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TWAP
TRANSBOUNDARY WATERS ASSESSMENT PROGRAMME

7.1

Floating plastic debris

SuMMary
The use of plastics has been rising almost exponentially since the 1950s and is projected to continue to grow,
especially in emerging markets. Plastics enter the marine environment mainly because of poor waste management
infrastructure and practices, combined with irresponsible attitudes towards plastic use and disposal. Plastic is
durable, much of it floats in seawater, and once it enters the ocean it can be widely dispersed by ocean currents and
winds. Floating plastic is now ubiquitous in the global ocean, but highly variable in concentration. Larger items of
plastic debris have been shown to have significant detrimental impacts on many species of marine organisms, due
mainly to entanglement and ingestion. Very little, however, is known about the effects of micro-plastics on marine
organisms. Plastics in the marine environment can also cause significant economic loss and may pose a threat to
navigation and human safety.
The relative abundances of floating micro-plastics (less than 4.75 mm in diameter) and macro-plastics (more than 4.75
mm) in each LME were estimated for comparative purposes. Estimates were based on modelling that simulated the
movements of floating pieces of plastic in the ocean. Model runs used proxy sources of plastics derived from metrics
of coastal population density, shipping density, and the level of urbanization within major watersheds. The modelled
estimates of floating plastics are in broad agreement with observational data from shipboard measurements and
shoreline surveys. Estimates for each plastic size class were ranked and grouped into five equal categories, with the
LMEs with ‘lowest’ abundance of floating plastics forming the ‘lowest’ risk category, and those with the ‘highest’
abundance forming the ‘highest’ risk category.
Many of the LMEs with the ‘high’ to ‘highest’ relative abundances of floating plastics are located in east-southeast
Asia, with the Gulf of Thailand having the highest values for both micro- and macro-plastics. LMEs in the ‘highest’
risk category for both size categories of floating plastics are the Southeast US Continental Shelf, Mediterranean, Red
Sea, Bay of Bengal, Gulf of Thailand, South China Sea, Sulu-Celebes Sea, Indonesian Sea, Southwest Australian Shelf,
East China Sea, and Kuroshio Current.

Key Messages
1.

2.

3.

Plastics enter the marine environment from a wide variety of land-based and sea-based activities,
and there are few reliable or accurate estimates of the nature and quantities of material involved.
This poses difficulties in designing and implementing cost-effective measures to reduce inputs to LMEs.
In most cases, solutions will need to be multi-agency, multi-sector, and trans-national to be effective.
Reliable and consistent observational monitoring data on floating plastics in LMEs are lacking. This
prevents reliable quantitative estimation of the amounts and trends (in space and time) of floating
micro- and macro-plastics.
While the estimates of plastic concentrations derived from modelling are imperfect, they provide
information for focusing efforts to improve predictive capacity, assess potential socio-economic
consequences, and target mitigation measures. Further improvement to these model estimates should
be made if data become available on key sources of plastics (such as fishing, aquaculture, and coastal
tourism, which are not accounted for in the current model) and on actual quantities of plastics entering
the ocean and how this may be influenced by the level of economic development in different countries.
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7.1.1 Introduction
The production and use of petroleum-based polymers on a large scale started in the 1950s (Plastics Europe 2013).
Since then there has been an almost exponential increase, as plastics have been used both to replace traditional
materials such as metal, glass, and wood, and for completely new products such as computers (Figure 7.1). There are
six main polymers in production. Of these, polyethylene, polypropylene, and expanded polystyrene have a specific
gravity lower than that of seawater (approximately 1.02) and so will tend to float (Table 7.1). Items composed of the
other main polymers will tend to sink once any buoyancy is removed – for example, a PET bottle will sink when it no
longer is filled with air. Many plastics contain a range of additives for various purposes, for example to improve UV
resistance, plasticity, colour, impact resistance, and fire retardation. These may influence the physical characteristics
of the plastics and their potential impact on marine organisms.

Figure 7.1 World plastics production, 1950–2012, showing the rapid increase in production to match demand. 7KHWHPSRUDOO\
GRZQWXUQLQǣUHȩHFWVWKHHȧHFWVRIWKHJOREDOHFRQRPLFFULVLV
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Table 7.1 Main polymer types, typical applications, and specific gravity. Ultimately, plastics with a specific gravity
less than seawater (about 1.02) will tend to float, whereas plastics with a specific gravity greater than seawater will
tend to sink.
Polymer type

Typical applications

Specific gravity

Polyethylene (PE)

Plastics bags, containers, fishing gear

0.91–0.95

Polypropylene (PP)

Rope, caps, fishing gear, strapping bands

0.90–0.92

Polystyrene (expanded) (EPS)

Fish boxes, floats, food containers

0.01–1.05

Polystyrene (PS)

Utensils, food containers

1.04–1.09

Polyvinylchloride (PVC)

Film, pipe, containers, boots, window
frames

1.16–1.30

Polyethylene terephthalate (PET)

Bottles, strapping gear

1.34–1.39

Polyurethane (PUR)

Wheels, bearings, insulation

1.13–1.26

Polyester resin and glass fibres

Coatings

Cellulose acetate

Cigarette filters

Seawater

>1.35
1.22–1.24
about 1.02

The most characteristic property of plastics is durability. This, combined with lightness and low cost, has led to
rapid expansion in use. The economic model prevalent over most of this period has been linear: raw materials →
manufacture → use → disposal. This model is unsustainable in the longer term. It also relies on effective systems for
dealing with waste and, unfortunately, waste management systems in many parts of the world are inadequate. The
main reason why plastic enters the marine environment is poor waste management, combined with inappropriate
use, unhelpful public attitudes, and irresponsible behaviour.
The occurrence of plastics in LMEs may result from activities based at sea or on land. Many plastics float. Once in the
ocean they are subject to the normal physical processes of ocean circulation and wind-driven transport. A proportion
of the plastics entering one LME, either directly (for example, from a ship) or indirectly through river transport, may
be transported into an adjoining LME or into the open ocean, depending on the circulation characteristics of the
region. This makes tackling plastics pollution a classic transboundary issue – the occurrence of floating plastics in one
LME may be the result of inadequate waste management in another.
Plastics have been shown to injure or kill many species of marine organisms (fish, birds, reptiles, mammals and
invertebrates), by ingestion or entanglement (CBD 2012). Floating plastics can cause significant loss of income to
some social groups, such as fishing communities, pose a hazard to navigation, and endanger the functioning of key
infrastructure, for example by blocking cooling water intakes at power stations and desalination plants.
It is becoming increasingly clear that there are also significant quantities of non-floating plastics distributed on the
seabed. More data are becoming available as a result of wider acknowledgement of the problem and improvements
in sampling methods, including the use of remotely operating vehicles (ROVs) (Pham et al. 2014). This issue was
outside of the scope of the TWAP study, but requires further attention, as significant effects on ecosystems and on
human activities can be anticipated.

7.1.2 Main findings, discussion, and conclusions
7.1.2.1 Model estimates of floating plastics
Relative quantities of floating plastics were estimated using a combination of hydrodynamic and particle-tracking
models (HYCOM/NCODA and Pol3DD). The results of model runs using all three proxies (shipping density, coastal
population density, and the level of urbanization within major watersheds) (Eriksen et al. 2014; Lebreton et al. 2012)
were combined. Separate estimates for micro-plastics (smaller than 4.75 mm) and macro-plastics (larger than 4.75
mm) were computed.
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Micro-plastics are far more abundant than macro-plastics, but the latter represent a much higher mass. The 66 LMEs
were ranked according to the number of micro-plastic particles per km2 (Figure 7.2) and the mass of macro-plastics
per km2 (Figure 7.3). The estimated abundances vary by four orders of magnitude, with the highest abundance of
both micro- and macro-plastics occurring in the Gulf of Thailand LME and lowest in the Antarctic.
LMEs were divided into five categories for each of two indicators – number of floating micro-plastic particles and
mass of floating macro-plastics – based on the rank order from the model estimates (Table 7.2). Approximately equal
numbers of LMEs were assigned to each category. Both indicators are estimates from model simulations using proxy
sources: 1) shipping density, 2) coastal population density, and 3) level of urbanization within major watersheds,
based on Lebreton et al. (2012) and Eriksen et al. (2014).

Figure 7.2 Relative abundance of floating micro-plastics in 66 LMEs, based on model estimates and placed into five risk categories.
7KHPRGHOXVHVWKUHHSUR[LHVWRUHSUHVHQWVRXUFHVRIPDULQHOLWWHUFRDVWDOSRSXODWLRQGHQVLW\SURSRUWLRQRIXUEDQL]HGFDWFKPHQW
VLJQLI\LQJPRUHUDSLGUXQRȧ DQGVKLSSLQJGHQVLW\(VWLPDWHVOHYHOVDUHKLJKHVWLQ(DVWDQG6RXWKHDVW$VLDWKH0HGLWHUUDQHDQ
DQGWKH%ODFN6HD/0(QXPEHUVDQGQDPHVDUHOLVWHGZLWKLQFDWHJRULHVLQ7DEOH D 
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Figure 7.3 Relative abundance of floating macro-plastics in 66 LMEs, based on model estimates, and placed into five risk
categories.7KHPRGHOXVHVWKUHHSUR[LHVWRUHSUHVHQWVRXUFHVRIPDULQHOLWWHUFRDVWDOSRSXODWLRQGHQVLW\SURSRUWLRQRIXUEDQL]HG
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Table 7.2 Grouping of LMEs into five categories on the basis of the relative concentration of (a) micro-plastics and
(b) macro-plastics, based on model estimates. The model uses three proxies to represent sources of marine litter: coastal
population density, proportion of urbanized catchment (signifying more rapid run-off ), and shipping density. For microplastics, indicator values for individual LMEs are shown in Figure 7.2 and distribution of risk categories is mapped in Figure
7.4(a). For macro-plastics, indicator values for individual LMEs are shown in Figure 7.3 and distribution of risk categories is
mapped in Figure 7.4(b).
(a) INDICATOR: Number of floating micro-plastics
Risk category

Lowest

Low

Medium

High

Highest

Number of
LMEs

LMEs in each category
(LME number and name)

Range of values
(particles per km2)

14

1. East Bering Sea; 2. Gulf of Alaska; 8. Scotian Shelf; 14. Patagonian
Shelf; 18. Canadian Eastern Arctic-West Greenland; 52. Sea of
Okhotsk; 53. West Bering Sea; 54. North Bering-Chukchi Seas;
55. Beaufort Sea; 56. East Siberian Sea; 57. Laptev Sea; 61. Antarctic;
63. Hudson Bay Complex; 65. Aleutian Islands

<650

13

4. Gulf of California; 8. Scotian Shelf; 9. Newfoundland-Labrador
Shelf; 13. Humboldt Current; 16. East Brazil Shelf; 29. Benguela
Current; 39. North Australian Shelf; 51. Oyashio Current; 58. Kara Sea;
59. Iceland Shelf and Sea; 60. Faroe Plateau; 64. Central Arctic Ocean;
66. Canadian High Arctic-North Greenland

650–2 100

13

3. California Current; 11. Pacific Central-American; 19. Greenland
Sea; 20. Barents Sea; 21. Norwegian Sea; 22. North Sea; 27. Canary
Current; 28. Guinea Current; 30. Agulhas Current; 31. Somali Coastal
Current; 40. Northeast Australian Shelf; 41. East-Central Australian
Shelf; 45. Northwest Australian Shelf

2 100–7 000

13

5. Gulf of Mexico; 7. Northeast US Continental Shelf; 10. Insular
Pacific-Hawaiian; 12. Caribbean Sea; 15. South Brazil Shelf; 23. Baltic
Sea; 24. Celtic-Biscay Shelf; 25. Iberian Coastal; 32. Arabian Sea;
42. Southeast Australian Shelf; 44. West-Central Australian Shelf;
46. New Zealand Shelf; 50. Sea of Japan

7 000–20 000

13

6. Southeast US Continental Shelf; 26. Mediterranean; 33. Red Sea;
34. Bay of Bengal; 35. Gulf of Thailand; 36. South China Sea; 37. SuluCelebes Sea; 38. Indonesian Sea; 43. Southwest Australian Shelf;
47. East China Sea; 48. Yellow Sea; 49. Kuroshio Current; 62. Black Sea

20 000–93 000

(b) INDICATOR: Mass of floating macro-plastics
Risk category

Lowest

Low

Medium

High

Highest
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Number of
LMEs

LMEs in each category
(LME number and name)

Range of values
(grams per km2)

14

1. East Bering Sea; 2. Gulf of Alaska; 8. Scotian Shelf; 14. Patagonian
Shelf; 18. Canadian Eastern Arctic-West Greenland; 29. Benguela
Current; 52. Sea of Okhotsk; 53. West Bering Sea; 54. North BeringChukchi Seas; 55. Beaufort Sea; 56. East Siberian Sea; 57. Laptev Sea;
61. Antarctic; 63. Hudson Bay Complex

<25

13

4. Gulf of California; 8. Scotian Shelf; 9. Newfoundland-Labrador
Shelf; 13. Humboldt Current; 16. East Brazil Shelf; 17. North Brazil
Shelf; 20. Barents Sea; 39. North Australian Shelf; 58. Kara Sea;
59. Iceland Shelf and Sea; 60. Faroe Plateau; 64. Central Arctic Ocean;
66. Canadian High Arctic-North Greenland

25–146

13

3. California Current; 11. Pacific Central-American; 19. Greenland
Sea; 21. Norwegian Sea; 23. Baltic Sea; 27. Canary Current;
28. Guinea Current; 30. Agulhas Current; 31. Somali Coastal Current;
40. Northeast Australian Shelf; 41. East-Central Australian Shelf;
45. Northwest Australian Shelf; 51. Oyashio Current

146–425

13

7. Northeast US Continental Shelf; 12. Caribbean Sea; 15. South
Brazil Shelf; 22. North Sea; 24. Celtic-Biscay Shelf; 25. Iberian Coastal;
32. Arabian Sea; 42. Southeast Australian Shelf; 44. West-Central
Australian Shelf; 46. New Zealand Shelf; 48. Yellow Sea; 50. Sea of
Japan; 62. Black Sea

425–900

13

5. Gulf of Mexico; 6. Southeast US Continental Shelf; 10. Insular
Pacific-Hawaiian; 26. Mediterranean; 33. Red Sea; 34. Bay of Bengal;
35. Gulf of Thailand; 36. South China Sea; 37. Sulu-Celebes Sea;
38. Indonesian Sea; 43. Southwest Australian Shelf; 47. East China
Sea; 49. Kuroshio Current

900–6 100
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Figure 7.4 Spatial distribution of the relative abundance of floating (a) micro-plastics and (b) macro-plastics in 66 LMEs, based on
model estimates. /0(VKDYHEHHQDVVLJQHGLQWRRQHRIȨYHULVNFDWHJRULHVIURPǦORZHVWǧWRǦKLJKHVWǧ7KHPRGHOXVHVWKUHHSUR[LHV
WRUHSUHVHQWVRXUFHVRIPDULQHOLWWHUFRDVWDOSRSXODWLRQGHQVLW\SURSRUWLRQRIXUEDQL]HGFDWFKPHQW VLJQLI\LQJPRUHUDSLGUXQRȧ 
DQGVKLSSLQJGHQVLW\(VWLPDWHVOHYHOVDUHKLJKHVWLQ(DVWDQG6RXWKHDVW$VLDWKH0HGLWHUUDQHDQDQGWKH%ODFN6HD
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Figure 7.3 and Figure 7.4(b) show that many of the LMEs with the ‘high’ to ‘highest’ relative abundances of floating
macro-plastics are in east-southeast Asia, and slightly over half of the LMEs with the ‘highest’ abundances are in this
region. This is consistent with the findings of a recent study that showed that the highest estimates of the mass of
land-based plastic waste entering the ocean from 192 coastal countries in 2010 were in this region (Jambeck et al.
2015).
The benchmark for floating plastics is zero, since all the types of plastic we are concerned with are synthetic and
have been introduced into the ocean in significant quantities relatively recently, from the 1950s onwards. Scientific
evidence supports the conclusion that floating plastic is now ubiquitous in the global ocean, including in the remotest
parts of the Southern Ocean, as a result of its durability and overall ocean circulation patterns (Cózar et al. 2014; Law
et al. 2014; Barnes et al. 2010). Clearly, the input of plastics into the oceans has been taking place for several decades.
The rapid increase in production and use that has occurred since the 1950s is predicted to continue, especially in
emerging markets. Jambeck et al. (2015) predict that, without waste management infrastructure improvements, the
cumulative quantity of plastic waste available to enter the ocean from land will increase by an order of magnitude by
2025. It seems certain that the quantity of floating plastic in the marine environment has increased, but it has proved
very difficult to quantify this, due partly to an overall lack of reliable data, and partly to the inherent spatial variability
that has been observed, which makes representative sampling difficult.
The spatial distribution of LMEs in the five risk categories (Figure 7.4) reflects the relative importance of each of
the three proxy sources in each LME (Lebreton et al. 2012), large-scale circulation characteristics, and transfer of
floating plastic between LMEs. For example, the Mediterranean and Black Sea have extremely limited exchange with
the open ocean, so floating plastic will tend to be retained for a long time. It is important to note that this analysis
does not include other potentially significant sources, such as aquaculture, fishing, and coastal tourism, and makes
no allowance for differences between countries in either per capita use of plastics or the effectiveness of waste
management systems.

7.1.2.2 Validation of model estimates from sea-based observations
There are insufficient data from sea-based observations in LMEs for a reliable assessment of the validity of the model
estimates. The most comprehensive observations, using towed nets, have been mainly in the open ocean. However,
there have been several published studies that support the overall pattern suggested by the model results. For
example, ship-based observations of macro-debris show a much lower density in the Southern Ocean (Barnes et al.
2010) than in the Straits of Malacca (Ryan 2013; Figure 7.5), reflecting the relative distance from potential sources.

Figure 7.5 Floating macro-plastics in the Straits of Malacca (eastern extremity of Bay of Bengal LME, ‘highest’ risk category).7KLV
LVDQDUHDZLWKKLJKVKLSSLQJGHQVLWLHVDQGKLJKFRDVWDOSRSXODWLRQV

Source: Ryan (2013); images courtesy of Peter Ryan, University of Cape Town
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In addition, the identification, through use of the model, of potential hotspots, such as the Mediterranean, Bay of
Bengal, and East China Sea LMEs, is in agreement with independent estimates based on observations and known
sources (Ryan 2013; UNEP/MAP 2011; Shiomoto and Kameda 2005). The model results also correspond with data
from beach surveys and clean-ups that have been conducted in many LMEs. Partial validation is also provided by
the results of biological sampling. The most developed biological sampling technique is analysis of the stomach
contents of beached seabirds (dead and washed ashore) that feed offshore, such as petrels, fulmars, shearwaters,
and albatross (van Franeker and Bell 1988). A long time-series from bird recoveries around the North Sea LME (‘high’
risk category) shows the relatively high abundance of floating plastic in this region (Figure 7.6) and the change in
type of plastics represented, with no overall decrease in total quantity, but a higher proportion of consumer plastics
compared with industrial sources.

© J.A. Van Franeker

Figure 7.6 Floating micro- and macro-plastics in the North Sea LME (‘high’ risk category), retrieved from the stomach of an openwater foraging bird, the northern fulmar (Fulmarus glacialis). 7KH1RUWK6HDLVVHPLHQFORVHG UHVWULFWLQJFLUFXODWLRQ KDVDKLJK
VKLSSLQJGHQVLW\DQGKDVDKLJKFRDVWDOSRSXODWLRQ

Images courtesy of Jan van Franeker, IMARES NL

Recommendations for a more harmonized approach to assessment of trends of debris in the marine environment
have started to emerge (Lippiat et al. 2013), so future assessments should have a more comprehensive data set to
analyse. It is already apparent that there can be substantial spatial variability in the observed abundance of floating
plastics within an LME, covering several orders of magnitude, due to differences in the type of plastics, distance from
the source(s), oceanic circulation, and wind-driven events. An example of spatial variability of floating plastics in the
Bay of Bengal LME is described by Ryan (2013).
The scope of this study was limited to an assessment of floating plastics. However, much of our information on
the type and relative distribution of plastic debris that has entered the sea comes from beach surveys. The most
comprehensive survey is the annual International Coastal Cleanup, organized through the Ocean Conservancy, an
NGO (not-for-profit) based in the USA (Ocean Conservancy 2015). This event has expanded steadily in coverage and,
in 2013, included 92 countries. The International Coastal Cleanup methodology is not as rigorous as that in many
national programmes, but it provides useful information on sources and regional differences.
In contrast, sampling at sea tends to be limited to national monitoring programmes or single transects using vessels
of opportunity. Representative sampling of floating plastics at sea with sufficient spatial and temporal extent is very
expensive. National efforts have been rather limited to date and methodologies have not been harmonized. Differences
in gear type and mesh size for smaller items and lack of a standardized protocol for shipboard observations set a
practical limit to compiling comparable data sets. It has also been recognized that conditions at sea, such as the state
of winds, waves and swell, can have a significant effect on the apparent abundance of floating plastics. These issues
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are currently being addressed by the National Oceanic and Atmospheric Administration Marine Debris Program
(Lippiat et al. 2013), the European Union (EC/JRC 2013), and several Regional Seas Organizations (for example, OSPAR
for the North-East Atlantic, and NOWPAP for the Northwest Pacific). Future assessments are likely to be able to use
larger and more reliable data sets.

7.1.2.3 Limitations and confidence levels
There are insufficient observations of abundances of floating micro- or macro-plastics for an accurate evaluation of
the state of contamination in all LMEs. Simulated distributions were generated using three proxy sources of litter fed
into a general ocean circulation model. This provided an internally-consistent data set for estimating the relative, but
not absolute, abundance of floating plastics by LME. However, several important potential sources were excluded,
including aquaculture and coastal tourism. It has not yet been possible to detect a consistent trend in abundance
over time, despite the continuing entry of plastics into the ocean. This appears to be due mainly to the observed
high degree of spatial heterogeneity in the distribution of micro- and macro-plastics. Further observations, combined
with more sophisticated modelling approaches, are needed to increase the level of confidence in future assessments.

7.1.3 Methodology and analysis
For this assessment, it was concluded that observational data of floating plastic for many LMEs were not sufficient
for a reliable comparative analysis to meet the TWAP objectives. Instead, an internally consistent modelling approach
was adopted, based on a published study (Lebreton et al. 2012). This approach used the ocean circulation modelling
system HYCOM/NCODA to create the flow field. HYCOM is computed on a Mercator grid, with 4 500 x 3 298 grid
nodes at an average spacing of about 7 km. HYCOM was forced using archived data from the US Navy’s Operational
Global Atmospheric Prediction System. This system was used to reproduce 30 years of ocean circulation. Particles
were then introduced using the particle-tracking model Pol3DD and allowed to disperse passively. Particles were
introduced in a spatially explicit way, in proportion to three selected proxies of human activity or development, based
on the analysis by Halpern et al. (2008): 1) shipping density, representing direct inputs of plastics from commercial
shipping; 2) coastal population density, representing plastics used in the retail sector and for consumer goods on a
per capita basis; and 3) the level of urbanization within major watersheds (urbanized landscape of buildings, roads,
and other hard surfaces), representing areas liable to more rapid run-off of street litter. Two categories of particles
were introduced: micro-plastics (less than 4.75 mm in diameter) and macro-plastics (more than 4.75 mm). Full details
of the model and model runs were published in Eriksen et al. (2014) and Lebreton et al. (2012).
The model results provide an internally consistent data set based on several assumptions, but the results should
not be used to infer actual quantities. The approach, however, provides a means of identifying potential hotspots
of marine plastics that can then become the focus of more specific investigation, leading to the identification and
introduction of measures to control existing sources. The analysis used three proxy sources of plastics; a future
analytical development would be to include additional sources, such as fisheries, aquaculture, and coastal tourism,
which are all known to be significant in many LMEs. Fisheries, for example, is a source of plastic waste in the North
Australian Shelf LME, aquaculture is a source in the East China Sea LME, and coastal tourism is known to be a
source of floating plastics in the Mediterranean Sea LME. There are other types of uncertainty associated with the
analysis. For example, per capita use of plastics tends to correlate with Gross Domestic Product (GDP), but higherGDP countries may have more effective waste management systems. Modelling approaches can be fine-tuned and
improved as more data become available on sources of plastics, and with the introduction of more comprehensive
and extensive environmental monitoring programmes.
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7.2

Pollution status of persistent organic pollutants

SuMMary
Persistent organic pollutants (POPs) are man-made chemicals used in industrial and agricultural applications; they
are widely distributed throughout marine ecosystems. They accumulate in living tissues, become more concentrated
through the food chain, and are toxic. POPs pose a health risk to marine biota at higher trophic levels and to
human consumers of some sea foods, and have been regulated through the Stockholm Convention on Persistent
Organic Pollutants since 2004. Understanding the status, trends, and distribution of POPs in LMEs, and identifying
pollutant sources, are important for assessing and maintaining marine ecosystem health, as well as for evaluating
the effectiveness of regulation.

© Brad Smith/flickr

This assessment used plastic resin pellets as passive samplers of POPs in LMEs. The pellets, which are used in
the manufacturing of plastic products, are found washed up on beaches all over the world. The pellets sorb and
concentrate POPs from the surrounding seawater. Pellets from 193 locations in 37 LMEs were collected by volunteers
through the International Pellet Watch (IPW) programme between 2005 and 2014 and sent to laboratories to be
analysed for three classes of POPs: PCBs (polychlorinated biphenyls), DDTs (dichlorodiphenyltrichloroethane and
related chemicals), and HCHs (hexachlorocyclohexane isomers). LMEs were placed into five risk categories, based on
the average levels of these three classes of POPs in each LME. The evaluation of risk for individual LMEs is assessed
as having medium certainty.
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POPs were detected in all the samples, including those from remote islands. Within each LME, POPs levels are
highly variable, sometimes by several orders of magnitude. Several LMEs (South Brazil Shelf, California Current,
Mediterranean, and Kuroshio Current) have relatively high average levels of more than one class of POPs, and a
number of hotspots were identified from sample locations within LMEs.

Key Messages
1.

2.

3.

Several POPs hotspots were identified, indicating a need for follow-up action. For example, remedial
action such as dredging and/or capping of bottom sediment should be considered where hotspots of
PCBs and DDTs have been identified and attributed to contamination of the water column through
release of POPs from contaminated bottom sediments.
• PCB hotspots: in five LMEs of Western Europe, in two LMEs along US coasts, and in one LME
along the coast of Japan. While these may be legacies of past PCB use, increasing levels were also
observed in LMEs along the coasts of more recently industrialized countries, including Brazil, Chile,
and South Africa.
• DDT hotspots: in the California Current LME, Durres (Albania) in the Mediterranean LME, and Ghana
in the Guinea Current LME. Moderate to high levels of DDTs are found in 20 widely distributed
LMEs, probably due to widespread application of DDT before it was banned in the 1980s.
Results from some LMEs indicate current or recent use or release of banned POPs. This is indicated by
levels of:
• PCBs in some developing countries (Ghana in the Guinea Current LME and the Philippines in the
Sulu-Celebes Sea LME). These findings point to a need for better source control, such as improved
management and regulation of electronic waste.
• DDTs in the South China Sea, Brazil, Ghana, Athens and Sydney. DDT use in malaria control may
account for the elevated levels in some tropical and subtropical regions, whereas illegal application
of DDT pesticides and antifouling agents may be the cause in other regions.
• HCHs, with further analyses of the isomers present indicating that illegal use of lindane, a pesticide
that is banned for agricultural use, may be responsible for elevated HCHs in pellets from some
Southern Hemisphere sample sites, including in Mozambique and South Africa (Agulhas Current LME)
and in the New Zealand Shelf LME, as well as along the French coast in the Celtic-Biscay Shelf LME.
The International Pellet Watch programme serves as a sentinel to assess the status of POPs in coastal
waters and identify pollution hotspots – but other POPs monitoring is also needed. The IPW data set
would be improved by additional spatial coverage, as data are sparse for some LMEs and missing for
others. Time-series sampling of POPs in LMEs is needed to detect trends, evaluate the effectiveness
of regulation, and identify emerging pollution sources. Conventional monitoring of POPs in sediments,
water, and biota should be conducted in hotspots to confirm the pollution levels and identify the types
and sources of pollution so that mitigation actions can be undertaken.

7.2.1 Introduction
Pollution status was assessed for three typical classes of POPs:
1. PCBs, used for a variety of industrial applications from the 1950s to the early 1970s;
2. DDT and its metabolites (degradation products), DDD and DDE; DDT was used as an insecticide to increase
agricultural production, mainly from the 1950s to the early 1970s. Although its application in agriculture
is prohibited, use of DDT to combat malaria-carrying mosquitoes is still recommended by the World
Health Organization, and DDT is in use for this purpose in some tropical countries;
3. HCHs, organochlorine insecticides used from the 1950s to the 1970s in many countries and as late as the
2000s in some countries.
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All these compounds are toxic, accumulate in marine biota, and are magnified through the food web, posing a variety
of threats to animals at higher trophic levels (including carcinogenicity, mutagenicity, and endocrine disruption).
Increasing concern and understanding of the adverse properties of these compounds resulted in the Stockholm
Convention on Persistent Organic Pollutants, which entered into force in 2004 and contains provisions for eliminating
or regulating production of POPs and for managing POPs wastes. Understanding the pollution status and the temporal
and spatial distribution of POPs, and identifying their potential sources, are important, including for evaluating the
effectiveness of the Stockholm Convention and detecting emerging pollutants (Ryan et al. 2012).
Samples of POPs were obtained from polyethylene resin pellets (2 to 4 mm diameter) that are used in the production
of plastic products. Some pellets are unintentionally released into the environment during handling and transport
and are carried by surface run-off, streams, and rivers to the ocean. As a result of the increasing global production of
plastics and their environmental persistence, plastic pellets are distributed widely in the ocean and are washing up
on beaches all over the world. The pellets sorb and concentrate hydrophobic organic contaminants, including POPs,
from surrounding seawater (Rochman et al. 2013; Mato et al. 2001). The concentration factor of PCBs, for example,
is more than 1 million. Because they accumulate POPs from the surrounding water so readily, plastic resin pellets are
a useful passive sampler for monitoring POPs in coastal waters.
Beached plastic resin pellets from 193 locations in 37 LMEs were collected between 2005 and 2014 and analysed for
PCBs, DDT and its metabolites, and HCHs, according to the protocol described below. Pellets were collected through
the International Pellet Watch programme, which was established in 2005 (Takada 2006). In IPW, volunteers around
the world collect plastic resin pellets on beaches and mail them to the Laboratory of Organic Geochemistry of the
Tokyo University of Agriculture and Technology, Japan. The advantage of IPW is the extremely low cost of sampling
and shipping compared to conventional monitoring. Further, as sampling does not require any special instruments or
technical training, it can be undertaken by members of the public and can cover wide areas of coastal zones.

7.2.2 Findings, discussion, and conclusions
To confirm the reliability of IPW as a POPs monitoring tool, comparison with Mussel Watch was conducted.
Mussel Watch, a programme that uses a traditional monitoring protocol to track contaminant levels in bivalves,
was established in the 1970s and has been used for local and international monitoring of POPs over four decades
(Farrington et al. 1983; Goldberg, 1975). Data from Mussel Watch were available for some of the locations where
pellets were collected. Concentrations of PCBs in pellets showed good correlation with those in mussels collected
from the same locations (Figure 7.7), indicating that pellets collected by IPW can be used to sample POPs.
LMEs were placed into five risk categories based on the mean level of POPs in each LME. Concentrations of POPs in
pellet samples from all locations are mapped in Figure 7.8, Figure 7.9, and Figure 7.10. These show that POPs are
widespread. The target POPs were detected in all samples, including pellets from remote islands. The dispersion of
POPs to remote areas is thought to be mainly through atmospheric transport.
POPs in pellets from remote islands are at trace levels, several orders of magnitude lower than the concentrations
found in urban coastal zones. Background levels of POPs were established on the basis of analysis of plastic resin
pellets collected from remote islands: Canary Islands, Saint Helena, Cocos Islands, Island of Hawaii, Island of Oahu,
and Barbados (Heskett et al. 2012). Concentrations of POPs in the pellets from these remote islands are 0.1 to 9.9
nanograms per gram for PCBs, 0.8 to 4.1 nanograms per gram for DDTs, and 0.6 to 1.7 nanograms per gram for HCHs
(with the exception of St. Helena, where the HCH concentration was measured at 19.3 nanograms per gram). The
background levels of PCBs, DDTs, and HCHs were set at 10, 4, and 2 nanograms per gram, respectively. Concentrations
of POPs higher than the background levels suggest local or regional inputs. These background levels are set as cut-off
concentrations for the lowest risk category.
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Figure 7.7 Correlation between median PCB concentrations in plastic resin pellets and in mussels. 3ODVWLF UHVLQ SHOOHWV DUH
XQLQWHQWLRQDOO\ LQWURGXFHG WR PDULQH HQYLURQPHQWV DQG GLVWULEXWHG JOREDOO\ 'XH WR WKH K\GURSKRELF QDWXUH RI WKH SODVWLFV
SHOOHWVFDQEHXWLOL]HGDVSDVVLYHVDPSOHUVRI323VLQFRDVWDOZDWHUV7KHFRUUHODWLRQVKRZQLQWKLVȨJXUHGHPRQVWUDWHVWKDW323V
LQSODVWLFUHVLQSHOOHWVUHȩHFW323FRQWDPLQDWLRQOHYHOVLQFRDVWDOZDWHUV
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7.2.2.1 PCBs
PCB hotspots (‘high’ and ‘highest’ risk categories) were identified in a number of LMEs where PCBs were used for
a variety of industrial applications during a period of rapid economic growth from the 1950s to the early 1970s
(including the North Sea, Baltic Sea, Celtic-Biscay Shelf, Iberian Coastal, California Current, Northeast U.S. Continental
Shelf, and Kuroshio Current LMEs). These hotspots are shown as orange and red dots in Figure 7.8. A considerable
portion of the PCBs introduced to coastal zones during that period remains accumulated in bottom sediments, which
act as secondary sources of PCBs to the water column. PCBs can be released through desorption (the reverse of
adsorption) and/or resuspension of the sediments (Farrington and Takada 2014). Release of contaminants from
sediments is a major source of PCBs in seawater and biota in developed countries (Mizukawa et al. 2013; Ogata
et al. 2009). Other PCB hotspots identified are Melbourne (Southeast Australian Shelf LME), Sydney (East Central
Australian Shelf LME), Hong Kong (South China Sea LME), and Sao Paulo (South Brazil Shelf LME).
Further studies that combined pellet sampling with analysis of sediment and air samples confirm that bottom
sediments act as a major source of PCBs to the coastal waters in Tokyo Bay (Kuroshio Current LME) and Athens
(Mediterranean LME). Pellet samples were collected in hotspots at the same sites at five or ten year intervals.
The results suggest a decreasing trend in PCB levels on the California coast (California Current LME) from 2006 to
2010 (40 to 80 per cent reduction), whereas no decrease was observed in Tokyo Bay from 2002 to 2012. A possible
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Figure 7.8 Concentrations of PCBs in beached plastic pellets within LMEs. /HJDF\ SROOXWLRQ ZKHUH ERWWRP VHGLPHQWV DFW DV
VHFRQGDU\VRXUFHVRIFRQWDPLQDWLRQLVREVHUYHGLQXUEDQFRDVWDOZDWHUVLQ:HVWHUQ(XURSHWKH86HDVWDQGZHVWFRDVWVDQG
-DSDQ5HVXOWVVXJJHVWFXUUHQWRUUHFHQWLQSXWVRI3&%VIRUVRPHGHYHORSLQJFRXQWULHVVXFKDV*KDQDDQGWKH3KLOLSSLQHV

explanation for this difference is geographical setting. The California coast faces the open ocean and is exposed to
offshore transport. Dispersion of contaminated sediments could be active enough to reduce PCB pollution levels.
Tokyo Bay, by contrast, is semi-enclosed, and contaminants tend to stay longer in the bottom sediments. Differences
in regulatory and remedial actions (such as dredging) may also contribute to this difference in trends. Decreasing
trends in PCB levels were also observed in the Netherlands (North Sea LME), while locations in the Greek Saronic Gulf
in the Mediterranean Sea LME show no such trend, which may be related to the LME’s semi-enclosed configuration
which allows contaminated sediments to be retained. Continued monitoring is important for understanding the rate
of decrease of legacy pollutants and the controlling factors.
In addition to the hotspots in industrially developed countries, increasing levels of PCBs were observed in
recently developing countries such as Brazil (Sao Paulo, in the South Brazil Shelf LME), South Africa (Durban and
Yzerfontein, in the Agulhas Current LME), and Chile (Conception, in the Humboldt Current LME). Current releases
of PCBs to terrestrial environments, and subsequent run-off to the coastal zones, could be contributing to the high
concentrations. Current sources include leakages or spills of PCBs from old electronic instruments. Pollution levels
of PCBs along the Sao Paulo coast increased rapidly from around 300 nanograms per gram in 2010 to up to 4 000
nanograms per gram in pellets collected in 2012, which is the highest concentration of all locations sampled. This
suggests that the South Brazil Shelf LME could be the most heavily impacted by PCBs. In South Africa and Chile, PCB
concentrations are not as high (up to 150 nanograms per gram) as in Sao Paulo, but time-series samples at these
locations show increasing trends in PCB levels from 2007/2008 to 2014. Continued monitoring and identification of
the sources of PCBs are necessary in these rapidly developing countries.
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Among the hotspots, Tokyo Bay (Kuroshio Current LME), Hong Kong (South China Sea LME), and Le Havre (CelticBiscay Shelf LME), as well as Sao Paulo (South Brazil Shelf LME) and Jakarta Bay (Indonesian Sea LME), have the
highest levels of PCBs (over 500 nanograms per gram, which places them in the ‘highest’ risk category). No regulatory
guidelines for PCB concentrations in pellets have been established. Instead, PCB concentrations in pellets can be
related to PCB concentrations in lipid (fat) in mussels by using the following equation, which is derived from the
correlation between PCB concentrations in mussels and in pellets, as shown in Figure 7.7:
log (PCBs in mussel lipid [nanograms per gram]) = 0.87 x log (PCBs in pellets [nanograms per gram]) + 1.26
Using this equation, 500 nanograms of PCBs per gram of pellets corresponds to 4 000 nanograms of PCBs per gram
of lipid in mussels. By using commonly-observed lipid content (100 milligrams of lipid per gram of dry tissue) and
moisture content (80 per cent) of the mussel tissue, 4 000 nanograms per gram PCBs in mussel lipid is converted
to 400 nanograms per gram PCBs in dry tissue, or 80 nanograms per gram in wet tissue. This latter value is similar
to the European Union (EU) limit established for PCBs in muscle meat of fish and fishery products (75 nanograms
per gram in tissue; Commission Regulation (EU) No., 1259/2011). The above calculation also indicates that 500
nanograms of PCBs per gram of pellets correspond to 400 nanograms per gram of PCBs in dry mussel tissue. This
is similar to the cut-off concentration of PCBs for the ‘high’ risk category (479 nanograms per gram in dry tissue)
when PCB concentrations in mussel obtained from the US Mussel Watch programme are ranked (Farrington and
Takada 2014). Thus, using greater than 500 nanograms per gram as the cut-off for the ‘highest’ risk category in this
assessment is considered reasonable. Due to biomagnification, fishery products have higher concentrations of PCBs
than mussels, although toxicity is also affected by PCB congeners being metabolized at different rates. The risk based
on PCBs in mussel tissue may be a conservative estimate. Locations with PCB concentration in pellets higher than 500
nanograms per gram can be considered as areas where fishery products may exceed the European Union limit and
where regulation and remedial actions should be considered.
Levels of PCBs significantly higher than global background levels were observed in some developing countries,
including Ghana and Equatorial Guinea (Guinea Current LME) and the Philippines (Sulu-Celebes Sea). Current releases
of PCBs are likely to be occurring in these areas. Further investigation in Ghana, using pellet analysis combined with
riverine sediment surveys, pinpointed electronic waste (e-waste) scrap yards as a plausible source of PCBs to the
coastal environment through river run-off (Hosoda et al. 2014). Current emission of PCBs from the western African
region was demonstrated through analysis of air samples (Gioia et al. 2011). In Manila Bay, Philippines (Sulu-Celebes
Sea LME) the concentration of PCBs in pellets (140 nanograms per gram) is higher than in surrounding countries. PCB
concentrations in the air in Manila are also higher than in other Asian countries (Kwan et al. 2014) and higher than in
other locations in the world (Pozo et al. 2006). Current emission of PCBs is suspected (Kwan et al. 2014).

7.2.2.2 DDTs
Hotspots of DDTs (Figure 7.9) were observed on the California coast (California Current LME) Morro de Sao Paulo,
Brazil (East Brazil Shelf LME); Durres, Albania, and Athens, Greece (Mediterranean LME); Northern Vietnam and
Southern China, including Hong Kong (South China Sea LME); Ghana (Guinea Current LME); and Sydney, Australia
(East-Central Australian Shelf LME). The highest concentration of DDTs (1 061 nanograms per gram) was found in
samples from Durres, Albania.
Moderate levels of DDTs are widely distributed in 20 of the 37 LMEs examined. High concentrations at some of the
hotspots, as well as diffuse pollution, are probably from legacy pollution – left over from the widespread and intensive
application of DDT pesticides in catchment areas, mainly in the 1950s to the early 1970s to increase agricultural
production. DDT was banned in the 1980s in many countries. As with PCBs, secondary pollution sources of DDTs
could be among the major contributors.
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Figure 7.9 Concentrations of DDTs in beached plastic pellets within LMEs. /HJDF\ SROOXWLRQ LV REVHUYHG LQ DUHDV ZKHUH ''7
SHVWLFLGHZDVXVHGIRUDJULFXOWXUDOSURGXFWLRQ)RUVRPHWURSLFDOFRXQWULHVWKHUHLVHYLGHQFHRIFXUUHQWDQGRUUHFHQWLQSXWVRI
''7XVHGIRUPDODULDFRQWURO

In addition to legacy DDT pollution, current inputs of DDTs are suggested by the results at some hotspots, such as
in Northern Vietnam, Southern China, Sydney Harbour, Athens, and Ghana. Some of these high concentrations,
especially in tropical and subtropical regions such as Ghana, may be attributed to its continuing use for malaria
control. Illegal application of DDT insecticides is another possibility. Application of antifouling agents containing DDT
might be the cause of current pollution in some sites close to harbours, such as Sydney and Athens. Addressing
pollution in these locations requires identification of specific DDT sources.
Monitoring in 2014 showed decreasing trends in DDTs at several locations where high concentrations were observed
in the period 2005 to 2010, indicating improvement in DDT pollution status. These locations include northern Vietnam,
Hong Kong, South Africa (Durban), Mozambique, and Ghana. This improvement is probably due to a cessation of DDT
application and rapid dispersion by oceanographic conditions. A decreasing trend in DDT pollution was also observed
in the California Current LME.

7.2.2.3 HCHs
HCHs are insecticides that were used from the 1950s to the1970s in many countries and remained in use up to the
2000s in some. Their regulation through the Stockholm Convention started in 2008. Concentration ranges of HCHs
(up to 40 nanograms per gram) are one order of magnitude lower than those of PCBs and DDTs. This is probably
because HCHs are less hydrophobic than DDTs and PCBs, which causes less partitioning of HCHs from seawater to
plastics. In addition, HCHs are more volatile and tend to be partitioned in the atmosphere. Lower production of HCHs
may also contribute to the lower concentrations of HCHs in pellets.
At most of the sample locations, HCH concentrations in pellets are relatively low (Figure 7.10). However, some
hotspots were observed in the Southern Hemisphere, including Mozambique and South Africa (Agulhas Current
LME) and New Zealand (New Zealand Shelf LME). In addition, hotspots were identified on the French coast in the
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Figure 7.10 Concentrations of HCHs in beached plastic pellets within LMEs. 2QO\ WUDFH OHYHOV RI +&+V DUH REVHUYHG LQ PRVW
ORFDWLRQVLQWKH1RUWKHUQ+HPLVSKHUHSUREDEO\GXHWRWKLVFRPSRXQGǧVPRUHYRODWLOHDQGZDWHUVROXEOHQDWXUH+LJKHUOHYHOVRI
+&+VDUHREVHUYHGLQVRPHORFDWLRQVLQWKH6RXWKHUQ+HPLVSKHUHVXFKDV6RXWK$IULFD0R]DPELTXHDQG1HZ=HDODQG7KLVLV
SUREDEO\GXHWRFXUUHQWRUUHFHQWXVDJHRI+&+DVDSHVWLFLGH

Celtic-Biscay Shelf LME. Gamma-HCH, a major component of the pesticide lindane, which has been banned globally
for agricultural use, is predominant in the HCHs detected at these hotspots, suggesting that illegal use of lindane
could be occurring. At locations in Mozambique, South Africa (Durban), and Ghana, significant decreases in HCH
concentrations (from around 30 to less than 3 nanograms per gram) were observed in the samples collected in
2013 or 2014, compared to 2007 to 2011 samples. This suggests that the Stockholm Convention, which started to
regulate HCHs in 2008, has been effective. However, continued monitoring is necessary, especially in the Southern
Hemisphere, where higher levels of HCHs were observed in 2011. The specific sources of HCHs should be identified
in order to regulate them.
HCH concentration at Macquarie Island, in the sub-Antarctic zone, is 7.7 nanograms per gram, which is higher than
the global background level. This is a desert island in a region with a cold climate and where use of HCH insecticide is
unlikely. The higher concentration of HCHs may be the result of global distillation of HCHs – the HCHs used in lower
latitudes evaporate and are atmospherically transported to higher latitudes, where more HCHs are partitioned into
seawater because of lower temperatures. In areas where concentrations of POPs higher than the global background
level were observed at high latitudes, the potential contribution of global distillation should be considered, as well as
the potential for inputs from local sources. Collection and analyses of pellets from remote islands at higher latitudes
are necessary to establish more comprehensive background levels of POPs.

7.2.2.4 Multiple indicators
Several LMEs have relatively high contamination levels (in the ‘high’ or ‘highest’ risk categories) for multiple indicators
of POPs. The South Brazil Shelf LME has recorded the world’s highest concentrations of PCBs and high levels of DDTs.
Source identification and necessary regulation and remediation should be implemented, although both contaminants
are likely to be from current inputs.
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The California Current, Mediterranean, and Kuroshio Current LMEs are the second highest in levels of contamination
by PCBs and DDTs. In these locations, the contaminants are derived from secondary sources. Continued monitoring
over time should be conducted to determine temporal trends, and some remedial actions such as dredging and
capping may be necessary.
In the Southern Hemisphere, the Southeast Australian Shelf LME and Benguela Current LME are polluted by multiple
compounds. High levels of HCHs were observed in both LMEs, pointing to the importance of monitoring for HCHs
in the Southern Hemisphere. Although high levels of PCBs and DDTs were detected in the East Brazil Shelf LME, this
observation is based on a single sample at one location. More locations should be monitored to properly evaluate
the Southern Hemisphere LMEs.

7.2.2.5 Confidence levels
One concern is that pellets may not reflect local pollution because they drift. However, most pellets are retained in
the coastal zone by near-shore trapping (Isobe et al. 2014) and reflect local pollution of these zones. Pellets reflect
water pollution, rather than air pollution, as demonstrated by Mato et al. (2001), although pellets are exposed to the
air during stranding on sandy beaches.
Taking the median concentration among five pooled samples of pellets with a specified range of yellowing (a marker
of the age of the pellet, as explained in the methodology section below) allows accurate evaluation of the status of
POPs contamination for each location, despite the mobile nature of pellets. However, within each LME, POPs levels
are highly variable. They can range over as many as five risk categories in one LME as a result of variation in the
magnitude of anthropogenic activities, distances from the sources, and physical characteristics of coastal waters,
which determine dispersion and dilution.
Because of this variability and the limited numbers of locations for which samples are available, assessments for LMEs with
few samples are not conclusive. There are several LMEs with higher accuracy due to larger numbers of sampling locations,
such as the California Current, Insular Pacific-Hawaiian, North Sea, Celtic-Biscay Shelf, Iberian Coastal, Mediterranean,
Guinea Current, Agulhas Current, and East-Central Australian Shelf. In general, both spatial pattern (relative evaluation
among LMEs) and absolute evaluation of risk for individual LMEs have medium certainty. An increase in the number of
samples and sampling locations would be needed to increase the level of confidence for future assessments.

7.2.3 Methodology and analysis
This assessment used 193 samples from 37 LMEs. Of these, 190 were analysed by the Laboratory of Organic
Geochemistry of Tokyo University of Agriculture and Technology, Japan. This describes the methodology and analytical
procedures used by LOG. Analyses were supported financially by the Mitsui Foundation for Environmental Studies
(71-05, R11-G4-1053). The data were obtained from the IPW website (http://www.pelletwatch.org/). Data on Korean
pellets (three samples) were taken from Sang et al. (2012). The similarity of their methodology to that of the Laboratory
of Organic Geochemistry was confirmed at a workshop held in May 2014, and results can be plotted on the same maps.
Despite the advantages of using plastic pellets, their mobile nature may limit their utility as a passive sampler. Some
plastics can travel hundreds of kilometres or more. However, most of the polyethylene pellets with sizes of 2 to 4 mm
(the target pellet size range for IPW) are retained for a long time within about 5 km from the coast because of nearshore trapping, as demonstrated by Isobe et al. (2014). Therefore, the majority of the pellets reflect local pollution of the
coastal zone, although pellets are also found on remote beaches. In addition, sorption of pollutants to the plastic pellets
is a bidirectional reaction and moves toward equilibrium. This means that even pellets that arrive from other areas can
reflect local pollution, as long as they remain in the given location for a long time. Some pellets, however, may have short
residence times along the coast and may reflect pollution in other areas, which may interfere with the interpretation of
monitoring results. To exclude such outliers (pellets having higher or lower POPs concentrations that reflect pollution
status elsewhere), five samples were always analysed for each location and the median value was used.
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In order to select and analyse pellets with a consistent range of residence times in the coastal waters, pellets with
a specified degree of yellowing were used for the analysis. Yellowing occurs with exposure to the environment and
can be used as a practical index of residence time in the sea (Endo et al. 2005). Analysis of different colour classes of
pellets collected at the same time from Tokyo Bay showed that median concentrations of PCBs in the pellets were:
71 nanograms per gram for white pellets (range of 26 to 172 nanograms per gram), 376 nanograms per gram for
yellowing pellets (range of 301 to 2 921 nanograms per gram), and 2 052 nanograms per gram for brown pellets
(range of 1 239 to 53 350). Pellets with a yellowness index from 30 to 50 were used for the IPW analysis. This
comparison of PCBs in pellets by colour indicates that the yellowing pellets that were used for monitoring were not
at equilibrium and were still in the linear uptake phase. This is consistent with the slow sorption/desorption process
and long time to reach equilibrium (one year or more) described by Endo et al. (2013).
The analytical methodology used by the Laboratory of Organic Geochemistry is outlined below; details are available
in Ogata et al. (2009). Pellets were instrumentally sorted, and yellowing polyethylene pellets were extracted with
hexane by soaking. To minimize piece-to-piece variation in POPs concentrations in pellets, five pools (sub-sets of
pellets, with each pool consisting of two to ten – normally five – pellets) were analysed for each location, and the
median value was used as the representative pollution status at the site.
PCBs (tetra- to nona-CB congeners) and DDE were quantified using an ion-trap mass spectrometer fitted with a gas
chromatograph (GC-MS). The sum of the quantified CB congeners (CB# 66, 101, 110, 149, 118, 105, 153, 138, 128,
187, 180, 170, and 206) is expressed as Σ13 PCBs. DDT and DDD, and the four HCH isomers (α, β, γ, and δ) were
determined by an electron capture detector fitted with a gas chromatograph (GC-ECD).
The reproducibility of analyses was confirmed by replicate analyses of aliquots of pellet extracts. The relative
standard deviations of the concentrations of the target compounds were 1 to 15 per cent. The recoveries of the target
compounds were more than 80 per cent. Thus, no recovery correction was made for any of the target compounds.
The efficiency of the extraction was confirmed by re-extraction of extracted pellets. A procedural blank was run
in each set analysed (five pools). Analytical values less than three times the corresponding blank are expressed as
‘below the limit of quantification (LOQ)’. LOQ for Σ13 PCBs, DDT, DDE, DDD and HCHs was normally 0.3, 0.4, 0.1, 0.2,
and 0.9 nanograms per gram, respectively. To get representative analytical values for individual locations, median
concentrations were taken among the five pools analysed. Repeated analysis of five pools of pellets taken from the
same beach at the same time showed that variations in PCB, DDT, and HCH concentrations were less than 20 per
cent.
The concentrations of individual POPs were grouped into five risk categories based on the cut-off points listed in Table
7.3. Categorization was based on the statistical distributions of the analytical values (the concentrations of individual
POPs). The upper limit for ‘lowest’ risk was set as the global background level for each of PCBs, DDTs, and HCHs.
These levels were determined by measuring POPs in pellets from seven remote islands around the world (Heskett et
al. 2012). The relationship between the lower cut-off level for the ‘highest’ risk for PCBs and the regulatory basis for
seafood consumption is discussed above. Pollution status (by category) of LMEs for PCBs, DDTs, and HCHs is shown
in Figure 7.8, Figure 7.9, and Figure 7.10, using the colour codes from Table 7.3.
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Table 7.3 Risk categories for concentrations of (a) PCBs, (b) DDTs, and (c) HCHs in plastic pellets in LMEs. Levels
of POPs were averaged for all sample locations within each LME. POPs levels for each sample location are shown by risk
category in Figure 7.8, Figure 7.9, and Figure 7.10.
INDICATOR: PCBs in pellets
Risk category

Range of values
(nanograms per gram)

Number of
LMEs

LMEs in each category

Lowest

Below 10

10

Insular Pacific-Hawaiian; Pacific Central-American; Caribbean Sea;
Canary Current; Gulf of Thailand; Northeast Australian Shelf; Southwest
Australian Shelf; West-Central Australian Shelf; Yellow Sea; Black Sea

Low

10–50

10

Gulf of Alaska; Gulf of Mexico; Humboldt Current; Patagonian Shelf;
Guinea Current; Agulhas Current; Somali Coastal Current; Bay of
Bengal; New Zealand Shelf; East China Sea

Medium

50–200

11

California Current; East Brazil Shelf; North Sea; Iberian Coastal;
Mediterranean; Benguela Current; Arabian Sea; South China Sea; SuluCelebes Sea; East-Central Australian Shelf; Southeast Australian Shelf

High

200–500

5

Northeast US Continental Shelf; Baltic Sea; Celtic-Biscay Shelf;
Indonesian Sea; Kuroshio Current

Highest

Over 500

1

South Brazil Shelf

INDICATOR: DDTs in plastic pellets
Number of
LMEs

LMEs in each category

Below 4

7

Insular Pacific-Hawaiian; Caribbean Sea; Canary Current; Northeast
Australian Shelf; Southwest Australian Shelf; West-Central Australian Shelf;
Yellow Sea

Low

4–20

14

Gulf of Alaska; Gulf of Mexico; Pacific Central-American; Humboldt
Current; Patagonian Shelf; North Sea; Baltic Sea; Celtic-Biscay Shelf; Iberian
Coastal; Somali Coastal Current; Arabian Sea; Bay of Bengal; Sulu-Celebes
Sea; Black Sea

Medium

20–100

11

California Current; Northeast US Continental Shelf; South Brazil Shelf; Guinea
Current; Benguela Current; Agulhas Current; Gulf of Thailand; Southeast
Australian Shelf; New Zealand Shelf; East China Sea; Kuroshio Current

High

100–200

3

Mediterranean; South China Sea; East-Central Australian Shelf

Highest

Over 200

2

East Brazil Shelf; Indonesian Sea

Risk category

Range of values
(nanograms per gram)

Lowest

INDICATOR: HCHs in plastic pellets
Risk category

Range of values
(nanograms per gram)

Number of
LMEs

LMEs in each category

Lowest

Below 2

24

Gulf of Alaska; California Current; Gulf of Mexico; Northeast US
Continental Shelf; Insular Pacific-Hawaiian; Pacific Central-American;
Caribbean Sea; Humboldt Current; Patagonian Shelf; Baltic Sea;
Mediterranean; Canary Current; Somali Coastal Current; Arabian Sea; Gulf
of Thailand; South China Sea; Sulu-Celebes Sea; Indonesian Sea; Northeast
Australian Shelf; East-Central Australian Shelf; Southwest Australian Shelf;
West-Central Australian Shelf; East China Sea; Kuroshio Current

Low

2–5

8

South Brazil Shelf; East Brazil Shelf; North Sea; Celtic-Biscay Shelf;
Iberian Coastal; Guinea Current; Benguela Current; Bay of Bengal

Medium

5–10

1

Black Sea

High

10–20

3

Agulhas Current; Southeast Australian Shelf; New Zealand Shelf

Highest

Over 20

–

–

Even after application of careful analytical protocols and consideration, as described in this section, a degree of
uncertainty (or variability) associated with the use of pellets as a monitoring medium remains, due mainly to the
heterogeneity of pellets in terms of routes and time from the source to the sink. Thus, IPW should be regarded as
a sentinel or screening tool to monitor POPs in coastal waters. When hotspots of POPs are discovered, monitoring
using traditional media such as water, sediment, and biota should be conducted before taking regulatory and/or
remedial action. However, plastic pellets are already distributed to beaches of almost all coastal countries. This
passive sampler has already been installed globally without funding, and should be used as much as possible.
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7.3

Nutrient inputs from river systems to coastal waters

SuMMary
Land use and human activities in watersheds are affecting nutrients transported by rivers into LMEs. Excess nutrients
– nitrogen (N), phosphorus (P), and silica (Si) – entering coastal waters can result in eutrophication: high-biomass
algal blooms, depletion of oxygen, increased turbidity, changes in community composition, and other effects. In
addition to the amount of nutrients, changes in the ratios of nutrients entering LMEs can result in dominance by algal
species (such as dinoflagellates) that can be toxic to marine biota and to humans, or can have deleterious effects on
ecosystems, such as through clogging the gills of shellfish.
An overall indicator of coastal eutrophication was developed for 63 LMEs. It is based on two sub-indicators: 1) the
amount of nitrogen carried by rivers as they enter the land–sea boundary of the LME, and 2) nutrient ratios. LMEs
were grouped into five risk categories according to the indicator values. Inputs of nutrients from watersheds draining
into the LMEs were calculated by the Global Nutrient Export from WaterSheds (NEWS) model for contemporary
conditions and for one future scenario for 2030 and 2050. These calculated nutrient inputs were used to develop the
indicators. The level of uncertainty of the LME scores for the overall indicator of coastal eutrophication is medium. A
related study was conducted for the Bay of Bengal, providing a more detailed view of sources of nutrients and spatial
patterns of nutrient inputs from river basins draining to this LME.

Key Messages
1.

2.

3.

4.

Coastal eutrophication is associated with large urban populations and intense agricultural production
that has high fertilizer use and/or large numbers of livestock. Of the 63 LMEs assessed, 16 per cent are
in the ‘high’ or ‘highest’ risk categories for coastal eutrophication. They are mainly in Western Europe
and southern and eastern Asia, and the Gulf of Mexico. Most LMEs, however, are in the ‘lowest’ or ‘low’
risk category.
In many watersheds around the world, nutrient loads in rivers are projected to increase as a result of
increasing human activities. Based on current trends, the risk of coastal eutrophication will increase in
21 per cent of LMEs by 2050. Most of the projected increase is in LMEs in southern and eastern Asia, but
also in some in South America and Africa. Only two LMEs (Iberian Coastal and Northeast US Continental
Shelf) are projected to lower their coastal eutrophication risk by 2050.
To reduce current and future risks, reductions in nutrient inputs to specific watersheds are required.
This can include increased nutrient-use efficiency in crop production, reduction in livestock and better
management of manure, and increased treatment level of human sewage.
Analysis at the sub-LME scale is needed to identify sources and spatial variations of nutrients in
order to develop effective nutrient reduction strategies. Nutrient yields, eutrophication potential, and
sources of nitrogen can vary considerably within an LME, as shown by a study of the Bay of Bengal LME.

7.3.1 Introduction
Land use and human activities in watersheds are resulting in nutrients that are being transported by rivers into LMEs.
Excess nutrients – nitrogen (N), phosphorus (P), and silica (Si) – entering coastal waters of LMEs can result in highbiomass algal blooms, leading to hypoxic (low oxygen) or anoxic (no oxygen) conditions, increased turbidity, changes
in community composition, and other effects. In addition to ecosystem impacts from the total amount of nutrients,
changes in the ratio of different nutrients can result in dominance by algal species that have deleterious effects on
ecosystems and humans (effects such as toxicity from Red Tides, or clogging of shellfish gills) (Glibert et al. 2010;
Granéli and Turner 2006; Howarth and Marino 2006).
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An understanding of nutrient loads and ratios is therefore a key component of identifying the risk of coastal
eutrophication. The major anthropogenic sources of river nutrient loads are associated with the production of
food and energy. The sources include run-off from fertilizer use and livestock production, sewage, and atmospheric
nitrogen deposition. In many watersheds around the world, river nutrient loads are projected to increase due to
further increase in human activities (Seitzinger et al. 2010).
A nutrient indicator was developed for this component of the TWAP assessment to improve understanding of the
risk of coastal eutrophication in LMEs. It is based on two sub-indicators: a nitrogen load indicator and a nutrient ratio
indicator. We focus on contemporary (approximately year 2000) and future trends in river export of nutrients to
LMEs globally. Specifically, the sub-indicators and overall indicator are based on river-delivered loads of N, P, and Si to
LMEs for contemporary conditions and for one future scenario for 2030 and 2050 as calculated by the Global NEWS
model (Mayorga et al. 2010; Seitzinger et al. 2010; Beusen et al. 2009). The calculations for future years are based
on a ‘current trends’ scenario, which describes a globalized world with a focus on economic development with rapid
economic and urbanization growth and reactive environmental management. This scenario is based on the Global
Orchestration scenario of the Millennium Ecosystem Assessment (Alcamo et al. 2005).
This study builds directly on the river basin component of the TWAP, which also uses the Global NEWS model and
addresses contemporary conditions and 2030 and 2050 assessments using the same ‘current trends’ scenario to
develop a river nutrient pollution indicator. A related assessment was conducted for the Bay of Bengal LME (BOB
LME), which went substantially beyond the TWAP Level 1 baseline assessment in both the level of spatial detail of
nutrient input to the LME (individual river basin information) and in providing N and P source information in the river
basins draining into the BOB LME (including sewage, agriculture from crops and from livestock, and atmospheric
deposition directly to the watershed). This BOB LME nutrient assessment represents a TWAP Level 2 LME assessment,
involving a more detailed analysis at the sub-LME scale.

7.3.2 Findings, discussion, and conclusions
An overall nutrient indicator for coastal eutrophication was developed, based on two sub-indicators. Based on the
values of the sub-indicators and the overall indicator, LMEs were placed into five risk categories: lowest, low, medium,
high, and highest. In this section, the results of the two sub-indicators are discussed, followed by discussion of the
overall nutrient indicator.

7.3.2.1 N load sub-indicator
The N load sub-indicator (measured as teragrams, which is 1012 grams, per year) is a measure of the amount of N
carried by rivers as they enter the land–sea boundary of the LME. Nitrogen is the nutrient generally most relevant
to biomass production in coastal waters, and the form of N most rapidly used is dissolved inorganic N (DIN, which
is ammonia plus nitrate). Nitrogen is usually the limiting nutrient – meaning the production of biomass continues
until the available nitrogen is used up. DIN is also the form of N that increases the most in rivers (and is subsequently
delivered to LMEs) as a result of increases in human activity (Seitzinger et al. 2010). The N load indicator is therefore
based on the river DIN load.
On the basis of the N load sub-indicator, 40 out of 63 LMEs are currently at ‘low’ to ‘lowest’ risk for coastal
eutrophication (Figure 7.11 (a)). Many of these LMEs are in high-latitude regions where population is low and there
is little agriculture in the watersheds. Sixteen LMEs distributed around the world are in the ‘medium’ risk category.
Seven LMES are in the ‘high’ or ‘highest’ risk categories, including the Celtic-Biscay Shelf, Gulf of Mexico, Bay of Bengal,
South China Sea, and East China Sea LMEs. The regions that feed into these five LMEs have high populations and/or
high fertilizer use and animal production in their watersheds (Seitzinger et al. 2010). Problems with eutrophication
have been reported for coastal and/or open waters in many of these LMEs (Rabalais et al. 2009; Wang and Wu 2009,
Tang et al. 2006). The two other LMEs in the ‘high’ or ‘highest’ risk categories are the North Brazil Shelf LME and the
Guinea Current LME. While human population and fertilizer use is quite low in the watersheds of these LMEs, both
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Figure 7.11 Nitrogen load risk categories for LMEs for a) 2000, b) 2030, and c) 2050. 5LYHUQLWURJHQORDGVWR/0(VKDYHVLJQLȨFDQWO\
LQFUHDVHGIURPIRRGDQGHQHUJ\SURGXFWLRQLQWKHLUZDWHUVKHGVHVSHFLDOO\LQVRXWKHUQDQGHDVWHUQ$VLD:HVWHUQ(XURSHDQG
LQ ZDWHUVKHGV GUDLQLQJ WR WKH *XOI RI 0H[LFR ,I FXUUHQW WUHQGV FRQWLQXH WKH ULVN RI HXWURSKLFDWLRQ IURP LQFUHDVHG GLVVROYHG
LQRUJDQLFQLWURJHQ ',1 ORDGVZLOOKDYHLQFUHDVHGLQ/0(VE\UHODWLYHWRFRQGLWLRQV
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have very large watersheds and high water run-off (Amazon and Congo rivers), which leads to large amounts of DIN
from natural sources. It is notable that the Baltic Sea LME is in the ‘medium’ risk category for N load, although this is
a region of hypoxic bottom water and blue-green algal blooms. The Baltic Sea is highly stratified, which is known to
enhance hypoxia in coastal waters, and its slow flushing rate can also increase the build-up of algal biomass.
If current trends continue, by 2030 five LMEs will have increased their risk by one category, and one by two categories
(based on the Global Orchestration scenario; Figure 7.11(b) and Table 7.4). The risk is projected to decrease in only
one LME (Iberian Coastal). By 2050 an additional six LMEs will have increased their risk by one category (Figure
7.11(c)). The number of LMEs that will be at ‘high’ to ‘highest’ risk of coastal eutrophication, based on the N
load indicator, increases to eight by 2030, and nine by 2050. These LMEs are generally in areas projected to have
considerable further increases in population and/or agriculture (Seitzinger et al. 2010; Bouwman et al. 2009; Van
Drecht et al. 2009).
Table 7.4 LMEs with risk category changes between 2000 and 2030, and between 2030 and 2050
Indicator type and time
period

Change in risk category
+1

+2

-1

DIN
2000–2030

Caribbean Sea; Somali Coastal Current;
Sulu-Celebes Sea; Sea of Okhotsk; Kara
Sea

Iberian Coastal

DIN
2030–2050

Humboldt Current; Patagonian Shelf;
South Brazil Shelf; Guinea Current;
Benguela Current; Gulf of Thailand

ICEP
2000–2030

Gulf of California; Northeast US
Continental Shelf; Scotian Shelf; South
Brazil Shelf; Gulf of Thailand

ICEP
2030–2050

Humboldt Current; South Brazil
Shelf; East Brazil Shelf; Somali Coastal
Current; Arabian Sea

California Current; Northeast US
Continental Shelf; Scotian Shelf;
Kuroshio Current

Merged
2000–2030

Northeast US Continental Shelf;
Caribbean Sea; Somali Coastal Current;
Sulu-Celebes Sea; Sea of Okhotsk; Kara
Sea

Iberian Coastal

Merged 2030–2050

Humboldt Current; Patagonian Shelf;
Guinea Current; Benguela Current;
Arabian Sea; Gulf of Thailand

Guinea Current; South China Sea

South Brazil Shelf

Canadian Eastern Arctic-West
Greenland; Greenland Sea;
Iberian Coastal

Northeast US Continental Shelf

7.3.2.2 Nutrient ratio sub-indicator
The second sub-indicator used in this study, the Index of Coastal Eutrophication Potential (ICEP), represents the
potential for new production of harmful algal biomass in coastal waters. It is based on nutrient ratios in the nutrient
loads delivered by river systems to the LMEs, more specifically, on the ratio of dissolved Si to N or P, compared to
the ratio required for diatom growth (Garnier et al. 2010). This indicator, based on the N, P, and Si concentrations,
assumes that if there is excess N or P relative to Si the growth of potentially harmful non-siliceous algae will be
favoured instead of siliceous algae (diatoms), which are generally not harmful. ICEP is expressed in kilograms of
carbon (of potential new non-siliceous algal growth) per km2 of river basin area per day.
Currently, 29 out of 66 LMEs are in the low to ‘lowest’ risk category with respect to potentially harmful non-siliceous
algae (Figure 7.12(a)); another 22 are in the ‘medium’ risk category. Of particular note are the twelve LMEs in the
‘high’ or ‘highest’ risk category. Many of these are in regions where a low proportion of Si in nutrients (limiting
diatom growth) has been reported (Gulf of Mexico) and/or regions with recurring, harmful non-siliceous blooms. For
example, deleterious effects of non-siliceous algae are reported in the continental coast of the Southern North Sea
(Phaeocystis foam), the coasts of Brittany (macroalgae proliferation and dinoflagellates blooms), and the western
Black Sea (change in food chain structure) (Billen 2011); the Bohai Sea and the East China Sea (Anderson et al. 2012;
GEOHAB 2010; Zhou et al. 2006; Yan et al. 2002); and the coastal waters of the Benguela Current LME.
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Figure 7.12 Index of Coastal Eutrophication Potential (ICEP) risk categories for LMEs for a) 2000, b) 2030, and c) 2050.%DVHGRQ
WKHUDWLRRIQXWULHQWV 1DQG3UHODWLYHWR6L HQWHULQJ/0(VIURPULYHUVSRWHQWLDOIRUQRQVLOLFHRXVKDUPIXODOJDHEORRPVLVǦKLJKǧ
RUǦKLJKHVWǧLQ/0(V7KHULVNLVPRVWHYLGHQWLQSRUWLRQVRIVRXWKHUQDQGHDVWHUQ$VLD:HVWHUQ(XURSHDQG*XOIRI0H[LFR
DOWKRXJKDOVRDSSO\LQJWR/0(VLQDQXPEHURIRWKHUUHJLRQV,IFXUUHQWWUHQGVFRQWLQXHWKHSRWHQWLDOIRUQRQVLOLFHRXVKDUPIXO
DOJDHEORRPVZLOOKDYHLQFUHDVHGLQ/0(VE\UHODWLYHWRFRQGLWLRQV
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Harmful algal blooms occur in some regions that are indicated as low risk, such as the South China Sea (Anderson et
al. 2012; GEOHAB 2010; Zhou et al. 2006). As discussed below, neither the N load nor the ICEP indicators are perfect
predictors of coastal nutrient problems, because of the many factors that control ecosystem effects.
According to the Global Orchestration scenario, if current trends continue, by 2030 five more LMEs will have increased
their ICEP risk by one category and two by two categories, while an improvement by one category is projected in
three LMEs (Canadian Eastern Arctic-West Greenland, Greenland Sea, and Iberian Coastal LMEs) (Figure 7.12(b);
Table 7.4). Between 2030 and 2050, in this scenario, the ICEP sub-indicator will have increased by one risk category in
six LMEs and decreased in four (Figure 7.12(c)); Table 7.4). Overall, the LMEs with future increases in ICEP risk are in
regions projected to have increased anthropogenic activity in their watersheds, which would increase nutrient loads
but not Si loads, and would therefore tend to create a Si deficit relative to N and P.

7.3.2.3 Merged nutrient risk indicator
The N load and nutrient ratio sub-indicators were used as the basis for a merged nutrient risk indicator. The indicators
were merged on the basis of their risk categorization. For example, LMEs at ‘highest’ risk due to high N loads were
placed in the ‘highest’ merged nutrient risk category, irrespective of ICEP level, and LMEs with only ‘medium’ risk
from N load but at higher risk as assessed by ICEP were placed in the ‘high’ merged risk category. This focuses
attention on LMEs with relatively high N loads, irrespective of nutrient ratios, and on LMEs with ‘medium’ N loads
and nutrient ratio indicator (ICEP) scores in the ‘high’ and ‘highest’ risk categories.
On the basis of the merged nutrient risk indicator, under current conditions, 40 of 63 LMEs are in the ‘low’ to ‘lowest’
risk category, (Figure 7.13(a)). This includes all the LMEs in the high-latitude regions and in Australia, plus many in
South America and Africa. Ten LMEs are in the ‘high’ to ‘highest’ risk categories. Most of these are located in Western
Europe, southern and eastern Asia, and the Gulf of Mexico, as would be anticipated from the two sub-indicators.
According to the Global Orchestration scenario, if current trends continue, six LMEs will have increased their risk by
one category of the merged indicator, and one (Iberian Coastal) will have lowered its risk by one category (Figure
7.13(b)); Table 7.4). Between 2030 and 2050, in this scenario, the risk of coastal eutrophication will have increased
by one category in an additional six LMEs, and by two categories in the South Brazil Shelf LME (Figure 7.13(c)). In the
Northeast US Continental Shelf LME, the risk is projected to decrease by one category, in this scenario.

7.3.2.4 Overall analysis and discussion
Current (approximately year 2000) conditions based on results from the eutrophication index and sub-indicators
are generally consistent with published information on coastal ecosystem status. They are also consistent with the
global distribution of nutrient input intensity (addition of nutrients per unit area) in watersheds, and are associated
with large urban populations, intense agricultural production supported by high fertilizer use, and/or large numbers
of livestock. Reductions in nutrient inputs to specific watersheds are required to lower the risks. This can include,
for example, increased nutrient-use efficiency in crop production, reduction in livestock and better management of
manure, and increased treatment level (increased N and P removal) of human sewage. In order to develop appropriate
reduction strategies for an LME, information on the relative contribution and location of nutrient sources within river
basins and across the LME is needed, and could be developed by further analysis. Box 7.1 describes a within-LME
study that provides this type of information.
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Figure 7.13 Merged nutrient risk categories for LMEs for a) 2000, b) 2030, and c) 2050. %DVHG RQ PHUJLQJ WKH QLWURJHQ ORDG
DQG,QGH[RI&RDVWDO(XWURSKLFDWLRQ3RWHQWLDOVXELQGLFDWRUVWKHFRPELQHGULVNUDWHGDVǦKLJKǧWRǦKLJKHVWǧIRUWHQ/0(V0RVW
RIWKHVHDUHORFDWHGLQ:HVWHUQ(XURSHVRXWKHUQDQGHDVWHUQ$VLDDQGWKH*XOIRI0H[LFRDVZRXOGEHDQWLFLSDWHGIURPWKH
WZRVXELQGLFDWRUV,IFXUUHQWWUHQGVFRQWLQXH/0(VZLOOKDYHLQFUHDVHGWKHLUULVNIRUHXWURSKLFDWLRQE\ UHODWLYHWR
FRQGLWLRQV GXHWRDFRPELQDWLRQRILQFUHDVHGQLWURJHQORDGVDQGH[FHVV1RU3UHODWLYHWRVLOLFD

185

LARGE MARINE ECOSYSTEMS: STATUS AND TRENDS

Box 7.1 An example of within-LME variation of nutrient loads and sources: The Bay of Bengal LME
(DFK /0( KDV PDQ\ ULYHUV ȩRZLQJ LQWR LW DQG WKHUH FDQ EH ZLGHYDULDWLRQ LQ QXWULHQW ORDGV DQG UDWLRV EHWZHHQ
ULYHUV7KHOHYHORIDQDO\VLVLQWKLVDVVHVVPHQWLVDWWKHZKROH/0(VFDOH%RWKWKH1ORDGVDQGQXWULHQWUDWLRVZHUH
FDOFXODWHGRQWKHEDVLVRIWKHQXWULHQWLQSXWVVXPPHGDFURVVDOOULYHUVZLWKLQDQ/0(
7KHZLWKLQ/0(YDULDWLRQLVLOOXVWUDWHGE\WKH%D\RI%HQJDO/0(QXWULHQWORDGDQGVRXUFHVSURMHFW 6HLW]LQJHUet
al. )LJXUHVKRZVWKDWWKHUHLVFRQVLGHUDEOHYDULDWLRQLQWKHQXWULHQW\LHOGV,&(3YDOXHVDQG1VRXUFHV
DPRQJWKHULYHUEDVLQVWKDWGUDLQWRWKLV/0(6XFKLQIRUPDWLRQZLOOEHLPSRUWDQWLQWKHQH[WVWHSVRILGHQWLI\LQJWKH
VSDWLDOYDULDWLRQVRIQXWULHQWHȧHFWVDQGWKHLUVRXUFHVWRDFKLHYHUHGXFWLRQVZLWKLQ/0(V

Figure 7.14 Dissolved inorganic nitrogen (DIN) yield, Index of Coastal Eutrophication Potential (ICEP), and sources of DIN in river
basins draining to the Bay of Bengal LME. $GHWDLOHGDQDO\VLVRIWKHZDWHUVKHGVGUDLQLQJWRWKH%D\RI%HQJDO/0(LOOXVWUDWHV
WKHVSDWLDOYDULDWLRQLQQXWULHQWORDGVUDWLRVDQGVRXUFHVRIQXWULHQWV7KHGRPLQDQFHRIIHUWLOL]HUDQGPDQXUHLQPDQ\RIWKHVH
EDVLQVDVVRXUFHVRIGLVVROYHGLQRUJDQLFQLWURJHQLVHYLGHQW

a) DIN yield (kilograms per km2 per year)
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7.3.2.5 Limitations
While both the amount (load) and the ratio of nutrients (N, P, and Si) are important in determining the response
of coastal systems to nutrient input, the effects are likely to be most directly expressed in the near-coastal regions
(estuaries and bays), since the nutrients are substantially altered through biological processing and dilution both
within near-coastal regions and in the open waters of the LMEs. In addition to nutrients, the particular morphological,
climatic, and hydrological conditions, including temporal variations, also are important in determining the responses
of both the near-coastal receiving systems and the open waters of the LMEs. Thus, further insight into the effects of
the nutrient loads and ratios in the LMEs would require advanced biogeochemical–ecosystem–hydrodynamic models
of each LME.
One of challenges of relating nutrient inputs to water quality conditions in LMEs is the limited data available for water
quality. A number of countries are developing water quality (eutrophication) criteria for estuaries and coasts (Ferreira
et al. 2011; Canadian Council of Ministers of the Environment 2007; Bricker et al. 2003; US EPA 2001). However,
methodologies vary and generally require much more extensive data on coastal water quality (such as chlorophyll
a, coastal nutrient concentrations, and oxygen concentrations) and biogeophysical conditions (see above) than are
available for LMEs. Therefore, for this assessment, we have combined published literature and expert knowledge to
develop and apply two sub-indicators and a merged indicator for coastal eutrophication, using existing data.
In addition to river-transported nutrient inputs from watersheds, aquaculture in some coastal regions, particularly in
Asia, can be an important source of nutrients contributing to eutrophication (Bouwman et al. 2011 and 2013).
Certainty/uncertainty and comparisons of results with published literature are discussed in a number of places in this
report. However, we do not have a quantitative approach for establishing confidence levels for the risk sub-indicators
or the combined indicator. Given the various uncertainties and gaps in data noted in the text, there is a medium level
of uncertainty in the overall scores for LME coastal condition.

7.3.3 Methodology and analysis
Nutrient loads and ratios for the LMEs were developed as sub-indicators of coastal eutrophication. Few measurements
are available of river nutrient loads over annual cycles in many rivers discharging to LMEs. Furthermore, analysis
of nutrient sources contributing to the loads from natural and anthropogenic sources is generally not available,
particularly outside North America and Europe. The Global NEWS model (version 2) was therefore used to develop
this information on the basis of globally-gridded databases of watershed properties (including biogeophysical,
natural and anthropogenic nutrient sources, and in-watershed and in-river removal processes) (Mayorga et al. 2010;
Seitzinger et al. 2010). The Global NEWS model has been validated and calibrated at the global scale, and used to
analyse global trends in nutrient exports by rivers (Mayorga et al. 2010; Seitzinger et al. 2010). It has also been
successfully applied in continental-scale studies for South America (Van der Struijk and Kroeze 2010), Africa (Yasin et
al. 2010), and China (Qu and Kroeze 2010 and 2012), and validated for the Bay of Bengal (Sattar et al. 2014).

7.3.3.1 Nitrogen load sub-indicator risk categories
The risk categories for this sub-indicator are based on DIN loads from the Global NEWS model and were assigned as
indicated in Table 7.5. The ranges for each category are based on expert knowledge and published N load rates in
regions of low and high anthropogenic river N loads (Sutton et al. 2011; Seitzinger et al. 2010; Boyer and Howarth
2002; Meybeck and Ragu 1996).
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Table 7.5 Risk categories for the nitrogen load sub-indicator
Risk category

N load range
(teragrams of N per year)

Lowest

≤0.1

Low

>0.1 and ≤0.25

Medium

>0.25 and ≤0.60

High

>0.60 and ≤1.00

Highest

>1.00

7.3.3.2 ICEP sub-indicator development and risk categories
ICEP is based on the Redfield molar ratio (C:N:P:Si = 106:16:1:20) (Garnier et al. 2010). This indicator assumes that N
and P concentrations in excess of Si (above the Redfield ratio) may favour growth of potentially harmful non-siliceous
algae such as dinoflagellates.
According to Garnier et al. (2010), ICEP is calculated for N (when N is limiting) and P (when P is limiting) as shown in
the following equations:
N-ICEP = [NFlux/(14 X 16) – SiFlux/(28 X 20)] X 106 X 12, and
P-ICEP = [PFlux/31 – SiFlux/(28 X 20] X 106 X 12,
where PFlux, NFlux, and SiFlux are the fluxes of total N, total P, and dissolved Si, respectively, delivered at the
mouth of the river. N, P, and Si fluxes are expressed in kilograms per km2 of river basin area per day. ICEP is
expressed in kilograms of carbon per km2 of river basin area per day.
Si fluxes are derived from Beusen et al. (2009). Total N and P fluxes are calculated as the sum of the three constituent
elemental forms, as shown in the following equations:
NFlux = DINFlux + DONFlux + PNFlux, and
PFlux = DIPFlux + DOPFlux + PPFlux,
where DON = dissolved organic nitrogen; PN = particulate nitrogen; DIP = dissolved inorganic phosphorus;
DOP = dissolved organic phosphorus; and PP = particulate phosphorus.
To estimate the potential for development of non-diatom algal species in the near-shore waters of the LMEs, we
calculated ICEP by following the approach described above, but using nutrient fluxes aggregated from all rivers in an
LME.
Considering that the N:P ratio is indicative of which nutrient (N or P) is most limiting, we opted for a combined ICEP
(indicated simply as ICEP), for which we use the N or P ICEP with the lowest value (Garnier et al. 2010). The combined
ICEP is used in this report as a sub-indicator.
ICEP values were allocated to five risk categories (Table 7.6). A positive ICEP indicates a risk of potentially harmful
non-siliceous algal development (Garnier et al. 2010), while a zero or negative ICEP favours siliceous algae (such
as diatoms), which, unless they are in high abundance (high nutrient load rates), are generally not harmful. We
therefore assigned LMEs with ICEPs between -1 and +1 to the ‘medium’ risk category, reflecting an uncertainty
around a zero ICEP because of spatial and temporal variations within an LME, and model uncertainty. The two lower
risk categories (‘lowest’ and ‘low’) and the two higher risk categories (‘high’ and ‘highest’) were then distributed
around the ‘medium’ risk category, using information from studies that compared ICEP with dinoflagellate and other
non-siliceous algae development in specific coastal waters (Billen 2011).
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Table 7.6 Risk categories for the Index of Coastal Eutrophication Potential (ICEP) sub-indicator
Risk category

ICEP range
(kg C per km2 per day)

Lowest

≤ -5

Low

> -5 and ≤ -1

Medium

> -1 and ≤ +1

High

> +1 and ≤ +5

Highest

> +5

7.3.3.3 Merged nutrient risk indicator categories
The N load and nutrient ratio sub-indicators were used as the basis of a merged nutrient risk indicator. Harmful
blooms of dinoflagellates are found in regions with low nutrient loads (for example, Gulf of Maine) as well as in
regions of high load. However, ICEP was developed and validated mainly in coastal regions where nutrient loads are
high (Billen 2011; Billen and Garnier 2007). Therefore, for the merged nutrient risk indicator, the N load was weighted
more heavily, and we assigned the risk category for the merged nutrient risk indicator following combinations of the
two sub-indicator risk categories (Table 7.7). LMEs with N load indicator scores in the lower and higher categories are
rated using the N load indicator, irrespective of nutrient ratios. LMEs with ‘medium’ N loads are subdivided based on
the nutrient ratio indicator (ICEP) scores. This has the effect of elevating the risk level for LMEs with ‘medium’ risk
from N load but ‘high’ to ‘highest’ risk from nutrient ratios.
Table 7.7 Risk categories for the merged nutrient risk indicator
N load risk category

ICEP risk categories

Merged nutrient risk category

Lowest

All categories

Lowest

Low

All categories

Low

Medium

Lowest to medium

Medium

Medium

High to highest

High

High

All categories

High

Highest

All categories

Highest

7.3.3.4 Global NEWS model
The Global NEWS model quantifies multi-form and multi-element nutrient export loads of more than 5 000 world
rivers to coastal waters (Mayorga et al. 2010; Seitzinger et al. 2010; Beusen et al. 2009). It represents river networks
and basins using the Simulated Topological Network at 0.5-degree x 0.5-degree grid-cell spatial resolution (STN-30p,
version 6.01) (Mayorga et al. 2010; Vörösmarty et al. 2000). The relevant output of Global NEWS with respect to this
project consists of basin-scale annual export at the river mouth of dissolved inorganic N and P, dissolved organic N
and P, particulate forms of N and P, and dissolved Si (Figure 7.15). Total N and total P were calculated as the sum
of the dissolved inorganic, organic and particulate forms. For this work, we rebuilt previous assignments of Global
NEWS (version 2) basins to the LME they drain into, using the 2013 revision of the LME dataset (‘LME66’).
Inputs and drivers for the Global NEWS model consist of a range of natural and anthropogenic N and P sources within
watersheds, in-watershed and in-river transformation and removal processes, climatic data, and other information
as detailed in the original model description (Mayorga et al. 2010; Seitzinger et al. 2010; Figure 7.15).
The future scenario is a quantitative interpretation of the Global Orchestration scenario of the Millennium Ecosystem
Assessment (MA) (Alcamo et al. 2005). This is a ‘current trends’ scenario that describes a globalized world with a focus
on economic development, with rapid economic and urbanization growth and reactive environmental management.
The Global Orchestration scenario has been used to develop model input datasets for diffuse sources from natural
processes, fertilizer leaching from crop production, livestock production, and atmospheric N deposition (Bouwman
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Figure 7.15 Conceptual diagram of the Global NEWS model construction, sub-models, and parameters. 7KLVPRGHO LWVIXOOQDPHLV
*OREDO1XWULHQW([SRUWIURP:DWHU6KHGV LVXVHGWRSURMHFWIXWXUHQXWULHQWORDGVGHOLYHUHGE\ULYHUV\VWHPVWR/0(V
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et al. 2009); point sources from urban wastewater (Van Drecht et al. 2009); and hydrology (Fekete et al. 2010).
Globally gridded datasets for NEWS input were assembled (most at 0.5 degree latitude x 0.5 degree longitude) for
2000, and, for the future scenario, for 2030 and 2050.

7.3.3.5 Development of gridded databases for 2030 and 2050
Input datasets for the 2030 and 2050 Global Orchestration scenario analysis were developed for Global NEWS
(Seitzinger et al. 2010) (summarized in Table 7.8). Inputs for population, gross domestic product, and crop–livestock
production were taken directly from the MA. Additional input data sets were developed by interpreting the original
MA scenario. For example, agricultural areas used net surface N and P balances as inputs. These are based on N and
P inputs from fertilizer use, animal manure application, N2-fixation by crops, atmospheric N deposition, and sewage
N and P, minus N and P removal from crop harvest and animal grazing (Bouwman et al. 2009). The surface nutrient
balances form the basis of the scenario assumptions for nutrient management in agriculture. The quantitative nutrient
management scenarios used an updated version (2.4) of the Integrated Model for the Assessment of the Global
Environment (IMAGE) (Bouwman et al. 2006). Regional scenarios for N and P fertilizer use are based on efficiency
of N and P uptake in crop production (Bouwman et al. 2009). Manure production was computed from livestock
production, animal numbers, and excretion rates, and distributed over different animal manure management systems
(Bouwman et al. 2009). Livestock production was related to a number of factors, including human population and
diet. Atmospheric N deposition from natural and anthropogenic sources to all watersheds was from Bouwman et al.
(2009). Natural ecosystem inputs include biological N2-fixation and atmospheric nitrogen deposition.
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Table 7.8 Input data sets used in the Global NEWS model for nitrogen and phosphorus
Dataset

Resolution

TimeVarying

Sources

Hydrography, areas and regions
Basins and river networks

0.5o

X

X

X

X

X

1

Cell and land area

0.5

X

X

X

X

X

1, 2, 3

Continents, oceansa

basin

X

X

X

X

X

1, 2

Latitude bands

basin

X

X

X

X

X

2

X

2, 4

X

2, 4

X

2, 5, 6

a

o

Geophysical
Lithology

1o

Topography

0.5

o

Climate and hydrology
Precipitation

0.5o

Run-off and discharge

0.5o

X

X

X

X

X

Consumptive water use

0.5o and basin

X

X

X

X

X

Reservoirs

0.5o and dams

X

X

0.5o

X

X

X

X

X

5
5, 7

X

5, 8

Land use and ecosystems
Agriculture and sub-classes

Wetland rice and marginal grassland 0.5

o

Wetlands

0.5 minute

Humid tropical forests (Köppen
climate zones)

0.5o

X

X

X

X

2

X

2
9

X

10

Point sources (socio-economic and sanitation drivers)
Gross domestic product

nation

X

X

X

X

X

Total and urban population density

0.5

X

X

X

X

X

Sanitation statistics

nation/region

X

X

X

X

X

Detergent emissions

nation/region

X

X

X

X

X

o

11

Diffuse sources
Fertilizers, manure, crop harvest and 0.5o
animal grazing
N fixation, atmospheric N deposition 0.5o

X

X

X

X

X

2
2

Used for analysis of results.
Data sources: 1Vörösmarty et al. (2000) 2Bouwman et al. (2009); 3Processed as described in Global NEWS model description (Mayorga et
al. 2010); 4Beusen et al. (2009); 5Fekete et al. (2010); 6New et al. (1999); 7Meybeck and Ragu (1996); 8Vörösmarty et al. (2003); 9Lehner
and Döll (2004); 10Kottek et al. (2006); 11Van Drecht et al. (2009)
DIN = dissolved inorganic N; DON = dissolved organic N; DIP = dissolved inorganic P; DOP = dissolved organic P; PN = particulate N; PP =
particulate P
Table adapted from Mayorga et al. (2010)
a

N and P flows in urban wastewater for 2030 and 2050 were calculated from inflows to wastewater treatment systems,
computed from per capita incomes and stemming from human N and P emissions and P-based detergent use (Van Drecht
et al. 2009). Each MA story line was interpreted to generate differing degrees of access to improved sanitation, connection
to sewage systems, and nutrient removal in wastewater treatment systems (Van Drecht et al. 2009).
For hydropower production, the WBMplus hydrological model was driven with scenario estimates of monthly temperature
and precipitation, land use, and irrigated and rain-fed crop production areas from the IMAGE model, to develop projections
for construction of reservoirs (dams) and for consumptive water use and irrigation (Fekete et al. 2010).
The published global scenario application of Global NEWS was based on modelled climate drivers (‘Modelled
Hydrology’) for both contemporary (year 2000) and future conditions (Seitzinger et al. 2010). To adjust modelled
results for future conditions to the ‘Realistic Hydrology’ baseline for contemporary conditions used here, we scaled
published future nutrient exports (‘X’) as follows:
Xyear = (X2000 Realistic Hydrology / X2000 Modelled Hydrology) * Xyear Modelled Hydrology
where ‘year’ is the scenario year (2030 or 2050) and (X2000 Realistic Hydrology / X2000 Modelled Hydrology) is the scaling factor.
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7.4

Extent of mangroves and drivers of change

SuMMary
Mangroves are highly productive tropical coastal systems consisting mainly of trees and shrubs that are adapted
to marine and estuarine conditions. Mangroves are widespread – they are found in 123 countries – but relatively
rare, making up less than 1 per cent of all tropical forests. Located at the interface of land and sea, mangroves
are interconnected with adjacent seagrass beds, coral reefs, and intertidal mud and sand flats. Ecosystem services
provided by mangroves include filtration of pollutants from coastal waters and reduction of risk of damage from
storms, floods, and erosion. They are important fish nurseries and enhance fisheries for surrounding areas.
Mangroves are experiencing extensive loss and degradation from pressures that include deforestation, land clearing,
and sea-level rise.
The first global baseline of mangrove extent in LMEs and the Western Pacific Warm Pool was derived from the
US Geological Survey’s Global Distribution of Mangroves data set. Analysis of mangrove distribution shows that,
for the 33 LMEs with mangroves, the average proportion of the LME covered by mangroves is only 0.25 per cent.
The North Brazil Shelf LME has the highest proportion of mangrove cover (still less than 1 per cent), while the Bay
of Bengal LME has the largest area of mangroves (more than 19 000 km2). Limitations of the results are related to
insufficient ground-truthing in some areas and the absence of time-series data across all LMEs. This baseline data set
was augmented with results from an online survey of mangrove experts. This used an iterative process to document
expert knowledge about drivers of change for mangroves and how these drivers vary from region to region. The
process provided information on the relative importance of specific key drivers of mangrove loss in different regions
and the likely increases in their impacts in the future.
The level of confidence in the results in this chapter is assessed as medium.

Key Messages
1.

2.

3.

About 20 per cent of total global mangrove area was lost between 1980 and 2005 due to human
activities including coastal development, aquaculture expansion, and timber extraction. The impact
of coastal development has widespread, and increasing, importance. The impact of climate change on
mangroves is largely unknown, but is projected to increase.
Mangrove habitat continues to decline at an estimated 1 per cent per year; actual rates and key drivers
of loss vary between regions. Overexploitation for timber, fuel wood, and charcoal is the main driver of
mangrove loss, in particular in Africa and South and Southeast Asia, although the future impacts of this
driver are largely unknown.
Due to the high rates of mangrove deforestation in many areas, current calculations probably
overestimate the extent of mangrove cover. Future mangrove assessments in LMEs can be improved
by using more recent data on mangrove coverage as a baseline and by more frequent ground-truthing,
which will also allow change in coverage to be estimated. Assessments of the impacts of key drivers of
mangrove loss would benefit from the incorporation of surveys from a greater number of experts and
at the LME scale.

7.4.1 Introduction
Mangroves are found in 123 tropical and sub-tropical nations and territories. They have limited latitudinal distribution,
and their area accounts for less than 1 per cent of all tropical forests worldwide (van Lavieren et al. 2012; Spalding et
al. 2010a; FAO 2006). Despite this, mangroves provide important habitats for a variety of terrestrial, estuarine, and
marine species. Ecosystem services from the tidal marsh/mangrove biome have an estimated annual value of $US25
trillion (Costanza et al. 2014). They include enhancing fisheries (Hutchinson et al. 2014), for example by providing
important fish nurseries, and filtering pollutants and contaminants from coastal waters. Mangroves also contribute
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to coastal protection, reducing the risk of damage from storms, floods, and erosion (McIvor et al. 2012a and 2012b;
Murray et al. 2011), and are estimated to be worth $US33 000 to $US57 000 per hectare per year to the national
economies of developing countries with mangroves (UNEP 2014). Together with seagrass meadows and salt marshes,
mangroves are recognized as one of the key ‘blue carbon’ habitats. Blue carbon describes the carbon captured by
living marine organisms and stored in coastal and ocean ecosystems. Mangroves are the most carbon-rich forests in
the tropics, able to sequester 6 to 8 tonnes of carbon dioxide equivalent per hectare per year. This rate is two to four
times greater than global rates observed in mature tropical forests (Murray et al. 2011). Most of the carbon stored
by mangroves is in the form of below-ground biomass (Alongi 2014).
Baseline data on mangrove extent, needed for monitoring change over time for management and conservation of
mangrove habitats, have not previously been available globally for LMEs. The results presented here represent the
first assessment of mangrove extent by LME, and thus provide valuable baseline data for refining and validating
existing data. In addition, baseline data are vital for future monitoring of change, for example, following conservation
or management initiatives, or for evaluating the impacts of human and natural pressures on components of
biodiversity that provide benefits to human societies. The analyses of mangrove extent presented here are from the
Global Distribution of Mangroves dataset, compiled by the US Geological Survey (Giri et al. 2011). This data set was
chosen because it uses a globally consistent methodology; the analysis, however, could also be carried out using data
collated from national datasets and remotely sensed data (Spalding et al. 2010b).
Over the past century there has been extensive loss and degradation of mangrove habitats because of coastal
development, pollution, aquaculture, and logging for timber and fuel wood. As a result, 20 per cent of the total
area of mangroves was lost between 1980 and 2005 (Spalding et al. 2010a). Mangrove habitat continues to decline
at an estimated rate of 1 per cent per year (FAO 2003), with other estimates as high as 2 to 8 per cent per year
(Miththapala 2008). Although rates of mangrove cover loss decreased to an annual average of 0.66 per cent between
2000 and 2005 (FAO 2007), this still equals or exceeds declines in more charismatic ecosystems such as coral reefs
and tropical forests (Duke et al. 2007; Stone 2007; FAO 2003).

196

POLLUTION AND ECOSYSTEM HEALTH

Rates of mangrove degradation vary significantly between countries, often due to differences in environmental
policies, legislation, and management. For example, although total mangrove loss in many of the Asian and Pacific
regions between 1980 and 2005 is estimated as being consistent with the global rate of 20 per cent, East African
and Australian regions lost less than 10 per cent over the same period (Spalding et al. 2010a). Mangrove cover in
Sri Lanka experienced deforestation rates of only 0.1 per cent between 1975 and 2005 (Giri et al. 2007), while rates
of loss in both the Philippines and Honduras have been increasing since the 1990s because of promotion of shrimp
culture and aquaculture.
This chapter presents data on the major drivers of mangrove loss and their relative impacts in different regions, based
on Delphi-type surveys that engaged mangrove experts, conducted for a previous study (UNEP 2014). Projections
are also presented for changes in the contributions of drivers of mangrove loss, using the results obtained from the
surveys.

7.4.2 Findings and discussion
Of the 66 LMEs analysed, 33 (54 per cent) contain mangroves. Figure 7.16 shows the global mangrove distribution
and overlays this with the LME boundaries. Overall, across these 33 LMEs, mangroves cover an estimated 123 205
km2, which is about 0.25 per cent of the total area of the LMEs. These values, however, vary spatially (Figure 7.17).
The North Brazil Shelf LME has the highest coverage in terms of percentage (nearly 1 per cent, or 10 429 km2) and
the Bay of Bengal LME (which includes the Sundarbans, the largest single block of mangrove forest in the world) has
the highest coverage (0.52 per cent, or 19 151 km2). The Guinea Current LME also has a relatively high mangrove
coverage, at nearly 0.8 per cent (16 000 km2), while only 0.003 per cent (410 km2) of the Western Pacific Warm Pool,
whose area is almost 3.5 times greater than any of the LMEs, is covered by mangroves.

Figure 7.16 Mangrove areas within LMEs.2IWKH/0(VDQDO\VHG SHUFHQW FRQWDLQPDQJURYHVFRYHULQJDQHVWLPDWHG
NPZKLFKLVDERXWSHUFHQWRIWKHWRWDODUHDRIWKH/0(V

197

LARGE MARINE ECOSYSTEMS: STATUS AND TRENDS

Figure 7.17 Mangrove extent within each LME, and the WPWP, expressed as a) per cent cover and b) area. 7KH1RUWK%UD]LO6KHOI
/0(KDVWKHKLJKHVWFRYHUDJHLQWHUPVRISHUFHQWDJHDQGWKH%D\RI%HQJDO/0( ZKLFKLQFOXGHVWKH6XQGDUEDQVWKHODUJHVW
VLQJOH EORFN RI PDQJURYH IRUHVW LQ WKH ZRUOG  KDV WKH KLJKHVW FRYHUDJH LQ WHUPV RI DUHD 7KH *XLQHD &XUUHQW /0( DOVR KDV D
UHODWLYHO\KLJKPDQJURYHFRYHUDJH
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The relative importance of drivers of mangrove loss by region, and the projected changes in their impact, are presented
in Table 7.9. This assessment of drivers is based on results from the survey by mangrove experts. Overexploitation for
timber, fuel wood, and charcoal was assessed as having the greatest impact on mangrove loss across four regions,
although the future impacts of this driver are largely unknown. But the most widespread driver of mangrove loss is
coastal development, and its impact is projected to increase in almost all regions. Although the impacts of climate
change are relatively unknown, they are also projected to increase. This assessment also shows that the relative
impact of different drivers of mangrove loss is highest, and increasing, in Southeast Asia, while most drivers have
relatively lower importance in Australasia.

7.4.3 Methodology
An assessment of the relative importance of various drivers of mangrove loss and their projected rate of change
for different regions was conducted in a previous study using a Delphi-type survey (UNEP 2014). The online survey
presented the relative impact of key drivers of regional change in mangroves as a matrix. Experts were asked to rate
the importance of each driver of change in each region, relative to other regions, as one of six categories on a scale
from ‘high’ through ‘medium’ to ‘low’, with the added option of ‘unknown’.
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Table 7.9 Relative importance of drivers of mangrove loss and their projected changes, by region

Drivers of change
Agri/aquaculture conversion
( sh and shrimp ponds, rice farming, and biofuel plantation)

?

Coastal development
(urban and residential, tourism, industrial, and port)

?

?

?

Overexploitation
(timber, fuel ood, and charcoal)

?

?

?

?

Pollution and indirect disturbance
(oil pollution and spills, sedimentation, and ater o and
salinity changes)

?

?

?

?

Climate change
(storm intensity and sea level rise)

Relative importance of driver

Predicted future direction of change driver
ncreasing impact

Lo
Lo to medium

Continuing impact

edium
igh to medium
igh
No ma ority agreement
Source: UNEP 2014

ecreasing impact
No ma ority agreement

?

nkno n

nkno n

Experts were then asked whether each driver of change is expected to increase, decrease or continue at the same
impact level. Following a first round of surveys among ten mangrove experts, responses were collated and recirculated to the expert panel for a second and third round, with an invitation to review responses and re-submit the
survey with comments. Where no consensus was reached for a particular category, a range was provided within the
matrix. Experts remained anonymous throughout.
The extent of mangroves within LMEs is based on the most recent Global Distribution of Mangroves dataset,
compiled by the US Geological Survey (Giri et al. 2011). The dataset has a resolution of 30 m and can be downloaded
from the Ocean Data Viewer (http://data.unep-wcmc.org/). It was created using classification techniques based on
approximately 1 000 remotely-sensed Landsat images covering 1997 to 2000. Classification results were then validated
using existing geographical datasets and published information. The dataset contains more than 1 400 000 polygons
of mangrove presence and represents the best available dataset for mangroves. In spite of the consistent approach,
however, some errors were identified. These were corrected as follows: LME boundary polygons (downloaded from
NOAA 2013) were overlaid with the USGS mangrove dataset to derive statistics on mangrove area within the LMEs
for which mangroves were found to be present.
In calculating mangrove coverage, we noted that mangroves inland and adjacent to LMEs were not included in the
analysis following the application of the NOAA LME shapefile, which excluded areas beyond LMEs. These adjacent
mangroves were therefore re-included within this assessment, as highlighted in Figure 7.18. The global mangrove
dataset was further updated by removing duplicate features, and areas were re-calculated using the Global Mollweide
equal-area projection. This revised dataset was used for further analysis.
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Figure 7.18 LME regions extended to incorporate inland mangrove areas into the analysis

7.4.4. Limitations
The assessment of relative impacts of key drivers of mangrove loss would benefit from the incorporation of surveys
from a larger number of experts to increase confidence in the results and overcome the lack of consensus in particular
areas and concerning particular drivers. This is particularly the case for West and Central Africa and the Middle East,
regions for which a consensus was frequently not reached. A further limitation is the fact that the Delphi-type survey
was conducted at a country, rather than an LME scale.
Mangroves were incorrectly located in some areas (particularly New Zealand); checking and manual relocation
is therefore required. For example, trees along main streets may have been recorded as mangroves, suggesting
insufficient ground-truthing of the dataset in certain areas. Interpreting Landsat imagery also has a number of
challenges. For example, it was not possible to identify small patches of mangrove cover, and there were problems
stemming from the noise associated with satellite imagery (such as cloud cover). Efforts should therefore be made
to refine and validate the data.
Another limitation is that calculations rely on Landsat imagery covering 1970 to 2000. Because of the high rates of
mangrove deforestation in many areas, calculations are likely to be overestimates of current mangrove cover. The
accuracy of this indicator would therefore be improved by acquiring a more recent baseline mangrove layer, together
with frequent updating with monitoring data. The incorporation of updated data would allow estimates of change in
coverage, and thus provide information relevant to the risk of mangrove loss.
Based on the above points, we put the confidence surrounding this chapter at medium, since it is based on the best
available data, but is limited by a small number of methodological and technical aspects, specifically the lack of
sufficient ground-truthing and the age of the baseline data.
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7.5

Reefs at Risk Index

SuMMary
Warm-water coral reefs are the most biodiverse marine habitat per unit area, but are highly restricted in their
geographic distribution. Coral reefs are also one of the most endangered habitats on the planet, threatened by
anthropogenic pressures such as warming waters, ocean acidification, pollution, overfishing, and extraction.
Projected increases in these threats may impact human societies through losses in fishery resources, income from
tourism, building materials, and coastal protection.
This first assessment of the threats faced by coral reefs within LMEs and the Western Pacific Warm Pool (WPWP)
is based on the Global Distribution of Coral Reef data set and the Reefs at Risk GIS data set. Coral reefs were
assessed using an integrated threat score that incorporates threats from overfishing and destructive fishing, coastal
development, pollution, and damage, plus a global threat score that incorporates threats from rising sea temperatures
and ocean acidification. The first global baseline assessment of coral reef extent by LME is also provided – this is
needed for monitoring future changes and effective management and conservation of coral reefs. The confidence
level surrounding the results is assessed as medium.

© David Burdick/flickr

For the 24 LMEs that contain coral reefs, plus the WPWP, reefs cover an average of 0.52 per cent of the total LME
area. The Northeast Australian Shelf LME (which includes the Great Barrier Reef) has the largest extent of coral reef
(2.83 per cent of its area), followed by the Indonesian Sea LME (2.66 per cent). Based on the integrated threat score,
28 per cent of reefs in LMEs and the WPWP face ‘high’ to ‘highest’ levels of threat.
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Key Messages
1.

2.

3.

4.

One quarter of LMEs have more than 50 per cent of their coral reef area under ‘high’ to ‘highest’ threat
from local, present-day threats. Overfishing and destructive fishing practices are of greater threat to
coral reefs than coastal development and marine pollution.
• LMEs with high local, present-day threats: Somali Coastal Current, Kuroshio Current, Sulu-Celebes
Sea, East China Sea, and others.
• LME with lowest level of local threats to coral reefs: North Brazil Shelf.
Ocean warming and acidification is projected to increase the threats faced by coral reefs. By 2030,
over 50 per cent of coral reefs are projected to be at ‘high’ to ‘critical’ risk, increasing to almost 80 per
cent by 2050. By 2050, only four LMEs are projected to have any reef area left under ‘low’ threat.
• Conditions may be particularly severe in the Gulf of California and Kuroshio Current LMEs.
Implementing measures such as marine protected areas may enhance ecosystem resilience in the
face of increasing global threats. The extent of the negative impact on coral reefs will depend on
their resilience, as well as on measures to manage and protect them and their associated biodiversity.
Multiple local threats are likely reduce the ability of coral reefs to respond and adapt to ocean warming
and acidification.
Monitoring coral reef health is important for assessing the impacts on this threatened ecosystem
from both local and global threats. The Reefs at Risk indicator is not a direct measure of coral reef
condition. Monitoring coral reef health by tracking, for example, species diversity, algal cover, and live
coral cover, provides information needed to understand the extent and nature of impacts from the
identified threats.

7.5.1 Introduction
Warm-water coral reefs have a biodiversity comparable to rainforests but only occupy an area of 260 000 to 600 000
km2, less than 0.1 per cent of the Earth’s surface, or 0.2 per cent of the ocean’s surface (Reaka-Kudla 2005). This
restricted distribution reflects the need for areas of warm, shallow, stable waters to produce the limestone necessary
for coral reef formation. Coral reef species diversity is concentrated in the central Indo-Pacific (the ‘Coral Triangle’)
and decreases with increasing distance from the Indo-Australian archipelago (Hughes et al. 2002).
Coral reefs are some of the most economically valuable ecosystems on earth, and their declines are likely to have
severe consequences for the estimated 500 million people who depend on them for food, coastal protection, building
materials, and tourism (Wilkinson 2008). Not only do coral reef ecosystems provide habitat for fish that are important
as a source of food and income, they contribute to protecting coastlines from storms and erosion and provide jobs
through fisheries and tourism. Hawaii’s coral reefs, for example, are estimated to have direct economic benefits of
US$360 million per year, when combining recreational, amenity, fishery, and biodiversity values (Cesar 2003).
Coral reefs are one of the most endangered habitats on the planet (Bellwood et al. 2004), facing dramatic population
declines as a result of bleaching and diseases driven by elevated sea surface temperatures. Increasing ocean
acidification also decreases the availability of minerals such as calcite and aragonite that are required for coral
skeletons. Declines in coral populations and coral reef extent will have significant consequences for the estimated
500 million people who depend on coral reefs for food, coastal protection, building materials, and income from
tourism (Wilkinson 2008). Extinction risk is exacerbated by local-scale anthropogenic disturbances, such as coral
mining, agricultural and urban run-off, pollution, and fisheries. More than 60 per cent of the world’s reefs are under
immediate and direct threat from one or more local sources (Burke et al. 2010). As it is estimated that 50 per cent
of the world’s population will live along coasts by 2050, pressures on these habitats are likely to grow, bringing
increasing challenges to managers of coastal habitats and coral reefs (Wilkinson 2008).
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The Reef at Risk indicator was calculated using the Reefs at Risk Revisited (Burke et al. 2010) GIS data set (available
from the World Resources Institute). LMEs and WPWP boundary polygons were overlaid with the Reefs at Risk
Revisited Index data sets to undertake the first assessment of the threats faced by coral reefs in LMEs and the WPWP.
The Reefs at Risk data sets assign a level of threat to coral reefs around the world for a set of key threats. The data
sets analysed include the Integrated Local Threat Index, which combines the threats from overfishing and destructive
fishing, coastal development, watershed-based pollution, and marine-based pollution and damage. In addition,
indices combining the Local Threat Index with the global-scale threats of ocean warming and acidification were
assessed. The data set used to determine coral reef extent is the Global Distribution of Coral Reef data set (IMaRSUSF 2005), which is the most comprehensive global data set of warm-water coral reefs to date, with approximately
85 per cent of the data set originating from the Millennium Coral Reef Mapping Project. Further details are given in
the methodology section below.

7.5.2 Findings and discussion
7.5.2.1 Reefs at Risk Index
The present-day Integrated Local Threat Index scores for each LME and the WPWP are listed in Table 7.10. The
LMEs and WPWP were divided into five categories of potential risk based on these index scores, as defined in Table
7.10 and mapped in Figure 7.19. The North Brazil Shelf LME has the lowest score and the Kuroshio Current LME the
highest. The majority of LMEs are assessed as facing a local threat level of at least ‘medium’. This index does not
include global threats such as ocean acidification and other projected changes due to climate change.
Table 7.10 Risk categories based on Integrated Local Threat Index scores for LMEs containing coral reefs and the
WPWP
Risk category

Range of index
scores

Number of LMEs

LMEs and WPWP in category
(Integrated Local Threat Index score)

0–142

7

North Brazil Shelf (103); West-Central Australian Shelf (111); North Australian
Shelf (114); Northeast Australian Shelf (115); Northwest Australian Shelf
(118); East-Central Australian Shelf (137); Insular Pacific-Hawaiian (142)

Low

143–208

4

Western Pacific Warm Pool (152); Gulf of Mexico (174); Red Sea (187); East
Brazil Shelf (208)

Medium

209–241

6

Caribbean Sea (221); Arabian Sea (231); Pacific Central-American Coastal
(235); Southeast US Continental Shelf (236); Bay of Bengal (238); South
China Sea (241)

High

242–257

4

Indonesian Sea (250); Gulf of Thailand (253); Gulf of California (255);
Agulhas Current (257)

Highest

258–290

4

Somali Coastal Current (282); East China Sea (283); Sulu-Celebes Sea (284);
Kuroshio Current (289)

Lowest

Figure 7.20 (a) shows the proportion of coral reef area in each LME by Integrated Local Threat Index score. The
‘lowest and ‘low’ risk categories (Table 7.10) are combined in this analysis. One-quarter of the LMEs have more than
50 per cent of their coral reef area rated as under ‘high’ to ‘highest’ threat, based on local, present-day threats. LMEs
with a relatively high proportion under ‘high’ to ‘highest’ threat include the East China Sea (66.9 per cent of coral reef
extent rated as ‘high’ to ‘highest’ threat), Gulf of California (58.9 per cent), Kuroshio Current (63.7 per cent), Somali
Coastal Current (62.9 per cent), and Sulu-Celebes Sea (62.3 per cent). In contrast, the Australian Shelf, North Brazil
Shelf, and Insular Pacific-Hawaiian LMEs have a high proportion (more than 80 per cent) of their coral reef area at
low threat. It is worth noting that the North-East Australian Shelf LME contains the largest extent of coral reef of any
LME and has one of the lowest present-day threat indicator levels. About 11 per cent of the WPWP coral reef area is
under ‘high’ to ‘highest’ local integrated threat.
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Figure 7.19 Integrated Local Threat Index scores for LMEs containing coral reefs and the WPWP, shown by risk category. 7KH1RUWK
%UD]LO6KHOI/0(KDVWKHORZHVWVFRUHDQGWKH.XURVKLR&XUUHQW/0(WKHKLJKHVW7KHPDMRULW\RI/0(VDUHDVVHVVHGDVIDFLQJD
ORFDOWKUHDWOHYHORIDWOHDVWǦPHGLXPǧ

Figure 7.20(b) shows integrated local threat combined with past thermal stress estimated between 1998 and 2007.
When past thermal stress is added to the analysis, the proportion of LMEs with 50 per cent or more of their coral reef
area rated as ‘high’ or ‘highest’ threat almost doubles (to 11, compared with 6 when this factor is not considered).
For the Gulf of Thailand, Pacific Central-American Coastal, Kuroshio Current, and East China Sea LMEs, the inclusion
of past thermal stress results in a particularly large increase in coral reef area under ‘high’ to ‘highest’ threat. Overall,
there is a 32.8 per cent decrease across all LMEs in the coral reef area experiencing low threat, and a 60 per cent
increase in the area experiencing high threat. For the WPWP, the extent of area under ‘high’ to ‘highest’ threat
increases to between 11 and 26.4 per cent.
Figure 7.21(a) shows the proportion of coral reef area projected to face global threats (from ocean warming and
acidification) by 2030. If reefs are at high threat for both thermal stress and acidification, the threat classification is
increased by two levels. In order to portray some nuance in the degree of threat, the rating scale has been extended
to include one additional threat category above ‘highest’ called ‘critical’. The projected increase in threat due to
warming and acidification is apparent across most LMEs. The East China Sea, Gulf of California, North Brazil Shelf,
Pacific Central-American Coastal, and Sulu-Celebes Sea LMEs have no coral reef area remaining in the low-threat
category. More than half the LMEs have more than 50 per cent at ‘high’ to ‘critical’ threat levels. LMEs projected to
be particularly threatened are the Pacific Central-American Coastal (94.3 per cent ‘high’ to ‘critical’), Sulu-Celebes
Sea (91.3 per cent), Agulhas Current (82.6 per cent), and East China Sea (80.9 per cent). Areas that are projected to
be less threatened by global threats by 2030 are the East-Central Australian Shelf LME (74.9 per cent of coral reef
area at low threat) and the West-Central Australian Shelf LME (57 per cent at low threat). The WPWP has around 39
per cent of coral reef area at ‘high’ to ‘critical’ threat levels.
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Figure 7.20 Proportion of LME and WPWP coral reef extent by threat level for a) present-day integrated local threats and b)
present-day integrated local threats and past thermal stress. 2QHTXDUWHURIWKH/0(VKDYHPRUHWKDQSHUFHQWRIWKHLUFRUDO
UHHIDUHDUDWHGDVXQGHUǦKLJKǧWRǦKLJKHVWǧWKUHDW7KHVHLQFOXGHWKH(DVW&KLQD6HD*XOIRI&DOLIRUQLD.XURVKLR&XUUHQW6RPDOL
&RDVWDO&XUUHQWDQG6XOX&HOHEHV6HD,QFRQWUDVWWKH$XVWUDOLDQ6KHOI1RUWK%UD]LO6KHOIDQG,QVXODU3DFLȨF+DZDLLDQ/0(V
KDYHDKLJKSURSRUWLRQ PRUHWKDQSHUFHQW RIWKHLUFRUDOUHHIDUHDDWORZWKUHDW

a) Present-day integrated local threats

b) Present-day integrated local threats
and past thermal stress
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Figure 7.21 Projected proportion of LMEs and WPWP coral reef area by threat level for global threats (warming and acidification)
by a) 2030 and b) 2050. %\RQO\IRXU/0(VKDYHDQ\FRUDOUHHIDUHDUHPDLQLQJXQGHUORZWKUHDWZKLOHRYHUKDOIKDYHDWOHDVW
SHUFHQWRIFRUDOUHHIDUHDDWǦKLJKǧWKUHDWRUDERYH,IUHHIVDUHDWKLJKWKUHDWIURPERWKWKHUPDOVWUHVVDQGDFLGLȨFDWLRQWKH
WKUHDWFODVVLȨFDWLRQLVLQFUHDVHGE\WZROHYHOV7RVKRZWKLVLQFUHDVHGUDQJHRIWKUHDWOHYHOVWKHUDWLQJVFDOHKDVEHHQH[WHQGHG
WRLQFOXGHDǦFULWLFDOǧFDWHJRU\RQHDGGLWLRQDOWKUHDWFDWHJRU\DERYHǦKLJKHVWǧWKUHDW
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By 2050, only four LMEs have any coral reef area remaining under low threat: Western-Central Australian Shelf,
Northwest Australian Shelf, Northeast Australian Shelf, and East-Central Australian Shelf (Figure 7.21(b)). Over half
the LMEs (15) have at least 80 per cent of coral reef area at ‘high’ threat or above. Those LMEs with the highest
proportion of area under ‘high’ to ‘critical’ threat are Gulf of California (100 per cent), Kuroshio Current (99.4 per
cent), Pacific Central-American Coastal (99 per cent), and the South China Sea (99 per cent). For the WPWP, there is
no change in the proportion of area under ‘high’ to ‘critical’ threat.

7.5.2.2 Extent of coral reef by LME
The distribution of warm-water coral reefs in the LMEs the WPWP is shown in Figure 7.22.
Figure 7.23 (a) shows the proportion of coral reef area in each LME and the WPWP. On average, coral reefs extend
over 0.52 per cent of the total LME area. The Northeast Australian Shelf LME, which includes the Great Barrier Reef,
has the largest extent (2.83 per cent of its area), followed by the Indonesian Sea LME (2.66 per cent).
Figure 7.23 (b) shows the area (in km2) of coral reefs in each LME and the WPWP. In total, coral reefs cover an area of
184 577 km2. The Northeast Australian Shelf LME contains the largest estimated area, at 36 315 km2. The Indonesian
Sea and Caribbean Sea LMEs also have relatively large areas, at 25 673 km2 and 20 791 km2, respectively. Other areas
with large coral reef extent include the Sulu-Celebes Sea LME and the WPWP.
The confidence level surrounding these results is medium, the rationale being that the results are based on the
best available data but limited by a small number of methodological and technical aspects, specifically the lack of
sufficient ground-truthing and the age of the baseline data.
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Figure 7.22 Warm-water coral reef areas within LMEs and the WPWP

Figure 7.23 Coral cover within each LME and the WPWP shown as a) percentage and b) area. 2QDYHUDJHFRUDOUHHIVH[WHQGRYHU
SHUFHQWRIWKHWRWDO/0(DUHDUHSUHVHQWLQJDQDUHDRINP
3

40

a) Per cent cover

2

1

0

b) Area

30

20

10

0

LMEs with coral reefs

209

LARGE MARINE ECOSYSTEMS: STATUS AND TRENDS

7.5.3 Methodology
7.5.3.1 Reefs at Risk Index
LME and WPWP boundary polygons were overlaid with the global coral reef data set to derive statistics on coral
reef extent for each LME and the WPWP. LME boundary polygons were from the National Oceanic and Atmospheric
Administration (NOAA 2013), while the WPWP polygon data were provided by the Sea Around Us, University of
British Columbia.
During this analysis we noted that, due to the coarseness of the global land boundaries, coral reef sites sometimes
fall over areas demarcated as land. For this reason, we included coral reef sites over coastal margins, using a buffer
for each LME (shown in Figure 7.24). As the Reefs at Risk indicators give the proportions of different risk categories
faced by coral reefs within a given LME, any changes as a result of buffering would probably be negligible. The
adjustment was not made for the WPWP, as it did not present an issue for this region, which contains only relatively
small island states.
The Reefs at Risk Revisited GIS data sets are available from the World Resources Institute, with more information
given in Burke et al. (2010). Burke and Reytar (2011) assign threat levels to coral reefs around the world. The Reefs at
Risk Revisited report (Burke et al. 2010) provides a detailed assessment of the status and threats to coral reefs from
human activities and climate-related threats. It also includes a series of maps depicting the distribution of local and
climate-related threats to coral reefs. These spatial data sets were used to calculate the Reefs at Risk indicator within
each LME and the WPWP.
The indicator is not a direct measure of reef status or condition. Some areas rated as threatened may have already
suffered considerable loss or degradation, such as reduced live coral cover, increased algal cover, or reduced species
diversity. Using the indices calculated by the Reefs at Risk Revisited Project, we assess 1) the present-day Integrated
Local Threat Index, 2) the Integrated Local Threat accounting for the impact of past thermal stress, and 3) the
Integrated Local Threat combined with estimates of future (2030 and 2050) thermal stress and ocean acidification.
Figure 7.24 LMEs extended inland to incorporate all coral reef areas within LMEs into the analysis
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Threats faced by coral reefs may be divided into local and global. For each local threat, sources of stress that could be
mapped were identified and combined into a proxy indicator that reflect the degree of threat. For example, stressors
may include human population density and infrastructure features such as the size and location of cities and ports.
Distance-based rules were then developed for each threat, with threat declining as distance from stressor increases.
Thresholds for low, ‘medium’, ‘high’, and ‘highest’ threats were developed using information on observed impacts of
threats to coral reefs. Four calculated local threats, coastal development, watershed-based pollution, marine-based
pollution and damage, and overfishing and destructive fishing, were combined into a single Integrated Local Threat
Index in order to obtain a single, broad measure of threat and represent the cumulative impact of these threats on
coral reefs.
Threats to coral reefs from coastal development were modelled on the basis of size of cities, ports, and airports; size
and density of hotels; and coastal population pressure (a combination of population density, growth, and tourism
growth). Threats from watershed-based pollution were modelled on the basis of relative erosion rates, sediment
delivery, and sediment plume dispersion. The indicator of threat from marine-based pollution and damage was
based on the size and volume of commercial shipping ports, size and volume of cruise ship ports, intensity of shipping
traffic, and location of oil infrastructure. Threats to coral reefs from overfishing were evaluated on the basis of coastal
population density and extent of fishing areas (coral reef and shallow shelf areas), with adjustments to account for
the increased demand due to proximity to large populations and market centres. Areas where destructive fishing
(explosives or poisons) occurs were also included, based on expert monitoring and mapping. The threat estimate
was reduced inside marine protected areas that had been rated by experts as having ‘effective’ or ‘partially effective’
management.
For each LME and the WPWP, the percentage of coral reef area under each of the four Reefs at Risk threat categories
(low, medium, high, and highest) was calculated (threat per cent). This percentage was then multiplied by a weighting
factor, depending on the threat level, as follows:
low = threat per cent X 1
medium = threat per cent X 2
high = threat per cent X 3
highest = threat per cent X 4
The overall integrated threat score was then calculated by summing the values for each threat score, as outlined in
Table 7.11.
Table 7.11 Example of how the total integrated threat scores were calculated for three of the LMEs
LME name

Agulhas
Current

Arabian Sea

LME area
(km2)

2 626 582

3 932 202

LME coral area
(km2)

7 923

3 845

Threat

Coral area
(km2)

Threat per
cent

LME threat
score

Highest

1 738

21.9

87.7

High

2 437

30.8

92.3

Medium

2 370

29.9

59.8

Low

1 379

17.4

17.4

Highest

630

16.4

65.5

High

816

21.2

63.7

1 504

39.1

78.2

895

23.3

23.3

Medium
Low

Northeast
Australian Shelf

1 281 700

36 315

Highest

67

0.2

0.7

High

288

0.8

2.4

Medium

4 660

12.8

25.7

Low

31 301

86.2

86.2

Total integrated
threat score

257

231

115
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The addition of global threats addresses the impacts of climate and ocean chemistry on coral reefs. The stressors used
for these models were derived from satellite observations of sea surface temperature, coral bleaching observations,
and modelled estimates of future warming and ocean acidification. The global threats assessed were then used to
explore the cumulative effects of integrated local and global threats on coral reefs, as follows:
The Integrated Local Threat Index was adjusted to account for the impact of past thermal stress, using data indicating
the locations of severe thermal stress events between 1998 and 2007. For example, reefs in areas of thermal stress
increase in threat by one level, reflecting the ability of thermal stress to cause coral bleaching on otherwise healthy
reefs.
The Integrated Local Threat Index was combined with modelled future estimates of thermal stress and ocean
acidification to project threats to reefs in 2030 and 2050, based on an IPCC A1B (‘business-as-usual’) emissions
scenario, and adjusted to account for historic temperature variability.

7.5.3.2 Extent of coral reef by LME
The coral reef data set used to support this analysis is the Global Distribution of Coral Reefs (UNEP-WCMC, WorldFish
Centre, WRI, TNC 2010)1. It is the most comprehensive global data set of warm water coral reefs to date, acting as a
foundation baseline map for future more detailed investigations.
Approximately 85 per cent of this data set originates from the Millennium Coral Reef Mapping Project (35 per cent
validated and 50 per cent unvalidated) and is the highest resolution global coral reef data set available to date,
mapped at 30 metres resolution. The validated data correspond to the final standard of the Millennium Coral Reef
Mapping Project products, and consists of vector spatial data (polygons) with attributes. The contours of polygons
and final labels for the unvalidated data, in contrast with the validated products, have not been entirely determined.
The remaining 15 per cent of the data set is a mosaic of data from various sources. All original source information is
maintained within the global layer.

1
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Millennium Coral Reef Mapping Project validated maps provided by the Institute for Marine Remote Sensing, University of South Florida
(IMaRS/USF) and Institut de Recherche pour le Développement (IRD, Centre de Nouméa), with support from NASA.
Millennium Coral Reef Mapping Project unvalidated maps provided by the Institute for Marine Remote Sensing, University of South
Florida (IMaRS/USF), with support from NASA. Unvalidated maps were further interpreted by UNEP-WCMC. Institut de Recherche pour le
Développement (IRD, Centre de Nouméa) does not endorse these products.
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7.6 Change in protected area coverage within large marine
ecosystems
SuMMary
The oceans are home to an estimated 50 to 80 per cent of all life on Earth and provide vital goods and services to
human populations. However, marine and coastal ecosystems are facing increasing threats from pollution, extractive
infrastructure, fisheries, coastal development, and the changing environmental conditions associated with climate
change. Marine Protected Areas (MPAs) are vital for conserving the ocean’s biodiversity and productivity. Aichi Target
11 of the Convention on Biological Biodiversity (CBD) aims to effectively conserve 10 per cent of the world’s coastal
and marine areas by 2020.
This is the first assessment of protected areas in the world’s LMEs and the Western Pacific Warm Pool (WPWP). It is
based on the latest version of the World Database on Protected Areas, which is available online. Changes in the areas
protected between 1983 and 2014 were calculated, and LMEs were divided into five categories based on the extent
of the change. The confidence level for this assessment is rated as high because the database was updated in 2014.

Key Messages
1.

2.

The continuing designation of MPAs in recent decades has led to a 15-fold increase in global MPA
extent between 1983 and 2014. The total extent of protected areas with marine components increased
from about one-third of a million km2 in 1982 to more than 5 million km2 in 2014. The increase in global
MPA extent indicates progress towards the CBD’s target to conserve 10 per cent of the world’s coastal
and marine areas by 2020 – it is currently about 2.3 per cent.
• LMEs with the highest percentage change in area of MPAs include three Australian Shelf LMEs, Gulf
of California and Red Sea;
• LMEs with the lowest percentage change include the Arctic LMEs: Beaufort Sea, Canadian High
Arctic-North Greenland, and Northern Bering-Chukchi Seas;
• LMEs with no MPAs in 2014: Faroe Plateau and Central Arctic Ocean.
Monitoring the effectiveness of designated MPAs and analysing how increasing coverage relates to the
conservation of ocean biodiversity and productivity remain of high importance. This type of analysis
cannot be based only on the distribution of MPAs because countries vary in their interpretation and
classification of MPA types, and also in the degree of implementation and enforcement of protection
measures. Distribution of MPA coverage does, however, indicate areas where potential threats to marine
biodiversity may be reduced by the creation of new MPAs.

7.6.1 Introduction
The world’s oceans provide 20 per cent of the animal protein consumed by 1.5 billion people (FAO 2009). Oceans
contribute US$ 230 billion annually to the global economy through fisheries alone (Dyck and Sumaila 2010). However,
marine and coastal ecosystems and the benefits they provide are facing increasing threats from pollution, extractive
infrastructure, fisheries, coastal development and the changing environmental conditions associated with climate
change (Halpern et al. 2008). An estimated 60 per cent of the world’s marine ecosystems that underpin livelihoods
have been degraded or are being used unsustainably (UNESCO 2014; Pauly et al. 2002).
There is an extensive research base on the most effective ways to implement MPAs (Gaines et al. 2010; McLeod et al.
2009; Halpern 2003; Walters 2000). MPA implementation often depends on the objectives of MPA designation (for
example, for species conservation or for managing fisheries), as well as on socio-ecological context (Kaiser 2005) and
governance (Garcia et al. 2014). Furthermore, benefits realized from MPAs may vary, depending on the biology of
the species being protected (Halpern 2003), the links between ecosystem services and the underlying species biology
or ecosystem relationships on which they depend (such as for fishing or tourism), whether it is possible to exclude
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threats, and how threats might act synergistically. Lack of reliable, accurate data on marine species and habitats
frequently hinders protected area planning and assessment of effectiveness. This lack of data and knowledge may
partly explain why only 2.3 per cent of the global ocean is now protected, compared to 14 per cent of the land
(Thomas et al. 2014; Protected Planet 2014). Results presented here are derived from the latest World Database on
Protected Areas (WDPA) (UNEP-WCMC 2014). Further details are given in the section on methodology.
The CBD’s Aichi Target 11 specifies that “by 2020 10 per cent of the coastal and marine areas, especially areas
of particular importance for biodiversity and ecosystem services, are conserved through effectively and equitably
managed, ecologically representative and well-connected systems of protected areas and other effective area-based
conservation measures, and integrated into the wider landscape and seascape” (CBD 2014).

7.6.2 Findings and discussion
The two maps in Figure 7.25 show the global distribution of MPAs that were designated by 1982 and by 2014,
together with LME boundaries.
Figure 7.25 Marine Protected Areas designated by a) 1982 and b) 2014. 2YHU WKLV WLPH SHULRG WKH QXPEHU WRWDO DUHD DQG
JHRJUDSKLFH[WHQWRI03$VLQFUHDVHGVLJQLȨFDQWO\
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Figure 7.26 shows the percentage increase in the total area of each LME covered by MPAs, arranged into five categories
(with categories corresponding to highest to lowest level of relative risk of potential biodiversity degradation). LMEs
with the highest percentage change in MPA coverage (blue, ‘lowest’ risk category) include the East Central Australian
Shelf, Gulf of California, Red Sea, Northwest Australian Shelf, and South West Australian Shelf. LMEs with the lowest
percentage change (red, ‘highest’ risk category) include the Beaufort Sea, Canadian High Arctic-North Greenland,
and Northern Bering-Chukchi Seas. In 1983, five LMEs contained no MPAs (Gulf of California, Northwest Australian
Shelf, West-Central Australian Shelf, Faroe Plateau, and Central Arctic Ocean). By 2014 only two LMEs remained with
no MPAs: Faroe Plateau and Central Arctic Ocean.

Figure 7.26 Index of percentage change (1982–2014) in total area covered by MPAs per LME. 7KH(DVW&HQWUDO$XVWUDOLDQ6KHOI
*XOI RI &DOLIRUQLD 5HG 6HD 1RUWKZHVW $XVWUDOLDQ 6KHOI DQG 6RXWKZHVW $XVWUDOLDQ 6KHOI /0(V KDG WKH KLJKHVW SHUFHQWDJH RI
LQFUHDVHLQ/0(DUHDZKLOHWKH%HDXIRUW6HD&DQDGLDQ+LJK$UFWLF1RUWK*UHHQODQGDQG1RUWKHUQ%HULQJ&KXNFKL6HDV/0(V
KDGWKHOHDVW,QȨYH/0(VFRQWDLQHGQR03$VE\RQO\WZR/0(VUHPDLQHGZLWKQR03$V)DURH3ODWHDXDQG&HQWUDO
$UFWLF2FHDQ

The purpose of this assessment is to assess changes in the extent of MPAs. Figure 7.27 therefore cannot be used to
assess the actual level of threat to the marine environment following MPA designation, although it might be inferred
that LMEs with high MPA coverage face a lower level of threat. A comprehensive assessment of the change in threat
levels following MPA designation would require more monitoring data for biodiversity as well as information on
management strategies and the compliance and attitudinal acceptance necessary for MPA effectiveness.
The continuing designation of MPAs in recent decades led to a large (15-fold) increase in global MPA extent from
1983 to 2014 (Figure 7.27). This illustrates progress towards the CBD’s Aichi Target 11, which aims to conserve 10 per
cent of the world’s coastal and marine areas by 2020. The small difference in area between 2012 and 2014 reflects
both the short time frame and the fact that only four polygons and one point were recorded as being designated
after 2012. One of these was removed from the area calculation as it fell outside LME boundaries. The others lie
within the East China Sea and Patagonian Shelf LMEs.
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Figure 7.27 Cumulative area of MPAs in all LMEs and the WPWP. %HWZHHQDQGWKHUHZDVDIROGLQFUHDVHLQJOREDO03$
H[WHQWZLWKWKHODUJHVWLQFUHDVHRFFXUULQJEHWZHHQDQG
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MPA extent within all LMEs shows a geographic bias, with large areas protected in the Australian Shelf seas. Most of
the MPAs in this area were designated between 2003 and 2012. In particular, the largest MPA area (1 240 237 km2)
is within the Northeast Australian Shelf, partly because of the designation of the Great Barrier Reef Marine Park.
Initially designated in 1975, this park protects an area of high marine biodiversity (home to 600 types of soft and
hard corals, 1 625 species of bony fishes, and 133 species of sharks and rays) from damaging activities such as fishing,
commercial shipping, and removal of coral (GBRMPA 2015).
There have also been significant increases in the number and areas of MPAs beyond the LME boundaries considered
here. Most notable are the Natural Park of the Coral Sea, the Pacific Remote Islands Marine National Monument,
and the South Georgia and South Sandwich Islands Marine Protected Area. Each of these protects an area of more
than 1 million km2.
Based on the above, we put the confidence surrounding this chapter at ‘high’. Over 83 per cent of sites were updated
during the past 12 months so that the assessment uses the most comprehensive and up-to-date information available.

7.6.3 Methodology
The results discussed here derive from the most recent update of the WDPA (April 2014), available at www.
protectedplanet.net. MPAs in this database have varying levels of protection, and the efficacy and enforcement of
any restrictions and management measures also vary significantly. However, since data on these variables are not
consistently provided to the WDPA, the scope of the assessment has limitations, discussed below.
Protected areas were assessed by LME, to which the WPWP was added, for a total of 67 areas. The subset of
nationally-designated protected areas containing marine elements was obtained, providing 6 107 polygons and
1 372 points, with points that overlap polygons being subsequently removed. Both polygon and point records contain
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data on the extent of a protected area. All sites recorded as having a marine component are included as MPAs in this
assessment. Subsets of MPAs were grouped according to the year of designation. The time frames for subsets were:
before 1983, 1983 to 1992, 1993 to 2002, 2003 to 2012, and 2013 to 2014. The extent of coverage by MPAs in LMEs
and the WPWP was assessed for each of these time frames, assuming no change in the size of individual MPAs. Those
situated in areas beyond national jurisdiction were excluded from the area analyses unless they fall within an LME
(like the Pelagos Sanctuary in the Mediterranean LME). However, all MPAs recorded in the WDPA are presented in
Figure 7.25 and Figure 7.26 for information purposes.
Based on the percentage change in total area covered by MPAs between 1982 and 2014, LMEs were assigned to five
categories (Table 7.12) and mapped in Figure 7.26. LMEs with progressively higher coverage by MPAs were inferred
to face progressively lower levels of threats, under the assumption that MPA implementation is effective in reducing
threats to marine biodiversity.
Table 7.12 Threat level categories based on change in MPA coverage in LMEs
Percentage change in area covered by
MPAS (1982–2014)

Lowest

Over 300% (highest change)

Low

101–300% (high change)

Medium

21–100% (medium change)

High

2–20% (low change)

Highest

Less than or equal to 1% (lowest change)

© Nutrients Nelson Tasman Tourism/flickr

Threat level category
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7.6.3.1 Limitations
Any protected area recorded as having a marine element was included in the analysis. Some of the sites, however,
mainly cover land and may reflect objectives of conserving or managing terrestrial species or habitats. The level of
protection provided by MPAs may also vary significantly. Protection levels are not comparable across all areas and
countries from the data available in the WDPA. For example, some areas are classified as No Take Zones (NTZs). At
their highest level of protection, NTZs are permanently set aside from direct human disturbance, with all methods
of fishing and extraction of natural materials, dumping, dredging, and construction activities prohibited, and the
removal of resources, living or dead, also prohibited. Other MPAs may be subject to fisheries management measures
such as seasonal closures and fishing gear restrictions, or may be classified according to the IUCN categories (IUCN
2014). Because countries may vary in their interpretation and classification of particular types of MPA, and because
levels of implementation and enforcement of restrictions in MPAs may also vary, no data can be presented on the
degree of protection provided by MPAs. This analysis, therefore, is not able to include an assessment of the likely
effectiveness of MPAs in conserving marine biodiversity.
Some MPA records had no information on the year of designation, or had revisions of the date of designation over
time. All these were included in the final coverage assessment (2014). However, to prevent all these sites appearing
in the final time period and presenting a misleading view of year of designation, they were combined with data from
2002, whether or not they were present in 2002 was assessed, and points and polygons were retained if they were
present. For years before 2002, sites with no recorded designation date were excluded from the analyses.
MPA records for Antarctica were present in the WDPA in 2002 but were subsequently removed, either because the
sites were deemed not to qualify as Protected Areas as defined by IUCN, or because the whole of Antarctica may
be deemed ‘protected’. Since retaining these data in an assessment of the change in global MPA coverage would
confound results, the records were removed for this calculation. The records have, however, been displayed in Figure
7.25 for information.
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7.7

Cumulative human impacts in the world’s large marine
ecosystems

SuMMary
Marine ecosystems in general, and coastal systems in particular, experience a wide range of stressors associated
with human activities. These multiple stressors impact systems cumulatively, in ways that are not always known,
and with a combined impact that is always greater than that of the individual stressors. Assessing and mapping
the cumulative impact of human activities on marine ecosystems provides a unique perspective and understanding
of the condition of marine regions, and of the relative contributions of different human stressors to creating that
condition. Focusing on the combined impact of multiple stressors within a common assessment framework allows
direct comparison among stressors and regions. Cumulative human impact (CHI) assessments can inform policy by
identifying the stressors with the greatest impact, rank regions most or least impacted, or highlight stressors that
originate from one location but have key impacts in another region. The same approach has been applied to the
open ocean component of the Transboundary Water Assessment Project, allowing for direct comparison between
the LMEs and open ocean assessments.

© Kokfoong7/flickr

To understand the relative importance of each stressor for a location, cumulative human impact assessments draw
on data that map the intensity of stressors associated with human activities and the vulnerability of each habitat type
to each stressor. Stressors affecting marine ecosystems, specifically LMEs and the WPWP, fall mainly into four main
categories: climate change, commercial fishing, land-based pollution, and commercial activity (such as shipping).
This assessment draws on data for 19 stressors and 20 marine habitats. Data are from a variety of sources that
provide globally consistent outputs. Scores for individual stressors and for cumulative human impacts for each LME
and the WPWP were calculated by averaging the per-habitat scores for each 1 km2 pixel within the area of each LME
and the WPWP. Risk categories were then assigned, based on the rank order of the CHI scores.
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Key Messages
1.

2.

3.

4.

Stressors associated with climate change, most notably ocean acidification and increasing frequency of
anomalously high sea-surface temperatures, are the top stressors for nearly every LME. However, this
result emerges partly from the scale of the assessment. At smaller scales, particularly along coastlines,
many other stressors, such as land-based pollution and fishing, play a dominant role.
Commercial shipping and demersal commercial fishing are the other two main stressors at the scale of
LMEs. Stressors associated with these activities tend to affect different parts of the ecosystem, so that
where they overlap in space, cumulative impacts are likely to directly affect the entire food web.
In general, LMEs adjacent to heavily populated coastlines, particularly in developed countries that
encompass large watersheds, have the highest impact scores.
• The most heavily impacted LMEs are adjacent to China and Europe. The most impacted regions also
contain most of the highest cumulative impact scores based on assessments at scales smaller than
LMEs, indicating a need to improve ecosystem conditions in these regions.
• The least impacted LMEs are in polar and subarctic regions. However, this assessment does not
include projected impacts. Climate change and other human stressors are projected to lead to a
rapid increase in polar LME impact scores in the near future.
Efforts to manage marine ecosystems at the scale of LMEs will require coordination not only among
countries bordering the LME but also among sectors. Coordination at the sector scale is critical to
successful management because the key stressors are global in nature, and are therefore beyond the
scope of what can be identified and addressed through single-sector management. Cumulative human
impact assessments provide a tool for transparently and quantitatively informing such policy processes
and decisions.

7.7.1 Introduction
For millennia, humans have used the oceans for a wide range of purposes, including obtaining food through fisheries,
eliminating wastes, and navigating the planet. In the last century, due to rapid human population growth and the
industrial revolution, these uses have become much more intense, widespread, and overlapping. We now live on
a planet where no single patch of ocean remains untouched by human activities (Halpern et al. 2008), and a vast
majority of marine ecosystems experience the impacts of multiple human uses simultaneously.
Because LMEs are coastal regions of the ocean, the confluence of human impacts is generally even more intense, with
most coastal waters experiencing significant impacts from land-based pollution, coastal small-scale and commercial
fishing, climate change, invasive species, oil and gas development, coastal modification and habitat destruction, and
many more stressors. Emerging uses such as offshore aquaculture and wind energy can only exacerbate the impact
of overlapping human activities. To understand the condition of LMEs, one must therefore consider the cumulative
impacts of multiple stressors – any single-issue indicator, by default, will give an incomplete picture of the overall
condition.
Managing multiple stressors is inherently a transboundary challenge, as most stressors cross many national
boundaries, including: pollutants travelling through watersheds and pouring into coastal areas; pollutants, invasive
species, and other unwanted materials transported by coastal currents and shipping along coastlines; fishing that
targets fish stocks straddling EEZ boundaries; and the infrastructure needed to support commercial shipping for global
commerce. LMEs provide a valuable lens through which to view these challenges and identify key opportunities for
conservation and mitigation.
Cumulative human impact assessments track the changes in intensity of human drivers and their associated stressors
and model the expected changes in ecosystem condition in response to these stressors. CHI assessments therefore
capture stage 2 (human drivers), stage 3 (associated stress), and stage 4 (ecosystem state) in the conceptual model
(Chapter 2, Figure 2.1), spanning both the human and natural system. In combination with the Ocean Health Index,
measures of ecosystem service valuation, and governance assessments, a complete picture of LME condition emerges.
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7.7.2 Findings, discussion, and conclusions
Each LME was assigned one of five risk categories based on the rank order of cumulative human impact scores
across all LMEs. Nearly all (11 of 13) of the LMEs with the highest average cumulative human impact score are those
surrounding Europe and China (the other two are the Kuroshio Current and Canary Current LMEs; see Figure 7.28 and
Annex Table 7-A). These high-impact regions are where past studies have shown cumulative impact to be the highest
globally (Micheli et al. 2013; Halpern et al. 2008), indicating a continuing significant need to improve ecosystem
condition. In contrast, nearly all (12 of 14) of the LMEs with the lowest average score are in polar or subarctic regions
(the other two are the North Australian Shelf and the New Zealand Shelf). This result also follows patterns seen in
previous global assessments (Halpern et al. 2008). The average cumulative human impact score of the WPWP places
it at the ‘medium’ risk level. It is important to note, however, that cumulative human impact assessments do not
account for future risks, such as the projected change and impact to polar regions from climate change and other
human stressors that are projected to lead to a rapid increase in polar LME impact scores in the near future.
Patterns of average cumulative human impact in LMEs elsewhere are more varied. Relatively high impact scores are
associated with LMEs that fall within the Canadian Atlantic, Caribbean, Brazil, Southeast Asia, and regions around
Australia and Japan. Relatively low impact scores are associated with LMEs in the northern Pacific, north-east of
Australia, Gulf of California, and regions around the United States and the Pacific side of South America. Within
individual LMEs, finer-scale patterns of high impact (‘hotspots’) and low impact (‘coldspots’) mainly follow patterns
seen previously (Halpern et al. 2008), with the highest per-pixel cumulative impact scores in parts of the North,
Norwegian, and South and East China Seas (Halpern et al. 2015).
Categories of risk for all LMEs are based on quantiles of scores and thus do not represent thresholds of cumulative
impact. For example, the cumulative impact score for the highest-scoring LME within the ‘high’ risk category (4.246:
Sulu-Celebes Sea LME) is only 0.07 lower than the lowest-scoring LME within the ‘highest’ risk category (4.315:
Kuroshio Current LME). LMEs in the lower end of each risk category are thus probably similar in risk to those at the

Figure 7.28 Cumulative human impact risk categories of LMEs and the WPWP. /0(VDUHUDQNHGE\WKHDYHUDJHFXPXODWLYHKXPDQ
LPSDFWVFRUHVDFURVVWKHHQWLUHUHJLRQ/0(VLQ(XURSH1RUWKHUQ$IULFDDQG6RXWKHDVW$VLDDUHDWKLJKHVWULVN

CHI risk categories
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higher end of the risk category below. Because cumulative human impact assessments produce directly comparable
quantitative values, the relative difference between any two LMEs can be measured, rather than comparing their
risk categories. For example, the LME with the highest impact score (5.222: East China Sea) is 16 per cent higher than
the Mediterranean Sea (4.520), which is in turn just 1 per cent higher than the Black Sea (4.476). All three are in the
‘highest’ risk category.
Of the individual stressors, the ones relating to climate change are the largest contributors to cumulative impact
scores. The highest-scoring stressor for every LME and the WPWP is associated with climate change, and the top three
stressors in each LME and the WPWP are almost always those connected with climate change: ocean acidification,
changes in sea-surface temperature, and increasing UV radiation. These results match recent reports documenting
that climate change is already affecting marine ecosystems worldwide. In particular, the 5th report from the IPCC
(IPCC 2014) describes widespread changes already occurring across most taxa and in most parts of the world (also
reported in Poloczanska et al. 2013). Climate change stressors are the only ones that are truly global, and thus have
the potential to impact every square kilometre of every single LME and the WPWP. This global scale drives climate
change stressors to consistently have the highest impact scores.
Commercial shipping and commercial fishing, in particular using demersal (seabed) gear, also have relatively high
single-stressor impact scores for most LMEs. The impact of demersal fishing (including from bottom trawling and
high-bycatch non-destructive gear such as traps and gill-nets) has been well documented elsewhere (Bianchi et
al. 2000). The relatively low impact of this fishing in some LMEs is probably due either to many of the demersal
stocks being overfished and thus currently experiencing lower catch (for example, in the Gulf of Mexico LME) or to
fisheries management effectively regulating and limiting these fishing practices (for example in the Gulf of Alaska and
California Current LMEs).
The impact of commercial shipping is less well recognized but is beginning to gain attention. Studies show that it can
be a significant factor in cumulative impact (Halpern et al. 2008), contributing to stressors such as noise pollution,
invasive species, ship strikes, and inorganic pollution. These effects are widespread, given the growing and truly
global nature of commercial ship trade.
Land-based sources of pollution, including nutrient and organic pollution, have relatively low impacts on LMEs,
but this is mainly an issue of scale. The vast amount of land that generates these sources of pollution lies mainly
within a few hundred very large watersheds that introduce significant amounts of pollutants into the coastal areas
immediately adjacent to their river mouths. However, the resulting pollution concentrations decrease rapidly with
increasing distance from the river mouths, and surprisingly little coastal area experiences even modest inputs from
land-based pollution (Halpern et al. 2009). At smaller scales, however, land-based pollution can dominate cumulative
impact scores, most notably in wetland and estuarine coastal ecosystems and coastal areas adjacent to very large
watersheds, such as the Mississippi River in the US and the Yellow River in China. Increasing coastal development
within many LMEs will probably increase coastal habitat modification and loss and increase the pressure on these
habitats from land-based pollution. Thus, the question of which stressors have the largest impact on a region
necessarily requires an explicit statement of scale, both spatial and temporal. This report describes current stressors
at the scale of entire LMEs and the WPWP; at smaller (or larger) scales, the results will be different.
This issue of scale has important implications for policy and management actions. The results presented here are
useful for actions at the scale of entire LMEs, such as allocation of funding among different LMEs, and can be used to
identify LMEs most in need of conservation and mitigation resources. Within an LME, however, the results will have
more limited relevance, and decisions would benefit from a regional analysis focused on smaller-scale outputs. For
example, decisions about where or how to allocate funds among countries within an LME, which stressors to mitigate
first for particular locations, or which locations to focus on for restoration activities along a coastline within an LME,
all require finer-scale data and analyses.
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Not all pressures are expected to impact all taxa within an ecosystem. Habitat vulnerability weights capture this
fact, as they translate stressor intensity into predicted impact on a habitat (for example, a stressor that affects more
species has a greater impact on a habitat than another stressor of the same intensity that affects fewer species).
Cumulative human impact assessments can therefore be used to identify the consequences of these stressors for
food webs, and combining the stressors into a single index is more likely to capture the full impact on food webs than
assessments of single stressors.
The social and economic implications of these results are challenging. Most of the main stressors at the scale of LMEs
are driven mainly by global forces that are external to the regions. Climate change is fuelled by global emissions, and
commercial shipping by global trade and trade routes. Mitigating these stressors requires global efforts. Countries
within a given LME can, and need to, play a role in these solutions, but they cannot manage them alone.
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Results from cumulative human impact assessments capture only half of what needs to be known and understood
for measuring the condition of LMEs. CHI assessments measure and indicate human activities, their associated
stressors, and the expected impacts on ecosystems (see conceptual framework, Chapter 2). Missing from these
assessments is how the changes in ecosystem condition affect the delivery of services to people and how that, in
turn, affects governance and management decisions. Most marine ecosystem services that people value highly derive
from coastal areas. It is in these areas that land-based pollution, invasive species, small-scale fisheries, and most
commercial fisheries are having very large impacts on ecosystems. Connecting CHI assessments to scale of delivery
of specific ecosystem services to people (instead of to the entire LME) would probably produce very different results
and potentially be much more informative.
All indicators rely on the underlying data that informs them. Uncertainty in cumulative human impact assessments is
thus dependent on the quality and certainty of all of the input data, including information on habitat extent and the
location and intensity of human stressors. Uncertainty is highest at the finest resolution of assessments permitted
by these data (1 km2), with resulting medium certainty in cumulative impact scores at this resolution. At larger
scales, in particular at the scale of an entire LME, certainty is rated as high for overall scores, and especially for the
relative quantitative difference in scores between LMEs. A full discussion of assumptions and caveats to cumulative
human impact assessments in general is provided elsewhere (Halpern and Fujita 2013). Two particularly important
assumptions are that impact on ecosystems linearly tracks changes in stressor intensity, and that individual impacts
combine additively to create cumulative impacts. Both assumptions are reasonable starting points given current
limited understanding.
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Cumulative human impact assessments were also made for open ocean systems, providing an opportunity to compare
all regions of the world’s ocean directly with the same indicator. Similar cumulative human impact assessments have
been made for river systems (Vorosmarty et al. 2010), and the connection of CHI assessments in LMEs to watershed
transboundary assessments is clear and direct (through land-based pollution inputs into coastal waters). Assessment
of cumulative human impact within LMEs is thus a powerful tool for linking the assessment of these three water
systems.
Cross-system comparisons can be made because CHI assessments are quantitative and measured in the same
universal metric of impact on ecosystems. Because CHI assessments are fully transparent in their methods and
process, they can easily be repeated (to check results or to update with new data) and they are more amenable to
policy and management decisions. Transparency and repeatability are not only hallmarks of the scientific process,
they are essential for decision making if it is to be trusted by all parties involved in and affected by the decisions.

7.7.3 Methodology and analysis
Full details on data sources and processing are provided in extensive supplementary information in Halpern et al.
(2008; 2015). In summary, data layers were developed as follows:
• Sea-surface temperature and UV radiation layers were based on satellite time-series data, and both
were processed to assess the number of values that exceed one standard deviation above the long-term
average.
• Ocean acidification and sea-level rise were both modelled globally and processed as the difference
between current and historic values.
• The five commercial fishing layers were based on spatially-allocated Food and Agriculture Organization
(FAO) catch data assigned to one of the five fishing-gear types.
• Artisanal fishing was modelled using FAO catch data for small-scale fisheries and coastal population and
marine habitat distributions.
• Three of the land-based pollution layers were obtained by using land-use land-cover data to model
nutrient (fertilizer), organic (pesticides) and inorganic (impervious surface area) inputs into watersheds,
and then applying a plume model to estimate outputs into coastal waters.
• Oil rigs and light pollution were derived from processing stable lights and night data (from satellites).
• Invasive species were modelled as a coastal plume of port-volume data, based on the assumption that
ballast water is a major source of invasive species.
• Commercial shipping was based on voluntary monitoring data from ships and processed into shipping
tracks across the ocean.
• Direct human impact (for example trampling on sensitive ecosystems such as coral reefs) was modelled
as a function of distance from coastal populations.
• Table 7.13 summarizes key attributes of each stressor and habitat data layer.
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Table 7.13 Summary of data layers used to calculate CHI. Note that not all LMEs have each of the habitat types listed.
Data Type

Layer

Native resolution

Source

Stressors
Land-based

Fishing

Climate change

Ocean-based

Nutrient input

1 km2 (modelled)

FAO country fertilizer data

Organic pollution

1 km (modelled)

FAO country pesticide data

Inorganic pollution

1 km2 (modelled)

Impervious surface area

Direct human

1 km (modelled)

Coastal human population

Demersal, destructive

half-degree

Sea Around Us

Demersal, non-destructive,
high-bycatch

half-degree

Sea Around Us

Demersal, non-destructive, lowbycatch

half-degree

Sea Around Us

Pelagic, high-bycatch

half-degree

Sea Around Us

Pelagic, low-bycatch

half-degree

Sea Around Us

2

2

Artisanal fishing

1 km (modelled)

Halpern et al. 2008

Sea-surface temperature

~16 km2

NOAA

UV radiation

half-degree

NOAA

Ocean acidification

half-degree

Halpern et al. 2008

Sea-level rise

quarter-degree

Nicholls and Cazenave, 2010

Oil rigs

1 km2

Halpern et al. 2008

Shipping

~25 km2

VMS AIS data

Invasive species

1 km2 (modelled)

Port volume

Ocean-based pollution

1 km2 (modelled)

Shipping + port volume

Mangroves

1 km2

WCMC

Rocky intertidal

1 km2 (modelled)

Halpern et al. 2008

Beaches

1 km2 (modelled)

Halpern et al. 2008

Salt marsh

1 km2 (modelled)

Halpern et al. 2008

Mud flats

1 km (modelled)

Halpern et al. 2008

Sea-ice edge

1 km2 (modelled)

NOAA

Coral reefs

1 km2

WCMC

Kelp forests

2

1 km (modelled)

Halpern et al. 2008

Seagrass

1 km2

Halpern et al. 2008

2

Habitats
Intertidal

Nearshore

Offshore
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2

Rocky reef

1 km (modelled)

Halpern et al. 2008

Suspension reefs

1 km2 (modelled)

Halpern et al. 2008

Shallow soft bottom (0–60 m)

1 km (modelled)

Halpern et al. 2008

Seamounts

1 km2 (modelled)

Halpern et al. 2008

Hard shelf (60–200 m)

1 km (modelled)

Halpern et al. 2008

Soft shelf (60–200 m)

1 km2 (modelled)

Halpern et al. 2008

Hard slope (200–2 000 m)

1 km (modelled)

Halpern et al. 2008

Soft slope (200–2 000 m)

1 km2 (modelled)

Halpern et al. 2008

Hard deep (>2 000 m)

1 km (modelled)

Halpern et al. 2008

Soft deep (>2 000 m)

1 km2 (modelled)

Halpern et al. 2008

Pelagic surface (0–60 m)

2

1 km

Halpern et al. 2008

Deep pelagic (>60 m)

1 km2

Halpern et al. 2008

2

2

2

2

2
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Intensity values for each stressor and presence/absence for each habitat layer are processed to be at 1 km2 resolution,
requiring down-scaling for some layers (finer resolution is modelled for data at coarser native resolution). All stressor
layers are normalized to their reference, or maximum, value to allow direct comparison of stressors measured in very
different units. Finally, normalized stressor intensity values are multiplied by the habitat vulnerability weight unique
for each stressor/habitat combination to create a modelled impact score. These scores are summed by habitat type
to create a per-habitat cumulative impact score and averaged across habitats to create a final per-pixel cumulative
impact score.
Potential thresholds of cumulative impact, where ecosystem condition changes dramatically with small changes in
total human impact, are currently not known. LMEs were therefore classified into risk categories based on quantiles.
The ‘highest’ risk category includes the 13 LMEs with the highest scores; the ‘high’ risk category includes the next 13
highest scores, and so on. The ‘low’ and ‘lowest’ risk categories include an extra LME, for a total of 66 LMEs plus the
WPWP. Table 7.14 lists the cumulative impact scores that defined these risk categories.
Table 7.14 Summary of CHI values per risk category for global LMEs
Risk category
Lowest

Range of values (CHI score)

Number of LMEs

<2.95

14

Low

≥2.95 and <3.50

14

Medium

≥3.50 and <3.86

13

High

≥3.86 and <4.31

13

≥4.31

13

Highest

aCKNOWLEDGEMENTS
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Annex
Annex Table 7-A Full results of CHI and individual stressor impact scores for each LME and the WPWP
True zero values are indicated by zeros without decimal points; zero values with decimal points are extremely low
but non-zero scores
a) LMEs

Direct human impact

Organic pollution

Nutrient pollution

Light pollution

Inorganic pollution

Land-based

Invasive species

Oil rigs

Ocean-based pollution

Shipping

Pelagic low-bycatch fishing

Ocean industry

Pelagic high-bycatch fishing

Demersal non-destructive lowbycatch fishing

Demersal non-destructive highbycatch fishing

Demersal destructive fishing

Artisanal fishing

Fishing

UV radiation

Sea-surface temperature

Sea-level rise

Climate change

Ocean
acidification

CHI

LME Name

Cumulative human
impact

Agulhas Current

3.84 1.09 0.06 1.69 0.64 0.00 0.04 0.01 0.02 0.00 0.01 0.10 0.156 0.00 0.00 0.01 0.00 0.00 0.00 0.01

Aleutian Islands

3.05 0.64 0.03 1.29 0.60 0.00 0.09 0.01 0.02

0

0.00 0.14 0.22

0

0.01 0.00 0.00 0.00 0.00 0.00

Antarctic

0.88 0.40 0.06 0.25 0.14

0

0.00 0.01 0.01

0

0.00

Arabian Sea

4.12 1.00 0.08 1.65 0.61 0.00 0.08 0.06 0.04 0.02 0.02 0.21 0.312 0.00 0.02 0.01 0.00 0.01 0.00 0.01

Baltic Sea

3.65 0.01 0.71 0.99 0.39 0.00 0.02 0.14 0.11

0

0.05 0.36 0.457

0

0.23 0.06 0.01 0.05 0.01 0.07

Barents Sea

3.14 0.83 0.08 1.15 0.45 0.00 0.17 0.18 0.05

0

0.03 0.09 0.097

0

0.01 0.00 0.00 0.00 0.00 0.00

Bay of Bengal

4.00 0.98 0.11 1.59 0.61 0.00 0.15 0.12 0.07 0.10 0.03 0.08 0.124 0.00 0.01 0.01 0.00 0.01 0.00 0.01

Beaufort Sea

0.93 0.54 0.04 0.23 0.11 0.00 0.00 0.00

Benguela Current

3.70 1.05 0.02 1.54 0.64 0.00 0.04 0.03 0.07 0.00 0.00 0.12 0.170 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Black Sea

4.48 0.96 0.18 1.82 0.53 0.00 0.01 0.01 0.06 0.00 0.00 0.33 0.44 0.00 0.04 0.04 0.00 0.03 0.01 0.02

California Current
Canadian Eastern
Arctic-West
Greenland
Canadian High
Arctic-North
Greenland
Canary Current

2.95 0.97 0.01 0.55 0.70 0.00 0.03 0.02 0.04 0.00 0.01 0.25 0.375

0

0.00 0.00 0.00 0.00 0.00 0.00

2.52 0.59 0.07 1.13 0.42 0.00 0.15 0.02 0.00

0

0

0.01 0.00 0.00 0.00 0.00 0.00

0.56 0.43 0.00 0.08 0.05 0.00 0.00 0.00 0.00

0

Caribbean Sea

4.21 1.11 0.08 1.82 0.52 0.00 0.03 0.02 0.01 0.00 0.00 0.22 0.332 0.00 0.02 0.01 0.00 0.01 0.00 0.01

Celtic-Biscay Shelf

4.64 0.87 0.14 1.67 0.65 0.00 0.20 0.13 0.06

0

Central Arctic

0.74 0.73

0.00 0.00 0.00

0
0

0

0.00

0

0.01

0

0

0

0

0

0

0

0.00 0.006 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.05 0.072
0

0

0.00 0.00

0

0

0.00

0

0.00 0.00

0

4.63 1.05 0.07 1.82 0.66 0.00 0.07 0.10 0.12 0.01 0.01 0.29 0.404 0.00 0.01 0.01 0.00 0.00 0.00 0.01

0

0.01 0.00

0

0.04 0.40 0.337
0

0

0.00 0.00

0

0.00 0.13 0.169

0

0.06 0.02 0.00 0.02 0.00 0.03
0

0

0

0

0

0

East Bering Sea

3.10 0.58 0.06 1.13 0.73 0.00 0.22 0.04 0.04

East Brazil Shelf
E.-Cent. Australian
Shelf
East China Sea

4.13 1.04 0.10 1.57 0.60 0.00 0.11 0.05 0.03 0.07 0.01 0.19 0.304 0.00 0.01 0.01 0.00 0.02 0.00 0.00

East Siberian Sea

1.02 0.36

Faroe Plateau

4.79 1.07 0.02 2.16 0.56 0.00 0.36 0.04 0.02

Greenland Sea

2.65 0.92 0.03 1.13 0.35 0.00 0.05 0.02 0.04

Guinea Current

4.06 1.04 0.10 1.67 0.57 0.00 0.06 0.06 0.04 0.11 0.01 0.15 0.224 0.01 0.01 0.01 0.00 0.00 0.00 0.00

Gulf of Alaska

2.91 0.80 0.04 0.78 0.70 0.00 0.05 0.01 0.02

Gulf of California

3.23 0.88 0.12 1.37 0.38 0.00 0.07 0.01 0.14 0.00 0.00 0.06 0.096

Gulf of Mexico

3.81 0.91 0.22 1.41 0.53 0.00 0.08 0.05 0.04 0.01 0.00 0.19 0.285 0.00 0.02 0.01 0.00 0.02 0.00 0.01

Gulf of Thailand
Hudson Bay
Complex

4.03 0.48 0.66 0.99 0.38 0.00 0.43 0.34 0.16 0.00 0.00 0.19 0.252 0.00 0.04 0.02 0.00 0.04 0.01 0.02

4.08 1.13 0.05 1.65 0.72 0.00 0.02 0.01 0.01 0.00 0.01 0.18 0.272

0

0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.01 0.00 0.00 0.00 0.01

5.22 0.78 0.25 1.46 0.58 0.00 0.56 0.48 0.17 0.02 0.01 0.42 0.397 0.00 0.03 0.02 0.01 0.02 0.00 0.03
0

0.28 0.37 0.00 0.00 0.00

0

2.32 0.32 0.27 1.08 0.58 0.00 0.00 0.00 0.00

0

0.00 0.001

0

0.00 0.00 0.00 0.00 0.00 0.00

0

0.01 0.25 0.27

0

0.02 0.00 0.00

0

0

0.01

0

0.00 0.05 0.061

0

0.00

0

0

0.00

0

0

0

0

0.00

0.00 0.20 0.276 0.00 0.02 0.00 0.00 0.00 0.00 0.01

0.00 0.03 0.03

0

0

0.01 0.02 0.00 0.01 0.01 0.02

0.00 0.00 0.00 0.00 0.00 0.00
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Direct human impact

Organic pollution

Nutrient pollution

Light pollution

Inorganic pollution

Land-based

Invasive species

Oil rigs

Ocean-based pollution

Shipping

Pelagic low-bycatch fishing

Ocean industry

Pelagic high-bycatch fishing

Demersal non-destructive lowbycatch fishing

Demersal non-destructive highbycatch fishing

Demersal destructive fishing

Artisanal fishing

Fishing

UV radiation

Sea-surface temperature

Sea-level rise

Climate change

Ocean
acidification

CHI

LME Name

Cumulative human
impact

Humboldt Current

3.01 0.94 0.04 0.88 0.71 0.00 0.05 0.03 0.10 0.00 0.00 0.09 0.151 0.00 0.00 0.01 0.00 0.00 0.00 0.01

Iberian Coastal
Iceland Shelf and
Sea
Indonesian Sea
Insular PacificHawaiian
Kara Sea

4.57 1.04 0.05 1.48 0.64 0.00 0.14 0.09 0.09

0

0.03 0.41 0.505

0

0.03 0.03 0.00 0.02 0.01 0.02

4.40 0.95 0.04 1.87 0.47 0.00 0.24 0.20 0.15

0

0.05 0.20 0.21

0

0.01 0.00 0.00 0.00 0.00 0.01

Kuroshio Current
NewfoundlandLabrador Shelf
Laptev Sea

4.32 1.10 0.04 1.53 0.63 0.00 0.11 0.09 0.08 0.01 0.02 0.27 0.394

Mediterranean

4.52 1.06 0.08 1.65 0.54 0.00 0.07 0.07 0.06 0.00 0.01 0.38 0.478 0.00 0.04 0.03 0.00 0.02 0.00 0.02

New Zealand Shelf
North Australian
Shelf
North Brazil Shelf

2.75 1.00 0.07 0.73 0.51 0.00 0.10 0.03 0.01 0.00 0.00 0.12 0.145

0

0.01 0.01 0.00 0.01 0.00 0.01

2.54 0.53 0.65 0.51 0.51 0.00 0.07 0.03 0.02 0.00 0.01 0.08 0.093

0

0.01 0.00 0.00 0.01 0.00 0.00

North Sea
Northeast
Australian Shelf
NE US Continental
Shelf
N Bering-Chukchi
Seas
NW Australian
Shelf
Norwegian Sea

4.87 0.62 0.36 1.44 0.59 0.00 0.38 0.20 0.10

3.75 0.89 0.31 1.17 0.46 0.01 0.26 0.18 0.14 0.00 0.04 0.09 0.138 0.00 0.01 0.02 0.00 0.02 0.00 0.02
3.52 1.20 0.01 1.33 0.67 0.00 0.00 0.00 0.01 0.00 0.00 0.12 0.190
1.56 0.49 0.24 0.50 0.30 0.00 0.00 0.00 0.00

0

3.86 0.67 0.10 1.58 0.60 0.00 0.24 0.11 0.04

0

0.63 0.25

0

0

0.21 0.17 0.00

0

0

0

0

0

0.00 0.00 0.00 0.00 0.00 0.00

0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0

0.02 0.01 0.00 0.01 0.00 0.01

0.02 0.24 0.219 0.00 0.02 0.00 0.00 0.00 0.00 0.01
0

0

0.000

0

0.00 0.00 0.00 0.00 0.00 0.00

3.81 0.84 0.30 1.61 0.53 0.00 0.07 0.04 0.02 0.03 0.00 0.13 0.197 0.00 0.01 0.01 0.00 0.01 0.00 0.01
0

0.09 0.45 0.466 0.00 0.10 0.03 0.01 0.03 0.00 0.03

3.42 0.99 0.26 1.26 0.49 0.00 0.01 0.01 0.03 0.00 0.04 0.12 0.192

0

0.01 0.00 0.00 0.00 0.00 0.00

3.73 0.52 0.31 1.13 0.47 0.00 0.28 0.11 0.08

0

0.02 0.31 0.294

0

0.09 0.03 0.01 0.02 0.00 0.05

1.92 0.46 0.17 0.71 0.36 0.00 0.11 0.02 0.01

0

0.00 0.03 0.033

0

0.00 0.00 0.00 0.00 0.00 0.00

3.68 0.93 0.23 1.49 0.55 0.00 0.04 0.02 0.01 0.02 0.00 0.16 0.205 0.00 0.01 0.00 0.00 0.00 0.00 0.00
4.41 1.07 0.02 1.90 0.60 0.00 0.14 0.12 0.06

0

0.08 0.17 0.234 0.00 0.01 0.00 0.00 0.00 0.00 0.01

Oyashio Current
Pacific CentralAmerican Coastal
Patagonian Shelf

3.21 0.78 0.02 0.91 0.76 0.00 0.07 0.03 0.04

0

0.01 0.22 0.342

0

0.00 0.00 0.00 0.00 0.00 0.00

3.36 0.97 0.03 1.15 0.64 0.00 0.06 0.02 0.03 0.02 0.01 0.16 0.248

0

0.01 0.01 0.00 0.01 0.00 0.01

Red Sea

3.61 0.94 0.31 1.36 0.26 0.00 0.09 0.05 0.03 0.00 0.00 0.22 0.266 0.00 0.04 0.02 0.00 0.01 0.00 0.02

Scotian Shelf

4.00 0.55 0.23 1.55 0.55 0.00 0.17 0.16 0.08

0

0.05 0.30 0.263

0

0.05 0.01 0.00 0.00 0.00 0.02

Sea of Japan

3.91 0.85 0.05 1.58 0.55 0.00 0.19 0.08 0.09

0

0.00 0.19 0.269

0

0.02 0.01 0.00 0.01 0.00 0.01

Sea of Okhotsk
Somali Coastal
Current
South Brazil Shelf

3.15 0.62 0.07 1.02 0.56 0.00 0.45 0.09 0.10

0

0.00 0.10 0.132 0.00 0.00 0.00 0.00 0.00 0.00 0.00

South China Sea

4.42 0.89 0.24 1.34 0.51 0.00 0.34 0.32 0.13 0.01 0.03 0.24 0.305 0.00 0.01 0.01 0.00 0.02 0.00 0.01

2.97 0.71 0.20 0.97 0.68 0.00 0.22 0.04 0.02 0.00 0.00 0.06 0.060 0.00 0.01 0.00 0.00 0.00 0.00 0.00

3.44 1.04 0.05 1.67 0.52 0.00 0.02 0.02 0.01 0.01 0.00 0.03 0.048

0

0.01 0.01 0.00 0.00 0.00 0.01

3.89 0.94 0.13 1.46 0.60 0.00 0.08 0.05 0.02 0.01 0.01 0.25 0.270 0.00 0.03 0.01 0.00 0.01 0.00 0.01

SW Australian Shelf 3.76 0.93 0.15 1.71 0.68 0.00 0.02 0.02 0.00 0.00 0.00 0.09 0.137

0

SE Australian Shelf
SE US Continental
Shelf
Sulu-Celebes Sea

3.53 0.98 0.07 1.49 0.72 0.00 0.01 0.01 0.00 0.00 0.00 0.09 0.131 0.000 0.01 0.00 0.00 0.00 0.00 0.00
0

West Bering Sea
West-Cent.
Australian Shelf
Yellow Sea

3.44 0.65 0.02 1.69 0.69 0.00 0.08 0.02 0.06

3.38 0.87 0.22 1.04 0.33 0.00 0.09 0.03 0.03 0.00 0.00 0.28 0.382

0.01 0.00 0.00 0.00 0.00 0.00

0.04 0.03 0.00 0.02 0.00 0.02

4.25 1.05 0.17 1.45 0.47 0.01 0.22 0.30 0.15 0.00 0.05 0.11 0.161 0.00 0.02 0.02 0.00 0.01 0.00 0.04
0.00 0.09 0.143

0

0.00 0.00 0.00 0.00 0.00 0.00

3.87 1.03 0.12 1.55 0.70 0.00 0.01 0.01 0.00 0.03 0.00 0.17 0.241

0

0.01 0.00 0.00 0.00 0.00 0.00

4.74 0.38 0.64 0.97 0.44 0.00 0.45 0.60 0.21

0

0

0.00 0.37 0.437 0.00 0.06 0.05 0.01 0.07 0.01 0.04

Ocean
acidification
Sea-level rise
Sea-surface temperature
UV radiation
Artisanal fishing
Demersal destructive fishing
Demersal non-destructive highbycatch fishing
Demersal non-destructive lowbycatch fishing
Pelagic high-bycatch fishing
Pelagic low-bycatch fishing
Shipping
Ocean-based pollution
Oil rigs
Invasive species
Inorganic pollution
Light pollution
Nutrient pollution
Organic pollution
Direct human impact

WPWP
CHI

POLLUTION AND ECOSYSTEM HEALTH

b) Western Pacific Warm Pool
Cumulative human
impact
Climate change
Fishing
Ocean industry
Land-based

3.55
1.13
0.01
1.49
0.68
0.00
0.01
0.03
0.04
0.00
0.05
0.04
0.08
0
0.00
0.00
0.00
0.00
0.00
0.00

235

LARGE MARINE ECOSYSTEMS: STATUS AND TRENDS

Chapter 7.8. Ocean Health Index for the world’s large marine ecosystems.
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7.8 Ocean Health Index for the world’s large marine ecosystems
SuMMary
One of the greatest challenges for resource management, including for LMEs, is to understand the condition of human
and natural systems within a region and make informed decisions about the best way to improve that condition.
Too often, monitoring, assessments, indicator choice, and decisions are made within a single sector or aimed at a
single objective, without adequate consideration of the broader implications of proposed actions. Ecosystem-based
management and marine spatial planning aim to overcome these management barriers, but there are relatively
few tools to inform and support these comprehensive management approaches. Without a tool to measure overall
ecosystem health and track progress towards improving it, one cannot effectively manage towards that objective.
Together, the five LME modules capture many of the indicators of a healthy ocean ecosystem, but incompletely and
without a transparent and quantitative means to combine the various measures. The Ocean Health Index (OHI) was
developed in part to address this need.

© Storm Surfers 3D=Red Bull Content Pool/flickr

Using a common framework, the OHI measures progress towards achievement of ten widely-agreed public goals
for healthy oceans, including food provision, carbon storage, coastal livelihoods and economies, and biodiversity.
Progress towards each goal is assessed against the optimal and sustainable level that can be achieved. Nearly
80 different global data sets spanning ecological, social, economic, and governance measures are used for the
assessments. The Index was calculated for each of 221 exclusive economic zones (EEZs), with the EEZ scores averaged
on the basis of overlap with each LME to get LME-specific scores. In cases where more than one LME is within the
EEZ of one nation, each of the LMEs received the same score. OHI assessments were completed in 2012, 2013, and
2014. Annual updates are planned.
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OHI scores for the 66 LMEs in 2014 ranged from 51 to 81 out of 100, with half of all LMEs scoring between 65 and 75.
The lowest-scoring LMEs were those along the equator, the highest were around Australia and in the sub-polar North
Atlantic. Comparing annual scores for 2012 to 2014, nearly three-quarters of all LMEs had scores in the latter two
years that remained unchanged or improved from the previous year, although several LMEs had significant declines
in Index scores over the three-year period. LMEs were divided into five risk categories based on their OHI scores.

Key Messages
1.

2.

3.

4.

Nearly all the LMEs that lie along the equator have low OHI scores and are thus in the ‘highest’ risk
category. This indicates that priority should be given to improving the health of the ocean in these
regions.
• LMEs in the ‘highest’ risk category: Agulhas Current; Gulf of California; South China Sea; SuluCelebes Sea; Pacific Central-American Coastal; Arabian Sea; Benguela Current; Bay of Bengal;
Caribbean Sea; Red Sea; Somali Coastal Current.
Tracking how scores for the ten goals contribute to the OHI score for each LME provides insights
into which goals drive overall ocean health and which parameters are in most need of improvement.
Examples:
• For nearly all LMEs, food provision could be improved by increasing the sustainable harvest of fish
and the sustainable production of seafood through mariculture. Achieving these outcomes would
have important benefits for food security and local economies.
• Overall ocean health tends to score lower where coastal habitats are degraded or destroyed.
Habitat restoration and protection offers a key way to improve ocean health. Coastal habitats play
a key role in protecting coastal communities, storing carbon to help mitigate climate change, and
supporting biodiversity.
The use of the OHI together with measures of cumulative human impacts provides added insights on
conditions in LMEs and can inform management of transboundary issues. Examples:
• High cumulative human impacts and low OHI scores (China and Southeast Asia) indicates heavy
human use leading to degraded ocean health; managing to reduce human impacts should improve
overall ocean health.
• High cumulative human impacts and high OHI scores (North and Norwegian Seas) indicates high
impact translating into sustainable delivery of ocean health benefits; managing to reduce human
impacts would improve ecological conditions but not necessarily overall ocean health.
Improving data-reporting standards for all UN member states would improve assessments of ocean
health and improve decision making based on those assessments. In addition, many aspects of ocean
health remain poorly monitored, hindering the tracking of ocean health across space and through time.

7.8.1 Introduction
People value ocean ecosystems for the food they provide, their beauty, the livelihoods they support, and the
existence and vast diversity of the species within them. Although the relative importance of each of these benefits
varies from person to person, the full set of benefits is nearly universal (MA 2003). The ocean enriches our lives in
many ways, but when ocean ecosystems are threatened, the sustainable delivery of these benefits begins to erode
(Palumbi et al. 2009; Worm et al. 2006).
LMEs represent the confluence of these values. Coastal regions are extremely productive, contain the vast majority
of marine species, house the coastal habitats that protect our shores and sequester carbon, and are where the
majority of people on the planet live, work, and play (Agardy et al. 2005). Therefore, to assess the condition, or
health, of LMEs fairly, one must measure the status of all benefits provided by coastal marine ecosystems. Measuring
any one benefit in isolation at best provides an incomplete picture of ocean health, and potentially produces a
misleading picture, given that improvements in one benefit may require trade-offs (and thus lower scores) for others
(Lester et al. 2013).
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Managing for ocean health is inherently a transboundary challenge. Many of the benefits we derive from ocean
ecosystems rely on processes that cross national boundaries. The cross-boundary benefits include provision of
seafood from fish stocks that straddle EEZ boundaries (Maguire et al. 2006), international tourism that extends
along coastal areas and supports coastal economies (Honey and Krantz 2007), and the existence of iconic ocean
species, such as whales, that migrate across boundaries. LMEs provide a valuable lens for viewing these benefits and
the associated issues and challenges. Looking through the LME lens helps to identify opportunities to enhance the
sustainable delivery of benefits to people, conserve and protect the underlying processes supporting the benefits,
and mitigate threats to these processes.
The Ocean Health Index tracks the current status and expected future condition of these human benefits (expressed as
goals and sub-goals) from ocean ecosystems. The Index assesses the cumulative stressors on ecosystem services and
tracks the resulting status of the sustainable delivery of services to people (Halpern et al. 2012). It also incorporates
measures of governance to quantify the potential resilience of the system (Halpern et al. 2012). The Index thus
directly captures stages 4 (ecosystem state), 5 (change in ecosystem service), and 6 (consequences for people) of
the LME assessment conceptual framework (Chapter 2, Figure 2.1), and indirectly captures stages 1a (governance)
and 3 (stress), thus spanning both the human and natural systems. A complete picture of LME conditions emerges
through the use of the Index in combination with cumulative human impact assessments (Chapter 7.7), which directly
measure the connection between stage 3 (stress) and stage 4 (ecosystem state) of the conceptual framework, plus
ecosystem service valuations, and more comprehensive governance assessments.

7.8.2 Findings, discussion, and conclusions
OHI scores for LMEs globally ranged from 51 to 81 out of 100, with half of all LMEs scoring between 65 and 75, and
an average score of 67.1 (Figure 7.29). Even for the highest-scoring LME (Greenland Sea), there is significant room
for improvement. Table 7.15 lists and defines the goals and sub-goals that make up the OHI, and Annex Table 7-B
provides the scores for each of these goals and sub-goals, as well as the OHI score, for each LME.

Figure 7.29 Ocean Health Index score by LME. 7KH2+,PHDVXUHVWKHVWDWXVDQGOLNHO\VWDWHRIWHQEHQHȨWVSURYLGHGE\RFHDQV
RQDVFDOHIURPWR6FRUHVOHVVWKDQLQGLFDWHSODFHVIRULPSURYHPHQWWRZDUGVVXVWDLQDEOHGHOLYHU\RIJRDOV/0(VLQWKH
$UFWLFDQGDURXQG$XVWUDOLDKDYHWKHKLJKHVWVFRUHV
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Table 7.15 Definitions of the goals and sub-goals of the Ocean Health Index
Goal
Food provision (FP)

Sub-goal
Mariculture (MAR)
Fisheries (FIS)

Definition
Production of sustainably cultured seafood
Harvest of sustainably caught wild seafood

Artisanal fishing opportunity (AO)

Opportunity to engage in artisanal-scale fishing for subsistence and/or recreation

Natural products (NP)

Sustainable harvest of natural products, such as shells, algae, and fish oil used for
reasons other than food provision

Coastal protection (CP)

Conservation status of natural habitats affording protection of the coast from
inundation and erosion

Carbon storage (CS)
Coastal livelihoods and
economies (LE)

Conservation status of natural habitats affording long-lasting carbon storage
Coastal livelihoods (LIV)

Jobs and wages from marine-related sectors

Coastal economies (ECO)

Revenues from marine-related sectors

Tourism and recreation (TR)
Sense of place (SP)

Opportunity to enjoy coastal areas for recreation and tourism
Lasting special places
(LSP)

Cultural, spiritual, or aesthetic connection to the environment afforded by coastal
and marine places of significance

Iconic species (ICO)

Cultural, spiritual, or aesthetic connection to the environment afforded by iconic
species

Clean waters (CW)
Biodiversity (BD)

Clean waters that are free from nutrient and chemical pollution, marine debris, and
pathogens
Species (SPP)

The existence value of biodiversity measured through the conservation status of
marine-associated species

Habitats (HAB)

The existence value of biodiversity measured through the conservation status of
habitats

LMEs were divided into five risk categories based on their OHI scores. LMEs were ranked by their scores and divided
into five equal groups, from lowest to highest risk, as described in the methodology section. The LMEs with the
lowest Index scores, those in the ‘highest’ risk category, are all located along the equator in Africa, Asia, and the
Caribbean (Figure 7.30), emphasizing the need to focus resources on these regions to mitigate further degradation
and pursue restoration of ocean health.

Figure 7.30 Ocean Health Index risk category by LME. /0(VLQ6RXWKHDVW$VLDWKH0LGGOH(DVW&HQWUDODQG6RXWKHUQ$IULFDWKH
&DULEEHDQDQG(DVWHUQ7URSLFDO3DFLȨFKDYHWKHKLJKHVWULVN

240

POLLUTION AND ECOSYSTEM HEALTH

Patterns for individual goals of the Index (Annex Table 7-B) differ from those seen for overall Index scores. Low scores
in food provision tend to correlate with low Index scores, but not always. Some LMEs with the lowest Index scores
have the highest food provision scores (for example, Sulu-Celebes Sea). Similar variability exists for natural products
and carbon storage goals: scores for these goals show relatively little correlation with overall Index scores. In contrast,
overall ocean health within LMEs more closely follows patterns of the goals for coastal protection, tourism and
recreation, sense of place, and clean waters. The ability to track if or how individual goals compare and contribute to
overall ocean health provides managers, stakeholders, and the general public a key resource for understanding and
managing overall ocean health. It offers insights into which goals may be currently driving overall ocean health and
which goals scores may be in most need of improvement.
Low goal scores highlight often common-sense but difficult-to-implement solutions for improving conditions. For
example, where food provision scores are low, increasing sustainable production of mariculture and improving
management of wild-caught stocks to make harvests more sustainable would significantly help to improve scores.
Both solutions face difficult political, economic, and social challenges in many places. Similarly, coastal protection,
carbon storage, and biodiversity depend strongly on the extent and condition of key habitats. Scores for these goals
are low where these habitats have been lost or heavily degraded in the past few decades. Halting this habitat loss
and, ideally, restoring significant amounts of habitat area would increase scores across multiple goals.
Most LMEs saw little to no change in overall ocean health between the two most recent assessment years (2013
and 2014), with larger (mostly positive) changes occurring since 2012. Only five LMEs had Index scores change in
either direction by more than 2 points between the two most recent years, and only seven LMEs changed by more
than 6 points since 2012 (Aleutian Islands, +8 points; East Bering Sea, +8 points; Gulf of Alaska, +7 points; Insular
Pacific-Hawaiian, +8 points; Northeast US Continental Shelf, + 8 points; Southeast US Continental Shelf, +7 points;
and Beaufort Sea, +6 points). Changes in LME scores were strongly driven by changes in the state of the water
(improvements in scores for the clean water goal), which, in turn, were driven to a large extent by annual shifts in
the amount of marine debris collected along coastlines worldwide. Thirty LMEs had Index scores decrease in the last
year, but only 22 LMEs had scores decrease since 2012.
OHI assessments are comprehensive, but their accuracy depends on the quality of the data used. Data reported to
the Food and Agriculture Organization (FAO) by UN member nations (for example on fisheries and natural products)
are known to underreport the use of resources and are probably biased, but in ways that are currently unknown (FAO
2014). These data are also commonly revised in subsequent years, so it takes a few years before a given year can be
considered ‘final’. Other data sources may vary in quality each year. For example, the marine debris data represent
trash collected by volunteers and are influenced by annual differences in effort (OC 2014). Fluctuation in this single
data layer has a large effect on the scores for the clean water goal, and ultimately on the overall Index (see discussion
above). Finally, some data layers have gaps for certain regions. Gap-filling procedures were used to estimate these
missing values (Halpern et al. 2015), introducing additional uncertainty.
Caution should be used in drawing strong conclusions or making policy decisions based on differences between risk
categories because these categories are simply based on the range of scores divided into groups containing equal
numbers of LMEs (quantiles), and, further, because most LMEs had similar scores. This is a particularly important
consideration for LMEs in the mid-range of risk categories (‘low’, ‘medium’, and ‘high’). Differences in scores between
LMEs in the ‘lowest’ and ‘highest’ risk categories are significant and meaningful. Furthermore, because only two
years have been assessed since the 2012 analysis, and only a few regions showed year-to-year changes greater than
a few points, it is too early to draw conclusions about trends in ocean health in specific LMEs.
Despite these caveats, results from this assessment offer valuable guidance to managers and policy-makers.
First, nearly all aspects of ocean health have room for improvement in all LMEs, but the aspects most in need of
improvement across all LMEs would not necessarily be a priority for improving overall ocean health in regions with
the lower Index scores. Strategies for improving overall ocean health in LMEs will differ, as they depend on which
aspects of ocean health are faring the worst and on the costs and perceived benefits of improving different ocean
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health aspects, based on the importance people place on each goal. Second, many of the ways that people interact
with and benefit from coastal marine ecosystems are at a scale much smaller than the LME, and most actions taken
to improve ocean health also happen at these smaller spatial scales (Ruckelshaus et al. 2008). Thus, future OHI
assessments should be done at the sub-LME scale so that actions at that scale can be as informed and targeted as
possible, and so that actions taken at the scale of the whole LME account for potential differences in management
actions at smaller scales. Third, and related, the benefits derived from the ocean, and the stressors on these benefits,
act at different scales within the LME. Management actions aimed at improving ocean health are most likely to be
successful if matched to the scale of the benefit or stressor. For example, many fish stocks span entire LMEs and thus
could benefit from LME-scale fisheries management, whereas coastal habitats are patchy and local-scale and thus
probably need local or country-level management action to protect and restore habitats. Finally, as noted above,
many data gaps remain for many of the LMEs. The comprehensive assessment provided by the OHI offers an efficient
way to identify key data gaps by region, thus identifying which regions could benefit from better data collection and
reporting to international agencies (for example, FAO).
Differences between results for the OHI and those reported for cumulative human impacts offer important insights
into how these two indicators differ and how management can use them in concert to more effectively manage
transboundary issues within LMEs. Some LMEs have both high cumulative human impact (poor condition) and low
OHI scores, including the LMEs around China and Southeast Asia, indicating that these are regions where heavy
human use is leading to widespread degradation of ocean health. These are cases where management aimed at
reducing or mitigating cumulative human impact should lead to improvements in ocean health. Other LMEs have high
cumulative human impact scores but also high OHI scores, for example in the North and Norwegian seas, suggesting
that, in these cases, the high impact is translating into high (and more sustainable) achievement of goals and delivery
of benefits. Mitigating cumulative human impacts in these regions will certainly improve ecological conditions (which
should help achieve biodiversity and clean waters goals) but may not lead to widespread improvement of ocean
health, depending on which actions are taken and which ocean health goals are furthest from being met.
The OHI provides a common framework that can be applied in any context at any scale (Selig et al. 2015; Elfes et
al. 2014; Halpern et al. 2014). Because the Index was also used to assess open ocean (high seas) regions within the
Transboundary Water Assessment Programme, results can be directly compared between open ocean regions and
LMEs. In future, if a similar Index is developed for terrestrial or freshwater systems, comparisons could be made
across all ecosystem types.

7.8.3 Methodology and analysis
The OHI measures, on a scale from 0 to 100, the sustainable achievement, now and in the future, of 10 different goals
for healthy oceans (Table 7.15). The current status of each aspect is assessed against a reference point (Halpern et
al. 2012; Samhouri et al. 2012) which defines the maximum or optimal sustainable value of the goal, and the overall
goal score is determined by combining the current status, recent trend, existing negative cumulative impacts on the
goal score, and governance and resilience measures in place (Halpern et al. 2012). Reference points for each goal
are based on what is possible and sustainable in each country. For example, coastal livelihoods are scaled to the
number of people living and working in a country (Samhouri et al. 2012). Each goal score is weighted equally when
combined to create the single per-region Index score. Although people from different regions (and within regions)
probably value different components of ocean health unequally and differently, it was assumed that all goals are of
equal importance because no information currently exists on how these values differ regionally. Extensive details on
how each parameter is measured and which data are used to calculate the goal scores are provided elsewhere (OHI
2015; Halpern et al. 2012 and 2015).
The Index was first calculated for 221 EEZs (Halpern et al. 2015). The proportion of overlap of EEZs in each LME was
used to calculate an area-weighted average of the EEZ scores to get an LME-specific score. LMEs, therefore, were not
directly assessed, but instead were indirectly assessed by combining assessments of their component EEZs. Some
countries have multiple LMEs within their EEZ boundaries (for example, US and Australia). In these cases, the LMEs
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are given the same scores as the EEZ, and are thus identical to each other. Without focused sub-national analyses,
differences between these LMEs cannot be determined – but it is highly unlikely they should have the same Index
score. Comparisons between these LMEs are therefore not feasible.
Because data and the best available science has improved since the initial assessment by Halpern et al. (2012),
previous scores were recalculated with new data and methods to allow direct comparison to most recent 2013 and
2014 scores. Year-to-year changes for overall Index and individual goal scores were then calculated simply as the
difference between years.
Potential thresholds of OHI scores, where ecosystem condition changes dramatically with small changes in index
scores, are currently not known. LMEs were therefore classified into risk categories based on quantiles of the range
of observed scores (the ‘highest’ risk category includes the 13 LMEs with the highest scores, the ‘high’ risk category
includes the next 13 highest scores, and so on). The ‘lowest’ risk category includes an extra LME, for a total of 66
LMEs. Table 7.16 provides the ranges of Index scores that define these risk categories. It is important to note that the
distribution of values is very narrow. The differences in scores among LMEs across all risk categories, but in particular
the ‘low’ through ‘high’ categories, are relatively small. Caution should be used if decisions are made solely on the
basis of risk category assessment.
Table 7.16 Summary of Ocean Health Index values per risk category for all LMEs
Risk category
Lowest

Range of values (OHI
score)

Number of LMEs

> 72.5

14

Low

> 68.5 and ≤ 72.5

13

Medium

> 65.25 and ≤ 68.5

13

> 62 and ≤ 65.25

13

≤ 62

13

High
Highest
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76.7

88.0

54.0

85.3

83.6

56.2

100.0

77.0

64.0

CW

85.9

82.1

86.4

81.6

85.7

88.5

83.6

84.6

79.0

90.2

90.1

83.7

84.8

78.3

89.1

79.8

87.7

94.1

80.6

88.4

85.7

80.2

SPP

99.9

88.4

94.4

92.5

74.8

95.8

82.3

75.3

85.9

93.1

93.5

78.0

94.2

86.2

87.8

88.5

96.8

93.8

86.6

99.7

73.7

89.1

HAB

92.9

85.2

90.4

87.0

80.2

92.2

83.0

79.9

82.5

91.7

91.8

80.9

89.5

82.3

88.5

84.2

92.3

93.9

83.6

93.6

79.7

84.6

↓
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Annex Table 7-B Full results of Ocean Health Index scores and component goal scores for each LME. Index scores are colour-coded by risk category. See Table 7.15 for
goal names and abbreviations. Arrows denote the goal index, which is calculated from the sub-goal indices.
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Index

64.6

80.8

51.2

69.4

61.1

64.8

64.9

70.1

63.2

68.3

66.9

61.8

68.9

66.5

65.8

66.5

64.9

70.1

77.6

75.8

63.2

74.8

75.8

Faroe Plateau

Greenland Sea

Guinea Current

Gulf of Alaska

Gulf of California

Gulf of Mexico

Gulf of Thailand

Hudson Bay Complex

Humboldt Current

Iberian Coastal

Iceland Shelf and Sea

Indonesian Sea

Insular Pacific-Hawaiian

Kara Sea

Kuroshio Current

Laptev Sea

Mediterranean

Newfoundland-Labrador Shelf

New Zealand Shelf

North Australian Shelf

North Brazil Shelf

North Sea

Northeast Australian Shelf

LME

11.0

37.1

2.9

11.0

100.0

90.5

16.2

4.0

25.2

4.0

11.3

7.4

90.9

15.8

73.2

90.5

64.7

15.2

20.0

40.2

0.0

97.9

98.8

57.6

67.5

39.7

57.5

48.9

60.0

61.9

31.4

29.2

31.4

53.2

84.4

60.5

56.6

74.6

59.9

48.0

50.5

50.4

55.6

62.9

66.8

66.1

46.0

63.9

34.6

45.9

61.3

64.6

51.5

31.3

28.5

31.3

51.5

76.2

61.1

53.2

78.7

64.6

62.4

48.0

47.1

56.3

62.9

67.8

73.9

↓

MAR

Sub-goal

FIS

Food provisioning (FP)

Goal

90.0

83.5

61.5

90.2

87.6

83.5

67.5

72.9

63.2

72.9

85.8

47.5

77.8

71.0

74.9

83.5

65.7

72.0

58.5

85.0

49.1

88.2

88.1

AO

56.3

58.8

15.3

56.1

76.0

52.9

49.9

4.9

40.8

4.9

44.1

85.5

38.1

35.5

17.4

52.9

68.8

48.3

52.6

47.3

40.9

40.3

7.8

NP

58.0

67.5

84.5

58.0

65.7

95.9

46.9

94.3

94.6

94.3

80.1

58.6

56.6

53.6

38.7

95.9

53.5

55.9

34.8

85.8

27.6

92.7

43.9

CP

91.0

71.9

89.5

91.1

81.5

55.0

76.0

100.0

95.3

100.0

67.0

50.2

–

54.4

38.6

55.0

59.7

66.7

63.8

62.6

47.8

–

55.8

CS

91.3

80.4

64.0

91.2

100.0

80.7

67.4

86.2

57.1

86.2

55.3

43.2

86.0

72.7

94.0

80.5

70.2

52.1

45.6

64.5

74.1

96.0

85.7

LIV

99.9

100.0

88.7

86.5

100.0

100.0

99.6

91.9

99.4

100.0

99.9

99.0

52.8

100.0

83.0

100.0

92.0

99.5

100.0

99.9

84.1

94.6

90.7

ECO

95.6

84.6

75.3

95.6

100.0

90.2

79.6

93.1

78.3

93.1

77.6

71.1

69.4

86.3

88.5

90.3

81.1

75.8

72.8

82.2

79.1

95.3

88.2

↓

Livelihoods and
economies (LE)

56.5

60.0

29.5

56.5

61.5

23.2

54.9

11.6

22.2

11.6

45.3

22.6

58.5

74.9

26.2

23.0

56.8

52.3

61.3

37.2

13.7

44.2

43.1

TR

99.6

98.8

90.9

72.9

62.6

54.8

73.0

62.2

78.9
100.0

72.0

53.5

72.4

58.9

72.4

62.7

55.3

65.4

56.7

63.2

72.0

50.1

58.0

53.8

66.1

57.3

73.7

64.3

ICO

33.0

66.5

93.3

93.6

93.3

100.0

85.9

73.4

100.0

94.6

33.0

76.3

99.6

100.0

75.5

42.0

99.2

15.0

LSP

86.3

80.7

72.9

86.5

70.5

52.5

60.0

82.9

76.2

82.9

81.3

70.6

69.4

78.4

78.9

52.5

63.2

78.8

76.9

70.8

49.6

86.4

39.7

↓

Sense of place (SP)

87.9

89.1

64.5

87.9

87.3

91.6

75.0

80.8

68.7

80.8

77.0

59.0

84.8

75.3

68.2

91.7

57.0

68.8

61.1

82.4

59.3

89.5

87.6

CW

86.4

86.5

80.6

86.4

84.2

90.2

81.3

85.9

84.4

85.9

85.7

78.8

85.3

81.9

80.6

90.3

79.8

83.8

81.8

87.4

77.6

89.6

82.7

SPP

94.4

87.5

92.8

94.5

85.1

92.8

93.0

99.9

96.3

99.9

73.7

74.0

74.5

85.4

82.5

92.7

81.8

78.2

82.3

80.7

66.3

88.1

95.0

HAB

90.4

87.0

86.7

90.5

84.6

91.5

87.2

92.9

90.3

92.9

79.7

76.4

79.9

83.6

81.6

91.5

80.8

81.0

82.1

84.0

72.0

88.9

88.8

↓
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69.1

67.6

75.8

74.3

66.5

59.1

62.3

55.4

70.1

65.1

66.5

55.1

65.5

60.4

75.8

75.8

68.5

60.1

66.6

75.8

63.9

N. Bering-Chukchi Seas

Northwest Australian Shelf

Norwegian Sea

Oyashio Current

Pacific Central-Amer. Coastal

Patagonian Shelf

Red Sea

Scotian Shelf

Sea of Japan

Sea of Okhotsk

Somali Coastal Current

South Brazil Shelf

South China Sea

Southwest Australian Shelf

Southeast Australian Shelf

Southeast US Continental Shelf

Sulu-Celebes Sea

West Bering Sea

West Central Australian Shelf

Yellow Sea

Index

Northeast U.S. Cont. Shelf

LME

83.6

11.0

4.5

13.0

9.6

11.0

11.0

36.2

4.1

0.1

4.5

21.2

90.5

16.1

0.0

20.1

7.7

96.9

11.0

7.2

24.7

27.3

57.5

32.9

86.3

57.5

57.5

57.5

50.9

64.5

70.2

31.3

29.4

60.0

67.1

43.1

53.8

30.9

66.3

57.5

41.0

54.3

63.0

45.8

32.7

75.1

56.1

45.8

45.8

57.2

55.0

69.9

31.2

32.7

64.6

60.8

43.1

50.8

30.8

72.8

45.8

40.3

53.7

↓

MAR

Sub-goal

FIS

Food provisioning (FP)

Goal

78.1

90.2

73.8

56.0

83.7

90.2

90.2

59.7

62.5

51.4

72.7

67.4

83.5

62.6

74.2

59.2

71.2

88.5

90.2

78.6

85.4

AO

82.1

56.1

7.6

87.4

41.2

56.1

56.1

78.7

13.4

44.2

5.7

31.6

52.9

20.4

50.4

41.6

11.1

37.1

56.1

22.3

45.6

NP

49.8

58.0

93.3

56.3

73.3

58.0

58.0

58.4

85.9

46.3

94.4

95.8

95.9

43.6

–

45.1

94.8

76.8

58.0

88.0

82.7

CP

54.2

91.1

97.7

58.5

67.2

91.1

91.1

57.4

93.7

57.0

99.9

97.5

55.0

81.6

–

54.2

99.3

55.8

91.1

85.3

65.0

CS

92.1

91.2

84.1

44.9

57.5

91.2

91.2

64.8

60.2

95.9

85.6

73.1

80.6

73.2

79.3

60.6

81.1

85.6

91.2

72.5

59.6

LIV

92.1

97.0

100.0

100.0

64.8

99.4

100.0

100.0

83.9

100.0

97.2

100.0

94.9

99.9

82.6

83.2

99.7

100.0

81.4

100.0

100.0

ECO

94.5

95.6

92.0

54.9

78.5

95.6

95.6

74.4

80.1

96.6

92.8

84.0

90.2

77.9

81.2

80.2

90.5

83.5

95.6

86.2

79.7

↓

Livelihoods and
economies (LE)

31.9

56.5

14.0

26.8

53.7

56.5

56.5

31.0

30.2

9.4

11.9

17.4

23.1

17.4

32.4

44.3

13.5

50.8

56.5

26.6

41.6

TR

42.3

60.1

73.0

71.7

93.8
100.0

53.9

62.0

73.0

73.0

53.7

55.2

55.0

72.1

65.8

72.0

49.4

64.6

54.8

70.1

66.8

73.0

68.1

64.3

ICO

60.9

85.4

100.0

100.0

61.5

99.5

40.1

93.4

83.4

33.0

29.8

59.1

95.4

94.0

89.4

100.0

96.3

88.7

LSP

51.2

86.5

82.8

57.4

73.7

86.5

86.5

57.6

77.4

47.5

82.7

74.6

52.5

39.6

61.9

75.1

82.0

78.1

86.5

82.2

76.5

↓
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40.3

87.9

80.5

52.0

77.6

87.9

87.9

50.3

70.3

54.9

80.5

69.6

91.7

63.5

65.8

61.4

78.9

90.1

87.9

79.1

79.5

CW

79.8

86.4

85.9

78.8

86.1

86.4

86.4

79.7

81.5

77.6

85.9

83.4

90.2

79.3

76.5

82.5

85.7

88.7

86.4

85.8

86.5

SPP

84.4

94.5

98.1

75.2

74.2

94.5

94.5

79.4

92.5

69.5

99.8

97.9

92.8

94.2

97.2

76.6

99.3

86.3

94.5

88.3

76.9

HAB

82.1

90.5

92.0

77.0

80.1

90.5

90.5

79.6

87.0

73.6

92.8

90.6

91.5

86.7

86.8

79.5

92.5

87.5

90.5

87.0

81.7

↓
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