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Ecological restoration is increasingly being upscaled to larger spatial scales of tens to hundreds of kilometers. Yet the complex
logistics and high costs of ecological restoration mean that actions must be placed strategically at local scales of tens of meters to
maximize ecological benefits and reduce socioeconomic costs. Despite the purported use of systematic planning tools for allocat-
ing restoration effort, the uptake and implementation of data-driven restoration planning and ecological goal setting remains
poor in many restoration programs. Here we demonstrate how the sequential workflows of systematic conservation planning
can be translated to restoration at two spatial scales to enhance estuarine fisheries in eastern Australia. We select estuaries
where restoration is feasible and recommended based on quantitative regional ecological goals (i.e. regional-scale prioritiza-
tion), and then identify potential restoration sites at smaller spatial scales within estuaries based on the principles of spatial ecol-
ogy to ensure that the success and benefits of restoration are maximized (i.e. local-scale prioritization). At the regional scale, we
identified four levels of restoration priorities (very high, high, intermediate, and low) using quantitative ecological goals and the
current ecological understanding of each system. At the local scale, we used spatially explicit Bayesian belief networks to iden-
tify sites that maximize restoration outcomes based on the environmental niche of habitat-forming species and the spatial con-
figuration of habitats that maximizes their use by fish. We show that using systematic frameworks can become an essential tool
to optimize restoration investments at multiple scales as efforts upscale globally.
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et al. 2011; Cattarino et al. 2018). Consequently, there is a need
] ) ; ) to apply more rigorous decision-making processes for restora-
® Asrestoration actions expand in spatial extent and scope, tion actions at both regional and local scales to maximize project

we need better strategies to prioritize actions. feasibility and ecological benefits (Adame et al. 2015; Cattarino
e Systematically prioritizing effort at broad scales, and then et al. 2016: Shoo et al. 2017)

selecting suitable restoration sites at narrower will maxi-
mize the effectiveness and efficiency of broad restoration
programs.

e Using data to identify these priorities must become a hall-
mark of landscape-scale restoration.

Implications for Practice

Complex restoration decisions could become more structured
and transparent by using the stepwise workflow of systematic
conservation planning (Possingham et al. 2000). Restoration
plans increasingly use components of systematic conservation
planning for allocating restoration effort (Langhans
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Multiscaled restoration prioritization

et al. 2016), and studies presenting these frameworks support
their use for restoration (Margules & Pressey 2000). The frame-
work first proposed by Margules and Pressey (2000) (and then
expanded on elsewhere; e.g. Pressey & Bottrill 2009) presents
sequential stages for the selection principally of reserves
(Fig. 1). While each of these stages can be used to help prioritize
restoration effort and might be helpful as the spatial scale and
extent of restoration increases, it appears that uptake of system-
atic conservation planning methods for restoration remains rare.
For example, reviews of restoration planning indicate ongoing
issues with quantitative goal setting (Thorpe & Stanley 2011;
Hallett et al. 2013) and a lack of strategic placement of restora-
tion sites (Gilby et al. 2018a). Quantitative objectives are
important because they show how existing habitat values
and actions contribute toward current-day values within plan-
ning units, and provide a level to which restoration needs to
be completed to reach objectives (Margules & Pressey 2000).
Creating thorough, quantitatively optimized and defensible
restoration plans and goals (i.e. the condition or state of that
ecosystem and attributes that the project is aiming to achieve;
Gann et al. 2019) via processes such as systematic conser-
vation planning should be an important focus for practi-
tioners as the desire to restore whole landscapes increases
(Thompson 2011).

Ecological restoration actions are prioritized across land-
scapes at multiple spatial scales. At the regional scale, decisions
are first made as to whether restoration will be more effective
than protecting existing habitats (i.e. in reserves) or applying

other intervention strategies (like heightened legislation)
(Saunders et al. 2017; Cattarino et al. 2018). Required extents
of restoration can then be applied regionally based on a quanti-
tative understanding of historical habitat extent (Higgs
et al. 2014) or key landscape processes, ecological functions,
or ecosystem service recovery (Simenstad et al. 2006; Hermoso
et al. 2021). Re-creating past attributes is, however, problematic
due to sliding baselines, lost or inaccurate historical information,
and long-acting human stressors (e.g. urbanization, climate
change, invasive species) that have created landscapes and
biotic assemblages that are fundamentally different from their
historical predecessors (Thorpe & Stanley 2011; Balaguer
et al. 2014). The primary goal of ecological restoration is to
restore self-sustaining and self-organizing ecosystems that are
integrated within their broader landscape (Gann et al. 2019).
Therefore, regional restoration extent goals should usually be
set at data-informed levels of (1) key landscape processes
(i.e. hydrological, geomorphological, or other physical pro-
cesses that influence ecosystem structure at landscape scales);
(2) ecological functions (i.e. of or related to the movement or
storage of energy or nutrients); or (3) the rebound in ecosystem
services produced by the restoration investment (Simenstad
et al. 2006). At the local scale, restoration actions must be placed
strategically according to small-scale environmental factors
(<10 m) to maximize the growth and persistence of the restored
ecosystem (especially of habitat-forming species) and potential
ecological benefits (Shoo et al. 2017; Gilby et al. 2019a). This
second, narrower scale of identifying suitable sites for
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Figure 1. Flowchart of stages for systematic conservation planning and suggested additions to this framework to assist in the prioritization of restoration efforts.

Adapted from Pressey and Bottrill (2009).
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Multiscaled restoration prioritization

restoration is arguably a more important attribute of restoration
planning and prioritization than for reserves because the imple-
mentation of restoration is more expensive per unit area
(Bayraktarov et al. 2016), and because misplacing a restoration
site by even meters might result in restoration failure (Gilby
et al. 2019a).

As the spatial extent of restoration expands and the need to
place restoration efforts strategically across landscapes
increases, practitioners require more thorough, quantitative,
and defensible frameworks to allocate limited resources. Resto-
ration projects also need to more thoroughly integrate the princi-
ples of quantitative ecological goal setting (Thorpe &
Stanley 2011; Hallett et al. 2013; Gann et al. 2019) and spatial
prioritization (Gilby et al. 2018a; Hermoso et al. 2021) into their
planning. Despite consistent references to the application of sys-
tematic conservation planning to restoration, perhaps due to the
incorrect assumption that these sorts of frameworks are regu-
larly used for restoration on the ground, there are few worked
examples in the literature that can be used as models by practi-
tioners to assist in decision-making. The objective of this study
is to address the challenges of planning for ecological restora-
tion at multiple spatial scales, and to thoroughly incorporate
quantitative and spatially explicit goal setting by stepping
through the process of systematic conservation planning to pri-
oritize and place restoration efforts at multiple scales across
landscapes (Fig. 1). We show that using systematic frameworks
can become an essential tool to optimize restoration investments
at multiple scales as efforts upscale globally. These frameworks
provide multiple opportunities to incorporate key data and
ensure that quantitative objectives are set for the restoration
actions.

Methods

Conceptual and Analytical Approach

We demonstrate the utility of a systematic conservation plan-
ning framework for restoration by presenting a case study to pri-
oritize seagrass, oyster reef, and mangrove restoration
undertaken to improve habitat values for fish and fisheries in
13 estuaries in southeast Queensland (SEQ), eastern Australia.
Here, we consider a regional manager who must prioritize the
restoration of estuarine habitats at a regional scale across estuar-
ies (10s to 100s km) to achieve broad goals for habitat recovery,
but also identify restoration sites at local scales within estuaries
(<100 s m) to maximize the potential benefits of restoration for
both habitat recovery and key ecosystem services.

We collect information on the current-day distribution of fish
in estuaries using underwater videography approaches and
gather information on the current-day distribution of marine
habitats from local governments. We set quantitative regional
restoration goals at the estuary scale by using a combination of
modeling approaches, existing literature, and expert opinion.
Here, we identified thresholds in relationships between key met-
rics of fish communities (specifically fish species richness and
harvestable fish abundance) with the extent of each of three eco-
systems in estuaries (seagrass, mangroves, and oyster reefs)

using generalized additive models (GAMs). These patterns were
then interpreted based on our existing knowledge of the ecology
and impacts facing each ecosystem from existing literature in the
region, and expert opinion. Finally, we use spatially explicit
Bayesian belief networks (BBNs) within individual estuaries
to identify locations where restoring particular habitats will both
be feasible and deliver the greatest ecological benefits for fish
communities. This means that we modeled one restoration sce-
nario for each ecosystem in each individual estuary. Here, each
scenario is optimized based on our region-wide understanding
of the effects of habitat extent on key features of fish assem-
blages, and is then applied to individual estuaries to ensure opti-
mal outcomes. These scenarios address our study objectives
because they incorporate a quantitative understanding of the
effects of habitat extent on fish assemblages and apply these
quantitative goals explicitly at two spatial scales across the
region.

The Social, Economic, and Political Context of Restoration

The first five stages of systematic conservation planning princi-
pally deal with the social, economic, and political context of
conservation efforts (Fig. 1). SEQ supports a human population
of approximately 3.6 million people over a catchment of approx-
imately 22,000 km? (Fig. 2). Extensive coastal urbanization in
the region has resulted in substantial coastal habitat loss, and
there is evidence to suggest that these losses have affected
coastal fisheries (Gilby et al. 2019b). Lower fish abundance
has socioeconomic effects by lowering the value of recreational
and commercial fisheries. Therefore, the broader socioeconomic
context for estuarine restoration in the region pivots mainly on
coastal urbanization and fisheries. There is growing social and
political will to restore key fish habitats, ideally investing in
regional priority areas using best practice (Chenoweth EPLA
and Bushland Restoration Services 2012). While political and
financial support for some future restoration is encouraging
and fulfills several of the first five steps in the framework, there
exists only limited and fragmentary information to make any
such investments effective and efficient in the region. The con-
servation goal for this case study is therefore to restore coastal
ecosystems for the propose of returning the natural seascape to
enhance their value for fish and fisheries.

Collecting Data on Biodiversity and Natural Features

Regional maps of marine habitats, land use, and water quality
data are available from government agencies (Table S1). Land
use maps and aerial imagery is accurate and regularly collected
in the region, meaning that urbanized areas that would prohibit
estuarine restoration from occurring are well known. Water
quality data are sampled regularly (at least every 2 months) in
each estuary (EHMP 2020), and so can be used to filter estuaries
where water clarity and sedimentation would restrict the growth
of seagrass and/or oyster reefs.

We obtained estuary-scale data on fish abundance and species
richness using 10 X 1 hour deployments baited remote under-
water video stations (BRUVS) distributed evenly from the

July 2021 Restoration Ecology

3of12



Multiscaled restoration prioritization

@ Estuaries Sampled
Il Mangroves

@ BRUVS Sites
RUVS Sites

@® Mangrove

© Subtidal rocky outcrop
@ Subtidal seagrass

Nerang R. o

Tallebudgera Ck. | mumm—— m—

@ Subtidal soft substrate Currumbin Ck.

Figure 2. Sampled estuaries in southeast Queensland, Australia, with inset
showing an example spread of sampling sites throughout each estuary.

estuary mouth to the point in each estuary where long-term
(>10 year) winter salinity averaged >30 psu of each estuary
(see Gilby et al. 2017) (Fig. 2). BRUVS consist of 3 kg weight
that serves as a base and attachment point for cameras (GoPro
recording at 1080p) and a polyvinyl chloride pole that holds
the bait bag at 50 cm in front of the camera. The bait was
500 g of pilchards Sardinops sagax placed in a 20 X 30 cm
mesh bag with 0.5 cm openings. BRUVS are preferred for quan-
tifying these effects as they give a broader idea of general fish
patterns within an area due to the aggregating of fish toward
baits, as opposed to any habitat-specific effects. The value and
optimal positioning of estuarine habitats to maximize fish abun-
dance and species richness were surveyed using remote under-
water video stations (RUVS; i.e. unbaited BRUVS) (see Gilby
et al. 2018b) (Fig. 2). RUVS consist of 3 kg weight that serves
as a base and attachment point for cameras (GoPro recording
at 1080p). RUVS do not attract fish using baits, thereby avoiding
the confounding effects of baited cameras drawing fishes from
other habitats, and so are used to quantify fish-habitat associa-
tions (Gilby et al. 2018b). Fish assemblage composition was
quantified from all videos using the standard MaxN statistic;
the maximum number of individuals of each species identified

in any single frame of each video. We calculated three key indi-
cators of fish assemblages from each video: species richness
being the number of unique species identified from each camera
deployment, harvestable fish abundance being the sum of MaxN
values for all species harvested commercially or recreationally
in SEQ, and total fish abundance being the sum of MaxN values
for all species identified from each camera deployment.

Setting Conservation Objectives

Historical data regarding the extent and condition of habitats is
severely lacking, and significant changes to coastal hydrology
and catchments due to urbanization have fundamentally modi-
fied the seascape in this region. Therefore, this study will focus
on functional ecosystem extents in our case study, as opposed to
any historical extent.

The diversity and abundance of fish are key social, economic,
and cultural assets for local communities in SEQ. Thus, restor-
ing fish habitats to maximize fish and fisheries is the prime res-
toration objective in this study. In the region, the value of an
estuary for fish and fisheries is enhanced by seascapes that com-
prise a mosaic of alternative habitats available to fish, particu-
larly the presence of healthy seagrass, mangroves, and oyster
reefs (Gilby et al. 2018b). The quantitative restoration objective
for this study is to restore the habitat matrix of seagrass, man-
groves, and oyster reefs to increase total fish abundance and har-
vestable fish abundance across the entire region. Therefore, we
model a restoration objective in which seagrass, mangrove, and
oyster reefs are restored to estuaries such that fish abundance
and diversity will be higher postrestoration than the 75th percen-
tile fish abundance and diversity values from across the entire
region during the baseline surveys. These 75th percentile values
were calculated at the regional scale but were then applied sep-
arately to individual estuaries to calculate the extent of each hab-
itat required to improve overall fish assemblage condition. Here,
we chose 75th percentiles because they are a quantitative objec-
tive that is larger than both the mean and median values. In this
sense, habitat restoration aims to raise the condition of marine
habitats in all estuaries across the region to support overall
higher fish community condition across the region.

Review Current Achievement of Objectives

Ecological restoration is employed in estuaries in the region, but
greater expanses of restoration are required to meaningfully
enhance fisheries (Saunders et al. 2017; Gilby et al. 2019a).
For example, several oyster reef restoration projects in the
region have demonstrated the efficacy of restoring oysters via
resupplying settlement substrates when turbidity levels are low
and spat supply is high, but these projects remain relatively
small (<100s of meters) (Diggles et al. 2019; Gilby
et al. 2019a). These considerations regarding the success of cur-
rent projects are incorporated into the local-scale prioritization
of habitat placement (see Identify Potential Restoration Sites
Within Planning Units section).
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Target Actions for Planning Units

Once quantitative and measurable objectives are in place, these
form the basis from which to start a systematic and quantitative
evaluation about the choice of methods, sites, and connectivity
(Fig. 3A). Where restoration is the most effective action, the
next step is to rank the allocation of restoration investment to
regional planning units, contrasting the extent of existing habitat
patches in each unit against the stated restoration objectives.

We prioritized restoration at two spatially nested scales: (1) at
the regional scale, we used individual estuaries as planning units
as this represents the scale at which most management actions
are currently implemented in our study region (EHMP 2020),
and (2) at the local scale (i.e. within estuaries) we used
10 x 10 m grid cells of the planning unit, because this is the
scale at which many local restoration plots are often selected,
and this exceeds the resolution of local habitat maps.

We first calculated the current extent of estuarine habitat
types and corrected these values for the size of the estuary (see
Table S1). The second step was to use statistical models and
the quantitative objective to determine actions for each planning
unit and set their relative priority at a regional scale (Fig. 3). We
used GAM s in the mgcv package (Wood 2019) of R to calculate
relationships between fish species richness and harvestable fish
abundance (response variables, extracted from the broad-scale
baited underwater videos described earlier) and the extent of
the three habitats (i.e. mangroves, seagrass, and oyster reef) in
individual estuaries. Models included the extent of mangroves,
seagrass, and oyster reefs, so relationships for each habitat
account for the effects of the other two habitats. GAM overfit-
ting was limited by restricting models to four knots or fewer
(k=4). We then used these models along with the current under-
standing of the ecology and extent of ecosystems within the

(A) Review habitat extents within planning areas
i. Region, with regi ing units ii. Apply actions to units using existing
habitat extents, then prioritise
Al ﬂ [unis | Hab3 [Hab2 | vab3 | Habe |
A 10 5 7 10
E F G H B. 3 7 9 4
© 5 9 5] 9
| J K L D. 5 6 5 _
[ B! 5 7 8
M N fo) P Prioritise Unit D due to
lack of Habitat 4
(B) Strategically place restoration actions within units
Current extent of habitats in units
Map Legend
[ Habitat 1
Habitat 2

I Habitat 3- low value
™ Habitat 4- to be restored
BN Habitat 3- ongoing low value

Yes

Optimal restoration goal

Suitability
filters

Manage/liaise
to increase
suitability

No

No change in restoration suitability

Figure 3. Prioritizing habitat restoration at two spatial scales using data-driven systematic landscape restoration. (A) We used preestablished regional planning
units (i.e. A-P in Panel i), and the extents of habitats within those planning units (Panel ii) to prioritize actions for each regional planning unit, and the order in
which these actions should be applied. (B) We then prioritize restoration site placement within planning unit D to restore lost habitats (Habitat 4). Where
suitability is low, then additional management interventions are required before commencing habitat restoration.
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Table 1. Average (+standard error [SE]) of current-day species richness and harvestable fish abundance, and average long-term turbidity across all estuaries

surveyed in this study.

Estuary Species Richness SE Harvestable Fish SE Turbidity (Nephelometric Turbidity Units)
Brisbane River 2.85 0.44 2.75 0.70 58.1
Caboolture River 4.90 0.32 8.55 2.14 17.5
Coochin Creek 2.65 0.31 6.98 1.17 13
Currumbin Creek 3.50 0.37 44.23 26.74 8.1
Logan River 2.65 0.31 2.40 0.83 74.7
Maroochy River 3.35 0.45 16.13 2.72 14.7
Mooloolah River 3.25 0.50 9.50 1.59 14.6
Nerang River 5.40 0.60 27.73 7.71 8.2
Noosa River 3.15 0.43 13.58 1.84 17.7
North Pine River 4.95 0.53 9.58 2.75 10
Pimpama River 3.35 0.26 12.05 2.57 16.6
Tallebudgera Creek 4.25 0.38 22.95 3.82 53
Tingalpa Creek 5.75 0.47 20.98 3.55 12.3

region from both published articles and expert opinion to calcu-
late the habitat area at which fish species richness and abundance
reached the target 75th percentiles. These 75th percentile habitat
extent values were the targets for habitat restoration at the
regional scale, and were used to calculate the extent of each hab-
itat that is required to be restored to each estuary. Therefore, we
set extent goals using a percentile values across the entire region,
but calculated individual extents required for individual
estuaries.

We created a categorical approach that scales the relative pri-
ority of each estuary for restoration actions based on our under-
standing that it is the mix of mangroves, seagrass, and oyster
reefs that contribute most to fish diversity and abundance within
this region (Gilby et al. 2018b):

* Very high restoration priority estuaries are those where one or
more habitats has become extirpated;

* High restoration priority estuaries support all three habitat
types, but the extent of mangroves or seagrass is below the
threshold for species richness and harvestable fish abundance;

* Medium restoration priority estuaries support all three habi-
tats, but the extent of mangroves or seagrass is below the
threshold for species richness or harvestable fish abundance
(i.e. one of the fish targets is met);

* Low restoration priority estuaries come in two forms:

* estuaries in which mangroves and seagrass are above the
threshold for both species richness and harvestable fish
abundance, or

* estuaries with high turbidity or urbanization that preclude
restoration, especially where reestablishing oyster or
restoring seagrass is required.

Identify Potential Restoration Sites Within Planning Units

After identifying priority restoration actions at regional scales,
the next stage identifies restoration sites at narrower spatial
scales within regional planning units (Fig. 3). To do this, we
used BBNs in Netica v5.12 (Norsys Software 1997) with the
resulting outputs then mapped (using 10 X 10 m pixels) in QGIS
to create spatially explicit BBNs that reflect restoration

suitability within individual estuaries. We compiled separate
spatially explicit BBNs for seagrass, mangroves, and oyster
reefs because these habitats require fundamentally different
environmental conditions, and so have different BBN nodes
and relationships (Fig. S1). Relationships between BBN nodes
were entered manually using published ecological information
for each of the three habitats being restored (Tables S1-S3,
Fig. S1). We accounted for the likely benefits of restoration
actions for fish within each 10 X 10 m pixel by incorporating
layers that relate to the effects of ecological connectivity for fish.
We accounted for the likely feasibility of restoration actions
within each pixel by incorporating layers that relate to the grow-
ing conditions required for each habitat, and existing estuary
uses by incorporating layers of current uses that might limit res-
toration actions (e.g. the presence of aquaculture, ports, or moor-
ing areas). Full details on the input nodes (Table S2),
relationships between nodes (Fig. S1), and conditional probabil-
ity tables (Table S3) for each BBN are available as supporting
information.

Results

Target Actions for Each Regional Planning Unit

GAMs showed significant effects of both mangrove (Fig. S2A)
and seagrass (Fig. S2B) extent on fish species richness and har-
vestable fish abundance. Regional threshold values to be met in
habitat restoration were five species for species richness and
17 individuals for harvestable fish abundance (Table 1); conse-
quently, these values represent the target attributes of fish
assemblages in each estuary once restoration is complete.
Results of the GAMs were complex, and so required significant
consideration prior to setting regional extent goals.

We found that species richness and harvestable fish abun-
dance had nonlinear relationships with the extent of mangroves
(Fig. S2A). We set the regional extent goal for mangroves at
6 m*/m because this extent maximized harvestable fish abun-
dance, and minimized reductions in species richness with very
extensive mangrove forests. This was a particularly challenging
decision because maximizing mangrove extent at 22.1 m*/m
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(i.e. the target extent for harvestable fish abundance) would have
a negative consequence for species richness within estuaries,
likely due to the homogenizing effects of extensive mangrove
forests in estuarine seascapes (Henderson et al. 2019).

Extent goals for seagrass were the most straightforward to set.
Estuaries within the study region require at least 1% of the estu-
ary to be covered in seagrass to maximize both species richness
and harvestable fish abundance (Fig. S2B). Consequently, 1% is
the regional extent goal for seagrass (Table 2).

We found no significant relationship between oyster reef
extent and fish (Fig. S2C), but several estuaries had no remain-
ing oyster reefs and reefs were small, isolated, and scattered
fragments in others. The maximum extent of oyster reefs present
in estuaries in this region was 0.579%; this is likely to be a low
estimate of the target that restoration should reach for each estu-
ary given the history of oyster reef degradation in the region.
Despite this, and for the purposes of this study, we set the oyster
reef target extent to this maximum extent of 0.579%. Conse-
quently, this value represents a conservatively low restoration
goal for oyster reefs in this region. Further refinement of the
extent goal could be achieved through historical studies and/or
stakeholder engagement activities.

All regional planning units were assessed as requiring some
restoration according to our quantitative goals. Five estuaries
were assessed to have very high restoration priority, three as
high, two as medium, and three as low (Table 2). Two estuaries
would require significantly improved water column turbidity
through catchment management before in-water habitat restora-
tion could be recommended (Brisbane and Logan rivers;
Table 1), and two are so severely urbanized that space for resto-
ration would be limited. Two estuaries required actions on only
one ecosystem, nine estuaries required action to restore two hab-
itats, and two required restoration of all three habitat types
(Table 2). Estuaries identified as “low” priority based on high
turbidity or extensive urbanization would also require habitat
restoration.

Identify Potential Restoration Sites Within Planning Units

We chose the Mooloolah River estuary to illustrate how the spa-
tial allocation of restoration investments can be optimized at the
local level. Seagrass is not currently recorded in the Mooloolah
River, has likely become extirpated and hence requires restora-
tion (Table 2). Site selection for seagrass restoration might con-
flict with other potential restoration actions in this estuary
(i.e. replanting of mangroves; Table 2).

Areas of “good restorability” for seagrass are throughout the
middle stretch of the estuary where there are current stands of
mangroves (Fig. 4A). The spatial selection for seagrass was
driven by the proximity of sites to mangroves, as previous stud-
ies have established that seagrass sites contain more diverse and
abundant fish assemblages (i.e. our measure of restoration “ben-
efit”) when they are positioned more closely than this threshold
distance to mangroves (Gilby et al. 2018b). Preferred sites for
mangrove restoration were, therefore, also predominantly posi-
tioned in the central stretch of the estuary where mangroves
are (Fig. 4B). There was, however, little conflict between “good

restorability” sites for seagrass and mangroves because man-
groves and seagrasses grow at different water depths (Fig. 4).

Yellow, “low restorability” areas for both seagrass and man-
groves were mostly toward the mouth of the estuary because
there are no mangroves currently in this section of the estuary
(Fig. 4). Mangroves would be relatively easy to restore in these
parts where intertidal areas are sedimentary shores and there is
natural recruitment of mangroves. However, these new man-
groves would be poorly connected to existing forests and hence
their ecological value as fish habitats is predicted to be low.
Moreover, there are some social costs as there is extensive
dredging (which would physically damage restoration sites)
and canal estates (where people do not want mangroves to grow)
toward the entrance to the Mooloolah River which significantly
reduces restoration feasibility.

Discussion

The extent and scale of habitat restoration is increasing globally
(Shoo et al. 2017; Tobon et al. 2017; Gilby et al. 2018a). It is,
therefore, important to strategically place restoration efforts
across landscapes to maximize their ecological benefits while
reducing any impacts on social, cultural, or economic values
connected to landscapes (Rappaport et al. 2015). In this study,
we applied systematic conservation planning to address the
challenge of prioritizing restoration actions at multiple spatial
scales; a challenge perhaps unique to restoration given the nar-
row spatial scale required to allocate restoration within planning
units to ensure success (i.e. <10s m scale). Here, restoration is
spatially nested and sequential, and is prioritized at a regional
scale to achieve landscape scale, regional goals for restoration,
and then placed at a local scale within planning units to maxi-
mize potential benefits by considering site connectivity and
landscape context. Optimizing restoration outcomes by under-
standing the relative importance of habitats for reaching biodi-
versity goals is vital when prioritizing landscape restoration
actions (Cattarino et al. 2016). Applying a systematic planning
framework to restoration provides multiple opportunities to
incorporate these data and ensures that quantitative objectives
are set for the restoration actions, an ongoing challenge for res-
toration (Guerrero et al. 2017; Tobon et al. 2017).

A systematic approach for prioritizing restoration effort will
assist in maximizing outcomes in several ways. On-the-ground
restoration remains evenly spread along the continuum from
top-down (mostly regional government actions) to bottom-up
(mostly  community-based actions) approaches (Ban
et al. 2011). Having a broad, regional scale and structured
approach followed by a focused, local context means that
broader restoration goals can be prioritized by regional manage-
ment bodies, and then focused at the local scale via the alloca-
tion of funding or effort. As the extent of restoration projects
increases, the likelihood of disruptions to existing uses
increases, there are fewer optimum restoration sites to select
from, and the amount of financial investment increases
(Miller & Hobbs 2007; Bullock et al. 2011). Therefore, prioritiz-
ing the restoration of habitats according to (1) their importance
for achieving stated restoration goals, (2) the feasibility of
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Figure 4. Model frameworks and outputs of spatially explicit Bayesian belief networks illustrating potential restoration sites for: (A) seagrass, a habitat type that
current regional mapping data denote as locally not recorded at the scale of available mapping; and (B) mangroves, a habitat currently below the regional region

median extent, in the Mooloolah River, eastern Australia.

restoration in the area, and (3) the likely cost per unit area
becomes increasingly important. While it is clear that concepts
from landscape and spatial ecology can be used to select restora-
tion sites and maximize outcomes for biodiversity, few projects
actually implement these concepts in restoration plans
(Langhans et al. 2016; Gilby et al. 2018a). Systematic and spa-
tially explicit approaches like the one used here can incorporate
data on the distribution of species and habitats to identify poten-
tial restoration sites where environmental conditions are appro-
priate, and that provide the greatest ecological benefit.

At the scale of local planning units, there can be conflicts
regarding which habitats to restore in which locations because
different restoration actions might compete for available space.
Indeed, it is likely in most scenarios that multiple ecosystems
could be restored across a landscape. In estuaries in SEQ, it is
understood that it is the mix of ecosystems present within indi-
vidual estuaries that drives fish abundance and diversity, as
opposed to homogeneous swathes of individual ecosystems
(Gilby et al. 2018b; Henderson et al. 2019). Therefore, in our
case study, restoration was prioritized for ecosystems that were

completely missing from planning units. In situations where a
clear ranking of actions is not possible, a balance must be struck
between restoring different habitat types according to the likeli-
hood of successful restoration and potential benefits (Adame
et al. 2015). An alternative approach is to identify estuaries
which have the full mix of habitats but require only a small
amount of restoration to bring them to the quantitative target,
thereby bringing many planning units up to “fully restored” sta-
tus. In essence, the decision here is made initially at the regional
planning unit scale, and then narrowed down to one habitat or
the other within regional planning units based on the potential
benefits of restoration and the total areas of “good” restorability
areas available for each habitat (Wilson et al. 2011). Historical
information regarding the previous cover and distribution of
ecosystems within a region might be useful as a guide in these
situations (Balaguer et al. 2014), noting that using historical
baselines as a rule, as opposed to a guide, is often inappropriate
due to the effects of extensive urbanization, species invasions,
climate change, or other exogenic threats that are too great
(Thorpe & Stanley 2011). These potential differences in
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prioritization approaches highlight the need to engage with
stakeholders to establish their desired prioritization approach,
and account for available budgets in establishing regional
prioritizations.

Maximizing cost effectiveness is an important consideration
in conservation planning (Laycock et al. 2009). Cost effective-
ness encompasses the likelihood of restoration success (feasibil-
ity), the likely benefits of restoring the required amount of
habitat (benefit), and the total costs (principally financial, but
often also social or political) of reaching conservation goals
(Klein et al. 2017). These components of cost effectiveness
can be included in spatial modeling approaches, as conducted
here through the inclusion of key spatial layers. For example,
in this study, we included layers of existing human land uses
in BBNs that precluded restoration from occurring in these
areas. Future iterations of these models could include maps
depicting variability in costs for restoring in different parts of
estuaries (due to, e.g. accessibility), social costs
(e.g. reductions in access for recreational boating), and/or vari-
ability in restoration costs due to existing habitat condition
(e.g. some sites may need remediation prior to restoration);
indeed the lack of these sorts of considerations is a weakness
of the approach we undertook here, and need to be strengthened
to enable a proper analysis of costs versus benefits. Alterna-
tively, they can be used to quantify cost effectiveness of actions
within individual planning units, and then prioritized formally in
order of cost effectiveness. Similarly, using coordinated efforts
to restore ecosystems across landscapes has several key benefits.
First, the combined effects of individual restoration actions that
are coordinated at broader spatial scales result in social and eco-
nomic benefits and costs being more thoroughly considered
(Roy et al. 2018). Second, coordinating approaches more
broadly results in greater efficiency in the allocation of efforts
and funds to reach these heightened social and ecological bene-
fits (Neeson et al. 2015).

After targeting actions for planning units, and selecting sites
within planning units, the next stage of systematic landscape res-
toration applies the actions on the ground. Habitats should be
restored according to international best practice, and to reflect
the condition and structure (e.g. plant density and composition,
structural complexity, geometry) of extant high-quality habitat
in the region (i.e. target or reference ecosystem conditions)
(Gann et al. 2019). Stages following implementation involve
managing threats beyond the footprint of restored habitats, using
data from monitoring programs to determine if goals are being
reached, and implementing changes where necessary. Restored
habitats should, therefore, be monitored to evaluate effective-
ness (Gilby et al. 2018c¢), and restoration plans should be modi-
fied, if necessary, to improve performance against restoration
goals.

We modeled scenarios that targeted restoration of habitats to
the extent that supports the 75th percentile of fish species rich-
ness and abundance across the region, and applied these
region-wide learnings to actions for individual estuaries. This
value was chosen because it served to increase the overall carry-
ing capacity of the region for harvestable fish abundance and
maintain biodiversity more evenly across estuaries at a higher

level than simply the region mean or median. In this sense, we
are confident that restoring to the extents we targeted for each
ecosystem would result in an increase in the abundance and
diversity of fish assemblages across the region, thereby meeting
the conservation objective of enhancing fish assemblages. We
acknowledge, though, that this value could potentially be mod-
ified based on stakeholder consultation. For example, a commu-
nity may seek to restore only to the regional mean or median
(i.e. 50th percentile) values for fish assemblages or may seek
to be more adventurous and raise fish communities to the 90th
percentile. Under such a scenario, more restoration would obvi-
ously be required, so this decision may also be made on the basis
of available funds.

Further stakeholder consultation would certainly be required
for optimizing mangrove restoration extents in this study given
the complexities that we identified in relationships between hab-
itat extent and fish assemblages. Here, we identified a decline in
harvestable fish abundance after a threshold of approximately
10 m/m? of mangroves in the estuaries sampled, and rapid
declines in species richness with increasing mangrove extent.
These results are somewhat unsurprising, as previous studies
in the region have shown that fish abundance and diversity can
decline at higher mangrove extents because extensive mangrove
forests may homogenize seascapes (Henderson et al. 2019). In
this sense, stakeholders would need to be briefed and engaged
on the decision of setting the regional extent goal at 6 m*/m ver-
sus the more adventurous 22.1 m?*/m that maximizes both habi-
tat extent and harvestable fish abundance, despite the fact that
this goal would potentially not meet the overarching goal of
restoring to the 75th percentile for all ecosystems and estuaries.
An alternative option would have been to set a range as the
extent goal for mangroves, with the minimum extent being zero
and the maximum extent being 6 mz/m, which maximized both
species richness and harvestable fish abundance. We chose
against this strategy, however, for two key reasons. First, setting
an extent goal of zero sends the wrong message to stakeholders
and the public engaging in restoration planning (i.e. that man-
groves are an unnecessary ecosystem, and you could have zero
without any problems). Second, it is well established that fish
assemblages in the region rely upon the matrix of all estuarine
habitats, and this is therefore reflected in the overall restoration
objective “to restore the habitat matrix” across estuaries. Conse-
quently, setting an extent range with a minimum of zero fails
overall the restoration objective.

We modeled restoration priorities based on the likely benefits
for fish and fisheries, but we acknowledge that there might be
other motivations for habitat restoration in these systems. These
benefits are not always ecological; for example, some coastal
restoration prioritizes for shoreline stabilization, nutrient
sequestration, flood mitigation, or recreational and aesthetic
benefits. Identifying “bright spots” for restoration that maximize
outcomes for multiple restoration goals would, therefore, be a
useful extension for the framework we have presented here
(Gilby et al. 2019a). BBNs could be made more comprehensive
by incorporating additional datasets (e.g. habitat quality, hydrol-
ogy, genetic connectivity/viability; not yet available in this
region) to inform spatial prioritization exercises. In our case
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study, we only analyzed direct restoration of marine habitats.
A broader, cross-realm approach to restoration that also consid-
ered catchment revegetation could consider actions to improve
water quality when prioritizing restoration efforts (Saunders
etal. 2017).

In the face of continuing global habitat loss and degradation,
it is crucial that sound and defensible decisions are made about
which habitats to restore and where to restore them. These deci-
sions typically involve a trade-off between improving ecological
values, minimizing any negative consequences for users
(e.g. recreational and aesthetic considerations), and minimizing
financial costs. It is possible to optimize the placement of resto-
ration investments using quantitative goals and empirical data
on habitat values and restoration feasibility; indeed, these
approaches should become the norm. The challenge before us
is to use these approaches to design and implement better plan-
ning techniques that systematically prioritize restoration invest-
ments to achieve better restoration outcomes at lower costs.
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