 in habi-
tat 2). Similar phenomena can be observed in Fig. 2,
except that in the three-habitat case, several growth
spikes occur during each nomadic phase due to migra-
tory influxes from multiple neighbors (e.g., between
t � 2 and t � 3 in the third habitat of Fig. 2a).

Survival is achieved for two related reasons. The
first is essentially the same as what has been explained
for the case of a single habitat. By periodically switch-
ing to nomadism, the population in each habitat pre-
vents the resources in that habitat from being depleted,
allowing each habitat to be recolonized once resources
are abundant again. The second is due to the additional
effects ofmigration.When the population in one habitat
switches to nomadism, it then migrates to all adjacent
habitats, which then act as a “store” for these nomads.
This is particularly effective when those adjacent habi-
tats are near the start of the colonial phase, because the
nomads can join the newly formed colonies and enjoy
a period of exponential growth, resulting in a larger
population. When this larger population switches back
to nomadism, it is better able to recolonize the original
habitat once resources there are replenished. Further
illustration of these dynamics can be found in Section
2.2 of the Supplementary Discussion. Thus, survival is
promoted not simply through the strategy of periodic
behavioral alternation, but through periodic migration
and colonization.
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4.2 Colonization of unoccupied habitats

Given that the mutual survival of adjacent habitats is
enabled by periodic colonization, understanding the
dynamics of colonization provides greater insight into
the sufficient conditions for survival. In particular, it is
useful to examine the colonization of an initially unoc-
cupied habitat, because the conditions which are suffi-
cient for colonizing an unoccupied habitat will also be
sufficient for colonizing a habitat which already has a
small number of inhabitants.

As an illustration, we analyze the case where a
habitat j being colonized is already abundant in
resources—i.e., K j > L2 at the onset of coloniza-
tion. Prior to onset, habitat j is devoid of inhabi-
tants. Figure 3 depicts two such scenarios, where habi-
tat 1 is the source, habitat 2 is the new colony, and
t = 0 is the onset of colonization. In both scenar-
ios, nomads migrate from habitat 1 to habitat 2 and
then switch behaviors from nomadism to colonialism
because K2 > L2 = 3.5.

Colonization ultimately fails in Fig. 3a because of
the insufficient number of nomads x1 = 2.0 in habitat
1 initially. In Fig. 3b, however, habitat 1 is initially pop-
ulated with enough nomads (x1 = 3.0), so the colony
in habitat 2 is able to exceed the Allee capacity A due
to migration from habitat 1, and from there survive on
its own. The population in habitat 2 is then able to
recolonize habitat 1, following which survival through
periodic migration ensues.

Multiple factors besides the initial number of nomads
influence the success of colonization. Higher rates of
nomadic or colonial decay make colonization more
difficult, as does a higher Allee capacity A. Rapid
migration into a destination habitatmakes successmore
likely, but this has to be balanced against the number of
destination habitats that the source population is simul-
taneously migrating to. If the source tries to colonize
toomanyneighboringhabitats at once, itwill be quickly
depleted of nomads without any success. Taking into
account all these factors, the following sufficient condi-
tion for colonization can be derived (under the assump-
tion of rapid behavioral switching rs � rx , ry,mi j , 1,
a full derivation is given in Theorem 1.3 of the Supple-
mentary Discussion):

x initi

A
≥ e

2m ji
(rx + ry + Mi ) (9)
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Fig. 3 Colonization fails in (a) because of the insufficient num-
ber of nomads x1 in habitat 1 at t = 0, but succeeds in (b) because
the initial number x1(0) is higher. Shared initial conditions are
y = [0, 0], K = [3.2, 3.5]. Other parameters are rs = 1000,
rx = 1, ry = 10, ∀i, j, mi j = 5, A = 1.001, Kmax = 5.0,
L1 = 3.0, and L2 = 3.5

Here, i is the source habitat, j is the destination habi-
tat, x initi be the initial nomadic population in the source,
and Mi = ∑n

k=1mki be the total outbound migration
constant from i . Intuitively, Inequality 9 states that col-
onization is successful if the ratio of the initial number
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of nomads x initi to the Allee capacity A exceeds a lower
bound defined by the rate parameters.

Analyzing this lower bound gives further insights.
Firstly, the bound can be seen to increase with the
nomadic decay constant rx , because more nomadic
deaths means fewer nomads are able to colonize the
new habitat. Hence, x initi needs to be higher to com-
pensate. The bound also increases with the colonial
growth constant ry . Though counterintuitive, this is
because during colonization, the number of colonists
y j is less than A, and so the rate of endogenous nomadic
growth gy is both negative and approximately pro-
portional in magnitude to ry . Increasing the total out-
bound migration constant Mi makes the bound higher
as well, because more migration means that the initial
nomadic population is more quickly depleted. On the
other hand, increasing the migration constant m ji to
habitat j makes the bound smaller, because more of
the migrants go directly to habitat j instead of other
habitats adjacent to the source.

Other colonization dynamics are possible besides
the case just analyzed. Specifically, colonization of
nearly abundant and barren habitats can also occur.
Analytical conditions are provided in Sects. 2.3–2.5
of the Supplementary Discussion, which discuss these
cases in detail.

4.3 Periodic recolonization of habitats

The above analysis suggests that the initial coloniza-
tion of habitat j is ensured as long as x initi is suffi-
ciently high, but they can also be extended to cover
subsequent periods of colonization (e.g., at t = 1 in
habitat 2 of Fig. 3b). As can be seen in habitat 1 of
Fig. 3b, whenever the source habitat enters the nomadic
phase, its nomadic population xi is at a level of L1 or
above. This occurs because the colonial population yi
quickly grows to reach Ki during the preceding colo-
nial phase. When the switch to nomadism occurs (at
which point yi � Ki � L1), close to all of the colonists
switch behaviors, such that the nomadic population xi
increases almost instantaneously by an amount close to
L1. From this point on, the source habitat i has a pool
of at least L1 nomads with which it can recolonize
adjacent habitats. If the adjacent habitats are resource-
abundant at this point in time, we can then replace x initi
with L1 in Inequality 9 to obtain an analytical condition
for periodic recolonization:

L1

A
≥ e

2m ji
(rx + ry + Mi ) (10)

No doubt, there are some circumstances where this
specific chain of events does not occur. The colonial
growth constant ry might not be large enough for yi to
reach Ki during the colonial phase, and the adjacent
habitats might not always be abundant when the colo-
nial phase begins in the source. However, these circum-
stances are mitigated by the fact that once initial colo-
nization of the adjacent habitats has occurred, the total
population in those habitats is generally nonzero, mak-
ing recolonization easier in the future. Inequality 10
thus serves as a useful guide for finding parameters that
result in periodic colonization and survival. Simulation
results confirm that satisfying this condition generally
produces the desired outcomes.

4.4 Sustainable expansion through periodic
colonization

With the results derived, it becomes possible to find
parameters underwhich a single population can expand
to colonize all connected habitats in an arbitrarily
large network. Due to the strategy of periodic behav-
ioral alternation, such outward expansion is sustainable
despite the environmentally destructive nature of colo-
nialism. The derived inequalities suggest that expan-
sion is successful across the entire network when the
initial population and the switching level L1 are suffi-
ciently high. Furthermore, for every pair of connected
neighbors i and j , the migration constant m ji should
be sufficiently large,while the total outboundmigration
constant Mi should be kept small.

Simulation results demonstrate that sustainable exp-
ansion is indeed possible when these considerations are
taken into account. Figure 4 shows the population lev-
els over time as a single colony expands to fill a net-
work of n = 30 habitats where each habitat has at most
dmax = 5 neighbors, and Fig. 5 shows a visualization
of the network as the population spreads from habi-
tat 1. The color bars indicate the corresponding scale,
with red representing higher values and blue represent-
ing lower values. More details on how these simula-
tion parameters satisfy the conditions for sustainable
expansion are given in Section 2.6 of the Supplemen-
tary Information.

It can be observed in Fig. 5 that the population suc-
cessfully spreads from the initial colony in the top-right
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Fig. 4 Population and
capacity levels over time for
a 30-habitat network. Each
row of every subplot
corresponds to a particular
habitat, and the rows are
sorted by initial time of
colonization (i.e., the time
at which yi exceeds A for
each habitat i). Initial values
for the source colony were
x1 = 0, y1 = 10.5, and
K1 = 11. All other habitats
were initially empty
(xi = yi = 0), with carrying
capacities Ki distributed
uniformly at random
between 0 and 11. Other
parameters are rs = 1000,
rx = 1, ry = 10,
∀i, j, mi j = 5, A = 1.001,
Kmax = 15, L1 = 10, and
L2 = 11

0 2 4 6 8 10 12
Time

N
om

ad
ic

 p
op

ul
at

io
n

0

2

4

6

8

10

12

14

16

0 2 4 6 8 10 12
Time

C
ol

on
ia

l p
op

ul
at

io
n

0

2

4

6

8

10

12

14

0 2 4 6 8 10 12
Time

C
ar

ry
in

g 
ca

pa
ci

ty

2

4

6

8

10

12

14

0 2 4 6 8 10 12
Time

To
ta

l p
op

ul
at

io
n

0

2

4

6

8

10

12

14

16

Sustainable expansion across 30 habitats
r
s
 = 1000, r

x
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y
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 = 5.0, A = 1.001, K

max
 = 15.0, L

1
 = 10.0, L

2
 = 11.0

Fig. 5 A graphical
visualization of the
population in Fig. 4
spreading across the habitat
network, with snapshots
taken at various points in
time. A 2D Gaussian with a
peak value of xi (t) + yi (t)
is plotted at the
corresponding node for each
habitat i , allowing the total
population in each habitat to
be visualized.
Corresponding videos
showing the evolution of
xi (t), yi (t), xi (t) + yi (t),
and Ki (t) can be found in
the Supplementary
Information
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corner of the network to eventually populate all habi-
tats in the network. Figure 4 further shows how this
expansion occurs through the same process of peri-
odic migration and colonization described in previous
sections. This can be seen most clearly by examin-
ing the colonial population levels depicted in the top-
right panel of Fig. 4. Each row of this panel shows the
population levels of a particular habitat, with the rows
arranged such that habitats which are colonized first are
closer to the top. Initially, only habitat 1 is populated
and abundant enough to periodically sustain a popu-
lation of colonists for short intervals of time. These
intervals (i.e., the colonial phases) correspond to the
bright orange bars in the first row, whereas all other
rows remain deep blue because the habitats they repre-
sent are unoccupied. Nearby habitats get colonized by
migrants when they grow to have sufficient resources
(i.e., Ki > L2), following which they enter a pattern
of periodic migration and recolonization. This can be
seen from the bright orange bars that eventually appear
in every row.

Similar periodicity can be seen emerging across
habitats for both the nomadic population and the carry-
ing capacity. In the case of the nomadic population, the
periodicity that can be seen (top-left panel of Fig. 4)
is less pronounced, since the nomadic phase in each
habitat lasts a longer period of time. The periodic alter-
nation of carrying capacity is even less stark (bottom-
left panel of Fig. 4), because Ki of each habitat i just
alternates between L1 = 10 and L2 = 11 after colo-
nization occurs. Prior to colonization, Ki may increase
to values as high as Kmax = 15, before migrants finally
arrive and deplete all the excess resources. For a clearer
visualization and description of all these processes, it
is strongly recommended that readers view the videos
included as part of the Supplementary Information.
These videos clearly show how the population and
capacity levels change over time.

The results in Figs. 4 and 5 show that expansion
is achievable for a network of n = 30 habitats under
certain initial conditions, but this also extends to net-
works which are arbitrarily large as long as the max-
imum number of neighbors for each habitat, dmax, is
limited. This is because if a source habitat i has too
many neighbors, each of its neighbor j will receive
too small a fraction of the migrants for colonization
to be successful. To some degree, expansion was suc-
cessful in Figs. 4 and 5 because habitats nearby the
source were sufficiently abundant and could thus be

colonized. Nonetheless, parameters can be found such
that expansion is also successful under more general
circumstances, including cases where barren habitats
are present, where the maximal carrying capacity Kmax

differs across habitats, andwhere the habitat network is
more densely connected. Further discussion of the con-
ditions for expansion can be found in Sects. 2.6 and 2.7
of the Supplementary Information.

5 Discussion

Our results demonstrate that evenwhen nomadism is so
harsh and colonialism so destructive that either alone
would lead to extinction in the long run, a population
can expand sustainably across all reachable habitats.
This territorial expansion is guaranteed in our proposed
model as long as the following conditions are satisfied:
The initial population x initi is sufficiently high (allow-
ing for colonization of adjacent unoccupied habitats),
the resource level L1 at which the population switches
to nomadism is similarly high (allowing for periodic
recolonization of depleted habitats), and the maximum
number of neighbors for each habitat in the network,
dmax, is reasonably small.

Applying these insights can help explain the suc-
cess of similar strategies in nature, humanity included.
In nomadic pastoralism, groups of pastoralists allow
their cattle to graze on fresh pastures until they are
somewhat—but not overly—depleted, followingwhich
they migrate to find new pastures. In shifting cultiva-
tion, agriculturalists cut down areas of forested and fer-
tile land to use as farms until their fertility is reduced,
after which they move a new plot of land. In sustain-
able forms of these pastoral and agricultural strategies,
migrants do not try to settle too many new plots of
land or pasture at once [6,7]. Both can be understood
as specific forms of the general strategy of alternation
modeled here, with periods of grazing or cultivation
corresponding to ‘colonialism,’ and the migratory peri-
ods corresponding to ‘nomadism.’ Contrary to com-
mon representations and earlier ecological critiques
of these practices as ‘unsustainable’ [34], our results
provide mathematical justification showing that this is
far from necessary. This potentially explains why both
nomadic pastoralism and shifting cultivation have been
so widespread for much of human history. Our model
thus suggests a theoretical foundation for the study of
these practices in ecological anthropology, similar to
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how optimal foraging theory has been applied to the
study of hunter-gatherer societies [35]. Further analy-
sis of themodel could produce new insights about these
practices, such as the relationship between the length of
fallow periods (i.e., the nomadic phase) and the number
of neighboring habitats, the impact of phase difference
between neighboring habitats on total population lev-
els, and many other research questions of ecological
significance.

At amulti-disciplinary level, the success of nomadic-
colonial alternation as a survival strategy can be
understood as a manifestation of Parrondo’s para-
dox, with ‘nomadism’ corresponding to the resource-
independent behavior of Game A in the original setting
of the paradox, and ‘colonialism’ corresponding to the
resource-dependent (i.e., capital dependent) behavior
of Game B [4,22]. Even when each of these behaviors
individually leads to extinction, alternating between
negative-growth resource independence and destruc-
tive but high-growth resource dependence allows for
survival in the long run, resulting in the paradox. The
framework of Parrondo’s paradox has proven to be
of importance for understanding a wide range of sub-
jects, including counterintuitive bulk drift in granular
flow [36], the evolution of less accurate sensors [37],
reversal phenomena in evolutionary ecology [18], and
a wide range of other physical, biological, and social
phenomena [38–46]. By explicitly modeling the spatial
dynamics of nomadic-colonial alternation, our study
advances the general understanding and applicability
of this framework, showing that Parrondo’s paradox
can emerge not only through the temporal alternation
of losing strategies, but also the spatiotemporal alterna-
tion of such strategies. In particular, our model shows
that by playing multiple losing games in parallel and
allowing the ‘profits’ (i.e., population gains) of each
game to ‘reinvested’ in neighboring ones, an overall
winning strategy can be achieved as long as neigh-
boring games alternate between resource independence
(i.e., nomadism) and resource dependence (i.e., colo-
nialism).

Paying attention to spatial dynamics also suggests a
tight connection between Parrondo’s paradox and the
exploration–exploitation dilemma [29,30]. In contrast
to a single-habitat model of these dynamics [4], the
present study explicitly models nomadism as an explo-
rative strategy, allowing the population to discover and
benefit from new and abundant habitats. This explo-
ration comes at the cost of abandoning a still livable

habitat for the harsher conditions of nomadic migra-
tion, but it also limits and counteracts the long-term
damage of colonialism, which can be understood as
exploitative in character. Short-term exploitation cre-
ates growth that sustains the population as a whole,
but over-exploitation of a single habitat makes pure
colonialism unviable. Periodic exploration counteracts
this not only by limiting the duration of exploitation in
any single habitat, but also by finding abundant habitats
nearby for the population to exploit instead. By balanc-
ing these two processes , their long-term negative con-
sequences aremitigated, while their short-term positive
consequences are preserved.As such,when exploration
comes at a cost (e.g., negative growth) but exploita-
tion also reduces the likelihood of future rewards (e.g.,
through habitat destruction), resolving the exploration–
exploitation dilemma is equivalent to creating a win-
ning strategy through Parrondo’s paradox. Conversely,
when a spatial dimension is added to Parrondo’s para-
dox, the effectiveness of strategy alternation can be
understood in terms of the exploratory benefits thatmay
come attached to a resource-independent strategy like
nomadism. Synthesizing these two theoretical perspec-
tives thus suggests fruitful new ways of creating win-
ning combinations out of individually losing strategies
and for finessing the trade-off between exploration and
exploitation— insights that might apply to both ecol-
ogy and other fields of science.

To conclude, we have proposed a theoretical model
of populations that periodically alternate between
explorative nomad-like strategies and exploitative colo-
ny-like behaviors, providing both mathematical under-
standing and theoretical unity for a wide range of bio-
logical and socio-ecological phenomena. Such phe-
nomena include not just the behavioral alternation of
ant colonies [9], slime molds [47], and similar organ-
isms, but also the subsistence strategies of shifting cul-
tivation and nomadic pastoralism that have long been
used by humankind. In providing an elegant and rigor-
ous framework that can explain a variety of ecolog-
ical behavior-switching phenomena, our model uni-
fies them into a conceptual whole, allowing general
predictions about the chances of survival to be made,
providing new theoretical interpretations, and laying
the ground for research advances that apply across
domains.

123



12 Z.-X. Tan, K. H. Cheong

6 Supplementary Information

The analytical derivations can be found in the Supple-
mentary Information.
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