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Coral reefs provide numerous ecosystem goods and services, but are threatened by
multiple environmental and anthropogenic stressors. To identify management scenarios
that will reverse or mitigate ecosystem degradation, managers can benefit from
tools that can quantify projected changes in ecosystem services due to alternative
management options. We used a spatially-explicit biophysical ecosystem model to
evaluate socio-ecological trade-offs of land-based vs. marine-based management
scenarios, and local-scale vs. global-scale stressors and their cumulative impacts.
To increase the relevance of understanding ecological change for the public and
decision-makers, we used four ecological production functions to translate the model
outputs into the ecosystem services: “State of the Reef,” “Trophic Integrity,” “Fisheries
Production,” and “Fisheries Landings.” For a case study of Maui Nui, Hawai'i, land-based
management attenuated coral cover decline whereas fisheries management promoted
higher total fish biomass. Placement of no-take marine protected areas (MPAS) across
30% of coral reef areas led to a reversal of the historical decline in predatory fish
biomass, although this outcome depended on the spatial arrangement of MPAs. Coral
cover declined less severely under strict sediment mitigation scenarios. However, the
benefits of these local management scenarios were largely lost when accounting for
climate-related impacts. Climate-related stressors indirectly increased herbivore biomass
due to the shift from corals to algae and, hence, greater food availability. The two
ecosystem services related to fish biomass increased under climate-related stressors
but “Trophic Integrity” of the reef declined, indicating a less resilient reef. “State of the
Reef” improved most and “Trophic Integrity” declined least under an optimistic global
warming scenario and strict local management. This work provides insight into the relative
influence of land-based vs. marine-based management and local vs. global stressors
as drivers of changes in ecosystem dynamics while quantifying the tradeoffs between
conservation- and extraction-oriented ecosystem services.

Keywords: trade-off, ecosystem-based management, multiple stressors, future scenarios, coral reefs, biophysical
model, Hawai‘i
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INTRODUCTION

Coral reef ecosystems provide valuable resources. They buffer
coastal erosion, provide a cornucopia of food resources,
attract tourism dollars, supply construction and pharmaceutical
materials, and provide recreational opportunities for humans and
essential habitat for threatened and endemic organisms (Hoegh-
Guldberg, 1999; Moberg and Folke, 1999; Spalding et al., 2017).
Furthermore, nature-based solutions, such as using living reefs as
natural barriers for storm protection, are more cost-effective than
manufactured infrastructure (Daily and Matson, 2008).

Despite the importance of reef ecosystems, they are under
threat on a local scale from coastal development, overfishing,
invasive species, and pollution, and on a global scale from ocean
acidification, warming, and hypoxia (Carlton and Scanlon, 1985;
Jokiel and Coles, 1990; Portner et al., 2005; Hoegh-Guldberg
etal,, 2011; Prouty et al., 2014). Two extensive reviews on threats
to coral reefs identified ocean warming and ocean acidification
as prominent threats (Burke et al., 2011; Brainard et al., 2013).
Increasing carbon dioxide (CO,) emissions are slowly causing
the world’s oceans to become warmer and more acidic. Ocean
acidification reduces calcification rates of all calcifying organisms
including corals. Intense or prolonged ocean warming can result
in the expulsion of the symbiotic algae that live in the coral
tissue leaving them looking “bleached” and is hence called coral
bleaching. Bleached corals have a higher change of mortality
as they become more susceptible to pathogens (Maynard et al.,
2015b). These threats are projected to intensify in coming
decades (Van Hooidonk et al, 2013; Maynard et al, 2015b).
Chronic stressors can lead to a more degraded reef system that
has tipped to an algal dominated benthos (Bellwood et al., 2004;
Hughes et al., 2010), and a replacement of top predatory fishes
(large slow growing fishes) with species with a high turnover
(Heithaus et al., 2008; Ruttenberg et al., 2011; Maynard et al.,
2015a). These shifts are a concern because ecological functions
and economic values diminish on such reef systems. Effective,
long-term conservation of coral reefs and the goods and services
they provide requires addressing the most critical threats.

The development of policies to address threats and promote
ecosystem services is dependent on an understanding of
ecosystem dynamics and responses to major stressors. Ecosystem
models can synthesize the present-day condition and project
changes of a system as a result of management regulations,
climate conditions, or human use. Spatially explicit ecosystem
models can also quantify the relative impacts of land-based
vs. marine-based threats (e.g., land-based pollutants vs. fishing;
(Alvarez-Romero et al., 2011; Barbier et al., 2011) and local vs.
global stressors (Gurney et al., 2013; Weijerman et al., 2015).
These types of models can evaluate tradeoffs of alternative
courses of action to mitigate threats (Hulme, 2005; Fung, 2009;
Weijerman et al., 2016). More recently, ecosystem models have
been coupled with economic concepts to translate ecological
outcomes in terms of human wellbeing, such as ecosystem
services (Orlando and Yee, 2017).

One such spatially-explicit, biophysical ecosystem model is
the COral Reef Scenario Evaluation Tool, CORSET (Fung,
2009; Melbourne-Thomas et al.,, 2011a; Principe et al., 2012).

It includes hydrodynamics (which defines the connectivity),
ecological dynamics, and land-based (nutrient and sediment
pollution) and marine-based (fishing) stressors as well as global
climate-related stressors (hurricanes and ocean warming). Its
main use is to evaluate tradeoffs of alternative management
or climate-related scenarios (Melbourne-Thomas et al., 2011b).
Building on the extensive work to estimate nutrient and sediment
loads and fish extraction on a 500 x 500m scale around the
main Hawaiian Islands (Wedding et al., 2017), we were able
to incorporate these local stressors into the adapted CORSET
model, the Hawaii Reef dynamics Simulator or HIReefSim.
Additionally, annual bleaching events were projected to start
between 2035 and 2045 for the main Hawaiian Islands (Van
Hooidonk et al., 2016). These projections were based on the
results of an ensemble model of Intergovernmental Panel on
Climate Change, Coupled Model Intercomparison Project Phase
5 (CMIP5), and as such, incorporated spatial variability in the
effects of ocean warming on coral reefs. We used the projection
of the Representative Concentration Pathway (RCP) 8.5 which
estimates that by 2040 CO, emissions have reached 480 ppm and
the onset of annual bleaching has begun (Van Hooidonk et al.,
2016).

While ecological indicators are being used explicitly in
management and policy (Arkema et al, 2006; Levin et al,
2013), decision-makers and the public often relate more to direct
experiences, such as fishing, recreation, or coastal protection
(Yee et al., 2014). Goods and services provided by coral reef
ecosystems have long been acknowledged (e.g., Moberg and
Folke, 1999), however, the relatively recent field of ecosystem
service modeling quantifies these direct benefits to humans from
functioning ecosystems (Bagstad et al., 2013). One approach
uses “ecological production functions” (EPFs) to translate
environmental shifts into economic implications in a way that is
meaningful to decision-makers and resource managers (Nelson
etal, 2009; Orlando and Yee, 2017). EPFs calculate the provision
of goods and services as a function of specific ecological attributes
(de Groot et al., 2002). Defining an EPF relies on an ecological
understanding of which attributes are important to ecological
function, as well as an economic understanding of what functions
are valuable to humans. While an EPF quantifies the potential
supply of ecosystem goods and services based on ecosystem
condition, the realized value will depend on human demand and
access (Wainger and Boyd, 2009). Economic valuation requires
another relationship, ecosystem service valuation functions,
to derive the value society gets from direct (e.g., food and
recreation) and indirect (e.g., shoreline protection) use and non-
use (e.g., existence) of these goods and services (Compton et al.,
2011; Yee et al,, 2014). In this way, EPFs can be used to evaluate
changes in potential provision of goods and services due to
management, climate, and human use that affect the ecosystem,
while valuation functions can calculate the cost/benefit of those
changes.

To evaluate how different local management approaches
[sediment mitigation and marine protected areas (MPA)
establishment] could improve the provision of coral reef
ecosystem goods and services, an ecosystem model that simulates
impacts of both land- and marine-based management was
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parameterized for Maui Nui, Hawaii, ie., the islands of
Maui, Lana‘i, Moloka‘i, and Kaho‘olawe. These management
approaches were also combined with two future severities of
climate-related stressors. Reefs of Maui Nui served as a case
study, but this tool can be used in other areas with similar
local and global threats (Melbourne-Thomas et al., 2011a; Kapur
and Franklin, 2017). Although several studies have shown the
mitigating effects of local management on coral degradation in
the face of climate change (Hughes et al., 2007; Kennedy et al,,
2013; McClanahan et al., 2014), other studies have shown that
under a “business as usual” greenhouse gas emissions future
(IPCC RCP8.5 trajectory), local management may be unable to
prevent further degradation of coral reef ecosystems (Thompson
and Dolman, 2010; Selig et al., 2012; Weijerman et al., 2015;
Hughes et al., 2017).

Here, we ask two questions: (1) What is the relative
importance of land- and marine-based management action?
and (2) Can local management mitigate the effects of climate-
related stressors? We expect that a combination of proactive local
actions (sediment mitigation and fisheries controls) will attenuate
declines in coral reef ecosystem goods and services delivery, but
without local management, reefs will continue to decline, a trend
exacerbated with more extreme future climate conditions.

METHODS
Study Region

Our study area encompasses ~325 km? of shallow coral reef
habitat across the Hawaiian Islands of Maui, Molokai and Lana‘,
i.e., Maui Nui (Figure 1; the island of Kaho‘olawe is excluded
from this analysis due to lack of data). Of this area, 12 km? (3.6%
of total reef area) are classified as MPAs, with just over 9 km?
of the protected areas being designated as “no-take” area. The
model domain consists of the shallow (0-30 m) reef zone around
Maui Nui and is spatially represented by a 500 x 500 m grid cell
network.

HIReefSim

HIReefSim (Hawai‘i Reef dynamics Simulator) is based on
the framework of the Coral Reef Scenario Evaluation Tool
(CORSET) developed by Fung (Fung, 2009) and adapted by
Melbourne-Thomas et al. (2011a) and Principe et al. (2012).
Model components include (1) 500 x 500 m gridded basemaps
of the study region (see details below); (2) model dynamics (see
details below); (3) larval connectivity zone delineations, which
detail transition probabilities between larval sources and sinks;
and (4) hurricane zone delineations, which were designed to
represent grouped swaths of coastline that are similarly affected
by storm events. Modeled stressors include land-based sediment
and nutrient input, fishing, hurricane damage to corals and
macroalgae, and climate-related coral mortalities due to coral
bleaching.

Basemaps

The HIReefSim model defines two consumer functional species
groups, herbivorous (algal grazers) and piscivorous (predatory)
fishes, and five benthic functional groups: macroalgae, turf

algae, crustose-coralline algae (CCA), and spawner and brooder
corals. Boosted regression trees generated spatial predictive maps
of these ecological variables based on observations from a
compilation of underwater surveys and an extensive gridded
predictor dataset (Table S1) (Stamoulis et al., 2016; Delevaux,
2017). Unlike in the instantiation of CORSET, urchins and
large (>60cm) piscivores were not included due to very
low abundance of large piscivores and a lack of urchin data
preventing the creation of predictive maps.

Dynamics

Coral reef ecosystems are extremely complex systems and
influenced by a myriad of variables. HIReefSim only includes key
ecological dynamics by using differential equations to estimate
the interactions among the functional groups and their response
to stressors in each grid cell (Supplementary Text S2). For
example, ocean warming has led to global degradation of coral
reefs with a consequent loss of structure followed by a decrease
in fish biomass (Alvarez-Filip et al., 2009; Graham and Nash,
2013). Additionally, on alocal scale, an increase in nutrients leads
to an increase in the faster-growing macroalgae which in turn
can reduce the growth of corals and impede coral recruitment.
These are the key dynamics that are incorporated in the model
(Figure 2), other stressors to coral reef ecosystems (e.g., ocean
acidification, hypoxia, invasive species) are not included. Fung
(2009) and Melbourne-Thomas et al. (2011a) give detailed
descriptions of the model development, general model behavior,
and sensitivity analyses. Kapur and Franklin (2017) describe the
applicability of the CORSET model for Hawaiian reef systems.
Here, only the main components of CORSET that form the basis
for HIReefSim input are described (Supplementary Text S2 has
details of model equations and parameter estimates). Estimates
of ecological variables represent the current (~2004-2012) reef
condition. The model has some stochasticity as it randomly
selects the intensity, frequency, and region of impact to capture
year-to-year variation in storms. The larval connectivity matrices
were based on a pelagic duration of 45 days, calculated at the
50 m depth layer, for both corals and fishes (Wren and Kobayashi,
2016).

Modeled Stressors

Spatially explicit stressor functions included nutrification and
sedimentation (changes modeled via parameter scaling), fishing
(modeled as a spatial explicit reduction in fish biomass), and coral
and macroalgal mortality resulting from wave action (severity
dependent on hurricane zone; Figure 2; Table 1). The projected
increase in bleaching-related coral mortalities was a non-spatial
stressor, affecting all corals equally.

Model Adaptations

A regional study using CORSET (Kapur and Franklin, 2017),
concluded a seemingly sustainable herbivore fishery would be
possible despite the projected decline in coral cover. However,
a limitation of this simplified model is its broad groupings of
fishes in just herbivores and piscivores and the lack of two-
way dynamics in fish size and fishing effort. For example,
model results show that herbivores increase but the composition
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FIGURE 1 | Modeled area of the Maui Nui complex consisting of the Hawaiian Islands: Maui, Moloka'i, and Lana'i, with the inset figure showing the location of Maui
Nui in the Hawaiian Archipelago. The pink “reef” area is the 0-30 m depth range included in the model. The outer edge of open water area (blue) is defined by the
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FIGURE 2 | Dynamic relationships between ecological variables and external
stressors to the variables. A solid green arrow indicates a positive relationship
and a dashed red arrow indicates a negative one.

of this group is likely dominated by large-bodied herbivores,
such as the larger surgeonfishes (e.g., Acanthurus dussiemeri,
A. xanthopterus), that escape piscivore predation because of
their size. However, if fishing is not restricted, these larger-
bodied fishes are key targets for spearfishers and an increase
in spearfishing is not accounted for in the model. Additionally,
reef structure is likely to erode due to coral cover decline,
preventing fish recruits and juveniles from hiding (Alvarez-
Filip et al., 2009; DeMartini et al., 2010; Graham and Nash,
2013) and increasing their accessibility to their predatory fishes

(Rogers et al., 2014), ultimately leading to a decline in reef fish
productivity (Gratwicke et al., 2005). Therefore, we included two
scalars related to the structural complexity a coral reef provides
for: (1) the survival of both herbivorous and piscivorous fish
recruits given by the relationship survival (Frec) = aC / [1 +
(a/b) * C9], where C is coral cover, and a, b and d are fitted
parameters (Table S2 in Supplementary Text S2; Gurney et al,,
2013) and (2) the susceptibility of small and juvenile herbivorous
fishes to predation with high coral cover leading to more hiding
spaces and hence lower susceptibility to predation with the
relationship refuge= min(H,FPred*C)], where C is coral cover
and H herbivore biomass and Fj,, a fitted parameter (Table S2
in Supplementary Text S2) (Liu and Xing, 2012; Rogers et al.,
2014).

Model Calibration and Validation

The model was validated using a two-fold approach (Melbourne-
Thomas et al., 2011a,b):

e Calibrate model parameters to reproduce a community
structure typical of stable, “healthy” Hawaiian reef in the
absence of external stressors over long-term trajectories (40
years); and

e Evaluate whether the model can reproduce historic broad-
scale dynamics for the Maui Nui region over the past 30
years (1985-2015), given a timeline of known stressors
(Supplementary Text $3). Historic land-based stressors
(derived from land use maps in 1920) were scaled to
present-day values (Supplementary Text S3).

Results of model validation are  presented
Supplementary Text S3. During calibration, it became apparent

in
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TABLE 1 | Spatially-explicit stressors used to force scenario simulations in HIReefSim.

Variable Variable description

Source

Fishing pressure (kg/km?/yr)

Annual average catch of reef fish (commercial, non-commercial shore-based,

(Wedding et al., 2017)

and non-commercial boat-based) per cell from past 10 years of records.

Sediment input (kg/ka/yr)

Nutrient input (kg/kmz/yr)
tanks) and fertilizers.
Hurricane zones
from the southeast.

Sediment plumes originating from stream mouths and coastal pour points.

Nitrogen flux from onsite waste disposal systems (i.e., cesspools and septic

8 regions uniquely impacted by northwestern winter swells and tsunami waves

(Wedding et al., 2017)
(Supplementary Text S3)

(Wedding et al., 2017), Land use maps from
1920 & 2010 (Supplementary Text S3)

Dr. Bill Ward, NOAA National Weather Service,
Pacific Region Headquarters

that the model was very sensitive to the parameters related to
fish growth. For herbivores this was grazing pressure (gt, gm)
and the biomass accumulation from grazing (mm, mt, me),
and for piscivores this was prey availability (iph), predation
pressure (gp) and biomass accumulation from predation (rp).
We therefore randomly selected 50 values between the estimated
ranges (Table S2) and assumed a normal distribution and ran
each scenario 50 times to obtain uncertainty estimates related to
these parameters.

Scenario Simulations

Fifteen scenarios of separate and coupled effects of climate-
related stressors and management actions were simulated
(Table 2). To define values for future baseline stressors (sediment
and nutrient influx, herbivore and piscivore catches), annual
projected population growth of 0.8% was used (DBEDT, 2016).
Fishing pressure, along with sediment and nutrient runoff, was
assumed to increase proportionally with the projected population
growth. These stressors were further adjusted as specified within
the scenario (Table 2).

To simulate climate change, we focused on hurricanes and
bleaching-related coral mortality events. Both the frequency and
intensity of cyclones in the North Pacific have increased, and
sea surface temperatures (SST), which are directly correlated
with storm intensity, are increasing as well (Emanuel, 2005).
Murakami et al. (2013) project an average 267% increase in the
number of cyclones that will reach the main Hawaiian Islands
between 2075 and 2099 (0.75 annually increasing to 2 annually).
To reflect these projections, we included hurricane events which
directly impact Maui Nui an average of every 10 years for
the running period of the climate change scenarios (Table 2).
We specified that each hurricane event would reduce coral
and macroalgae cover by 49% based on the average observed
reduction in living bottom cover across the west coast of Hawai‘i
island (Dollar and Tribble, 1993). With the projected increase
in sea surface temperatures, bleaching events will likely become
annual, seasonal occurrences in the next 15-25 years (Van
Hooidonk et al., 2016). Taking into consideration the variability
in these estimates (Peters et al., 2017), we modeled a “severe”
climate-related stressor scenario where we assumed that annual
bleaching is every other year and a “less severe” climate-related
stressor scenario where we assumed two annual bleaching events
per decade.

Ecological Production Functions (EPFs)

We applied four Ecological Production Functions (EPFs): “State
of the Reef” (unitless), “Trophic Integrity of the Reef” (unitless),
“Fisheries Production” (i.e., resource fish biomass in kg/km?),
and “Fisheries Landings” (i.e., annual fish catch in kg/km?) to
translate HIReefSim model output into values important for
management applications (Principe et al., 2012; Yee et al., 2014).
These EPFs represent a supporting service (first two EPFs),
a potential provisioning service, and an actual provisioning
service (Millennium Ecosystem Assessment, 2005), respectively,
and roughly relate to biodiversity, ecosystem structure and
function, conservation, and food yield outcomes. For each of the
EPFs, the relative change from end to start of the simulation
period (40 years) under the two climate change scenarios was
calculated. To assess effectiveness, the relative change between
the alternative management scenarios and current management
was calculated. Based on model validation where the mean value
of the 50 simulations described historical coral cover trajectory
well (Supplementary Text S3), we used the scenario means for
each parameter that described the EPF (see below) for each
reef cell. We then present the resulting EPF values as a mean
(and standard error) for all reef cells. We also show the spatial
variation of each EPF under the different scenarios visually in
maps.

State of the Reef
The ecological status of Maui Nui reefs was represented by the
“State of the Reef,” a supporting ecosystem service defined as:

5
ZW,‘ X R (1)
i=1

where w; is the weighting factor of each R;, with R;, representing
the standardized value of five key indicators of reef structure:
coral cover, macroalgal cover, total fish biomass, fish richness,
and coral richness (Supplementary Text S4). An expert survey
defined weighting factors as: (i) coral cover 30%; (ii) coral
richness 20%, (iii) fish biomass 20%; (iv) fish richness 15% and
(v) macroalgal cover 15% (Van Beukering and Cesar, 2004). Coral
richness and fish richness values were based on Orlando and
Yee (2017). The ecological indicator scores were scaled to the
maximum value of each indicator.
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TABLE 2 | Descriptions of 16 forecast simulations from 2010 to 2050.

Scenario type

Scenario name

Description

Primary parameters modification

No additional management,
no climate-related stressors

CM: Current Management

Simulation of current management (~ 2% no-take
MPAs and ~ 10% as MPA) under projected increase
in human population with corresponding increased
sediment and nutrient loads and fishing pressure.

See Supplementary Text S2 for base
parameters

Land-based management,
no climate-related stressors

A1: High sediment mitigation

A2: Low sediment mitigation

Sediment input reduced compared to

Current situation for each scenario

A1:0.38 * Current Management

A2: 0.94 * Current Management

Marine-based management,
no climate-related stressors

B1_30

B2_30

B3_10

B4_20

Additional MPAs on randomly selected reef areas
comprising 30% of total reef area; new areas
designated as no-take

As B1_30 with a different set of randomly selected
reef areas

Additional MPAs created of areas encompassing the
top 10% of coral cover and fish biomass; new areas
designated as no-take

Additional MPAs created as under B3_10 but
encompassing top 20%, and current MPAs also
designated as no-take

All parameters set to Current
Management values with fishing effort
restricted according to size of MPAs

No additional management,
climate-related stressors

C1: Current Management
combined with high frequency of
bleaching events

C2: Current Management
combined with low frequency of
bleaching events

Severe and less severe climate-related scenarios.
Both have hurricanes every 10 years. The severe
(C1) scenario has increased bleaching-related coral
mortality events every 2 years and the less severe
scenario (C2) every 5 years. Both scenarios have no
implementation of additional management
strategies (Current Management).

hfreq = 10; mean number of years

between hurricanes

e hdam_C = 0.49; factor by which
coral cover is reduced during
hurricane events

e hdam_M = 0.49; factor by which

macroalgal cover is reduced during

hurricane event

cmfreq = 1 or 5; mean number of

years between bleaching events

e cm_C =0.3; factor by which coral

cover is reduced during coral

mortality events

Management and
climate-related stressors

(D) Least effort sediment
mitigation methods and MPA
expansion under climate-related
stressors

Combinations of fishery management B3_10 (top
10% coral cover and fish biomass are added as
no-take MPAs) and land-based management A2
(low erosion mitigation efforts) with bleaching-related
coral mortality events every 2 (D1) and 5 years (D2)

Parameters hfreq, hdam_C,
hdam_M, and cm_C as in scenarios
C1lorC2

0.94 * CM sediment input (A2)
Additional 10% MPAs (B3_10)

Management and
climate-related stressors

(E) High effort sediment
mitigation methods and 30%
MPA expansion under
climate-related stressors

Combinations of fishery management B2_30 (30%
randomly selected reef areas are added as no-take
MPAs) and land-based management A1 (high
erosion mitigation efforts) with bleaching-related
coral mortality events every 2 (E1) and 5 years (E2)

Parameters hfreq, hdam_C,
hdam_M, and cm_C as in scenarios
C1lorC2

0.38 * CM sediment input (A1)
Additional 30% MPAs as no-take
(B2_30)

Management and
climate-related stressors

(F) Strict management as under
scenario G and 20% reduced
piscivore fishing effort under
climate-related stressors

As Scenario E with an additional 20% reduction in
fishing effort of piscivores and bleaching-related
coral mortality events every 2 (F1) and 5 years (F2)

Parameters hfreq, hdam_C,
hdam_M, and cm_C as in scenarios
C1orC2

0.38 * CM sediment input (A1)
Additional 30% MPAs as no-take
(B2_30)

Reduced total piscivore fishing by
20%

Parameters are specified in Supplementary Text S2.
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Trophic Integrity

The trophic integrity was estimated by the ratio of calcifiers
[corals (C) and CCA] and fleshy algae [turf (T) and macroalgae
(MA)] and the trophic level of the fish community with
herbivores (H) having a trophic level of 2 and piscivores (P) a
trophic level of 4:

C+ CCA
0.5% | ————
T+ MA

p

“Trp Y

H
0.5%(2% 4
)+ ( H+P+

Ecological indicator scores were scaled to the maximum value of
each indicator.

Fisheries Production

Present-day predicted biomass of resource fish species (defined
as species that had > 450kg of average annual harvest from
2000 to 2010 in the state of Hawai‘i) was calculated as a ratio of
total fish biomass (McCoy et al., 2018). This ratio was assumed
to remain constant in the course of fluctuations in total fish
biomass. Fisheries Production, therefore, represents the biomass
of resource fish, a potential ecosystem service.

Fisheries Landings

The model directly calculates fish catch as a function of available
fish biomass (basemap input layer) maximum fishing effort,
and accessibility (last two dynamics estimated for Maui Nui,
Supplementary Text $3). Fisheries Landings is a provisional
ecosystem service.

RESULTS

Local Management Strategies Can

Attenuate Declines in Ecological Outcomes
Under the Current Management scenario, coral cover declined
and was replaced by macroalgal cover (Figure 3A). Piscivore
biomass also declined, to less than half the initial biomass but
could recover in the last decade (Figure 3B), likely due to a
shift in catch composition to predominantly herbivorous fishes
(Figures 3C,D).

A continuation of current management attenuated the
downward trend in coral cover. Comparing land-based
management scenarios (high and low sediment mitigation, A
scenarios) and marine-based management scenarios (additional
no-take MPAs, B scenarios), sediment mitigation strongly
impacted benthic composition, whereas fisheries management
impacted fish biomass (Figure 4). For example, reduction of
sediment input slowed the decline in coral cover compared
to Current Management (Supplementary Figures S5.1,5.2).
Sediment mitigation exhibited a mixed effect on algal cover: it
limited the space occupied by turf algae and CCA, but it had
negligible effect on macroalgal cover (Figures S5.3-5.5). Fish
biomass also responded to a change in benthic composition.
In the high mitigation sediment reduction scenario (Al),
herbivorous fish biomass declined slightly compared to Current
Management (Figure S§5.6) whereas piscivore biomass declined
slightly under the low mitigation scenario (A2).

Marine-based management strategies had minimal impact
on the trajectories of coral cover compared to the Current

Management scenario (Figure4, Figures S5.1,5.2). CCA,
however, did respond to MPA designations with decreases under
one of the 30% MPA scenario (B1) and 20% MPA scenario (B4)
but increased slightly under the other 30 and 10% MPA scenario
(B2, B3 resp.; Figure 4, Figure S5.5). Interestingly, fish biomass
hardly changed under MPA scenarios (Figure 4, Figure S5.6).
The large error bar on the piscivore biomass also reflects the
sensitivity of the model to the parameterization of fish-related
variables.

The expansion of current MPA boundaries to include areas
encompassing the top 10% (B3) and 20% (B4) of fish biomass
and coral cover or the randomly placed 30% MPAs (Bl and
B2) showed no clear pattern in the results. Striking is that the
placement of the 30% no-take MPAs had opposite outcomes for
fish catch which declined by up to 20% under B2 and increased
to 32% under B1 (Figure 4) for herbivore and piscivore catches,
respectively.

Local Management Strategies Have Mixed
Results Under Climate-Related Stressor

Scenarios

Model projections resulted in steep declines in coral cover
from current levels, especially under the more severe climate-
related stressors scenarios where hurricanes and thermal stress
led to coral mortality (Figures S5.1,5.2). Local management
did somewhat mitigate the effects of a changing climate,
with slightly more benefit (i.e., lower net loss) under the
more severe scenario (Figure 5). Climate-related stressors were
projected to have a positive effect on herbivorous fish biomass
(Figure $5.6 “base”), while local management buffered losses
in piscivorous fish biomass, which then resulted in decreased
herbivore biomass especially under the stricter management
scenarios (E and F; Figure S5.6 “scenario”). However, due
to the large fluctuations in fish biomass, these differences in
herbivore biomass were not statistically significant (Figure 5).
Under all climate-related stressors and management scenarios
(D-F), herbivores increased with 5-11 t/km? across Maui Nui
from 2015 to 2050 (Figure S5.6). These increases represent an
ecologically valid outcome, given the overall increases in turf
and macroalgal cover, which are food sources for herbivorous
fishes (Figure 2). Hurricanes did result in temporary “dips” in
the overall increase in macroalgal cover under both climate-
related stressors scenarios but due to their relatively high growth
rate, macroalgae recovered within a year. In general, under
the climate scenarios, local management benefited corals and
piscivores with a tradeoff in fisheries catches. These results were
more pronounced under the stricter management scenario E and
F, and under the higher climate stress scenario (Figure 5).

Implications for Ecosystem Goods and

Services

Under a future scenario of severe climate stress and current
management (C1, Figure 6), Trophic Integrity declined by 15%
and Fisheries Landings by 6%. However, in the entire Maui Nui
area, State of the Reef and Fisheries Production increased by
up to 41%, but with large spatial variation. Across all scenarios,
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FIGURE 3 | HIReefSim model estimated trajectories of (A) cover of crustose-coralline algae (CCA), macroalgae (MA), coral, and turf algae, (B) fish biomass, (C) fish
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local management improved the Trophic Integrity of the reef (or
dampened the decline) and the State of the Reef under the less
severe climate change scenarios but had slightly negative effect
on State of the Reef under severe climate change as well as on
Fisheries Production and Fisheries Landings (Figure 6).

Local management could not prevent a decline in the
Trophic Integrity; however, it did decrease the trajectory.
Comparing Current Management (C1) to increasingly stringent
local management of sediment and fishing stressors under
severe climate-related stressors (D1, E1, and F1; darker colors
in Figure 6), shows a trend of diminished decline in Trophic
Integrity. Even larger improvements were evident under less
severe climate-related stressors.

State of the Reef and Fisheries Production displayed improved
results under all scenarios due to the increase in herbivore
biomass that are components of these EPF. Model results
showed a counterintuitive trend with management as both EPFs
had lower values under severe climate scenarios compared to
current management and Fisheries Production also decreased
under less severe climate change. These lower values can be
attributed to the smaller decreases in piscivore biomass due to
management, leading to more predation pressure on herbivorous
fish (Supplementary Figures S5.6, $5.7). On the other hand,
State of the Reef clearly improved with local management under
the less severe climate change scenarios (Figure 6).

Fisheries Landings were projected to decrease more compared
to current management (C), especially under the scenarios
including 30% MPAs (E, F). Due to the low piscivore biomass,
an additional 20% reduced piscivore pressure (F) had almost no
additional effect in landings (Figure 6).

Looking at the effectiveness of local management scenarios
by comparing the end states of the EPFs of each scenario
relative to current management, both the Trophic Integrity
of the reef as well as the State of the Reef can benefit from
additional management especially under less severe climate
change (Figure 7). Fisheries Production fared less well, likely
because of the increase in piscivore biomass (resulting in less
herbivores) and the largest tradeoff was in Fisheries Landings.

Spatial variation in the results of management can provide
insights into where to target local management. For example,
the southern coastlines of Moloka‘i and Maui showed declines
for the State of the Reef and strict local management had little
effect (Figure 8). By contrast, under less severe climate change,
local management improved State of the Reef along the same
coastlines (Figure 9). However, there were also some places
(designated in blue) where management exacerbated declines.
Generally, management had a positive impact along most of the
coastlines (red areas in Figures 8, 9).

Spatial patterns in Fisheries Production showed improvement
under all scenarios and along most coastlines but less so
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FIGURE 4 | Changes in benthic cover (corals and algae) and fish (herbivores and piscivores) biomass compared to Current Management as a result of local
management including (top row) high (A1) and low (A2) sediment mitigation and (bottom row) additional MPA establishments with B1 and B2 additional 30% randomly
selected MPAs, B3 10% additional MPAs and B4 20% additional MPAs. A value of O indicates no change from the outcome in 2050 under Current Management,
values > 0O indicate an improvement (or, more accurately, less of a decline from the Current Management), while values < O indicate a worsening of the decline relative
to Current Management. The bars represent + 1 standard error as a percentage of the mean. Annual catch was calculated post model simulations based on the
results of cumulative catches of the 50 simulations per scenario and hence has no error bar. CCA is crustose coralline algae.

along the northern coastline of Molokal (we note that this
area had relatively high biomass at the initialization of the
scenario runs; Figure 10). Although in general many areas
showed improvement, all coastlines also experienced losses; up to
100% in some places (Supplementary Figures $6). Management
that included a 20% reduction in piscivore fish catches
(Scenario F) tended to decrease overall Fisheries Production
due to an increase in piscivores that preyed on herbivores
(Supplementary Figures S6). At the same time, certain areas
showed improvements with management partially due to spatial
arrangement of the MPAs.

Trophic Integrity improved most along the southern coastline
of Moloka‘i and all around Maui (Supplementary Figures S6).
As with the State of the Reef, the severity of climate change greatly
influenced the results with much higher improvements under the
less severe climate change scenarios.

DISCUSSION

Marine resource managers are challenged with accounting for
the cumulative effects of local and global stressors on coral reef
ecosystems and the valuable services reefs provide to society.
However, environmental conditions and human use can result
in considerable spatial variability of both reef fish biomass as

well as benthic community (Williams et al., 2015; Cinner et al,,
2016; Gorospe et al., 2018). Managers can use spatially-explicit
decision-support tools to prioritize areas of high ecosystem
service value that could benefit from action. Scenarios of future
conditions can guide decision-makers as to which of these actions
are robust to projected climate impacts.

We evaluated the impacts of land-based vs. marine-based
management and local vs. global stressors by assessing the
relationships between different functional groups over time
and under various management strategies and severities of
climate-related stressors. As a metric for the effectiveness
of these different strategies, four EPFs were used to model
changes in ecosystem services; these ecosystem services best
represented the economic interests of the State of Hawai‘i
pertaining to reef structure and resilience and reef-derived
benefits.

Management of Hawai‘i’s valuable nearshore areas in the
face of local and global stressors will need to be adaptive
to changing conditions. As more people choose to live in or
visit Hawai‘i, local stressors will continue to mount, sometimes
in unexpected places or ways. Impacts from global climate
change offer another dimension of surprise. HIReefSim is
an important tool to support adaptive local marine resource
decision making. Our results suggest that policies are needed
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to mitigate local threats, and that these policies should consider
future risks of impacts from climate-related stressors, such
as changing hurricane patterns and coral bleaching, and
likely also sea level rise. In 2016, the governor of Hawai‘i
pledged to “effectively manage” 30% of the marine areas
along the coastline by 2030, launching a multi-year marine
spatial planning process. Key results from our analysis offer
a number of suggestions for adapting near-term management
to long-term conditions. First of all, strict management of
all local pressures (i.e., land-based and fisheries) is needed
everywhere-not just across 30% of the nearshore area-to
obtain the best results for reef state and trophic integrity
under all climate change scenarios. Secondly, place matters. We
found that spatial variation in the effects of local management
was particularly high for reef state and fisheries production,
and moderate for trophic integrity and fisheries landings,
suggesting that fine-tuning place-based management could
improve outcomes.

Does Local Management Matter in the

Face of Climate-Related Stressors?

Yes, despite a decline in Trophic Integrity and State of the
Reef EPFs, both these EPFs displayed a buffering effect of
strict management on the degradation of coral reefs, mostly
under the less severe climate change scenarios. However, as
a tradeoff, Fisheries Landings decreased overall compared to
today’s levels but the maximum decrease was just under 6%
(Figure 6). Average Fisheries Production increased between 42%
(scenario C2) and 38% (scenario D2) mostly due to the increases
in herbivore biomass correlated with increases in turf algae. In
absolute terms, local sediment control was particularly critical in
slowing the decline of reefs under severe climate change. In these
scenarios, coral cover was more prone to decline rapidly, which
underscores both the importance of reducing greenhouse gases
and implementing proactive, stringent management policies to
mitigate declines in coral cover (Ortiz et al., 2014; Hughes
et al., 2017). These results correspond to other modeling
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and less severe (mortalities every 5 years; C2) climate-related stressors, respectively. The effects of local management are also shown under two climate scenarios:
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(D—gray bars) 10% no-take MPAs and low sediment mitigation, (E- green bars) 30% MPAs and strict sediment mitigation, and (F-red bars) 30% MPAs with an
additional 20% reduced piscivore fishing effort and strict sediment mitigation.
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FIGURE 7 | Effectiveness (% change) of additional management compared to Current Management in 2050 under two climate change scenarios. Severe
climate-related stressors are represented by darker colors (denoted by a 1 in the scenario letter abbreviations) and less severe stressors in lighter colors (denoted by a
2). The local management scenarios include: (D—gray bars) 10% no-take MPAs and low sediment mitigation, (E-green bars) 30% MPAs and strict sediment mitigation,
and (F-red bars) 30% MPAs with an additional 20% reduced piscivore fishing effort and strict sediment mitigation.

studies. Weijerman et al. (2015) showed that reefs in Guam  other contaminants of concern are still present and may have a
would experience devastating declines under projected annual  very different spatial signature. We focused on sediment impacts
bleaching events despite local management directed at reduced  for this project based on the completeness and trustworthiness of
land-based pollution and fishing. The same result was found  available data layers, but future efforts may consider the impacts
for a Caribbean reef where, under the projected greenhouse gas  of other sources of land-based pollution.

emissions of a business-as-usual scenario, corals failed to recover Herbivores appeared to fare well under climate-related
from frequent bleaching events (Ortiz et al., 2014). Reducing  stressors as coral cover declined and algal cover increased
sediments is not a complete solution given that nutrients and  (Figures 6, 7). The strong correlation between algae and
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FIGURE 8 | Ratio of the change in State of the Reef (2010-2050) for scenario E1 (high sediment mitigation, 30% MPAs) compared to C1 (Current Management)
under severe climate-related stressors. A value of 0 indicates no change from the outcome in 2050 under Current Management, values > 0 indicate an improvement
(or, more accurately, less of a decline from the Current Management), while values < 0 indicate a worsening of the decline relative to Current Management.
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FIGURE 9 | Ratio of the change in State of the Reef (2010-2050) for scenario E2 (high sediment mitigation, 30% MPAs) compared to C2 (Current Management) under
less severe climate-related stressors. A value of O indicates no change from the outcome in 2050 under Current Management, values >0 indicate an improvement (or,
more accurately, less of a decline from the Current Management), while values <0 indicate a worsening of the decline relative to Current Management.

herbivores could be explained by the control of bottom-up, not  Thus, the low biomass of piscivores observed in the MHI could
top-down, mechanisms. A comparison of piscivore biomass in  explain why top-down effects may not be strong enough to
the populated Main Hawaiian Islands (MHI) with the non-fished = explain some of the results, and suggests that strict fishery
Northwestern Hawaiian Islands (NWHI) shows that piscivore =~ management is required to improve predation as an ecosystem
biomass was about 10-44 times higher in the NWHI (Williams  function (Figure 5, Figure S5.7).

et al, 2011). Even within the MHI, relatively remote and Alternatively, the increase in piscivores could be viewed as
inaccessible locations had about five times the biomass of apex  an undesired outcome since more piscivores led to elevated
predators compared to more open areas (Williams et al., 2008).  predation pressure on herbivores, reducing their biomass and
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FIGURE 10 | Ratio of change in Fisheries Production (2010-2050) for scenario E1 (high sediment mitigation, 30% MPAs) compared to C1 (Current Management)
under severe climate-related stressors. A value of 0 indicates no change from the outcome in 2050 under Current Management, values >0 indicate an improvement
(or, more accurately, less of a decline from the Current Management), while values <0 indicate a worsening of the decline relative to Current Management.

the overall Fisheries Production (Figures 5-7). Ecologically, a ~ management (MPAs) are the often-conflicting extraction and
higher trophic level (piscivores have a trophic level of 3.5-5  conservation objectives (Dichmont et al., 2013). If the objective of
compared to a level of 2 for herbivores) of the fish community =~ MPAs is to improve coral cover, MPA establishment proved less
represents an ecosystem that is energetically more optimal and  effective than reducing land-based pollution (Figure 3). MPAs
mature (Graham et al., 2017). Hence, for ecological reasons, can enhance the resilience of coral reef ecosystems through
one might want to strive to obtain a fish community with a  trophic interactions (Mellin et al., 2016) or lead to small increases
high composition of piscivores. Economically, this also makes in coral cover (Graham et al., 2011), but reducing the main
sense as in general piscivores sell for a higher price ($3.5-$5  local stressors that drive coral decline directly (such as sediment
per pound) compared to herbivores ($2-$3.5 per pound). Thus,  inputs) is more effective (ISRS, 2004) as the model results also
although the results indicate a lower Fisheries Production under = showed. For maintaining or increasing key ecosystem functions
local management scenarios, this is not necessarily a bad thing;  under the projected impacts of climate-related stressors, no
the Trophic Integrity of the Reef improved with more stringent  single management tool was effective, but a combination of
management (E, F; Figure 7), and the reduced catch may not  both land-based and marine-based management was needed as
translate into large economic losses. well as a reduction in greenhouse gas emissions (Figures 5-
Wide-scale spatial variability across Maui Nui was projected 7). These modeling results are corroborated by other studies
for the EPFs, with declines of up to 100% across the northern  (Dichmont et al., 2013; Weijerman et al., 2015; Arias-Gonzalez
shores of Maui and Moloka‘l for Fisheries Production, and  etal, 2017).
large declines in State of the Reef along southern and eastern Random placement of no-take MPAs may not benefit the
shores (where the impacts of hurricanes were projected to be  overall benthic community (Figure 3). For example, the 30%
highest), highlighting the importance of identifying areas where ~ MPA designation in scenario B1 mitigated loss of fish biomass
management will likely be most successful. less than B2 for fish biomass, but improved the fate of corals
. (Figure 3). Placing MPAs in areas with currently the highest 10%
How Important Is It to Consider Both of fish biomass and coral cover (B3) also increased the piscivore
Land- and Marine-Based Threats in Local biomass but when (almost) doubling this area by making the
Management Action? current MPAs also no-take MPAs (B4), piscivore biomass did
Effectively managing the entire coral reef ecosystem requires the =~ not double and catches stayed very similar (Figure 4). Likely, the
combination of both land-based and marine-based approaches' areas which currently have the highest fish biomass are already
Land-based management was most beneficial for the benthic somewhat exempt from high fishing pressure, either because they
community, especially coral cover, whereas marine-based ~ are difficult to access or because only few people live close by,
management not only decreased macroalgal cover, Opening up underscoring the importance of MPA placements. A separate
substrate for reef calcifying CCA, but most notably decreased  issueis whether MPAs can achieve desired outcomes, as that also
the downward trend in piscivore biomass (Figure 3). Of equal ~ depends largely on strong governance (Cinner et al., 2016) and
importance in evaluating the effectiveness of marine-based  compliance (Gill et al., 2017).
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CONCLUSIONS

Overall, in the face of global threats, local management had mixed
results for the ecosystem goods and services the reef provides. It
abated the decline in Trophic Integrity of the reef and improved
State of the Reef especially when both land-based and marine
based approaches were combined but reducing greenhouse gas
emissions is essential to avoid catastrophic loss of ecosystem
services. Management that was more stringent required trading
off Fisheries Production and Landings. By including extraction
and reef resilience objectives in ecosystem goods and services,
we provide a generalizable tool to clearly evaluate the tradeoff
of these conflicting goals under various management and
climate-related stressors. Based on the limitations of the model
structure, a cautionary interpretation of the model’s predicted
long-term trajectory should be taken. Future work may want
to improve the resource fish ratio, which we assumed to stay
constant over the entire period. This assumption is unrealistic
because fishers are likely to target specific species (e.g., jacks
or other piscivores), causing community structure to shift.
Furthermore, the results from the small number of MPA
scenarios call for more thorough analysis, particularly with
respect to their interaction with land-based pollution control.
The model could also be used for evaluating the relative
effectiveness of different fisheries management strategies, e.g.,
targeting different trophic groups. A similar endeavor could focus
on compliance within those MPAs to test the effectiveness of
restriction levels. Results of these improvements could greatly
benefit the ongoing discussions of how to manage 30% of the
coastline effectively.
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