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Despite genuine attempts, the history of marine and coastal ecosystem management
is littered with examples of poor environmental, social and financial outcomes.
Marine ecosystems are largely populated by species with open populations, and
feature ecological processes that are driven by multiple, interwoven, dynamic causes
and effects. This complexity limits the acquisition of relevant knowledge of habitat
characteristics, species utilisation and ecosystem dynamics. The consequence of this
lack of knowledge is uncertainty about the link between action taken and outcome
achieved. Such uncertainty risks misdirected human and financial investment, and
sometimes may even lead to perverse outcomes. Technological advances offer new
data acquisition opportunities, but the diversity and complexity of the biological and
ecological information needed to reduce uncertainty means the increase in knowledge
will be slow unless it is undertaken in a structured and focussed way. We introduce
“Ecological Constraint Mapping” — an approach that takes a “supply chain” point of view
and focusses on identifying the principal factors that constrain life-history outcomes
(success/productivity/resilience/fitness) for marine and coastal species, and ultimately
the quality and resilience of the ecosystems they are components of, and the life-
history supporting processes and values ecosystems provide. By providing a framework
for the efficient development of actionable knowledge, Ecological Constraint Mapping
can facilitate a move from paradigm-based to knowledge-informed decision-making
on ecological issues. It is suitable for developing optimal solutions to a wide range of
conservation and management problems, providing an organised framework that aligns
with current perspectives on the complex nature of marine and coastal systems.
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INTRODUCTION

Marine and coastal ecosystems are experiencing unprecedented
pressures from human impacts (Carpenter et al., 2009; Waltham
et al, 2020). Direct impacts from urban and industrial
development, agriculture, fisheries and aquaculture are
widespread, and impacts of climate change are emerging
(Halpern et al, 2012). Unfortunately, the history of the
management of activities affecting marine and coastal ecosystems
and their component biota is littered with examples of poor
environmental, social and financial outcomes. Despite genuine
attempts at management, the direct and indirect effects of
coastal development frequently result in unacceptable ecosystem
outcomes (Peterson and Bishop, 2005), many fisheries restocking
programs lack demonstrable success (Bell et al., 2006), habitat
restoration often fails to achieve meaningful outcomes (Gilby
et al, 2018; Sheaves et al., 2021), remediation actions result
in unanticipated negative consequences (Hilderbrand et al.,
2005), and there are significant difficulties in the identification
of appropriate locations for offsets and in determining if
offset programmes deliver real benefits (Vaissiere et al., 2014).
Although the blame for unrealised outcomes is often attributed
to particular user groups (e.g., fishers or urban developers),
the situation is rarely straightforward (Hawkins, 2011). In
fact, the pervasiveness of these failings points to a significant
overarching issue - that of unforeseen consequences - an issue
often stemming from reliance on inappropriate knowledge
(Sheaves, 2017; Sheaves et al., 2020a), a lack of whole-of-system
understanding, or a paucity of appropriate knowledge of
causal processes at appropriate spatial and temporal scales
(Grubbs et al., 2016). This is exacerbated by the lack of a
framework for conceptualising such knowledge and including it
in environmental decision-making.

The knowledge necessary to maintain healthy, resilie nt
marine and coastal ecosystems, and the biotic communities
they comprise, is multifaceted (Ascough Ii et al, 2008),
and includes information on exploitation rates, patterns of
environmental change, habitat utilisation and so on. Even in
the case of apparently simple parameters, such as animal-habitat
relationships, the knowledge required for effective decision-
making extends well beyond basic understanding of habitat
occupancy. Most species require multiple habitats to fulfill their
life-supporting requirements (e.g., food, refuge, breeding) at each
life-history stage, so information is needed on how extensively
each habitat contributes to the success of the various life-
history stages (Kimirei et al, 2015), the nature and extent
of connectivities among habitats (Van Lier et al., 2018), and
the environmental requirements that enable or prevent habitat
occupancy (Mattone and Sheaves, 2017; Dubuc et al., 2018). Such
knowledge is fundamental to effective decision-making in fields
as diverse as ecosystem-based fisheries management (Hilborn,
2011; Hill et al, 2020), coastal climate change adaptation
(Sheaves et al., 2016) and the management of coastal ecosystems
(DEHP, 2012). For instance, the inclusion of knowledge of the
extent, composition, condition and utilisation of habitats by
different life-history stages, and the connectivities among those
habitat units, provides the key underpinning of modern wetland

management (e.g., DEHP, 2012, 2017) such as the “Wetlands in
the Great Barrier Reef Catchment: Management Strategy 2016-
’21” (Figure 1, left panel). Unfortunately, detailed information
on habitats, their values and connections between them is only
available for a small proportion of species of marine fish, reptile
and mammal species (Saenger et al, 2013; Newman et al,
2016). Indeed, even in a system of global importance like the
Great Barrier Reef Catchment, details of habitat distributions
and compositions are still incomplete (DEHP, 2017; Tarte and
Yorkston, 2020).

The nature of marine and coastal systems places limits
on the acquisition of relevant knowledge of habitat extent,
composition and utilisation by animals. Populations are typically
open (Bonhomme and Planes, 2000), and species utilise various
habitats in different circumstances, such as at different depths
and in different conditions of water clarity, current velocity,
tidal range, salinity or dissolved oxygen. Additionally, ecosystems
provide value to species in diverse ways (Barbier, 2017).
Outcomes are driven by the interaction of multiple and dynamic
causes and effects (Sheaves, 2016; Griffiths et al., 2019), organisms
use their environment in complex ways (Nagelkerken et al.,
2015; Lefcheck et al., 2019), and short- and medium-term
species migrations and variations in environmental conditions,
complicate the linking of faunal outcomes to habitats (Abrantes
et al,, 2019; Sievers et al., 2020). The lack of requisite knowledge
constrains the development of useful criteria against which the
success of interventions (such as management actions) can be
judged (Loneragan et al., 2013), to objectively assess the need
for intervention (Bell et al., 2006) or to determine the type
of intervention that is needed (Bell et al., 2006; Loneragan
et al., 2013). The consequences of this uncertainty about the
link between action and outcome go beyond the failure to
achieve useful goals, to the risk of misdirected investment and
wasted resources (Bartley and Bell, 2008), and, perhaps more
importantly, to ineffective decision-making (Figure 1).

There is an obvious need for fit-for-purpose data, but the
amount and diversity of the data needed means that obtaining the
requisite information, and converting it to actionable knowledge,
is not simple. Indeed the scale of the problem is substantial
because, even for important fisheries species, cross-life-cycle
habitat utilisation, the spatial identification of these areas, and
among-habitat connectivity, are poorly understood (Saenger
et al., 2013; Brown et al, 2019), meaning that the specific
values provided by habitats and connections among habitats are
often unknown (Bradley et al., 2017). This knowledge deficit
is difficult to overcome in marine and coastal environments
owing to costly, remote and challenging research conditions, to
the sheer extent of habitats requiring assessment, and because
of the lack of underpinning information, such as the extent
and composition of Habitat Features (see Box 1 for definitions
of terms). The increasing availability of advanced technology,
such as underwater video and sensor networks, offers new data
acquisition opportunities (Christin et al., 2018; Konovalov et al.,
2019; Brett et al., 2020; Sheaves et al., 2020b). However, the
scale of the current knowledge deficit means that data capture
will be slow unless it is undertaken in a structured way; with
specific conceptualisation of what is to be achieved, of the causal
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FIGURE 1 | The relationship between Ecological Constraint Mapping and a whole-of:

Great Barrier Reef Catchment: Management Strategy 2016-21, (modified from QIdDEHP, 2016): Right-hand side: relationships to Constraint Mapping.

-system catchment management framework. Left-hand side: Wetlands in the

BOX 1 | Definition of terms.
of species or faunal groups. (abridged to “Constraint Mapping” for brevity).

Constraint Network: A consolidation of information in the suite of Constraint Maps
relative to a specific issue or concern.

Habitat Mosaics: Groups of Habitat Features, and the complex spatio-temporal co

occurs.

Ecological Constraint Mapping: An approach that focusses on identifying the factors that constrain life-history outcomes (success/productivity/resilience/fitness)

Habitat Features: The term “habitat” means different things to different people in different contexts (Hall et al., 1997). As a result, for clarity, we have used the term
“habitat features” defined as areas of geological/geomorphological (e.g., boulders, gravel, rock, sand, clay) or biological (e.g., snags, in-water vegetation),
hydrodynamic (e.g., plume front) components utilized by an organism, and defined at a scale relevant to the size and activity of the species in question. For example:
a single mangrove root might provide usable habitat structure for a gastropod, a whole mangrove tree root complex for a crab, and a whole mangrove stand for a
large (10-100 cm length) mangrove dwelling fish (e.g., Department of Environment and Science, Queensland, 2019).

Species Requirement Set: The complete set of requirements for a species to occur at a particular location based on all the situations and locations in which it

Structural Spatial Map: A geospatial representation of the habitat features in the area of interest for Constraint Mapping.

for an area to enable assessment of the key constraints on ecological outcomes

nnections among them, that support particular life-history stages.

links between data requirements, interventions and outcomes,
and with the development of impactful output within a coherent
knowledge synthesis framework. One logical approach is to take
a “supply chain” point of view and identify the key bottlenecks
in habitat and environmental requirements that constrain
life-history outcomes. Knowledge of these constraints allows
efficient, impact-relevant targeting of actions that provide the

greatest likelihood of high-quality management and conservation
outcomes.

Under the logic that the most efficient use of management
resources is to concentrate them on the key aspects that
constrain and determine outcomes (e.g., biodiverse ecosystems,
sustainable populations, fisheries productivity), we discuss
Ecological Constraint Mapping (see Box 1 for definitions
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of terms) as an approach that focusses on identifying the
factors that constrain life-history outcomes of particular
species, faunal/floral groups, and provides a framework for the
development of actionable knowledge and a basis for determining
specific data needs.

ECOLOGICAL CONSTRAINT MAPPING

Risk-based approaches, such as Ecological Constraint Mapping
(abridged for brevity to “Constraint Mapping”), are widely used in
fields as diverse as business (Knechel, 2007) and law enforcement
(Vander Beken, 2004), and form the basis of major environmental
protocols such as the Red List of Ecosystems (Keith et al,
2013, 2015), where they provide a way of focussing on the
information of greatest importance to decision-making. Risk-
based approaches have been successfully applied to decisions
around terrestrial renewable energy installations (Gove et al.,
2016) and water resource planning (Mcgregor et al, 2018),
and in the marine environment have been used to incorporate
environmental, economic and social factors into restoration
decision-making (Kennish et al., 2002).

Similar logic suggests that Constraint Mapping can be
profitably applied to marine and coastal environmental
problems, and can be relevant to a wide range of marine
and coastal activities including fisheries management, coastal
development, port infrastructure, and environmental protection.
These disparate activities have diverse objectives and face
different barriers to success (Stewart Sinclair et al., 2020), so
Constraint Maps need to be context-specific to usefully inform
specific outcomes based on questions and needs. Additionally,
Constraint Maps need to be developed at scales relevant to
ecosystem function, species life-histories and management
requirements. Therefore, instead of simply detailing information
about habitat extent, composition and occupancy, the focus is
on identifying key habitat mosaic components and associated
environmental requirements, over species life histories. Indeed,
Constraint Maps need not relate to whole of a species life-history
but can be developed at different conceptual scales (e.g., focussed
on nursery ground utilisation) depending on relevance to
the intended use.

Consequently, Constraint Mapping aligns with increasing
understanding of the nuanced ways that organisms derive value
from the environment (refuge, feeding areas), building on a
spatially explicit conceptualisation of (nursery) habitat utilisation
(Johnston and Sheaves, 2007; Nagelkerken et al., 2015). The
viability, resistance and resilience of a species, population,
community, food web or ecosystem depends on the complex
interaction of habitat, connections, the physical environment,
and the faunal components themselves, that successfully
enable key life-supporting functions. Success and resilience are
undermined when one or more of these key life-supporting
functions is impaired for any life-history stage. Consequently,
identifying (and understanding) the specific factors (habitat,
connectivity, physical environmental requirements) constraining
success in a particular situation is vital information needed
to underpin optimal ecological outcomes, regardless of the
outcome sought — whether that is, for example, attaining resilient

fisheries (Hill et al., 2020), managing coastal wetlands (DEHP,
2012) or protecting endangered species. Indeed, the knowledge
provided by Constraint Mapping is critical to understanding
overall ecosystem functioning (Dobson et al., 2006), landscape
resilience (Cumming, 2011; Olds et al, 2012), species and
community responses to external pressures (Olden and Jackson,
2001; Villéger et al.,, 2010), and can serve as a key input into
knowledge platforms for assessing the likely risks of climate
change on species.

Important components of Constraint Mapping include:
mapping of the existence, scale, extent and composition of habitat
features; species use of habitat features specific to life-history
stage, the services (particularly the unique values) that those
habitats features provide to organisms (e.g., food, spawning sites,
nursery grounds), key connections between the necessary habitat
features, and environmental needs specific to life-history stage
(e.g., water quality, sediment type, shelter). Together this body
of information can be combined to provide a detailed assessment
of the needs and requirements of species throughout their lives
linked to the habitat mosaic - the Constraint Map. This, in
turn, provides the base information for identifying the ecological
and environmental factors that constrain or regulate ecological
outcomes for a species (Figure 2).

Fisheries management provides a useful case study when
considering the utility of Ecological Constraint Mapping. A clear
understanding of the functions regulating the productivity of
each species or population within a fishery is the logical basis
for many management decisions. For instance, it is vital in
determining the extent to which management needs to focus
on: (i) maintaining particular habitat features (e.g., a nursery
habitat of limited extent or one where water quality is limiting
for a species) vs. (ii) enhancing the availability of recruits
(e.g., restocking), or (iii) regulating fishing pressure (e.g., catch
quotas). Indeed, understanding the processes and aspects that
constrain the success of species is a logical first step before
undertaking potentially disruptive and costly action such as
restocking (Loneragan et al., 2013). In a specific example in the
context of marine and coastal management; by focussing on
identifying the key bottlenecks, Constraint Mapping provides a
focussed way to populate attribute-based mapping (e.g., intertidal
and subtidal mapping: Department of Environment and Science,
Queensland, 2019) with process level information relevant to
species, life-history stage or community outcomes. In contrast,
a comprehensive model of all ecological and biological aspect
relevant to a species can be prohibitively expensive to obtain and
extremely difficult to conceptualise.

DETAILS OF THE COMPONENTS OF
ECOLOGICAL CONSTRAINT MAPPING

The Constraint Map provides the basis for identifying
and understanding the situation-specific constraints on
outcomes and the critical knowledge required to inform
environmental decision-making. The Constraint Map will
indicate which components/qualities of the landscape/physical
environment actively regulate a species’/habitat’s ability to meet
its requirements. In turn, knowledge of these constraints provides
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FIGURE 2 | The Ecological Constraint Mapping framework that is repeated for each life-history stage of a species. Left-hand side box (per life-history stage)
indicates the need for integration across life history stages. The more comprehensive the integration, the more likely true constraints will be detected. Life-history
stage X, indicates the framework applies to as many life-history stages as have been identified.

the underpinning of high quality and efficient decision-making
and priority setting.

Because Constraint Mapping aims to support decision-
making of all types, it could be implemented to suit a spectrum
of management purposes (e.g., whole fishery, habitat type), as
well as promoting a standard language for quantitative models.
Constraint Mapping is fundamentally an objective, bottom-
up approach that focusses on habitats, individual species or
populations, and on linking those species to habitat mapping
applications or spatial decision tools. In most cases, it is logical
to construct habitat-specific and species-by-species Constraint
Maps, focussing first on priority species/habitats, with the aim

of developing an increasingly comprehensive network of maps
over time. The details of the Constraint Mapping procedure will
vary from situation to situation, but, in general, can be thought of
as a four-part procedure (Figure 3): (1) Identification of Taxa of
Interest; (2) Definition of Habitat Features (standardised within-
and, where possible, between-applications); (3) Identification of
the Species Requirement Set; and (4) Situation-Specific Assessment.
Additional, more complex steps are possible in data-rich
situations [e.g., estimating the relative contributions of different
habitat features to fisheries stocks (Fodrie et al., 2009)], however,
the value of these depends on comprehensive understanding of
all the factors contributing to the outcome of interest, meaning
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FIGURE 3 | Details of a Constraint Mapping framework.
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there will be relatively few situations where data-rich options can
be employed without the need to amass a considerable body of
additional information.

(1) Identification of Taxa of Interest: Many criteria could be
used in identifying the taxa of interest, but selection would
generally depend on factors such as: (a) government regulations
and conservation agreements, (b) endangered status, (c) species
or communities most vulnerable to extinction, (d) loss or damage
economic value, (e) public interest (expert elicitation process)
or (f) importance in maintaining key ecological processes (e.g.,
top-down control, herbivory, etc.). In some cases it may be a
specific high value/threatened habitat or geographical feature
that is of primary interest rather than a specific taxon. In
this situation Ecological Constraint Mapping can be used to
provide information on the relevance of the habitat feature
to taxa and communities, with taxa of interest determined by
their occurrence in the target habitat feature. Therefore, the
assessment is focussed on the value of that habitat feature to
the taxa occurring there relative to alternative habitat features
available in the system.

(2) Definition of Habitat Features: The process involves the
classification of the Habitat Features in areas utilised by each
taxon of interest at scales relevant to the taxon (see Box 1).
This provides the set of relevant habitat features against which
constraints can be evaluated (Step 3), as well as enabling the
development of the Structural Spatial Map that forms the physical
basis for Situation-Specific Constraint Mapping (Step 4).

(3) Identification of the Species Requirement Set: This step
involves assessment of the fundamental requirements of each
species of concern, across all the situations and locations in
which it occurs. There are four vital components: (a) Identifying
potentially valuable Habitat Features. This includes identifying
Stage-Specific Occupancy per Habitat Feature Type (i.e., what
stages occupy each habitat feature type), assessing the Stage-
Specific Density per Habitat Feature Type, and determining
the Value of each Habitat Feature to each Life-History Stage.
(b) Identifying Key Connectivities. Rarely does a single habitat
feature provide all the requirements of a life-history stage,
with different habitat features providing such things as food
and refuge over various time scales (e.g., day/night, high/low
tide) (Bacheler et al., 2009). As a result, determining the
key connections is as important as identifying the habitat
features themselves. Together, the habitat features and the
connectivities define the life-history stage-specific Habitat Mosaic
Components; the fundamental units that provide life and life-
history supporting functions (e.g., feeding, refuge, spawning)
(Nagelkerken et al., 2015). (c) Assess the Extent of Redundancy
of Mosaic Components. Once identified, each of the Mosaic
Components needs be assessed to determine the extent to which it
provides unique life-history supporting functions (i.e., represents
a fundamental requirement). If a unique service is present, then
it has the potential to be a constraining factor. However, if
the particular service is provided by several different mosaic
components it affords possible redundancy and may be less
constraining in particular situations. (d) Identify Environmental
and Ecological Requirements. In addition to habitat features and
connectivity, environmental and ecological requirements, such

as temperature, salinity, dissolved oxygen, sediment chemistry,
dietary requirements and interactions with other species, that
can constrain life-history outcomes, need to be assessed. In
terms of Constraint Mapping as a tool for identifying and
understanding the situation-specific constraints on outcomes,
it is important to separate local effects of environmental and
ecological factors from the influence of the same factors at
geographic or biogeographic scales (i.e., the Species Requirement
Set). These large-scale factors limit the range over which a species
can occur, but it is the local manifestation of these constraints that
Constraint Mapping is concerned with.

Initially, identifying the Species Requirement Set will usually
begin with a careful assessment of the body of knowledge already
available on the species of interest. This needs to be an in-
depth evaluation to ensure the information is strongly evidence
based and reflects the most up to date understanding (Sheaves
etal., 2020a). A full assessment of the current state of knowledge
will reveal what information is already available, and indicate
what additional information may be required for the specific
Constraint Mapping application. Usually many aspects of the
Species Requirement Set will be data deficient. Logically this gap
identification should be followed by specific studies to address
any key knowledge gaps highlighted. However, in reality this
will rarely be possible at a whole-of-species scale; rather the gap
identification will be used to direct Step 4, the Situation-Specific
Assessment (see below), with the knowledge gained feeding back
to refine the Species Requirement Set.

While the Species Requirement Set should ideally encompass
the whole geographic range of the taxon, in reality, the
management application will usually apply to a particular
region. However, over time, the collection of compatible
data across regions can be used to develop a comprehensive
Species Requirement Set. Consequently, it is important to
understand how much of the Species Requirement Set and the
situation-specific constraints on outcomes are generic and to
what extent they need to be nuanced for different contexts
(Bradley et al., 2020).

(4) Situation-Specific Assessment: In this step, information
from the Species Requirement Set is applied to a particular area
of interest. Usually, specific studies will be required to develop a
nuanced understanding accounting for local conditions, leading
to knowledge of the constraints relative to particular types of local
habitats. Critical issues assessed include: (1) the extent of critical
Habitat Feature components relative to life-history stage needs,
(2) identification of alternative structural components where they
exist, (3) the intactness of key connections, and (4) the physical
conditions prevailing in the habitat features relative to the Species
Requirement Set and any natural or anthropogenic impediments.
Ultimately, and more directly useful for management, situation-
specific Constraint Mapping can be applied to a Structural
Spatial Map - detailed habitat mapping to which the logic of
Constraint Mapping can be applied - to develop a location-
specific Structural Constraint Map. The existence of a Structural
Spatial Map is a key pre-requisite for this process. Ideally, such
maps need to be based on explicit and consistent frameworks, and
while they exist or are under development for some systems (e.g.,
Department of Environment and Science, Queensland, 2019),
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they need to be a priority for others if the full benefits of
Constraint Mapping are to be translated into management.

EXAMPLE CASE STUDY FOR A
CONSTRAIN MAP APPROACH AND
OUTCOME

The Department of Agriculture and Fisheries in Queensland,
Australia, was interested in understanding the factors that
determine nursery ground value for coastal fisheries species in
upstream estuarine areas. To achieve this, Constraint Mapping
was employed in estuaries in the Baftle Drainage Basin (23.94°S-
24.67°S). The area is meso-tidal (range of 0-4 m) with highly
seasonal rainfall, meaning smaller estuaries are only connected to
freshwater intermittently (Sheaves, 1996). This results in strong
tidal influence, with the frequency of connection to the ocean,
and the duration of connection, decreasing toward upstream
areas (See Supplementary Material for details). The area was
of interest for decision-makers because of the potential for the
removal of artificial bund walls and weirs in the upstream areas
to restore natural hydrology, if this would result in a positive
increase in habitat availability for fisheries species. To assessing
the likely outcome of these interventions, the 4-step procedure
was utilised to develop a constraint map.

(1) The Taxa of Interest identified was the mangrove red
snapper, Lutjanus argentimaculatus, an important recreational
and commercial species known to use estuarine and freshwater
nurseries (Sheaves, 1995; Russell and McDougall, 2005), assessed
as overfished in recent years in some areas of Queensland. (2) The
Habitat Features were identified during site assessments when the
upstream areas of the Baffle Drainage Basin were mapped. These
sites consisted of a stream reach, usually composed of individual
pools at low tide separated by rock and sand bars and featuring a
range of complex habitats (e.g., snag, complex rock, flat bedrock).
(3) The initial Species Requirement Set was determined following
an extensive literature review of the species of interest, and this
also provided key information on the ecology of the species and
enabled analysis of critical knowledge gaps. It was determined
that juvenile L. argentimaculatus has habitat requirements
distinct from those of adults, and that upstream estuarine and
downstream freshwater habitats comprised the most important
habitats for early juveniles (e.g., Russell and McDougall, 2005).
The final step was to make (4) Situation-Specific Assessments to
the factors that constrain the occupation of upstream estuary
habitats as nursery grounds for L. argentimaculatus.

Fish surveys were carried out using underwater video cameras
throughout the estuarine and lower freshwater reaches of
five systems, and physical and environmental characteristics
assessed (Mattone et al., in review)'. Tidal connection patterns,
dissolved oxygen (DO), temperature and salinity were recorded
over the course of the study. The dominant habitat types
in each site surveyed were assessed to characterise overall

"Mattone, C., Bradley, M., Barnett, A., Konovalov, D., and Sheaves, M. (in review).
Species-specific constraints on the nursery value of sub-tropical estuarine habitats.
Ecosystems.

habitat complexity and utilisation (See Supplementary Material
for details). The importance of various factors in predicting
L. argentimaculatus occurrence was estimated and the constraints
on the nursery habitat use determined (See Supplementary
Material for analytical workflow sequence). The study identified
that habitat use of juvenile L. argentimaculatus is constrained
by 4 major factors: (a) pool size, (b) tidal connectivity, (¢) DO
dynamics, and (d) structural complexity (See Footnote 1). In fact,
juveniles were mostly found in upstream areas that are tidally
connected at least 60 days per year, and at least 0.5 m deep with
area of 20 m? at the lowest tidal level. Habitat occupancy of
L. argentimaculatus juveniles was not constrained by salinity, as
they were found across the full range of salinities encountered,
including hypersaline conditions (>50 %o). On the other hand,
DO levels were likely to constrain juvenile habitat use, with
L. argentimaculatus juveniles only observed in areas that only
experienced short-term oxygen sags below >60% saturation. The
proximity of complex structure (e.g., large woody debris, complex
rock) was a very strong predictor of occurrence for the juveniles.
By mapping these range of constraints spatially, a final Constraint
Map was produced to inform and direct decision-making in this
region (Figure 4).

OUTPUT AND UTILISATION OF
CONSTRAINT MAPPING

The basic output of the constraint mapping process is a
knowledge-platform providing nuanced habitat requirement
information for a species of interest that can be applied to a
particular area. Preferably, this information should refer to the
whole of a species life-cycle, but, at least initially, the constraint
mapping is likely to be a situation- or need-specific (e.g., the
case study presented). To be useful and accessible, the constraint
mapping data layer needs to be displayed in a form that is useful
to the end-user (generally government manager/policy maker,
NGO, or industry), and which is easily integrated into existing
spatial data repositories.

The information from a constraint map could be
operationalised as site-specific data tables displayed on a
mapping platform such as Google Earth, ESRI online, or remap,
or used as the basis for decision support tools. Many other
formats are possible. However, what is important is the detail
and mode of the display relative to the intended purpose. For
instance, it could be used as in Figure 4, to construct a specific
assessment map that provides functional information relative
to a particular focal issue (e.g., the nursery value of upstream
estuary reaches to fisheries species) or alternatively as a basis
for a Bayesian Belief Net predictive model. These could be used
as simple decision-support tools, for instance, to enable coastal
planners to make “green engineering” (Waltham and Sheaves,
2015) decisions on infrastructure that minimises ecological
damage or optimises ecological outcomes (e.g., fine-tuning
the design of a road culvert to enable ingress of a suitable
number of tides per year to maintain connectivity). Similarly,
the constraint information could allow regulators to make an
informed decision on specific developments or barrier removal,
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FIGURE 4 | Example of a Constraint Map from a study by (See Footnote 1) aimed at improving the understanding of the factors that determine nursery usage at a
species level, for three coastal fisheries species, in the case of this example the snapper Lutjananus argentimaculatus. Panels (a) and (b) location maps; (c)
constraint tables for key constraints for nursery utilisation of three upper estuarine pools in Eurimbula Creek for L. argentimaculatus. The colour in the map indicate
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freshwater).

or assist in the long-term planning for a region. By providing a
clear exposition of the key information, the constraint map also
provides for the focussed collection of information needed to
extend understanding into other areas, and a way of identifying
key knowledge gaps and filling them.

For instance, the information obtained in the case study,
could be used to predict areas most likely to host juvenile
L. argentimaculatus, information necessary for the prioritization
of restoration efforts (e.g., bund removal, revegetation) or the
minimization of the adverse impact of human development
(e.g., roads). Additionally, the constraints on nursery ground
value for L. argentimaculatus juveniles were assessed in light of
a specific question and with certain knowledge gaps in mind.
This means that, while relevant for that particular situation,
results of the case study are likely to be fairly situation-specific,
as well as specific to the particular aims of the study. As a
result, the models developed in the case study would need
to be tested and adjusted before they were applied to other
areas or situations. These additional studies would also assist in
the development of a more generally applicable understanding
that provided more extensive geographic relevance. Tuning the
models to different areas or situations will often require the
collection of data in addition to those already available. This
will particularly be the case where most available data come
from fisheries-dependent sources because, by definition, juveniles
will usually be poorly represented in fisheries-dependent studies.
One important step will be to review the nature of the new
area to be assessed and the scope, detail and quality of available

information, in order to evaluate the extent to which the available
model is likely to be appropriate, and to sharpen the focus of
additional studies.

CONCLUSION AND
RECOMMENDATIONS

Ecological Constraint Mapping provides a vehicle to facilitate a
move from paradigm-based decision making, that risks reliance
on poorly supported ideas (Sheaves et al., 2020a), to knowledge-
informed decision making. Without knowledge of the critical
functional bottlenecks that constrain anticipated ecological
outcomes, environmental decision-making will continue to
provide sub-optimal, and sometimes perverse outcomes and
result in wasted resources; an increasingly unsustainable situation
in a world where ecosystems are increasingly impacted by
anthropogenic activities and climate change (Waltham et al,
2020). Consequently, Constraint Mapping provides a key tool
for the effective translation of general scientific ecological
information to actionable knowledge suitable for use for specific
management purposes (Enquist et al., 2017). By identifying the
particular landscape and seascape components that constrain
optimal outcomes, Constraint Mapping provides information
vital to directing actions efficiently and effectively.

In providing a framework that aligns with current perspectives
on the complex nature of marine and coastal systems, Constraint
Mapping can enable the efficient development of a general
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functional understanding of the requirements critical for species
viability. This, in itself, provides a tactical advantage; if the key
constraints can be identified at large scale (e.g., regional or
even global), local data collection can focus cost-effectively on
addressing key knowledge gaps specific to the local situation.
Consequently, Ecological Constraint Mapping can help achieve
that most elusive of goals: properly addressing identified
knowledge gaps. In addition, unlike other decision-support
tools, fundamental characteristics of Constraint Mapping are
its scalability and explicit focus on the extent to which
the included knowledge is transferable to other areas and
situations (considering local-specific constraints in terms of a
broad understanding of species needs). Consequently, Constraint
Mapping is suitable for developing optimal solutions to key
resource and conservation applications in marine and coastal
realms, in areas as diverse as fisheries productivity and resilience,
species persistence, local biodiversity, overall ecosystem health,
environmental offsetting, habitat restoration, monitoring and
assessment, and resilient food webs.

The discussion of Constraint Mapping has concentrated on
species interaction-based questions, a focus that is particularly
pertinent to species-by-species management, the level at
which large scale marine biological resource management is
still primarily conducted (Hilborn, 2011). However, a logical
extension is to develop Constraint Mapping to support whole-of-
ecosystem management by overlaying single species Constraints
Maps into Constraint Networks, allowing identification of
process hotspots and coldspots (areas that constrain outcomes
for sets of species). The identification of the process hotspots
and coldspots in Constraint Networks would enable improved
targeting of actions enabling more effective management at
species community levels.

It is easy to dismiss the development of a constraint-
based understanding of marine and coastal ecosystems as an
unachievable goal because it is data-intensive and difficult.
Realistically, Constraint Mapping provides a cost-effective
approach to achieving management goals. Because amassing
the necessary knowledge is expensive, developing a Constraint
Map will be most achievable in situations where the cost of
perverse outcomes are highest or most obvious, or where
the incentives for knowledge-rich outcomes are substantial.
For example, detailed and defensible understanding can
enable retiring risk associated with the operation of marine
renewable energy infrastructure, significantly reducing the
need for expensive intensive monitoring (Copping et al,
2019). However, there is an urgent need to extend Constraint
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