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ABSTRACT

There is a growing recognition that conservation strategies should be designed accounting for cross-realm
connections, such as freshwater connections to land and sea, to ensure effectiveness of marine spatial protec-
tion and minimize perverse outcomes of changing land-use. Yet, examples of integration across realms are
relatively scarce, with most targeting priorities in a single realm, such as marine or freshwater, while minimizing
threats originating in terrestrial ecosystems. To date, no study has optimized priorities across multiple realms to
produce a spatially explicit integrated conservation plan that simultaneously accounts for multiple human ac-
tivities at a national scale. This represents a major gap in the application of existing cross-realm planning theory.
We present a national scale conservation framework for selecting protected areas using a case study of Papua
New Guinea (PNG) that integrates multiple systems and ecological connectivity to account for cross-realm
benefits and minimize threats of land-use and climate change. The relative importance of both the forests and
inshore reef environments to PNG subsistence and commercial livelihoods emphasizes the importance of
considering the connections between the land and sea. The plan was commissioned by the PNG Conservation and
Environment Protection Authority and identifies a comprehensive set of priorities that meet conservation targets
in both the land and sea. Our national-scale prioritization framework is useful for agencies and managers looking
to implement actions given multiple objectives, including watershed management and biodiversity protection,
and ensures actions are efficient and effective across the land and sea.

1. Introduction

change can undermine the effectiveness of conservation interventions.
Thus, it is critical to design conservation strategies, and in particular

Threats to biodiversity span multiple realms, such as clearing on land
that affects both terrestrial ecosystems and connected freshwater and
coastal marine ecosystems from increased erosion and sedimentation
(Alvarez-Romero et al., 2011; Stoms et al., 2005). Although protected
areas remain a cornerstone of conservation strategies to combat ongoing
biodiversity loss (Bertzky et al., 2012; Butchart et al., 2010), the impacts
of cross-realm threats or otherwise displaced drivers such as climate

protected areas, that take into account connections across multiple
realms and include likely change (Adams et al., 2014; Alvarez-Romero
et al., 2015a; Alvarez-Romero et al., 2011).

Despite increasing recognition that conservation strategies should
account for cross-realm connections, examples of integration across
realms that include climate impacts are relatively scarce (Alvarez-
Romero et al., 2015a). Most examples target priorities in a single realm,
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such as marine (Tallis et al., 2008) or freshwater (Linke et al., 2007).
Although single-realm focused decision-making can achieve local-scale
objectives efficiently, they may be ineffective in protecting biodiver-
sity (Tulloch et al., 2016). This is because changing land-use, whether
through development or conservation, has wide-reaching indirect im-
pacts on connected freshwater and marine ecosystems. Only a few
studies have integrated priorities for management across realms, and
typically, they allocate actions within a single realm but account for
benefits across multiple realms, often in an iterative rather than inte-
grated manner (Alvarez-Romero et al., 2015b; Klein et al., 2010; Klein
et al., 2014; Tulloch et al., 2016). Previous research shows that ignoring
connections in conservation plans delivers substantially different spatial
priorities compared to approaches that are integrated and connected
(Makino et al., 2013; Tsang et al., 2019). To date, no study has optimized
priorities simultaneously across multiple realms to produce a spatially
explicit integrated conservation plan for connected terrestrial and ma-
rine conservation priorities given multiple threats including future
change (but for a review of existing approaches see Adams et al., 2014;
Alvarez-Romero et al., 2015a). This represents a major gap in conser-
vation planning theory.

Potential reasons for the lack of fully integrated cross-realm con-
servation plans that account for multiple threats include barriers in data
availability or technical capacity in existing optimization approaches
(Adams et al., 2014; Alvarez-Romero et al., 2015a). However, both of
these barriers are rapidly diminishing. For example, global data sets of
watershed boundaries and sub-basin delineations are now available to
support planning and prioritization efforts at global scales (e.g.,
HydroSHEDS, Linke et al., 2019). They allow for analysis of up- and
downstream connectivity (Allan et al., 2019; Hermoso et al., 2012).
Multiple tools that assist both understanding and modelling runoff re-
gimes are available, even for data-poor regions (Brown et al., 2019).
Models for dispersion of pollutants and sediments in the ocean range
from putative representation of threat impacts using relative indices
(Halpern et al., 2009) to hydrodynamic modelling that explicitly link
dispersal and transformation of pollutants to ocean processes (Wolff
et al., 2018). There have also been advances in optimization approaches
to support cross-realm planning (Cattarino et al., 2018; Cattarino et al.,
2015; Tsang et al., 2019; Wenger et al., 2020). Despite the increased
availability of these data, tools and frameworks, the majority of coastal
marine protected area (MPA) planning is still conducted without
consideration of adjacent and upstream land-use, nor of likely land-use
change.

We present a national-scale systematic conservation framework that
integrates multiple systems, multiple threats and cross-realm connec-
tivity to account for cross-realm benefits that minimize the chance of
protecting inefficient degraded areas. We use Papua New Guinea (PNG)
due to its globally significant biodiversity, rapidly accelerating threats,
and the connected nature of the terrestrial and marine ecosystems (e.g.,
the Fly and Sepik rivers represent globally significant river discharges).
The relative importance of both the forests and inshore reef environ-
ments to PNG subsistence and commercial livelihoods emphasizes the
importance of considering the connections between the land and sea.
Ridge-to-reef planning aims to connect the protection of terrestrial,
coastal and marine habitats in order to ensure that forests that are up-
stream of important coral reefs or coastal habitats are intact, and
therefore support the flows between upstream and downstream con-
servation values. Our framework expands on previous land-sea conser-
vation research developed by Tulloch et al. (2016), by including
asymmetric connections between catchments on the land and marine
planning units, and prioritizing both realms simultaneously. We use our
new framework to identify areas of conservation priority across land and
sea, accounting for asymmetric connectivity between realms. To
demonstrate the accessibility of the approach, we conduct individual
land and sea prioritizations to quantify the extent to which optimizing
priorities jointly changes spatial distribution and potential impacts on
efficiency of conservation plans. We discuss the use of existing data
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products that we utilized, that are freely available, and can support this
approach in other regions, particularly those that are data-poor or have
limited technical capacity.

2. Methods
2.1. Case study region

PNG has a land area of 461,690 km?, encompassing tropical forests,
savannah grass plains, big rivers and deltas, swamps and lagoons, and
numerous islands and atolls to the east and north east of the country. The
main island of New Guinea supports an estimated 5-9% of the world’s
terrestrial biodiversity on less than 1% of its land area (Mittermeier
etal., 1998). Similarly, the marine environment of PNG is highly diverse
and productive; PNG waters are considered part of the Coral Triangle,
which contains the world’s highest marine biological diversity. Its coral
reefs and associated marine habitat are home to about 2800 species of
fishes, about 10% of the world total (Randall, 1998).

Over 80% of PNG’s population is dependent on subsistence agri-
culture for food, and increasingly, small scale cash crops which results in
increased rates of forest conversion and degradation (annual rate of
degradation of 1.41% (Shearman & Bryan, 2011). Similarly, PNG’s in-
dustries such as mining, forestry and palm oil, are rapidly expanding,
and all result in forest conversion and increased pollutants in water
ways. Cross-realm conservation has been identified as a critical research
gap stemming from outcomes of previously developed single-realm
plans for land (Lipsett-Moore et al., 2010) and the ocean (Marine Gap
Analysis, Government of Papua New Guinea, 2015).

2.2. Land-sea prioritization approach

One approach to planning for land-sea connections is to prioritize
land areas with lower erosion (i.e. intact forests) so that these forests
continue to provision downstream ecosystem services such as (reduced)
land erosion, clean water, and connectivity for freshwater and marine
fish (e.g., Alvarez-Romero et al., 2015b). This approach is simplistic as it
does not simultaneously connect and prioritize intact terrestrial and
marine areas, but instead aims to minimize land-sea threats by pro-
tecting low erosion sub-catchments. Similarly, marine planning ap-
proaches may consider the downstream impacts of runoff from
development (e.g. Tulloch et al., 2016), but do not account for the
simultaneous benefits of land conservation.

A more sophisticated approach to ridge-to-reef planning is to
explicitly include both the impacts of erosion and runoff in the marine
realm, and upstream benefits of land protection to avoid runoff. Asym-
metric land-sea connectivity allows directional connections between
catchments and marine planning units to be considered, thus more
effectively capturing true ecological and locational connectivity (Beger
et al., 2010b). For example, if a reef is prioritized, then connected up-
stream catchments are more likely to be prioritized. Similarly, if a
catchment is selected, it will impact the selection of nearby reefs. This
requires the integration of outputs from erosion and runoff modelling,
and ocean dispersal of sediments, within a spatial prioritization
framework.

2.3. Marxan with land-sea connectivity

To account for asymmetric land-sea connectivity, we developed a
new framework that uses Marxan with Connectivity, an extension of the
popular decision-support tool Marxan (Ball et al., 2009a). Marxan is an
area selection algorithm that finds priority conservation areas given
their cost-effective contribution to achieving biodiversity targets. In
standard Marxan, only connectivity in the form of spatial adjacency
between planning units can be considered in the form of a “boundary
length modifier” (BLM), which allows final solutions to be clumped.
Marxan with Connectivity allows planners to consider asymmetric
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connectivity by including an additional user-defined connectivity “cost”
in their prioritization (Beger et al., 2010b), to link planning units that
may not be spatially adjacent but connected ecologically. The steps for
including land-sea connectivity in spatial conservation planning are: 1)
Identify conservation goals, 2) Identify biodiversity features, 3) Define
scale of action, 4) Set targets, 5) Identify connections, 6) Define costs
and constraints and 7) Spatial prioritization using Marxan with Con-
nectivity. We describe the process below and in Fig. 1.

1. Step 1: Identify conservation goals and objectives

To optimally prioritize actions across land and sea realms, it is
essential to clearly state the highest priority objectives (Possingham
et al., 2001). These objectives could be driven primarily by threatened
species conservation, or managing existing pressures, or exploring new
development options (e.g., Tulloch et al., 2016), depending on the re-
gion and the needs of the stakeholders. Our objectives were defined in
consultation with the PNG Government, and covered local, cross-realm
and global objectives: represent marine habitats and important areas for

Biological Conservation 254 (2021) 108954

threatened or high value species (fish spawning aggregations, critical
habitats for whales, seabirds and sea turtles); represent land habitats,
endemic or threatened terrestrial fauna, and climate refugia; and
incorporate asymmetric riverine connectivity to protect land catchments
with low deforestation whilst avoiding coastal areas that may contain
degraded reef ecosystems from runoff (Fig. 1).

2. Define the scale of conservation actions

To allocate actions spatially, the planning region should be divided
into a number of planning units, the size and dimensions of which are
user-defined. If spatial conservation planning has already been con-
ducted in the region, units developed previously could be used for ex-
pediency and consistency. Land-sea runoff modelling is typically
conducted at the scale of watersheds and sub-watersheds, however, so
these may be a more efficient planning unit choice for land actions as the
results of hydrodynamic models can be readily transferred to each
planning unit. If other units were chosen for actions on the land (such as
property cadasters, or traditional tenure), transferring outputs from

Step 1: Identify conservation goals and objectives

Local scale/singlerealm —e.g. protect
terrestrial and marine fauna and
habitats (LGA, MGA)

Global scale—e.g.,, accountfor climate
change impacts

Cross realm —e.g., maximise land-sea
conservation connectivity by
accounting for runoff

A 4

Step 2: Define scale of conservation actions

Land — e.g., land parcels, watersheds
(HydroSHEDS)

Marine— e.g., hexagonal planning
units (MGA)

Regional —e.g., stratify conservation
features by ecoregion (LGA, MGA)

A 4

Step 3: Identify biodiversity features

Biodiversity and natural features (LGA,

Threats (presente.g., land-use and
future e.g., climate change) (LGA)

Data gaps

7

Step 4: Set targets

Consider local, regional, national and
global objectives and policies (LGA,
M

Consider adequacy and representation
objectives

Weight according to feature “value”
(e.g. threatened status) (LGA, MGA)

A 4

Step 5: Identify connections

Spatial adjacency (shared boundary)
(LGA, MGA)

Symmetric (e.g., biological or
ecological processes or movement)

Asymmetric (e.g., non-adjacent but
connected catchments and
downstream regions)

W

Step 6: Define costs and constraints

Costs — e.g., socio-economic, opportunity, implementation

(LGA, MGA)

Constraints — what areas should be avoided (e.g. consider
threats), or included (e.g. existing protection) (LGA, MGA)

Planning units and costs
(pu.dat)

Amount of conservation
features in each planning
unit (puvsp.dat)

Conservation features and
targets (spec.dat)

Connectivity matrix —spatial
adjacency, symmetric/
asymmetric (bound.dat)

Fig. 1. Flowchart of steps for including land-sea connectivity in spatial conservation planning: 1) Identify conservation goals, 2) Define scale of action, 3) Identify
biodiversity features, 4) Set targets, 5) Identify connections, 6) Define costs and constraints, and 7) Spatial optimization using Marxan with Connectivity. We also
note in the boxes where previous research has been used to inform objectives, scale, targets and constraints (MGA = Marine Gap Analysis, LGA = Land Gap Analysis).
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runoff models would require spatial interpolation to the new scale of the
planning unit boundary.

For terrestrial planning units, we used the HydroBASINS watershed
boundaries for Papua New Guinea created by HydroSHEDS (htt
p://www.hydrosheds.org/page/hydrobasins). HydroSHEDS and the
associated HydroATLAS database provides open-source readily avail-
able data on catchments, river flow, and other processes necessary as
data inputs for the land-sea model (Linke et al., 2019). Using the
HydroSHEDS database at 15 arc-second resolution, watersheds were
delineated in a consistent manner at different scales, and a hierarchical
sub-basin breakdown was created following the topological concept of
the Pfafstetter coding system (see Stein, 2018). There were a total of
3301 sub-catchments in our terrestrial planning unit layer, with an
average area of 14,400 ha.

For the marine region, we used the same hexagonal planning units
employed in the Marine Gap Analysis (Government of Papua New
Guinea, 2015). The EEZ of Papua New Guinea was divided into 50,215
hexagonal planning units encompassing both deep and shallow water
habitats and adjacent coastal areas where mangroves were present. Each
hexagon had an area of 5000 ha; a size deemed appropriate for both the
scale of the analysis and the computing and processing time required by
Marxan. Given the coastal land-sea focus of our framework, we locked in
all priority areas identified in the previous Marine Gap Analysis that
were offshore and constrained our analysis to those marine planning
units in the coastal shelf.

The final step in defining the scale of conservation actions is to
calculate the amount of each conservation feature in each planning unit.
We stratified features by bioregions and ecoregions, defined in previous
national-scale prioritizations for land (Lipsett-Moore et al., 2010) and
marine environments (Government of Papua New Guinea, 2015; Green
et al., 2014) (Fig. 2).

Southwest Pacific Warm Pool

y - Torres Strait
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3. Identify conservation features

To represent the biodiversity of a region, spatial data should be
collected and mapped on biotic and abiotic features including biological
(e.g., species, communities, habitat types, critical habitat) and physical
(e.g., geology, climate) attributes. To avoid bias in final spatial outputs,
only data that covers the whole study region should be used. Data can be
obtained from online sources (e.g. IUCN Red List of Threatened Species,
https://www.iucnredlist.org/), data repositories, as well as previous
conservation plans, whilst proprietary data such as fisheries effort or the
locations of culturally important sites are typically obtained from
stakeholders.

For the terrestrial environment, we included coarse filter data of
land-use cover and habitat types, climate refugia, and special features
including distributions of endemic and threatened species, as previously
used in the land gap analysis (Lipsett-Moore et al., 2010) (Table 1, for a
full description of datasets and targets see Supplementary methods and
Tables S1-S3). For the marine environment, we included biophysical
data on geomorphology, critical habitat for threatened bird, turtles and
marine mammals, and reef fish spawning sites, as previously used in the
marine gap analysis (Government of Papua New Guinea, 2015) (Table 1,
Table S3).

4. Set targets

Conservation targets should align with regional, national or global
conservation policies and objectives (e.g., signatories to the United
Nations Convention on Biological Diversity (CBD) are required to meet
spatial protection targets of at least 10% of coastal and marine areas and
17% of terrestrial areas in protected areas to slow the global loss of
biodiversity (Convention on Biological Diversity, 2010)). Features can

S 3
Bougainville:
L Y

h g

— Major rivers
N l:] Terrestrial ecoregions
y B ___ Marine bioregions

ﬁ\ > L
Southeas!ern Islands -
Marine ecoregions

Northern Coral Sea

N

0 125 250 500 A
Km

Fig. 2. Study area highlighting terrestrial ecoregions (Lipsett-Moore et al., 2010), marine bioregions and ecoregions (Government of Papua New Guinea, 2015; Green
et al., 2014), and major rivers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Description of conservation features, associated data set, and targets for
terrestrial and marine ecosystems.

Realm Type Description Number  Target
features
Terrestrial ~ Land systems  Abiotic land 359 A 10% target
systems (81) was set for each
stratified by abiotic land
ecoregions system class

across Papua
New Guinea.

Terrestrial ~ Vegetation Natural vegetation 954 A 10% target
types (61 total: 36 was set for any
Forests, 6 natural
Woodland, 3 vegetation type
Savanna, 3 Scrub, (e.g., forested,
11 Grasslands, 1 grassland, etc)
Mangrove and 6 in keeping with
Non Vegetation the previous
Types) stratified by POWPA,
percentage stratified by
disturbed and by each ecoregion.
ecoregion. No targets were
set for
developed
classes (e.g.,
bare, oil palm,
timber
plantation).
Terrestrial ~ Fauna - Restricted Range 170 Recognizing
Restricted Endemic Species that restricted
Range including Bird of range endemic
Endemic Paradise (10), Tree species are only
Species Kangaroos (12), found at a single
Reptiles and site, these
Amphibians (123), species were
Mammals (25) given 50%
targets.
Terrestrial ~ Fauna - TUCN RedList 28 Given the coarse
Critically Critically resolution of
Endangered Endangered and this data and
and Endangered large spatial
Endangered terrestrial species extent for most
terrestrial ranges including of these features
species mammals (27) and we applied a 5%
amphibians (1). target. Given the
large ranges,
sensitivity tests
for these
features
revealed most
met their
representation
targets in the
prioritizations
without
requiring actual
targets to be set.
Terrestrial ~ Climate Climate refugia 1 We used a
refugia threshold
approach,
where planning
units with a
probability of
less than 0.25
(>25% chance
of acting as a
climate refugia)
were targeted
5%.
Marine Biophysical Habitat 1575 We set a goal of
habitat data conservation 10% for all
features (oceanic habitat
geomorphological conservation
features (19), depth features
class (7), coastal stratified by
mangroves (1), marine
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Table 1 (continued)

Realm Type Description Number  Target
features
nonreef shallow bioregion and
shelf (1), coral reefs ecoregion. This
(169)) stratified by reflects the CBD
marine bioregion target of 10%
and ecoregion. protection for
marine habitats.
Marine Fauna Areas important for 10 A 20% target

was set for each
of these special
features.

shorebirds and
seabirds (Beck’s
Petrel, Streaked
Shearwater,
Heinroth’s
Shearwater,
Rednecked
Phalarope, Brown
and Black Noddy,
Greater Sand
Plover), Blue whale
critical breeding
sites, Sperm whale
historical catches,
Green turtle

be given different weights according to their “value” (e.g., one might
wish to assign endemic or threatened species elevated conservation
priority) (Arponen et al., 2005; Carwardine et al., 2009). The concepts of
adequacy, or the ability of conservation measures to conserve biodi-
versity, should be considered in the setting of targets (Carwardine et al.,
2009).

Our overall goal was to protect approximately 20% of PNGs marine
and terrestrial environments, by differentially weighting conservation
features (Table 1). Targets were defined iteratively based on discussions
with stakeholders. We targeted features at national and regional scales
(Table 1), using ecoregions and bioregions defined in the previous
national-scale prioritizations for land (Lipsett-Moore et al., 2010) and
marine environments (Government of Papua New Guinea, 2015)
(Fig. 2).

5. Identify connections

The most important step in the land-sea prioritization is to identify,
model and quantify connections. It is possible to include several types of
connectivity in the advanced Marxan tool, for example, locational con-
nectivity (e.g., forest corridors, reef complexes), biophysical connec-
tivity (e.g. ridge-to-reef), and ecological connectivity (e.g., migratory
routes, dispersal).

Here, we included 3 types of connectivity:

1) riverine connectivity of our terrestrial planning units,

2) marine connectivity of our marine planning units, and

3) land-sea connections between our terrestrial and marine planning
units taking into account freshwater runoff and plume modelling.

For riverine connectivity we used asymmetric connectivity based on
freshwater sub-catchment connections, as detailed in Linke et al. (2012).
For marine connectivity, we included shared boundaries of marine
planning units, as this is the standard method for including connectivity
in marine conservation planning. Other types of connectivity that could
be considered in the marine realm include biological processes such as
dispersal and larval connectivity (Beger et al., 2010b; White et al.,
2014), fish spawning and aggregation connections (Beger et al., 2015),
physical characteristics such as ocean circulation patterns (Magris et al.
2016), seascape or ecosystem connectivity (Mumby, 2006), and migra-
tory pathways (Beger et al., 2015). Land-sea connections require spatial
information on terrestrial erosion and sedimentation levels across a
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region, and associated downstream outputs of sedimentation and other
pollutants transport from the land into coastal waters. This can be ob-
tained from existing hydrodynamic, erosion and sediment models, if
such outputs are available. If not, this information must be derived, by
using in-situ data or remote sensing (e.g., Rodriguez-Guzman and
Gilbes-Santaella, 2009) or developing new models (see Merritt et al.,
2003 for a comprehensive review).

Here, we developed a land-sea runoff and ocean dispersal model
based on previous work by Tulloch et al. (2016), expanding to a national
scale. We used the open-source version of the runoff simulation tool N-
SPECT (Nonpoint Source Pollution and Erosion Comparison Tool)
(Eslinger et al., 2005) in MapWindow GIS to simulate runoff and sedi-
ment discharge from watersheds at river pour points. N-SPECT combines
data on elevation, slope, soils, precipitation, land cover characteristics,
as well as surface retention and abstraction (USDA, 1986), to derive
estimates of runoff, erosion and pollutant sources (nitrogen, phospho-
rous and suspended solids), and accumulation in stream and river net-
works (data sources and transformations for N-SPECT parameterization
described in Supplementary Methods, and see Tulloch et al., 2016). We
applied an existing plume model (Halpern et al., 2008) for those rivers
with runoff values above 5%L/yr. We spatially calculated the accumu-
lated sediment from the N-SPECT output at each river mouth for each
scenario. A simple linear regression model was used to fit the distance of
a plume per river discharge in the statistical computing software, R; the
resulting function was applied to calculate the plume distance from river
mouths.

6. Identify costs and constraints

Efficient conservation planning considers the relative costs of spatial
action across a landscape (Naidoo et al., 2006). Cost metrics can be
derived from a variety of different sources, depending on the manage-
ment objectives and available data (Carwardine et al., 2008), and are
often based on spatial socioeconomic data (Ban and Klein, 2009). On the
land, this might be based on land acquisition or stewardship costs
(Carwardine et al., 2008), or proxies of human presence. In marine en-
vironments, costs might be derived from opportunity costs to fishers, or
other proxies of human resource use (Ban and Klein, 2009), or trans-
action costs (Gissi et al., 2018). Other metrics could include the cost of
obtaining data (Tulloch et al., 2017), feasibility metrics (Jones et al.,
2018; Tulloch et al.,, 2014), or implementation and management
capacity.

Our land cost surface layer was initially derived from a previous
terrestrial conservation plan for the region (Lipsett-Moore et al., 2010),
which used socio-economic information as a proxy for cost of protection
based on the 2000 population census data for Papua New Guinea (NSO,
2011). Each population census point was summed to provide a total
population value for each hexagon. This provides the appropriate
gradient for Marxan to work with, from populous areas where it is
expensive to create and manage protected areas, to less populous areas
where it is less expensive to create and manage protected areas and
where human threats tend to be lower. For the marine cost surface, we
used a surrogate for fishing pressure to represent the lost opportunity
costs of conservation, based on the same distance landings-weighted
cost model used in the previous Marine Gap Analysis (Government of
Papua New Guinea, 2015). The relative cost of conservation was
determined in terms of the opportunity cost to fisheries, calculated by
determining the distance of each planning unit from ports, weighted by
fisheries landings at those ports. Once combined, we standardized the
marine and land cost values so that bounds were comparable.

In order to avoid areas of high conflict we locked out areas identified
as having existing or proposed mines, oil and gas. These were identified
by buffering point data for these sites with a 5 km buffer and locking out
any catchments contain more than 25% mining oil or gas sites. We also
avoided major towns and villages. We used the census data to create
buffers around all towns in PNG proportional to the population, with a
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maximum buffer of 10 km around the biggest villages. We assigned any
catchments with >25% of their area containing village buffer as unable
to be selected for conservation priority (locked-out).

7. Spatial prioritization using Marxan with Connectivity

The final step is to run Marxan with Connectivity to find priority
conservation areas that account for ecological linkages. There are
several options for running Marxan with Connectivity, including
running from source code, software (https://marxansolutions.org/
software/), or using ‘Marxan Connect’ (https://marxanconnect.ca), a
new open source, open access Graphical User Interface (GUI) tool
(Daigle et al., 2020).

As Marxan is a decision-support tool, it can be used to compare
outputs of different planning scenarios (Daigle et al., 2020). Here, we
considered three planning scenarios. The first scenario was based on
single-realm land conservation planning that aimed to avoid erosion
solely on the land, ignoring cross-realm connectivity and marine pro-
cesses (hereafter “land-focused” scenario, Table 2). The second scenario
considered runoff from the land in marine priorities alone, and did not
prioritize terrestrial regions (hereafter “marine-focused” scenario),
similar to that used in recent conservation plans (e.g., Delevaux et al.,
2018; Tulloch et al., 2016). The third was the new asymmetric land-sea
prioritization, that optimizes priorities for both marine and terrestrial
regions together. This shifts marine priorities to ensure that connected
terrestrial, coastal and marine habitats are protected, where possible in
lower erosion catchments (hereafter “cross-realm” scenario, Table 2).

We parameterized Marxan for each scenario without representing
any asymmetric connections between planning units (hereafter “Stan-
dard” approach, Ball et al., 2009b), and then included biophysical
connectivity into the objective function (“Connectivity” approach, Beger
et al., 2010a; Beger et al., 2010b; Daigle et al., 2020) (Table 2).

The cross-realm and marine-focused scenarios include the outputs of
the ridge-to-reef runoff model, which accounts for the chance of marine
ecosystem degradation due to deforestation and agriculture. For these
two scenarios, we used a thresholds approach to prioritizing marine
planning units based on level of threat (or runoff) in each planning unit.
We tabulated statistics for all marine planning units where there was
predicted runoff, including average, minimum, maximum, and total
summed accumulated sediment, and used these to set thresholds for
avoiding runoff in coastal waters. Given that Papua New Guinea has
high levels of natural runoff and sediment entering coastal waters due to
high rainfall and steep topography, we used an approach which accepts
a certain level of risk. To this end, we allowed areas with low to medium
levels of runoff to be included in the prioritization. We calibrated the
threshold for sediment by comparing plumes with Landsat images be-
tween 2012 and 2014 for Papua New Guinea, and chose a minimum
accumulated sediment threshold of 5,000,000 T. To help ensure the
selected network comprised a compact set of protected areas, we utilized
the boundary length modifier (BLM) function within Marxan.

For each scenario we ran Marxan to identify spatial priorities to meet
our conservation targets and connectivity objectives for the lowest
possible cost (Ball et al., 2009b). We kept the same number of iterations
(10,000,000), runs (100) and the associated cost consistent in all plan-
ning approaches. The best solution (the one with the minimum objective
function score) and selection frequency (i.e. number of times a planning
unit was selected across the 100 solutions) were compared between
scenarios. The “selection frequency” refers to the frequency that an in-
dividual cell is selected across the 100 solutions. This gives an indication
of its importance in meeting representation targets and achieving an
efficient reserve network, and is commonly used to identify high priority
conservation areas (Possingham et al., 2000). Difference maps were
used to compare how the location of priority areas would change when
we used different constraints, by subtracting the planning unit selection
frequency of one scenario from the other. We calculated the total pro-
portion of each conservation feature in each ecoregion and bioregion to
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Table 2
Description of planning scenarios.
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Scenario Targets and objectives Land Marine Erosion  Runoff  Connectivity approach
prioritized  prioritized
Land- Land features only X Adjacency only (BLM)
focused
standard
Land- Land features, land processes - avoid erosion on land  x X One-way - from upstream catchment to downstream
focused catchment
connectivity
Marine- Marine features only Adjacency only (BLM)
focused
standard
Marine- Marine features and land X X One-way - from river mouth to marine planning units
focused processes - avoid runoff plumes
connectivity
Cross-realm Land and marine features X Adjacency only (BLM)
standard
Cross-realm Land and marine features, avoid erosion on the land X X X Two-way asymmetric connectivity between terrestrial

connectivity  and runoff in marine reserves

and marine planning units

analyze representation of conservation features in each prioritization
scenario.

3. Results

The ‘standard’ land-focused scenario identified spatially sparse pri-
orities (Fig. 3a), partially related to the distribution of human land-uses
across PNG and the lack of ecological connections between planning
units. The ‘connectivity’ land-focused scenario includes one-way
riverine connections from upstream to downstream catchments, which
shifted terrestrial priorities to upstream catchments with lower erosion,
where maintaining vegetation reduces runoff to downstream catch-
ments (Fig. 3b,c). This was particularly noticeable in western mainland
New Guinea where priorities’ selection frequency increases dramatically
for upstream catchments that would flow into the Gulf of Guinea and
Torres Strait (Fig. 2, 3c).

The ‘standard’ marine-focused scenario that ignored connectivity
prioritized several high-runoff areas, including the New Britain coast
where high coral cover exists (Northeastern Island ecoregion), the
Trobirand Islands in the south-east, and coastal areas of Central Range
(Fig. 3d). Priorities from the marine-focused ‘connectivity’ scenario
shifted away from plumes with high sediment concentrations, such as in
the south around the discharge regions for the Central Range ecoregion
and the Fly River in the Southern New Guinea ecoregion (Fig. 3e,f).
These southern regions with heavy runoff discharge were identified as
high conservation priority in the ‘standard scenario’ that did not account
for the impacts of upstream land erosion (Fig. 3f).

Including cross-realm connectivity using ‘standard’ approaches
shifted some of the land priorities and marine priorities to align such
that some adjacent coastal areas and reefs are protected (Fig. 4a). This
alignment of connected coastal areas and reefs was maintained when
asymmetric land-sea connectivity was included, but priorities moved
towards connected upstream catchments (Fig. 4b). For example,
terrestrial priorities shifted to capture upstream sub-catchments con-
nected by rivers to coastal reef ecosystems on the mainland such as
Northern New Guinea and the Southeast Peninsula (Fig. 4c). Marine
priorities in the asymmetric scenario also shifted away from areas of
higher runoff (Fig. 4c). For example, inshore marine priorities in the
Southeast Peninsula near Popondetta and Alotau shifted further offshore
to avoid runoff under the asymmetric connectivity scenario (Fig. 4c).

We found ecoregional differences between the size of the final so-
lution and the amount of conservation features in each connected land-
sea region (Tables S4-5). The land-focused best solution was smaller
than the land-sea scenario for most island ecoregions by an average 18%
(Table S4), and larger by an average 13% for most mainland ecoregions
(Northern New Guinea, Central Range, Southern New Guinea, Fig. 5,

Table S3). Conversely, total accumulated sediment by ecoregion was on
average highest on the mainland (Northern New Guinea, Central Range,
Southern New Guinea, mean ~680,000 T per subcatchment) and lowest
in the island ecoregions (Southeastern Islands, Admiralty Islands, Tro-
birand Islands mean <25,000 T per subcatchment) (Fig. 5, Table S3).
The amount of coral reef in coastal areas connected to land sub-
catchments was on average inversely related to the accumulated sedi-
ment by ecoregion, with highest representation in the island ecoregions,
and lowest around the mainland where there is high runoff, with the
exception of the Southeast Peninsula where there is relatively high coral
cover and moderate levels of runoff (Fig. 5). Solutions that included
asymmetric connectivity shifted priorities away from river plumes in
this south-eastern region. Turtle nesting beaches on smaller islands (e.g.
Trobirand Islands, Manus Island) with low runoff and low erosion
(Fig. S1) were also prioritized more in the asymmetric conservation
solutions than in the single-realm solutions (Fig. 5, Table S4).

We used outputs of the erosion model to validate our prioritization
outputs. Accumulated sediment levels for each reserve network were up
to 40% higher in standard solutions than in asymmetric solutions (Fig. 5,
Table S5). Although the conservation network was 3% larger overall for
the cross-realm asymmetric scenario than for standard scenario (9418
planning units), the total amount of erosion was more than 15% lower
(>3.5¢” tonnes) in the asymmetric scenario (Table S5). The lowest
erosion levels across the whole network were found in the land-focused
scenario (2.5¢° tonnes). Similar ratios were found for local concentra-
tions of sediment in catchments (Table S4).

4. Discussion

Making management or conservation decisions for ecologically
connected land-sea systems is inherently challenging, especially in the
face of increasing pressure from a growing population, land develop-
ment, and effects of climate change. We perform an integrated land-sea
planning prioritization that incorporates ecological connections to pri-
oritize areas simultaneously across realms, whilst accounting for mul-
tiple human pressures. Our analysis demonstrates how incorporating
asymmetric land-sea connectivity shifts both terrestrial and marine
priorities, emphasizing the importance of accounting for these connec-
tions when planning. Furthermore, by considering multiple pressures
acting upon the environment both now and into the future and explicitly
targeting climate refugia we ensure that resulting conservation plans are
more resilient in the long term. Our national-scale prioritization
framework is useful for agencies and managers looking to implement
actions given multiple objectives, including watershed management and
biodiversity protection, and ensures actions are efficient and effective
across the land and sea.
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Fig. 3. Land or marine priorities based on: a) Stan-
dard land approach; b) Connectivity approach
(incorporating riverine connectivity based on runoff
model); and c) Difference (connectivity priority value
minus standard approach). Marine priorities based
on: d) Standard approach; e) Connectivity approach
(incorporating land runoff by avoiding plumes); and
f) Difference (connectivity minus standard), (where
red is a higher conservation priority for standard
connectivity, and blue is higher priority for asym-
metric connectivity). (For interpretation of the ref-
erences to colour in this figure legend, the reader is
referred to the web version of this article.)

7 €3

Important trade-offs were identified in our comparative analysis of
scenarios between accounting for connectivity, costs, and risks to con-
nected downstream marine ecosystems (Fig. 6, Table S5). Ignoring
ecological connections between land and sea resulted in erosion levels at
the country scale that were 15% higher than if connections were
considered. Ecological consequences for downstream marine ecosystems
from pollutants in rivers include coral reef mortality, ecosystem degra-
dation and marine turbidity (Fabricius, 2005). In regions with high
levels of sediment and/or pollutant runoff, these impacts have already
been seen (e.g., the Great Barrier Reef Australia, Fabricius, 2005).
Although the land-focused conservation network had lower erosion
levels overall, resulting in lower total levels of accumulated sediments in
rivers, ecological connections were missing between the land and sea.
Because of this, connected land and marine priorities observed in
southern areas with higher runoff - such as the Southeast Peninsula of
mainland PNG in the asymmetric scenario, linking mangroves, coral
reefs and forests - were missing from the land-focused scenarios. The

1,000

lack of marine priorities in this area means that human activities in the
ocean will continue to impact these coastal ecosystems, and land con-
servation will not improve outcomes for biodiversity downstream. A
more efficient connected reserve system prioritizes both downstream
and upstream areas simultaneously to avoid threats driven by land and
marine activities, as occurs in the asymmetric scenario, thus ensuring
maximum effectiveness of conservation efforts. Our framework makes it
possible for planners to evaluate such trade-offs in potential manage-
ment and opportunity costs of conservation versus ecological benefits
(Fig. 6, Table S5).

The local and global objectives considered here are defined by single-
realm conservation goals, such as forest protection or turtle conserva-
tion, or the local impacts of global drivers such as climate change. Cross-
realm objectives arise from the relative dependency of local livelihoods
on forests and inshore reef environments, and associated importance of
connections between the land and sea. The stronger the dependency is
on both land and sea resources, the more critical it is to include
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Fig. 4. Land-sea priorities based on: a) standard connectivity; b) incorporating asymmetric land-sea connectivity; and c) difference between asymmetric and
standard (where red is higher conservation priority for standard, and blue is higher conservation priority for asymmetric connectivity). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

connectivity in decision-making. For regions like PNG, where local
livelihoods are driven by resource availability on the land as well as
from coastal reef systems, maintaining high quality connected ecolog-
ical ecosystems is crucial. In this PNG context, cross-realm conservation
was identified as a critical research gap stemming from outcomes of
previously developed single-realm plans for land (Lipsett-Moore et al.
2010) and the ocean (Government of Papua New Guinea, 2015). Spe-
cifically, the national marine protected area plan conducted in 2014
identified a number of coastal areas for protection that were recognized
by local planners as risky due to the chance of inundation or runoff from
the land (Government of Papua New Guinea, 2015). Although these
single-realm plans may be highly efficient at meeting conservation tar-
gets for land or sea biodiversity, they are inefficient when biophysical
connections between land-use and coastal ecosystems are considered.

This raises issues not only for the effectiveness of conservation measures
currently in place, but also economic efficiency of conservation plan-
ning. Consideration of cross-realm interactions and objectives prior to
investment into initial single-realm plans could have saved considerable
time and money, in addition to providing more effective connected
conservation plans for land and sea regions.

Equitable conservation action requires consideration of not only
impacts of land-use on connected ecosystems, but also divergent socio-
economic values and needs of people who rely differently on land and
marine resources (Halpern et al., 2013; Turner, 2000). In PNG, the
majority of land is under customary tenure (Anderson, 2006), and local
community dependency on land and marine ecosystems for livelihoods
and resources is high. The average size of the asymmetric conservation
networks was slightly larger than those that ignored connectivity, which



V.J.D. Tulloch et al.

Biological Conservation 254 (2021) 108954

100
90
80
=
8 70
S 60
<
)
f_( 50
o 40
=
S 30
® 20
P Lo [hoald. UW
O | =
Southeastern Admirality  Trobirand Bougainville Northeastern Southeast Northern Central Southern
Islands Islands Islands Island Peninsula New Guinea Range New Guinea
W Accumulated sediment (mean) Coral reef Turtle critical habitat
B Mangrove M Forest OAsymmetric solution

O Land-focused solution

Fig. 5. Amount of coral reef, turtle nesting beaches, mangroves, forest, and accumulated sediment in each ecoregion proportional to the whole country total (as a
percentage), with proportional number of planning units selected in the asymmetric land-sea solution and no connectivity (standard) land solution for

each ecoregion.

12000 - 4500000

=

4000000 ¢

10000 - 2
3500000 =
" £
.‘é‘ 8000 A 3000000 s

=} o
5 2500000 5
+ 6000 °
2 2000000 =
5 3
3 4000 A 1500000 &
1S

1000000 €

2000 4 3
500000 2

ol M | 0
< ’&b .\\.\{é N 'z}é _\\,\{é X /b& '\4\@
’bo Q/é( ’bo Q/é ’DQ Q/(}I
S XS XS
S N ) & ) N
N & o & & &
N3 S & <& N s
& Ny &S & N
K S
N
Cost mmmm Number of planning units @ Accumulated pollution

Fig. 6. Trade-offs between costs and number of planning units in each scenario
(bars, primary y-axis), and accumulated sediment contained within each final
reserve network (black line, secondary y-axis).

may result in slightly higher opportunity costs to local landholders, but
important ecological gains could be achieved for downstream marine
ecosystems and species by linking priority conservation areas across
realms that benefit people dependent on marine resources. For example,
considering ecological connectivity would ensure coral reefs that are
relatively unaffected by runoff were protected, thus promoting reef
resilience and resulting in fish biomass gains (Delevaux et al., 2018;
Strain et al., 2019). The question of valuing customary land is of
considerable importance in implementing conservation action at local
scales. Including information on local land and marine tenure as a cost in
our prioritization could improve local uptake and implementation of
conservation actions, but most tenure boundaries are not legally map-
ped across PNG. Furthermore, the size of sub-catchment terrestrial
planning units (average 14,400 ha) and marine hexagon planning units
(5000 ha) generally vastly exceed the land/sea tenure area of indigenous
Papua New Guineans. Establishing protected areas covering prioritized
units would therefore require cooperation and consent of multiple
landowning groups. Creating the actual protected areas that fully pro-
tect the areas prioritized may not be socially feasible, and the larger the
number of clans with tenure, the more costly it will be to undertake the
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consultation to both gain consent and get consensus on rules. We
endeavored to meet some of these challenges through ongoing stake-
holder engagement and consultation throughout the conservation
planning process, and after outputs had been created (see Adams et al.,
2016). Work continues at regional scales across PNG towards imple-
menting these plans to ensure conservation meets the needs of local
landowners as well as meeting biodiversity objectives.

Consideration of cross-realm ecological and biophysical connections
is increasingly recognized in policy to improve water quality, meet
global commitments to biodiversity conservation and maximize the
success of spatial protection (e.g., Borja et al., 2016). The framework
developed here can help nations meet these commitments. For some
problems, however, the downstream impacts of land-use may be negli-
gible relative to other concerns, particularly where nearshore marine
regions are not within the impact radius of rivers, or where watersheds
are relatively pristine with little deforestation, agriculture or populated
communities, or in nutrient rich ecosystems (Fredston-Hermann et al.,
2016). There are substantial areas throughout the Papua New Guinea
mainland and offshore provinces where heavy deforestation has
occurred, and where consideration of land-based threats is critical for
marine conservation, but many areas of the island provinces have
comparatively low erosion levels due to their low-lying geomorphology
and size (Table S4), suggesting sediment runoff may not pose a direct
threat. Despite this, localized impacts of open-cut mining on reefs have
been observed in island regions of PNG (e.g., in Misima Island, Fallon
et al., 2002), highlighting the need for connected land-sea planning.
Furthermore, consideration of the ecological connections between
coastal land and sea systems in conservation planning, such as those
between mangroves and reefs, is still crucial to ensure resilience to other
disturbances including climate change (Mumby and Hastings, 2008).

A major challenge to integrated land-sea planning is identifying the
relationship between actions undertaken on land, and their effects on
the marine environment. For tropical reef ecosystems, this relationship
is primarily defined by the effects of terrestrial sediment and nutrient
run-off on the condition and cover of coral reef habitats and seagrass
beds. We used a relatively simple plume model and threshold approach
to define and avoid coastal regions with high runoff that could poten-
tially be degraded from high turbidity, sedimentation and nutrients.
More rigorous and quantitative methods for linking reef ecosystems to
runoff could be used if data were available, such as spatially explicit
hydrodynamic modelling of sediment distribution, and accounting for
currents and local bathymetry in plume modelling. Alternatively, in situ
data on the condition of coastal ecosystems in the prioritization could be
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included if that were available. Mechanistic models for data-poor re-
gions have also been used to predict the condition of reef ecosystems
given different levels of runoff (Tulloch et al., 2016; Wenger et al.,
2020). Such methods could be readily incorporated into our framework,
as could seascape connectivity approaches that quantify the value of
mangroves and coral reefs (Olds et al., 2016). Incorporating such in-
formation might shift priorities towards connected mangrove/reef eco-
systems, such as in Southern New Guinea, given that high mangrove
cover can mitigate the impacts of sediment runoff (Duke and Wolanski,
2000).

Our modelling framework is a useful tool for regions with fewer re-
sources or limited in situ data such as sediment loads that are re-
quirements for more complex modelling. We demonstrate how existing
planning products (such as hydroBASINS) and tools (Marxan using
asymmetric connectivity feature) can be used in conjunction with
readily available data such as IUCN species range maps and land sys-
tems, to facilitate land-sea planning in other planning regions. Although
we include a range of local, cross-realm and global objectives, many
more conservation objectives that could be included, such as repre-
senting freshwater biodiversity, and zoning for land development. In-
clusion of such factors requires data covering whole region to prevent
biased results, but this is not currently available for PNG.

Fully integrated planning, as shown in our asymmetric cross-realm
scenario, results in a plan that covers both biodiversity conservation
and watershed management objectives, which may require vastly
different actions. Choosing which actions should occur in individual
planning units requires deeper analysis of in-situ conditions, including
identifying what features are present. For example, large upstream areas
of Southern New Guinea were prioritized in our asymmetric scenario.
This region has high river flow feeding into the Torres Strait, and con-
tains very few priority land conservation features other than mangroves.
The prioritization of this region is thus largely for watershed protection,
compared to other regions such as provinces in the Admiralty and
Northeastern Islands which were prioritized largely for biodiversity
protection (e.g., due to high coral coverage, Fig. 5). The decision-making
framework presented here provides a substantial advance in our ability
to plan for multiple objectives across the land and in the ocean, but
further support and interpretation of results is needed to ensure effective
implementation of conservation or management actions.
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