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Coastal environments globally are experiencing an increase in the influence and impact
of human activities. Assessing the amount of modification that anthropogenic impacts
cause to coastal ecosystems is imperative for characterizing and predicting habitat loss
and degradation, and prioritizing conservation measures. However, as the spatial scale
and data availability of coastal ecosystems vary immensely, many of the established
practices on habitat risk assessment are applicable only to small scales and regions
with extensive monitoring efforts. Traditional small-scale assessments also present a
challenge when trying to prioritize remediation and resources over larger areas or
regions. Here we show a simplified risk assessment framework, applied to a global
scenario to rank the risk of loss of ecological diversity within ecoregions. Using
established knowledge on sensitivities of mangroves, seagrasses, and stony corals,
we create a weighted risk scoring system for each biogenic habitat. This risk score
is combined with the species richness in a given ecoregion to create a priority ranking.
We find that seagrass contains the largest area at severe risk of ecological diversity
loss, followed by stony corals and mangroves. This work establishes a framework for
assessing risk of loss of ecological diversity within ecoregions that can be used to rank
the needs of the regions, from local scale applications to global scale as presented here,
without extensive computing resources or exhaustive datasets.

Keywords: GIS, coastal ecosystems, conceptual framework, risk modeling, ecological diversity

INTRODUCTION

Human impacts to coastal oceans have increased as our influence on these diverse and productive
systems expands every year (Smith et al., 1999; Rabouille et al., 2001; Rabalais et al., 2010;
Halpern et al., 2015). Impacts range from “direct” destruction of habitats such as physical damage
of coral reefs, dredging of seagrasses, and mangrove deforestation, to “indirect” impacts that
stem from activities far from the coastline (Coverdale et al., 2014). One of the most prominent
impacts stems from land-based “indirect” human activities such as agriculture and forestry, which
contribute to runoff that is transported via watersheds to the marine environment (Carpenter
et al., 1998). Runoff can include sediments, nutrients such as nitrogen and phosphorus, wastewater
effluent, and industrial and urban chemicals (Smith et al., 1999). This runoff in turn impacts
ecosystems, for example through eutrophication or loss of ecological diversity and species richness
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(Diaz and Rosenberg, 2008; Rabalais et al., 2010; Worm and
Lotze, 2016). In order to effectively mitigate detrimental impacts
such as collapses of food webs, hypoxia (often referred to as
“dead zones”), and/or loss of keystone species, coastal managers
need to understand several problems, including: where and how
much land based human activities are influencing coastal marine
ecosystems (Cloern, 2001; Halpern et al., 2009; Klein et al., 2010),
and which of these impacted ecosystems are at greatest risk of loss
of biodiversity (De Fontaubert et al., 1996; Urban et al., 2016).

Land based stressors which perturb local nutrient cycles and
sediment dynamics may be caused by pollution from many
different sources, often disconnected from marine systems both
geographically and in terms of management and governance
(Halpern et al., 2009). Local data on coastal runoff exists in some
large case studies (Rabalais et al., 2002; Carstensen et al., 2006),
however, there is generally a limited amount of coastal nutrient
and sediment data at the local scale (Pellerin et al., 2016). Without
local data, resource managers often make decisions about how
to mitigate runoff impacts in an absence of any quantitative
guidance, although qualitative decision frameworks exist to guide
this process (Stem et al., 2005).

Natural resource managers and conservation practitioners are
often tasked to make decisions about where to prioritize marine
conservation efforts on short timescales and limited data available
for analysis (Fredston-Hermann et al., 2016). Prioritization of
conservation is difficult for these managers to judge without
information on the direct and indirect impacts of land based
human activities on coastal ecosystems (Stem et al., 2005).
When conducting these analysis, a platform that can integrate
a broad array of data types and creates a rich visualization,
such as geographic information science (GIS) applications, would
be ideal. GIS applications overlaying related risk factors in
coastal systems have proven to aid in ecosystem planning and
management (Stokes and Morrison, 2003; Tuda et al., 2014).
Using this tool environmental planners can gain a far greater
visual perspective on the scale of impact as well as the potential
for resilience for their region (Noble et al., 2019).

Large-scale models of human impacts to coastal marine
ecosystems have revealed the degree of ecological degradation at
the global scale (Smith et al., 1999; Rabalais et al., 2010; Fabricius,
2011) as well as the complexity of human-ocean interactions
(Halpern et al., 2015); Halpern et al. (2009) established a
method of incorporating effects of land-sea interactions into
prioritizing marine conservation efforts. This study incorporated
four key land based drivers of ecological change, nutrient
input, organic and inorganic pollution, and the direct impact
of coastal populations. The analysis was global in coverage
and presented a quantitative method of establishing priority in
marine conservation. This study, however, did not account for
specific ecosystem vulnerability, and the hotspots identified were
independent of any species-specific data from that region.

The goal of our study was to create a spatially explicit
representation of the risk coastal oceans face from human
impacts and demonstrate this utility by creating a global coastal
risk priority measurement within GIS. We adapt a previous
ecosystem-based management framework (Fredston-Hermann
et al., 2016) to generate biogenic habitat specific scores of

vulnerability. This vulnerability was then combined with species
richness data to generate a priority ranking for conservation. This
habitat-specific analysis prioritizes regions that face the highest
risk of loss of ecological diversity. We utilized the concept of
multicriteria decision-making (MCDM; Massam, 1988) in GIS
to create a spatially explicit model of risk along coastal ocean
environments for specific biogenic habitats, adapted from the
logic of Halpern et al. (2009). This risk score was combined with
species richness data to create a conservation priority ranking.

Scenarios of global risk due to nitrogen and sediment
impacts were depicted for three biogenic habitat types: seagrass,
mangrove, and stony coral. Biogenic habitats refer not only to the
species, but the surrounding environment created by that species
(De Fontaubert et al., 1996). Not only are there rich datasets that
exist for these three habitats, but also the ecosystems together
cover coastal oceans globally with the exception of high latitudes
(above 60 degrees North and South). Each of these three keystone
species face some similar challenges, as well as independent risks
The combination of physical damage to seagrass systems via
dredging, fishing, and motor boating and light limitation from
algal overgrowth from nutrient loading will dramatically increase
the rates of which seagrass areas are destroyed (Burkholder et al.,
2007). It has been estimated that 25% of coral regions are at risk
due to watershed runoff alone (Rude et al., 2015). Roughly 1050
Ha of mangrove forests are felled annually for use as building
materials and timber (Alongi, 2002).

It is important, however, to note that seagrasses, mangroves,
and stony corals are in greater concentration in tropical regions,
making our species-specific analysis inherently tropics focused.
The level of detail to which seagrasses, mangroves, and coral
have been studied allows for a rich historical account of change,
a promising proxy to cross-reference our analysis (Short and
Wyllie-Echeverria, 1996; Alongi, 2002; Burkholder et al., 2007;
Klein et al., 2010; Erftemeijer et al., 2012; Cavanaugh et al., 2015).

This paper (1) presents a novel method of adapting an
ecosystem-based management framework evaluating direct and
indirect impacts of land based human activities on coastal
ecosystems at a global scale, (2) discusses methodology for data
integration and visualization, and (3) provides a framework,
which allows coastal planners to compare vulnerability of specific
species across coastal regions, using seagrass, mangrove and
stone coral biogenic habitats as examples. Our analysis specified
to loss of species richness within a biogenic habitat. The
methodology presented here demonstrates one application of a
flexible rudimentary model of prioritizing regions of high risk
from human impact, and is applied to a dataset that, although
lacking data from some polar regions and tropical islands, allows
us to analyze many high-risk coastal oceans globally.

MATERIALS AND METHODS

To understand the risk of human impact on coastal ecosystems
and ecological diversity, we used Multi-criteria decision-making
in ArcGis Pro (ArcGIS Pro, n.d.) to create a model and risk
score. Risk, for the context of this paper, is the potential of
the region to experience runoff related impacts that could cause
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a loss of ecological diversity. Multi-criteria decision-making
(MCDM) is a method used to investigate a number of outcomes
in light of multiple criteria (Massam, 1988). When used in
a GIS environment, MCDM has proven to be successful for
both large- and small-scale studies describing ecosystem-based
services (Huang et al., 2011; Sánchez-Lozano et al., 2013).

The source of the data used in this study is the Nature
Conservancy, accessed via the ArcGIS Living Atlas of the World
(ArcGIS Living Atlas of the World, n.d.).

Generation of Criteria
For this global modeling exercise, the pre-existing framework
designed by Fredston-Hermann et al. (2016), and the logic
of the cumulative impact model used in Halpern et al.
(2009) was used as a base for analysis. The framework was
summarized into three inputs for analysis: nitrogen loading,
sediment flux, and population impact. These layers aimed to
capture the main influences of human related runoff, without
overlapping data sources that might cause double-counting for
an impact (Figure 1).

Acquisition of Data
With all criteria already defined, acquiring data relied on the
following factors:

1. All layers maintaining a global extent and
similar resolution.

2. Individual layers matching the subject of the desired factor.
3. Individual layers having enough classification values within

data so that a weighted sum of all three factors would be
able to generate a meaningful result.

The coastal zones of analysis were classified by “world
ecoregions.” Ecoregions were created by the World Wildlife
Foundation and characterize areas with similar large-scale
patterns and species (Spalding et al., 2007). All data was acquired
through the ArcGIS Living Atlas of the World (ESRI, Inc.), an
online data library provided through ESRI (ArcGIS Living Atlas
of the World, n.d.). The source of each layer was The Atlas of
Global Conservation (Hoekstra and Molnar, 2010). This assured
a uniform coastal evaluation. By using world ecoregions, we
assume that the values present in a region (packaged in a GIS
format as a “polygon”) for a world ecoregion is uniform.

The nitrogen score incorporates two crucial determinants of
how damaging nitrogen enriched runoff is to coastal marine
ecosystems (Figure 1): Is the coastal nutrient rich due to
upwelling? And is this an enclosed or shallow region? The
decision of whether nitrogen loading should be viewed as a major
detriment or a naturally routine and therefore not a major cause
for concern to a region was based on the following logic: If a
region did not receive upwelling or relatively little, the region
had less likely of a chance to be experiencing fluctuations in
natural marine nitrogen, and therefore is highly impacted when
experiencing human caused nitrogen inputs. If a region had
consistent upwelling trends, then the region was likely to have
experienced fluctuations in marine nitrogen and would be less

sensitive to changes in human induced inputs of marine nitrogen
(Fredston-Hermann et al., 2016).

The sediment score quantifies whether the watershed has any
nutrient or sediment producing processes (Figure 1). Human
activities have caused both massive increases and decreases
in sediment flux. Ocean regions can rely on natural fluxes
of sediment to deliver nutrients. Other regions, such as coral
reefs and seagrasses, can be smothered from an increase in
sediment flux (Ralph et al., 2007; Fabricius et al., 2003; Fabricius,
2011). A disturbance from the natural mean sediment flux,
whether an increase or decrease, can cause harm to coastal ocean
environments. Our calculation considers both large increases and
decreases in sediment flow to be harmful, however, very few
regions experienced a decrease in sediment flow. Although it is
valuable to understand where nitrogen and sediment alone have
changed globally, patterns of nitrogen and sediment disturbance
do not capture the complex impacts of land based human
activities on marine ecosystems (Halpern et al., 2009).

The population score captures the presence of major
population centers (Figure 1). This field has been used in
prior studies to address the general degradation of the coastline
(Murphy et al., 2019). In our application, population aims to
project impacts not necessarily captured in the nitrogen or
sediment fields, such as shoreline alteration or anchoring. Areas
with large amounts of boating traffic can experience discharge
of sewage from vessels. This injection of nitrogen is difficult
to measure and track. In addition, when marine vegetation is
removed to make way for development such as piers and ports,
the sediment that was previously held in place by the vegetation
is now untethered and will flow freely. Both examples show
how human alteration within the ocean is difficult to track and
quantify. To make an accurate model, we cannot ignore the
direct physical alterations we make underwater. This density of
population was captured for area within 5 km of the coastline.

Classification of Substrate
Each ecoregion of the seafloor was analyzed according to the
sensitivities of mangroves, seagrasses, and stony corals. Using
data from the Nature Conservancy (Hoekstra and Molnar, 2010),
the three ecological habitats studied were Seagrass, Mangrove,
and Stony Coral. Not only do these three species have widespread
geographic coverage which allow for a nearly global analysis
(excluding high latitudes), but also the numerous studies on the
health of these keystone species provided resources for checking
the accuracy of the analysis (Short and Wyllie-Echeverria,
1996; Burkholder et al., 2007; Spalding et al., 2010; Fabricius,
2011; Alongi, 2015). The prevalence of individual habitats was
measured by comparison of number of species of seagrasses,
stony corals, and mangroves across ecoregions in which data
was available. The range of species present was divided into five
classification categories, all of which were natural breaks in data
as determined by the Nature Conservancy. Each ecoregion had a
score on a scale of 1–5 for species diversity for the three ecological
habitats based off of the Jenks Natural Breaks classification
scheme (Jenks, 1967). Three global analyses resulted, one for each
of the ecological habitats studied. In the case that there were no
species present for Seagrass, Mangrove, or Stony Coral, the region
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FIGURE 1 | Process of matching spatial data to a pre-existing ecosystem based management framework created by Fredston-Hermann et al. (2016). The
framework was then matched to ecological GIS information provided by the Atlas of Global Conservation, with arrows indicating what variables are satisfied by Living
Atlas Layers. In ArcGIS Pro data was combined to create a distinct nitrogen, sediment, and population score for each individual world ecoregion.

was excluded from the ecosystem analysis. This applied only in
extreme arctic regions.

Weighting
To give more context to the results of the risk analysis, a
specification had to be made by which impact severity would
reflect the biogenic habitat they were applied to. To determine
relative impact weight of factors on biogenic habitat scenarios,
we conducted a literature review. The review focused on global
analysis of seagrass, mangrove, and stony coral biogenic habitats
within the past 20 years. From the literature we used specifically
cited weights as well as descriptions of severity of impact
of specific factors to determine weights. It should be noted
that these weights are subjective due to the fact that sources
sometimes lacked our specific factors or carried additional risk
factors we incorporated into the three general scores, “Nitrogen”,
“Population”, and “Sediment”. The weights represent the amount
of sensitivity, with a high weight implying the habitat type is very
sensitive to that perturbation.

Comparing the literature of all three habitat types, seagrass
had the highest reaction to nitrogen and sediment, primarily
nitrogen loading (Short and Wyllie-Echeverria, 1996). Human
caused harm to seagrasses can include a reduction of light

penetration due to sedimentation and algal overgrowth, causing
a decrease in photosynthesis (Ralph et al., 2007). Nitrogen inputs
in seagrass regions trigger algal overgrowth (Burkholder et al.,
2007), which can trigger cascading effects more detrimental and
permanent than suspended sediment alone in the water column.
It should be noted that suspended sediment without concurrent
nutrient loading is still detrimental to these species, by creating
a reduction in water clarity and therefore light limitation (Short
and Wyllie-Echeverria, 1996). For this reason, the weight of
nitrogen was higher than sediment. Detriments to seagrasses
through population expansion not already accounted for in
nitrogen and sediment are small, and the population score was
made to be far smaller than both sediment and nitrogen (see
Table 1).

TABLE 1 | Risk weighting schema for Seagrass, Stony Coral, and Mangrove
ecological scenarios used in the MCDM GIS analysis. These weights were
determined through an extensive literature review (Fabricius, 2005; Burkholder
et al., 2007; Doney et al., 2012; Alongi, 2015).

Seagrass Stony coral Mangrove

Nitrogen score 60 50 50

Population score 10 10 20

Sediment score 30 40 30
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FIGURE 2 | Biogenic habitat percent area risk scores. Seagrass has the largest percentage of severe risk area, while all three have relatively similar percentages of
low-risk area.

Mangroves are predicted to decrease in population as salinity
increases, sediment yield declines, and sea level increases.
With the large impacts from salinity and sea level rise, the
population weight of mangroves is higher than stony coral
regions and seagrass regions. Disturbances in sediment have vast
implications on mangrove regions (Peters et al., 1997). Regions
downstream from damming have lost significant amounts of
habitat (Alongi, 2002). For this reason, mangrove regions were
given a sediment weight of 30%.

Because sediment and nitrogen disturbances in tropical
oceans are typically confounded (Fabricius, 2011; Risk, 2014) it
is difficult to determine what risk factor has the largest impact on
coral species. In our assessment of corals, nitrogen and sediment
were close in weight (50 and 40%) while population impacts were
considered to have a small impact.

During the calculations, areas with missing scores for any of
the factors were given a score of 0 and ultimately excluded from
the analysis. Because of this, many island regions are not included
in the final findings, due to a lack of nitrogen data. Ecoregions
in Southeast Asia and Western Australia lacked nitrogen data as
well. Many of the zones excluded from the final findings were
documented with sensitive habitats (Carruthers et al., 2002). With
nitrogen data these regions are likely to rank as high-risk zones.
Due to these gaps in nitrogen data, the amount of risk these
regions face is unknown.

Risk Priority Analysis
To prioritize intervention for high risk biogenic habitats, the
raw risk score was weighted with the number of species present
and divided by the total area of the biogenic habitat. The

resulting ranking represents the areas with the highest species
richness and risk.

RESULTS

We adapted a spatially explicit ecosystem-based management
framework of runoff impacts and applied it to global coastal
oceans in a GIS framework. To represent the main elements of
human impacts to the coastal oceans we used data on nitrogen
loading, sediment flux, and coastline population density. This
model was applied the biogenic habitats of seagrass, mangrove,
and stony coral. Once an impact score was generated, we
generated a priority ranking for risk of species diversity loss due
to runoff impacts.

Habitat Specific Analysis
In our biogenic habitat analysis, we used a population density
layer as a proxy for impacts such as recreation, pollution from
shipping traffic, and direct non-point sewage runoff, that would
not be captured in the sediment or nitrogen data alone. To
analyze the impacts on each biogenic habitat, the area of low
(score of 1), medium low (score of 2), medium high (score of 3),
high (score of 4), and severe (score of 5) scores were summed
and averaged against the complete area of coast containing that
ecology (Figure 2).

An additional prioritization ranking is presented, which
combines the risk score with the species density (Table 2). The
remaining results are specific to seagrass, mangrove, and story
coral analysis, respectively.
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TABLE 2 | These areas represent the top ten ecoregions for each habitat with the
highest risk to their species as well as the highest species richness. Ecoregions
are ranked by score, descending from the top.

Biogenic
habitat

Ecoregion name Number of
species
present

Risk score

Seagrass Torres Strait Northern Great Barrier Reef 16 5

Sunda Shelf/Java Sea 15 5

Central and Southern Great Barrier Reef 14 5

Southern Java 13 5

Southern Vietnam 13 5

Papua 13 5

Western and Northern Madagascar 13 5

Sulawesi Sea/Makassar Strait 13 5

East African Coral Coast 12 5

Tweed-Moreton 12 5

Stony coral Papua 578 5

Sulawesi Sea/Makassar Strait 569 5

Western Sumatra 565 5

Sunda Shelf/Java Sea 564 5

Southern Java 562 5

Halmahera 578 4

South Kuroshio 543 4

Torres Strait Northern Great Barrier Reef 398 5

Central and Southern Great Barrier Reef 396 5

Solomon Sea 480 4

Mangrove Sunda Shelf/Java Sea 211 5

Papua 139 5

Sulawesi Sea/Makassar Strait 184 5

Torres Strait Northern Great Barrier Reef 209 5

Southern Java 207 5

Western Sumatra 208 5

Northern Bay of Bengal 128 5

Southern Vietnam 181 5

Central and Southern Great Barrier Reef 210 5

Solomon Sea 161 4

Seagrass
Seagrass dominated regions had the greatest proportion area
of low risk (score of 1 in our model) regions compared to
other biogenic habitats at 10% total area as well as severe risk
(score of 5 in our model) regions at 36% total area (Figure 2).
The distribution of these low-risk regions have a large variation
globally (Figure 3). In our study, a high proportion of the regions
scored as severe risk lacked significant upwelling. Top ecoregion
areas of concern for loss of ecological diversity are the Torres
Strait Northern Great Barrier Reef, Sunda Shelf/Java Sea, and
Central and Southern Great Barrier Reef (Table 2).

Mangrove
Ninety-nine percent of Mangrove-containing regions received a
risk score of medium low (2) or higher (Figure 4). Moreover,
our finding that 22% of mangrove habitat areas are at severe
risk is likely an underestimate, because we did not incorporate

freshwater regions where most mangrove destruction has
occurred. Priority ecoregions of concern are Papua, Sulawesi
Sea/Makassar Strait, and Western Sumatra (Table 2).

Stony Coral
Our model of stony coral habitats estimates roughly 52% of
total coral reef area is at medium to severe risk from land-based
impacts (Figure 5), and 64% of the Central Indo-Pacific realm
area at medium to severe risk. Provinces with high-risk scores
and species richness include Madagascar, Southern and Western
India, and multiple regions in Southeast Asia. More specifically,
the three highest risk ecoregions are the Sunda Shelf/Java Sea,
Papua, and Sulawesi Sea/Makassar Strait (Table 2).

DISCUSSION

Our results (1) demonstrate the utility of adapting a pre-existing
ecosystem-based management framework to systematically
evaluate impacts to biogenic habitats of concern and (2) how
to use risk scores combined with species richness data to
inform habitat conservation prioritization. To demonstrate our
methodology, we tested the framework on a global extent
and with multiple species. These tests were validated with
findings from recent literature. Our discussion first addresses
the results of our example analysis compared to literature. We
then discuss the general utility of using this GIS based analysis
for informing systematic risk analysis and habitat-specific
conservation prioritization. Our risk analysis was specified to loss
of species richness within a biogenic habitat to avoid ambiguity in
the interpretation of the results.

High biogenic habitat risk scores were identified in every
continent studied including tropical and temperate regions,
which is consistent with observations of species richness loss
(Worm and Lotze, 2016). Across all three biogenic habitats,
the regions of Southeast Asian islands are highest risk. Most
of the enclosed or embayed regions such as Hudson Bay, the
Mediterranean Sea, and the southern Gulf of Mexico were scored
as high risk. This finding is consistent with the consensus that
embayed regions experience less flushing and exchange of ocean
water, and as a result can accumulate high concentrations of
nutrients and sediment (Drupp et al., 2011).

The most common scores across all scenarios were medium
low and severe (Figure 2). Many of the severe regions were
shared across the seagrass, mangrove, and stony coral analyses,
such as western India, the Red Sea, and Eastern Africa. These
three regional results were in agreement with threat hotspots
identified by Halpern et al., 2009, which additionally takes into
account the size of the threat area. In all three scenarios (seagrass,
mangrove, and stony coral) 33–39% of the total area evaluated
experienced a risk score of 2 (medium low). This result is
promising, demonstrating that although humans are having an
impact, their impact is relatively minimal, the coast is relatively
resilient and can rebound from large human perturbations, or a
combination of both. Seagrass regions have the highest variation
in risk scores. Only 6% of seagrass area has a high-risk score
(4) whereas 40% area has a severe risk score (5). Our finding

Frontiers in Marine Science | www.frontiersin.org 6 April 2022 | Volume 9 | Article 796050

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-796050 April 4, 2022 Time: 12:51 # 7

Hoel et al. Marine Ecological Diversity Loss Framework

FIGURE 3 | The Seagrass biogenic habitat risk analysis, where risk is symbolized as the color of the circle, dark being highest risk, and the size of the circle
symbolizing the number of seagrass species present. Here we highlight North America, where the Gulf of Mexico and the Caribbean stand out as medium to
high-risk areas.

that 52% of stony coral coastal regions are medium to severe
rick are consistent with Bryant et al. (1998), who found that
58% of the world’s reefs are threatened by human activity and
80% of reefs in Southeast Asia are at medium and high potential
threat risk. Mangrove regions have the lowest variation in risk
score distribution (Figure 2), as well as the lowest variation in
weights for the model itself (Table 1). In the mangrove biogenic
habitat analysis, high risk regions of Amazonia, southeast Asia,
and western India may provide evidence for stress on mangrove
habitats in equatorial regions, which is consistent with other
mangrove modeling studies (Cavanaugh et al., 2015). These
risks, combined with current observations that mangroves are
moving pole ward due to decreasing cold events (Cavanaugh
et al., 2014), provide evidence that mangroves will become less
successful at surviving in tropical regions due to climate change
(Osland et al., 2017).

Our model incorporated the impact of upwelling and
boundary currents in its treatment of nitrogen, giving a less
severe impact of nitrogen loading in regions where these
physical phenomena already provide variability in ambient
nitrogen concentrations. For example, some semi-permanent
oxygen minimum zones occur on eastern boundaries such as the
coastlines of North America, the eastern North Atlantic Ocean,
and the eastern tropical Pacific. This is due to typical upwelling
system patterns, which bring an influx of nutrient rich waters
from the deep ocean, which can cause an increase in productivity
and as a result a decrease in oxygen (Rabalais et al., 2010).

In each biogenic habitat scenario, there were medium to high-
risk scores in the Caribbean and Southeast Asia. Fertilizers likely
contributed to the vast increases of nitrogen inputs in Asia and
Europe (Bobrovitskaya et al., 2003). The combination of a lack in
significant upwelling and large nitrogen inputs in these regions
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FIGURE 4 | The Mangrove biogenic habitat risk analysis, where risk is symbolized as the color of the circle, dark being highest risk, and the size of the circle
symbolizing the number of mangrove species present Here we highlight the Southeast Asian Ocean, which contains a high density of mangrove species and risk
scores that vary from low to high.

cause all three models to evaluate Asian and European regions
as a high-risk. Although scenarios may differ in risk score in
the Caribbean and Southeast Asian oceanic regions, it should be
noted that in subtidal tropical ecoregions, disturbances can cause
chain reactions (Corredor et al., 1999). Magnitude of impact of
these cascading effects of ecological disturbance on species greatly
depends on the biodiversity of the regions (Urban et al., 2016).

Spatial inconsistences between our biogenic habitat risk scores
and similar studies (Bryant et al., 1998) are in large part due to the
lack of temporal data for nitrogen loading in the central tropical
pacific. With consistent data, the number of coral regions at risk
will likely increase (Fabricius, 2011). Although the sediment layer
covers the changes since preindustrial times, the nitrogen layer
does not. Many recovering regions such as the Baltic Sea and
the Gulf of Mexico have lowered their nitrogen loading, and as a

result their current risk score is low. However, those regions may
still be in poor health due to past disturbances (Carstensen et al.,
2006). Discrepancies in the time in which the data was sampled,
potential seasonal and temporal variations in the data, and large-
scale ocean currents and turbulence at the time of sampling may
all have influenced our nitrogen score, as well as the lack of data
in some island regions. We also acknowledge that without polar
regions, which are particularly sensitive to climate change (Worm
and Lotze, 2016), our analysis, although large in extent, cannot be
interpreted as “global”.

To improve the spatial analysis in future work incorporating
geographic distance, linear decay, and isolation as a component
of the model with finer resolution data would create an
additional component of prioritization for proximity to coastline.
In addition, a factor for degree of isolation would provide
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FIGURE 5 | The Stony Coral biogenic habitat risk analysis, where risk is symbolized as the color of the circle, dark being highest risk, and the size of the circle
symbolizing the number of stony coral species present. Here we highlight the Southeast Asian Ocean, which, similar to the mangrove biogenic habitat, contains a
high density of species and risk scores that vary from low to high.

keen insight to island regions that experience more difficulty
in recovering from events such as coral bleaching. Finally, an
incorporation of direct impacts on coastal marine ecosystems
such as direct destruction of habitat is needed, especially
in regions with high amounts of tourism and development.
Ultimately, these analysis factors would enhance our applications
assessing where coastlines should be protected and how we
should prioritize our actions of coastal ocean conservation.

Our MCDM approach, a simple prioritization and weighting
scheme, lends itself to a straightforward interpretation of results
and can be applied by coastal planners to regional analyses.
We used data from an open-source initiative both to achieve
maximum global coverage in data layers, and to allow our
methodology to be easily be adapted to other use cases. Spatial
relationships are difficult to capture without visual interpretation.
GIS allows for a quick visualization of all factors that contribute

to a risk score. When analyzing for risk of loss of ecological
diversity, managers would greatly benefit from a coupled visual
and analytical comparison between regions, which we are able to
achieve in this exercise.

In this paper we demonstrate the utility of presenting results
of coastal ocean risk analysis in a spatial format via GIS. Creating
a spatially explicit model for risk of change due to human impact
at a global scale illuminates the need for understanding of the
ecological makeup of the habitat being analyzed. Our risk analysis
results describe the risk of loss of ecological diversity across three
separate biogenic habitats, seagrass, mangrove, and stony corals.
Once a management framework is established for a region, the
relative sensitivities of factors can be changed to apply to any
species present in the region. Using this template to assess all
biogenic habitats uniformly would also save time on behalf of
coastal managers and planners.
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