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People rely heavily on experience when
interpreting and responding to events in
the world around them [1]. As we age, we
learn to fit into surrounding landscapes,
social groups and rhythms. Like other or-
ganisms, our developing brains and bod-
ies are well equipped by our evolution-
ary history to cope with direct causality
and familiar natural phenomena that oc-
cur at time frames similar to or shorter
than our lifespans and generational times
(e.g. vegetation growth, seasonal cycles,
animal migrations). However, our focus
on particular spatial and temporal scales
makes us far worse at identifying and re-
sponding to environmental change that
is long and slow, occurs over large areas
or has complex, indirect causality. Cross-
generational exchanges, oral traditions,
sacred stories and art, libraries, scientific
publications and various other reposito-
ries of knowledge retain social memory
and learning that help some societies to
respond effectively to longer, broader en-
vironmental crises [2]. However, in a
world in which significant environmen-
tal change is affecting more people more
rapidly and more extensively than ever
before, many past responses are either in-
adequate or inoperable.

Ecosystems have historically main-
tained a match between structure,
function and process through natural
selection. Species that required more
resources than a changing landscape
could offer went extinct [3]. For exam-
ple, extinctions of some large frugivorous
birds have been attributed to reductions
in forest patch size and fruit availability.

The seed-dispersing functions of these
species, which were no longer matched
to the landscape, would have been
lost at the same time [4]. By contrast,
humans have been able to step outside
the immediate constraints of natural
selection and reconstruct their niche
by developing social and technological
solutions to cope with spatial, temporal
and functional constraints (e.g. on trans-
port, storage and production of food)
[S]. Implementation of these solutions
depends heavily on trust and cooperation
between people and is regulated through
both formal and informal institutions,
such as rules, laws, customs and family
ties [6]. As the scales of human impacts
have increased, people have undoubtedly
become better at measuring and thinking
about slow, broad-scale change. In
the midst of the recent technological
explosion of methods and theory, it is
easy to forget that fundamental limits
on human perception, cognition and
social characteristics remain unchanged.
Many social-ecological mismatches can
be traced back to the limits of human
perception,
social processes (e.g. collective action

cognition and resulting

and group vs. individual tradeoffs) that
underpin natural resource management.

Traditional approaches to natural re-
source management have been severely
challenged by increases in the geographic
scale and intensity of human demands
for resources and resulting impacts on
ecosystems (‘upscaling’). For example,
increases in human population size
have resulted in a massive upscaling
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of both the extent and the intensity of
agricultural production over the last
century [7]. Upscaling has been driven
by growth in the human population;
increases in economic production and
wealth; increases in inequity; and new
technologies, for example in communi-
cations, farming and fishing. Different
societies have upscaled in different ways,
with larger human populations reliant to
different degrees on locally or externally
produced ecosystem goods and services
[8]. Despite the evolution of institutions
to prevent over-exploitation and resource
degradation, as well as to reduce resource
conflicts and limit competition between
different resource users, upscaling has set
in motion a series of unanticipated global
changes that existing governance and
management approaches seem incapable
of addressing.

Existing frameworks for analysing
social-ecological mismatches are de-
scriptive rather than mechanistic; that
is, they categorize different kinds of
mismatch based on system attributes
but do not directly offer explanations
for how mismatches arise. Confusion
has also arisen over what is explicitly a
‘scale’ mismatch (ie. relating primarily
to the consequences of differences in
the relative size, extent, magnitude or
speed of interacting elements) and what
constitutes another form of mismatch
(e.g. relating to differences in the kinds of
interaction, expectations or distributions
of benefits). For example, inequitable dis-
tribution of the proceeds of a community
conservation project reflects poor gover-
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nance and a lack of institutional fit [9],
but is not necessarily a problem of scale.

To develop a more mechanistic
or process-focused approach that can
explain how mismatches arise during
upscaling, we need to start with a model
of how social-ecological dynamics are
structured. Social-ecological systems
contain both individual and collec-
tive levels of organization as well as
geographically structured hierarchies.

Examples
« Spatial: user exploits ecosystem at too broad a spatial
scale (e.g., harvest of entire adult breeding population);
ecological benefits cannot scale up to match user
needs (e.g., water supply)

Temporal: ecological dynamics poorly matched to
economic processes and markets (e.g., slow
regeneration rate of hardwood trees)

Functional: demand > supply causes over-exploitation
and ecological degradation
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There are numerous ways to describe
social-ecological systems using models,
but many existing approaches are ei-
ther too general to easily operationalize
or too specific for general use [10,11].
From my perspective, one of the best
candidates for exploring the mechanisms
underlying scale mismatches is the Ro-
bustness Framework (also termed the
Coupled Infrastructure Systems frame-
work, CIS) [12,13].Itbuilds on Ostrom’s

Institutional Analysis and Development
framework to operationalize the inclu-
sion of institutions in social-ecological
models [12], making it one of the few ap-
proaches that directly bridges the gap be-
tween social-ecological systems theory,
resilience and empirical analysis.

The minimal model of a social-
ecological system proposed by the
Robustness Framework has four primary
components: the ecosystem (resource

Examples
« Information flows slow relative to rate of system change

collective decision-making

capacity (e.g., limits on cognition)

= Mismatches in incentives, costs and benefits; self-interest dominates

« Evolutionary mismatches: path-dependent capability restricts system

Examples
- Governance breaks down when user
demands what manager cannot
supply (e.g., hunting opportunities,
better roads)

« Inequitable system dynamics and

that affect overall system operation

Systemic mismatches: emergent dysfunctions

restrictions on access lead to
resentment and rule-breaking

User-infrastructure

(6 )

provider mismatch

Ecosystem-user mismatch

Resource users

People who benefit from
ecosystem

Ecosystems
Abiotic + biotic

elements and their interactions;
harvested organisms

2

O

Public infrastructure providers

People who create, supply or maintain
public infrastructure/services

Public infrastructure and institutions

Ecosystem-institution or ecosystem-
infrastructure mismatch

operated by the public/government.

Hard: built environment, green & blue infrastructure

Examples

* Temporal: institutions too slow to change or too inflexible—

e.g., seasonal closures of selected locations, reflexive law;

ecosystem rate of change exceeds response capacity of
manager (e.g., rapid species invasion, disease)

emerging ecological concerns (e.g., fire or flood)

« Spatial: boundaries limit ecological process (e.g., fencing);
breakdown of ecological connectivity by human infrastructure

Facilities, systems and structures that are built, owned and

Soft: institutions; relationships between people; knowledge

8

Infrastructure-infrastructure
provider mismatch

_‘ Institution-user mismatch (lack of institutional fit) }_

Examples
« Provider incapable of supplying

Institution-user mismatch examples

laws applied in colonies

- Rules do not fit social or ecological context; e.g., colonial hunting

sufficient public services and
infrastructure

« Lack of maintenance due to weak

« Rules inappropriate for population; e.g., restricted access to

institutions or lack of funding

« Functional: lack of institutional or infrastructural response to

resources needed for livelihoods

intervening levels, missing feedbacks

« Rules do not fit social level of organization; e.g., absence of

* Political process unsuited to
equitable rule creation

Figure 1. Overview of a causal approach, based on the Robustness (Coupled Infrastructure Systems) Framework, to understanding the different kinds
of mismatch that can arise in social—ecological systems. Primarily human elements of the framework are displayed in circles, non-human in rectangles.
Mismatches between elements of the social-ecological system arise when components interact, as summarized by the numbered circles (1-6; note
that Circle 4 applies to two different arrows, reflecting the direct influence of institutions on people and their indirect influence on interactions between
people and nature). Each number describes a different type of mismatch. Five of the mismatch types are connected to specific interactions. The sixth,
systemic mismatches, refers to more general, emergent system properties that may cause mismatches at multiple points within the system. Some
mismatches that are primarily a consequence of misalignment in sacial systems can be considered social—ecological because they have indirect (knock-
on) effects on ecosystems and are affected indirectly by feedbacks from ecosystems. For example, fencing of wildlife areas may cause tension between
resource users and infrastructure providers (Circle 3) that then leads resource users to poach wildlife from ecosystems (Circle 1).
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base); resource users; public infrastruc-
ture providers; and public infrastructure.
Public infrastructure includes both hard
infrastructure (e.g. roads, electricity,
water supply) and soft infrastructure
(institutions, networks, finance and
other socio-economic elements of gover-
nance) [13]. Public infrastructure can be
gray (built, e.g. roads and bridges); green
(ecological, e.g. mangroves and riparian
buffers) or blue (e.g. wetlands, rivers)
[14]. The Robustness Framework can be
applied at a variety of scales, from local
to global, recognizing that the relative
importance of different elements may
change significantly with changes in scale.
Different structural elements de-
scribed in the Robustness Framework
interact through a series of interfaces that
can be identified from the intersection
of the social-ecological systems and
robustness frameworks [6,13] and ex-
isting ideas about scale mismatches and
institutional fit [9,15]. These frameworks
suggest that social-ecological mis-
matches arise when the system elements
on each side of an interface lose cohesion
or balance with each other (Fig. 1).
Ifincreasing human demand, inequity
and our ever-increasing technological
capacity to manipulate and exploit
ecosystems are the root causes of
social-ecological mismatches, what are
the solutions? In addition to reducing
demand and improving equity, one
proposed governance solution is the de-
velopment of scale-sensitive, polycentric
governance that uses local knowledge
and environmental monitoring to guide
collective action across different scales
[16]. Polycentric governance incorpo-
rates many centers of decision-making,
often at different hierarchical levels or
geographic scales, which are formally
independent of each other but function-
ally interdependent [17]. A polycentric
governance system could in theory base
global governance on local knowledge
and manageable levels of complex-
ity while contributing to addressing
cross-scale environmental problems,
potentially providing the coordination
across boundaries and systems that
is needed to resolve social-ecological
efforts

mismatches [18]. However,

to deliberately design scale-sensitive
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governance approaches still lack critical
foundational knowledge that is needed
to achieve an effective realignment of
social and ecological processes at each of
the interfaces defined in Fig. 1.

Among the critical gaps in our un-
derstanding of the processes that gen-
erate and resolve social-ecological mis-
matches, three in particular stand out.
First, we have a poor understanding of
the relative importance of endogenous
and exogenous drivers of change and
how they change with scale. Societies
and their institutions for natural resource
management must balance endogenous
pressures (e.g. demand for resources and
economic growth) with exogenous con-
straints (e.g. limitations on capacity of
ecosystems to meet demand; broader po-
litical pressures) at different scales and
levels of organization. Achieving this bal-
ance requires the maintenance of feed-
backs between key system elements (e.g.
populations of harvested food species
and harvesting allocations), while de-
fending common pool resources from the
extremes of either a free-for-all situation
or capture by a wealthy elite.

Second, few studies have both ad-
dressed and controlled for scale-crossing
behaviors and mechanisms (both so-
cial and ecological) and the ways in
which structural change and the for-
mation of networks can either cause
or resolve social-ecological scale mis-
matches. Global economic networks of
supply and demand, for example, con-
nectlocal communities around the world.
These networks can enhance resource
provisioning across the network in the
face of local disruptions (e.g. regional
drought or conflict) but they can also
severely reduce awareness of localized
environmental impacts, creating a social-
ecological mismatch [19]. Changes in
governance are often structural (e.g. in-
troducing new institutions or manage-
ment structures), but their correspond-
ing functional outcomes (e.g. impacts on
the environment) are poorly understood
and may be counter-intuitive, particu-
larly if they unexpectedly change individ-
ual perceptions of costs and benefits in
public goods problems. In Australia, for
instance, changes in land-clearing laws
through the introduction of the Vegeta-
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tion Management Act in 1999 may have
unintentionally caused a wave of defor-
estation [20].

Third, we lack rigorous theories of
transformation and collapse. Efforts to
resolve social-ecological mismatches are
often ad hoc experiments, with varying
levels of success. The development of a
theoretical framework that guides trans-
formational interventions will be critical
for future efforts to achieve sustainability
and learn from past experience. The be-
ginnings of a theory of both positive and
negative transformational change already
exist in the published literature [21,22],
but these ideas still require formalization
and operationalization into more rigor-
ous, testable hypotheses that can be con-
fronted with empirical evidence.

Overall, and speaking subjectively,
research on social-ecological-scale mis-
matches appears to be becoming in-
creasingly quantitative and mechanism-
focused. This promising trend must now
be coupled to theoretical frameworks
that guide and direct our understanding
of how transformational change, scale-
crossing actions and balancing endoge-
nous and exogenous pressures can con-
tribute to enhanced social-ecological re-
silience and sustainability.
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