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Abstract

Coral reefs are threatened by human activities both on the land and in the sea. However,
standard approaches for prioritizing locations for marine and terrestrial reserves neglect
to consider connections between ecosystems. We demonstrate an integrated approach
for coral reef conservation with the objective of prioritizing marine reserves close to
catchment with high forest cover in order to facilitate ecological processes that rely
upon intact land-sea protected area connections and minimize negative impact of land-
based runoff on coral reefs. Our aims are to 1) develop and apply simple models of
connections between ecosystems that require little data, and 2) incorporate different
types of connectivity models into spatial conservation prioritization. We compared how,
if at all, the locations and attributes (e.qg., costs) of priorities differ from an approach that
ignores connections. We analyzed spatial prioritization plans that allow for no
connectivity, adjacent connectivity in the sea, symmetric and asymmetric land-sea
connectivity, and the combination of adjacent connectivity in the sea and asymmetric
land-sea connectivity. The overall reserve system costs were similar for all scenarios.
We discovered that integrated planning delivered substantially different spatial priorities
compared to the approach that ignored connections. Only 11-40% of sites that were
high priority for conservation were similar between scenarios with and without
connectivity. Many coral reefs that were a high priority when we considered adjacent
connectivity in the sea and ignored land-sea connectivity became low priorities when
symmetric land-sea connectivity was included, and vice versa. Our approach can be

applied to incorporate connections between ecosystems.
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1. Introduction

Coral reefs are the world’s most diverse marine ecosystem, supporting the
livelihoods of millions of people (Burke et al. 2011). At the same time, they are facing
escalating threats from land- and sea- based human activities (e.g., agriculture,
deforestation, overfishing) (Carpenter et al. 2008; Hughes et al. 2010). There are many
conservation initiatives around the globe aimed at protecting coral reefs (e.g., the
Convention on Biological Diversity aims to effectively protect at least 10% of each of
the world’s marine and coastal ecological regions, while the Coral Triangle Initiative
has regional action plans and targets for coral reef protection through the
implementation of marine protected areas). Marine protected areas (MPAS) that place
restrictions on fishing and other extractive and non-extractive activities within a bound
spatial area are the most common form of coral reef management. Yet, MPAs are
affected by threats originating outside their boundaries (Boersma and Parrish 1999), as
many of them lie in coastal waters which are vulnerable to terrestrial runoff and impacts
from coastal development (Allison et al. 1998; Wood et al. 2008).

In MPAs, local land-based activities, as well as other global and regional
stressors, can cause declines in the condition of coral reef systems regardless of whether
sea-based activities (e.g., fishing) are prohibited (Jameson et al. 2002; Jones et al. 2004).
Increased levels of sedimentation, nutrients, and other pollutants are some of the most
important causes of coastal coral reef degradation (Halpern et al. 2007). Amounts of

runoff are strongly influenced by land uses such as logging and agriculture (Bouwman
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et al. 2005). Eroded sediments carried from the land to the sea through rivers are
deposited within a few kilometers from the river mouth and can smother corals or
reduce the available light for the photosynthetic coral symbionts by increasing turbidity
(Fabricius 2005; Rogers 1990). In such cases, land-based management, such as
restrictions on logging, agriculture and development by requiring buffer areas,
controlling drainage and regulating the use of chemicals and fertilizers, can protect coral
reefs from negative direct and indirect impacts of terrestrial runoff (Davies and Nelson
1994; Weijters et al. 2009).

Another conservation strategy would be to place MPAs where there are fewer
threats from the land (e.g., placing MPAs close to vegetated and protected catchments).
Protection of intact terrestrial and freshwater ecosystems can prevent negative impacts
on downstream habitats and species from land-based runoff, while at the same time
preserving important cross-realm ecological processes. For example, many freshwater
fish, crustaceans and mollusks found on tropical high islands are diadromous, meaning
they migrate across multiple habitats throughout their life cycles (McDowall 2007).
Their migration across habitat boundaries is affected by human disturbance causing
habitat destruction and changes to hydrologic flow (Jenkins et al. 2010; Weijters et al.
2009). Thus, to preserve positive cross-realm processes and avoid negative
consequences of habitat degradation, there is a strong need for integrated plans that
account for linkages between terrestrial and marine ecosystems (Cicin-Sain and Belfiore
2005), though benefits of integrated planning are rarely quantified (but see Klein et al.
2012).

Systematic conservation planning is becoming the preferred approach used to

inform decisions about the location of protected areas (Pressey and Bottrill 2009). With
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few exceptions (see Tallis et al. 2008, Hazlitt et al. 2010, Klein et al 2012), the standard
approach of systematic conservation planning has usually focused on choosing the best
conservation actions in just one realm (terrestrial, freshwater or marine) and does not
consider the connections between ecosystems (Alvarez-Romero et al. 2011; Beger et al.
2010a; Stoms et al. 2005). The lack of information regarding the relationships between
terrestrial, freshwater and marine ecosystems has presented a barrier to integrated
prioritization (Pressey et al. 2007). In addition, there are political, administrative,
institutional and cultural difficulties in implementing multiple-realm plans (Beger et al.
2010b) and planners and scientists face the challenge of incorporating land-sea
connections into conservation plans (Green et al. 2009). Furthermore, the cost of
applying integrated planning solutions compared to basic conservation planning, where
connections are ignored, is largely unknown.

Although significant strides have been made towards integrated land-sea
planning (Game et al. 2011; Hazlitt et al. 2010; Klein et al. 2012; Lombard et al. 2007;
Tallis et al. 2008), significant research gaps remain. For example, no one has compared
the spatial and cost differences of incorporating different types of land-sea connections.
Further, there are no simple models to represent land-sea connections in data limited
regions. In this paper, we demonstrate a theoretical approach to integrated land-sea
planning using the systematic conservation planning tool Marxan (Ball et al. 2009). Our
aim is to prioritize areas that contain coral reefs adjacent to forested catchments for
protection to facilitate cross-realm processes and minimize negative impact of land-
based runoff on coral reefs. We develop simple models to represent land-sea
connections to reflect the lack of data in many places interested in land-sea planning.

We integrate these models into a conservation planning framework and explore how the
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spatial configurations and attributes (e.g., costs, size, land-sea connections) of
conservation priorities differ when we incorporate different types of connectivity. This
study can help facilitate the widespread use of integrated planning by showing the
impact of incorporating different types of connectivity when identifying spatial

priorities.

2. Material and methods
2.1 Planning for connectivity in Marxan

To identify priorities for conservation, we used one of the systematic
conservation planning tools, Marxan (Ball et al. 2009). Marxan minimizes an objective
function that is the sum score of the total “cost” of selected sites, the total connectivity
penalty for not selecting sites that are connected to selected sites, and penalties for not
meeting target amounts of conservation features (Equation (1)(2))(Ball et al. 2009).
Marxan finds near optimal solutions for protected area networks that achieve
conservation targets with minimized cost and spatially allocated with consideration of

connections of planning units. The problem Marxan solves is to

minimize
m m m
> cox; +CsM X (1= %) CViago (1)
i=1 i1=1i2=1

subject to

m
Zaini >tj ,forj=1,..,n, (2)

i=1
where m is total number of planning units and c; is the cost of selecting planning unit i.

If planning unit i is selected for conservation, x;= 1 and if not x;= 0. The strength of
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connectivity penalty is defined by the connectivity value matrix, CV, which is
equivalent to the “total boundary length” in the original version of Marxan. The CV;q;,
reflects the strength of connection from planning uniti =1 to i = 2 (Beger et al. 2010b).
CV is scaled by the connectivity strength modifier (CSM), which is equivalent to the
boundary length modifier (BLM), to adjust the importance of connectivity in priority
area selection, relative to independent planning unit costs and penalties for not meeting
conservation targets (Watts et al. 2009). In equation (2), t is the target amount for

feature j (j=1, ..., n) and a;; is the amount of each feature j in planning unit i.

2.2 Data

Our data covers the catchments and coral reefs of VVanua Levu, Fiji (Fig. 1), an
area where comprehensive models of land-sea processes do not exist. We chose this
region as we wanted to demonstrate our methods in a region that has limited land-sea
process data, which is typical of places interested in integrated land-sea planning. Our
analysis is not intended to influence conservation decisions in the region. We divided
the region into planning units, each of which could be selected as a priority area for
conservation.

The planning units on the land (n = 110) were the river catchments described in
Jenkins et al. (2010). Catchments with less than 50% cover were excluded from the
planning region. This was based on the management recommendation to protect forests
at or above 50% of catchment area as loss in forest cover has been associated with a
significant reduction in freshwater fish species, an important indicator of water quality
and catchment health (Jenkins et al. 2010). We used land cover classifications from

Klein et al. (2012), which were derived from Landsat 5 Thematic Mapper images
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captured between 2000 and 2002. We divided land areas that met these forest
calculation requirements into catchment polygons using the tool tabulate area in ArcGIS
(spatial analyst extension) with processing cell size of 1. We divided marine areas into
hexagonal 1 km? planning units (n = 2861) and included places up to a distance of 30

km from the coastline.

2.3 Prioritization objectives

The conservation feature on the land was dense forest and conservation features
in the sea were fringing reefs and non-fringing reefs. We aimed to identify priority areas
for conservation that include 20% of total forest cover and 30% of both types of coral

reef, to be consistent with Fiji Government targets (Jupiter et al. 2011).

2.4 Definition of different types of connections and scenarios

We defined five different types of connectivity between planning units to assign
connectivity values to each planning unit (Table 1). The first two scenarios reflect what
is commonly done in marine conservation planning and are useful for comparison to
scenarios 3-5 that reflect new methods for considering land-sea connectivity.

In the “no connectivity” scenario (scenario 1), connections between planning
units were ignored and we assumed that none of planning units were connected to any
other planning units. The connectivity value matrix was zero in this case.

Second, we considered adjacent connections in the sea in “adjacent reef
connectivity” scenario (scenario 2) to represent ecological processes such as movement
of adult reef fish, short distance dispersal of fish, and invertebrate larvae. This type of

connection is commonly considered in marine conservation planning. Only the
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connections among adjacent reef planning units were considered, and connections to the
terrestrial catchments were ignored. We illustrate this connection in Fig. 2a with three
reef planning units as an example. The reef planning units i =1 and i = 2, as well as reef
planning units i = 2 and i = 3 share boundaries (connected), whereas reef planning units
i =1and i =3 are not adjacent (not connected) (Fig. 2a). The connectivity value for
connected reef planning units, CV;- ;=, is equal to the outside boundary length of reef
planning uniti = 1 and i = 2 (the shared boundary is not counted). The connectivity
value for unconnected reef planning units (i = 1 and i = 3), CV;;5 is the sum of the
outside boundary length of reef planning unit i =1 and i = 3. The connectivity

value CV;q;5 is larger than CV;4;, because reef planning uniti =1 and i = 3 do not share
boundaries. This means connections between adjacent reef planning units are favored,
which is a commonly used approach to design spatially compact conservation areas
(Linke et al. 2011; Stewart and Possingham 2005).

Third, we defined “symmetric land-sea connectivity” (scenario 3), where
connections between catchments and reef planning units were considered to be equally
important in both directions, representing movements of anadromous, catadromous and
amphidromous animals downstream and upstream between catchments and reefs (Fig.
2b). The CV is explained below.

Fourth, we analyzed a scenario called “asymmetric land-sea connectivity”
(scenario 4). In contrast to the “symmetric land-sea connectivity” (scenario 3),
directional connections between catchments and reef planning units were considered
(Fig. 2b). For example, if a reef is prioritized, the closest catchment is more likely to be

prioritized, whereas if a catchment is selected, it will not impact the selection of nearby
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reefs. Considering this direction is useful when the conservation objectives are to avoid
negative runoff from the land. The CV of this scenario is explained below.

To calculate the connectivity values of scenario 3 (symmetric land-sea
connectivity) and scenario 4 (asymmetric land-sea connectivity), we used the distance
from the closest river mouth to each reef planning unit. This approach preferentially
prioritizes reefs for conservation that are closest to the terrestrial catchments with high
forest cover to facilitate the ecological processes between ecosystems and to avoid
negative runoff from the deforested land areas. The connectivity value, CV;;, of reef
planning unit i and catchment k is calculated with the following equation:

CVi = fiexdi! (3)
where f;. is the forest area of catchment k, and d;;, > 0 and is the distance between the
center point of reef planning unit i to the closest river mouth of catchment k. We
assumed that the dispersal of river discharge declines linearly with the distance.
Scenario 3 (symmetric land-sea connections) is non-directional (CV;;, = CVy;), while in
scenario 4 (asymmetric land-sea connections) connections are represented by an
asymmetric connectivity matrix CV;;, with CV,; = 0.

Fifth, we defined a scenario that incorporates two types of connections called
“adjacent reef and asymmetric connectivity” (scenario 5). We sum the connectivity
values of the adjacent reef and asymmetric land-sea connectivity models (i.e., scenario 2
plus 4). This scenario considered the conservation objectives described in scenario 2
and 4.

Connectivity values used in each scenario are summarized in Table 1. We
calibrated the connectivity strength modifier (CSM) value in Marxan (Appendix A)

using a method developed by Stewart and Possingham (2005). For scenario 1, CSM was
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zero as no connectivity was considered. In scenario 2, we used the range of 0.001 to 10
of the CSM and the CSM was chosen that had the similar opportunity cost to the base
scenario 1 but also gave reasonable spatial compactness. In scenario 3 to 5, a CSM was

chosen that had the similar opportunity cost to the base scenario 1.

2.5 Costs

For terrestrial areas, we used rent data from existing logging concessions in Fiji
as the cost of land, representing the potential opportunity cost to landholders (Klein et al.
2012). The maximum opportunity cost of logging was FID$2 231.00 km. This
maximum value was multiplied by forest area in each terrestrial planning unit and
assigned as logging opportunity cost for the planning unit on the land (total range of
FJD$47.80 to FID$2 194.00). For the marine areas, we used a maximum value of
fishing opportunity costs, developed from a model estimating foregone revenue from
fishing due to establishment of MPAs in one district (Kubulau) in Fiji (Adams et al.
2011). The functions of this model were food fish abundance and probability of catch
based on fishing gear type and market value of species. We used the maximum value of
predicted spatial data of opportunity costs on fringing reefs and non-fringing reefs. The
maximum opportunity cost of not fishing a fringing reef was FID$4 762.00 km™ and a
non-fringing reef was FID$1 649.00 km™, respectively. These maximum values were
multiplied by the area of fringing reefs and non-fringing reefs in each reef planning unit
and assigned as fishing opportunity cost for the planning unit in the sea (total range of
FJD$0.02 to FID$4 763.00). We assumed each conservation feature has the same per

area cost, however, we acknowledge that in practice foregone income would depend on
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species distributions and spatial distribution of fishing effort which can vary with access

to transport, gear and markets (Naidoo et al. 2006).

2.6 Marxan analyses

For each scenario we produced 100 different solutions using simulated
annealing in Marxan. To compare the differences between scenarios, we used the
solution with the minimum total score of 100 Marxan solutions (i.e., best solution) and
the planning unit selection frequencies of 100 Marxan solutions. We evaluated the
priority differences by comparing the selection frequency of each planning unit across
scenario solutions. To measure the differences that were driven by incorporating land-
sea connectivity, we explored the percentage of pairs of prioritized catchments and their
recipient reefs in best solutions between scenarios. Other attributes (e.g., the number of
selected planning units, perimeter of marine priority areas, and the similarity of selected
reef planning units) of conservation priorities were compared using the best solutions

across all scenarios.

3. Results

The locations of spatial priorities (i.e., selection frequency) differed substantially
between each scenario (Fig. 3). As expected, the selected reef planning units in scenario
1 (no connectivity) were scattered throughout the planning region (Fig. 3.1). Reef
planning units were clumped regardless of where selected catchments were in scenario 2
(adjacent reef connectivity) (Fig. 3.2), whereas selected reef planning units were
congregated close to catchments with high forest cover in scenario 3 (symmetric land-

sea connectivity) (Fig. 3.3). On the other hand, selected reef planning units in scenario 4

12
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(asymmetric land-sea connectivity) were scattered the same as scenario 1 which resulted
in more priority catchments (Fig. 3.4). The selected reef planning units were clumped
between reefs and congregated their closest catchments in scenario 5 (adjacent reef and
asymmetric land-sea connectivity) (Fig. 3.5). These patterns can also be seen by looking
at the perimeter of marine priority areas and the number of selected reef planning units
(Table 2). For example, a large perimeter for marine priority areas indicates that they
are not well connected and scattered across the region.

When we compared the selection frequency of each planning unit across all
scenarios, we found that reef planning units that were a high priority (selection
frequency >90) in one scenario became low priorities (selection frequency <10) in
another scenarios, and vice versa (Table 3 and 4). There were large differences in
priority selection between scenarios using adjacent reef connectivity (scenario 2) and
symmetric land-sea connectivity (scenario 3); 86% of the high priority reef planning
units in scenario 2 were not a high priority in scenario 3. Furthermore, 72% of high
priory reef planning units of scenario 3 became a low priority in scenario 2 (Table 4).
From 87% (scenario 2 and 3), 98% (scenario 4), up to 99% (scenario 2) of high priority
reef planning units of scenario 5 did not become a low priority in other scenarios (Table
4).

From the best solution results, we found that in scenario 1 (no connectivity),
82% of selected reef planning units were connected to selected catchments, however
only 68% were connected in scenario 2 (adjacent reef connectivity). In scenarios 3 to 5,
when any type of land-sea connectivity was considered, 100%, 100%, and 95% of

selected reef planning units, respectively, were connected to selected catchments.
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We evaluated the similarity of selected reef planning units in the best solutions
between scenarios (Table 5). The highest percentage of selected reef planning units
shared was between scenarios 2 (adjacent reef connectivity) and 5 (adjacent reef and
asymmetric land-sea connectivity), where 60% of selected reef planning units in
scenario 2 were also selected in scenario 5 (Table 5). Selected reef planning units in
scenario 1 (no connectivity) shared from only 11% of units (with scenario 2) to a
maximum of 40% units shared (with scenario 4; Table 5).

Finally, we found that the considerable spatial variability in solutions exists
despite minimal differences in opportunity costs. When costs of scenarios 2 through 5
were compared to the baseline scenario (scenario 1), the differences in the opportunity
costs among best solutions as well as in the average opportunity costs among 100

solutions across all scenario varied less than 2% (Table 2).

4. Discussion

Integrated biodiversity conservation is required to address the problem of
biodiversity loss both on land and in the sea (Rands et al. 2010). Our approach
demonstrates that integrated planning that considers simple models of both land-sea
connectivity and adjacent reef connectivity (scenario 2 to 5) can be facilitated with very
little difference in overall reserve system costs to a scenario that ignored any
connections and were less effective. There were, however, substantial differences in the
spatial allocation of conservation priorities when connectivity was included. Our
consideration of land-sea connectivity ensured that priority areas for marine

conservation were spatially connected and geographically placed close to catchments
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with high forest cover to allow for ecological processes and avoid negative runoff from
the land (Rouget et al. 2003).

In addition, our methods (scenario 3 and 5) ensured that marine priorities were
spatially clumped, a feature that would reduce the perimeter of MPAs, making it
generally easier for management enforcement than scattered MPAs with less controlling
and costs (Ban et al. 2011). In some places, the tight spatial clustering using both land-
sea and sea-only connections are preferred as management costs are minimized (Clarke
and Jupiter 2010). However, clustered and large MPAs are not always ideal in regions
where local tenure units are divided across smaller spatial scales than relevant
ecological processes, as is the case in the Philippines (Weeks et al. 2010). In such cases,
one of our methods (scenario 4) considering only asymmetric land-sea connectivity
would be useful.

Our results show that higher number of pairs of linked catchment and reefs were
selected in the “no connectivity” scenario (scenario 1) than in the “reef adjacent
connectivity” scenario (scenario 2). This suggests the importance of accounting for the
processes that link the land and the sea simultaneously (scenario 3-5) as well as
considering the connectivity in the sea (scenario 2) in conjunction with stakeholder
input (Pomeroy and Douvere 2008), when developing conservation plans. Management
solutions applying different types of connectivity produced substantially different
solutions, suggesting the importance of the decision to incorporate the correct type of
connectivity when identifying conservation priorities. Managers may wish to choose
one scenario over another depending on management objectives that may be constrained
by ecosystem condition and government policy. Our objective was to prioritize cost-

efficient marine reserves that are spatially connected to adjacent catchments with high
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forest cover to facilitate the cross-realm processes and to avoid negative runoff from the
land. On the other hand, if the aim is to protect reefs only from the negative impacts of
land-based runoff (Halpern et al. 2009), it is advised to place marine reserves away from
the mouths of degraded rivers (Klein et al. 2012 and Tallis et al. 2008).

We showed how to develop integrated planning when small amounts of data on
land-sea ecological processes and cross system threats are available. Additional data
would improve our ability to assess the validity and quality of our modeled connections.
We used only three conservation features and their connections: forest to represent
terrestrial ecosystems, and fringing reefs and non-fringing reefs to represent marine
ecosystems. However, we acknowledge that more features are necessary to represent the
biodiversity patterns and processes in a region (Cowling et al. 1999). Moreover, the
connections between conservation features in one or multiple ecosystem(s) will depend
on the ecology of the features, thus the definition of connections would be different
from this study when more, or different, conservation features are considered (Kinlan
and Gaines 2003). Using the same conservation features with improved ecological data
and at different scales would produce different outcomes. Also, the result that the high
priority reef planning units in scenario 3 became low priorities in scenario 2 because of
the connectivity value matrix. However, even using the different connectivity value
matrix, scenario 5 shared from 87% up to 99% of high priorities with other scenarios.
Results will likely be different if the definition of connections and their calculation
differ. We have shown that integrated planning was not necessarily more expensive than
planning that ignored connections, which is yet another reason why multiple ecosystems
planning should be done. This may not always be the case, however, if opportunity

costs and land-sea connectivity are positively correlated. Conservation planners should
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be aware of the limitations of our methods, decide what types of connections to consider
and how to define connections based on their unique objectives.

Although our models were not comprehensive enough to represent the actual
land-sea connectivity, using the best approximation available can be an important
precautionary approach to activate discussions among scientists, managers and
stakeholders (Ban et al. 2010). We used the distance from the closest river mouth to
each reef planning unit and forest area of terrestrial catchment to represent the land-sea
connections, we acknowledge that reefs are typically influenced by multiple rivers, and
other factors such as wind and tidal-driven currents affect flood plume dispersion (e.g.,
Wolanski 1994). Further research is required to refine these land-sea relationships (e.g.,
more detailed quantification of runoff, ocean currents, and faunal connections). Scaling
down of catchment planning units coupled with improved sediment delivery models
would advance the analysis and potentially enable identification of specific areas within
catchment to target for remediation (Beger et al. 2010a). On the other hand, investments
in data collection to evaluate connections might not be the most immediate priority for
coral reef conservation. In many places, the majority of marine managed areas are
established by communities to meet local objectives of short-term food security and
income for cultural practice as opposed to longer-term objectives for reef persistence
and biodiversity conservation (Foale et al. 2011). These conditions suggest that
investing in collecting more data on connections will deliver little benefit (Grantham et
al. 2008; Hansen et al. 2011).

Systematic conservation planning has the advantages of transparency,
repeatability, and practicality for decision makers (Watson et al. 2011). We

demonstrated how to incorporate different types of connectivity in systematic
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conservation planning while keeping the costs constant with a basic approach. Our
approach can accommodate different types of cross-realm processes including
sedimentation, larval dispersal, and species movements across ecosystems. Furthermore,
this method can be applied to design protected area networks across any environmental
realms by incorporating the different kinds of connections between realms (i.e.,

terrestrial, freshwater and marine).
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Figure captions

Figure 1. Catchments, forest cover, rivers, river mouths, and coral reefs of study region

across Vanua Levu, Fiji.

Figure 2. Example of connections in the sea as well as between the land and the sea for
scenario 2-5. This diagram shows connections (a) between reefs planning units i =1, 2,
3 (scenario 2 and 5), and (b) between linked reef planning unit i and catchment k
(scenario 3-5). The solid line represents the connection from reef planning unit i to
catchment k. The dotted line represents the connection from catchment k to reef

planning unit i.

Figure 3. Selection frequency of planning units in scenarios 1-5. 1) scenario 1 “ no
connectivity”; 2) scenario 2 “adjacent reef connectivity”; 3) scenario 3 “symmetric
land-sea connectivity”; 4) scenario 4 “asymmetric land-sea connectivity”; and 5)

scenario 5 “adjacent reef and asymmetric connectivity”. Selection frequency maps
represent the number of times a planning unit was selected across 100 near optimal

solutions to each scenario.
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609
610 Tables
611  Table 1. Summary of different types of connections used to define the connectivity value CV. Where f; is the forest area of catchment k,

612  and d; is the distance between the centre point of reef i to the river mouth of the closest catchment k.

613
Type of connectivity Connectivity value (CV)
No connectivity CViii2 = CVizih =0
Adjacent reef connectivity CVi1i2 = CVizi1 = Boundary length;;;, = Boundary length;,;;
Symmetric land-sea connectivity CVig = CVyi = fu ¥ dizt
Asymmetric land-sea connectivity CVik = fiexdzt, CVi =0

614

615

616

617

618
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627

Table 2. Comparison of attributes (i.e., overall reserve system costs, fishing opportunity cost, numbers of selected planning units as well as

selected reef planning units, and perimeter of marine priority areas) of each scenario using best solutions.

Number of
Total Fishing Number of selected
opportunity cost opportunity cost selected reef planning Perimeter of marine
Scenario (FID$) (FID$) planning units units priority areas (km)
1: No connectivity 1308 485 1021 410 1110 1087 2 756
2: Adjacent reef connectivity 1308513 1021 490 482 462 369
3: Symmetric land-sea connectivity 1310736 1021419 922 903 1154
4: Asymmetric land-sea connectivity 1308 483 1021474 1102 1073 2760
5: Adjacent reef and asymmetric 1308 612 1021 402 625 606 458

land-sea connectivity
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Table 3. The number of high and low priority reef planning units (n=2861) selected in each scenario. High and low priority reef planning

units are those that were selected more than 90% and less than 10% of the time across 100 solutions to the problem.

Scenario

Number of
high
priority reef
planning units

Number of
low

priority reef
planning units

Percentage of high priority reef
planning units that
are a low priority in other scenarios

Percentage of low priority reef
planning units that
are a high priority in other scenarios

1: No connectivity

2: Adjacent reef connectivity

3: Symmetric land-sea connectivity
4: Asymmetric land-sea connectivity

5: Adjacent reef and asymmetric
land-sea connectivity

0
253

202
0

144

5
2067

943
30

1733

0%
39%
73%

0%

28%

80%
7%
8%

43%

7%
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Table 4. Pairwise comparisons of high priority reef planning units (selection frequency >90) in a scenario in row that became a low

priority (selection frequency <10) in another scenario in column. For example, 72% of high priority reef planning units in scenario 3

became a low priority in scenario 2, whereas no high priority reef planning units in scenario 3 became a low priority in scenario 1.

Scenario 1 2 3 4 5
1: No connectivity - - - - -
2: Adjacent reef connectivity 2% - 30% 1% 8%
3: Symmetric land-sea connectivity 0% 72% - 5% 48%
4: Asymmetric land-sea connectivity - - - - -
5: Adjacent reef and asymmetric land-sea connectivity 1% 13% 13% 2% -
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Table 5. Pairwise comparisons of selected reef planning units in best solutions. Percentage represents the selected reef planning units in a

scenario in row that were also selected in another scenario in column. For example, 60% of selected reef planning units in scenario 2 were

also selected in scenario 5, whereas 46% of selected reef planning units in scenario 5 were also selected in scenario 2.

Scenario 1 2 3 4 5
1: No connectivity - 11% 30% 40% 18%
2: Adjacent reef connectivity 27% - 30% 29% 60%
3: Symmetric land-sea connectivity 36% 15% - 38% 36%
4: Asymmetric land-sea connectivity 40% 12% 32% - 19%
5: Adjacent reef and asymmetric land-sea connectivity 33% 46% 54% 34% -
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