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Abstract

The coastal environment is not managed in a way that considers the impact of cumulative
threats, despite being subject to threats from all realms (marine, land, and atmosphere).
Relationships between threats and species are often nonlinear; thus, current (linear)
approaches to estimating the impact of threats may be misleading, We developed a data-
driven approach to assessing cumulative impacts on ecosystems and applied it to explore
nonlinear relationships between threats and a temperate reef fish community. We used
data on water quality, commercial fishing, climate change, and indicators of recreational
fishing and urbanization to build a cumulative threat map of the northern region in New
South Wales, Australia. We used statistical models of fish abundance to quantify associ-
ations among threats and biophysical covariates and predicted where cumulative impacts
are likely to have the greatest impact on fish. We also assessed the performance of no-take
zones (NTZs), to protect fish from cumulative threats across 2 marine protected area net-
works (marine parks). Fishing had a greater impact on fish than water quality threats (i.e.,
percent increase above the mean for invertivores was 337% when fishing was removed
and was 11% above the mean when water quality was removed inside NTZs), and fish-
ing outside N'TZs affected fish abundances inside NTZs. Quantifying the spatial influence
of multiple threats enables managers to understand the multitude of management actions
required to address threats.

KEYWORDS
coastal management, fishing pressure, impact maps, multiple threats, New South Wales, no-take zones, temperate
reef fish

Una estrategia basada en datos para la evaluacion de impacto de multiples estresores en un
area marina protegida

Resumen: Los ambientes costeros no se manejan de manera que se considere el impacto
de las amenazas acumulativas, a pesar de que se enfrentan a amenazas de todos los entornos
(marinas, terrestres y atmosféricas). Las relaciones entre las amenazas y las especies casi
siempre son no lineales; por lo tanto, las estrategias actuales (lineales) para estimar el
impacto de las amenazas pueden ser engafiosas. Desarrollamos una estrategia basada en
datos para evaluar el impacto acumulativo sobre los ecosistemas y la aplicamos para explo-
rar las relaciones no lineales entre las amenazas y la comunidad de peces de arrecifes
templados. Usamos datos de la calidad del agua, pesca comercial, cambio climitico e
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indicadores de pesca recreativa y urbanizacion para construir un mapa acumulativo de ame-
nazas de la region norte de Nueva Gales del Sur, Australia. Usamos modelos estadisticos
de la abundancia de peces para cuantificar las asociaciones entre las amenazas y las covari-
anzas biofisicas y pronosticamos en donde es probable que los impactos acumulativos sean
mayores sobre los peces. También evaluamos el desempefio de las zonas de veda para asi
proteger a los peces de las amenazas acumulativas en dos redes de areas marinas prote-
gidas (parques marinos). La pesca tuvo un mayor impacto que la calidad del agua sobre
los peces (es decir, el incremento del porcentaje por encima de la media de depredadores
de invertebrados fue de 337% cuando se elimind la pesca y fue de 11% por encima de la
media cuando se eliminé la calidad del agua dentro de las zonas de veda) y la pesca fuera
de las zonas de veda afect6 la abundancia de los peces dentro de ellas. La cuantificacién
de la influencia espacial de las multiples amenazas permite que los gestores entiendan la
multitud de acciones de manejo que se requieten patra abordar las amenazas.

PALABRAS CLAVE
amenazas multiples, manejo costero, mapas de impacto, Nueva Gales del Sur, peces de arrecifes templados,
presion de pesca, zonas de veda

INTRODUCTION

The coastal-marine environment supports rich biodiversity and
provides numerous ecosystem services that support coastal
communities; however, it is under increasing pressute from
a range of anthropogenic land-based, marine-based, and cli-
mate change threats (Halpern et al., 2019). Land-based activities
introduce nutrients and pollutants into coastal waters that influ-
ence estuarine and marine coastal ecosystems (Brown et al.,
2017; Lefébure et al., 2013). Marine-based activities, including
fishing, have direct impacts on fish biomass and indirect effects
on ecosystems through changes in food webs (Fu et al., 2020
Jennings & Polunin, 1997) and have seen considerable growth
in the last 2 decades (Halpern et al., 2019). Climate change
threats, although regionally unmanageable, have direct and indi-
rect impacts on species and ecosystems (Trisos et al., 2020).
Effective management is required to minimize and regulate the
impact of manageable activities; however, they are commonly
managed independently by different sectors and actors and
often involve tools that target single activities, such as marine
protected areas that limit fishing, but do not address the impacts
of poor water quality (Elliott, 2014). The lack of integrated
land—sea plans is a key reason coastal management has failed
to address the cumulative impacts of multiple threats (Griffiths
et al., 2020; Tulloch et al., 2021).

Lack of integrated planning is partially due to the difficulty
of predicting how multiple threats translate into impacts on
species and ecosystems, which requires knowledge of their vul-
nerabilities to the threats (cumulative impact assessment [CIA]).
Typically, expert knowledge or empirical knowledge is used to
predict impacts from threats (Grech et al., 2012; Halpern et al.,
2007; Turschwell et al., 2020). Expert elicitation is commonly
used to weight the vulnerabilities of species and ecosystems to
threats and thereby interpret the impact based on cumulative
threat maps (Loiseau et al., 2021; Stockbridge et al., 2021). How-
ever, this process introduces “knowledge-based uncertainty,”
which can affect the reliability of the results and its applica-

tion to management (Jones et al., 2018). Impact maps typically
also weight threats linearly or log lineatly by their vulnerabil-
ities, so these impact maps assume a positive and monotonic
relationship between increasing threats and increasing impacts.

An alternative approach to assessing impacts is to use sta-
tistical models to fit empirically measured ecological responses
to threats (Stockbridge et al., 2021; Turschwell et al., 2021).
The vulnerability of an ecological component to a threat then
becomes a function (potentially nonlinear) rather than a sin-
gle weight. Empirical assessments are less subject to expert
biases and can capture nonmonotonic or decreasing relation-
ships between threats and their impacts on the ecosystem.
However, empirical data may cost more and be harder to acquite
than expert-elicited vulnerabilities and so have not been as
widely explored as an option for assessing cumulative impacts
(Johannes, 1998; Teck et al., 2010). Estimating vulnerabilities
from data is also challenging because cumulative threats are con-
founded by their nature (hence being cumulative), so it may be
difficult to statistically separate the effect of one threat from
another. Therefore, there is a need to further develop cumula-
tive impact mapping approaches that draw directly on empirical
measurements of ecological responses.

We explored a new approach to cumulative threat mapping.
We predicted how different threats affect reef fish abundance
and then made predictions about the impact of cumulative
threats on fish abundance inside and outside no-take zones
(NTZs). We did this in the northern region of New South
Wales (NSW), an area rich with spatial and temporal data on
threats and biodiversity that provides an ideal setting in which
to explore the empirical approach to CIA (Appendix S1). Specif-
ically, we aimed to build a cumulative threat map based on
indicators of water quality, fishing, and climate change; build
a predictive model of fish abundance from the threat data
and other environmental covariates; apply predictive modeling
to predict cumulative human impacts on fish abundance; and
assess the performance of NTZs to protect near-shore har-
vested fish species from cumulative threats. Our exploratory
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analyses of CIA address the issues of nonlinearity in the vulner-
ability of ecosystems to threats and confounding of cumulative
threats. It also identifies further research needs that will improve
the understanding of cumulative impacts in northern NSW and
can inform future management priorities.

METHODS
Study region

The northern region of NSW encompasses ~700 km of coast-
line and supports a diversity of subtropical and temperate
marine habitats (mangroves, seagrasses, saltmarshes, coral reefs,
intertidal and subtidal rocky reefs, and estuaries; Figure 1,
Appendix S1). The study region is characterized by moderate
impacts on the marine environment over a range of threats
(moderate urban growth and significant recreational and com-
mercial fisheries) and has been a focal area for long-term
monitoring on fish abundance (Knott et al., 2021; Malcolm
et al,, 2018). The region also includes multiple-use marine state
patks, of which Solitary Islands Marine Park (SIMP) and Port
Stephens-Great Lakes Marine Park (PSGLMP) were included
in our analyses. The SIMP (710 km?) was established in 1998
and multiple-use zones were applied in 2002. The PSGLMP
(980 km?) was established and zoned for multiple use in 2005
and 2007, respectively. The matine parks extend 3 nautical
miles (nm) from shore, which is the seaward limit of the NSW
Marine Estate NSW Government, 2018). Beyond this limit lies
Commonwealth waters out to 200 nm. A range of fisheries
restrictions are applied in the marine parks, including sanctuary
zones, where fishing is prohibited (NTZs), habitat protection
zones, where some commercial fishing, aquaculture, and col-
lecting activities are limited, and general use zones, where some
netting and longlining activities are limited. Each state park
includes multiple areas of variable-sized NTZs (19 in total in
the coastal-marine area).

Threats

We identified 9 anthropogenic threats (Table 1) of relevance
to the region’s nearshore marine environment, particulatly to
temperate teef fish (Fletcher & Fisk, 2017), and for which
comprehensive spatial data were available. The threats repre-
sent the common dimensions of human-derived threats for
coastal marine species: threats from land pollution and coastal
population and development (Allan et al., 2023); threats from
marine recreation and commercial fishing; and threats from
climate change. As water quality indicators we used nutrient
(chlorophyll-z) and turbidity data, which are effective measures
of water quality and coastal development (Scanes et al., 2007).
Recreational fishing was measured based on regional boat ramp
usage. We used sea surface temperature (SST) anomalies to rep-
resent ocean warming, which is a major effect of climate change.
Other climate change variables were also considered (e.g;, ocean
acidification data), but there was too little variation in the data

across the study area for differences to be detected. All threat
layers were reprojected to the same base raster with a consis-
tent resolution (500 X 500 m) and projection (UTM zone 56S
WGS84). The commetcial fishing data wete available at 0.01°,
and to accurately represent that coarse resolution on maps, we
did not smooth the layers relating to commercial fishing. Analy-
ses were performed with R (R Development Core Team, 2018)
and its packages raster (Hijmans et al., 2021) and sf (Pebesma,
2018).

Fish monitoring data

We used stereo-baited remote underwater video (stereo-BRUV)
at shallow reefs (<50 m) over randomly selected, spatially inde-
pendent sites from 2010 to 2018 to collect fish abundance data,
following the methods of Malcolm et al. (2018). Abundance
for each sample was quantified with the maxN statistic—
which indicates relative abundance and is the maximum number
(maxN) of any individual fish (of a particular species) in the
frame at any 1 time during each camera set (Harasti et al.,
2018). Shallow, rocky reefs were previously identified (Jotr-
dan et al, 2010; Malcolm et al., 2018). Data were selected
for fishery-targeted invertivores and carnivores (Appendix S2),
which were the most abundant groups counted by BRUV. Data
were interrogated for trends across categoties (effect of NTZs
and others). Invertivores included the invertebrate carnivore
feeding guild (10 species, 3616 counts), and carnivores included
the piscivore and generalist carnivore feeding guilds (30 species,
2821 counts). There were 952 observations overall.

Hotspots of cumulative threats

We combined the layers of threats to identify hotspots of cumu-
lative threat. Hotspots were defined as grid cells that were in
the top 10% of all gtid cells for more than 1 threat. The 10%
threshold was arbitrary but selected because it excluded most
grid cells. Other thresholds (e.g;, 1% or 5%) showed similar spa-
tial patterns. The cumulative threat score was the count of the
number of threats (9 maximum) for which a cell (pixel) was in
the top 10% for each grid. Thus, if a threat did not meet the 10%
threshold, it was not included. The hotspot index (/7), there-
fore, could take only integer values from 0 to 9 threats and was
defined as

=Y (1,2 1"), m

J=1

where 7 is the value for threat ; in grid cell 7 and 7; 0% s
the upper 10% quantile for the threat j. We see this approach
as a precursor to a full CIA that does not require vulnerability
weights and thus is agnostic about the ecosystem’s vulnerabil-
ity to the threat. We additionally calculated Spearman’s pairwise
correlations among threats.
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Northern region of New South Wales, Australia, showing the study area. Map produced using ArcGIS, ArcMap 10.3 software. Reef polygons and

baited remote underwater video survey locations provided by Johnson et al. (2018). Protected area zones sourced from Department of Agriculture Water and the

Environment (2020). Sources for the ocean basemap: ESRI, General Bathymetric Chart of the Oceans, National Oceanic and Atmospheric Administration,

National Geographic, DeLorme, HERE, Geonames.org, and other contributors.

Model of fish abundance

We used biophysical covariates and threats as predictors to
model the abundance of temperate rocky reef fish for both
functional groups. Fish abundance was compared in 2 areas sub-
ject to different management: NT”Zs and sites outside NTZs.
The biophysical covariates tested were based on 2 a priori
hypotheses for biophysical drivers of fish abundance. First, fish
abundance is greater when reefs are ecologically connected to
adjacent coastal wetlands (Olds et al., 2012). Thus, we used

the shortest distance from reef survey sites to each mangrove,
seagrass, or saltmarsh location (NSW Department of Primary
Industries, 2013). Second, we included depth as a covariate
because the BRUV data were collected across shallow (<20 m)
and intermediate reefs (>25 to <50 m) and depth has a strong
effect on fish abundance (Malcolm et al., 2018).

For each fish functional group, we fitted a model of threats
and biophysical variables with covariates as additive spline
effects. Specifically thin-plate regression splines were fit with
generalized additive models to allow for nonlinear effects
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TABLE 1 Summary of the anthropogenic threats in the northern region of New South Wales (INWS) used to create cumulative impact maps.

Measure Description No. of stressors ~ Original resolution Date Source
Nutrients (water Mean chlorophyll @ concentration 1 0.02° 20062020  Integrated Marine Observing
quality) from daily surface multispectral System, 2014a

measurements of sunlight from the
MODIS sensor (OC3 model) on
the Aqua satellite

Turbidity (water Mean NTU from the sites located 1
quality) closest to the river or estuary
mouth measured during routine
water quality monitoring of NSW

estuaries
Demersal commercial ~ Trap, bottom trawl (prawns), and 3
fishing bottom line catch per unit effort
from commercial fishing logbook
data
Midwater commercial ~— Midwater line catch per unit effort 1
fishing from commercial fishing logbook
data
Recreational fishing Estimated by linear distance to boat 1

ramps, weighted by an indicator of
boat-ramp usage (single vs.
multilane ramps)

Sea surface
temperature (SST)
anomaly (climate

Frequency of recent SST (2006-2020) 1
above the historical mean
(1992-2005) measured by daily
change) single-sensor NOAA polar-orbiting
multisatellite data

Population pressure Population and housing data from the 1
2016 Australian Census and
followed method of Ostwald et al.

(2021)

(urbanization)

Modeled 0.5 km? 2007-2020  Department of Planning Industry
and the Environment, 2020

0.01° 2009-2020  Department of Primary Industries,
2017

0.01° 2009-2020  Department of Primary Industries,
2017

Modeled 0.5 km? 2020 Transport Roads & Maritime
Services, 2021

0.01 degrees 1992-2020  Integrated Marine Observing
System, 2014b

Modeled 0.5 km? 2020 Australian Bureau of Statistics,

2021

(GAM, R software [R Development Core Team, 2018], mgcv
package [Wood, 2023]). All threats used in the threat map were
initially included as covariates. However, we used visual inspec-
tion of the plots to decide whether a relationship between
variables was meaningful, as well as the Akaike information cri-
terion (AIC) to simplify the model. Variables were removed if
they caused an increase in the AIC. The model with the low-
est AIC was considered the model with the best fit. The best fit
model included 3 biophysical variables (depth, and proximity to
seagrass and saltmarsh), 6 threats (SST anomalies, urbanization,
nutrients [chlorophyll-4], turbidity, recreational fishing pressure,
and commerecial fishing [trap and line fishing]), protection status,
year, and site (year and site were random effects).

Data were modeled with a negative binomial family (log
link function) because exploratory analyses indicated overdis-
persion in simpler competing models (Wood et al., 2016). For
the estimation, we used the restricted maximum likelihood
algorithm (REML) so we could interpret effect sizes and predic-
tions of fish abundance. Concurvity was investigated to ensure
that the remaining predictors were not strongly related (Wood,
2017). Most covariates had concurvity values within accept-
able limits (<0.5 [Ramsay et al., 2003]), apart from the effect
of site variation (Appendices S3 & S4). The assumptions of
homoscedasticity and approximate normal distribution of the

deviance of residuals were visually investigated and revealed no
major violations (Wood, 2017). Plots with confidence intervals
were also used to visualize strength of effect on fish abundance
for each covariate (visreg package [Breheny & Burchett, 2020]).
Highly confounded variables (correlation values >0.5) were not
included in the final model (e.g, commercial trawl fishing and
distance to mangroves).

Cumulative impact maps for reef fish

We used the fitted models for invertivore and carnivore abun-
dance to create cumulative impact maps for fish abundance
(Table 1). We created the impact maps by first predicting fish
abundance across the entire region based on predictions made
that reflect potential management scenarios: status quo con-
ditions; status quo conditions with no water quality threats
(water quality threats set to zero); status quo conditions with
no fishing threats (all fishing-related threats set to zero); and
status quo conditions with no threats (all threats set to zero).
We did not consider status quo with no SST threats because
SST is not manageable at the scale of NSW. Water quality
threats included nutrients, turbidity, and population pressure.
Fishing threats included recreational and commercial fishing.
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We defined cumulative impacts at a grid cell to reef fish (C;)
as

¢ = /iz',o - Ai,T’ @

where /41,0 is predicted fish relative abundance (maxN) at a grid
cell 7 with no threats and /L’ 7 is predicted fish abundance based
on all threats, no water quality threats, or no fishing threats
(calculated separately). Thus, the cumulative impact index rep-
resented the loss of fish abundance that could be attributed to
the threat from water quality, fishing, or both. By predicting
cumulative impacts in these 3 categories, we avoided problems
associated with making predictions when there is confounding
among similar types of threats because there is clear separation
between threats.

We used spatially comprehensive data for both fish func-
tional groups to create cumulative impact maps. Predictions
were made with the terra package in R (Hijmans et al., 2021).
Predicted values were capped at the observed maximum value
for that variable to overcome problems with extrapolation of
nonlinear models.

Performance of NTZs to protect reef fish

We assessed the performance of NTZs, in terms of how
much fish abundance could increase if threats were reduced,
by applying Equation (2) to grid cells inside NTZs (SIMP and
PSGLMP). The expected impacts of fishing and water qual-
ity on fish abundance in NT”Zs were then calculated as mean
(C)/SD (C;), where mean and standard deviation were taken
across all grid cells. Thus, the performance metric was the
increase in fish abundance expected from reducing the threat
(fishing or water quality) as a fraction of the spatial variation
in the predicted increase. Values of the performance statistic
>100% indicated increases in fish abundance that were highly
consistent across all marine park locations.

RESULTS
Hotspots of cumulative threats

We found cumulative threats operating throughout the NSW
and Commonwealth waters, with a greater concentration of
threats in state waters. A maximum of 7 threats (Figure 2)
were apparent on any grid cell throughout the region (individual
maps of threats in Appendix S5). We found the highest num-
ber of threats in the state waters south of Coffs Harbour and in
Commonwealth waters south of Port Macquarie. Waters farther
than 20 km offshore contained the least number of cumula-
tive threats, including areas with no threats. The map of threats
ranked by the top 5% of grid cells showed similar spatial pat-
terns, except that hotspots were clustered closer to the coast
than in the top 10% map (Appendix S6).

A comparison of correlations between different threat layers
(Appendix S7) indicated that some threats were highly corre-
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FIGURE 2 Hotspot index of cumulative threats to the northern region of
New South Wales (#, hotspot index defined as the count of threats in the top
10% of all values for each grid; red, highest threat level; dark blue, lowest threat
level). A maximum of 7 threats were apparent on any grid cell throughout the
region. Table 1 contains the list of threat layers included. Map produced using
ArcGIS ArcMap 10.3 software.

lated. Indicators associated with urban areas were positively
correlated (population pressure, recreational fishing pressure,
and water quality).

Model of fish abundance

The model explained 48% and 50% of the deviance in fish
abundance for invertivore and carnivore groups, respectively.
The effect of NTZs had a strong positive influence on car-
nivores (mean [SE] increase of 1.37 [1.06] inside N'TZs) and
weaker, but significant, influence on invertivores (mean [SE]
increase of 1.11 [1.06] inside N'TZs). Catnivorous fish abun-
dance declined as SST anomalies increased and when closer to
centers of urbanization but increased when closer to vegetated
areas. Carnivorous fish abundance increased as recreational and
commercial midline fishing increased. However, these variables
were confounded with other variables, which made it difficult to
interpret their effects independent from one another (Appendix
S7). Similar confounding occurred in the model of invertivores
because most of the significant threats had a positive influence
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on fish abundance. The effects of water quality covariates, how-
ever, were not confounded with fishing pressure covariates or
the climate change covariate. Therefore, it was possible to sep-
arate the cumulative effects of all fishing-related threats from
water quality threats.

Cumulative impact map for reef fish

Fish abundance increased when fishing threats were removed
(Figure 3a,d). Both functional groups showed a similar response
(increase per grid cell of maxN up to 107 and 97 fish from
the baseline for invertivores and carnivores, respectively). The
cumulative effect of fishing pressure on carnivores was patchily

distributed throughout the northern and central regions of
NSW (Figure 32). The pattern for invertivores was more
consistently spread within the 40-km contour and was the max-
imum extent of recreational fishing pressure used in the model
(Figure 3d).

Regions of high cumulative impact from water quality threats
were mainly isolated to the coastal areas north of Newcastle,
surrounding Coffs Harbour and south of Tweed Heads for
carnivores and invertivores (Figure 3d,e). Estuatine areas in
Newcastle (Fullerton Cove) and farther north (Port Stephens)
also had areas of high cumulative impact for invertivores
(Figure 3¢). In these regions, fish abundance increased as water
quality threats increased, indicating that some species responded
in counterintuitive ways to indicators of water quality.
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Marine park performance for reef fish

The effect of modeled removal of all fishing threats (recre-
ational and commercial fishing) from inside NTZs and outside
NTZs along the boundary had a greater predicted benefit
for invertivores inside NTZs than carnivores inside NTZs.
For example, there was an increase in the predicted relative
abundance for invertivores of 337% compared with a 213%
increase for carnivores inside NTZs. The difference between
the functional group tesponses to no fishing was driven by
the effect on invertivores in PSGLMP, where an increase in
relative abundance of 957% was predicted, compatred with an
increase of 178% for carnivores (Appendix S8). The predicted
increase in relative abundance was similar between carnivores
and invertivores in SIMP (349% and 379%, respectively).

When all water quality threats were removed (turbidity,
population pressure indicator, and chlorophyll-a), the model
predicted an increase in the relative abundance of functional
groups inside NTZs, but the levels of effect differed. For
example, the relative abundance of carnivores was predicted to
increase by 51% inside NTZs, but invertivore maxN was pre-
dicted to increase by only 11%. When comparing the effect
among NTZs, a different pattern was observed. For exam-
ple, carnivore relative abundance was predicted to decrease
inside NTZs in SIMP by 12% and increase inside PSGLMP by
103% when water quality threats were removed. The removal of
water quality threats for invertivores inside SIMP and PSGLMP
showed limited effect (0.013% predicted increase in SIMP and
1.35% predicted decrease in PSGLMP) (Appendix S8).

DISCUSSION

Effective management requires knowledge about the spatial dis-
tribution of threats as well as the impact of threats to species
and ecosystems (Halpern et al., 2008). Our results highlighted
threat hotspots of potential concern that require further investi-
gation. We also demonstrated that this data-driven approach to
CIA revealed some interesting nonlinear relationships between
threat and impact, particularly the finding that fish abundance
was higher in some areas with putatively higher water quality
threat. Understanding how threats affect reef fish abundance
helps managers prioritize their actions through regional plan-
ning instruments (NSW Government, 2018) and stimulates
cross-jurisdictional conversations between state and local coun-
cils (Crowder et al., 2006; Griffiths et al., 2020). For example,
threats that interact synergistically (i.e., the interaction increases
the impact [Brown et al, 2014]) may require a coordinated
management approach that can transverse different sectors.
The greatest cumulative threats occurred along the coastline
in NSW state waters (3 nm). These included water quality threats
in combination with other threats, such as fishing. For example,
the threat hotspot in the area south of Port Macquarie, which is
the center of a significant agricultural district, was the result of
low water quality (turbidity and total nitrogen) and demersal line
fishing, Large coastal impacts are widely recognized within Aus-
tralia and globally and driven by catchment-related processes

(Halpern et al., 2019; Ostwald et al., 2021). Fifty percent of
the 133 sources of input into the coastal waters of the region
(rivers, creeks, etc.) are considered modified or extensively mod-
ified, whereas only 10% are in pristine condition (OzEstuaries,
2003). This value is likely to be modest given the increase in
coastal human footprint over the last 2 decades (Sanderson
et al., 2022). The long history of agricultural use in the region
likely explains this (Townsend, 2020), despite a low-to-medium
population density of most coastal communities (mean popula-
tion density of 400 people per 1-km grid cell [Australian Bureau
of Statistics, 2021]). Areas of localized hotspots for nuttients (up
to 100 ug/L) and turbidity (up to 15 N'TU) occur in and adja-
cent to the Clarence River, which is the largest estuary in the
region and one of the largest rivers in mainland Australia (NSW
Department of Primary Industries, 20006).

We predicted the removal of cumulative impacts from fishing
would benefit invertivores inside N'TZs more than carnivores,
despite the expectation that carnivores would benefit the most.
There are 3 potential explanations for the difference in response
between functional groups. First, there were approximately 30%
more BRUV captures of invertivores than carnivores (Appendix
S2), suggesting that there was greater statistical power to
detect impacts on invertivores compared with carnivores. Sec-
ond, complex predator—prey and competitive relationships are
a stronger driver of community structure than fishing inten-
sity (Boaden & Kingsford, 2015). Therefore, the absence of
a large increase in carnivores when fishing is removed could
be related to compensatory response mechanisms operating
between predators and prey or between competitors (Hunsicker
et al,, 2011; Mitchell & Harborne, 2020). Third, there is likely to
be alevel of preferential selection of the 30 targeted carnivorous
species by fishers, despite all species being targeted by fishers
(Malcolm et al., 2018). This requires analysis at the species level
because it is anticipated that highly selected carnivores, such as
pink snapper (Chrysgphrys anratus) and yellowtail kingfish (Seriola
lalandi), would benefit more from the cessation of fishing than
invertivores This analysis is recommended for future studies.

Fish abundance was predicted to increase as water quality
decreased for carnivores and in some localized areas for inverti-
vores. This finding could be an artifact of other more important
variables acting on fish abundance that we did not include.
Alternatively, it could suggest that fish benefit from low levels
of increased nutrients, an effect that has been observed for pink
snapper (Rees et al., 2021). The relationship between water qual-
ity threats and fish responses is complex and does not always
act lineatly (Meador & Frey, 2018). Furthermore, temperate reef
fish are mobile and thus have a wide exposure gradient to water
quality threats because they can range from within 100 m to
up to >5 km from the mouth of estuaries and outlet sources.
Therefore, coastal reef fish are unlikely to be exposed to acute
concentrations observed in lakes and semienclosed watersheds
because of the dispersion into the coastal environment (Meador
& Frey, 2018; Parker et al., 2016; Uriarte & Borja, 2009).

We assessed the expected benefit inside NTZs and along
the boundary by removing the threat of fishing from areas in
and adjacent to NTZs to represent poaching and the effect of
fishing around the edge of N'T”Zs, which can be a significant

B5USD17 SUOWILLIOD dAIER.1D) 3|qed!(dde au) Ag paueob ae apie YO ‘@SN J0S3|N1 10y Ar1q1T BUIUO AB]IM UO (SUORIPUOD-PLR-SLURIWIY"AB| 1M AfeIq 1 U1 |UO//SA]U) SUORIPUOD PuUe SWS L 343 835 *[7202/#0/0€] Uo AkeiqiTaul|uO AB|1M ‘[10UN0D YOIEaSSY [EDIPRIN PUY UIERH [UOIEN AQ 2/ THT 1G0O/TTTT OT/I0p/W0d A8 | 1w Afeq 1[uluo-01quod//sdny woiy papeojumod ‘2 ‘v20Z ‘6ELTEZST



CONSERVATION BIOLOGY

‘“@:‘ 90f13

hindrance to fish protection inside NTZs (Harasti et al., 2019;
Ohayon et al., 2021). Our predictions indicated that NTZs sup-
ported more carnivore and invertivore groups than areas outside
NTZs (up to 1.5 and 1.3 times, respectively), which is consistent
with previous findings (Harasti et al., 2018; Knott et al., 2021;
Malcolm et al., 2018). The predicted difference in fish abun-
dance indicates that the cumulative impacts of fishing outside
of NTZs are affecting fish abundance inside NTZs because the
relative abundance of fish was predicted to increase with the
alleviation of fishing at the boundary. The predicted increase in
fish abundance with simulated removal of fishing also suggests
that illegal fishing could be occurring in NTZs, which has
been identified previously for NTZs in PSGLMP (Davis &
Harasti, 2020; Harasti et al., 2019). Strong differences between
functional group responses were also predicted between SIMP
and PSGLMP. Site-specific differences in abundances may
be driven by unmeasured influences on productivity, such as
habitat complexity and stochastic variation in early-life-stage
recruitment (Knott et al., 2021; Malcolm et al., 2018).

The caveats in our study limit interpretation of the results
and requite further investigation to improve the understand-
ing of cumulative impacts on temperate reef fish in northern
NSW. The patterns of modeled fish abundance in response to
cumulative threats are a test of a method where the effect of
threats on the ecosystem was driven by the data, rather than
being based on the assumption that all threats are negative, as is
common practice (Halpern et al., 2008; Korpinen & Andersen,
2016). Therefore, there are some unexpected and unexplained
outcomes in the prediction maps, such as the positive response
(or lack of response) of fish abundance to a high level of threat
(Figure 3b,d). For example, some areas appeared to maintain a
high carnivore abundance despite being subject to high fish-
ing pressure, so it is possible that these are productive areas
that attract fishing. The regional stability of stocks despite high
fishing pressure has been observed in small pelagic fisheries
(Hilborn et al., 2022); howevert, it is not well documented in
coastal reef fish. These uncertainties and any potential con-
founding between fishing pressure and fish stocks suggest that
defining the vulnerability value based on a combination of
expert opinion and data could link threats to impacts in more
meaningful ways (Ferraro et al., 2018). Alternatively, it could
suggest that we missed key anthropogenic threats that were
driving the predictions.

We considered only additive effects in the model of threat
impact when they could have been interactive (Brown et al.,
2014; Cote et al., 2016; Crain et al., 2008; Stock & Micheli, 2016).
Including covariate interactions would help explain other non-
linear outcomes between threats (Brown et al., 2014), but in this
case we were limited by the region having insufficient contrasts
of different stressors, which are required to model interactions.
Dispersion parameters for the water quality threats were also
applied consistently across the seascape, as is common practice
with cumulative threat maps (Halpern et al., 2008, 2019). How-
ever, the effect of hydrodynamic variation (currents, wind, and
waves) is likely to influence dispersion at the watershed level.
Although we considered the effect of catchment size, we did
not include other parameters, such as flow volume and rate, cur-

rents, exposute, and so forth, which are known to have an effect
on dispersion (Deignan-Schmidt et al., 2021; Tseng, 2002; Yu
et al., 20106). The omission of these influences in the cumulative
threat map may change the footprint and distribution of water
quality impact.

Interpretation of the findings would have benefited from
more spatially resolved data, use of measured data, rather than
proxies, and inclusion of other covariates. For example, com-
mercial fishing data wete only available at a 1° grid cell, whereas
all other threats were more resolved. Although the use of prox-
ies is common in the development of large-scale threat maps
(Halpern et al., 2008; Ostwald et al., 2021), spatially explicit mea-
sured data (e.g., for recreational fishing [Keramidas et al., 2018;
Lynch et al., 2020; Taylor et al., 2018]) would provide a clearer
link between threat and impact.

Other variables to consider in future cumulative impacts for
the region include other drivers of fish abundance and distribu-
tion, for example, seafloor rugosity (Burgos et al., 2017; Emslie
et al., 2014; Rees et al., 2021); exposure and currents (Fulton
& Bellwood, 2004; Williams & Bax, 2001); food-web dynamics
(Fu etal., 2020; Lefébure et al., 2013); habitat type and condition
(Fulton et al., 2016; Quaas et al., 2019); and larval and recruit-
ment variability (Planes et al., 2009). Sociocultural, economic,
and political factors, such as community support, enforcement,
and degree of remoteness (Edgar et al., 2014), also influence the
performance of marine parks (Glew et al., 2012; Noble et al,,
2020, 2021). We also did not consider indirect pressures, such
as shipping and mining exploration, because they ate primar-
ily of concern for pelagic species (e.g., deeper benthic species
[van der Grient & Drazen, 2021] and cetaceans). Major ship-
ping routes, for example, are in depths >30 m, which is beyond
the depths we assessed. Emerging industries in NSW yet to be
implemented, such as renewable energy projects, were also not
included. However, there is a need to understand if and how
pressures associated with these industries act on coastal fish
species (Copping et al., 2021). The inclusion of social variables
in the models of marine park performance could help explain
the differences observed between functional groups and marine
parks, and better inform management actions.

The approach we propose addresses 2 limitations common in
CIA. First, our method overcomes issues of nonlinearity in the
vulnerability of ecosystems to threats by modeling the spatial
gradient in fish abundance in response to threats. This approach
has the advantage over the expert elicitation approach because it
does not require identifying the vulnerabilities of each threatina
preconceived way but, rather, allows for a data-driven approach
to explore relationships between threats and patterns in fish
abundance. This is important because it is often assumed that all
threats are negative when in some cases, they could have ben-
efits. For example, the relative abundance of invertivores was
predicted to decrease in some locations by up to 56% when
water quality threats were removed. This suggests that addi-
tional nutrients may be beneficial to invertivores; the influence
of water quality on fish abundance has been shown elsewhere
(Meador & Frey, 2018; Rees et al., 2021). Second, the approach
offers a clearer path for management action because it quanti-
fies correlations between threats and partitions out the numbers
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of different types of threat rather than the values of threats. In
this way, the number of actors and stakeholders responsible for
managing the threat and degree of management action required
to address threats are identified.

We used fisheries, water quality, and climate change data to
develop a data-driven approach to predict the impact of cumu-
lative threats to fishery targeted coastal, temperate, reef fish.
Cumulative threats have not been mapped in NSW previously.
However, our work is exploratory and offers an alternative to
assessing cumulative impacts that does not rely on expert elic-
itation. Further research is needed to assess the impacts on
temperate reef fish from other cumulative threats we did not
consider, such as shipping (and related anchoring), offshore
mining, emerging renewable energy industries, and other cli-
mate change threats, as well as other spatially explicit variables.
The methodology we used could also be used to inform cumula-
tive impacts on other important coastal areas, such as seagrasses,
saltmarshes, and mangroves, and their associated estuarine fish
assemblages, which are important environmental, economic,
and social features of the NSW coastal zone. The inclusion
of these indicators would improve understanding of cumulative
impacts for the NSW region and could help inform the evalua-
tion of threat against management objectives. Such work needs
to be carried out before conservation resources are invested
to mitigate threats. Despite this, our results iterate the impor-
tance of N'TZs in protecting reef fish from threats and provide
support for management action to be directed at enforcement
activities in NT”Zs and along the boundaries of NTZs.

ACKNOWLEDGMENTS
CJ.B,, RM.C,, and M.P.T. acknowledge support from Discovery
Project (DP180103124) from the Australian Research Council.
RM.C, C].B, M.PT,, and C.A.B. acknowledge support from
the Global Wetlands Project, which is supported by a charita-
ble organization that neither seeks nor permits publicity for its
efforts.

Open access publishing facilitated by Griffith University, as
part of the Wiley - Griffith University agreement via the Council
of Australian University Librarians.

ORCID
Lanra L. Griffiths " https://orcid.org/0000-0001-8701-4373
Joel Williams @ https:/ /orcid.org/0000-0002-4173-3855

ChristinaA. Buelow® https:/ /orcid.org/0000-0002-3084-2554
Vivitskaia J. Tulloch '® https://orcid.org/0000-0002-7673-3716
David Harasti\® https:/ /orcid.org/0000-0002-2851-9838

Rod M. Connolly"® https:/ /orcid.org/0000-0001-6223-1291
Christopher J. Brown & https:/ /orcid.org/0000-0002-7271-4091

REFERENCES

Allan, H., Levin, N., & Kark, S. (2023). Quantifying and mapping the human
footprint across Earth’s coastal areas. Owean and Coastal Management, 236,
106476. https://doi.org/10.1016/j.ocecoaman.2023.106476

Australian Bureau of Statistics. (2021). Regional population statistics about the popula-
tion and components of change (births, deaths, migration) for Australia’s capital cities
and regions. https:/ /www.abs.gov.au/statistics /people/population/regional-

population/latest-release

Boaden, A. E., & Kingsford, M. J. (2015). Predators drive community struc-
ture in coral reef fish assemblages. Eeosphere, 6(4), 1-33. https://doi.org/10.
1890,/ES14-00292.1

Breheny, P., & Burchett, W. (2020). Package “visreg”. R package version 2.7.0.
http://pbreheny.github.io/visreg

Brown, C. ], Jupiter, S. D., Albert, S., Klein, C. J., Mangubhai, S., Maina, J. M.,
Mumby, P, Olley, J., Stewart-Koster, B., Tulloch, V., & Wenger, A. (2017).
Tracing the influence of land-use change on water quality and coral reefs
using a Bayesian model. Seientific Reports, 7, 4740. https://doi.org/10.1038/
$41598-017-05031-7

Brown, C. J,, Saunders, M. 1., Possingham, H. P, Richardson, A. J., & Essl, F
(2014). Interactions between global and local stressors of ecosystems deter-
mine management effectiveness in cumulative impact mapping, Diversity and
Distributions, 20(5), 538-546. https://doi.org/10.1111/ddi.12159

Butrgos, E., Montefalcone, M., Ferrari, M., Paoli, C., Vassallo, P, Morri, C.,
& Bianchi, C. N. (2017). Ecosystem functions and economic wealth: Tra-
jectories of change in seagrass meadows. Journal of Cleaner Production, 168,
1108-1119. https://doi.org/10.1016/j.jclepro.2017.09.046

Copping, A. E., Hemery, L. G., Viehman, H., Seitz, A. C., Staines, G. J., &
Hasselman, D. J. (2021). Are fish in danger? A review of environmen-
tal effects of marine renewable energy on fishes. Biolggical Conservation,
262(2021), 109297. https://doi.org/10.1016/j.biocon.2021.109297

Cote, I. M., Darling, E. S., & Brown, C. J. (2016). Interactions among ecosystem
stressors and their importance in conservation. Proceedings of the Royal Society
B: Biological Sciences, 283(1824), 20152592.

Crain, C. M., Kroeker, K., & Halpern, B. S. (2008). Interactive and cumulative
effects of multiple human stressors in marine systems. Zcology Letters, 11(12),
1304-1315. https://doi.org/10.1111/j.1461-0248.2008.01253.x

Crowder, L. B., Osherenko, G., Young, O. R., Airamé, S., Norse, E. A., Baron,
N.,, Day, J. C.,, Douvere, E, Ehler, C. N., Halpern, B. S., Langdon, S. J.,
McLeod, K. L., Ogden, J. C., Peach, R. E., Rosenberg, A. A., & Wilson, . A.
(2000). Resolving mismatches in U.S. ocean governance. Seence, 313(5787),
617-618. https://doi.org/10.1126/science.1129706

Davis, T. R., & Harasti, D. (2020). Predictive modelling of illegal fishing in no-
take marine protected areas. [isheries Management and Ecology, 27(3), 292-301.
https://doi.org/10.1111/fme.12412

Deignan-Schmidt, S. R., Whitney, M. M., & Jia, Y. (2021). Influences of islands
and shoals on coastal water properties, flushing time, and dispersion within
western long island sound. Estuaries and Coasts, 44(4), 991-1009. https://doi.
org/10.1007 /s12237-020-00780-7

Department of Agriculture Water and the Environment. (2020). CARAD: Pro-
tected area data. https://www.environment.gov.au/land/nrs/science/capad

Department of Planning Industry and the Environment. (2020). NSW Estuary
Water Quality Data Compilation: 2007-2020. https://datasets.seed.nsw.gov.au/
dataset/b0eded3a-e58a-4b39-a0c5-1f3d4efd0b51

Department of Primary Industries. (2017). Assessment of the NSW Ocean Trap and
Line Fishery. www.dpi.nsw.gov.au

Edgar, G. J., Stuart-Smith, R. D,, Willis, T. J., Kininmonth, S., Baker, S. C,,
Banks, S., Barrett, N. S., Becerro, M. A., Bernard, A. T. E, Berkhout, ].,
Buxton, C. D., Campbell, S. J., Cooper, A. T., Davey, M., Edgar, S. C,,
Forsterra, G., Galvan, D. E., Irigoyen, A. J., Kushner, D. J., ... Thomson,
R. J. (2014). Global conservation outcomes depend on marine protected
areas with five key features. Nature, 506(7487), 216-220. https://doi.org/
10.1038 /nature13022

Elliott, M. (2014). Integrated marine science and management: Wading through
the morass. Marine Pollution Bulletin, §6(1-2), 1-4. https://doi.org/10.1016/
j.marpolbul.2014.07.026

Emslie, M. J., Cheal, A. J., & Johns, K. A. (2014). Retention of habitat complexity
minimizes disassembly of reef fish communities following disturbance: A
large-scale natural experiment. PLoS ONE, 9(8), €105384. https://doi.org/
10.1371/journal.pone.0105384

Ferraro, P. ., Sanchirico, J. N., & Smith, M. D. (2018). Causal inference in cou-
pled human and natural systems. Proceedings of the National Academy of Sciences
of the United States of America, 116(12), 5311-5318. https://doi.org/10.1073/
pnas. 1805563115

Fletcher, M., & Fisk, G. (2017). New South Wales Marine Estate Threat and Risk
Assessment Report (Issue August). www.bmtwbm.com.au

85U8017 SUOLULIOD BAITER.D 3|1 (dde 8y AG pouLeA0D B/ SSPNE YO 38N JO S3IN1 10} ARIQIT BUIUO A8|1M UO (SUORIPUOO-PUR-SWLSYWI0Y A 1M Ae.d)1 U UO//SANY) SUORIPUOD PUe SWS | 83U} 89S *[7202/70/0€] U0 ARiqITauljuo A3]IM ‘11UN0D UOIEssaY EIIPBIN PUY L3ERH [BUOIN Aq £/TYT IG0O/TTTT OT/I0P/W0d A8 1M Ae1d 1l UO"01qUOD// ANy WOy papeoumoa ‘Z ‘7202 ‘6ELTEZST


https://orcid.org/0000-0001-8701-4373
https://orcid.org/0000-0001-8701-4373
https://orcid.org/0000-0002-4173-3855
https://orcid.org/0000-0002-4173-3855
https://orcid.org/0000-0002-3084-2554
https://orcid.org/0000-0002-3084-2554
https://orcid.org/0000-0002-7673-3716
https://orcid.org/0000-0002-7673-3716
https://orcid.org/0000-0002-2851-9838
https://orcid.org/0000-0002-2851-9838
https://orcid.org/0000-0001-6223-1291
https://orcid.org/0000-0001-6223-1291
https://orcid.org/0000-0002-7271-4091
https://orcid.org/0000-0002-7271-4091
https://doi.org/10.1016/j.ocecoaman.2023.106476
https://www.abs.gov.au/statistics/people/population/regional-population/latest-release
https://www.abs.gov.au/statistics/people/population/regional-population/latest-release
https://doi.org/10.1890/ES14-00292.1
https://doi.org/10.1890/ES14-00292.1
http://pbreheny.github.io/visreg
https://doi.org/10.1038/s41598-017-05031-7
https://doi.org/10.1038/s41598-017-05031-7
https://doi.org/10.1111/ddi.12159
https://doi.org/10.1016/j.jclepro.2017.09.046
https://doi.org/10.1016/j.biocon.2021.109297
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1126/science.1129706
https://doi.org/10.1111/fme.12412
https://doi.org/10.1007/s12237-020-00780-7
https://doi.org/10.1007/s12237-020-00780-7
https://www.environment.gov.au/land/nrs/science/capad
https://datasets.seed.nsw.gov.au/dataset/b0eded3a-e58a-4b39-a0c5-1f3d4efd0b51
https://datasets.seed.nsw.gov.au/dataset/b0eded3a-e58a-4b39-a0c5-1f3d4efd0b51
http://www.dpi.nsw.gov.au
https://doi.org/10.1038/nature13022
https://doi.org/10.1038/nature13022
https://doi.org/10.1016/j.marpolbul.2014.07.026
https://doi.org/10.1016/j.marpolbul.2014.07.026
https://doi.org/10.1371/journal.pone.0105384
https://doi.org/10.1371/journal.pone.0105384
https://doi.org/10.1073/pnas.1805563115
https://doi.org/10.1073/pnas.1805563115
http://www.bmtwbm.com.au

CONSERVATION BIOLOGY

Fu, C., Xu, Y, Guo, C,, Olsen, N., Griiss, A., Liu, H., Barrier, N., Verley, P, &
Shin, Y. J. (2020). The cumulative effects of fishing, plankton productivity,
and marine mammal consumption in a marine ecosystem. Frontiers in Marine
Science, 7, 565699.

Fulton, C. J., & Bellwood, D. R. (2004). Wave exposure, swimming performance,
and the structure of tropical and temperate reef fish assemblages. Marine
Biology, 144(3), 429—437. https://doi.org/10.1007 /s00227-003-1216-3

Fulton, C. J,, Noble, M. N., Radford, B., Gallen, C., & Harasti, D. (2016).
Microhabitat selectivity underpins regional indicators of fish abundance and
replenishment. Feological Indicators, 70, 222-231. https://doi.org/10.1016/j.
ecolind.2016.06.032

Glew, L., Mascia, M., & Pakiding, F. (2012). Solving the Mystery of Marine Pro-
tected Area Performance: Monitoring social impacts: Field manual (version 1.0) (Issue
September). World Wildlife Fund and Universitas Negeri Papua.

Grech, A., Chartrand-Miller, K., Erftemeijer, P., Fonseca, M., McKenzie, L.,
Rasheed, M., Taylor, H., & Coles, R. (2012). A comparison of threats,
vulnerabilities and management approaches in global seagrass bioregions.
Environmental Research Letters, 7(2), 024006. https://doi.org/10.1088,/1748-
9326,/7/2,/024006

Griffiths, L. L., Connolly, R. M., & Brown, C. J. (2020). Critical gaps in sea-
grass protection reveal the need to address multiple pressures and cumulative
impacts. Ocean and Coastal Management, 183, 104946. https://doi.org/10.
1016/j.ocecoaman.2019.104946

Halpern, B. S., Frazier, M., Afflerbach, J., Lowndes, J. S., Micheli, F,, O’Hara, C.,
Scarborough, C., & Selkoe, K. A. (2019). Recent pace of change in human
impact on the wotld’s ocean. Scentific Reports, 9, 11609. https://doi.org/10.
1038 /s41598-019-47201-9

Halpern, B. S., Selkoe, K. A., Micheli, F.,, & Kappel, C. V. (2007). Evaluating
and ranking the vulnerability of global marine ecosystems to anthropogenic
threats. Conservation Biology, 21(5), 1301-1315. https://doi.org/10.1111/j.
1523-1739.2007.00752.x

Halpern, B. S., Walbridge, S., Selkoe, K. A., Kappel, C. V., Micheli, F, D’Agrosa,
C., Bruno, J. E, Casey, K. S, Ebert, C., Fox, H. E., Fujita, R., Heinemann,
D., Lenihan, H. S., Madin, E. M. P, Perry, M. T., Selig, E. R., Spalding,
M., Steneck, R., & Watson, R. (2008). A global map of human impact on
marine ecosystems. Science, 319(5865), 948-952. https://doi.org/10.1126/
science.1149345

Harasti, D., Davis, T. R, Jordan, A., Erskine, .., & Moltschaniwskyj, N. (2019).
Illegal recreational fishing causes a decline in a fishery targeted species (Snap-
per: Chrysophrys auratus) within a remote no-take marine protected area. PLoS
ONE; 14(1), €0209926. https://doi.org/10.1371 /journal.pone.0209926

Harasti, D., Williams, J., Mitchell, E., Lindfield, S., & Jordan, A. (2018). Increase
in relative abundance and size of snapper Chrysgphrys anratus within partially-
protected and no-take areas in a temperate marine protected area. Frontiers in
Marine Science, 5, 208.

Hijmans, R. J., Etten, J. V., Sumner, M., Cheng, ]., Baston, D., Bevan, A., Bivand,
R., Busetto, L., Canty, M., Fasoli, B., Forrest, D., Gray, J., Greenberg, J. A.,
Hiemstra, P, Karney, C., & Mattiuzzi, M. (2021). Package * raster’. https://
rspatial.org/raster

Hilborn, R., Buratti, C. C., Acuna, E. D., Hively, D., Kolding, ]., Kurota, H.,
Baker, N., Mace, P. M., de Moor, C. L., Muko, S., Osio, G. C., Parma, A.
M., Quiroz, J.-C., & Melnychuk, M. C. (2022). Recent trends in abundance
and fishing pressure of agency-assessed small pelagic fish stocks. Fish and
Fisheries, 23,1313-1331. https://doi.org/10.1111 /faf. 12690

Hunsicker, M. E., Ciannelli, L., Bailey, K. M., Buckel, ]. A., Wilson White, ]J.,
Link, J. S., Essington, T. E., Gaichas, S., Anderson, T. W, Brodeur, R. D,,
Chan, K. S., Chen, K., Englund, G, Frank, K. T., Freitas, V., Hixon, M. A.,
Hurst, T., Johnson, D. Wi, Kitchell, ]. E, ... Zador, S. (2011). Functional
responses and scaling in predator-prey interactions of marine fishes: Con-
temporary issues and emerging concepts. Eeology Letters, 14(12), 1288-1299.
https://doi.org/10.1111/}.1461-0248.2011.01696.x

Integrated Marine Observing System. (2014a). [MOS—SRS—MODIS -
01 day—Net  Primary Productivity (GSM  model and Eppley-VGPM  algo-
rithm).  https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog,
search#/metadata/27cc65c0-d453-4ba3-a0d6-55e4449fee8c

Integrated Marine Observing System. (2014b). IMOS—SRS—SST—1.35—Single
Sensor - 1 day—night time—Australia. https://catalogue-imos.aodn.org.au/
geonetwork/srv/eng/catalog.search#/metadata/aaad092c-c3af-42e6-
87¢0-bdaef945f522

Jennings, S., & Polunin, N. V. C. (1997). Impacts of predator depletion by fishing
on the biomass and diversity of non-target reef fish communities. Cora/ Reefs,
16(2), 71-82. https://doi.org/10.1007 /5003380050061

Johannes, R. E. (1998). The case for data-less marine resource management:
Examples from tropical nearshore finfisheries. Zrends in Ecology and Evolution,
13(6), 243-246. https://doi.org/10.1016,/50169-5347(98)01384-6

Johnson, C., Lucieer, V., Walsh, P.,, Butler, C., Flukes, E., & Hepburn, M. (2018).
Seamap Aunstralia—National release of a benthic habitat mapping service for the Auns-
tralian continental shelf. Proceedings of the Australian Marine Science Society
2018 - Program Book and Abstracts, 167. http://ecite.utas.edu.au/128277

Jones, A. R., Doubleday, Z. A., Prowse, T. A. A., Wiltshire, K. H., Deveney,
M. R., Ward, T., Scrivens, S. L., Cassey, P., O’Connell, L. G., & Gillanders,
B. M. (2018). Capturing expert uncertainty in spatial cumulative impact
assessments. Swentific Reports, 8(1), 1469. https://doi.org/10.1038/541598-
018-19354-6

Jordan, A., Davies, P, Ingleton, T, Foulsham, E., Neilson, J, &
Pritchard, T. (2010). Seabed habitat mapping of the continental shelf of NSW.
https://www.environment.nsw.gov.au/-/media/OEH/Corporate-
Site/Documents/Research/Our-science-and-research/seabed-habitat-
mapping-continental-shelf-nsw-101057.pdf

Keramidas, I., Dimarchopoulou, D., Pardalou, A., & Tsikliras, A. C. (2018). Esti-
mating recreational fishing fleet using satellite data in the Aegean and Tonian
Seas (Mediterranean Sea). Fisheries Research, 208(April), 1-6. https://doi.org/
10.1016/j.fishres.2018.07.001

Knott, N. A., Williams, J., Harasti, D., Malcolm, H. A., Coleman, M. A., Kelaher,
B. P, Rees, M. J., Schultz, A., & Jordan, A. (2021). A coherent, represen-
tative, and bioregional marine reserve network shows consistent change in
rocky reef fish assemblages. Ecosphere, 12(4), €03447. https://doi.org/10.
1002/ecs2.3447

Korpinen, S., & Andersen, J. H. (2016). A global review of cumulative pressute
and impact assessments in marine environments. Frontiers in Marine Science, 3,
153. https://doi.org/10.3389 /fmars.2016.00153

Lefébure, R., Degerman, R., Andersson, A., Larsson, S., Eriksson, L. O,
Bamstedt, U., & Bystrom, P. (2013). Impacts of elevated terrestrial nutrient
loads and temperature on pelagic food-web efficiency and fish production.
Global Change Biology, 19(5), 1358—1372. https://doi.org/10.1111/gcb.12134

Loiseau, C., Thiault, L., Devillers, R., & Claudet, J. (2021). Cumulative impact
assessments highlight the benefits of integrating land-based management
with marine spatial planning. Swence of the Total Environment, 787, 147339.
https://doi.org/10.1016/j.scitotenv.2021.147339

Lynch, T. P, Smallwood, C. B., Ochwada-Doyle, E. A., Lyle, J., Williams, J.,
Ryan, K. L., Devine, C., Gibson, B., & Jordan, A. (2020). A cross continental
scale comparison of Australian offshore recreational fisheries research and
its applications to Marine Park and fisheries management. /CES Journal of
Marine Science, 77(3), 1190—1205. https://doi.org/10.1093 /icesjms /fs2092

Malcolm, H. A., Williams, J., Schultz, A. L., Neilson, ]., Johnstone, N., Knott,
N. A, Harasti, D., Coleman, M. A., & Jordan, A. (2018). Targeted fishes are
larger and more abundant in ‘no-take’ areas in a subtropical marine park.
Estuarine, Coastal and Shelf Science, 212, 118-127. https://doi.org/10.1016/j.
ecss.2018.07.003

Meador, M. R., & Frey, J. W. (2018). Relative importance of water-quality stres-
sors in predicting fish community responses in midwestern streams. Journal
of the American Water Resources Association, 54(3), 708-723. https://doi.org/10.
1111/1752-1688.12646

Mitchell, M. D., & Harborne, A. R. (2020). Non-consumptive effects in
fish predator—prey interactions on coral reefs. Coral Reefs, 39(4), 867-884.
https://doi.org/10.1007 /s00338-020-01920-y

National Marine Safety Committee. (2009). National Boating Usage Study—
Preliminary survey report (Issue December). Author.

Noble, M. M., Harasti, D., Fulton, C. J., & Doran, B. (2020). Identifying spatial
conservation priotities using Traditional and Local Ecological Knowledge

85U8017 SUOLULIOD BAITER.D 3|1 (dde 8y AG pouLeA0D B/ SSPNE YO 38N JO S3IN1 10} ARIQIT BUIUO A8|1M UO (SUORIPUOO-PUR-SWLSYWI0Y A 1M Ae.d)1 U UO//SANY) SUORIPUOD PUe SWS | 83U} 89S *[7202/70/0€] U0 ARiqITauljuo A3]IM ‘11UN0D UOIEssaY EIIPBIN PUY L3ERH [BUOIN Aq £/TYT IG0O/TTTT OT/I0P/W0d A8 1M Ae1d 1l UO"01qUOD// ANy WOy papeoumoa ‘Z ‘7202 ‘6ELTEZST


https://doi.org/10.1007/s00227-003-1216-3
https://doi.org/10.1016/j.ecolind.2016.06.032
https://doi.org/10.1016/j.ecolind.2016.06.032
https://doi.org/10.1088/1748-9326/7/2/024006
https://doi.org/10.1088/1748-9326/7/2/024006
https://doi.org/10.1016/j.ocecoaman.2019.104946
https://doi.org/10.1016/j.ocecoaman.2019.104946
https://doi.org/10.1038/s41598-019-47201-9
https://doi.org/10.1038/s41598-019-47201-9
https://doi.org/10.1111/j.1523-1739.2007.00752.x
https://doi.org/10.1111/j.1523-1739.2007.00752.x
https://doi.org/10.1126/science.1149345
https://doi.org/10.1126/science.1149345
https://doi.org/10.1371/journal.pone.0209926
https://rspatial.org/raster
https://rspatial.org/raster
https://doi.org/10.1111/faf.12690
https://doi.org/10.1111/j.1461-0248.2011.01696.x
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/27cc65c0-d453-4ba3-a0d6-55e4449fee8c
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/27cc65c0-d453-4ba3-a0d6-55e4449fee8c
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/aaad092c-c3af-42e6-87e0-bdaef945f522
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/aaad092c-c3af-42e6-87e0-bdaef945f522
https://catalogue-imos.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/aaad092c-c3af-42e6-87e0-bdaef945f522
https://doi.org/10.1007/s003380050061
https://doi.org/10.1016/S0169-5347(98)01384-6
http://ecite.utas.edu.au/128277
https://doi.org/10.1038/s41598-018-19354-6
https://doi.org/10.1038/s41598-018-19354-6
https://www.environment.nsw.gov.au/-/media/OEH/Corporate-Site/Documents/Research/Our-science-and-research/seabed-habitat-mapping-continental-shelf-nsw-101057.pdf
https://www.environment.nsw.gov.au/-/media/OEH/Corporate-Site/Documents/Research/Our-science-and-research/seabed-habitat-mapping-continental-shelf-nsw-101057.pdf
https://www.environment.nsw.gov.au/-/media/OEH/Corporate-Site/Documents/Research/Our-science-and-research/seabed-habitat-mapping-continental-shelf-nsw-101057.pdf
https://doi.org/10.1016/j.fishres.2018.07.001
https://doi.org/10.1016/j.fishres.2018.07.001
https://doi.org/10.1002/ecs2.3447
https://doi.org/10.1002/ecs2.3447
https://doi.org/10.3389/fmars.2016.00153
https://doi.org/10.1111/gcb.12134
https://doi.org/10.1016/j.scitotenv.2021.147339
https://doi.org/10.1093/icesjms/fsz092
https://doi.org/10.1016/j.ecss.2018.07.003
https://doi.org/10.1016/j.ecss.2018.07.003
https://doi.org/10.1111/1752-1688.12646
https://doi.org/10.1111/1752-1688.12646
https://doi.org/10.1007/s00338-020-01920-y

GRIFFITHS ET AL.

o |

of iconic marine species and ecosystem threats. Biological Conservation, 249,
108709. https://doi.org/10.1016/j.biocon.2020.108709

Noble, M. M., Harasti, D., Pittock, ], & Doran, B. (2021). Using GIS
fuzzy-set modelling to integrate social-ecological data to support overall
resilience in marine protected area spatial planning: A case study. Ocean
and Coastal Management, 212, 105745. https://doi.org/10.1016/j.ocecoaman.
2021.105745

NSW Department of Primary Industries. (2000). Primary Industries in the North
Coast Region of NSW: Strategic overview. https:/ /www.dpi.nsw.gov.au/__data/
assets/pdf_file/0003,/72984 /pi-north-coast.pdf

NSW Department of Primary Industries. (2013). Estuarine macrophytes of
NSW. New South Wales Government. http://metadata.imas.utas.edu.au/
geonetwork/srv/en/metadata.show?uuid=281FAA64-F6F3-400C- A48F-
D342E4ABCAS3

NSW Government. (2018). NSW Marine Estate Management Strategy 2018-2028.
https://www.marine.nsw.gov.au/__data/assets/pdf_file/0007,/815596,/
Marine- Estate- Management-Strategy-2018-2028.pdf

Ohayon, S., Granot, L., & Belmaker, J. (2021). A meta-analysis reveals edge
cffects within marine protected areas. Nature Ecology & Ewolution, 5,
1301-1308.

Olds, A. D, Connolly, R. M., Pitt, K. A., & Maxwell, P. S. (2012). Habitat
connectivity improves reserve performance. Conservation Letters, 5(1), 56—63.
https://doi.org/10.1111/).1755-263X.2011.00204.x

Ostwald, A., Tulloch, V. J. D, Kyne, P. M., Bax, N. J., Dunstan, P. K., Ferreira,
L. C., Thums, M., Upston, J., & Adams, V. M. (2021). Mapping threats
to species: Method matters. Marine Policy, 131, 104614. https://doi.org/10.
1016/j.marpol.2021.104614

OzEstuatries. (2003). Coastal indicator knowledge and information system I: Estuarine
condition index. Geoscience Australia. https://ozcoasts.org.au/

Parker, J., Epifanio, J., Casper, A., & Cao, Y. (2016). The effects of improved
water quality on fish assemblages in a heavily modified large river system.
River Research and Applications, 32, 1007-1992. https://doi.org/10.1002/rra.
2917

Pebesma, E. (2018). Simple features for R: Standardized support for spatial
vector data. R Journal, 10(1), 439—446. https://doi.org/10.32614/R]-2018-
009

Planes, S., Jones, G. P.,, & Thorrold, S. R. (2009). Larval dispersal connects fish
populations in a network of marine protected areas. Proceedings of the National
Academy of Sciences of the United States of America, 106(14), 5693-5697. https://
doi.org/10.1073/pnas.0808007106

Quaas, Z., Harasti, D., Gaston, T. E, Platell, M. E., & Fulton, C. J. (2019). Influ-
ence of habitat condition on shallow rocky reef fish community structure
around islands and headlands of a temperate marine protected area. Marine
FEcology Progress Series, 626, 1-13. https://doi.org/10.3354/meps13091

R Development Core Team. (2018). A / Jor statistica
computing. R Foundation for Statistical Computing. http://www.r-project.
otg

Ramsay, T. O., Burnett, R. T., & Krewski, D. (2003). The effect of concurvity in
generalized additive models linking mortality to ambient particulate matter.
Epidemiology, 14(1), 18-23. https://doi.org/10.1097,/00001648-200301000-
00009

Rees, M. J,, Knott, N. A., Hing, M. L., Hammond, M., Williams, J., Neilson, J.,
Swadling, D. S., & Jordan, A. (2021). Habitat and humans predict the dis-
tribution of juvenile and adult snapper (Sparidae: Chrysophrys anratus) along
Australia’s most populated coastline. Estuarine, Coastal and Shelf Science, 257,
107397. https://doi.org/10.1016/j.ecss.2021.107397

Sanderson, E. W, Fisher, K., Duncan, A., & Royte, L. (2022). The march of the
human footprint. EcolZvoRxiv, https://doi.org/10.32942 /osf.io/d7th6

Scanes, P, Coade, G., Doherty, M., & Hill, R. (2007). Evaluation of the utility
of water quality based indicators of estuarine lagoon condition in NSW, Aus-
tralia. Estuarine, Coastal and Shelf Science, 74(1-2), 306-319. https://doi.org/
10.1016/j.ecss.2007.04.021

Smith, V. H., Tilman, G. D., & Nekola, J. C. (1999). Eutrophication: Impacts
of excess nutrient inputs on freshwater, marine, and terrestrial ecosystems.

and envir

Environmental Pollution, 100(1-3), 179-196. https://doi.org/10.1016,/50269-
7491(99)00091-3

Stock, A., & Micheli, F. (2016). Effects of model assumptions and data quality on
spatial cumulative human impact assessments. Global Ecology and Biogeography,
25(11), 1321-1332. https://doi.org/10.1111/geb.12493

Stockbridge, J., Jones, A. R., Gaylard, S. G., Nelson, M. J., & Gillanders, B. M.
(2021). Evaluation of a popular spatial cumulative impact assessment method
for marine systems: A seagrass case study. Swence of the 1otal Environment, 780,
146401. https://doi.org/10.1016/j.scitotenv.2021.146401

Taylor, S. M., Blight, S. J., Desfosses, C. J., Steffe, A. S., Ryan, K. L., Denham, A.
M., Wise, B. S., & Thurstan, R. (2018). Thermographic cameras reveal high
levels of crepuscular and nocturnal shore-based recreational fishing effort
in an Australian estuary. /CES Journal of Marine Science, 75(6), 2107-2116.
https://doi.org/10.1093 /icesjms /fsy066

Teck, S. J., Halpern, B. S., Kappel, C. V., Micheli, F, Selkoe, K. A., Crain, C. M.,
Martone, R., Shearer, C., Arvai, J., Fischhoff, B., Murray, G., Neslo, R., &
Cooke, R. (2010). Using expert judgment to estimate marine ecosystem vul-
nerability in the California Current. Ecological Applications, 20(5), 1402—1416.
https://doi.org/10.1890,/09-1173.1

Townsend, S. NSW DPI 130 year history in agriculture. (2020, July 3).
The Land. https://www.theland.com.au/story/6818327/from- test-farms-
to-ag-research-leader/

Transport Roads and Maritime Services. (2021). Zransport for NSW: Boat
ramps. NSW Government. https://roads-waterways.transport.nsw.gov.au,/
maritime/using-waterways/boat-ramps-map,/boat-ramps,/

Trisos, C. H., Merow, C., & Pigot, A. L. (2020). The projected timing of abrupt
ecological disruption from climate change. Nature, 580(7804), 496-501.
https://doi.org/10.1038/541586-020-2189-9

Tseng, R. S. (2002). On the dispersion and diffusion near estuaries and around
islands. Estuarine, Coastal and Shelf Science, 54(1), 89—100. https://doi.org/10.
1006/ ¢css.2001.0830

Tulloch, V. J. D., Atkinson, S., Possingham, H. P, Peterson, N., Linke, S., Allan,
J. R, Kaiye, A., Keako, M., Sabi, J., Suruman, B., & Adams, V. M. (2021).
Minimizing cross-realm threats from land-use change: A national-scale
conservation framework connecting land, freshwater and marine systems.
Biological Conservation, 254, 108954. https://doi.org/10.1016/j.biocon.2021.
108954

Turschwell, M. P, Connolly, R. M., Dunic, J. C,, Sievers, M., Buelow, C. A,,
Pearson, R. M., Tulloch, V. J. D., Cote, I. M., Unsworth, R. K. E, Collier,
C. J,, & Brown, C. J. (2021). Anthropogenic pressures and life history pre-
dict trajectories of seagrass meadow extent at a global scale. Proceedings of the
National Academy of Sciences of the United States of America, 118(45), €2110802118.

Turschwell, M. P, Tulloch, V. J. D, Sievers, M., Pearson, R. M., Andradi-Brown,
D. A., Ahmadia, G. N., Connolly, R. M., Bryan-Brown, D., Lopez-Marcano,
S., Adame, M. E, & Brown, C. J. (2020). Multi-scale estimation of the
effects of pressures and drivers on mangrove forest loss globally. Biolggical
Conservation, 247, 108637. https://doi.org/10.1016/j.biocon.2020.108637

Uriarte, A., & Borja, A. (2009). Assessing fish quality status in transitional
waters, within the European Water Framework Directive: Setting boundary
classes and responding to anthropogenic pressures. Estuarine, Coastal and Shelf
Science, 82(2), 214-224. https://doi.org/10.1016/j.ecss.2009.01.008

van der Grient, J. M. A, & Drazen, J. C. (2021). Potential spatial intersection
between high-seas fisheries and deep-sea mining in international waters.
Marine Policy, 129(2021), 104564. https://doi.org/10.1016/j.marpol.2021.
104564

Williams, A., & Bax, N. J. (2001). Delineating fish-habitat associations for spa-
tially based management: An example from the south-eastern Australian
continental shelf. Marine and Freshwater Research, 52, 513-536. https://doi.
org/10.1071/MF00017

Wood, S. (2017). Generalized additive models: An introduction with R (2nd ed.).
Chapman and Hall/CRC press.

Wood, S., Pya, N., & Siifken, B. (2016). Smoothing parameter and model selec-
tion for general smooth models. Journal of the American Statistical Association,
111(516), 1548-1563. https://doi.org/10.1080,/01621459.2016.1180986

85U8017 SUOLULIOD BAITER.D 3|1 (dde 8y AG pouLeA0D B/ SSPNE YO 38N JO S3IN1 10} ARIQIT BUIUO A8|1M UO (SUORIPUOO-PUR-SWLSYWI0Y A 1M Ae.d)1 U UO//SANY) SUORIPUOD PUe SWS | 83U} 89S *[7202/70/0€] U0 ARiqITauljuo A3]IM ‘11UN0D UOIEssaY EIIPBIN PUY L3ERH [BUOIN Aq £/TYT IG0O/TTTT OT/I0P/W0d A8 1M Ae1d 1l UO"01qUOD// ANy WOy papeoumoa ‘Z ‘7202 ‘6ELTEZST


https://doi.org/10.1016/j.biocon.2020.108709
https://doi.org/10.1016/j.ocecoaman.2021.105745
https://doi.org/10.1016/j.ocecoaman.2021.105745
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0003/72984/pi-north-coast.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0003/72984/pi-north-coast.pdf
http://metadata.imas.utas.edu.au/geonetwork/srv/en/metadata.show?uuid=281FAA64-F6F3-400C-A48F-D342E4ABCA83
http://metadata.imas.utas.edu.au/geonetwork/srv/en/metadata.show?uuid=281FAA64-F6F3-400C-A48F-D342E4ABCA83
http://metadata.imas.utas.edu.au/geonetwork/srv/en/metadata.show?uuid=281FAA64-F6F3-400C-A48F-D342E4ABCA83
https://www.marine.nsw.gov.au/__data/assets/pdf_file/0007/815596/Marine-Estate-Management-Strategy-2018-2028.pdf
https://www.marine.nsw.gov.au/__data/assets/pdf_file/0007/815596/Marine-Estate-Management-Strategy-2018-2028.pdf
https://doi.org/10.1111/j.1755-263X.2011.00204.x
https://doi.org/10.1016/j.marpol.2021.104614
https://doi.org/10.1016/j.marpol.2021.104614
https://ozcoasts.org.au/
https://doi.org/10.1002/rra.2917
https://doi.org/10.1002/rra.2917
https://doi.org/10.32614/RJ-2018-009
https://doi.org/10.32614/RJ-2018-009
https://doi.org/10.1073/pnas.0808007106
https://doi.org/10.1073/pnas.0808007106
https://doi.org/10.3354/meps13091
http://www.r-project.org
http://www.r-project.org
https://doi.org/10.1097/00001648-200301000-00009
https://doi.org/10.1097/00001648-200301000-00009
https://doi.org/10.1016/j.ecss.2021.107397
https://doi.org/10.32942/osf.io/d7rh6
https://doi.org/10.1016/j.ecss.2007.04.021
https://doi.org/10.1016/j.ecss.2007.04.021
https://doi.org/10.1016/S0269-7491(99)00091-3
https://doi.org/10.1016/S0269-7491(99)00091-3
https://doi.org/10.1111/geb.12493
https://doi.org/10.1016/j.scitotenv.2021.146401
https://doi.org/10.1093/icesjms/fsy066
https://doi.org/10.1890/09-1173.1
https://www.theland.com.au/story/6818327/from-test-farms-to-ag-research-leader/
https://www.theland.com.au/story/6818327/from-test-farms-to-ag-research-leader/
https://roads-waterways.transport.nsw.gov.au/maritime/using-waterways/boat-ramps-map/boat-ramps/
https://roads-waterways.transport.nsw.gov.au/maritime/using-waterways/boat-ramps-map/boat-ramps/
https://doi.org/10.1038/s41586-020-2189-9
https://doi.org/10.1006/ecss.2001.0830
https://doi.org/10.1006/ecss.2001.0830
https://doi.org/10.1016/j.biocon.2021.108954
https://doi.org/10.1016/j.biocon.2021.108954
https://doi.org/10.1016/j.biocon.2020.108637
https://doi.org/10.1016/j.ecss.2009.01.008
https://doi.org/10.1016/j.marpol.2021.104564
https://doi.org/10.1016/j.marpol.2021.104564
https://doi.org/10.1071/MF00017
https://doi.org/10.1071/MF00017
https://doi.org/10.1080/01621459.2016.1180986

CONSERVATION BIOLOGY

Wood, S. (2023). Package “mgre”. R package version 1.9-0. https://CRAN.R-
project.org/package=mgcv

Yu, Y., Zhang, H., Spencer, D., Dunn, R. J. K., & Lemckert, C. (2016). An
investigation of dispersion characteristics in shallow coastal waters. Fistuar-
ine, Coastal and Shelf Science, 180, 21-32. https://doi.org/10.1016/j.ecss.2010.
06.005

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Griffiths, L. L., Williams, J.,
Buelow, C. A., Tulloch, V. J., Turschwell, M. P,,
Campbell, M. D., Harasti, D., Connolly, R. M., & Brown,
C.J. (2024). A data-driven approach to multiple-stressor
impact assessment for a marine protected area.
Conservation Biology, 38, e14177.
https://doi.org/10.1111/cobi. 14177

85U8017 SUOLULIOD BAITER.D 3|1 (dde 8y AG pouLeA0D B/ SSPNE YO 38N JO S3IN1 10} ARIQIT BUIUO A8|1M UO (SUORIPUOO-PUR-SWLSYWI0Y A 1M Ae.d)1 U UO//SANY) SUORIPUOD PUe SWS | 83U} 89S *[7202/70/0€] U0 ARiqITauljuo A3]IM ‘11UN0D UOIEssaY EIIPBIN PUY L3ERH [BUOIN Aq £/TYT IG0O/TTTT OT/I0P/W0d A8 1M Ae1d 1l UO"01qUOD// ANy WOy papeoumoa ‘Z ‘7202 ‘6ELTEZST


https://CRAN.R-project.org/package=mgcv
https://CRAN.R-project.org/package=mgcv
https://doi.org/10.1016/j.ecss.2016.06.005
https://doi.org/10.1016/j.ecss.2016.06.005
https://doi.org/10.1111/cobi.14177

	A data-driven approach to multiple-stressor impact assessment for a marine protected area
	Abstract
	INTRODUCTION
	METHODS
	Study region
	Threats
	Fish monitoring data
	Hotspots of cumulative threats
	Model of fish abundance
	Cumulative impact maps for reef fish
	Performance of NTZs to protect reef fish

	RESULTS
	Hotspots of cumulative threats
	Model of fish abundance
	Cumulative impact map for reef fish
	Marine park performance for reef fish

	DISCUSSION
	ACKNOWLEDGMENTS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


