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Over 40 years ago, seminal papers by Armstrong and McGehee and by Levins showed
that temporal fluctuations in resource availability could permit coexistence of two
species on a single resource. Such coexistence results from non-linearities or non-
additivities in the way resource supply translates into fitness. These reflect trade-offs
where one species benefits more than the other during good periods and suffers more
(or does less well) than the other during less good periods, be the periods stochastic,
unstable population dynamics, or seasonal. Since, coexistence based on fluctuating
conditions has been explored under the guises of “grazers” and “diggers,” variance
partitioning, relative non-linearity, “opportunists” and “gleaners,” and as the storage
effect. Here we focus on two phenotypes, “cream skimmers” and “crumb pickers,” the
former having the advantage in richer times and the latter in less rich times. In nature,
richer and poorer times, with regular or stochastic appearances, are the norm and occur
on many time scales. Fluctuations among richer and poorer times also appear to be the
norm in cancer ecosystems. Within tumors, nutrient availability, oxygen, and pH can
fluctuate stochastically or periodically, with swings occurring over seconds to minutes
to hours. Despite interest in tumor heterogeneity and how it promotes the coexistence
of different cancer cell types, the effects of fluctuating resource availability have not been
explored for cancer. Here, in the context of pulsed resources, we (1) develop models of
foraging consumers who experience pulsed resources to examine four types of trade-
offs that can promote coexistence of phenotypes that do relatively better in richer versus
in poorer times, (2) establish that conditions in tumors are conducive for this mechanism,
(3) propose and empirically explore biomarkers indicative of the two phenotypes (HIF-
1, GLUT-1, CA IX, CA XII), and (4) and compare cream skimmer and crumb picker
biology and ecology in nature and cancer to provide cross-disciplinary insights into this
interesting, and, we argue, likely very common, mechanism of coexistence.

Keywords: coexistence, biodiversity, foraging behavior, fixed and variable costs, fluctuating environment, cream
skimmer, crumb picker, non-equilibrium coexistence
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INTRODUCTION

Biodiversity, the presence of many phenotypes and species, is
a ubiquitous feature of nature. Species coexist by preferentially
consuming different foods (diet separation), occupying different
times and places (habitat separation), or varying in their
capacities to avoid hazards and exploit opportunities (predation-
based or food-safety trade-offs) (e.g., Pulliam, 1974; Schoener,
1974; Werner and Hall, 1977; Kotler and Brown, 1988; Huntly,
1991; Morris, 2003). Community ecologists construct theories
and models to understand how biodiversity might exist, and
then test empirically what mechanisms do promote coexistence
of different species. Diversity also seems the norm in cancers,
where cancer biologists recognize much variety among the cancer
cells that inhabit tumor ecosystems within patients. Metrics
generally involve genetic and molecular variation, but much of
this can be clustered into what appear to be distinct cancer
cell phenotypes (e.g., Amaro et al., 2016; Yeo and Guan, 2017;
Wooten et al., 2019; Iravani et al., 2021). These types may
coexist within tumor microenvironments, across whole tumors,
or among tumors within a single patient (Lloyd et al., 2016). We
suggest here that the different cancer cell types may equate to
biodiversity in nature. Kotler and Brown (2020) have proposed
cancer community ecology as a parallel to community ecology
in nature to study the mechanisms that promote a diversity of
cancer cell types.

The competitive exclusion principle (Hardin, 1961) has
provided a basis for understanding how species coexist. It states
that no two species can coexist by occupying the same niche at
the same place and time. To add rigor, ecologists have noted
that for two species to coexist there must be at least two (or a
continuum of) limiting factors. These limiting factors can take
the form of resources or hazards. For instance, two consumer
species can coexist if one is more successful at exploiting resource
A, the other is the more successful with resource B, and both
A and B are sufficiently abundant to support the species. The
two species coexist by trade-offs in their abilities to harvest
and use the two resources. Alternatively, the two species can
coexist if the species that is better at exploiting resource A is also
more vulnerable to predation risk, promoting coexistence by a
food-safety trade-off.

An early challenge to the competitive exclusion principle was
the Paradox of the Plankton (Hutchinson, 1961). In many aquatic
ecosystems, the number of limiting resources (e.g., nitrogen,
phosphorus, organic carbon, carbon dioxide) seemed much less
than the number of coexisting phytoplankton species. Subtle
habitat selection, trade-offs in absorbing different sizes and states
of micro- and macro-molecules, and threats from numerous
species of predators have been proposed to reconcile the paradox
(e.g., Litchman and Klausmeier, 2008; Salcher, 2014). However,
Hutchinson suggested that fluctuation in conditions over time
might itself contribute to coexistence of biodiverse plankton.
Fluctuations are reflected in the higher statistical moments of
resource availabilities, the variance and covariance, which can
be viewed as reflecting potentially separate “resources” (Levins,
1979; Chesson and Huntly, 1989; Chesson, 1994). Such resources
could include, for instance, seeds, for a granivore, at high versus

low abundance (Brown, 1989b; Kotler et al., 1993), abiotic
essential nutrients for plankton at different seasonal temperatures
(Descamps-Julien and Gonzalez, 2005), the prey of cold versus
warm water fishes in summer versus winter (McMeans et al.,
2020), or water in a year of early abundant rainfall or of drought
(Chesson et al., 2004, 2013; Hallett et al., 2019).

Armstrong and McGehee (1976, 1980) provided early
mathematical models of how temporal resource fluctuations
could permit coexistence of more species than resources, even
when both rank good and bad times the same (see Koch,
1974). Trade-offs between the relative foraging, recruitment,
or survival success of two species over temporal fluctuations
in environmental conditions make coexistence of two species
on a single resource possible. One species does better than the
other during more favorable periods, while doing worse than
the other during less favorable periods. Various models have
explored behaviors that can underly species coexistence when
resource availability fluctuates over time. These models have
taken a number of forms. including endogenously generated
non-equilibrium consumer-resource dynamics, exogenously
generated seasonal or pulsed resource renewal, and the storage
effect (e.g., Armstrong and McGehee, 1976, 1980; Chesson
and Warner, 1981; Chesson and Huntly, 1988, 1997; Brown,
1989a; Abrams and Holt, 2002; Abrams et al., 2003; Abrams,
2004; Xiao and Fussmann, 2013). All of these models include
times of relatively richer and relatively poorer conditions. The
contrasting phenotypes have been referred to as “opportunist”
and “gleaner” (Grover, 1990), “grazers” and “diggers” (Richards
et al., 2000), or “cream skimmers” and “crumb pickers” (Brown
et al., 1994; Jones et al., 2001; Bonsall et al., 2002). We shall use
the last of these three as has previously been used in the cancer
literature (Gillies et al., 2018; Kotler and Brown, 2020). Here, we
are specifically interested in fluctuations in resource availability
as a mechanism of coexistence in nature and in the potential of
this mechanism to explain some of the variation in coexisting
phenotypes of cancer cells.

In general, coexistence on seasonal or otherwise pulsed
resources can happen in at least two ways. First, the coexistence
of two consumer species is possible if one has the higher foraging
efficiency at high resource abundances, while the other has the
higher efficiency at low resource abundances (Stewart and Levin,
1973; Abrams, 1984). Foraging efficiency in this case is the ratio
of foraging benefits to total foraging costs. Second, foraging costs
may be divisible into fixed and variable costs whereby a forager
can avoid the variable costs of foraging through resting, ceasing
activity, or dormancy. Coexistence on pulsed resources becomes
possible if there is a trade-off between fixed and variable costs
(Brown, 1989a). Under the circumstances, these tradeoffs are
necessary but not sufficient. Coexistence also requires that each
species depletes resources in a manner that is more favorable for
the other species than itself.

We center in this paper on foraging trade-offs that could
promote coexistence of cream-skimmer versus crumb-picker
consumer phenotypes when the environment has pulsed
resource supply followed by depletion through consumption.
We explore the potential for behavioral trade-offs along a
continuum of environmental favorability that make a cream
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skimmer and crumb picker relatively better than the other
during richer and poorer times, respectively. In nature, many
examples of such rich/poor environmental conditions and
cream-skimmer/crumb-picker phenotypes or species have been
identified, including hummingbirds and bees, nectar yeasts,
woodland rodents, large and small desert rodents, annual
and perennial plants, grasses and forbs, slow- and fast-
growing mosses, and various planktonic and intertidal organisms
(Schaffer et al., 1979; Brown et al., 1981; Kotler and Brown,
1990; Wolfe, 1996; Wilson et al., 1999; Descamps-Julien and
Gonzalez, 2005; Cermeno et al., 2011; McNickle et al., 2016;
Letten et al., 2018; Oke and Turetsky, 2020). The basic idea of
cream skimmer and crumb picker trade-offs can generalize to
continua of richer and poorer conditions and to larger numbers
of coexisting species, for which examples include diverse desert
annuals (Angert et al., 2009; Chesson et al., 2013), grassland
plants (Zepeda and Martorell, 2019), plankton (Huisman and
Weissing, 1999; Huisman et al., 2001), and acorn-inhabiting
weevils (Venner et al., 2011).

In cancer ecosystems, variation in environmental favorability
and resource abundances also appears to be the norm. Within
tumors, nutrient availability, oxygen, and pH can fluctuate
stochastically or periodically, with swings occurring on scales
of seconds to minutes to hours and varying among spatial
locations (Michiels et al., 2016; Gillies et al., 2018; Saxena
and Jolly, 2019). Also in cancer ecosystems, diversity or
heterogeneity of cell types within tumors is the norm and
correlates with resistance of tumors to therapies (Marusyk and
Polyak, 2010; Robertson-Tessi et al., 2015; Lloyd et al., 2016).
Despite considerable interest in tumor heterogeneity and how it
may promote coexistence of different cell types, coexistence of
cancer cell types as cream skimmers and crumb pickers has not
been explored. Here, we (1) use consumer-resource models to
examine several types of trade-offs that can promote coexistence,
(2) establish the conditions in tumors conducive for such a
mechanism, (3) propose and explore biomarkers indicative of
cream-skimmer and crumb-picker phenotypes (HIF-1; GLUT-
1; CA IX; CA XII, and others), and (4) and compare actual and
potential examples of these phenotypes in nature around us and
in cancer.

METHODS AND RESULTS: ANALYSIS OF
A CONSUMER-RESOURCE MODEL

Continuous Resource Renewal
We imagine two consumer species (cancer cell
phenotypes) harvesting (nutrient uptake in cancer)
a single resource. We start with continuous resource
renewal and the following consumer-resource dynamics:

1
xi
dxi
dt
= bi

[
aiR

1+ aihiR
− ci

]

dR
dt
= r (K − R)−

∑ xiaiR
1+ aihiR

TABLE 1 | Model parameters, variables, and critical values.

Parameter Definition Units

b Conversion factor of net profit rate into per
capita growth

Per resource

a Per capita encounter rate Per time

h Handling/processing time of one unit of
resource

Time per resource

c Per capita cost of existence Resources per time

r Resource renewal rate Per time

K Maximum amount of resource that may be
present in a system (resource carrying
capacity)

Resources

R0 The amount of resource pulsed in the system Resources

T Pulse time Time

Variable

R Resource density Resource density
or concentration

X Population density Consumer density

Values

R12 Concentration of resource above which the
cream-skimmers exclude the crumb-pickers

Resources

R21 Concentration of resource below which the
crumb-pickers exclude the cream-skimmers

Resources

Ri
* Abundance of resources required to maintain

a consumer population at steady state
(dx/dt = 0)

Resources

xi
* The steady state of a population when R = R*

i Consumers

R′ Resource level at which the net profit rate of
the cream-skimmer is equal to that of the
crumb-picker

Resources

H(R) Harvest rate Resources per time

π Net profit rate Resources per time

where xi are the population densities of consumer
species i = 1,2, and R is the density of
resources (see Table 1 for list of model variables
and parameters).

Net profit rate, the difference between resource harvest
rate and the cost of existence, ci (in units of resources per
time), determines whether the per capita population growth
rate of a consumer species is positive or negative. The
conversion factor of net profit rate into per capita growth,
bi, scales the rate of growth or decline. The consumers
harvest resources by encountering and then handling them,
where ai describes the probability of resource encounter per
unit time (encounter rate, or attack rate), and hi describes
the time taken to handle an encountered resource item. In
cancer cells, encounter rates (per time) and handling times
(time per item or molecule) with extracellular molecules
vary and are mediated by the presence, number, and speed
of carrier and channel proteins (in the case of facilitated
diffusion) or transporter molecules (in the case of active
transport) (e.g., Perfahl et al., 2013; Lisan and Langhans,
2015). Other forms of encounter and uptake that require even
more handling effort include receptor-mediated endocytosis
and pinocytosis involving the formation of vesicles and
engulfment, respectively.
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We assume that the consumers’ harvest rates, H (R), follow
Holling’s (1959) disc equation (type II functional response),
taking the form of a Michaelis Menten or Monod equation:

Hi (R) =
aiR

1+ aihiR

With continuous resource renewal, we have something akin
to a chemostat where the resource flows into the system at
some rate, r, and at some concentration, K. Resources (but not
the consumers) are lost via outflow and consumption by the
consumers. In the absence of consumers, the resource density (or
concentration) would equilibrate at R = K. With consumption,
the resource equilibrates at a lower density. For solid tumor
cancers, the tumor can be viewed as a somewhat viscous
chemostat, with blood flow providing and removing resources
(among other bloodborne normal cells and metabolites).

Each consumer species will have a subsistence level of
resource, Ri∗, above which it experiences a positive growth rate
and below which its population declines. This subsistence level is
species-specific. It is the value of R such that a species’ net profit
rate from foraging is 0:

R∗i =
ci

ai(1− cihi)

This subsistence level increases with handling time, hi, and the
cost of existence, ci, and decreases with encounter rate, ai. Note
that for the resource to have any value to the consumer cihi < 1.

With just a single consumer species, its population size
will achieve an equilibrium, xi∗ (when xj = 0), such that the
equilibrium resource availability has been driven to the consumer
species’ Ri∗:

x∗i = r
(
K
ci
−

1
ai(1− cihi)

)
As expected, the equilibrium number of a single consumer species
will increase linearly with the flow rate of resources into the
system, r, and the concentration of those resources,K. For xi∗> 0,
the incoming resource concentration must be higher than the
consumer species’ Ri∗: K > Ri∗.

Key Results
If the incoming resource concentration is too low, K < Ri∗ for
i= 1,2, then neither consumer species can exist (i.e., the necrotic
zone in a tumor). If the R2

∗ < K < R1
∗, then by default only

consumer species 2 can exist in the community. If K > Ri∗ for
i = 1,2, then the consumer with the lower R∗ will outcompete
the other. Hence, at most, just one consumer species can exist
in this community.

Significance
All of the above are well-known results from consumer-resource
theory. But, they provide the jumping off point for considering
the effect of a pulsed (batch chemostat) rather than continuously
supplied (continuous flow chemostat) resource. All of these
results emanate from three foraging parameters: encounter rate,
handling time, and cost of existence. This consumer-resource
approach is relatively unexplored in cancer (Amend et al., 2018),

and may be quite applicable to 3-D spheroid (Carvalho et al.,
2015; Ravi et al., 2015; Agrawal et al., 2021) and organoid culture
experiments (Lo et al., 2020; Schuster et al., 2020), and to mouse
experiments involving competition between different cancer cell
lines (Di Gregorio et al., 2016; Parker et al., 2020).

Pulsed Resource: Encounter Rate and
Handling Time Trade-Off
Pulsed nutrient renewal is a feature of nature (daily or seasonal
pulses), tumors (intra-tumoral cycles of blood flow, resource
availability, and hypoxia), and cell culture experiments (regular
changes to the growth medium every so many days). We evaluate
these conditions for coexistence in terms of the foraging and
cost parameters (a, h, and c). In doing so, we will refer to the
cream skimmer (species 1) as the species with a higher positively
valued profit than the crumb picker (species 2) at high values of
resource availability, and the crumb picker as vice-versa. Thus,
the crumb picker has the lower R∗. In the absence of such a trade-
off, yet again, the species with the lowest R∗ would outcompete
the other.

A trade-off between encounter rate and handling time can
fulfill the assumptions for coexistence on a pulsed resource. The
cream skimmer has the lower values for handling time and
encounter rate than the crumb picker: a1 < a2 and h1 < h2.
We will assume that they share the same values for conversion
efficiency, b, and cost of existence, c. So long as consuming the
resource is profitable for both (1 > chi), then: (1) the crumb
picker has the lower R∗, (2) the cream skimmer has a higher
net profit rate than the crumb picker at high values of R (as R
gets very large, a consumer’s harvest rate converges on 1/h, and
1/h1 > 1/h2), and (3) the crumb picker has a higher net profit rate
than the cream skimmer at low values of R (as R gets very low, a
consumer’s harvest rate converges on a, and a2 > a1) (Figure 1A).
Thus there will exist a unique R′ where both consumer species
have the same net profit rate:

R′ =
a2 − a1

a1a2(h2 − h1)

We assume that every T time units there occurs a new pulse of
resources that achieves a concentration of R0. The consumers
can deplete this resource, but renewal does not occur until the
next pulse which achieves the same level regardless of leftover
resources from the prior pulse (Figure 2B).

We assume that changes in population sizes of the consumers
occur at the end of each pulse based on the integral of their
net profit rate over the course of the interval. Thus, resource
levels, R(t), change continuously over the interval t = 0 to t = T,
but consumer population sizes do not (semi-discrete consumer-
resource model; Pachepsky et al., 2008):

dR
dt
= −

∑ xiaiR (t)
1+ aihiR (t)

, where R (0) = R0

xi (T) = xi (0) ∗ ebi
∫ [ aiR(t)

1+aihiR(t)−ci
]
dt

There are several immediate results. For coexistence, the initial
pulse size R0 must be greater than the consumer species’ R∗.
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To have the lower R∗, the crumb picker’s R∗ must lie in the
region where it has a higher profit gain than the cream skimmer:
R2
∗ < R′. The cream skimmer’s R∗ may be greater than or less

than R′; but for our simulations we shall assume that both species
R∗’s are less than R′ and in the region of R(t) where the crumb
picker has the higher net profit rate.

At equilibrium population sizes, the integral of a consumer’s
net profit rate must be zero. Hence, there must be earlier times
during the pulse where resource abundances yield positive profits
that are canceled out by later times when resource abundances
yield negative profits. Thus, at a single species x∗:R0 >R∗>R(T).
This generates an interesting result. The equilibrium population
size of a single consumer species must lie along this interval:

R0

cT
>

(
x∗ =

R0 − R(T)

cT

)
>

R0 − R∗

cT

The advantage of this relationship is that R0 is known and R∗ can
be solved analytically while R(T) cannot be solved for analytically.
Additionally, as R0 increases and becomes very large, the leftover
resources at the end of the pulse, R(T), decline and converge on
R(T)= 0 as R0 goes to infinite.

The value of R0 determines the community of consumer
species. When R0 is less than the crumb picker’s R∗, then
neither consumer species can exist. Then there is a critical
value of R0 = R12 > R2

∗ below which either the cream
skimmer is outcompeted by the crumb picker, or it cannot
persist at all. Above this level, R12 > R0, the cream skimmer
will be present in the community, as it is able to invade
a community of crumb pickers at their equilibrium. Then
there is another critical value of R0 = R12 > R21, below
which the crumb picker can invade a community of cream
skimmers at their equilibrium and above which the cream
skimmers will outcompete the crumb pickers (Figures 1B,C).
As R0 increases, the equilibrium population size of crumb

pickers steadily increases, but as soon as the cream skimmer
is present, further increases in R0 lead to an increase in the
cream skimmer population size at the expense of the crumb
pickers (Figure 1C).

We can use simulations to illustrate all of this. We fixed
the parameter values of the crumb picker and then used a
scaling factor to create a continuum of possible cream skimmer
species. To do this, we define a scaling factor µ > 1, where
a1 = a2/µ and h1 = h2/µ. The divergence between the crumb
picker and the cream skimmer increases with µ. As µ increases,
the cream skimmers R∗ increases (this will always be true for
µ > 2; and for all µ > 1, so long as ch2 < 0.5) and the
value of R′, the resource abundance where the cream skimmer
and crumb picker have the same profit rate, increases. As the
cream skimmer becomes more so relative to the crumb picker
(increasing µ), both the upper and lower bounds of R0 that
produce coexistence increase, even as the region of coexistence
expands (Figure 1B). Figure 2 shows an example of coexistence
for µ= 5 and an intermediate value of initial pulse size (R0 = 30)
(see Supplementary Figures 1, 2 for examples of population
dynamics when coexistence is precluded).

Key Results
The species with the higher encounter rate, relative to the
cost of existence, will have the lower R∗ and be the crumb
picker, and the one with the lower handling time, relative to
the cost of existence, will have the higher R∗ and be the cream
skimmer. At intermediate values for pulse sizes, coexistence of
a crumb picker with a cream skimmer species (or cancer cell
type) is expected. At pulse sizes below or above this range,
the crumb picker or the cream skimmer should outcompete
the other, respectively, thus forming single species communities.
As the trade-off in encounter rate and handling time become
more extreme, the range of pulse sizes permitting coexistence

FIGURE 1 | Encounter rate and handling time trade-off with pulsed resource. (A) The crumb-picker has the higher net profit rate than the cream-skimmer at low
values of R. R′ represents the resource level where both species have the same net profit rate. (B) Regions of competitive exclusion and coexistence change due to
initial pulse size R0 and the scale factor µ. (C) For µ = 5, equilibrium populations change as a function of R0. Intermediate values of R0 show species coexistence.
Parameters: a2 = 0.2, a1 = a2/µ, h2 = 2, h1 = h2/µ, b1 = b2 = 0.5, c1 = 0.1, T = 10, x1(0) = 10, x2(0) = 10.
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FIGURE 2 | Encounter rate and handling time trade-off with pulsed resource. (A) Species coexist when R0 = 30 and µ = 5. (B) There is a pulse of resource every
T = 10 units of time. The crumb picker has the lower subsistence level of resource, R*2. (C) Net profit rate of consumers in response to pulse of resource.
Parameters: a1 = a2/µ, a2 = 0.2, h1 = h2/µ, h2 = 2, b1 = b2 = 0.7, c1 = c2 = 0.1, x1(0) = 10, x2(0) = 10.

expands, even as the cream skimmer requires higher pulse sizes
to be present in the community. This result emerges from how
foraging efficiencies change with resource level, H(R)/c. As long
as 1/(h1c1) > 1/(h2c2), then there will always exist a resource
level below which the crumb picker is the more efficient forager
(because of a2/c2 > a1/c1) and above which the cream skimmer is
the more efficient one.

Significance
Variability in resource levels can serve as a consumable resource,
thus permitting coexistence (Levins, 1979; Armstrong and
McGehee, 1980; Chesson, 1994). Here, we place this into a
foraging framework where the cream skimmer benefits more
from the variance of abundances, while promoting a higher mean
level of resources. The crumb picker benefits more from the
mean, while promoting a higher variance in temporal resource
availabilities. Body size in mammals may represent such a trade-
off between cost-adjusted handling times and encounter rates
(Brown et al., 2017). In cancer, most cell culture experiments
include refreshing the growth medium every 3–6 days, creating
regular pulses of resources. The implications of such pulsing
have not been investigated for cancer cells’ uptake dynamics,
competition between difference cell lines, or as a system for
testing for cream skimmers and crumb pickers. The functional
response curves, H(R), of cancer cells have not been measured.
Furthermore, the way a cell line is cultured drives evolution
(Burdall et al., 2003). Based on the possibility of an encounter
rate versus handing time trade-off, it would be interesting to
see whether low resource media (usually in the form of diluted
fetal bovine serum) that is changed frequently selects for higher
uptake rates at low resource levels at the expense of uptake
rates at high levels, and vice-versa for high concentration media
changed infrequently.

Pulsed Resource: Handling Time and
Cost of Existence Trade-Off
Cream skimmers and crumb pickers also can be generated from
a trade-off between handling time, h, and the cost of existence, c.
Here, we will assume that both species have the same encounter
rate with resources, a, but that the cream skimmer has a lower
handling time and higher cost of existence. This will cause the
profit curves as a function of resource abundance to cross at some
value of R. This happens because the cream skimmer has a lower
y-intercept because of a larger cost of existence, yet the cream
skimmer has a higher maximum profit by virtue of the lower
handling time (Figure 3A).

When setting the net profit rate of the crumb picker equal
to that of the cream skimmer to solve for R′, one finds a more
complicated relationship than for the case of a versus h. The
solution is quadratic on R′ (see Supplementary Material). One
solution will always involve negative values for both R′ and the
net profit rate. The other solution is relevant and involves a
positive value for R′, though at R′ the net profit rate may be
positive or negative depending upon the magnitudes of a, h1, h2,
c1, and c2.

If the positive solution for R′ is greater than the crumb pickers
R2
∗ and the foraging efficiency of the cream skimmer is higher

at some level of resource (1/(h1c1) > 1/(h2c2)), then there will
exist an initial pulse size R21 below which the crumb picker
will outcompete the cream skimmer and above which there will
be coexistence. Furthermore, there will also be an R12 below
which coexistence occurs and above which the cream skimmer
outcompetes the crumb picker (Figures 3B,C). Coexistence will
occur when the initial pulse size falls between these two values:
R21 < R0 < R12.

To illustrate these outcomes we scaled the trade-off using a
scaling factor µ > 1 where h1 = h2/µ and c1 = c2 + 0.025 µ.
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FIGURE 3 | Handling time and cost of existence trade-off with pulsed resource. (A) The crumb-picker has the higher net profit rate than the cream-skimmer at low
values of R. R′ represents the resource level where both species have the same net profit rate. (B) Regions of competitive exclusion and coexistence change due to
initial pulse size R0 and the scale factor µ. (C) For µ = 5, equilibrium populations change as a function of R0. Intermediate values of R0 show species coexistence.
Parameters: µ = 5, h2 = 2, h1 = h2/µ, c2 = 0.1, c1 = c2+(0.025*µ), b1 = b2 = 0.5, a1 = a2 = 0.2, T = 10, R0 = 10, x1(0) = 10, x2(0) = 10.

The values for R21 and R12 at first decline and then increase
with the magnitude of the trade-off, µ. Regardless, the region
of coexistence increases with the magnitude of the trade-off
(Figure 3B). Otherwise the patterns of coexistence resemble
closely those for the a versus h trade-off.

Key Results
Like the a versus h trade-off, an h versus c trade-off provides
the necessary conditions for coexistence on a pulsed resource.
While the cream skimmer always has a higher harvest rate than
the crumb picker for all resource abundances, its higher cost of
foraging drives the intersection of the two species profit curves
with resource abundance. The actual conditions require: h1 < h2;
c1 > c2 and (1/h1 – c1) > (1/h2 – c2) where this last term is the
asymptotic maximum profit as the initial pulse size becomes very
large. As the more efficient forager, the crumb picker can always
achieve a higher equilibrium population size when alone than can
the cream skimmer species. This trade-off represents a foraging
speed versus foraging efficiency trade-off.

Significance
Speed versus efficiency trade-offs are ubiquitous in nature. They
can involve different taxa such as reptiles versus mammals, or
strategies of plants of more xeric versus more mesic conditions,
including varying water use efficiencies (Miller-Rushing et al.,
2009; Lanning et al., 2020). An intriguing possibility may be
coexisting pinon pine and juniper (Limousin et al., 2015). The
pine has more roots that extend less far and less deep (Schwinning
et al., 2020) and respond quickly to short pulses of summer rain
(West et al., 2007). Thus the pinon pine (cream skimmer) may
have a lower overall encounter rate with water, but a rapid and
efficient means for handling water and nutrient uptake. A speed

versus efficiency trade-off may be particularly relevant to cancer
cells in the context of the Warburg effect (Gillies and Gatenby,
2007; Bhattacharya et al., 2016). Cells showing this effect maintain
anaerobic glycolysis even in the presence of oxygen. Anaerobic
glycolysis permits rapid, yet inefficient, use of glucose; whereas
oxidative phosphorylation, through mitochondria, represents a
slower but more efficient use of glucose (Epstein et al., 2017).

Pulsed Resource: Encounter Rate Versus
Cost of Existence Trade-Off
A trade-off between encounter rate, a, and cost of existence, c,
provides similar opportunities for coexistence as do the a versus
h or h versus c trade-offs. But, coexistence requires that there be a
positive handling time: h > 0.

With h = 0, the species with the lowest R∗ will outcompete
the other, regardless of the initial pulse size, R0. This is because
relative foraging efficiency is now independent of resource
abundance. It is everywhere given by a/c. The curves of net profit
rate, π, versus resource abundance, R, are straight lines with
y-intercepts of –c, x-intercepts of R∗ and slopes of encounter rate
a. The species with the higher a/c, has the lower R∗ and it will
always outcompete the other (Supplementary Figure 3).

When h > 0 and equal between the two species, a trade-off
between a and c can promote coexistence. The species with the
higher a must have a higher c that is not proportionately larger
than it’s a relative to the other species. Furthermore, the species
with the higher encounter rate and higher cost of existence (all
relative to the fixed h) is in fact the crumb picker (species 2):
a1 < a2, c1 < c2. Coexistence between the two species is possible
if R1

∗ > R2
∗, and a2/a1 > c2/c1 > 0. With these conditions,

the crumb picker has the higher foraging efficiency at very low

Frontiers in Ecology and Evolution | www.frontiersin.org 7 September 2021 | Volume 9 | Article 697618

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-697618 September 23, 2021 Time: 17:26 # 8

Huntly et al. Cream Skimmers and Crumb Pickers

resource abundances (a2/c2 > a1/c1), and the cream skimmer
at high (1/(h1c1) > 1/(h2c2)). Under these conditions, the profit
curves with resource abundance are non-linear, have y-intercepts
at –c, x-intercepts at R∗, and asymptotes at (1/h – c) (Figure 4A;
see Supplementary Material).

For the coexistence of the cream skimmer with the crumb
picker, the species’ profit curves intersect twice at positive values
of R. At very low values of R the cream skimmer actually has the
higher profit. Beyond the first intersection point, R′1, the crumb
picker now has the higher profit, though at this intersection point
both species experience negative profits. At a still higher value
of R, there is the second intersection point, R′2, above which the
cream skimmer retains a higher profit rate than the crumb picker
for all values of R > R′2 (Figure 4A). As the initial pulse size
increases, there is the region where no consumer species can exist
(necrotic zone in cancer; R0 < R2

∗), a region where the crumb
picker outcompetes the cream skimmer (R0 < R21), a region of
coexistence (R21 < R0 < R12), and then a region where the cream
skimmer outcompetes the crumb picker (R0 > R12). Figure 4B
shows how the abundances of resources at which communities
switch from one to another (R21 and R12) decline with a scaling
factor that makes the difference between the cream skimmer and
crumb picker more extreme with respect to a and c. Thus, the
cream skimmer actually becomes favored at lower and lower
pulse sizes as the two species’ trade-off becomes more extreme.
Figure 4C shows how the equilibrium population sizes of crumb
pickers and cream skimmers change with R0.

Key Results
A trade-off between encounter rate and the cost of existence leads
to similar opportunities for coexistence as the a versus h, and h
versus c trade-offs with a twist. When handling times are equal,
it is the species with the higher a and c that is the crumb picker.
Relative to the cream skimmer, the crumb picker’s proportional
increase in a must be greater than its proportional increase in c.
If there is no handling time, then coexistence is not possible. The
species with the higher a/c will always outcompete the other.

Significance
Mechanisms that change encounter rates in plants include
stomatal number, root area, and leaf area. For example, the
widespread desert perennial sagebrush produces short-lived
“extra” leaves in spring, when water pulses into the desert
ecosystem. These leaves increase the encounter rates with light
and CO2, have high photosynthetic carbon fixation but low
water use efficiency, and are shed before water becomes limiting
and costly to use (Evans and Black, 1993). A similar potential
mechanism for cancer cell types could be the number of glucose
transporters (GLUT1) (Younes et al., 1997; Loponte et al., 2019;
Kondo et al., 2021). Upregulating more transporters should
increase a cancer cell’s encounter rate with glucose molecules,
while raising the metabolic costs of producing and maintaining
these transporters. This mechanism could be further enhanced
by (1) changing the functional response, for instance, a Type 3
functional response (Morozov, 2010), where γi > 0:

Hi (R) =
aiRγ

1+ aihiRγ

or, (2) making encounter rates dependent on resource abundance,
ai(R), as might occur when foragers develop a search image
(Dukas and Kamil, 2001).

Environmental heterogeneity and trade-offs in foraging
parameters form the basis for many mechanisms of coexistence.
But, not all trade-offs in foraging parameters will result in
coexistence (see Vincent et al., 1996). For our model, appropriate
trade-offs between any of the three profit parameters can
promote coexistence of a cream skimmer and crumb picker on
a pulsed resource.

Pulsed Resource: Trade-Offs Between
Fixed and Total Costs
Virtually all organisms, including microbes, incur an additional
variable cost, v, when actively foraging or taking up nutrients.
Being inactive allows the organism to forgo this cost while still
incurring some fixed cost of existence, f. Thus, we can break the
cost of existence into these two components: c = v + f. When
actively harvesting resources, the consumer expends both the
fixed and variable costs; but, if the consumer so chooses, it can
rest. When resting it harvests no resources but only expends the
fixed cost. If the consumer’s harvest rate is less than the variable
cost of foraging, it would be best to rest. Hence, be active when
H(R) > v and remain inactive when H(R) < v:

dπi

dt
=

aiR(t)
1+ aihiR(t)

− ci, when foraging

dπi

dt
= −fi, when resting

where π is the consumer’s net profit rate.
In the prior models all costs were fixed costs (v= 0) and so the

consumers never rested. With a pulsed resource and a variable
cost greater than zero, v > 0, there is now a switch density, Rs,
where the forager should become inactive when R(t) < Rs. This
switch can be found by setting the change in profit from foraging
equal to that when resting:

Ris =
vi

ai
(
1− vihi

)
Note that Rs < R∗ for f > 0, meaning that consumers will switch
to resting at a resource abundance less than their subsistence
level. It pays to operate at a loss of profit so long as the harvest
rate covers the variable cost of foraging.

Cancer cells are known to have quiescent states that can
include cell cycle arrest, reduced nutrient uptake, and reduced
metabolic expenditures (Valcourt et al., 2012; Miller et al.,
2021). While quiescence can be induced by nutrient deprivation,
it remains an open research question whether cancer cells
behaviorally shift from active feeding to a non-feeding resting
state in response to the profitability of each activity (White et al.,
2020). If they do, a pulsed resource with a trade-off between fixed
costs and total costs, f versus c, can promote the coexistence of a
cream skimmer and crumb picker.

For this model, we will assume that encounter rates and
handling times are the same for both consumer species. We
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FIGURE 4 | Encounter rate and cost of existence trade-off with pulsed resource, h1 = h2 = 2. (A) The crumb-picker has the higher net profit rate than the
cream-skimmer for R′1 < R < R′2. (B) Regions of competitive exclusion and coexistence change due to initial pulse size R0 and the scale factor µ. (C) For µ = 5,
equilibrium populations change as a function of R0. Intermediate values of R0 show species coexistence. Parameters: µ = 5, a1 = 0.2, a2 = 0.1 µ+a1, c1 = 0.1,
c2 = 0.012 µ+c1, b1 = b2 = 0.5, T = 10, R0 = 10, x1(0) = 10, x2(0) = 10.

identify the cream skimmer as the species with the higher total
cost of existence, c, the lower fixed cost, f, and the higher R∗.
For simplicity, we assume that the crumb picker has no variable
cost and hence remains active all of the time; its switch density is
R2s = 0. Under these circumstances, the profit curve of the crumb
picker as a function of resource availability has a y-intercept
of –c2, an x-intercept of R2

∗, and a profit rate at maximum
harvest rate of (1/h2 – c2). The cream skimmer’s profit curve has
a discontinuity at R1s. Below this switch value, profit as a function
of R is simply –f 1 because it is resting. Above this value, the cream
skimmer is active and has the same curve as the crumb picker’s,
but shifted downwards by c1 – c2, with an x-intercept of R1

∗ and a
maximum profit rate of (1/h1 – c1). The intersection of the crumb
picker’s and cream skimmer’s profit curves, R′, occurs at a value
less than the cream skimmer’s switch density and in the region of
negative profit gain (Figure 5A).

As shown in the simulations, the success of the crumb picker
can be insured so long as R1s > R2

∗. If the cream skimmers
become inactive at a level of resource at which the crumb pickers
still make a positive profit, then there are always profitable
resources to be had, no matter the population size of cream
skimmers or the initial pulse size (so long as R0 > R2

∗). In the
truest sense, the cream skimmers leave “crumbs” that are valuable
to the crumb picker. Thus, there is no pulse size above which the
cream skimmers can competitively exclude the crumb pickers.
There still remains a pulse size, R21, above which the cream
skimmers will be present and coexist with the crumb pickers
(Figure 5B). Above the point where the cream skimmers can
join a community of crumb pickers, the population size of cream
skimmers increases rapidly with pulse size, as that of the crumb
pickers declines to a positive asymptote determined by how many
crumb pickers can be supported from effectively having just R1s
to work with (Figure 5C). The cream skimmers succeed because

their low fixed cost allows them to travel inexpensively through
time from the point of too few resources to the next resource
pulse. If we let t1s be the time at which the cream skimmers
switch from foraging to resting during the intra-pulse period,
we see that it takes fewer resources to support a cream skimmer
than a crumb picker. In the region of coexistence, c1t1s + (T-
t1s)f 1 < c2T.

Key Points
Coexistence of a cream skimmer and crumb picker becomes
highly likely on a pulsed or seasonal resource when (1)
foragers can choose to be active or to rest or remain dormant,
and when there is a trade-off between maintenance efficiency
(H/f = efficiency of traveling through time from one good period
to the next) and (2) foraging efficiency (H/c= ability to profitably
forage resources to a low level). This applies where the forager
will switch from foraging to some form of resting when resource
abundances have become sufficiently depleted.

Significance
In nature, this ubiquitous mechanism of coexistence can apply to
annual or ephemeral plants (cream skimmers) versus perennials
(crumb pickers) (Brown, 1989a), hummingbirds and bees (Brown
et al., 1981), colonial bees versus solitary bees (Schaffer et al.,
1979), mosses (McNickle et al., 2016), phytoplankton (Litchman
and Klausmeier, 2001), and more, and can extend to more
species along resource continua (e.g., Chesson et al., 2004, 2013;
Angert et al., 2009). While the conditions for this mechanism
appear to be met in cancer, it has not been tested or verified.
As discussed, the trade-off between anaerobic and aerobic
metabolism may allow a Warburg phenotype to coexist with
cancer cells that have near-normal metabolism. While expensive,
much of the machinery for glycolysis is variable cost and can be
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FIGURE 5 | Fixed and total costs trade-off with pulsed resource. (A) The cream-skimmer’s net profit rate has a discontinuity at R1s: For R < R1s the cream-skimmer
is resting, for R > R1s the cream-skimmer is active. (B) Regions of competitive exclusion and coexistence change due to initial pulse size R0 and the scale factor µ.
(C) For µ = 10, equilibrium populations change as a function of R0. Parameters: µ = 5, f1 = 0.1–0.009*µ, f2 = 0.1, c1 = 0.1+0.01*µ, c2 = 0.1, b1 = b2 = 0.5,
a1 = a2 = 0.2, h1 = h2 = 2, v1 = c1-f1, v2 = c2-f2, T = 10, R0 = 10, x1(0) = 10, x2(0) = 10.

down-regulated, while the maintenance of mitochondria entails
a high fixed cost. Such a trade-off may manifest between two
of the most studied breast cancer cell lines, MDA-MB-231
(elevated glycolysis) and MCF-7 (normal aerobic metabolism).
Furthermore, cancer cell dormancy has been documented for
many cancer types and can provide the basis for this mechanism
of coexistence (Miller et al., 2020, 2021).

Freischel et al. (2021), in Gause-style competition experiments
using 3-D spheroid cell cultures, found that MDA-MB-231 cells
had a stronger competitive effect on MCF-7 cells than vice-versa,
even as MCF-7 had the higher intrinsic growth rates and carrying
capacities. As cream skimmers, MDA-MB-231 may have a harvest
rate advantage at high resource levels (either through a higher a
or lower h), have a lower foraging efficiency (higher c), and lower
fixed cost (lower f ) as compared to the MCF-7 cells. In these
cell cultures, the medium was changed every 4 days, providing
a new pulse of resources. Such a system holds much promise for
testing for coexistence on a pulsed resource. However, at present
we do not know each cancer cell line’s profit curves with resource
abundance, whether they cease activity when resources become
scarce, or how quickly and thoroughly they depress the resources
of the culture medium prior to the next pulse.

Cream Skimmers and Crumb Pickers in
Cancer: How and Where to Look?
Tumor heterogeneity, both in micro-environmental conditions
and in the genetic and phenotypic composition of the
cancer cells themselves, is the norm. Such heterogeneities
increase with tumor growth and disease spread. Tumor
heterogeneity is generally, though not always (Yu et al., 2017),
associated with a poor prognosis for the patient. Histologies
with immunohistochemical staining provide one method for
identifying cancer cell phenotypes and identifying the diversity
of “Darwin’s finches” comprising the community of coexisting
cancer cell types.

Our model applies to circumstances, likely in tumors, where
the pulsing and depletion of resources occurs on a faster time
scale than the population dynamics of the consumers. Small
scale fluctuations in blood flow, oxygen levels, pH and nutrient
supplies give rise to heterogeneity in the microenvironment
(Gillies et al., 2018). These temporal variabilities can be stochastic
or cyclic (Cárdenas-Navia et al., 2008; Dewhirst, 2009). Scale also
plays a role in how nutrient fluctuations occur in the tumor.
Recently, Pressley et al. (2021) found approximately 4- to 5-
min cycles of O2 levels (and presumably the levels of other
nutrients) at small spatial scales within a pancreatic cancer cell
line subcutaneously implanted into mice. These results indicate
that pulsation and fluctuations of nutrients, the first condition for
the coexistence of cream skimmers with crumb pickers, is met in
many if not all solid tumors. Furthermore, these changes happen
at time scales faster than cancer cell generation times, motivating
the use of our semi-discrete consumer-resource model.

The geno- and phenotypic heterogeneity of cancer cells also
indicate the potential presence of “cream-skimmer” and “crumb-
picker” like cancer cells. Cancer cells expressing hormone
receptors are easily characterized with histology. In breast and
prostate cancers, estrogen positive or testosterone positive cancer
cells require their respective hormones for survival and growth.
The frequent coexistence of estrogen positive or testosterone
positive cancer cells with estrogen negative or testosterone
negative ones that do not require consumption of estrogen or
testosterone, respectively, represents a fairly clear case of diet
choice (Kareva and Brown, 2021). Furthermore, the different
composition of breast cancer cells near vasculature versus
away represents spatial separation akin to mesic versus xeric
habitats and their associated plant communities (Alfarouk et al.,
2013). Finally, coexistence of cell types based on food-safety
trade-offs manifest in the different cell types associated with
“hot” and “cold” regions of tumors based on high and low
immune cell infiltration, respectively (Shembrey et al., 2019;
Gatenbee et al., 2020).
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Non-hormonal cancers also display differing bio-markers
distinguishable in histological studies using a variety of nutrient
receptors and metabolic markers. Commander et al. (2020)
found that clusters of tumor cells could be divided into leader
and follower cells. These two phenotypes displayed distinct
metabolic phenotypes. What they referred to as leader cells relied
heavily on oxidative phosphorylation with decreased glucose
uptake. Conversely, the follower cells relied on glycolysis and
required high glucose uptake. This difference could be identified
using staining for the glucose transporter, GLUT1, where cream
skimmers and crumb pickers would have high and low expression
levels, respectively.

Hypoxia markers such as HIF1-α, CAIX, and CAXII also
show intra-tumor variation between cancer cells and provide
valuable identifiers of cancer stage and prognosis (Chen et al.,
2010, 2018; Ilie et al., 2011; Rademakers et al., 2011). Collective
production of HIF1-α can promote angiogenesis and increased
blood flow to the microenvironment (Yang et al., 2013). To the
individual cancer cells it also permits survival and metabolic
activity under hypoxic conditions (Kaidi et al., 2007). CAXII is
a transmembrane protein often over-expressed in cancers and
associated with buffering intra-cellular pH and also permitting
survival and activity at low oxygen and nutrient levels (Chiche
et al., 2009). We hypothesize that high expression of HIF1-α
or CAXII may identify crumb pickers, and at the very least be
indirectly associated with our models’ foraging parameters.

Diversity of cancer cell metabolism, indicated by upregulated
glycolysis (cream skimmer?) or upregulated oxidative
phosphorylation (crumb picker?), suggests a speed versus
efficiency trade-off. The Warburg effect is likely characteristic of
cream-skimmers. These cells maintain high levels of glycolysis
(anaerobic respiration) even in the presence of oxygen. In
addition to lowering pH, such a strategy increases nutrient
uptake, and decreases handling time; but produces much less
ATP per respired glucose molecule. Such a strategy entails a
low fixed but high variable cost of foraging relative to aerobic
respiration via the mitochondria. The transmembrane protein
CAIX can provide a marker for cells with upregulated glycolysis
(Mboge et al., 2019). CAIX protects against extracellular low
pH by creating a protective buffer around the cell, and reducing
intra-cellular stress caused by the toxic metabolites from
glycolysis. It also may play a role in immune evasion and also
represent a food safety trade-off (Lloyd et al., 2016). Upregulated
CAIX may provide a biomarker of a cream skimmer strategy.

Genomic analyses (whole genome sequencing for mutations
or RNAseq for gene expression) can also identify cancer cell types.
Neftel et al. (2019) found four identifiable types of brain cancer
cells (glioblastoma). While the frequency of the four types varied
with patient and tumor; within a tumor these cell types could
be found coexisting in close proximity. One type exhibited traits
that were mesenchymal (high motility) and highly glycolytic. This
could be a cream skimmer. Any of the other three types might,
with further investigation, fit a crumb picker strategy with a
slower rate of nutrient uptake and use, but at a lower cost. Sasmita
et al. (2018) provide an extensive review of biomarkers and
classification schemes for the different subtypes of glioblastomas
between patients and of the cancer cell types coexisting within a

patient’s tumor. The recognized mesenchymal cell type, and the
proneural and neural subtypes of cells, may correspond to cream
skimmers and crumb pickers, respectively (Verhaak et al., 2010).

Data From Cancer Patients
We used histologies from 10 breast cancer patients that had been
previously stained and scored in Lloyd et al. (2016). Here, we
are interested in whether cells with low and high expression of
GLUT1, HIF1-α, CAIX or CAXII can be found coexisting in close
proximity (unfortunately, the data do not permit examination
of how an individual cell scores simultaneously on all four of
these stains). Figure 6 shows an entire biopsy slide for one of the
patients and how it can be imaged to highlight the whereabouts
of cancer cells. For each of the stains, we identified a subsample in
a region with numerous cancer cells. From this cancerous region
we created a smaller quadrat 150 µm on a side. For each stain,
we found coexisting cancer cells with high and low expression
occurring side by side at this small spatial scale (Figure 7). For
CAIX, CAXII, GLUT1, and HIF1-α, their respective quadrats
had 27 versus 20 (57%), 22 versus 38 (33%), 42 versus 73
(37%), and 11 versus 91 (89%) cancer cells showing high versus
low expression (the bolded numbers and % occurrence are
the putative cream skimmers). This pattern of coexistence was
manifest across most patients.

We reexamined Lloyd et al.’s (2016) data for frequencies of
cell types based on biomarker expression. These data generally
provide 60 500 × 500 µm sample quadrats (10 patients × edge
versus interior habitats of the tumor × 3 replicates per habitat).
CAIX and CAXII data are only available for 9 patients and
thus 54 quadrats. The percentages of cells with high expression
of the stain within a sample are shown in Table 2. High-
expressing CAIX cells, perhaps indicative of cream skimmers,
were virtually absent (<5%), rare (5–10%), and common in 18,
8, and 1, respectively, of the 27 quadrats at the interior of the
tumor (low resources), while 0, 2, and 25, respectively, at the
edge of the tumor (high resources) (Supplementary Table 1).
Low expressing CAIX cells always comprised at least 10% of
the cancer cell population. Low CAXII expressing cells, perhaps
indicative of cream skimmers, always comprised > 10% of the
cancer cell populations both in the interior and edge of the
tumors (Supplementary Table 2). High expressing CAXII cells
(crumb pickers?) always comprised > 10% of cancer cells in
the tumors’ interiors, but at the edge were <1% in 2 samples,
between 1 and 5% in 7 samples, and 5–10% in 6 samples. For
GLUT1, high expression (cream skimmers?) was prevalent at the
edge of the tumor, but not the interior (Supplementary Table 3).
At the edge, of the 30 samples, 7 had < 5%, and 5 samples
had between 5 and 10%. In the interior, of the 30 samples, 9
had < 1%, 9 between 1 and 5%, 8 between 5 and 10%, and only
4 > 10%. For HIF1α, low expression cells (cream skimmers) were
always > 10% of the cells for all samples irrespective of habitat
(Supplementary Table 4). High expression cells (crumb pickers?)
were more common in the interior than edge of the tumor. In
the interior, they comprised < 5% in 3 samples, between 5 and
10% in 5 samples, and > 10% in 22 samples. At the edge, they
comprised < 5% in 5 samples, between 5 and 10% in 10 samples,
and > 10% in 15 samples. Besides opportunities for coexistence of
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FIGURE 6 | For a single invasive breast cancer patient (A), image analysis techniques we used to segment and classify cancer (orange), normal breast tissue (dark
blue) and normal adipose tissue (light blue) regions of interest (B). Black bounding box represents the region of interest evaluated in more detail in Figure 7. All scale
bars = 5 mm.

FIGURE 7 | For an invasive breast cancer patient, CA-IX, CA-XII, Glut-1, and HIF-1α each demonstrate regions of variable biomarker expression. (A–D) display a
larger number of cells wherein (E–H) are expanded views of selected regions of interest (black bounding boxes). (E–H) demonstrate both high (black arrows) and low
(white arrows) expression levels (brown stain) in co-mingled populations of cancer cells. All scale bars = 20 µm.

cream skimmers and crumb pickers within specific regions of the
tumor, the results also speak to the importance of spatial variation
in habitats within tumors in promoting cancer cell heterogeneity
(Hoefflin et al., 2016).

For each of these biomarkers there are significant patient-
to-patient variation and significant differences between habitats
(edge and interior) as originally noted by Lloyd et al. (2016).
Furthermore, if any of these biomarkers are indicative of cream
skimmers and crumb pickers, then patients, habitats or samples

may exhibit examples of just one or the other type, and, in most
cases, the coexistence of both types.

As a caveat, note that such histology data might confound
true differences in cell types because of overlaps between stain
expression and natural variation in the cell’s expression that
might vary between patients and between tumor habitats within a
patient. Furthermore, differences in staining between cells might
represent phenotypic plasticity rather than heritable differences.
Regardless, we do see strong differences between cancer cells in
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TABLE 2 | Average percent positive expression of GLUT-1, CAIX, HIF-1α, and
CAXII in the center and edge of the tumor.

GLUT-1 CAIX HIF-1α CAXII
Patient

number Center Edge Center Edge Center Edge Center Edge

1 0.21 1.84 2.23 15.20 11.42 7.82 43.88 23.14

2 8.35 40.38 4.50 25.40 20.44 11.99 26.48 8.86

3 0.80 14.45 N/A N/A 3.11 1.38 N/A N/A

4 5.90 5.50 1.74 11.72 7.73 8.09 49.96 12.55

5 1.55 4.30 5.25 18.06 19.31 17.31 32.44 3.44

6 5.25 44.30 5.11 16.42 26.63 21.13 50.66 13.86

7 6.05 32.44 6.59 16.73 22.35 4.61 45.09 4.76

8 0.52 21.87 2.37 11.34 9.22 7.13 41.34 5.50

9 23.81 6.11 9.56 23.29 27.67 21.94 47.25 25.60

10 4.24 23.94 3.20 28.93 38.70 36.46 22.61 0.84

Averages were calculated from six regions of interest (ROI), three from the edge
and three from the center of the tumor sample.

these stains, with many having near to complete absence and
others showing very strong expression. And, the mechanism of
coexistence can serve to explain coexisting phenotypes whether
the basis is plasticity or inheritance.

DISCUSSION

Temporal variation in resource abundance, or in environmental
conditions that affect availability of resources to a consumer, can
provide a mechanism of coexistence. These may accompany the
more familiar ones of coexisting species partitioning different
resources or habitats. Here, we developed and operationalized
a model of coexistence on a temporally pulsed resource. We
explicitly considered trade-offs in key foraging parameters that
can be measured or observed, namely a consumer’s encounter
rate with resources, a (a measure of foraging speed at low resource
abundance), handling time, h (a measure of foraging speed at
high resource abundances, where lower is better), and cost of
existence, c (a term that determines foraging efficiency at low,
a/c, versus high, 1/(hc), resource abundances). Additionally, we
considered the trade-off that can occur when the cost of existence
includes a fixed, f (unavoidable cost of being alive), and a variable,
v (avoidable if the organism chooses to be inactive), component.

We imagined a pulsed resource, a reasonable proxy to aspects
of nature and cancer. Every so many time units, the abundance
of resource for the consumers renews to a fixed starting level.
Following the pulse, resource abundance declines as consumers
consume the resource, and this decline continues until the next
pulse. For broad ranges of pulse sizes and trade-offs between
two consumer species in foraging parameters (a, h, and c),
coexistence is possible between a crumb picker (with the higher
a/c) and a cream skimmer (with the higher 1/(hc)). For the fixed
and variable cost model, coexistence occurs when the crumb
picker has the higher combined foraging efficiency (H/c, where
H is harvest rate as a function of resource abundance) and the
cream skimmer has the higher maintenance efficiency (H/f ).
Both consumer species benefit, when alone, from larger pulse

sizes. But, cream skimmers see an increase in their competitive
advantage over crumb pickers as the pulse size increases.
Throughout, we mention examples from nature around us
and suggest putative cancer examples. While well-documented
examples exist in the literature on natural ecosystems, the cream-
skimmer/crumb-picker trade-off, in its several manifestations,
remains untested as a possible explanation for coexisting cancer
cell types within a tumor.

Several realistic additional aspects could hamper or facilitate
coexistence of a cream skimmer with a crumb picker and
might be incorporated into the models we have analyzed here.
These include stochastic variation in the timing and sizes of
pulses, intra-pulse births and deaths within the consumer species’
populations, and some small trickle of resource renewal during
the interval following a pulse. A likely important additional factor
is the value of a resource item to a consumer, e. In effect, we held
this constant at unity for both consumers, but there can be trade-
offs associated with value. A more complete model would allow
for a net profit rate of eH – c. Examples of value-dependent net
profit can emerge from digestive physiology that create a trade-off
between e and h (handling time). For instance, zebra and Canada
geese, relative to wildebeest and cottontail rabbits, respectively,
are cream skimmers. They do not efficiently digest cellulose.
Rather, they consume large amounts of herbage (low h), while
their digestive system absorbs only a small fraction of the caloric
value (low c). Wildebeest (ruminants) and cottontails (hindgut
fermenters) eat less and take much longer to digest the material
(high h), but have a higher digestion efficiency (higher e). Like
the other trade-offs in the consumer-resource model, an e versus
h trade-off can promote coexistence if the crumb picker has the
higher ea/c and the cream skimmer has the higher e/hc. This
may be relevant to cancer in that cancer cells with high glycolysis
(cream skimmers) versus high oxidative phosphorylation (crumb
pickers) may be best represented as having a low e (2 ATPs versus
36 ATPs per glucose molecule) and a low h, in addition to other
trade-offs associated with a, c, or f.

Cancer may provide a good model for testing the mechanisms
we have described. Cancer biologists generally do not measure
the key foraging parameters of the consumer-resource model (see
Amend et al., 2018; Mallin et al., 2020), but some tools for such
measurement are available and can be quite sophisticated. The
Seahorse XF Analyzer (de Moura and Van Houten, 2014) can
analyze the extracellular flux of a small population or aliquot
of cells (normal or cancerous) for oxygen, lactate production,
glucose uptake, etc. While used extensively in cancer research,
this technique has not yet been used specifically to measure things
like a cancer cell’s functional response (H versus R) in terms
of a and h. Furthermore, 2-D and 3-D culture experiments are
generally run as batch chemostats where the culture medium is
removed and replaced every so many days. Careful calibration
with respect to cell type, cell numbers, cell proliferation rates,
initial resource concentration, ending resource concentration,
and pulse frequency could be used to not only estimate model
parameters, but also to test for coexistence when competing
multiple cell lines (Freischel et al., 2021).

Our modeling results have implications for conducting
appropriate cell culture experiments. In general, culture medium,
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rich in fetal bovine serum and sometimes augmented with
additional resources, is changed every few days. The change is
often made with reference to a pH marker to ensure little change
in pH via cell metabolites. Furthermore, in 2-D and some 3-
D cultures, cells are passaged prior to reaching some level of
confluency, meaning they may not reach a true equilibrium
with their resource availabilities. As such, we may inadvertently
be selecting for cream skimmers or species that speedily but
inefficiently turn resources into proliferation. The timing of
nutrient pulses and the passaging of cells in culture experiments
may be far from what meaningfully occurs in patient tumors
or mouse models. Imposing a given pulsing of nutrient renewal
may change the whole ecology of the tumor, which may possibly
undermine the validity of the interpretation of the results. Our
modeling and that of others on consumer resource dynamics
invites researchers to be mindful of the ecological conditions of
their cell cultures and whether the ecology is realistic or useful
for the objectives of the study.

Therefore, it is reasonable to postulate that cell culture
experimentation may be used to further elucidate tangible
differences in cell survival strategies. Under the lens of live cell,
time lapse microscopy, one may observe how resource dynamics
affect cell survival strategies and discern if cells are establishing
heritable variation versus phenotypic plasticity. Non-invasive live
cell microscopy is now possible within incubation conditions
which can facilitate multiple generations of cellular growth to
confluency, splitting and repeating. Future experiments may
be designed to select for cells in resource rich and resource
poor environments and observe cellular population growth upon
changes in resource allocation after multiple passages.

For cancer, one often is interested in implications of
ecological models for cancer therapies. We cannot provide
specific recommendations in terms of cancer therapy based on
the mechanisms we have described for coexistence of cream
skimmer and crumb picker phenotypes. But, more broadly, it
is known that tumors that are heterogeneous, including diverse
cancer cell types, tend to be associated with worse prognoses.
This is generally thought to result from higher levels of heritable
variation among the cancer cells and hence a higher likelihood
that one or several variants will be resistant to therapy. This
may be so. Additionally, therapy failure may result from the
consequences of using one or several therapeutic regimens to
treat a community of cancer cells, not just a single cancer. If
cancer cells are diversifying and filling niches, as in an ecological
community, then therapy may be more effective at killing one
type of cancer cell and not another. Kotler and Brown (2020)
provide thoughts on how therapy strategizing should take into
consideration within-patient mechanisms of coexistence among
cancer cell types.

With respect to cream skimmers and crumb pickers,
a variety of therapies may directly or indirectly influence
competitive balance and treatment efficacy. For instance,
many chemotherapies target rapidly dividing cells, which may
favor crumb-picker strategies among the survivors. Radiation
therapy, use of a variety of therapies, and diets that modify
the tumor microenvironment (anti-angiogenics, bicarbonate
therapies, fasting, ketogenic diets, etc.) may alter the amount and

temporal pulsing of nutrients (Gatenby and Brown, 2020). This
might harm all cancer cells or might simply tip the competitive
scales away from or toward a cream skimmer. Finally, knowing
that some of the tumor microenvironment is composed of
coexisting cream skimmers and crumb pickers may suggest
double-bind therapies (Gatenby et al., 2009; Basanta et al., 2012),
where one begins with a therapy that favors one of these types
and would lead to competitive exclusion of the other. Upon
shifting the cancer community with the first therapy, one then
would apply a second therapy to target the remaining and now
dominant cancer cell type (Maley et al., 2004).

In this study, we examined temporal variation in resource
abundances. Spatial variation can provide an extension of the
mechanisms we discussed (Chesson, 2000a). Spatial variation can
provide both additional trade-off terms (higher travel speed or
lower costs can now define a cream skimmer) and an additional
way that the foraging activities of consumers can create temporal
variability, particularly if a consumer locally depletes resources
faster than they can renew (Richards et al., 2000; Abrams and
Wilson, 2004; Bolin et al., 2018). Examples include freshwater
snails (Chase et al., 2001), sunbirds (Oyugi et al., 2012), and bees
(Aizen et al., 2011). Furthermore, the trade-off between cream
skimmers and crumb pickers can include the ability to accurately
assess local resource abundances, but at a cost of supporting a
higher cognitive ability (Olsson and Brown, 2010). Despite these
examples from the ecosystems around us, we anticipate that this
spatial form of cream skimmer/crumb picker trade-offs is less
likely in cancer, given the limited motility of cancer cells relative
to the scale of spatial variation in resources. Even though cancer
cells have motile phenotypes (with amoeboid, pseudopodial, and
lobopodial movement; Paul et al., 2017; Jun et al., 2020), they
do not move very fast and are quite slow compared to free-
living unicells such as yeast. Travel speeds in a 3-D collagen
matrix were 4.5 µm/h and 2.1 µm/h for a “fast” mesenchymal
and “slow” epithelial cancer cell type, respectively. Populations
of such cancer cells can have mean diameters of 19–25 µm
(Connolly et al., 2020), meaning that it could take at best 4 h
to move one body length, and likely much longer. However,
we could be wrong about how spatial variation is realized by
cancer cells. In reality, biodiversity is affected simultaneously
by more than a single mechanism of coexistence, and these
operate simultaneously over many temporal and spatial scales;
the relative strengths of mechanisms also no doubt vary over
time, and which mechanisms are visible will depend on the
scales at which we sample and analyze information (Chesson and
Huntly, 1993, 1997; Chesson, 2000b, 2009; Chesson et al., 2013;
Letten et al., 2018). The cancer ecosystem provides an interesting
potential model in which to examine the many temporal and
spatial scales and mechanisms that could simultaneously affect
coexistence of cream skimmers and crumb pickers.

In conclusion, we think that a mechanism of coexistence
of cream skimmers with crumb pickers has broad applicability
to all of nature, including cancer. Identifying and studying
this mechanism in cancer would provide (1) direct applications
and tests of ecological principles in a simpler yet complete
ecosystem, (2) applications of consumer-resource models to
the diversification of cancer cells within and between patients,
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(3) explicit uptake and cost parameters that have not been, but
can be, measured for cancer cells, and (4) insights to possible
therapeutic implications.
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