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Abstract Parallels between cancer and ecological sys-
tems have been increasingly recognized and extensively
reviewed. However, a more unified framework of under-
standing cancer as an evolving dynamical system that
undergoes a sequence of interconnected changes over time,
from a dormant microtumor to disseminated metastatic
disease, still needs to be developed. Here, we focus on
several examples of such mechanisms, namely, how in
cancer niche construction a metabolic adaptation and
consequent change to the tumor microenvironment (niche
modification) becomes an important factor in evasion of
the predator (immune system), facilitating disease pro-
gression; how tumor establishment and propagation is
driven by the tumor’s own keystone species, the cancer
stem cells; and how the succession of stages of metastatic
dissemination can be informed by ergodic theory and forest
ecology.

Keywords Cancer - Cancer stem cells - Ecological
succession - Ecology - Ergodic theory - Keystone species -
Metabolism - Niche construction - Warburg effect

Cancer as an Evolving Ecosystem

It has become increasingly recognized that there exist a
number of parallels between the disease of cancer and eco-
logical systems (see, for instance, Kareva 2011; Gillies et al.
2012; Thomas et al. 2013; Korolev et al. 2014; Yang et al.
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2014; Arnal et al. 2015). Cancer cells within a tumor are
genetically and phenotypically heterogeneous; they com-
pete for space and nutrients, interact with predators (the
immune system), migrate (metastases), all within the local
microenvironment of the tissue, and more globally, within
the ecosystem of the human body (Kareva 2011). Moreover,
tumors themselves are largely composed not of the malig-
nant cancer cells but of the surrounding supporting cells,
such as fibroblasts, adipocytes, pericytes, and so on (Kareva
et al. 2015) Recognition of the importance of engaging and
creating the tumor microenvironment has been emphasized
in the seminal paper “Hallmarks of Cancer: The Next
Generation” by Hannahan and Weinberg (2011). What
makes many tumors so difficult to eradicate is the fact that
they engage normal surrounding cells in their microenvi-
ronment, the niche that they occupy, and modify it in such a
way that gives them a selective advantage over healthy cells.

Within this framework, each individual is a separate
evolutionary experiment, where tumors act like parasites
that are looking to survive and maximize their fitness
within the ecosystem of their host’s body. In most cases, as
has been shown by autopsy studies performed on people
who died of non-cancer-related causes, tumors remain
dormant. For instance, dormant breast microtumors were
found in 39 % of 40- to 50-year-old women who died of
trauma, and only 1 % were ever diagnosed in this age
range. Similarly, dormant prostate tumors were found in
46 % percent of 60- to 70-year-old men who died of
trauma, but only 1-1.5 % of men were diagnosed with
prostate cancer in their lifetime. The most striking exam-
ple, however, is that of thyroid cancer, which was found to
be present in a dormant state in over 98 % of 50- to
70-year-old people who died of trauma, and only 0.1 %
were diagnosed in their lifetime in this age range (Feldman
et al. 1986; Montie et al. 1989). This indicates that cancer
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is in fact a successful parasite that for the most part does
not cause the death of its host. However, when dormant
tumors start growing (and the numerous reasons for this
phenomenon are still being investigated), they begin the
process that leads to the tragedy of the commons (Hardin
1968), a situation whereby overly adapted individuals
consume shared resources, since it increases their fitness at
each moment of time. If the population depends for sur-
vival solely on the shared resource, such adaptive behavior
leads to evolutionary suicide, analogous to the situation
whereby a disseminated cancer eventually kills its host. In
closer examination, in a system such as cancer, the success
of the parasitic tumor lies not only in the intrinsic prop-
erties of cancer cells, such as increased rate of proliferation
or decreased intrinsic death rates, but also in the changes
that are imposed on the tumor microenvironment, the niche
that the tumor occupies and eventually modifies through its
metabolic activity. Therefore, the key to understanding
many cancers as parasites is to recognize them as being
evolving ecosystems, where ecosystem mechanisms lead to
evolutionary suicide.

Dynamic Fitness Landscapes

In 1932 Sewall Wright introduced the notion of a fitness
landscape, which can be represented as a map, on which
the highest fitness (largest difference between birth and
death rates) corresponds to the highest elevation. Within
this construct the individuals are evolving in such a way as
to “climb” the nearest peak, of which there can be just one
(single peak, or simple landscape) or many (rugged land-
scape) (Page 2010). In an evolving complex system, such
as cancer, one can think of microenvironmental changes
that stem not only from external forces, such as competi-
tion for the resources, but also from internal forces, such as
intraspecies competition, or cooperation, or other types of
interactions, as making the fitness landscape on which the
population evolves dynamic. This has been termed
“dancing landscapes” (Page 2010) or seascapes (Mustonen
and Lissig 2009) and refers to a situation where fitness
peaks, whether single or multiple, can change over time.
Because the environment in such a framework is dynamic,
there exists a type of constant coadaptation between the
individuals and their environment. This process underlies
the ecological concept of niche construction, whereby
organisms modify their microenvironments though their
metabolism, activities, and choices (Odling-Smee et al.
1996). In cancer, growing tumors actively engage in
metabolically driven modification of their microenviron-
ment, which has important implications for tumor growth,
progression, and disease dissemination.
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Metabolic Adaptation and Evasion of the Predator
(the Immune System)

Once a microtumor starts growing, it may eventually out-
grow its blood and oxygen supply, leading to activation of
oxygen-independent anaerobic metabolism, or glycolysis,
as a normal physiological survival mechanism. Two
important consequences can follow from this adaptation.
Firstly, a by-product of anaerobic metabolism is lactic
acid, which can accumulate in the tumor microenvironment
and lower the local pH to as low as 6.5 (Gatenby and Gillies
2004). Under normal physiological conditions, one can
observe local acidosis either during exercise (hence the lactic
acid buildup in the muscle tissue) or in the event of ruptured
blood vessels, which interfere with normal blood flow and
can create a hypoxic region and thus an acidic microenvi-
ronment downstream from the damaged vessel. A large
amount of experimental evidence suggests that low pH can
either interfere with activation of naive immune cells, or
direct their activation away from the anti-tumor phenotype
(Kareva and Hahnfeldt 2013). Under normal conditions, such
a response could be warranted if the damage to the vessel
were augmented by an overly activated immune system: its
temporary downregulation, signaled through temporary local
acidosis, would allow for reestablishment of the normal
blood flow. However, since tumor cells continue producing
lactic acid even in the areas of ample oxygen supply, a
phenomenon known as the Warburg effect (Kim and Dang
2006), they continue mimicking a wound, and this down-
regulation of immune activation becomes more permanent.
Secondly, oxygen deprivation and turning to glycolysis
as a primary mode of glucose metabolism results in
upregulation of nutrient transporters, which in glycolytic
cells can be upregulated as much as 30-fold (Ganapathy
et al. 2009). This is a necessary adaptation, since glycolysis
yields only two molecules of ATP, compared to up to 30
molecules of ATP produced during oxidative phosphory-
lation (Berg et al. 2002). However, cytotoxic cells of the
immune system also use glycolysis as a primary mode of
glucose metabolism, and also upregulate their nutrient
transporters 20- to 40-fold (Greiner et al. 1994; Fox et al.
2005). Moreover, cytotoxic immune cells are incapable of
killing tumor cells in a state of nutrient deprivation
(Maclver et al. 2008). Therefore, in the local microenvi-
ronment of the tumor, one can expect to observe competi-
tion for a shared resource (glucose) between the predator
(immune cells) and the prey (cancer cells), which both have
the same adaptation—upregulated nutrient transporters.
Should the prey be successful at outcompeting the predator
for the shared resource, it will be able to escape and pro-
gress further to a malignant disease (Kareva and Bere-
zovskaya 2015). The presence of theoretically predicted
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metabolic competition in the tumor microenvironment
between cancer and immune cells has recently been con-
firmed experimentally by Chang et al. (2015).

This example demonstrates an important aspect of niche
modification in the context of a tumor. Reversion to
anaerobic glycolysis is an adaptation necessary for imme-
diate survival, but its by-products (low pH and increased
competitive ability of the cancer cells) become crucial in
how the tumor can now interact with its natural predator.
Notably, in cancer biology there exist notions of driver and
passenger mutations (Stratton et al. 2009). A driver muta-
tion gives direct selective advantage to a cell clone,
increasing the carrier’s fitness in its microenvironment. A
passenger mutation, also known as a hitchhiker mutation,
has no direct effect on the fitness of a cell clone but is
passed along because it occurs in the same genome with the
driver mutation. Here, we observe “driver” and “passen-
ger” processes, where consequences of the “passenger
process”—anaerobic metabolism as a means for immediate
survival but not as a direct means of increasing the cells’
fitness—lead to the “driver process,” evasion from the
immune system, which allow for further tumor growth,
taking the tumor one step closer to evolutionary suicide. It
is likely that there exist a number of other mechanisms that
start as a secondary adaptation and become driver pro-
cesses, which would be able to provide further insights into
dynamical processes that may underlie cancer progression
and tumor dissemination. Within the framework of cancer
as an ecosystem, these evolutionary adaptations advance
successful tumors one step closer to evolutionary suicide.

Cancer Stem Cells as Keystone Species

The concept of “keystone species” designates species that
can exert an effect on ecosystem functionality that is dis-
proportionate to the keystone species’ abundance or biomass
(Paine 1969). The term was derived in analogy to a keystone
in an arch, which is under the least pressure compared to
other arch stones, but whose removal would result in the
arch’s collapse. In the classic formulation, there exist several
classes of keystone species, which perform their function
through predation (e.g., wolves that caused a cascade of
ecological changes in Yellowstone (Fortin et al. 2005)),
through facilitating pollination (e.g., as southern cassowary,
flightless birds that play a large role in seed dispersal
(Gosper et al. 2005)), or through directly modifying their
environment (e.g., beavers). In 2003, Davic (2003) proposed
a further subdivision of the concept to distinguish keystone
species from other strongly interacting species in the
ecosystems. These include “keystone species” that regulate
species diversity, “key species” that regulate energy and
nutrient dynamics, “intraguild competitors and predators,”

which structure niche partitioning, and “ecosystem engi-
neers,” which modulate physical habitat. Determining
which species are keystone in a particular population is
important in conservation biology to help plan system
management efforts. It is proposed here that the Davic
concept of “keystone species” may be applicable to cancer
stem cells, and could potentially be of equal importance in
“reverse conservation” of tumor biology.

Cancer stem cells (CSCs), or tumor-initiating cells, are a
subpopulation of cells within a tumor that have limitless
replicative potential, capacity for self-renewal and the
ability to seed new tumors (Al-Hajj et al. 2003; Yu et al.
2012). They are more resistant to most therapies and are
believed to be the drivers of tumor progression (Magee et al.
2012; Yu et al. 2012). The proportion of cancer stem cells
within a tumor appears to vary depending on the tissue of
tumor origin (Enderling and Hahnfeldt 2011; Enderling
2015). A cancer stem cell can divide symmetrically or
asymmetrically (Morrison and Kimble 2006; Yamashita
et al. 2007), producing either stem cells or non-stem cells at
various stages of differentiation, thus increasing the diver-
sity of the tumor. This property of cancer stem cells, their
importance for survival and propagation of the tumor, which
is disproportionate to their relative abundance in the cell
population, makes them the keystone species of the tumor
(Bond 1994; Mougquet et al. 2013).

If cancer stem cells are the keystone species of the
tumor population, then understanding the approaches that
this specific subpopulation uses to maximize its fitness and
evade predation are particularly important. (Notably, such
approaches may be used by other cell types as well, but
their success for CSCs would be particularly important.)
One such approach may be connected with the niche-
modification construct described above. As mentioned
above, a cancer stem cell can divide symmetrically or
asymmetrically (Morrison and Kimble 2006; Yamashita
et al. 2007), producing either two stem cells or a stem cell
and a non-stem cell. If a CSC divides symmetrically, then
both the parent and the offspring are equally susceptible to
predation by the immune cells. However, if it divides
asymmetrically, the resulting offspring can populate the
tumor, become oxygen deprived, revert to glycolysis as a
primary mode of glucose metabolism, and thus incapacitate
the immune predator in accordance with the scenario
described above.

Therefore, in the presence of a local predator the CSC
will maximize its fitness if in a fraction of times it will
divide asymmetrically, creating a shield of offspring that
will protect it from the predator. The implications of this
hypothesis were explored in Kareva (2015) using an agent-
based model, which has revealed that the proportion of
cancer stem cells to non-stem cancer cells (or in other
terms, of the keystone species of this community to the rest

@ Springer



286

1. Kareva

of the species) is determined by the strength of the pre-
dation. If the predation is very high, the CSCs cannot form
a sufficiently large shield of differentiated offspring. If the
predation is very low, the offspring outcompete the parents.
This construct provides one potential explanation for dif-
ferences in relative proportions of tumor-initiating cancer
stem cells to non-stem cancer cells in different tissues and
in different individuals, as well as within the same indi-
vidual at different points of their life. It is also another
adaptive mechanism whereby a successful tumor through
adaptations that maximize the fitness of the tumor-propa-
gating cells advances towards eventually destroying its
environment and thus committing evolutionary suicide.

Ecological Succession, Ergodic Theory,
and Connections to Cancer Stages

One can also think about the way that cancer colonizes
both its primary and secondary (metastases) habitats from
the point of view of ecological succession. Ecological
succession (Clements 1916; Luken 1990; Prach and Walker
2011) refers to a process whereby an ecological community
undergoes a series of more or less predictable steps fol-
lowing initial colonization of a habitat (establishment of a
primary tumor or secondary metastatic tumor), or follow-
ing a disturbance of the original habitat (tissue, as well as
the whole body, after treatment, such as surgery, chemo- or
radiation therapy). In forest succession, opportunistic spe-
cies disseminate large quantities of seeds, very few of
which manage to colonize distant areas. Once they become
established, however, they may form a closed canopy,
which is dense enough that the tree crowns preclude direct
sunlight from reaching the ground, thereby putting the
trees’ own seedlings at a competitive disadvantage. This
provides an opportunity for shade-tolerant species to
replace them. In the absence of disturbance, the ecosystem
reaches an equilibrium state, known as “climax” (Cle-
ments 1916; Luken 1990).

A similar process occurs during tumor dissemination. It
has been observed that in cancer metastases, only a small
fraction of cells from the primary tumor are successful in
establishing lesions (Luzzi et al. 1998; Cameron et al.
2000; Chaffer and Weinberg 2011). It is highly likely that
the cells that are capable of successfully colonizing distant
tissues are cancer stem cells (Chaffer and Weinberg 2011).

It is also possible that there exists a sequence of pre-
dictable processes, such as the one described above, that ensures
establishment of the metastatic colony in the tissues, similarly to
the process of ecological succession. The equilibrium “climax”
stage, however, does not become established, since metastases
are responsible for over 90 % of cancer-associated mortality.
Nevertheless, perhaps understanding metastatic dissemination

@ Springer

from the point of view of ecological succession can provide
some insights.

Ergodic theory is mostly known through its applications
in statistical physics; however, it has also been applied in
forest ecology when studying ecological succession (Mol-
chanov 1992; Karev 2006). According to ergodic theory,
the climax state of a system that has undergone succession
represents its spatially developed time history. And even
more importantly, in an ergodic system the areas occupied
by the population in each of the succession stages are
approximately proportional to the expected development
time of that stage (Karev 2006). That is, in terms of forest
succession ecology, if one observes k different succession
stages of a forest ecosystem in its climax state and sees that
A; percent of the forest ecosystem territory is in the i-th
particular stage, one can make the conclusion—given that
conditions for ergodicity are satisfied—that the forest
ecosystem will spend A; percent of time in this state. This
provides a method for estimation of duration of the
development time of each succession stage. This approach
is particularly useful because the direct estimation may be
impossible due to the duration of succession stages, which
for forests may take tens or even hundreds of years.

Conversely, if the development time of each stage of a
succession system is known, then one can estimate the
percent of a whole territory that will be occupied by each
stage in a stationary state of the system.

This can have important implications if the “ergodic
hypothesis” holds for cancer (see Fig. 1). If, for instance, it
is known how long a person spends in each cancer stage for
his or her particular cancer type, one can then estimate how
many people should be in this stage out of all cancer
patients with this particular cancer type or stage. This
hypothesis has the potential for very influential epidemio-
logical applications and warrants further investigation.
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Fig. 1 If the ergodic hypothesis holds for a particular cancer type in a
particular population subgroup, then one should expect points (Ti, xi),
i=1,...,4, to be on the same line. If an outlier, such as (T*, x*) is
observed, it suggests that observations are incomplete and either there
are likely to be undiagnosed patients in the population, or the duration
of the stage has been overestimated, and the point should be moved
leftward until it intersects the line. If an outlier such as (T**, x**) is
observed, then either there have been false positive diagnoses, or the
duration of the stage has been underestimated, and the point should be
moved rightward until it intersects the line
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Ecologically Motivated Cancer Treatment

The ideas discussed here provide a more unified under-
standing of cancer as an evolving ecological dynamical
system. Different cell phenotypes or different clones have
adaptations that may increase or decrease their fitness at
different stages of tumor development and dissemination.
In the framework of “dancing fitness landscapes” (Page
2010), or “seascapes” (Mustonen and Lissig 2009, 2010),
this occurs due to the fact that fitness peaks “move” as a
result of metabolically induced niche modifications. When
the tumor becomes established, different clones might have
different selective advantages at different stages of tumor
development, as the environment and population compo-
sition change as a result of tumor-environment coevolution
(Hanahan and Weinberg 2011; Kareva 2011). Furthermore,
at the level of tumor dissemination and establishment of
metastases, cell clones that are most successful during
initial colonization of the tissue might not be the ones that
have the highest fitness advantage later on, as the sec-
ondary tumor gets established and starts further modifying
its environment. This understanding is important because it
suggests that both different clones and different microen-
vironmental adaptations need to be targeted at different
stages of tumor development and disease progression,
supporting the growing need for personalized therapy.

A number of modifications to treatment options have
been proposed to account for the ecological properties of the
cancer disease. The primary change in treatment approaches
has been to move away from attempts at eradication, which
mostly lead to selection for resistant clones, and towards
making cancer a chronic disease, much like has been done
with AIDS. Gatenby (2009) has made a comparison of
cancer treatment to the use of pesticides, which are most
effective when used judiciously, keeping the pest population
at a manageable level. Experimental mouse models suggest
that this can indeed be a more successful treatment strategy
(Gatenby et al. 2009). Using pH buffer therapy has also been
suggested to slow down development of aggressive tumors
(Robertson-Tessi et al. 2015).

Targeting the environment on which cancer cells depend
for survival, through changing the timing and dosage of
therapy administration, known as metronomic chemother-
apy (Kareva et al. 2015), has also shown promise. The
success of this treatment approach is connected to recog-
nizing that cancer is a complex ecological system and not a
conglomeration of individual malignant cells that are dis-
engaged from their environment. Only through incorporat-
ing our knowledge and understanding of managing other
ecosystems might we be able to successfully manage cancer.
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