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Abstract

Communities that share common-pool resources (CPRs) often coordinate their actions to sustain
resource quality more effectively than if they were regulated by some centralized authority.
Networked models of CPR extraction suggest that the flexibility of individual agents to selectively
allocate extraction effort among multiple resources plays an important role in maximizing their
payoffs. However, empirical evidence suggests that real-world CPR appropriators may often
de-emphasize issues of allocation, for example by responding to the degradation of a single
resource by reducing extraction from multiple resources, rather than by reallocating extraction
effort away from the degraded resource. Here, we study the population-level consequences that
emerge when individuals are constrained to apply an equal amount of extraction effort to all CPRs
that are available to them within an affiliation network linking agents to resources. In systems
where all resources have the same capacity, this uniform-allocation constraint leads to reduced
collective wealth compared to unconstrained best-response extraction, but it can produce more
egalitarian wealth distributions. The differences are more pronounced in networks that have higher
degree heterogeneity among resources. In the case that the capacity of each CPR is proportional to
its number of appropriators, the uniform-allocation constraint can lead to more efficient collective
extraction since it serves to distribute the burden of over-extraction more evenly among the
network’s CPRs. Our results reinforce the importance of adaptive allocation in self-regulation for
populations who share linearly degrading CPRs; although uniform-allocation extraction habits can
help to sustain higher resource quality than does unconstrained extraction, in general this does not
improve collective benefits for a population in the long term.

1. Introduction

Common-pool resources (CPRs) are non-excludable, or freely accessible by all members of a community, and
rivalrous, meaning that increased appropriation by one user can decrease the benefits that are available to other
users [1]. The latter property distinguishes CPRs from public goods, which have provided the conceptual basis
for an extensive literature exploring the role of networked population structure in the evolution of cooperative
behavior [2-5]. In typical public goods game (PGG) models played out on complex networks, agents identify
either as ‘cooperators’, who make voluntary contributions towards public goods, or as ‘defectors’ who free-
ride on the efforts of others. Having assumed one of these identities, each agent is then assumed to apply the
same strategy (either contribute something, or do not) to all the goods to which it has access within a net-
work. Some variations upon the basic model have explored the possibility that agents might adaptively adjust
their allocations of contributions based on the unique conditions of each public good [6—10]. However, by
more completely relaxing the assumption that each agent must present itself either as a cooperator or as a
defector in all games simultaneously, the mechanism by which cooperation spreads via imitation through a
network would be removed. In contrast to these PGG models, the allocation aspects of individual choice have
taken greater prominence in studies of networked CPR extraction games. At Nash equilibrium, for example,
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agents are found to allocate their extraction efforts unevenly among resources on degree-heterogeneous net-
works [11]. In Pareto efficient states, which describe the ideal extraction levels by which a population would
achieve its maximum possible collective wealth, all agents exert the same overall magnitude of extraction effort,
but each allocates its effort unevenly among sources [11, 12]. Furthermore, if agents are inclined to practice
reallocation—that is, adapting their behavior by shifting their extraction efforts from lower- to higher-quality
sources while holding their overall extraction levels constant in magnitude—then they can attain more efficient
and egalitarian outcomes at the population level [12].

However, various ‘laboratory-in-field” experiments [13—15] have provided empirical evidence that real-
world CPR appropriators, when confronted with multiple resources and changing conditions, do not neces-
sarily practice the kind of targeted reallocation described above. Specifically, in response to the degradation of
one resource, many individuals tend to reduce extraction not just from the newly degraded resource, but also
from other resources. Rather than channelling ‘individual payoff-maximizing behavior’ through reallocation,
these individuals reduced the overall magnitude of their extraction efforts [13]. In this way, these individuals
seemed to treat a structured environment consisting of multiple distinct resources as if it were a single entity,
applying caution to this environment as a whole, even when targeted reallocations of effort might have yielded
greater payoffs in the short term. If indeed CPR appropriators behave as did the individuals observed in those
studies and interpret the degradation of a single resource as a warning signal to reduce overall extraction,
then this could serve to prevent a more widespread cascade of resource depletion from spreading, and so could
have implications for the population’s ability to conserve resource quality and effectively self-regulate. Ina CPR
context, then, behavior that serves to balance an individual’s short-term self-interest with longer-term sustain-
ability of the collective system may not necessarily take the form of obedience to some pre-defined cooperative
rule, as if often assumed in PGG or even CPR models [16—18]. Instead, it could involve an adaptive tendency
to respond to local signs of resource degradation by moderating one’s overall extraction more generally. Aside
from these potential advantages, it seems that a coarser-grained perspective—by which an individual effectively
treats its environment of resources as a single entity rather than as a multiplicity of distinct parts—could also
potentially emerge as a result of various cognitive or logistical limitations placed upon CPR users in some situ-
ations [19, 20]. Whatever the origin of this behavior might be, the current study is motivated by the intriguing
contrast between the highly non-uniform allocations of effort exhibited by payoff-maximizing agents within
computational models and the observed behavior of many real-world CPR appropriators who seemingly tend
to treat multiple resources as a unified whole.

In the following, we investigate the consequences of uniform-allocation constraints within networked CPR
extraction games. While previous work has explored a case where agents place greater emphasis upon alloca-
tion [12], this new case represents the opposite extreme wherein agents’ flexibility of allocation is removed
altogether. Real-world CPR appropriators (at least to the extent that their adaptive behavior can be mean-
ingfully characterized in terms of the relative emphasis they place upon allocation versus overall magnitude
of effort) will likely fall somewhere on a continuum between these two limiting cases. However, by studying
the consequences of these two extreme bounds to individual behavior, we hope to delineate the boundaries of
a corresponding continuum of collective outcomes, between which more realistic systems would presumably
lie. Following previous work that focused on adaptive reallocation [12], we apply a heterogeneous mean-field
perspective [21, 22] to predict the population-level changes that result from a uniform-allocation constraint
on networks with different degree distributions. We then validate these predictions using the ensemble mean
results of direct computations on individual network realizations. Our results show that the uniform-allocation
constraint drastically reduces the efficiency of collective extraction, particularly in networks with high hetero-
geneity among CPR degrees (that is, the numbers of appropriators of each resource). In the special case that
a network’s multiple CPRs have capacities that are proportional to their degrees, however, the constraint can
instead lead to increased efficiency. There, the improvement occurs precisely because the uniform-allocation
constraint achieves a similar end in that case as does gain-seeking reallocation: it redistributes the burden
of over-extraction more evenly among the system’s multiple CPRs. Our findings thus strongly reinforce the
importance of agents’ flexibility of allocation in networked CPR extraction games. Within the linearly degrad-
ing CPR model considered here, a uniform-allocation constraint on individual behavior can indeed help to
sustain higher resource quality, but it does so without improving collective wealth in the long run.

2. Methods

2.1. Summary

We consider games played on bipartite networks that link populations of 50 agents to 50 common-pool
sources. The degree of an agent a is denoted by m(a) and the degree of a source s is denoted by n(s); all
networks share mean agent degree (m) = 5 and mean source degree (n) = 5. Nine network ensembles are
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Figure 1. (a) Source degree distributions Ps(n)s and (b) agent degree distributions P (m)4 for nine network ensembles, each
representing a combination of a uniform-degree (U), low-heterogeneity (L), or high-heterogeneity (H) source degree distribution
with a uniform-degree (u), low-heterogeneity (1), or high-heterogeneity (h) agent degree distribution.

generated, each representing a combination of one of three levels of heterogeneity among source degree
(Uniform-degree, Low-heterogeneity, or High-heterogeneity) and one of three similar levels of heterogene-
ity among agent degree (uniform-degree, low-heterogeneity, or high-heterogeneity), resulting in the source
degree distributions Ps(1) and agent degree distributions P4 (1) shown in figure 1. Within these networks,
each agent a decides how much extraction effort g(a, s) to apply to each of its affiliated sources s. For each
unit of extraction effort exerted upon a source s, the source returns a benefit of a magnitude determined by its
quality, b(s). Source quality decreases linearly as the collective extraction 4 (s) applied to the source increases:

b(s) =a—pq(s), (1)

where o and j3 are positive parameters. The benefit extracted by an agent from a source is proportional to the
agent’s effort and the source’s quality. From the total benefits accumulated from its multiple affiliated sources,
each agent deducts a cost that increases quadratically with respect to its total individual extraction E(a), such
that it receives a net payoff of

a) = a,s) - b(s _j%az’ 2

f (@ %q()() ;@ 2)
where 7 is a non-negative cost parameter. Each agent a adapts its extraction levels g(a, s) from each of its affil-
iated sources s based on current resource conditions at rates proportional to the increase in payoff they expect
to gain thereby, as in a replicator rule. We study the steady-state patterns of extraction that emerge when agents
practice uniform adaptation, that is, when they are constrained to allocate their extraction efforts uniformly
among their affiliated sources. Focusing on how agents and sources of different degrees are affected by these
constraints, we apply a heterogeneous mean-field approach to estimate source quality and agent payoffs, and
compare these predictions to the corresponding mean values computed on ensembles of individual networks.
Nash equilibria, which are the steady states approached if agents adapt freely without a uniform-allocation
constraint, serve as a basis for comparison. We consider two scenarios, each representing a different type of
relationship between the degradation characteristics of sources and their network degrees: first, the case of
homogeneous capacity sources that all share the same value of § = 3, regardless of degree, and then the case
of sources with degree-proportional capacity, for which 5 = f3 (n) /n(s). Further details are elaborated in
the following.

2.2. Agent-resource affiliation networks

We consider games involving populations A of agents whose access to a set S of sources are defined by bipartite
networks; a link between an agent and a source indicates that the agent can extract from the source. Links are
assumed to be determined by some exogenous factors that remain static in time. The set of agents linked to a
particular source s is denoted as A;, while the set of sources linked to a particular agent a is denoted as S,.
The degree of an agent a is given by m(a), while for a source s, degree is indicated by n(s). We
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Figure2. Comparison of steady-state source quality as a function of degree n under free adaptation (Nash equilibrium) versus
uniform adaptation (where agents are constrained to exert the same extraction effort upon each of their affiliated sources) for
nine network types with homogeneous capacity sources (ag = Sy = 1,y = 0.2). Top row: Heterogeneous mean-field predictions
for source quality under (a) free adaptation b, and (b) uniform adaptation b, 3; and (c) their difference Ab, = b, 3 — b,,0.
Bottom row: Degree-binned ensemble mean values for source quality under (d) free adaptation b,,, and (e) uniform adaptation
by,1; and (f) their difference Ab, = b, — by,0.

consider nine ensembles of 10° networks each, all of which have 50 agents, 50 sources, and share
mean degrees (m) =5 and (n) = 5. All network realizations thus possess the same total number of
links, but differ in terms of how these links are distributed among agents and sources. Each ensem-
ble represents a particular combination of one of three types of source degree heterogeneity (U:
uniform-degree, L: low-heterogeneity, or H: high-heterogeneity) with one of three similar types of
agent degree heterogeneity (u: uniform-degree, 1: low-heterogeneity, or h: high-heterogeneity) [12, 23].
These distributions were selected to represent qualitatively distinct types of diversity among the degrees
of sources and agents. In networks where agent (source) nodes exhibits a uniform-degree distribu-
tion, all agent (source) nodes carry the same number of links. In low-heterogeneity distributions,
node degrees vary within a narrow range around the mean degree, leading to peaked, normal-type distri-
butions. High-heterogeneity networks have highly skewed, scale-free-type degree distributions, where the vast
majority of nodes have below-average degrees while a few nodes possess degrees of a higher order of mag-
nitude. We label as L-h, for example, the ensemble of networks generated to have low-heterogeneity source
degree distributions and high-heterogeneity agent degree distributions. Degree histograms, averaged over each
ensemble, provide a representative source degree distribution Ps(n) and agent degree distribution Px(m) for each
network type (figure 1).

2.3. CPR extraction game
Each agent selects a level of extraction effort g(a, s) to apply towards each of its affiliated sources s € S,. We
denote a source’s total collective extraction by G (s) = ) ., 4(a,s), and an agent’s total individual extraction

byZ (@) = D _cs,q(a, s). For each unit of extraction effort exerted upon a source s, an agent receives a benefit
b(s). The magnitude of b(s) describes the source’s quality, which degrades linearly with respect to collective
extraction (equation (1)). Defining quality in this way assumes that each CPR will consistently supply a benefit
of magnitude b(s) in return for each unit of extraction effort applied by an appropriator, and that these benefits
are not contingent upon any other variables affecting resource quality or availability (by contrast with some
previous models [24]). The characteristics of each source, as described by the parameters o and /3 that specify
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Figure 3. Comparison of steady-state individual extraction as a function of degree m under free adaptation (Nash equilibrium)
versus uniform adaptation (where agents are constrained to exert the same extraction effort upon each of their affiliated sources)
for nine network types with homogeneous capacity sources (g = yp = 1, 7 = 0.2). Top row: Heterogeneous mean-field
predictions for individual extraction under (a) free adaptation Em,o, and (b) uniform adaptation Emi; and (c) their difference
Agm = Em,I — Em,o. Bottom row: Degree-binned ensemble mean values for individual extraction under (d) free adaptation Em,()’

and (e) uniform adaptation E%I; and (f) their difference A(ém = Em»I — Em,o'

this linear dependence, are assumed to remain constant in time. Realistic systems potentially exhibit variability
among these source characteristics; following previous work [12], we limit our analyses to two distinct scenar-
ios. First, we consider games where networks have homogeneous capacity, that is, where parameter values are
independent of source degree: v, = v and 3, = [ for all sources, where o and Sy are positive constants.
We then consider an opposite extreme case: degree-proportional capacity sources, where parameters are set
such that sources degrade linearly with respect to the collective extraction per link that is exerted upon them:
a, = g and B, = By (n) /n. Following previous work on networked CPR extraction games [11, 12], extrac-
tion is associated with a cost that is proportional to the square of individual extraction, <a(a)2 (equation (2)).
In addition to modelling increasing marginal costs (i.e., diminishing marginal utilities) associated with the act
of extraction itself, this convex cost term could also be interpreted as reflective of the escalating, informal social
costs often discussed in the context of CPR self-regulation (‘graduated sanctions’ [1, 25]).

2.4. Adaptation dynamics

Free adaptation. As in a replicator rule [2, 26, 27], we assume that the rate at which an agent adjusts its behavior
is proportional to the payoff increase it expects to gain thereby, as quantified by marginal utility. In the case
that agents are free to separately adjust their extraction levels from each of their affiliated sources, which we
will refer to as free adaptation, this gives

dg(as) _, Of (@)

dt " 0q(as)’ 3

where k is a positive constant. These dynamics approach a steady state (dae9) — o) equal to a network’s unique

dt
best-response, Nash equilibrium state ( ;t;((:z) = 0). Methods for computing these states for a given network
[11, 12], and for estimating their properties from a heterogeneous mean-field perspective for networks repre-
sented by a given set of degree distributions [12], have been detailed in previous work, along with methods for
computing Pareto efficient states.
Uniform adaptation. Next, we consider the case in which agents, instead of varying extraction from each
source separately, are constrained to shift their extraction levels by the same amount at all affiliated sources.

We will refer to this as uniform adaptation. The incremental payoff change (equations (1) and (2)) associated
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Figure 4. Comparison of steady-state agent payoffs as a function of degree m under free adaptation (Nash equilibrium) versus
uniform adaptation (where agents are constrained to exert the same extraction effort upon each of their affiliated sources) for
nine network types with homogeneous capacity sources (ay = Sy = 1,y = 0.2). Top row: Heterogeneous mean-field predictions
for agent payoffs under (a) free adaptation f,, 0, and (b) uniform adaptation f,,1; and (c) their difference Af,, = fu+ — fino. Bottom
row: Degree-binned ensemble mean values for agent payoffs under (d) free adaptation f,,,, and (e) uniform adaptation f,, 1; and
(f) their difference Af,, = fu3 — fino-

with an adjustment in a single extraction level g(a, s) is

0
%=Oé(S)—5(5)5(5)—ﬁ(S)q(%S)—WZ(a), (4)
where we have considered parameters o and /3 as functions of source s. The total incremental payoff gain
associated with a small change in individual extraction split evenly among the agent’s affiliated sources s € S,
is then

_ 1 of (a) 1 _; [ =
Y@= s~ m@ () " @ (PO 0@ | @ o

s€S, s€S,

Similar to free adaptation (equation (3)), we then assume dynamics are described by

dq (a,s)

o ki) 6)

Along with the further assumption that agents begin with extraction effort allocated evenly among sources,

q(a,s) = ZIEZ; , the condition defining the steady states of these dynamics (V+f (a) = 0) becomes

1 “— 1 E(a’) B L
v+ WZﬂ (s)| g (a)+ WZ B(s) - () = @ gsza (s). (7)

SES, SES, a €A

We use this condition to compute steady-state extraction states for specific networks under uniform adaptation
dynamics (see appendix A), and then to estimate the degree dependence of various quantities based on degree
distributions using a heterogeneous mean-field approach (see appendix B).




10P Publishing

J.Phys.Complex. 3 (2022) 015004 (15pp)

A Schauf and P Oh

a b
0.00 A H e =] 0.00 ;"??("“)?i""?ii"")ii’"??(‘")?i‘“llﬁii‘“)?(“iif“'):i""):(“')?(""):i““?:i' —— U
e NN H KK R U AN RS b DRy
K e KK —o— U-u X =N o Ui 7
i P S HH
-0.05 -—+- L -0.01 S st e LA
8 -%- Lh § -%- L-h
< -+~ Lu - Lu
[0
g -0.10 HA 5 —0.02 H-l
b= H-h % H-h
2 H-u < H-u
o 015 @ -0.031
c el
2 £
L =
E -0.20 (3 ~0.041
-0.25 ~0.05
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Cost parameter y Cost parameter y
c d
—+— Ul U-l
0.04 A
—>— U-h U-h
—— Uu 0.000 = = U-us
-—- LA L1
(] IV [0 R T
3 0.03 Lh| o L-h
S -+- Lu & —0.0051 e L
5 H-l ) H-I
= H-h = H-h
© ©
2002 Hu | ¢ -0.0104 H-u
[8] [}
[ el
2 £
o —_
= € 0015
W 0.014 O]
K.*\*
R S ~0.020
¥
Ko e N = e
0. 00 I
0.0 02 0.4 06 08 1.0 0.0 02 0.4 06 08 1.0
Cost parameter y Cost parameter y
Figure 5. Comparison of population-level extraction patterns for steady states of free adaptation versus uniform adaptation as a
function of the cost parameter v (ay = [y = 1) predicted by a heterogeneous mean-field model. Homogeneous-capacity sources:
(a) difference in total efficiency (difference in collective wealth F as a fraction of the maximum possible value: (F; — Fy)/Fg);
(b) difference in Gini index (G; — Gy). Degree-proportional-capacity sources: (c) difference in total efficiency (difference in
collective wealth F as a fraction of the maximum possible value: (F; — F) /Fr); (d) difference in Gini index (Gy — Go).

3. Results

3.1. Case 1: homogeneous-capacity sources

We first consider the case of homogeneous capacity sources, where all sources respond to collective extrac-
tion in an identical manner regardless of degree, comparing the steady states of uniform adaptation to those
of free adaptation in terms of source quality (figure 2), individual extraction levels of agents (figure 3), and
agent payoffs (figure 4). Under uniform adaptation, the convex curve describing the decline of expected source
quality with degree at Nash equilibrium (figures 2(a) and (d)) gives way to an approximately linear decline
in quality with degree (figures 2(b) and (e)). Since each agent is constrained to exert the same extraction
effort across each link under uniform adaptation, a source’s collective extraction tends to be proportional
to its number of links. As a result, lower-degree sources experience lower collective extraction, and therefore
greater quality, under uniform adaptation than under free adaptation; meanwhile, higher-degree sources suffer
greater collective extraction and thus lower quality (figure 2). The net result is that uniform adaptation leads to
lower overall extraction and improved resource quality. In networks with greater source degree heterogeneity,
the presence of more over-exploited, higher-degree sources enhances the effect, further motivating agents to
reduce their extraction levels from all sources and thus leading to even more elevated resource quality overall.
For agents, however, the net result of that reduction in extraction by most agents (figure 3) is lower payoffs.
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Figure 6. Comparison of steady-state source quality as a function of degree n under free adaptation (Nash equilibrium) versus
uniform adaptation (where agents are constrained to exert the same extraction effort upon each of their affiliated sources) for
nine network types with degree-proportional capacity sources (g = 3y = 1,y = 0.2). Top row: Heterogeneous mean-field
predictions for source quality under (a) free adaptation b, and (b) uniform adaptation b, 35 and (c) their difference
Ab, = b,; — b,. Bottom row: Degree-binned ensemble mean values for source quality under (d) free adaptation b,,, and
(e) uniform adaptation b, 1; and (f) their difference Ab, = b1 — by,0.

The dependence of agents’ payoffs upon their degrees is similar within steady states of free adaptation
(figures 4(a) and (d)) and uniform adaptation (figures 4(a) and (d) versus 4(b) and (e)), but the practice of
uniform adaptation leads to reduced collective wealth, especially on networks with higher degree heterogeneity
(figures 4(c) and (f) and 5(a)).

Shifting to a population-level perspective, and considering the role played by increasing marginal costs
in regulating agents’ extraction levels, we first examine the estimated differences between steady states of free
adaptation and uniform adaptation in terms of collective wealth (figure 5(a)) and wealth equality as quanti-
fied by Gini index (figure 5(b)). When sources all have identical capacity, uniform adaptation dynamics lead
to decreased efficiency as compared to free adaptation; the magnitude of the difference decreases monoton-
ically as the cost parameter 7 increases. This decrease is more pronounced in networks with higher source
degree heterogeneity; agent degree heterogeneity seems to play no perceptible role. The steady states of uniform
adaptation are predicted to consistently show a lower Gini index than their free adaptation counterparts, indi-
cating a more egalitarian wealth distribution (figure 5(b)); higher-degree (and thus higher-extraction) agents
stand to lose more than lower-degree agents (figures 4(c) and (f)) from the loss of flexibility in allocation when
they are constrained to uniform adaptation. By increasing wealth inequality compared to the corresponding
Nash equilibrium states, uniform-allocation adaptation (which removes agents’ flexibility regarding allocation
entirely) interestingly yields a similar result as does the extreme opposite behavior of adaptation by reallocation
alone [12]. Higher-degree agents enjoy access to a greater diversity of sources, and the flexibility of free adapta-
tion allows them to take full advantage of this access and extract optimal payoffs from each source in accord with
its unique conditions. As such, they stand to lose relatively more by the introduction of constraints that reduce
this flexibility, whether these constraints fix agents’ extraction efforts in terms of allocation or magnitude. The
reduction in Gini index is most pronounced at intermediate values of the cost parameter (.2 < v < .25).

For networks with homogeneous-capacity sources, we conclude that populations practicing uniform adap-
tation will tend to achieve lower collective wealth than if they practiced the free adaptation behavior that leads
to Nash equilibrium. The reduction occurs since the uniform-allocation constraint serves to redistribute the
burden of over-exploitation onto higher-degree sources. Since a relatively large number of agents are affiliated
with these over-exploited sources, the presence of each of these highly degraded hub CPRs influences a large
number of the network’s agents to reach steady states characterized by lower overall extraction. Although this
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Figure 7. Comparison of steady-state individual extraction as a function of degree m under free adaptation (Nash equilibrium)
versus uniform adaptation (where agents are constrained to exert the same extraction effort upon each of their affiliated sources)
for nine network types with degree-proportional capacity sources (og = 3y = 1,y = 0.2). Top row: Heterogeneous mean-field
predictions for individual extraction under (a) free adaptation Em,o, and (b) uniform adaptation Emi; and (c) their difference
Agm = Em,I — Em,o. Bottom row: Degree-binned ensemble mean values for individual extraction under (d) free adaptation Em,()’

and (e) uniform adaptation E%I; and (f) their difference A(ém = Em»I — Em,o'

reduced extraction does serve to improve quality at lower-degree sources, leading to improved overall resource
quality, the net result of this reduced extraction for most agents is that they extract lower payoffs. However, the
resulting wealth distributions are more egalitarian than those achieved under free adaptation, since higher-
degree agents incur greater reductions in payoffs as a result. The differences are most pronounced in networks
with high source degree heterogeneity.

3.2. Case 2: degree-proportional-capacity sources
In networks with sources that have degree-proportional capacity, a source’s quality decreases proportional to
the average collective extraction it receives per link; for example, if a degree-2 source and a degree-4 source
both receive the same collective extraction effort, then the quality of the degree-4 source is degraded only half
as much as is the degree-2 source. For this case, we again compare the steady states of uniform adaptation to
those of free adaptation in terms of source quality (figure 6), agents’ individual extraction levels (figure 7),
and agent payoffs (figure 8). In this case, we find that on networks with higher source degree heterogeneity,
populations extract more efficiently under uniform adaptation (figure 5(c)), in contrast to the homogeneous
capacity scenario. Under uniform adaptation, the quality of lower-degree sources is reduced, while the quality
of higher-degree sources is improved in comparison to free adaptation (figures 6(c) and (f)). Unlike the steady
states of free adaptation, under uniform adaptation, agents apply an equal extraction effort across each of their
links; when source capacity is proportional to degree, then all sources come to share a uniform expected quality
value regardless of their degrees (figure 6(b)), though the trend is somewhat more complicated on actual net-
works (figure 6(e)). As shown in previous work in the context of reallocation-based adaptation dynamics [12],
greater collective wealth is achieved when the burden of over-exploitation is spread as evenly as possible among
a network’s sources than if the same overall extraction effort is allocated otherwise. However, the payoff gains
thus achieved via uniform allocation here are of a lower order of magnitude than the losses experienced in the
case of homogeneous-capacity sources discussed above (figures 5(c) and 8(c) and (f)). This puts the gains on
a scale similar to the gains achieved via reallocation from Nash equilibrium observed in previous work.
Source degree heterogeneity also plays a reduced role here (figures 6(b) and (e)). As for agents’ payoffs,
similar trends of payoff versus agent degree are observed for both free adaptation (figures 8(a) and (d)) and
uniform adaptation (figures 8(b) and (e)), except in the case of networks with high source degree heterogeneity.
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The heterogeneous mean-field approach predicts that uniform adaptation could benefit some intermediate-
degree agents, while reducing payoffs for higher-degree agents (figure 8(c)), thus resulting in a reduced Gini
index (figure 5(d)); however, computations on individual networks suggest that this may not necessarily be
the case, as higher-degree agents continue to receive greater payoffs than those predicted by the heterogeneous
mean-field approach (figure 8(f)). For networks with degree-proportional capacity sources, we conclude that
populations practicing uniform adaptation can manage to extract somewhat more efficiently than under free
adaptation, since uniform adaptation leads to states where sources experience similar values of total collective
extraction per link, and therefore similar quality values. Although fixed-allocation uniform adaptation and
fixed-magnitude reallocation seem to represent extreme opposite limiting cases of adaptation behavior, this
result seems to demonstrate that in certain circumstances, they can actually manage to achieve similar ends.

4. Discussion

Empirical studies of collective CPR extraction have shown that some real-world CPR appropriators, when faced
with choices between multiple distinct resources, react in ways that appear to reveal an innate predisposition
to de-emphasize selective allocation among sources. In the investigations presented above, we proposed that
these individual habits can be modelled by introducing constraints into the adaptive behavior of CPR appro-
priators, of which the uniform-allocation constraint considered here represents one extreme example. Within
a networked model of resource extraction, we explored the effects of these uniform-allocation constraints
upon different classes of agents and sources within different types of networks. We found that on networks
with homogeneous capacity sources, where resources all degrade in an identical way regardless of degree, a
preference for fixed-allocation uniform adaptation by agents tends to shift the burden of over-exploitation
away from lower-degree resources (those with fewer appropriators) and onto higher-degree sources (those
with more appropriators), as compared to the unconstrained free adaptation behavior that leads towards Nash
equilibrium. The presence of higher-degree, more over-exploited resources leads their many affiliated agents
to reduce their overall extraction levels due to increasing marginal costs, which improves the quality of lower-
degree resources. Although this shift actually does cause the system to sustain higher levels of resource quality,
the net result is reduced collective wealth, and the reduction is more pronounced in networks with greater
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source degree heterogeneity. However, in a degree-proportional capacity case, where higher-degree resources
are assumed to be able to maintain higher quality while supporting greater extraction than lower-degree
sources can, then uniform adaptation can improve payoffs somewhat since it serves to redistribute the burden
of over-extraction more evenly across the network’s multiple CPRs.

Taken together, these results strongly reinforce the finding that flexibility of allocation plays a crucial role
in CPR appropriators’ ability to maximize payoffs within heterogeneous environments. Constraints that limit
this flexibility can help a population sustain higher resource quality and prevent environmental degradation.
Nonetheless, on the linearly degrading CPRs considered here, when the system’s multiple resources all share
the same capacity regardless of their different numbers of appropriators, then uniform-allocation adaptation
behavior leads to greatly reduced collective wealth. These effects are enhanced on networks with greater source
degree heterogeneity. By way of comparison, previous work showed that a population can expect to improve its
extraction efficiency by about 3.5% (in the most extreme case of H-h networks with maximum degree hetero-
geneity) by performing myopic gain-seeking reallocation moves from Nash equilibrium [12]. Here, we have
shown that if reallocation is instead de-emphasized by constraining agents to allocate their efforts uniformly
among resources, then the same kinds of populations can suffer an efficiency decrease of more than 25%.
Thus, although empirical evidence suggests that some CPR users tend to apply similar behavior towards all of
their available resources, rather than adapting by way of more targeted reallocation behavior, the current model
even more dramatically demonstrates the importance of selective, targeted allocation of resource usage to indi-
viduals. In the specific scenario that each CPR’s capacity is proportional to its network degree, where we did
find that the uniform-allocation constraint provides an advantage, it is beneficial precisely because it serves the
same function as did adaptive, fixed-magnitude reallocation: it serves to distribute the load of over-exploitation
more evenly among the system’s multiple resources than does unconstrained, rational extraction.

The uniform-allocation constraint typically leads to less-optimal individual and collective outcomes over
the longer term, and in the case where it was observed to improve payoffs, these gains were relatively small. The
model at hand does not yet appear to offer any evolutionary explanation for how agents could be incentivized
to adopt uniform-allocation tendencies, nor does it demonstrate that these tendencies ultimately serve some
collectively beneficial function to a community, aside from improving environmental quality for its own sake.
Some other mechanism would seemingly be required to explain how and why these tendencies could emerge.
We speculate that in more realistic systems, the emergence of these constraints might be attributed to some
cognitive or logistical limitations on the part of CPR appropriators, which would prevent the agents from
gathering and/or acting upon accurate, detailed information about many distinct resources. Extended models
that consider the consequences of incomplete information, or more explicitly account for the effective costs
associated with each of these different adaptation strategies, could provide further evolutionary insights into
how these constraints emerge, and perhaps even into how they might eventually be formalized in terms of
rules.

The current work also prompts further questions about the types of network structures upon which these
games are played. Our consideration of network topology was limited to different types of degree heterogene-
ity, but in many real-world situations, the underlying factors that lead some agents to access greater numbers of
distinct resources could also be intertwined with the factors that determine the exclusivity of these resources. In
other words, the factors that determine agent degree may be related to those that determine source degree, such
that some degree-based preferential attachment is involved in their formation. Further investigations could
clarify the role of degree-degree correlations within agent-resource affiliation networks, since our analyses so
far indicate that these could significantly alter results. At an even more fundamental level, these generative pro-
cesses could be explored more directly in dynamic network models, where an individual’s access to resources
could itself co-evolve along with resource quality and extraction levels.

Finally, an important qualitative difference between the current CPR model and the ‘laboratory-in-field’
games mentioned in the introduction further complicates our attempts to relate the conclusions of the former
to the latter. The model at hand considers linearly degrading CPRs, for which resource quality changes grad-
ually as collective extraction is varied. Some of the experimental results that motivated the current study, on
the other hand, involved CPRs whose quality would shift abruptly if extraction levels surpassed certain criti-
cal tipping points. This may indeed be a more appropriate model for many realistic socio-ecological systems
[28]. Also, the concept of ‘shifting baselines’ [29, 30], originally introduced in discussions of common-pool
fisheries, suggests that CPR users’ perceptions of risks can be attenuated when environmental changes occur
gradually rather than suddenly. Recent experimental CPR research has focused directly on the differences in
individuals’ responses to gradual versus sudden-onset changes in resource conditions [31]. These ongoing
discussions emphasize that differences in the specific ways that the rivalrous property of CPRs is manifest
within a given situation—either through gradual degradation, or through more abrupt, catastrophic regime
shifts—can evoke drastically different adaptive responses in CPR appropriators. In light of this, further work
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could apply the present networked-CPR framework to study how its conclusions would be altered if CPRs
undergo sudden-onset depletion events, rather than varying gradually in quality.

Discussions about CPRs sometimes allude to the ‘(spatial) diversity and flexibility’ of the commons as key
factors that ‘enable the best use of natural resources’ and prevent over-exploitation [32]. The model stud-
ied here provides a framework in which agents may have diverse degrees of access to an environment, and
where this environment itself may also exhibit a complex internal structure with potentially high heterogene-
ity among its component parts. Nonetheless, few—if any—real-world commons will strictly conform to all
the assumptions of the model investigated here. The relationships between resources and appropriators in real-
world commons may seldom conform to such a rigid, static networked structure. However, rather than trying
to provide a predictive model that makes accurate forecasts about a particular category of real-world com-
mons, the assumptions of the current model serve to make these notions of ‘spatial diversity” and ‘flexibility’
more concrete and amenable to systematic study. In doing so, the model gives some indications of the complex
interrelationships that can arise between the adaptive habits of individuals, the systemic factors that constrain
their access to resources, and the collective well-being of a community and its environment. We hope that by
illustrating one instance of these interrelationships, these results encourage further investigations into how
individual and collective behavior are connected via structures of access in real-world commons.
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Appendix A. Computing steady states of uniform adaptation on agent-resource
affiliation networks

Uniform adaptation dynamics, which represent the gain-seeking behavior of agents constrained to allocate
their extraction effort evenly among their affiliated sources, lead to steady states described by equation (7).
Grouping together the terms involving g (a) in equation (7) yields

2 .« 1 q@)\]| 1
[V+W25(5)]Q(a)+m(a)z BO| X ) —m(a)ga@’ ®)

s€8, s€8, a' eAg\{a}

where A \ {a} is the set of affiliated sources of s excluding a. Rearranging the summations, we obtain
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where S, NS, is the set of sources shared by agents a and a'. This set of conditions forms a linear system,
Xq = o, (10)

where if the length-M vector H is indexed such that Eu = Z(a), then the entries of o are v, = ﬁzsesaa (s),
and the entries of the M-by-M matrix X are

1+5ua/
Xa,u’ :’Yéa,u’"i_i) Z ﬂ(5)> (11)

mn (a) m (a/)sesﬂ ns
a

where ¢, is the Kronecker delta: 6, = 1ifa = a’and §,» = 0ifa = a’. Along with the condition Z (a) >0,
this represents a linear complementarity problem [33] that can be solved by minimizing the objective function

7(a) =4a" (Xa-a), (12)
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subject to the constraints
-
Xqg—a >0, (13)

and
q=0. (14)

Given a particular network that defines the set of affiliated sources S, for each agent a used in equation (11),
a quadratic programming algorithm can be used to solve this minimization problem (here, we use Python
3.7.3 with Scipy 1.6.2 [34]), and so to find the extraction intensity values Z (a) that represent steady states of
uniform adaptation dynamics [35].

Appendix B. Estimating steady-state extraction patterns using a heterogeneous
mean-field approach

Shifting to a heterogeneous mean-field perspective, we bin all nodes of common type and degree into a single
class, and then estimate the mean behavior of each of these classes. We thus use the expected individual extrac-
tion value of the class of degree-m agents, denoted as Zm, to represent all degree-m agents, and estimate the
degree distribution of a node’s neighbors using the conditional degree distributions Ps (| m) and Pa (m | n).
As in previous work, we consider the parameters o and 5 to be functions only of source degree (which we indi-
cate by subscripts: av (s) = au(s) and B (s) = Bu(y)), forall s € Ssuch that n(s) = n). Substituting the sums taken
over local node neighborhoods in equation (7) with the corresponding degree-statistical expected values (e.g.,
for a degree-m agenta, Y. .g B(s) = n- Y™ Ps (n | m) - B,), we estimate

Mmin

Nmax

’y—|—% Z Ps(n|m)- B,

N=Tmin

max Mmax <«
I + ZPs(n|m)~ﬁn-n~ Z PA(m’n)~[znm,]

N=MNmin m' =mmin
MNmax

= Z Ps(n\m)~an.

N=MNmin
(15)
Rearranging, we arrive at
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(16)
This set of conditions (one for each agent degree m represented in the system) forms a linear system
Xq—a=0, (17)

Mmax

where if the entries of are indexed by agent degree m, then the entries of & are a,, = Pg (n | m) e

and the entries of the matrix X are

Xt = % ( Z By-n-Ps(n|m)Py(m| n)) + (’y—F; Z Ps (n | m) ~Bnn> St - (18)

n=MNmin

N=Mmin

N=MNmin

Given the conditional degree distributions Pg (n | m) and Pa (m | n) representing a given type of net-

work, then the system can be solved numerically as Z =X 'a to yield estimates for the individ-
. — . . —
ual extraction values ¢,. These are then used to compute the expected collective extraction g, of

—
sources as (_in =n-y mmx o py (m | n) . [%] , expected source quality b, as b, = o, — 8.4, and expected

M=Mmin

agent payoffs f, as f,, = m- (Z"m“ Ps(n|m)- {q—”‘} -bn) - %an The Gini index is computed as

N=fpmin m
G = i [y, Palm) - (S, Palm) - f, = fo|) | where for = S0 PaGm) - £

In the results presented above, we further assume that links are formed without any degree-based preferen-
tial attachment, and so apply the approximations Pg (n\m) = Ps (n) —;= and P (m|n) = Pa (m) —,=. When
sources have homogeneous capacity, then equation (18) simplifies to become

()
(m) (n)

KXonm!

PA(m/) + (’Y + BO) 5m,m’) (19)
m
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while all entries of & are a,, = ap. When sources have degree-proportional capacity, then equation (18)
becomes
Bo ()

(m)
The presence in equation (19) of a factor (n*), which is larger for networks with larger variance among source
degrees, and its absence from equation (20), foreshadows that source degree heterogeneity will play a more
prominent role in the networks with homogeneous-capacity sources than for those with degree-proportional
source capacity. Here, we solve the resulting systems using Python 3.7.3 with Scipy 1.6.2 [34] using degree
distributions Pg (1) and P (m) extracted from network ensembles (figure 1) [35].

Xom' =

Pa(m) + (7 + ﬂO) - (20)
m
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