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Once dom inant features in m any tem pera te  estuaries 
around the world, native oyster reefs are critically im portant 
eco log ica lly  and econom ica lly . C enturies o f in tensive 
fisheries extraction exacerbated by more recent coastal 
degradation have put oyster reefs near or past the point 
of functional extinction globally, but sensible solutions that 
could ensure conservation of rem aining reefs and even 
reverse losses to restore ecosystem services are available. 
These solutions involve w ider application of area-based 
conservation approaches, im provem ents in fisheries 
management, enhanced restoration for m ultiple ecosystem 
services (e.g., water filtration, nutrient removal, shoreline 
protection and fish habitat provision), and partnerships to 
improve water quality.

This is the first global assessment of the distribution and 
condition of bivalve shellfish reefs tha t occur in temperate 
and sub trop ica l estuaries. The assessm ent is focused 
prim arily on biogenic reefs formed by oysters w ith in  their 
native ranges, but also includes observations about mussels 
tha t form  beds and provide other ecosystem services. We 
compiled quantitative and qualitative data about these reef- 
form ing species from  published literature as well as expert 
surveys and direct observations and derived condition 
estim a tes fo r oyste r reefs in 144 estuaries and 4 0  
ecoregions around the world. Based on these data, we 
conclude that oyste r reefs are one of, and likely the most, 
imperiled marine habitat on earth: oyster reefs are in poor 
condition, defined as having declined >90%  from  historic 
levels, in 70%  of bays and 63%  of marine ecoregions. Even 
more troubling, oyster reefs are functionally extinct (>99%  
loss of reefs) in 37% of estuaries and 28%  of ecoregions. 
G lobally, we estim a te  th a t 85%  of oyster reefs have

been lost—even greater than the losses reported fo r other 
im portant habitats including coral reefs, mangroves, and 
seagrasses. Although oyster reefs are beginning to receive 
som e conservation a tten tion , they  rem ain an obscure 
ecosystem component and still are vanishing at sometimes 
alarm ing rates.

M any threats that have contributed to the profound loss of 
reefs around the w orld  continue largely unabated today. 
Destructive fishing practices that directly alter the physical 
structure of reefs have been implicated in rapid declines in 
both fisheries p roductiv ity  and overall reef condition in 
many estuaries. Fishing practices involving translocation 
and introduction of non-native shellfish w ith in  and between 
bays has increased the incidence and severity of disease 
and parasite outbreaks that have all but elim inated fisheries 
in m any coastal areas. Coastal deve lopm ent ac tiv ities  
inc lud ing  fill in g  (" la n d -re c la m a tio n ") and dredg ing of 
shipping channels have also taken a toll on reefs. Likewise, 
activities occurring upstream continue to cause problems 
as human popu la tions increase in coastal watersheds. 
A ltered river flows, construction of dams, poorly managed 
agricu lture, and urban developm ent can all im pact the 
qua lity  and quan tity  of w a te r and sedim ents tha t affect 
w hether shellfish reefs persist or perish.

There are m any th ings th a t can and should be done to  
address this glaring gap in marine conservation. W e identify 
a series of cost-e ffective strategies tha t can help tu rn  the 
tide. No one strategy w ill be right for each area or threat and 
it is assumed that m ultip le strategies w ill be needed in most 
places. The strategies are grouped into five themes:
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• Improve Protection fo r reefs of native shellfish;

• Restore and Recover Reefs back to functioning 
ecosystems that provide m ultip le services to  humans;

• Manage Fisheries Sustainably for ecosystems and 
livelihoods;

• Stop the Intentional Introduction and Spread of Non­
native Shellfish; and

• Improve W ater Quality.

First, native, w ild oyster reefs need to be recognized 
exp lic itly  as a p rio r ity  fo r hab ita t m anagem ent and 
conservation and in the development of protected area 
policies. They are an imperiled habitat w ith little  protection 
in place. Because they are typically found nearshore and are 
relatively static features in the coastal zone, shellfish reefs 
are conducive to  being managed through area-based 
approaches such as marine protected areas (M PAs) and 
com m unity concessions.

Second, reef recovery and restoration is needed on a scale 
com m ensurate w ith  losses. Existing funds can be used 
better and new funding streams are possible fo r rebuilding 
reefs and the ir services.

Third, shellfish reefs must be managed w ith  more than just 
fisheries landings in mind. O ther ecosystem services such

M o n ito r in g  restored oyster reefs in  N o r th  C arolina. 
© Rob Brum baugh/TNC

as water filtration, nutrient removal, shoreline protection, 
and provis ion  of fish ha b ita t should receive the  same 
cons idera tion  (o r greater, depend ing on lo ca tio n ) as 
fisheries in management objectives. Greater use should 
be made of these tools and approaches.

Fourth, further introductions of non-native oyster species 
to  new areas should not be allow ed. The cum u la tive  
impacts of the globalization of a few  oyster species (and 
the ir hitchhikers) have been great, and few  regions remain 
that are still free of introduced oysters.

Fifth, addressing threats originating w ith in  watersheds such 
as nutrien t pollution, erosion, excessive sedim ent supply, 
and altered freshwater flows, w ill increase the effectiveness 
o f conserva tion  and m anagem ent. Enhancing native 
populations w ill help restore natural biofiltration capacity 
in estuaries and bays.

The condition of oyster reef habita t is generally poor and 
the  challenge in rev ita liz ing  native oyster reefs is great. 
Nevertheless we suggest many reasonable actions that w ill 
w o rk  on local to  regional to  global scales. Fundamental to 
ensuring success of these actions, oyster reefs and other 
shellfish-dominated habitats need to be managed as critical 
components of coastal ecosystems and the com m itm ent 
m ust be bu ilt to  restore th e ir v ita l functions in coastal 
marine systems around the globe.

Oyster restoration site in  N o rth  Carolina. © Aaron M cC all/TN C
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KEY RECOMMENDATIONS
FOR REEF CONSERVATION A N D  RESTORATION

Ecological Significance
• Shellfish are ecosystem engineers tha t create 

conditions tha t a llow  many o ther plant and animal 
species in estuaries and coastal bays to  thrive 
world-w ide.

• Shellfish provide many ecosystem services, which 
need to  be more fu lly  integrated in to policies and 
management frameworks.

• Oyster reefs are in many regards the temperate 
equivalents of tropical coral reefs. Both reef 
types possess a surface veneer of liv ing animals 
overlaying consolidated calcareous fram eworks 
of dead shells tha t can be meters thick.

Condition of Oyster Reefs
• Oyster reefs in most ecoregions where they 

historically occurred are in poor condition and at 
risk of extirpation as functional ecosystems.

1) In most individual bays and ecoregions there 
has been a > 9 0 %  loss in oyster reef habitat. In 
some bays, losses are >99% .

2 ) Globally, 85 %  of oyster reefs have been lost,
m aking oyster reefs one of the m ost severely 
im pacted marine ecosystem on the planet.

• There are a few bays and regions where reefs 
are in fair condition. These bays present a real 
o p p o rtu n ity  fo r conservation action. New 
approaches are needed to  ensure tha t the same 
w e ll-trodden and ineffective m anagement path 
taken in more than 100 other bays is not followed.

Improve Protection
• Protect the Last, Best Reefs. O ur w ork highlights 

th a t the re  are a few  key areas rem ain ing fo r 
conservation.

• Develop MPAs for Oyster Reefs. O yster reefs and 
o ther she llfish hab ita ts  are rare ly iden tified  as a 
management or conservation feature w ith in  MPAs; 
they should be and they can work.

• Recognize Reefs as Habitats in Protected Area 
Policies. Shellfish reefs need to  be recognized as 
hab ita ts in representative pro tected area polic ies 
such as those arising nationally from  com m itm ents 
to  the Convention on Biological Diversity.

• Recognize Oyster Reefs as Critical W etlands 
under the Ramsar Convention. Oyster reefs should 
be specifica lly identified fo r protection under this 
convention and further, should be regarded w ith  
o ther s im ilar w etlands (e.g., seagrasses, coral reefs, 
mangroves, and kelp forests) as an "under­
represented wetland type."

• Expand Listings for Oysters as Imperiled Species 
and Threatened Habitats. For som e places and 
species, at-risk listings fo r oysters are needed and 
a num ber of countries have done so (e.g., UK, 
Netherlands, Ukraine, and Canada).

• Develop Shellfish and Temperate Reef 
Commitments in Global Organizations.
In ternationa l agencies and environm enta l 
organizations, many of which are based in the 
U.S. and EU, should bo ls te r these e ffo rts  by 
encouraging com m itm ents  on tem perate  reefs; 
these could be part of an overall focus on 
tem perate  and trop ica l reefs.

Restore and Recover Reefs and Their Services
• Set Restoration and Recovery Goals. Regional 

and national goals need to  be set fo r restoration 
and recovery. The condition estimates provided in 
th is report can help.

• Use Existing Restoration Funds Better. Some of 
the tens of m illions of dollars spent annually to 
recover fisheries should be invested in rebuilding 
the natural capital of reefs to  provide fo r m ultip le  
benefits including fisheries where the interest, not 
the principal of our investm ents is harvested.

• Support Public-Private Partnerships to Restore 
Natives. The aquacu ltu re  industry , pub lic  
agencies and environm ental NGOs are natural 
partners fo r p rom oting the restoration of native 
oysters and th e ir services, w h ich  could be 
pro fitable fo r businesses and reduce costs for 
res tora tion  program s.

• Develop New Funding Mechanisms Around 
Ecosystem Services: Nitrogen. Nitrogen po llu tion 
has grow n exp onen tia lly  in recent decades and 
nitrogen markets are being developed. The ab ility  of 
shellfish to  sequester nitrogen in the ir tissues is one 
d irect route fo r nitrogen reduction, and approaches 
are being developed to market them  for this function.
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• Develop New Funding Mechanisms Around 
Ecosystem Services: Shoreline Protection.
O yster reefs can play a key role in helping to 
defend shorelines and reduce erosion, and there 
are a grow ing num ber of tests and applications 
of th is approach.

• Reduce Perverse Incentives that Make 
Restoration M ore Difficult. One of the few
potentia l "p ro tections" fo r shellfish occurs in 
areas where human harvest is prohib ited because 
of poor w a te r quality. Unfortunately, restoration 
in such areas is som etim es not allowed because 
shellfish in these locations are regarded as an 
"a ttrac tive  nuisance"; be tte r po licy approaches 
could be developed.

Manage Fisheries Sustainably
• Develop and Adhere to Fishery Rebuilding Plans 

for Oyster Reefs. The developm ent of rebuilding 
plans fo r fisheries is increasingly com m on, but not 
fo r oysters.

• Stop Fishing in Areas w ith Less than 1% of 
Shellfish Remaining. It is still surpris ingly com m on 
fo r harvest to  be allowed when only ~  1% of stocks 
remain.

• Ensure Sustainable Fisheries in the Gulf of Mexico.
The oyster fisheries of the Gulf of M exico need to 
be managed fo r w hat they represent: likely the last 
oppo rtun ity  in the w orld to  achieve both large-scale 
reef conservation and sustainable fisheries.

• Learn from Successes. In the few  areas w ith  
shellfish reefs in good condition, we need to  learn 
from  and expand effective conservation and 
management approaches.

• Use Private Fishing Rights M ore Effectively and 
Promote Greater Stewardship. The extensive use 
of private rights approaches fo r shellfish (e.g., 
concessions of submerged lands) should provide 
a basis fo r more effective management.

• M ap Reefs to Assess M anagem ent Effectiveness.
To better manage fo r sustainable fisheries and reef 
rebuilding, the d is tribu tion  of rem aining reefs must 
be mapped.

Stop the Intentional Introduction 
and Spread of Non-native Shellfish
• Follow ICES Protocols. A t a m in im um  all 

International Council fo r the Exploration of 
the Sea (ICES) codes of practice fo r marine 
in troductions and transfers should be followed 
in aquaculture.

• Stop Intentional Introductions. Given the 
w idespread im pacts from  the spread and 
globalization of just a few  oyster species, we 
cannot recom m end any fu rthe r in troductions.

• Support Hatcheries and Business that Grow and 
Use Native Shellfish Seed w ith  incentives or other 
market forces.

• Support Aquaculture that Relieves Pressure on 
Reefs and W ild Stocks. W hen done well and 
com bined w ith  o th e r fishe ry  regulations, 
aquaculture can reduce pressure on harvest
of w ild  reefs.

Improve Water Quality
• Use Shellfish as Bioindicators. Because of the ir 

close ties to  many estuarine processes and the ir 
ab ility  to  bioaccum ulate, oysters can be used as 
b io ind ica to rs  fo r  w a te r qu a lity  and overall 
ach ievem ent of estuarine conservation and 
restoration targets.

• Enhance or Establish Shellfish Partnerships Across 
Sectors. There is much com m on ground between 
the aquaculture industry, environm ental NGOs, and 
managers in helping to  conserve and restore the 
coastal w a te r quality tha t is v ita l to  cultured and 
w ild  shellfish.

• Support Sustainable Aquaculture. Shellfish 
aquaculture can be done more sustainably than 
m ost other fisheries or aquaculture, and these 
businesses rely on clean coastal waters and are 
key stakeholders fo r preserving and im proving 
w ate r quality.

"...the most dazzling error does not become 
transformed in to  tru th , no matter how long 

and firm ly  one may believe in  it." Kart Möbius, (is83)
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O yster reefs and beds (he rea fte r ju s t reefs) were once a dom inant s truc tura l and ecological 
com ponent of estuaries around the globe, fue ling coastal economies fo r centuries. Oysters are 
ecosystem  engineers; o ften one or a few  species produce the underly ing s truc tu re  fo r en tire  
ecosystems (Lenihan and Peterson 1998). Oyster reefs provide many services including fisheries; 
food and habita t fo r fish, crabs, and birds; w a te r filtra tion ; and shoreline stab ilization and coastal 
defense; they have supported c iv iliza tions fo r m illennia from  Romans to  ra ilroad workers in 
California (Mackenzie 1997 a,b,c). In 1864 alone, 70 0  m illion European flat oysters (Ostrea edulis) 
were consumed in London, employing up to  120,000 men in Britain to dredge oysters (MacKenzie 
et al. 1997c). Shell piles in the southwest of France contain over 1 trillion shells apiece (Goulletquer 
and Heral 1997), underscoring both the productivity of the species and the scale of harvest. In the 
1870s, intertidal reefs of the eastern oyster (Crassostrea virginica) extended for miles along the main 
axis of the James River in Chesapeake Bay but had largely disappeared by the 1940s (W oods et al. 
2005 ). Roads in many coastal areas, including around Matagorda Bay, Texas, were paved w ith  
oyster shells (Doran 1965).

For millennia, people on every inhabited continent have exploited shellfish for food, ornamentation, 
currency, and as a m ineral resource. The beds, banks, and reefs form ed by the accum ulation of 
countless generations of these bivalve molluscs settling upon one another have largely been taken 
for granted. Only very recently has there been recognition of the vital ecological roles they play in 
coastal bays and estuaries around the world.
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Clockwise trom  top: Oyster reefs can take many forms, from  in tertida l bars and beds to extensive subtidal reefs. © St. Johns River Water 
Management D istrict, © Rob Brumbaugh/TNC, Restoration site in  N o rth  Carolina. © Aaron McCaU/TNC

This report documents a global analysis designed to help 
illum inate the distribution and condition of oyster reefs, 
which have been among the most im portant and valuable 
resources to humans and among the most poorly 
understood as a habitat.

Numerous recent papers document the condition of and 
threats to marine ecosystems globally (Spalding et al. 1997, 
Bryant et al. 1998, Burke et al. 2001, Green and Short 2003, 
EPA 2005, O rth et al. 2006 , Halpern et al. 20 08 ), but most 
of these estimates of the condition of marine ecosystems 
are ind irect and based on the d is tr ibu tion  of assumed 
threats (e.g., trawling, sedimentation, pollution). Shellfish 
declines have been considered in part by others (K irby 
2 0 0 4 , Ruesink et al. 2005 , Lotze et al. 2 0 0 6 ); however, 
they did not directly estimate ecosystem condition except 
in a few places.

Despite the ir importance, oyster reefs and shellfish beds 
have not been well-m anaged and the ir p light has been 
la rge ly overlooked by the  conserva tion  com m un ity . 
Scientists began to  appreciate the role of oyster reefs as a 
fo rm  of structured habitat in the late 1800s, when Karl

M öb ius (1883) coined the te rm  biocönose to  describe 
w hat he called the "social com m unity" of European oyster 
reefs, supporting both oysters and m yriad other species. 
As of the early 21st century, a robust literature exists that 
v ivid ly describes the functional roles tha t shellfish reefs play 
in estuaries, ranging from  providing habitat for other species 
to  serving as natural buffers tha t stabilize shorelines to 
im prov ing  coastal w a te r qua lity  th rough  rem oval of 
suspended material.

The shallow bays and coastal waters in which oysters and 
other habitat-form ing shellfish have existed for millennia are 
the same coastal places that people find most desirable for 
com m erce and settlem ent. Because of the ir p roxim ity  to 
human populations, shellfish beds are a readily exploitable 
resource, leading to overfishing in many places, and puts 
them  at risk of o ther human im pacts such as changes in 
water quality and water flow  and habitat loss from  dredging 
and coastal developm ent. That said, th is p rox im ity  also 
provides an o p p o rtu n ity  to  use restora tion  of she llfish 
fisheries and habitats as an entree into more enlightened 
and pro-active watershed management.
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Jekyll Island, Georgia. Oyster reef restoration. © Erika Nortem ann/TN C

Bivalve shellfish provide a variety of ecologically and econom ically valuable services including filte ring  suspended particles from  the 
water column, providing nursery habitat for fish, and stabilizing and protecting shorelines w ith  intertidal reefs. As "ecosystem engineers" 
shellfish influence the environment around them in ways tha t benefit other species (Jones et al. 1994), and in doing so benefit people 
and our economy.

The ecological influence of shellfish is profound, in some instances providing the conditions that allow some species to  persist or thrive at 
all. For example, shellfish remove suspended solids from surrounding waters, thereby increasing water clarity (reviewed by Newell 2004), 
enabling seagrass growth. This same filtration service can reduce the likelihood of harmful algal blooms (Cerrato et al. 2004, Newell and Koch 
2 0 0 4 ) that take an enormous economic toll on coastal communities. Shellfish can also help to remove excess nutrients from coastal bays 
through denitrification in surrounding sediments, which has tremendous economic value in areas where nutrient removal is a high priority for 
coastal policy makers (Newell et al. 2005).

Shellfish also serve as natural coastal buffers, absorbing wave energy directed at shorelines and reducing erosion from boat wakes, sea level 
rise, and storms (M eyer 1997, Piazza et al. 2005). In addition, shellfish reefs play an im portant role as habitat for other species; the fish 
produced on oyster reefs have significant value to coastal economies (Grabowski and Peterson 2007). Moreover, reef functions such as fish 
habitat and water filtration can enhance tourism and recreation by improving adjacent water quality, resulting in more desirable areas for 
tourists to visit (Freeman 1995, Upton 2004).

Recognition of the "engineering" services provided by other ecosystems such as coral reefs and mangroves has resulted in greater protection 
for those ecosystems and management w ith multiple ecosystem services in mind (G ilbert and Janssen 1998, Day 2002). Oyster reefs should 
also be managed in ways that consider the value of these systems to surrounding coastal areas. Although there is increasing recognition that 
shellfish provide m u ltip le ecosystem services, management for objectives beyond harvest has not yet become widespread. A  sh ift in 
perception is needed to  effectively manage shellfish for the ir complete suite of services. Just as important, perhaps, is the need to develop 
markets in which the services can be traded. Given the public and private funds being invested in reducing nitrogen pollution from land-based 
sources, nutrient trading markets likely have real potential for enhancing shellfish reef restoration and conservation and improving the health 
of coastal ecosystems.
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This assessm ent focuses on native, w ild  she llfish tha t fo rm  s tructu red  hab ita ts  iden tified  as 
reefs, beds, and aggregations. These categories are based on the degree to  which the structured 
habitat is provided by the shellfish (m od ified  from  ASMFC 20 07 ). Hereafter we w ill refer to  all 
of these as "reefs."

• Reefs are form ed by ep ibenth ic shellfish tha t provide the dom inant structura l com ponent of 
the  benthos, and w hose accum ula ted mass provides s ig n ifica n t ve rtica l re lie f (>  0 .5 m ). 
Examples include the Eastern oyster ( Crassostrea virginica), Pacific oyster (Crassostrea gigas), 
and num erous related species of Crassostrea. Blue mussels (M ytilus  spp.) can also fo rm  
impressive reef-like structures in parts of the ir range.

• Beds are form ed by epibenthic shellfish tha t provide the m ajor structural habitat com ponent of 
the benthos, and occur at high densities form ing macro-relief (< 0.5m ) on otherwise unstructured 
bottom . Examples include the O lym pia oyster ( Ostrea conchaphila), ribbed mussel ( Geukensia 
demissa), horse mussel (Modiolus modiolus), green mussel (Perna viridis), European fla t oyster 
(Ostrea edulis), and the Chilean oyster (Tiostrea chilensis).

• Aggregations can be formed by epibenthic shellfish as a secondary structure on top of other 
underlying hard substrate or physical features (e.g., rocky intertidal areas, mangrove roots and 
rhizomes). Examples include pen shells (Pinna spp., Atrina spp.), giant clams (Tridacna gigas), 
m angrove oyste r (Crassostrea rhizophorae, C. brasiliana, and C. gasar), Sydney rock oyster 
(Saccostrea commercialis), crested oyster (Ostreola equestris), and the slipper cupped oyster 
(Crassostrea iredalei).
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Bivalve shellfish can help to  structure benthic communities 
in other ways, even when they do not provide the dominant 
physical structure. Shells, even at low densities, can provide 
nursery and nesting sites for fish and attachm ent points for 
macroalgae and a variety of invertebrates (e.g., bay scallop, 
Argopecten irradians). Burrowing shellfish can also cycle 
nutrients w ith in  the sediments, enabling conditions tha t are 
im portan t fo r many o ther species tha t reside w ith in  and 
above sedim ents. Burrow ing bivalves tha t play critica l 
roles in ecosystem s include the  hard clam  (Mercenaria 
mercenaria), Carolina marsh clam ( Polymesoda caroliniana), 
Estuarine wedge clam (Rangia cuneata), and softshell clam 
(M ya arenaria) among many others.

Focusing the Assessment on Oyster Reefs
Because reef structures are usually comprised of only one, or, 
less commonly, a few species, the condition of oyster reefs 
can be d irec tly  assessed. Some records of the abundance 
and catch of these species span centuries and m illennia 
(Rippon 2 0 0 0 ). In th is  study, ecosystem  condition was 
established based on the percent of shellfish reefs remaining 
compared to  baselines measured from  2 0 -1 3 0  years ago.

W e considered the  con d ition  of oyste r reefs at tw o  
diffe rent scales: "bays" and ecoregions, based on ecoregion 
boundaries developed by Spalding et al. (20 07 ). The term  
"bay" refers to  estuaries, embayments, coastal counties, and 
portions of coastlines (e.g., M obile Bay, Wadden Sea, Venice 
Lagoon) tha t are discrete, semi-enclosed water bodies. In 
m ost previous stud ies and published lite ra ture , "bay" 
was the term  used most consistently to describe these 
ecological units. The condition of oyster reefs in bays and 
ecoregions was based on estimates of abundance taken 
from  the primary and "gray" literature. The categories of

© Barry T ru itt/T N C

condition are based on the percent of current to historical 
abundance of oyster reefs remaining: < 50%  lost (good); 
5 0 -8 9  % lost (fa ir); 9 0 -9 9 %  lost (poor); > 99 %  lost 
(functionally extinct).

W here possible we gathered direct estimates of the 
d istribution of oysters and oyster reefs in the past and 
present either from  the same publication or from  m ultiple 
publications. Areal distribution data on reefs are extremely 
rare; although historical maps showing reefs are available 
fo r som e places, recent surveys of oyste r hab ita t 
d istribution are not common, despite the emergence 
of many new methods for collecting such data.

The lite rature reviews were bolstered by form al surveys 
of scientists and managers to  assess condition in bays; 
these surveys were adm in is te red  on -line , in person, 
and by phone. The survey results were used to  identify 
critica l existing literature and to  corroborate published 
data and anecdotal accounts. Survey results were not used 
w ithou t other supporting literature to assess condition.

Fishery statistics were the most commonly used information 
fo r id en tify ing  cond ition  of oyster reefs. M any prim ary 
references indicated tha t oyster reefs had been abundant 
and supported large fisheries, usually from  thousands of 
tonnes to  m illions of pounds or bushels of recorded catch, 
but are now grea tly  reduced and o ften collapsed entirely. 
There was often evidence tha t restrictions were placed on 
harvest or tha t the re  were concerns about incidence of 
disease, but harvest continued until oysters could no longer 
be fished commercially.
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Fully explo ited populations or those close to  exp lo itation 
at the ir m axim um  sustainable yield were identified as in 
fa ir condition (5 0 -8 9  % of historical reef area lost). In 
cases where fisheries had collapsed and there was no 
evidence of renewal, the condition was identified to  be 
at least poor (> 9 0 %  los t). W hen references and 
surveys indicated that it was d ifficu lt to  find any reefs 
or structures remaining in places where reefs had been 
extensive, we estim ated tha t >99%  of the habita t was 
lost, and the condition was identified as functiona lly  
extinct (National Research Council 1995, Jackson et al. 
2001). There is abundant evidence from  past and present 
tha t she llfisheries frequ en tly  con tinue w e ll past the 
point at which 10% or less of the habita t remains (e.g., 
M acKenzie et al. 1997c, Kirby 2 0 0 4 ). Unexploited or 
ligh tly  explo ited populations were identified as in good 
condition (< 50 %  lost).

In addition to  fisheries literature, o ther sources such as 
restoration literature were also used. For a num ber of 
bays, anecdotal reports of abundance were consistent 
w ith  trends identified through fishery statistics. In some 
bays and regions, the re  were m u ltip le  in fo rm a tion  
sources, including literature, expert surveys, and the 
authors' personal observations, that provided consistent 
accounts of reef condition. Typically, there was no debate 
about the condition of the ecosystems, but on ly about 
the cause of the decline (e.g., K irby 2 0 0 4 , O gburn et al.
2007 ). For th is analysis the condition of reefs w ith in  bays 
was firm ly  identified only if there were one or more 
literature c itations on condition.

The condition of oyster reefs was also identified across 
coastal ecoregions using appropriate inform ation for each 
ecoregion and national publications on the status of oyster 
populations (e.g., Red Lists) and fisheries (Mackenzie et al.

1997 a,b,c). The condition of oyster reefs in an ecoregion 
was identified if there were one or more references that 
characterized condition across numerous bays w ith in  the 
ecoregion or condition was firm ly  docum ented in three 
or more bays w ith in  each ecoregion. Usually there were 
m ultip le references fo r each bay and ecoregion (Appendix 
1). W hen there were several estimates of condition in bays 
in an ecoregion and no o ther regional sources of status 
information, the condition estimates were averaged for all 
bays in the ecoregion and rounded to the nearest integer.

The global loss of oyster reefs was estimated by assuming 
that the abundance in bays and ecoregions was at the m id­
po in t of th e ir  respective cond ition  category (e.g., 95%  
hab ita t loss fo r ecoregions in poor con d itio n ) and then 
cond ition  (loss) was averaged am ong all ecoregions.

These estimates of condition are conservative because (i) 
where there was question of status we gave a higher ranking 
(i.e., chose the category indica ting less loss), ( ii)  fo r most 
bays and ecoregions it was clear tha t abundances were 
usually at the lower end of the ir condition ranking (e.g., 
Chesapeake Bay reefs are closer to 1% remaining than 10% 
remaining), (iii)  these estimates are usually based on only 
part of the historical loss and reefs were likely in greater 
abundances prior to the maintenance of fishing records.

To compare current levels of w ild oyster harvest among 
ecoregions, we used global com m erc ia l catch data 
developed by the  Sea Around Us Project (W atson et al.
20 04 ). These catch data are based prim arily on the national 
catch statistics compiled by FAO, allocated to half-degree 
cells of la titude  and long itude, and then sum m ed by 
ecoregion. To account for yearly variation in recent catches, 
we used the average catch in tonnes of native oysters per 
ecoregion for the ten year period from  1995-2004.

Sampling shellfish beds o f f  the coast o f  British Columbia. 
©  Brian Kingzett

Spatially explicit data on the abundance o f native bivalves is rare. 
©  N O A A
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RESULTS
Condition of Oyster Reefs Globally Across Bays and Ecoregions
A  direct, global assessment of the condition of native oyster reefs from  records of reef abundance 
and th e ir harvest shows tha t in m ost of 144 bays in 4 0  ecoregions exam ined the cond ition  of 
these ecosystems is poor overall (Figure 1; Appendix 1). W h ile  individual oysters are still present 
in m ost places, records of historical (past 20  to  -1 3 0  years) and recent abundances show tha t 
reefs th a t were once com m on are now o ften rare or ex tin c t as ecosystem s. O yste r reefs are 
at less than 10% o f prio r abundance in m ost bays (7 0 % ) and ecoregions (6 3 % ). They are 
functiona lly  extinct w ith  less than 1% of prior abundances rem aining in many bays (37% ) and 
ecoregions (2 8 % ), pa rticu la rly  in N orth  A m erica, A ustra lia  and Europe. Very few  bays and 
ecoregions are in good condition. These results likely underestim ate losses because of the lack 
o f h is to rica l abundance records, w h ich  pa rticu la rly  a ffects assessm ents in South Am erica, 
tem pera te  Asia, and South Africa.

G loba lly  85%  of oyste r reefs in bays and ecoregions have been lost (F igure 1; A pp en d ix  1). 
G lobal loss s ta tis tics  are d iff ic u lt  to  ga ther fo r es tuarine  and m arine hab ita ts. Nonetheless, 
global estim ates fo r loss of coastal wetlands are approxim ately 50%  w ith  higher loss reported at 
some locations (e.g., U SFW 1970, Burke et al. 2001, Zedier and Kercher 2005 , Lotze et al. 2006 , 
e.g., A iro ld i and Beck 2 0 0 7 ). Estimates of the loss of mangroves from  countries w ith  available 
m ultiyea r data show tha t 35%  of m angrove forests have disappeared in the past tw o  decades
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Figure 1. The global cond ition  o f  oyster reefs in  bays and ecoregions. The cond ition  ratings o f  Good, Fair, Poor, and Functiona lly 
Extinct are based on the percent o f  current to  historical abundance o f  oyster reets remaining: < 50% lost (good); 50-89 % lost (fair); 
90-99% lost (poor); > 99% lost (functionally extinct). Ecoregion boundaries are from  Spalding et al. (2007). © TN C

(Valiela et al. 2001). In some countries, more than 80 %  of 
original mangrove cover has been lost due to deforestation 
(Spalding et al. 1997). Coral reef loss has been estimated at 
20%  globally (W ilkinson 2002), again w ith  locally higher 
rates and, as w ith  most marine ecosystems, widespread 
degradation has occurred even when reefs are not lost 
entirely (Pandolfi et al. 2003).

M ost of the w orld 's  rem aining w ild  capture of shellfish 
comes from  five ecoregions (of 152 w ith  reported catch) on 
the East Coast of North America (>75% ), and the condition 
of oyster reefs in most of these bays and ecoregions is poor 
or worse (F igure 2). O n ly ten ecoregions in the  w orld  
presen tly  report w ild  oyste r cap ture rates above 1000  
tonnes averaged over a ten-year period (1995-2004). Only 
six ecoregions have average captures above 5500  tonnes 
and five of the six are on the East Coast of North America 
(V irginian to Southern Gulf of M exico ecoregions).

Regional Summaries of the 
Condition of Shellfish Reefs
In add ition  to  the  bay and ecoregional scale estim ates 
shown in Figure 1, we provide continental- or country-scale 
summaries of shellfish reef condition.
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Figure 2. Average annual catch (tonnes) o f  w ild  harvested native 
oysters per year by ecoregion from  1995-2004. The color codes on 
the bars correspond w ith  the ecoregion condition in  Figure 1.
The last colum n is the sum o f the average catch o f  the other 20 
ecoregions in  which reef condition was identified.

A  note on data lim ita tions : W e could not iden tify  the condition of oyster reefs fo r several regions includ ing some 
of those covering parts of South A frica, China, Japan and the Koreas. Theses, anecdotal in fo rm a tion , personal 
observations, and surveys in these areas suggest tha t w ild  oyster abundance was m uch higher in the  past and 
th a t reefs have declined g rea tly  in abundance. There is no indication tha t the patterns of loss are d iffe rent than 
the w e ll-described patterns in other regions, but there is not enough in form ation fo r a firm  estim ate of condition.
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Figure 3. The condition o f oyster reefs in  Australia and New 
Zealand. © TN C

OVERVIEW OF CONDITION

Oysters, especially the native flat oyster, Ostrea angasi, and 
the Sydney rock oyster, Saccostrea glomerata, were very 
abundant in temperate and subtropical Australian waters 
before European settlement in the early 1800s. Evidence of 
shellfish harvest by aboriginal Australians is provided by the 
numerous middens scattered around the Australian coastline 
(O gburn et al. 20 07 ). The firs t settlers also docum ented 
oyster harvesting by aboriginal tribes. In the m id- to late 
1800s intense exploitation of this resource occurred in most 
Australian states, and by the end of the 19th century most of 
these fisheries had been abandoned because there were 
insu ffic ien t shellfish rem aining to  support com m ercia l 
harvest. These shellfish were harvested fo r the dinner table 
and fo r lim e production ; the  shells were also used fo r 
road bu ild ing  and fill in cons truc tion  sites. Considerable 
inform ation is available on the decline in oyster reefs in all 
Australian states due to  over fishing, disease and introduced 
pests. According to Ogburn et al. (2007) there is no evidence 
that any of these oyster beds have returned to their original 
population size or reef habitat type.

Native oysters still occur in many tem perate regions of 
Austra lia, but they are sparsely d is tribu ted and reefs 
generally do not occur any more. O f significance to the 
management of oyster beds in Australia is a general lack of 
knowledge and understanding by the Australian public and 
State governm ent managers of the d ram atic  decline in 
oyster resources and the ecological significance of this loss. 
There is no cultural trad ition  of com m unity  harvest and 
management of shellfish. The Australian native oyster reef 
ecosystem is largely gone and forgotten.

0 . angasi (fla t oyster)
The native oyster fishery was regarded by Hone (1996) as 
the first fishery to be established in South Australia and the 
f irs t to  collapse. In South Austra lia  fish ing fo r 0. angasi 
commenced in the 1840s in the York Peninsula region. An

Oyster Fisheries Act was introduced in 1853 in an attem pt 
to  control this industry and to  encourage the establishment 
of artificial beds in areas where they no longer existed. By 
the 1870s a large fishery using dredges towed by sail boats 
existed in the Yorke and Eyre Peninsula regions, including 
at Coffin Bay, Oyster Bay and Boston Bay, and on Kangaroo 
Island. A  to ta l of 6 m illion oysters was reported to have 
been harvested annually from  C offin  Bay at th is  tim e  
(W allace-Carter 1987). M any of these natural beds were 
depleted before legislation was introduced in 1873 to control 
dredging. This legislation, which controlled the opening and 
closing of areas to harvest and some reseeding of depleted 
beds, allowed production of native oysters to continue in 
some areas, albeit in much lower numbers (W allace-Carter 
1987). The oyste r stocks gradua lly  declined and were 
severely reduced by the 1890s (Shepherd 1986). Oyster 
dredging continued until the 1930s, but at a much less 
intensive level than at the inception of the fishery. In 1935 a 
Royal Commission encouraged the cultivation of 0. angasi, 
but numerous attem pts were unsuccessful (Hone 1996).
By 1945 there were no records of oysters being harvested. 
M ore than 80  years later only about tw o m illion oysters 
remain, sparsely scattered across this region, in contrast to 
the approximately 30 0  m illion which must have been here 
historically (Shepherd 1986).

The Tasmanian native oyster fishery flourished in the 
m id -1800s w ith  beds be ing fished extens ive ly  and 
indiscrim inately along much of the coastline. M any of 
these oysters were exported to mainland Australia and to 
England. The Parliamentary Report on Fisheries o f Tasmania, 
Report of the Royal Commission (Fisheries of Tasmania 1882) 
provides records of more than 22 m illion oysters being 
harvested from  five of the principal native beds during one 
of the best harvest years during the peak period in 1860-70.

By the 1880s the fishery was lim ited. The only natural 
beds that could be profitably worked were in the vicinity 
of Spring Bay, but the total yield was reduced to  100,000 
oysters a year, from an area which had once provided 8.4 
m illion (F isheries of Tasmania 1882). This report to  
the  Commissioners suggested that the decline was due 
to  overfish ing, m ussel encroachm ent, disease, and 
inc lem ent weather. The co lon iza tion  and c learing of 
land fo r settlem ent and agricu lture led to  increased silt 
loads to  nearby rivers and bays which was claimed to 
have killed many beds (Parliam entary Report 1885). 
However, overfishing is likely to  have been one of the 
m ost s ignificant factors in the population decline.

Saccostrea glomerata (Sydney rock oyster)
Sydney rock oysters, Saccostrea glomerata (Gould 1850), 
occur on sheltered rocky shores predominately in the mid- 
intertidal zone, from  Port Phillip Bay in Victoria up the east 
coast of Australia, across the tropical north and down the 
west coast as far south as Shark Bay in W estern Australia; it 
also occurs in New Zealand. S. glomerata is generally the 
dom inant oyster in estuaries on the m id-east coast of 
Austra lia . M uch of the h istorica l in fo rm ation  about the 
oyster fisheries in New South Wales (NSW ) and Queensland 
does not stipulate the species; however this information is
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assumed to be predominately about Sydney rock oysters.

In NSW oysters were harvested almost immediately after 
the first settlement by Europeans in 1788. Large quantities 
of oysters were harvested in Port Jackson and the shells 
were used to  produce lim e fo r the construction  of early 
build ings in Sydney (Sm ith 1985). Extensive oyster reefs 
were present in m ost NSW  and southern Queensland 
estuaries at the tim e  of European settlem ent; however 
these were extensive ly  exp lo ited  du ring  the  1850s -  
1870s resulting in drastic declines in oyster populations.

The oyster industry  in Queensland flou rished from  the 
1870s to  the 1920s and then declined. It was mainly located 
in Southern Queensland where oyster reefs, including reefs 
of the Sydney rock oyster, occurred in the intertidal zone 
(Smith 1985). The main oyster beds were in M oreton Bay 
and Great Sandy Strait w ith  sm aller beds in Tin Can Bay, 
Rodd'd Bay and Keppel Bay. Oysters were harvested by 
dredging in deeper water down to about four meters or in 
the in te rtida l zone by collecting juveniles by hand and 
red istribu ting them  to prom ote growth. Approxim ately 
tw o-th irds  of the harvest was exported to Sydney and 
Melbourne. For many years the oyster industry in southern 
Queensland was the largest fishery in the region and in one 
year more than 252,000 oysters (14 tons) were exported 
to  southern colonies after the ir own oyster industries had 
declined (Sm ith 1985). Peak exports  o f oysters from  
Queensland occurred in 1891. Parasitic polychaete worms, 
collectively referred to as mudworm, were firs t noticed in 
oysters in Queensland at Southport Broadwater in 1895. The 
Queensland industry then declined rapidly, partly because 
of the increase in cultured oysters in New South Wales and 
partly due to overharvesting, disease, and mudworm. In 
1902 Sydney rock oysters were discovered in Sandy Strait. 
The last dredge section in Queensland in the Maroochy 
River was forfeited in 1947 and dredging for oysters does 
not now occur.

Malleus meridianus (hammer oyster)
The lesser-known ham m er oyster (Malleus meridianus) 
occurs on sheltered and moderately exposed reef and sand 
at depths of 0 -2 0 0  m from  Fremantle, W A  to  G ulf St 
Vincent, SA (Edgar et al. 2 0 0 0 ). Sometimes up to 2 m high, 
beds of this species occur in upper Spencer Gulf, South 
Australia, but are not extensive. Because no traw ling is 
allowed in this area, these reefs presumably persist (S. 
Shepherd pers. comm. 2007). Low hammer oyster reefs in 
Gulf St Vincent were described by Shepherd and Sprigg 
(1976), but a resurvey by Tanner (1983) showed that they 
had disappeared, Tanner concluded that this was a likely 
result of prawn traw ling in the 1970s-90s.

0 . chilensis (dredge oyster)
0. chilensis occurs throughout New Zealand prim arily on 
soft sediment to  200m  (New  Zealand M in is try  o f Fisheries 
2007a, 2007b). It is m ost abundant in the Tasman Bay, 
Golden Bay, and Marlborough Sound area on the northern 
section of the  South Island, and in the  Foveaux Strait 
between the southern end of the South Island and Stewart

Island. The Foveaux Strait has been the primary fishery for 
more than 130 years. 0. chilensis is well studied in New 
Zealand, particularly fo r the Foveaux Strait dredge fishery, 
and a recent and rigorous stock assessment indicates that 
current population levels are -2 0 %  of virg in spawning 
stock biomass (New  Zealand M in is try  of Fisheries 2007a). 
In the m id 1980s a Bonamia exitiosa ep izootic  reduced 
the popu la tion  to  less than 10%  of its v irg in  level (N ew  
Zealand M in is try  of Fisheries 2007a). Since the 1980s the 
popu la tion  has experienced several cycles o f stock 
increases and subsequent Bonamia epizootics.

Exploitation of the Nelson/M arlborough oyster fishery at 
the north end of the South Island of New Zealand began to 
increase in the early 1960s. By 1986 a total allowable catch 
of 5 0 0 t was imposed, but between 2 0 0 0  and 2 0 0 4  the 
catches had declined to  between Ot and 150t (New  Zealand 
M in is try  of Fisheries 2007b).

THREATS

Smith (1985) listed 14 reasons for oyster population declines 
in Queensland, Australia. These reasons include a variety of 
economic and marketing issues, such as com petition from 
New Zealand oysters on the Sydney and Melbourne markets, 
the rise of the NSW industry associated w ith unreliable and 
irregular shipping to  southern states during and a fte r the 
First W orld  War, increased labor costs and shortage of 
experienced labor, the management system of auctioning 
areas w h ich could be dredged, and lack of security  fo r 
management of oyster areas w ith  licences renewed annually. 
Environmental problem s include an over-abundance of 
predators, such as rays, bream, mussels, and crabs; 
unsuitable sites and culture methods selected for oyster 
ranching; silting up of oyster beds; conflicting uses of oyster 
grounds; and diseases, especially m udworm  disease but 
possibly also QX disease. Social problems for the industry 
included theft of oysters from  allocated areas and greed of 
companies and individuals who tried to m onopolize the 
industry. The m udworm  disease was considered to have had 
the greatest negative economic impact on the industry.

A  recent paper by Ogburn and others (20 07 ) observes that 
although large subtidal reefs of both S. glomerata and 0. 
angasi were very com m on in estuaries along the east 
coast of Austra lia at the tim e  of European settlem ent, 
these reefs are now absent. Kirby (2 0 0 4 ) hypothesizes 
th a t these reefs were destroyed by overfish ing using 
destructive m ethods such as dredging. However, Ogburn 
et al. (2 0 0 7 ) believe that the permanent loss of subtidal 
oyster reefs in Australian east coast estuaries is due to  the 
introduction of a new and virulent species of m udworm  
(polydorid complex of spionid polychaete worm s) from  
New Zealand. They suggest that "the loss of oyster reefs 
has led to profound, and most likely, irreversible changes 
in the ecological structure and function of Australian east 
coast tem perate and sub-tropical estuaries."

According to Shepherd (1986) the decline of native flat 
oyster populations in South Australia was due to ecological 
disturbance of the seabed. Adu lt oysters were removed by
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dredging, which reduced the area of preferred substrate for 
settling larvae. Dredging also disturbed the sediment which 
settled out as a th in layer of silt over the seabed, further 
reducing the availability of substrate fo r settlement. Also 
the alga Caulerpa cactoides, which prefers silty  substrate, 
gradually expanded over most of the old oyster beds.

In New Zealand, 0. chilensis remains at risk o f exploitation 
and from  outbreaks o f the  pathogen Bonamia exitiosa. 
The dredge fishery has also been responsible for s ign ificant 
habitat alteration. 0. chilensis is thought to have concentrated 
on bryozoan biogenic reefs tha t were form ed in Foveaux 
Strait by the fram e-building bryozoan Cinctipora elegans and 
associated epifauna (Cranfield et al. 2003). Since the 1970s 
these reefs have been subs tan tia lly  a ltered by dredge 
fish ing. By 1998 none o f the  reefs surveyed in the late 
1970s remained, but had released large volumes of mobile 
sediments, subsequently impacting the oyster population. 
Declines in the N e lson /M arlborough  oyster fishery are 
also tho ugh t to  be the  resu lt o f lim ita tio n s  in substra te  
ava ilab ility  and food, and disease events (N ew  Zealand 
M in is try  of Fisheries 2007b).

CURRENT NOTEW ORTHY ACTIONS

The only known remaining oyster reef habitat in tem perate 
Austra lia is in Georges Bay on the east coast of Tasmania. 
A  small fishery exists for 0. angasi in this bay, and regulators 
have recently allocated tw o licenses for harvesting oysters. 
Harvesting m ust be by hand and the to ta l allowable catch 
(TAC) is set annually; for 20 08  it was 96 ,000  oysters per 
license. A t present the harvest is constrained by lack of 
m arket dem and. An assessm ent of th is  fishe ry  by 
the  A ustra lian  G overnm ent in re la tion to  eco log ica lly  
sustainable m anagement of fisheries concluded tha t it 
would not be detrim enta l to  the survival or conservation 
sta tus of th is  species in the sho rt term ; nevertheless a 
num ber of risks were identified. A lthough the assessment 
recognized the lim ited num ber of substantia l beds of 0. 
angasi in Tasmanian waters, it is unlikely tha t it recognized 
tha t th is is the on ly known rem aining reef habitat fo r th is 
species in its broad d is tribu tion  across southern Australia.

As part of an assessment of the health of Georges Bay in 
20 05 , the  seabed hab ita t was m apped, inc lud ing the 
location of oyster beds (M ount et al. 2005). The oysters 
occupied tw o main areas: ( i) s ilty sand habitat below the 
deep edge of seagrass beds, p rim arily  m ature animals 
scattered across the bottom  at m aximum densities of 40 - 
50 m2, and ( ii)  dense beds around Hum bug and Lords 
Points. A  comparison of W ilson's map from  1987 w ith  a 
M ay 2002  Quickbird satellite image shows that most of the 
beds identified in 1987 were still obvious in 2005, although 
one bed seems to have disappeared (M ount et al. 2005).

Recreational fish ing of 0. anagasi is perm itted across its 
d is tribu tion , although the harvest is low  because of sparse 
d is tr ib u tio n  and sub tida l hab ita t. In NSW  recreational 
fishers are lim ited by regulation to  a da ily bag lim it of 50 
native oysters (Sydney rock S. glomerata or fla t oysters 0. 
angasi) and 50 blue mussel (M ytilus edulis). Pipis, cockles,

and mussels are hand-gathered com m e rc ia lly  by 
endorsed fishers in the "Estuary General Fishery" (D. 
M asters pers. com m .).

Culture of native oysters has been attem pted on several 
occasions and in several locations in Tasmania. A  Flat Oyster 
Culture Program was established in 1991 w ith  substantial 
Tasmanian government support. It involved harvesting and 
trans loca ting  sm all native oysters from  Georges Bay to  
marine farms in southern Tasmania for ongrowing to market. 
The po p u la tio n  o f na tive  oyste rs in Georges Bay was 
surveyed in 1987 prior to the establishment of this program 
(W ilson 1991). It was estimated that over 24 m illion oysters 
were present in a series of beds occupying approximately 33 
ha. However, this program ended abruptly in 1994 when the 
oyster disease Bonamiasis was discovered in translocated 
oysters. The translocated spat were also heavily predated 
by several species of fish.

It is no tew o rth y  tha t a lthough m uch o f the  oyster reef 
habitat was destroyed by the end of the 19th century, small 
oyster populations still exist in m ost bays and estuaries but 
at very low densities compared to  the preharvest period. 
Reef habitat has not returned, even in relatively pristine 
estuaries w ith  lim ited  hum an im pacts. O gburn et al. 
(2 0 0 7 )  suggest tha t active restoration of subtidal reefs in 
southeastern Australian estuaries is not possible because 
o f the presence o f m udw orm , but tha t hypothesis has 
not been tested. The oyste r disease Bonam iasis is also 
th o u g h t to  have hindered the  reestablishment of reefs.

The New Zealand M in is try  of Fisheries continues to 
m o n ito r the  0. chilensis fishe ry  closely. D espite  the  
m o n ito rin g  e ffo rt the  landings con tinue  to  decline; 
Foveaux Strait landings declined from  89 m illion oysters 
in the  early 1980s to  7.37 m illio n  in the  2 0 0 6 -2 0 0 7  
fish ing  season. This catch was w e ll be low  the  14.95 
m illion oyster catch lim it set fo r the season. The fishing 
industry  vo lun ta rily  shelved 50 %  of the to ta l allowable 
com m ercial catch fo r the 2 0 0 8  season.

Oyster beds in  Georges Bay, Tasmania. A t jus t 2 m  depth they 
show the varie ty  o f  o ther species liv in g  on the bed -  i.e. very 
m uch an ecosystem rather than a m onospecific com m unity. 
© Graham  Edgar
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China, Japan and Korea
Synthesized by Guofan Zhang, Li Li, Fei Xu, and Ximing Guo

the w ater column in a manner that does not m im ic natural 
oyster habitat.

^C v K o re a
Japan

China

Figure 4. The condition o f oyster reefs in  Asia. © TN C

OVERVIEW OF CONDITION

This region of the w orld poses special challenges for 
characterizing the status of oyster reefs, the greatest of 
which is that historical records for natural reefs are very 
poor. These areas of Asia are at the epicenter of oyster 
d ive rs ity  and natura l reefs were once w idespread 
throughout the region. The taxonomy of oysters in this area 
is difficult, however: China alone has between 15 and 23 
oyster species (Zhang and Zikang 1956, Li 1989, Li and Qi 
1994, Xu and Zhang 2008 ). The cultivation of oysters has 
been practiced fo r at least 1,000 years in the region. In 
recent decades the scale of coastal aquaculture for many 
species has increased dramatically. Unlike most regions of 
the world, oyster aquaculture here is based prim arily on 
native oyster species. There has also been substantia l 
growth and urbanization of many coastal cities which bring 
the  prob lem s o f coastal deve lopm ent, po llu tion , and 
freshwater diversions. A ll of these issues, and overfishing, 
present challenges for native oyster reefs.

C urren tly  all of the oyster production  from  th is  region 
comes from  some form  of aquaculture. Cultivation practices 
range from  augmenting bottom  habitat through the addition 
of shell and predator exclusion structures to  large-scale 
suspended culture. Some of these cu ltivation practices 
provide some measure of reef habitat. For instance, oyster 
cu ltu re  (C. gigas, C. sikamea, and C. ariakensis in m ixed 
assemblages) in southern Japan (Kyushu Island, Ariake Bay, 
and Shiranui Bay) involves the  crea tion  of managed shell 
"ree fs" throughout the bays. In south China (Guangxi and 
Fujian Provinces) structures are placed on the bo ttom  in 
in tertida l habitats to  collect spat and som etim es provide 
grow-out allowing for the creation of some oyster habitat 
w h ich  on ly pa rtia lly  resembles natural oyster reefs. In 
m ost areas w ith  either C. gigas cultivation (Honshu, Japan, 
sou thern  Korea, and no rthern  C h ina) or C. angulata  
(cen tra l and southern China), oysters are suspended in

W hile  oysters occur throughout the region, we focus on 
the northern regions of China where there is some recent 
h is to rica l in fo rm ation  on the  change in cond ition  and 
conservation of native oyster reefs. There are curren tly  
about 20 areas along the China coast w ith  a recent history 
of supporting  oyster reefs, includ ing Dalian Bay reef in 
Liaoning; Hangu oyster reef in Tianjin (Fang et al. 2007); 
Dajiawa oyste r reef, W eifang, Shandong Province; 
X iaom iaohong oyster reef, Nantong, Jiangsu Province; 
and Jinmen oyster reef, Fujian Province (Yao 1985).

In most of these areas, however, environmental conditions 
have changed dram atically in the past 30 years and most of 
the historical reefs have disappeared. Overall, the condition 
of reefs in the bays and ecoregion are poor. C. ariakensis is 
declining from  north to south across China's coastline and is 
at great risk in China.

THREATS

Overfishing, particularly in the past, and the growth of 
aquaculture have been major issues fo r shellfish reefs 
throughout the region. Habitat loss has been an im portant 
th rea t recently. W ith  the rapid developm ent of coastal 
industries and cities in the past 30 years, much of the oyster 
habitat was lost in China's coastal shallow sea. In the past 
30 years alone, reefs in Bohai Bay have seen drastic declines 
inc lud ing  the  Hangu oyste r reef w ith  70 %  loss (Fang et 
al. 2 0 0 7 ) and the  Dajiawa oyster reef w ith  9 0 %  loss. 
M ariculture has also impacted the oyster reefs. In the Yellow 
Sea, algal farm ing has expanded rapidly in places such as 
Sanggou Bay and Dalian Bay, and the algae has smothered 
and reduced benthic populations including oysters. The 
aquaculture of C. gigas has also caused major changes on 
the remaining Dajiawa oyster reefs in the Yellow Sea.

Today the condition of and threats to  oyster reefs once 
form ed by Crassostrea ariakensis in the Laizhou Bay and 
Nantong Sea are typica l of the condition of oyster reefs 
elsewhere in China. The Dajiawa oyster reef in Laizhou Bay, 
in itia lly formed by a combination of Pacific oyster, C. gigas, 
and Jinjiang oyster, C. ariakensis (Geng et al. 1991, W ang et 
al. 2 0 0 4 , W ang et al. 2 0 0 7 ), has declined to  less than 
10%  of its orig ina l area. Several fac to rs  con tribu ted  to  
the decline. O verfishing was a m ajor issue from  the 1960s 
to 1980s as oysters were collected for food and lime. Direct 
habitat loss was also a significant problem as nearby cities 
expanded and reefs were bombed to  provide access for 
com m ercial ships. Pollution from  the chemical industries 
in the area caused fu rthe r de terio ration (Deng and Jin 
2 0 0 0 ). Hydrologie alterations from  w ate r w ithdraw als in 
the Yellow River have reduced the reproductive success of 
C. ariakensis. From 1972 to  1999, the Yellow River often 
experienced drastic reductions in w a te r flow  leading to 
greatly elevated salinity, particu la rly  between M arch and 
June, the key reproductive period fo r C. ariakensis (Yan
20 03 ). During th is tim e, C. gigas expanded its d is tribu tion  
and abundance in the bay.

Pacific
Ocean
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The Xiaomiaohong oyster reefs occupy an area of about 3.5 
km2 in the Nantong Sea, Jiangsu Province (Zhang 2004 ). 
The oysters lower on the reefs are p rim arily  C. ariakensis 
and those on the upper layer are C. plicatula (Zhang 2004 , 
Zhang et al. 2007). Unlike the Dajiawa reefs in Laizhou Bay, 
som e of the changes in X iaom aiohong oyste r reefs are 
driven more by natural processes, particularly the dynamic 
changes in the Yangtze River estuary. Before the shift of the 
Yangtze River estuary, the freshwater flows were conducive 
to  reproduction, growth, and survival of C. ariakensis, which 
formed extensive subtidal reefs. As the flow  and delta has 
shifted in the estuary, salinities have changed dramatically 
and allowed C. plicatula, which tolerates higher salinities and 
intertidal conditions, to increase in abundance and occupy 
more of the reef.

CURRENT NOTEW ORTHY ACTIONS

Measures have been taken to restore and conserve C. 
ariakensis in Laizhou Bay. River flows have been managed 
more sustainably, and an MPA was established in 2006. 
The culture of Pacific oysters w ith in  the MPA and nearby 
waters has been abolished to reduce com petition w ith  this 
species, and a stock enhancement program was established 
for C. ariakensis. Over an eight-year period, these measures 
are proving effective, and the tota l abundance of C. 
ariakensis is increasing.

An MPA was established in 2 0 0 6  to help protect the 
remaining Xiaomiaohong oyster reefs. In general it has 
helped to conserve the habitat and promote better water 
m anagem ent practices. However, the  MPA has not 
com pletely protected the reefs from  poaching and illegal 
harvest. Local fishermen prefer C. ariakensis because of their 
larger size and tend to  ignore C. plicatula. As a result, C. 
plicatula  remains abundant on the reef w h ile  C. ariakensis 
is decreasing.

9 H
.

Oyster reef in  Nantong Sea, Jiangsu province. © Guotan Zhang

South America
Synthesized by Alvar Carranza and Omar Defeo

V
South America

Pacific
Ocean

. J t

Atlantic
Ocean

Figure 5. The condition o f oyster reefs in  South America. © TN C  

OVERVIEW OF CONDITION
There are 13 native, habitat-form ing species of Ostreidae in 
South America and three introduced oyster species (Harry 
1985, Toro and Aguila 1996, Jozefowicz and O'Foighil 1998, 
Camus 2005, Ruesink et al. 2005, Shilts et al. 2007, Varela et 
al. 2007, Carranza et al. 2009a, Castilla and Neili 20 09 ). 
Similarly, at least 14 species of mussels in South Am erica 
form  beds, banks, or aggregations that contribute significantly 
to  ecosystem function (K lappenbach 1965, Zaixso 20 04 , 
Borthagaray and Carranza 2007, W ood et al. 2007, Carranza 
et al. 2009b). Several species also sustain important artisanal 
fisheries or aquaculture systems (Ciocco et al. 1998, Lasta et 
al. 1998, Toro et al. 2004 , Acosta et al. 2006).

Despite the extensive literature describing the ecology and 
culture of oysters and mussels worldw ide, until recently 
there has been no assessment of the ir diversity, distribution, 
and conservation status for South America (Carranza et al. 
2009a, Carranza et al. 20 09 b ). Such an assessment is 
critical because increasing coastal development pressure 
threatens m ost nearshore habitats along these coasts, 
inc lud ing mangroves and o ther habita ts on w h ich 
bivalves depend. To obtain our first estimates, we exchanged 
inform ation w ith  a number of active researchers working on 
oyster and mussel ecology and management, and received 
invaluable input to  our analysis through expert surveys and 
through a workshop convened during the VII Latin-American 
M alacolog ical Congress (Valdivia, Chile, Novem ber 8 -9
20 08 ). Along w ith  an extensive literature search, we were 
able to  generate condition estim ates fo r some shellfish 
populations w ith in  estuaries and overall condition estimates 
at an ecoregional scale. To date, we are unaware of any 
studies th a t m ore d irec tly  m easure the extent or rate of 
decline fo r South A m erican she llfish populations. This 
shortage of information may be due to a lack of management 
interest in these systems, but is also probably lim ited by the 
amount of economic support this kind of research receives 
in South American countries. The most troubling finding 
was that nearly half of the assessed shellfish populations
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were either moderately or highly threatened by overfishing 
and environm ental degradation. Overall fo r oyster reefs, 
31% of the populations were assessed in good condition, 
4 4 %  were fair, 19% were poor, and one population (6  % ) 
was functionally extinct.

THREATS

Although the condition of native oysters and mussels in 
South America may not yet be as dire as that in many other 
regions of the world, shellfish on these coasts are follow ing 
the  same declin ing trends as popu lations elsewhere. In 
addition to the ecological considerations, these declines are 
critica l soc io-econom ica lly  because the  success of the 
regional development of aquaculture practices is closely tied 
to  the conservation of natural banks of seed. Several species 
in pa rticu la r are jeopard ized by the  extensive loss of 
mangroves, the ir prim ary settlement habitat. The mangrove 
oyster C. rhizophorae is on Colombia's Red List of threatened 
species after dramatic reductions in the population occurred 
in the large coastal lagoon Ciénaga Grande de Santa Marta. 
A lterations in river flow  and loss of mangrove habitat are the 
prim ary drivers of th is loss, and recovery is hindered by 
unauthorized harvest of oysters from  remnant populations. 
Fishing, including illegal harvest, is a pervasive threat that, 
pa rticu la rly  when coupled w ith  o ther factors such as 
m angrove loss and alterations in river flow, poses real 
challenges to conservation (A. Gracia, pers. comm. 2008 ). 
This trend is not exclusive to South Am erican mangrove 
oysters: the Chilean flat oyster Ostrea chilensis was rapidly 
overexploited since the fishery started in 1978. Similarly, 
there is evidence of declines in one of the most im portant 
populations of 0. puelchana in the North Patagonian Gulfs 
ecoregion (M . Pascual pers. comm.). Crassostrea gasar in the 
Eastern Brazil ecoregion and Crassostrea rhizophorae in the 
Central Caribbean ecoregion are in need of urgent 
conservation actions (Carranza et al. 2009a).

As in other parts of the world, a lack of data has hindered 
the assessment of actual condition of populations, even 
in those cases where popu la tions are, apparently, in 
good cond ition , representing a un ique o p p o rtu n ity  fo r 
conservation. In this vein, activities enhancing coordination 
between conservation and restora tion  in itia tives at a 
continental scale are needed, and the development of a 
standardized m ethodology and m etrics fo r assessing the 
condition of oyster and mussel populations are stressed.

CURRENT NOTEWORTHY ACTIONS

Community-based management and co-management in 
Chile is providing opportunities to  enhance conservation 
and enable susta inab le  fish ing . Such rights-based 
approaches could be employed more broadly w ith in  South 
America, as in other areas of the globe. In addition, several 
traditional management policies have been adopted in Chile 
(e.g., m in im um  legal size lim its ). The Chilean Fishery 
Subsecretary also created tw o  genetic reserves aim ing 
to  pro tect the  stocks of C. chorus and 0. chilensis. The 
im plem entation of Coastal Marine Protected Areas (CMPA) 
opened new avenues fo r bivalve conservation in this 
country, and the recovery of natural banks of C. chorus in

the Lafken CMPA has been reported.

In Brazil, there are a number of ongoing initiatives linking 
poverty alleviation w ith  sustainable extractive activities in 
Pernambuco, Rio Grande do Norte, Paraiba, Bahia, Sao 
Paulo, and Santa Catarina states. To this end, US$3 million is 
being invested in Pernambuco, Rio Grande do Norte, and 
Paraiba. The Brazilian model of co-m anagem ent fo r natural 
resources, known as "reservas extra tiv istas" (RESEX), 
developed w ith  the  active  p a rtic ip a tio n  of fishers, 
government agencies, and partners in Sao Paulo and Santa 
Catarina, is considered a promising tool fo r conserving native 
shellfish populations in the country (Carranza et al. 2009a).

In Argentina, the San Matías Gulf offers a rare opportunity 
to  s tudy the  s truc tu re  of one o f the  best rem aining 
populations of the puelche fla t oyster, 0 . puelchana, in the 
world. Restoration and conservation efforts are currently 
directed to: ( i) carry out extensive surveys to evaluate the 
state of the three main grounds and compare them  w ith  
previous surveys; ( ii)  determ ine age and growth; ( iii) assess 
biomass and demography of San José populations; and (iv) 
in itiate seeding experiments using hatchery seed to 
evaluate an alternative for restoring depleted beds.

Restoration is emerging as an im portant community-based 
strategy in various countries in South America, most often 
coupled w ith  aquacultu re developm ent. For example, 
a pro ject is underw ay tha t is in tended to  restore the 
population of El Sótano, a traditional mussel bed located 
in an area characterized by strong  recru itm en t in the 
Argentinean San Matías Gulf, and there are several ongoing 
initiatives in Chile. As w ith  rights-based approaches such 
as co-management, these restoration projects are directed 
toward sustainable fishing and enhanced conservation. In 
Venezuela the re  are in itia tive s  to  restore beds in the 
M och im a N ationa l Park using a com m un ity-based  
approach. A  South A m erican  N e tw ork  on Shellfish 
Conservation and Restoration, involving scientists from  
around the con tine n t is being developed to  bo ls te r 
conservation and restoration in itiatives, link research 
teams, and provide a fram ework for pursuing support for 
shellfish conservation initiatives.

A b e d  o f Chorom ytilus chorus in  Chile. © Luis Prado
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Europe

Figure 6. The condition o f  oyster reefs in  Europe. © TN C

OVERVIEW OF CONDITION

The native European flat oyster (Ostrea edulis) used to be 
very abundant throughout its range (Korringa 1952). The 
natural distribution of 0. edulis is along the European Atlantic 
coasts from Norway to M orocco and across the coasts of the 
M editerranean and Black Seas. Their abundance declined 
sign ificantly  during the 19th and 20 th  centuries and w ild 
native beds were considered scarce in Europe as early as the 
1950s (Korringa 1952, MacKenzie et al. 1997c). In Europe 
oysters have been an extremely popular food for centuries. 
Both ancient Greeks and Romans highly valued oysters. 
Romans fished and imported them  from  all over European 
and M ed ite rranean coastlines and cu ltiva ted  them  
extensively (Gunther 1897), and in some British estuaries 
there are archaeological signs of overexploitation of native 
oyster beds tha t date back to the firs t century (Rippon 
20 00 ). In the 18th and 19th centuries, large offshore oyster 
grounds in the southern North Sea and the English Channel 
produced up to  100 tim es more than today's 1 0 0 -2 0 0  t 
(UK Biodiversity Group 1999, Berghahn and Ruth 2005).

V irtua l ex tin c tion  o f na tive oyste r beds has been 
docum ented in the W adden Sea, where w ild  oysters 
largely disappeared by 1950 (W o lff 2000 , W o lff 2005, 
W orm  et al. 2005 ); in Helgoland (Germany), where beds 
largely disappeared by the m id-1900s (Korringa 1952); in 
the Dutch Eastern Scheldt (OSPAR Com m ission 2005 , 
van den Berg et al. 2005); in Belgium (OSPAR Commission
2005); in all deeper waters of the southern North Sea, such 
as in the  O yste r G rounds (OSPAR C om m ission 2 0 0 5 ); in 
m ost areas of Galicia (Cano and Rocamora 1996); in many 
coastal lagoons of the Adria tic sea (M agliocchetti Lombi et 
al. 1988, Mizzan et al. 20 05 ) and in some bays in the Black 
Sea (Zaitsev 2006 , M icu and Todorova 2007). In the Firth 
of Forth (Scotland), which in past centuries had hosted one

of the most famous oyster banks, no oysters were found in 
1957 (Dodd 2005). Dramatic stock decreases have been 
reported as well on the A tlan tic coasts in French Brittany, 
the Netherlands, Denmark, Norway, Ireland and England 
and in the  M ed ite rranean Sea (K orringa 1952, UK 
Biodiversity Group 1999, Barnabe and Doumenge 2001).
In the United Kingdom, where 700  m illion oysters were 
consumed in London alone in 1864, the catch fell from  40  
m illion in 1920 to  3 m illion in the 1960s and has not 
recovered (Tyler-WaIters 2001).

Remains of w ild  native oyster beds still occur in various 
regions, including the rivers and flats bordering the Thames 
Estuary, the Solent, River Fai, the west coasts of Scotland 
and Ireland (Kennedy and Roberts 1999, UK Biodiversity 
Group 1999, Tyler-Walters 2001), the western part of the 
Swedish Kattegat region of the Baltic (Lozan 1996), the 
Limfjord region of Denmark (Korringa 1952), the Adriatic 
Sea, where 0. edulis is still captured in the w ild  (Barnabe 
and Doumenge 2001), the M ar M enor (Spain), where a 
large fla t oyster population, estimated at more than 100 
m illion individuals, previously produced large amounts of 
spat (Cano and Rocamora 1996, Ramón et al. 2005 ), and 
areas o f the  Black Sea, w here  the  species was s till 
va luable com m erc ia lly  un til the  1970s (Z a itsev  2 0 0 6 ). 
Lim ited information, however, is available about the current 
s ta tus of these oyster reefs and there  is debate about 
w hethe r the  fragmented patches of w ild oyster habitats are 
self-sustaining or owe the ir survival to the inputs of larvae 
from  cultivated oysters (Korringa 1952).

Currently, aquaculture provides the main supply of native 
oysters in m ost European countries (M acKenzie et al. 
1997c, Ocean Studies Board 20 04 ). This industry has been 
seriously affected by epidemic diseases in recent decades, 
w ith  documented losses of commercial stocks above 80%  
in France (Kennedy and Roberts 1999, Ocean Studies Board
2 0 0 4 ), and m ost M editerranean native oyster beds are 
in such poor cond itions th a t they are unable to  support 
intensive culture (Barnabe and Doumenge 2001). A lthough 
marketplace demand for native oysters remains strong, the 
introduced Pacific oyster, Crassostrea gigas, which is easier 
to  cultivate than the native oyster, now provides the major 
share of oyster production in Europe (Cano and Rocamora 
1996, Kennedy and Roberts 1999, Lotze 2005).

THREATS

There is some documentation of the decline and loss of native 
oyster reefs, mainly from fishery landing records. The richest 
natural oyster beds in Europe until the 19th century were 
probably around Britain, from Stornoway to the Solway in the 
west and from  the Orkney Islands to the Firth of Forth in the 
east (Berghahn and Ruth 2005). In the mid-19th century these 
were heavily exploited; dredging of the oyster beds was one of 
the largest fisheries, employing about 120,000 men around 
the coast in the 1880s (Tyler-Walters 2001), w ith  an annual 
y ie ld of >50 m illion oysters (Berghahn and Ruth 2 0 0 5 ). 
Oyster reefs at Strangford Lough, in Ireland, once supported 
up to 20 oyster dredging boats (Kennedy and Roberts 1999). 
In the Wadden Sea, the commercial oyster fishery started in
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the eleventh century and flourished in the 18th century: in 1765 
large oyster beds between Texel and W ieringen supported a 
profitable fishery of 145 vessels, w ith  catches over 100,000 
oysters per year per vessel (W o lff 20 05 ).

By the late 19th century, beds of 0. edulis were already 
severely depleted or physically destroyed around most 
European coasts (Ocean Studies Board 20 04 ). Overfishing 
and w aste fu l exp lo ita tion , com bined w ith  outbreaks of 
disease, habitat loss and change or destruction, reduction in 
water quality and other large-scale environmental alterations, 
adverse weather conditions, and the in troduction of non­
native stocks or species of oysters (and associated parasites 
and diseases, such as the protozoans Bonamia ostreae and 
Marteilia refringens) for aquaculture and other non-native 
species (e.g., the invasive gastropod Crepidula fornicata) 
were blamed for the decline (Korringa 1952, W olff 2000 , 
Berghahn and Ruth 2005 , Laing et al. 20 05 ). There is 
lim ited inform ation about current trends in and threats to 
remaining native oyster reefs in Europe.

Ostrea edulis is a relatively long-lived species that reproduces 
sporadically (Korringa 1952). Thus, presumably, population 
recovery times could be long, perhaps up to 20 yr. Further, in 
many regions the loss of standing stocks has been so severe 
that natural replenishment of damaged grounds is lim ited 
(La ing et al. 2 0 0 5 ). O. edulis is considered to  be high ly 
sensitive to  substra te loss, sm othering, con tam ina tion  
by syn the tic  com pounds (p a rticu la rly  tr ib u ty ltin  (TBT) 
an tifou ling  paints used on ships and leisure craft, which, 
in the  early 1980s, caused s tun ted  g ro w th  o f oysters 
and probably affected reproductive capacity), oxygen 
depletion, reduced freshw ater inputs, in troduction  of 
m icrobia l pathogens/parasites, in troduction  of non­
native species, and d irect ex traction  (U K  B iodiversity 
G roup 1999, H iscock et al. 2 0 0 5 ). A ll these fac to rs  
together w ith  insuffic ient broodstock im pair recovery 
and restoration efforts (Laing et al. 20 05 ).

The main factors that probably threaten native oyster reefs 
now include illegal fishing, by-catch in traw l fisheries, poor 
water quality and pollution, changes to the environment (e.g., 
habitat loss due to coastal development), and the introduction 
of non-native com petitors, predators and diseases (OSPAR 
Com m ission 2 0 0 5 ). A  recent report on the feas ib ility  of 
restoration of native oyster stocks in the UK (Laing et al.
2 0 0 5 ) iden tified the disease Bonamiasis as the biggest 
biological factor lim iting the potential for stock restoration.

CURRENT NOTEWORTHY ACTIONS

Although the sparse remains of w ild native oyster beds are 
probably one of the m ost endangered marine habitats in 
Europe, Ostrea edulis has rare ly been the  ta rge t of any 
spec ific  large-sca le p ro te c tion  measure, conserva tion  
legislation, or convention. O yster reefs have just recently 
been lis ted as a conserva tion  fea tu re  in A nnex I o f the 
European Commission (EC) Habitats Directive. Since 2003, 
0. edulis beds have been included in the Convention for the 
Protection of the M arine Environment of the North-East 
A tlan tic (OSPAR) list of threatened and/or declining species

and habitats (OSPAR Com m ission 2 0 0 5 ). Ostrea edulis is 
also included in the Red lists of some regions (e.g., Wadden 
Sea, Black Sea). Indirect protection of native oyster reefs 
may also come from  a num ber of EC Directives related to 
shellfish, such as the 91/67/EC, the  9 5 /7 0 /E C  and the 
new 2 0 0 6 /8 8 /E C , w h ich  set com m unity-w ide rules to 
prevent the in troduction  and spread of the  m ost serious 
diseases a ffec ting  bivalve m olluscs, and the  Shellfish 
W aters Directive.

Fisheries fo r native oysters are regulated (som etim es 
prohibited) at a national level (e.g., Hiscock et al. 2005, 
Zaitsev 2006 ), and there is a range of national and local 
leg is la tion related to  issues of w a te r qua lity  but o ther 
national or regional conservation initiatives are rare. There 
is little  evidence that this current low level of management 
a tten tion  is leading to  recovery of stocks. In the  United 
Kingdom, 0. edulis is included in a Species A ction  Plan 
under the U.K. B iodiversity A ction  Plan (UK Biodiversity 
Group 1999) and naturally occurring native oyster beds are 
considered a nationally scarce habitat, although complex 
regulations still allow some harvesting (Laing et al. 2005).

There is a strong in terest in s tock restora tion of native 
Ostrea edulis in many European countries, both to  revitalize 
the fishery and to re-establish a native biotope tha t was 
once com m on. For example, in the UK Defra and Seafish 
commissioned a report on the feasibility of restoring native 
oyste r stocks in the  UK tha t includes an exam ination  of 
biological, technical, economic, and legislative considerations 
(La ing et al. 2 0 0 5 ). The report po in ts out tha t the re  is 
clear evidence of the potentia l fo r success of Ostrea edulis 
stock regeneration especially in disease-free areas, and 
recommends the restocking of strategic areas, the relaying 
o f cu ltch , and the  use of sanctuaries as im p o rta n t 
com ponents of successful restoration programs. The 
report also po inted out tha t the re  is a basic genetic 
s im ilarity among w ild European 0. edulis populations, so 
the source of stocks would not be critical, and that there is 
evidence tha t disease-resistant stocks can be developed 
or m ight have already arisen at some sites. Restoration 
efforts are restrained by a lack of awareness of the poor 
condition and risks of these habitats.

Ostrea edulis is now  functiona lly extinct th roughout most o f  its 
native European range. © Keith Hiscock
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Figure 7. The condition o f oyster reefs in  N o rth  America. © TN C

OVERVIEW  OF CO NDITION

The ten or more ecoregions com prising the coastal areas 
o f N o rth  A m erica  have the  best in fo rm a tio n  of all the  
ecoregions on sta tus of oyster reef habita t. A lthough  
h istoric reports describe oyster reefs large enough to  pose 
a hazard to navigation, today only the ecoregions in the Gulf 
of M exico remain in fair condition. Oyster reefs elsewhere 
on the continent are either in poor condition or functiona lly  
extinct as reefs.

The oyster reefs tha t occur in estuaries throughout the 
G ulf of M exico and the A tlan tic  coast of the U.S. belong 
p rim arily  to  one species, Crassostrea virginica, the Eastern 
oyster, whose fu ll range extends south to  Brazil and north 
to  Nova Scotia, Canada. In v irtua lly  all of these locations, 
oysters are found in single-species assemblages, w ith  
some small accum ulations of oysters in the genus Ostrea 
(p rim arily  0. equestris). In some East Coast estuaries the 
ecological function  of oysters is likely to  be com plete ly 
lost. For example, the oyster reefs in the Hudson-Raritan 
Bay and Narragansett Bay are functiona lly  extinct. Recent 
assessm ents (Scarpa and Bushek 2001) suggest tha t 
there are presently no C. rhizophorae in the continental 
U.S., despite historical accounts; th is may be a result of 
m is iden tifica tio ns  or ex tirp a tio n  (Scarpa and Bushek 
2001, J. Scarpa pers. comm. 20 0 8 ).

The loss of C. virginica reef habita t is staggering in some 
estuaries. In the M aryland waters of the Chesapeake it is 
estim ated tha t 9 0 %  or more of historic oyster reef acreage 
has been lost to  d irec t dam age from  overharvest and 
sed im entation of rem nant reefs (Rothschild et al. 1994, 
Sm ith et al. 2 0 0 5 ). O yster reefs along the Georgia coast 
appear to  have suffered even grea te r declines in

geograph ic extent. Area alone does not te ll the  entire  
story, however, because density of oysters in remaining 
reefs is d iff ic u lt to  m easure re la tive  to  h is to rica l 
num bers. In A pa lachico la  Bay, catch per un it e ffo rt 
(CPUE) is es tim ated to  have fa llen by a fa c to r o f -10 
even though reef area appears to  have changed litt le  
over the  past 100 years.

The native Olympia oyster (Ostrea conchaphila) along the 
W est Coast of North America is not reported to  form  the 
tali three-dimensional reefs that C. virginica does on the 
East Coast. Nevertheless, there are records of extensive 
areas o f ree f-like  hab ita t from  sou thern  C a liforn ia , 
Oregon, W ash ing ton, and parts of B ritish Colum bia. 
These beds were the focus of intense fisheries through 
the late 1800s and early 1900s. As harvests declined the 
intertidal areas were extensively manipulated and oysters 
were translocated around the coast (particularly from  W A  
south to San Francisco Bay) to support the industry. The 
w ild fishery collapsed and very few  beds of w ild native 
oysters remain today. In many bays they are functionally 
extinct. Some of the best beds are in more remote portions 
of the coast of British Columbia and the province has a 
Species at Risk plan that should help to  facilitate long-term  
conservation efforts. The native "O lym pia oyster" may 
actually be two different Ostrea species. As taxonomists 
have discovered fo r oysters in the  Indo- and W estern 
Pacific, species identifications can be challenging because 
m orpho log ies exh ib ited under various environm enta l 
conditions can vary widely. The original classification dating 
back to  the 1800s suggests that there are two W est Coast 
species, Ostreola lurida  and Ostrea conchaphila, w ith  the 
fo rm e r dom ina ting  the  no rthern  range, and the  la tte r 
d o m in a ting  a m ore sou thern  range. A  recent gene tic  
assessment supports this classification (Poison et al. 2009).

THREATS

Populations of Crassostrea virginica in the many bays 
and estuaries of the U.S. East Coast share a com m on 
h istory of being over-exploited to  the po in t of population 
collapse, and then fa iling to  recover. This fa ilure appears 
related to  many factors, including disease, pollution, and 
eutrophication. In some cases, these stressors are thought 
to  be exacerbated by the mass removal of the oysters' 
own filte ring  capacity (Newell 1988, Newell et al. 2007 ). 
Similarly, on the eastern coast of Canada, the Gulf of St. 
Lawrence supported an intense and productive oyster 
fishe ry  th a t m a in ta ined high yie lds in to  the  1910s. 
Following reports of destructive harvest and declines in 
the  1800s, the fishery m ost ab rup tly  declined around 
1915 when M alpeque disease arrived w ith  shipm ents of 
oysters im ported from  outside the region. The fishery has 
recovered som ewhat but natural reefs remain rare.

As w ith  Eastern oysters, the intensive fishing pressure on 
O lym pia oysters (0 . conchaphila) on the W est Coast of 
North America soon led to  declines in many estuaries
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NEW HOPE FOR CHESAPEAKE BAY OYSTERS?

Oysters from  a reef restoration site in  the Piankatank River, V irg in ia. © TN C

The tragic decline in Chesapeake Bay oyster reefs and the oyster fishery they supported is extrem ely w ell-chronic led . Surveys as 
early as the late 1800s revealed dramatic declines in the overall extent of viable reefs in the lower estuary and dim inishing numbers of 
oysters in areas tha t had been—for a few decades at least—the mainstay of the largest oyster fishery in the United States (W inslow  
1882). The rapid changes in physical structure of reefs is vividly apparent in comparisons of historic navigation charts between the late 
19th century and m id-20th century in places such as the James River, the largest tribu ta ry in the lower estuary (W oods et al., 2005). As 
w ith  other areas in the U.S. where dram atic declines in oyster landings occurred, the management objective of maxim izing fisheries 
landings has proved unsustainable in the Chesapeake Bay, particularly against the backdrop of changing environmental conditions (Kirby 
and M ille r 2005).

The loss of oysters from the Chesapeake has had profound effects in the region, both ecologically and socially. Fishermen in Maryland and 
V irg in ia were pitted against one another, som etim es violently, in so-called 'oyster w ars' involving poaching across state lines in the 
Potomac River (Wennersten 1981). Ecologically, the loss of oysters' filtering capacity may have profoundly altered water quality in the estuary, 
jeopardizing seagrasses, another vitally important habitat (Newell 1988; Cerco and Noel 2007). Such impacts have spurred calls for dramatic 
changes in oyster management— ranging from a moratorium on the wild oyster fishery (Horton and Eichbaum 1992) to  introductions of 
non-native oysters as a means o tto  bolstering the fishing industry. The latter issue was reviewed by a National Research Council panel (NRC 
20 04 ) and has been scrutinized further in an Environmental Impact Study by state and federal regulatory agencies (USACE 2009).

Despite the dire situation, there is hope tha t the native oyster, Crassostrea virginica, can, w ith  active restoration and wholesale changes in 
management approaches, stage a comeback in the estuary. Restoration efforts for the native oyster show promise that oysters can be restored 
(Brumbaugh et al. 2000), and there is evidence that in places where fishing pressure has been minimized it is possible for oysters to  develop 
resistance to  parasites that have posed a particular challenge in recent decades (Ryan Carnegie, VIMS, Personal Communication). M ost 
recently, tw o 'blue ribbon' style panels were convened in Maryland and Virginia reached similar conclusions (M OAC 2008; VBROP 2007). 
First, both panels noted tha t significant areas need to  be restored and set aside stric tly  fo r the ir ecological function. To date, only small 
sanctuaries have been restored and set aside, so this is a fundamental shift from the historic management approaches. Second, aquaculture 
should play a larger role in providing Chesapeake Bay oysters for the marketplace. Again, this shift away from relying solely on public fisheries 
and wild harvest is a significant shift in management philosophy, particularly for Maryland where there has been less emphasis on private 
leasing than in Virginia. W hile there is a need to  ensure that aquaculture is conducted responsibly, this shift could enable significant progress 
by relieving pressure on natural reefs and wild populations that are currently estimated to be near 1% of historic abundances overall.



OLYMPIA OYSTER REEFS
IN BRITISH COLUMBIA

CONSERVATION PRIORITIES & RESTORATION BENCHMARKS
The estuaries along the Pacific W est Coast of North 
America are dominated by non-native oysters and clams. 
There once were, however, extensive and thriving reefs 
and beds of many native bivalve shellfish throughout the 
coast from British Columbia to California. Many and 
likely most of the temperate bays on this coast had large 
and sometimes huge beds of native Olympia oysters, 
Ostrea conchaphila. For example, there used to be huge 
beds of Olympia oysters in San Francisco Bay (Fig.1 
below), supporting a substantial fishing industry. A fter 
the w ild beds were depleted, however, native oysters 
were shipped down from Washington state, Wlllapa Bay 
In particular, and placed in holding beds in San Francisco 
Bay to supply the local markets. Interestingly, the author 
Jack London, a San Francisco native, was once both an 
oyster pirate and policeman (see his "Tales of the Fish 
Patrol"). Only a handful of oysters remain in the Bay 
today w ith no true beds and they are functionally extinct. 
Functional extinction Is the com mon state In bays 
throughout the coast. Measuring densities at oyster beds in  N ootka  Sound © Brian Kingzett

The O lympia oyster can still be found In many bays but only as small clumps or pockets of Individual oysters. Even in some of the most 
heavily altered estuaries in Southern California they can be found clinging to  rip rap, seawalls and other artific ia l hardened structures 
revealing the ir tenacious nature and the potentia l fo r restoration. Presently few people in the region know th a t the Pacific oyster, 
Crassostrea gigas, is not native to th is coast. C. gigas, Is the main farmed species of bivalve on the west coast of North America, as It Is 
globally. C. gigas Is Increasingly found in the w ild as well, to  such an extent tha t it has become an im po rtan t com petito r w ith  the 
remaining native oysters In some places (Trimble et al. 2009).

Despite the loss of O lympia oysters throughout much of Its range, there are a few healthy beds of Olympia oysters In remote areas of 
N orthw est Vancouver Island (G illespie 2 0 09 ). From a conservation standpoint, these beds are c ritica lly  Im portant as the last and 
best reefs remaining of native O lym pia oysters In N orth Am erica. They are also of v ita l im portance fo r in fo rm ing restoration goals

elsewhere on the Pacific coast as it is rare to have direct data on the characteristics of Intact 
beds and their communities.

In 2008, a team of scientists and conservationists from various organizations including 
Puget Sound Restoration Fund, the Shellfish Centre at Vancouver Island University, 
Canadian Department of Fisheries and Oceans, and The Nature Conservancy surveyed 
some of these last remaining beds to  in form  conservation and restoration. W ha t was 
found in Nootka Sound was remarkable given the state of fla t oysters on the Pacific coast 
and elsewhere globally.

In Nootka Sound, the Inlets and drainages are steep and the Intertidal benches tend to  be 
small. In the prim ary in let tha t was surveyed, the average densities of native Olympias was 
over 300  oyste rs/m 2 across the three biggest benches, a to ta l in te rtida l area of 2 0 ,000  
square meters. In random ly located quadrats, the densities reached higher than 1,100 
oyste rs/m 2. In most of th is area, the native oysters covered the bottom  and provided the 
primary structure for many other plants and animals. Even In these areas though, C. gigas was 
frequently found In the beds and the Infaunal bivalves were dominated by non-native species.

This In form ation is already in fo rm ing restoration goals fo r projects In the region. The 
Canadian governm ent previously has identified 0. conchaphila as a Species at Risk and 
Is fina liz ing a management and m onitoring plan. Few of the remaining populations have 

Fig 1 San Francisco Bay oyster beds been com Prchenslvely surveyed. The surveys are being published scientifica lly elsewhere
Adanated from  California Fish Bulletin and the im P|ications ° f th is  w ° rk f ° r ooastal ecology can be f ° und in a fo rthcom ing  book

123 (Sacramento, CA, 1963). ^  Rowan Jacobsen.



w ith  no subsequent recovery. O the r fac to rs  like ly 
contributed to the declines, or at least exacerbated the 
im pacts of destructive fishing practices. For example, 
declines of O lym pia oysters in south Puget Sound are 
at least partly a ttribu ted to  po llu tion from  a pulp mill.
A  second example is Coos Bay, Oregon, where oysters 
tha t were believed to  be p len tifu l p rio r to  European 
co lon iza tion  were absent when co lon ists f irs t arrived. 
Local lore has it tha t a massive fo rest fire, fo llow ed by 
heavy rains, caused intense sedimentation that smothered 
oyste r popu la tions. This sequence o f events, if true, 
represents the largest naturally-driven decline in oyster 
populations contained in th is study. A  th ird  example is 
sedim entation in San Francisco Bay. Unlike Coos Bay, this 
sed im enta tion  was not a natural event but ra ther was 
caused by gold m in ing activities w ith in  the watershed 
th a t sent vast quan tities  o f sed im ent down river in to  
the  estuary beginning in the m id 1800s.

The commercial fishery for Ostrea conchaphila in British 
C o lum bia was sho rt lived and stocks have fa iled to 
recover since the fishery collapsed in the 1930s and '40s. 
Fishery decline and failure to  recover has been attribu ted 
to  extrem ely low recru itm ent and high juvenile m orta lity  
caused by harsh env ironm en ta l cond itions. S tafford 
(1918) cautioned tha t beds were th in  and dom inated by 
la rge r size c lasses— a c o n d itio n  he in te rp re te d  as 
suggestive of low  recru it su rv ivorsh ip . Harvest was 
des truc tive  to  the  frag ile  beds and litt le  enhancem ent 
was practiced.

CURRENT NO TEW O RTHY ACTIONS

The ecosystem services provided by oyster reefs are gaining 
recognition in North Am erica, particu larly  in the United 
States. Restoration efforts that historically were focused 
exclusively on enhancing fishery landings are increasingly 
focused on the return of others services, such as shoreline 
protection, provision of fish habitat, and improvement of 
water quality. Nearly every coastal state has some form  of 
restoration for ecological outcomes underway, though these 
efforts are still small relative to  the magnitude of loss. New 
and expanded sources of funding w ill be necessary for 
large-scale restoration efforts, and improved coordination 
between fisheries and other environmental objectives are 
needed to ensure that reefs are restored and managed as 
critica lly im portant ecosystems. Additional documentation 
of the economic value of restored reefs may help to  propel 
these efforts in the future.

Restored oyster reef at the V irg in ia  Coast Reserve. © Barry 
T ru itt/T N C
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THREATS
Overview of Threats and Causes of Decline
As illustrated in the regional reviews, shellfish populations face many threats from  land and sea 
w h ich have con tribu ted to  profound losses of reefs w o rld -w ide  and continue largely unabated 
today. The m a jo r stresses inc lude  ove rfish ing, d e s tru c tive  fish ing , sed im en ta tion , disease, 
changes in freshwater inflow, introduced species, and excess nutrients and pollutants.

A ggressive fish in g  practices th a t d ire c tly  a lte r the  physica l s tru c tu re  of reefs have been 
im p lica ted in rapid declines in both fisheries p ro du c tiv ity  and overall reef cond ition  in many 
estuaries. Fishing practices invo lv ing the  trans loca tion  o f she llfish w ith in  and between bays 
has increased the incidence and severity  of disease and parasite outbreaks th a t have all but 
e lim inated fisheries in m any coastal areas. Coastal deve lopm ent inc lud ing  land -rec lam ation  
( f ill in g )  and dredg ing of sh ipp ing  channels has taken a to ll on reefs. In tro p ica l areas the 
w idespread deforestation of mangroves, w h ich are a prim ary a ttachm ent substrate, have had 
m ajor effects on mangrove oyster populations. Likewise, activities occurring upstream continue 
to  cause problem s as human populations increase in coastal watersheds. A ltered river flows, 
construction  of dams, poorly managed agriculture, and urban developm ent can all im pact the 
qua lity  and quan tity  of w a te r and local sedim ent supply (too  much sedim ent, in particular, is 
a problem for shellfish) tha t largely determ ines w hether shellfish reefs persist or perish.

David 
B

ushek



Clockwise trom  top left: Non-native bivalves can outcompete native species. Here green mussel Perna v ir id is  overgrows the native 
eastern oyster in  F lorida. © Jon Fajans, Reef scarring from  boat propellers in  South Carolina. © M ike  Yianopoulos, SCDNR, Boat 
wakes cause impacts to  shorelines and can threaten in te rtid a l oyster reefs. © Loren Coen, SCCF

A fte r reviewing the literature dating back to  the 1700s 
and 1800s describ ing declines in oyster fisheries, it is 
clear that the dramatic loss of oyster reefs across the globe 
stems from  a com m on sequence of causes (M ackenzie 
1997 a,b,c, NRC 20 04 ). Typically extensive harvest of w ild 
popu lations results in the loss of reef s tructures. M ost 
declines start w ith  destruction of the prim ary structural 
com p lexity , o ften  th rough  d re d g in g /tra w lin g , w h ich  
increases likelihood of stresses from  anoxia, sedimentation, 
disease, and non-native species. Often years of declining 
harvest are followed by introductions of non-native oysters 
directly in the w ild or released from  aquaculture. There is 
often a population crash caused, at least proxim ally, by 
overharvest or disease. W h ile  oyster diseases occur in 
native populations, in many places the incidence of disease 
is believed to  be associated w ith  transfers of non-native 
oysters for aquaculture and from  ballast waters (National 
Research Council 20 04 ). O ther anthropogenic factors 
cause declines, such as changes in freshwater inflow and 
sediments and loadings of nutrients and toxic pollution. 
These factors can be very im portant in some bays.

D espite  the  w ea lth  o f h is to ric  in fo rm a tion , the re  is a 
con tem po ra ry  debate w ith in  fisheries  m anagem ent 
c irc les about the causes of reef declines. M uch of this 
debate seems to  focus on laying blame rather then on 
rem edying the m ostly  agreed-upon poor conditions of 
reefs themselves. Extensive d irect harvest, pa rticu larly 
using techniques tha t destroy underlying structures, has 
had large im pacts on these populations, stressing them  
and leaving them  m ore susceptib le  to  o th e r im pacts. 
These shellfish live in some of the m ost highly developed 
coastal watersheds and degradation of water quality and 
changes in f lo w  are im p o rta n t. The spread of non-native 
species and the ir associated predators, pests, and diseases 
has also affected oyster reefs and in m any places the 
pressure to  spread non-natives continues today. Fixing the 
problems w ill at some level demand addressing all of these 
factors at sea and on land.
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Recommendations for Conservation, Restoration, and Management
The catastrophic loss of shellfish reefs has been centuries and even millennia in the making. But this 
loss is not just a problem of the past; it is a problem of the present and future. W hile  many of these 
losses happened historically, we are still managing these species and the ir reefs in ways that almost 
assure tha t they w ill con tinue to  decline. M ost w ild  Ostrea edulis popu la tions in Europe were 
rem oved between 100 and nearly 1000  years ago, but in ju s t the  past decade (1990s), a w ild  
population in the Gulf o f Thessaloniki (Greece) collapsed from  more than 1000 tonnes of harvest 
annually to  a point where it is now d ifficu lt to  find just 60  individual oysters w ith  a dredge (V irvilis 
and Angelidis 20 06 ). There are likely m ultip le causes of this decline, and parasitic infections are 
highly prevalent in the few  rem aining oysters. One of the last ( if  not the  last) rem aining Ostrea 
anagasi beds in all of Austra lia was recently re-opened fo r harvest. The few  rem aining remnants 
of O lym pia oyster beds in the U.S. Pacific Northwest are still generally open fo r harvest. In the 
Chesapeake Bay, harvests continue at approximately 1% of the ir peak exploitation rates.

There are many obstacles to  successful management of shellfish reefs as habitats, but perhaps the 
biggest challenge is the perception among managers that there is not a problem. Oyster reefs are 
not generally recognized as habitats in policy or practice. Fisheries in many areas have yielded large 
quantities of oysters or mussels even as the reefs themselves become degraded and vanish. In 
addition there is a common perception tha t non-native shellfish in aquaculture can replace natives. 
However, native oysters need to  be recognized for the reef habitat that they provide. A  paradigm 
shift is needed in the regulatory and management communities and in the general public that w ill 
lead to  shellfish ecosystem  restoration and conservation not jus t fo r fisheries production, but 
specifically to return a full array of critical ecosystem services.

Few groups or agencies have a broad or global focus on tem perate coastal habita ts such as 
seagrasses, salt marshes, or shellfish reefs. Instead, a bay-by-bay method of management has led to



piecem eal conservation e ffo rts  ra ther than a broad, 
cohesive conservation strategy. To get from  current 
practices to more holistic management, a regime shift w ill 
need to occur. There are historical precedents for such shifts 
in perception and actions. Until recently wetlands were 
mainly perceived as disease-infested swamps that should 
be dredged, diked, drained, refilled, and reclaimed. That 
perception has changed and the values of wetlands are now 
better appreciated. W hile  degradation continues, it has 
slowed. The global focus on coral reefs has also changed 
substantially in the past 15 years starting w ith  a series of 
global papers and analyses including Reefs at Risk (Bryant 
et al. 1998). W e hope this Shellfish Reefs at Risk report will 
act as a sim ilar catalyst to change the conservation and 
management of shellfish reefs which, in many regards, are 
the temperate equivalents of coral reefs.

A t a m inimum, the follow ing strategies w ill be needed to 
turn the tide. No one strategy w ill be right fo r each area or 
threat and it is assumed tha t m u ltip le  strategies w ill be 
needed in most places. The strategies are grouped into five 
common themes:
• Improve Protection fo r reefs of native shellfish;

• Restore and Recover Reefs back to  functioning 
ecosystems tha t provide m ultiple services to humans;

• Manage Fisheries Sustainably for ecosystems and 
livelihoods;

• Stop the Intentional Introduction and Spread of 
Non-native Shellfish; and

• Improve W ater Quality.

Improve Protection
• Protect the Last, Best Reefs. Our work emphasizes the 

fact tha t there are a few  key areas rem aining tha t are 
priority candidates for conservation. These include some 
of the best and sometimes last remaining shellfish reefs 
for certain species in Australia (Georges Bay, Tasmania), 
Pacific N orth  Am erica  (V ancouver Island, British 
Columbia), and in several bays in the Gulf of Mexico. The 
opportunities in Europe are more d ifficu lt to ascertain but 
must be explored. For example, in the Mediterranean Sea, 
M ar M enor (Spain) was considered to have one of the best 
preserved natural beds of 0. edulis, but its current status 
has not been studied since the m id-1990s (Ramón et al. 
20 05 ). O ther areas where conservation opportunities 
should be explored include the west coasts of Scotland 
and Ireland, the western part of the Swedish Kattegat 
region of the Baltic, and the Limfjord region of Denmark.

• Develop MPAs for Oyster Reefs. O yster reefs and 
o the r shellfish habita ts are very rarely identified as a 
management or conservation feature w ith in  MPAs. China 
recently  established one pro tected area p rim a rily  fo r 
shellfish. In the U.S. a few states have recently established 
spawner sanctuaries fo r shellfish, but these are m ostly  
small-scale relative to  the ir historic population size and 
aerial extent. North Carolina, fo r example, has established 
a network of nine oyster reef sanctuaries, and is working 
to re-establish reefs w ith  old shells and limestone rubble. 
These kinds of MPAs should be expanded to other

im portant areas, particularly because the likelihood that 
existing reefs serve as propagule sources to seed other 
locations is greater for shellfish than most species.

• Recognize Reefs as Ecosystems in Protected Area 
Policies. Shellfish reefs need to  be recognized as 
habitats in representative protected area policies. Many 
of these policies have been developed by nations as part 
of the ir signed agreement to  the Convention on Biological 
Diversity, which, among other things, com m its them  to 
establishing representative networks of coastal and 
m arine protected areas by 2012. M ost nations do not 
recognize shellfish habitats in the ir representative area 
policies. The European Union recently added oyster reefs 
as a habitat for protection under Natura 2000 ; however 
reefs should be elevated to  a priority habitat type given 
the ir functional extinction throughout much of Europe.

• Recognize Oyster Reefs as Critical Wetlands under 
Ramsar Convention. The Convention on W etlands of 
International Importance of 1971 or Ramsar Convention 
(named after the Iranian town in which the convention 
was s igned) was the  f irs t m odern m u lti-n a tio n a l 
agreement aimed at conserving natural resources. It 
encourages the  des ignation  o f sites con ta in ing  
representative, rare, or unique wetlands. Oyster reefs 
should be specifically identified fo r protection under this 
convention and further, should be regarded w ith  other 
sim ilar wetlands (e.g., seagrasses, coral reefs, mangroves, 
and kelp forests) as an "under-represented wetland 
type." There are presently 1,831 wetland sites, to ta ling  
170 m illion  hectares, designated fo r inclusion in the 
Ramsar List of W etlands of International Importance 
(www.ramsar.org); few of these were identified to help 
protect shellfish populations.

• Expand Listings for Oysters as Imperiled Species and 
Threatened Habitats. For some places and species, at- 
risk listings fo r oysters are needed. Oysters have been 
identified as im periled or threatened by a num ber of 
coun tries  m a in ly  in Europe inc lud ing  the  U n ited 
Kingdom, Netherlands, Germany, Sweden and Ukraine. 
The OSPAR convention fo r the  N ortheast A tla n tic  
identifies 0. edulis beds as a threatened or declin ing 
habitat. In Canada, O lym pia oysters, 0. conchaphila, 
have been identified as a Species at Risk and a dra ft 
m anagem ent plan has been developed (G illesp ie  
2009 ). No sim ilar plan exists in the United States for 0. 
conchaphila despite the fact tha t O lym pia oysters beds 
are in worse condition there. In Australia, 0. angasi reef 
habitat could be nom inated fo r listing as a threatened 
ecological com m unity  under the Environment Protection 
and Biodiversity Conservation A ct of 1999.

• Develop Shellfish and Temperate Reef Commitments in 
Global Organizations. Few global organizations and 
agencies have a focus on temperate reefs or wetlands, much 
less shellfish. International agencies and environm ental 
organizations, m ost of which are based in the U.S. and 
EU, should in itia te  new programs to bring atten tion to 
temperate reefs, as they have for tropical reefs, and seek 
commitments from participating countries on conservation 
measures. Assessments by IUCN of the status of shellfish 
ecosystems could bo lster these com m itm ents.
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Oyster mats used fo r restoration in  Indian River Lagoon. 
© Linda Walters, University o f  Central Florida

Restore and Recover Reefs and Their Services
Reef restoration is needed on a scale commensurate w ith  
reef loss (F igure 1). Existing funds could be used more 
e ffec tive ly  and the re  are op po rtu n itie s  to  develop new 
funding streams for rebuilding reefs. Doing so would provide 
a host of environm enta l services inc lud ing susta inable 
fisheries, habitat for other species, water filtration, and 
shore line p ro tection . In som e areas, the  barriers to  
successful restoration still need to be understood.

• Set Restoration and Recovery Goals. Regional and 
national goals need to be set fo r restoration and recovery. 
The condition estimates and categories provided in this 
report can help in tha t development. Goals should be set 
( i)  to  ensure th a t abundances and cond ition  do not 
s lip  in to  lower categories and (ii)  to raise oyster reef 
abundances w ith in  bays and regions so that these areas 
increase from  one condition category to  the next.

• Use Existing Restoration Funds Better. There are 
significant opportun ities to  use existing funds better.
In the U.S. alone, tens of m illions of dollars have been 
spent in the past decade to  recover fisheries in places 
like Chesapeake Bay and to  regain fishery production 
fo llow ing hurricanes in the G ulf of M exico. O ften billed 
as restoration, the outcom es of these investm ents are 
m easured m a in ly  in near-te rm  harvests. A ss is ting  
oysterm en to  overcome the effects of natural disasters 
and the legacy of poor past m anagement are im portan t 
goals, but w ise investm ents should be more than sho rt­
term  (e.g., pu t-and-take of oysters). M ore of these funds 
should be invested in rebuilding the natural capital of 
reefs to  provide fo r m u ltip le  benefits including fisheries 
where the interest, not the principal of our investments, 
is harvested.

• Support Public-Private Partnerships to Restore Native 
Species. The aquaculture industry, public agencies, and 
environmental NGOs are natural partners for prom oting 
the restora tion  of native oysters and th e ir services. 
Together these groups could promote businesses to  help 
produce native oyster species that can be sold for market 
and in the process generate funds and seed oysters fo r

habitat and population restoration. For example, public- 
private partnerships could be pro fitab le fo r businesses 
and reduce costs for native O lympia oyster restoration on 
the W est Coast of the U.S (J. Madeira pers. comm.).

• Develop New Funding Mechanisms Around Ecosystem 
Services: Nitrogen. Nitrogen pollution, a primary cause of 
the degradation of coastal estuaries and water quality, has 
grown exponentially in recent decades. The costs of both 
nitrogen po llu tion and the m anufactured solutions to 
address it are enormous, which is why there is growing 
interest in cap-and-trade mechanisms to  control th is type 
of pollution. Nitrogen markets are being tested along the 
m id-A tlantic coasts in the U.S. in which credits are traded 
for mechanisms such as the planting o f riverine buffers on 
farmlands and new designs for chicken coops to contain 
wastes. The ability of shellfish to sequester nitrogen in 
the ir tissues is one direct way to bring about nitrogen 
reduction. In Sweden, the  filtra tio n  power of mussels
in aquacultu re is being used to  sequester nitrogen 
in an effort to avoid the cost of constructing another 
wastewater treatm ent facility (Lindahl et al. 2005 ). The 
amount of nitrogen potentia lly sequestered or removed 
by shellfish is large, especially when the ability o f benthic 
shellfish to  remove nitrogen through den itrifica tion  in 
adjacent sediments is considered. Further research is 
needed to  establish the credit equation (i.e., how much 
nitrogen is sequestered or removed per oyster or reef).
It is likely to  be no more variable than the am ount of 
nitrogen sequestered or removed by a vegetated shoreline 
buffer (or the amount of carbon sequestered across the 
life tim e of a given planted sapling). A  market fo r th is 
service could pum p significant funding in to shellfish 
restoration.

• Develop New Funding Mechanisms Around Ecosystem 
Services: Shoreline Protection. The impacts of clim ate 
change and coastal habitat loss are being manifested in the 
increasing inundation and erosion of shorelines globally. The 
costs of these impacts and the manufactured solutions to 
address them are growing rapidly. A t the same tim e there is 
growing interest in using ecosystem-based adaptations or 
green infrastructure to help abate these threats. Oyster reefs 
can play a key role in helping to  defend shorelines and 
reduce erosion, and there are a growing number of tests 
and applications of this approach. The value of a reef for 
shoreline p ro tec tion  should be accounted fo r before 
any fu r th e r degradations are allowed. Furthermore, the 
costs and benefits of natural and manufactured solutions 
should be weighed for any project. Funds should be sought 
for further demonstration tests of the use of oyster reefs for 
shoreline protection. For methods see: h ttp ://w w w .oys te r- 
res to ra tion .o rg /

• Reduce Perverse Incentives that Make Restoration More 
Difficult. One of the  few  po ten tia l "p ro tec tio ns" fo r 
she llfish occurs in areas where human harvest is 
prohibited because of poor water quality. Unfortunately, 
res to ra tion  in such areas is som etim es active ly  
discouraged or not allowed because shellfish in these 
locations are regarded as an "attractive nuisance" that 
could entice illegal harvest from  polluted waters (and lead 
to concom itant human health issues). In some cases,

32

http://www.oyster-


managers remove shellfish from  these areas and further 
exacerbate the poor condition of reefs. W hat is essentially 
a regulatory and enforcem ent challenge is, therefore, 
condemning some rivers and bays to a continued decline. 
In the  U.S., leadersh ip  from  the  In te rs ta te  Shellfish 
Sanitation Conference (ISSC) in finding new solutions to 
this enforcement challenge would go a long way toward 
removing these perverse incentives that allow reefs and 
water quality to  degrade further.

Sanctuaries are a useful to o l fo r rebu ild ing  and pro tecting
spawning popu la tions. © L inda  W alters, U n ive rs ity  o f
C entra l F lorida

Manage Fisheries Sustainably
• Develop and Adhere to Fishery Rebuilding Plans. The

collapse of fisheries is a global problem that affects people 
and livelihoods. It is a core responsibility of management 
to disallow, reduce, and recover from  these disasters. In 
many fisheries rebuilding plans are being developed, and 
there have been some im portant successes. However, the 
development of rebuilding plans for oysters is rare. A t a 
m inimum, they should be managed to  the same standard 
as other fisheries.

• Stop Fishing in Areas with Less Than 1% of Shellfish 
Remaining. There should be no question that when stocks 
are below 1% of historical abundance that fishing should 
be stopped until the reef is successfully rebuilt. For most 
other fisheries action is taken if stocks fall below 10% of 
p rio r abundances and the  same approach should be 
followed for shellfish. Unfortunately these guidelines have 
not been followed for shellfish and it is still common to see 
harvest allowed when only around 1% of stocks remain.

• Ensure Sustainable Fisheries in the Gulf of Mexico.
W hile  scientists and managers focus on the dozen or so 
estuaries tha t dom inate typical oyster discourse such as 
Chesapeake Bay, the needs and opportunities elsewhere 
are often overlooked. The oyster fisheries in the Gulf of 
M exico (U.S. and M exico) need to be managed for what 
they represent: likely the last opportunity in the world to 
achieve both large-scale reef conservation and sustainable

fisheries. These beds cu rre n tly  represent the  m ost 
s ignificant w ild  harvests left in the world. There is real 
opportunity for sustainable fisheries in the Gulf o f Mexico, 
but even those reefs have been declin ing . Changes 
towards more sustainable long-term  oyster harvest is 
needed if the Gulf is to  avoid the fate of most wild, native 
oyster fisheries globally.

• Use Fishery Funds to Sustain Long-term Harvests, not 
just short-term put-and-take gains. See Use Existing 
Restoration Funds Better.

• Learn from Successes. Managers need to study the few 
areas w ith  healthy shellfish reefs in order to learn from  
these successes and expand effective conservation and 
m anagem ent approaches. In Chile, m ore sustainable 
shellfish harvests have been achieved using a m ixture of 
protected areas for im portant populations, cooperative 
fishe ry  m anagem ent, user rights, and aquacu ltu re  to  
reduce harvests on w ild stocks (Castilla et al. 2007). This 
approach should be replicated elsewhere.

• Use Private Fishing Rights More Effectively and Promote 
G reater Stewardship. Private righ ts  approaches fo r 
shellfish (e.g., lease and concessions of submerged lands) 
have been used extensively in many countries including 
the U.S.; these rights should provide the basis fo r more 
effective management (Beck et al. 2 0 0 4 ) and are believed 
to  be key to  restoring fisheries. G reater m on ito ring  and 
stewardship of the shellfish resources should be required 
fo r leases in order fo r individuals to  m aintain exclusive 
rights. Extending leasing opportun ities to  conservation 
organizations and other private firms could also facilitate 
the testing of new approaches for restoration and harvest 
using these leases.

• M ap Reefs to Assess M anagem ent Effectiveness.
To be tte r manage fo r susta inable fisheries and reef 
rebuilding, the distribution of reefs must be mapped. In 
many places the distribution of oyster habitat was known 
better 100 years ago (e.g., Drake 1891, Moore 1907,1913), 
than it is today. Nearshore habitat mapping, using for

Non-native bivalves can outcompete native species. Here, the 
green mussel Perna v irid is , overgrows the native eastern oyster in  
Florida. © Jon Fajans
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example side scan sonar, is now relatively cheap and 
needs to be used much more often.

Stop the Intentional Introduction and Spread of 
Non-native Shellfish
M uch of the spread of non-native species happened in the 
past but the pressure to  spread non-native oysters is still 
strong today globally from  Ireland to  Chesapeake Bay to 
South Am erica. Shellfish cu ltu re  has been the second 
greatest source of marine invasive species after ballast 
w a te r (M o lna r et al. 2 0 0 8 ); these non-natives include the 
im ported shellfish, the ir diseases and many associated 
predators, com petitors, and hitchhiker species (Ruesink 
et al. 2005 , M o lna r et al. 2 0 0 8 ).

• Follow ICES Protocols. At a m inim um  all International 
Council for the Exploration of the Sea (ICES) codes of 
practice for marine introductions and transfers should be 
followed in aquaculture to ensure that new non-natives 
are not released in to  the w ild  (ICES 2 0 0 4 ). These 
protocols reduce but do not elim inate the risks of new 
introductions (NRC 2003).

• Stop Intentional Introductions. The ICES protocols 
however on ly look at im pacts case by case or bay by 
bay and do not account for the cumulative impacts of 
introductions. Given the widespread impacts from  the 
spread and globalization of just a few  oyster species, we 
cannot recommend any further introductions.

* Support Hatcheries and Business that Grow and Use 
Native Shellfish Seed w ith  incentives or other market 
forces. See also Support Public-Private Partnerships to 
Restore Natives.

* Support Aquaculture that Relieves Pressure on Reefs and 
W ild Stocks. Aquaculture when done well and combined 
w ith  other fishery regulations can reduce pressure on 
harvest of w ild reefs.

Improve Water Quality
The fate of oysters is tied to overall estuarine condition. 
Improving estuaries w ill require significant effort, much 
of w h ich  w ill need to  be w ate rshed-based . Indeed 
watershed managem ent is likely to  be one of the bigger 
challenges fo r conserving she llfish and o the r coastal 
ecosystems. The recom m endations outlined here focus 
on those exp lic itly  tied to shellfish; a broader set of water 
qua lity  recom m endations is beyond the  scope o f th is 
docum ent. W h ile  im proving w ate r quality is a daunting 
task, there are actions tha t can help.

• Use Shellfish as Bioindicators. Because of the ir close 
ties to  many estuarine processes and the ir ab ility  to 
bioaccum ulate, oysters can be used as b io indicators 
fo r w a te r q u a lity  and fo r  ach ievem ent o f es tuarine  
conserva tion  and resto ra tion  ta rge ts  (V o le ty  et al. in 
press). Shellfish could also be used as indictors for water 
flow. Currently, flows and shellfish reefs are managed at 
local, often disconnected scales. Im provem ents could 
include integrating shellfish reefs as management targets 
for catchment (watershed) management councils.

• Enhance or Establish Shellfish Partnerships Across 
Sectors. The aquaculture industry, environmental NGOs, 
and m anagers should seek com m on ground to  help 
conserve and restore the coastal water quality that is vital 
to cultured and w ild shellfish. The decline of oyster reefs 
may be harbingers for further environmental declines in 
coastal estuaries as they tend to decline first, which are 
followed by other habitats and species (Lotze et al. 2006).

• Support Sustainable Aquaculture. Shellfish aquaculture 
can be carried out m ore susta inab ly than m ost o ther 
fisheries and aquaculture. These businesses rely on clean 
coastal waters and are key stakeholders for preserving and 
improving water quality.

• See Develop New Funding Mechanisms Around 
Ecosystem Services: Nitrogen.

Measuring brown tide outbreak in  Chesapeake Bay. © Rob Brumbaugh/Chesapeake Bay Foundation
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A NOVEL SOLUTION TO A CONTEMPORARY
THREAT TO OYSTER REEFS IN THE INDIAN RIVER LAGOON, FLORIDA

m

Volunteers w orking on oyster reef restoration in  Indian River 
Lagoon. © Anne B irch/TN C

Declines in oyster reefs in many estuaries noted in this report are 
h isto ric in nature, the legacy of excessive and destructive fish ing 
practices tha t peaked in the 18th through early 20 th  century.
In some locations, such as the Indian River Lagoon, Florida, the 
losses are qu ite contem porary and stem from  novel sources of 
stress on oyste r reefs. Scientists in the 1990s used aerial 
photography to  compare the present day extent of live oyster 
reefs to  reefs in the 1950s and noticed a dram atic decline in live 
oyster reef area. The declines were occurring even w ith in  the 
boundaries of the Canaveral National Seashore, a protected area 
managed by the U.S. National Park Service, where extractive 
forces such as dredging or excessive harvest were not perm itted. 
The declines were accompanied by a com m ensurate increase in 
the area of 'dead margins', mounded areas of d isarticu lated shells 
resembling sand dunes or snow d rifts  above the level of mean 
high tide  (G rizzle et al. 2 0 0 2 ). A dd itiona l research made it clear 
tha t these changes were related to  the im pacts of boat wakes 
associated w ith  increases in boating tra ffic  in the area over tha t 
tim e fram e (W alte rs et al. 2002, W all et al. 2005).

A  collaborative effort to reverse these declines through restoration 
was initiated in 2005 between The Nature Conservancy and the 
University of Central Florida. W orking w ith in  the boundaries of 
the Canaveral National Seashore, a pilot project was initiated to 
test the efficacy of using 'oyster mats' developed by Linda W alters, 
a professor at the University of Central Florida. The mats are 
constructed using aquaculture grade mesh w ith a specific number 
of shells firm ly  attached so th a t they are both resistant to the 
movement of water caused by boat wakes and are oriented vertically 
to  provide a good structura l representation of a healthy reef's 
surface. The vertical orientation of oysters on reefs helps to increase 
recruitm ent and long-term  survival of oysters, and provides a refuge 
for small fish and other organisms associated w ith  the reefs (Soniat 
et al 2005). The dead margins are graded back to  normal elevation. 
W hen deployed on top of the shells from the leveled dead margins , 
the mats reduce the wave energy and provide a stable place for 
oyster larvae to  settle and grow.

Between 20 05  and 2009, The Nature Conservancy's Indian River 
Lagoon Program organized an army of volunteers, nearly 10,000 
people in all, to  help assemble and deploy the thousands of mats 
necessary to  restore approximately 20 acres of degraded reefs w ithin 
the Canaveral National Seashore. Com m unity groups of all kinds 
became engaged in the effort. Novel partners emerged such as the 
Royal Caribbean Cruise Ships ‘Mariner o f the Seas' and ‘Freedom of the 
Seas' whose crews have provided the invaluable service of drilling 

holes in hundreds of thousands of shells during the ship's tim e at sea, enabling the shells to  be affixed to the oyster mats back on shore.

1 jm . j

Oyster mats deployed in  Indian River Lagoon. © Cheryl 
M ail/TN C
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Restoration efforts are enabling oysters to  recover trom  
damage caused by boat wakes w ith in  Canaveral National 
Seashore, Florida. © Anne B irch/TNC

W ith  th is project, the University of Central Florida and The Nature Conservancy have shown tha t the mats are effective at stabilizing 
degraded reefs, provide a perfect substrate for young oysters to re-colonize the reefs and help support a diverse assemblage of other species 
(Barber, A.L. 2007). In just a few years, the declines from decades of increasing boating traffic have been stemmed and are being reversed. 
M ats deployed early in the restoration e ffort have become entombed in the reef's surface and the restored areas are becoming virtually 
indistinguishable from natural reefs found farther from areas with boating traffic. Importantly, underpinning this restoration work is science, 
and as restoration efforts expand, careful m onitoring and documentation w ill be key to understanding how the reefs and the ir associated 
community respond to restoration and whether additional protective measures are necessary to ensure their long-term persistence.
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O yster reefs once dom inated many tem perate estuaries g lobally and were, in many regards, the 
tem perate equivalents of coral reefs. Recorded and anecdotal accounts of historical extraction of 
oysters ind ica te  the  existence o f vast reefs w ith  s ign ifican t s truc tu ra l com plexity . This report 
provides thorough and direct estim ates of condition of th is critica l coastal m arine habitat.

There are many obstacles to  successful m anagement of oyster reefs, but the biggest is sim ply 
perception among managers that there is not a problem. In addition there is a common perception 
tha t non-native shellfish in aquaculture can replace natives. Put simply, native oysters need to  be 
recognized fo r the  reef hab ita t th a t they provide. A  paradigm  sh ift is needed in the  regu la tory 
and m anagem ent com m un ities  and w ith  the  pub lic  in general th a t leads to  she llfish hab ita t 
conservation and res tora tion  not ju s t fo r fisheries p roduction , but spec ifica lly  to  re turn a fu ll 
array of critica l ecosystem services.

The oyste r abundance categories in th is  report can assist in se ttin g  m uch-needed goals fo r 
restoration and conservation. Realistic conservation goals include ( i)  ensuring tha t abundances 
do not slip into lower categories and (ii) more appropriately, increasing reef quality and abundance 
such th a t reefs can be moved up from  one category to  the  next. W h ile  there is no exact level 
at which reef ecosystems become self sustaining, it m ust be higher than 10% of h istoric areas.



Oyster beds at V irg in ia  Coast Reserve. © Diana Garland

W e have ou tlined  sensib le op tions fo r im p rov ing  the 
condition and management of shellfish reefs in five key areas:

Improve Protection for native shellfish reefs. Native, w ild 
oyster reefs need to  be recognized explicitly as a priority for 
habitat management and conservation and in development 
of protected area policies. They are an imperiled habitat 
w ith  li t t le  p ro te c tion  in place fo r the  few  rem a in ing 
examples. Because they are typically found nearshore, and 
are relatively static features in the coastal zone, shellfish 
reefs are conducive to  being managed through area-based 
approaches such as marine protected areas (M PAs) and 
com m unity concessions.

Restore and Recover Reefs back to functioning ecosystems 
that provide m ultiple services to humans. Reef recovery and 
restoration is needed on a scale commensurate w ith  losses. 
Existing funds can be used better and new funding streams 
are possible fo r rebuilding reefs and the ir services.

M anage Fisheries Sustainably fo r bo th ecosystem  
condition and livelihoods. In addition to using quantitative 
stock assessm ent m ethods fo r she llfish popu lations, 
reefs must be managed w ith  more than just fisheries 
landings in mind. O ther ecosystem services such as water 
filtra tion , nu trien t removal, shoreline protection, and 
provis ion of fish hab ita t should receive the  same 
consideration (o r greater, depending on location) as 
fisheries in management objectives. Greater use should 
be made of these tools and approaches.

Stop the Intentional Introduction and Spread of Non-native 
Shellfish. Further introductions of non-native oyster species 
to  new areas should not be allowed. The cumulative impacts 
of the  g loba liza tion  of a few  oyste r species (and th e ir 
hitchhikers) have been great, and few regions remain that 
are still free of introduced oysters.

Improve W ater Quality. Addressing threats orig inating 
w ith in  watersheds such as nu trien t pollution, erosion, 
excessive sediment supply, and altered freshwater flows, 
w ill increase the  effectiveness of conservation and 
m anagem ent. Enhancing native popu la tions w ill help 
restore natural b io filtra tion  capacity in estuaries and bays.

W e believe tha t the recom m endations in th is  report w ill 
enable oyster reefs form ed by native shellfish to  recover 
where they have been affected by human activities along the 
coast and to persist for the long-term in places where they 
exist today in fair to good condition, providing ecological and 
economic benefits to societies around the globe.

“ T h e  n a tio n  behaves w e ll i f  i t  tre a ts  th e  

n a tu ra l re so u rce s  as assets w h ic h  i t  m u s t 

tu r n  o v e r to  th e  n e x t g e n e ra tio n  in c re a s e d  

a n d  n o t im p a ire d  in  v a lu e .”
- Theodore Roosevelt
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Table 1: C ond ition  o f oyste r reefs in ecoreg ions and th e ir  bays. The con d ition  is based on the  pe rcen t o f cu rre n t 
to  h is to rica l abundance o f oyste r reefs rem a in ing , where:

0  < 5 0 %  lost (g o o d ) \  5 0 -8 9  %  lost ( fa ir )  0  9 0 -9 9 %  lost (p o o r)  Q  > 9 9 %  lost ( fu n c tio n a lly  e x tin c t)

E3 □□
Eco region Bay C ondition Species References

Adria tic  Sea 1 0. edulis (1-8)

Grado lagoon 10. edulis (5, 7)

Gulf of Trieste 1 0. edulis (7 ,9 )

Po Delta lagoons 10. edulis (1 ,8 )

Venezia (lagoon) 10. edulis (2, 3)

Limski Kanal 1 0. edulis (4 )

Mali Ston Bay 0. edulis (10)

Aegean Sea 1 0. edulis (11,12)

Thessaloniki Bay 10. edulis (11,12)

Amazonia 1 C. rhizophorae (13)

Furo Do Cafe 1 C. rhizophorae (13)

Baltic Sea 1 0. edulis (14-16)

Bassian 10. angasi (17)

Cloudy Bay 0. angasi (18,19)

D’Entrecasteaux Channel 0. angasi (17,19-21)

Derwent River 10. angasi (17,19-23)

Georges Bay, Tasmania 1 0. angasi (17,19, 24)

Huon River 1 0. angasi (17,19, 20)

Port Esperance 10. angasi (18,19)

Port Phillip Bay 1 0. angasi (25-31)

Southport 10. angasi (18,19)

Spring Bay 0. angasi (18,19)

Swanport 10. angasi (18,19)

Tamar River 1 0. angasi (17,19-21,32)

Black Sea 1 0. edulis (33, 34)

Karkinits’ka Bay 10. edulis (33)

Dzharylgats’ka Bay 0. edulis (33)

Primorsko to Cape Maslen 0. edulis (3 4 )

Cape Howe S. glomerata, 0. angasi (35-38)

Clyde River S. glomerata, 0. angasi (36)

Georges River S. glomerata, 0. angasi (35-38)

Nelson Lagoon S. glomerata, 0. angasi (36)

W onboyne Lake 1S. glomerata, 0. angasi (36)

Carolinian 1 C. virginica (39, 4 0 )

Beaufort County, SC 1 C. virginica (41-43)

Charleston County, SC C. virginica (41-43)

Georgetown County, SC 1 C. virginica (41-43)

Georgia Coast C. virginica (39, 40, 4 4 -4 6 )
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3 2 1 0
Ecoregion Bay C ondition Species References

M osquito Lagoon 1 C. virginica (47, 48 )

W ilm ington, NC C. virginica (49)

Celtic Seas 1 0. edulis (5 0 -6 4 )

Belfast Lough 0. edulis (50-52 , 65, 66)

Bertraghboy Bay 0. edulis (52, 67)

Cardigan Bay 0. edulis (50, 62, 66)

Carlingford Lough 1 0. edulis (50-52 , 65, 66)

Galway Bay 0. edulis (51, 52, 68-70)

Kilkieran Bay 1 0. edulis (51, 52, 67, 69)

Lough Foyle 0. edulis (50-52 , 65, 66, 68, 71)

Menai Strait 1 0. edulis (50, 54, 62)

M ilford Haven 0. edulis (50, 53, 54, 62)

Strangford Lough 0. edulis (51, 72, 73)

Swansea 0. edulis (50, 53, 62)

Central Chile 1 T. chilensis (74)

Coquimbo 1T. chilensis (74)

Valapraiso T. chilensis (74)

La Herradura 1T. chilensis (74)

Central New Zealand 0. chilensis (75, 76)

Guayaquil 0. columbiensis (77)

Tumbes, Perú 0. corteziensis, O.columblensls (77, 78)

Chiloense T. chilensis (79)

Ancud, Chiloe T. chilensis (79)

Bay of Pullinque 1 T. chilensis (79)

Bay of Yaldad T. chilensis (79)

Calbuco T. chilensis (79)

Castro T. chilensis (79)

Channel of Rilan T. chilensis (79)

Estuary of Quempillén T. chilensis (79)

Guaitecas T. chilensis (79)

Island of Melinka T. chilensis (79)

Quetalmaue T. chilensis (79)

East China Sea

Shenzhen, Pearl River 1 (8 0 )

Floridian 1 C. virginica (35, 81-85)

Biscayne Bay 1C. virginica (83)

Caloosahatchee River C. virginica (84, 86)

Charlotte Harbor 1 C. virginica (81-83)

Estero Bay C. virginica (81, 82)

Lake W orth C. virginica (83)

Loxahatchee River C. virginica (83)

Naples and Dollar Bays 1 C. virginica (81,82)

Rookery Bay C. virginica (81-83)

South Indian River 1 C. virginica (83)

Sebastian River 1 C. virginica (83)

St. Lucie 1 C. virginica (83)

Tampa Bay C. virginica (85)

Greater A ntilles C.spp (87, 88)
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B □□
Eco region Bay Condition Species References

Gulf of M aine/Bay of Fundy

Great Bay
1

C. virginica (16, 89,

Gulf of St. Lawrence - E. Scotian Shelf C. virginica (89, 91-94)

Gulf of St Lawrence C. virginica (89, 91-94)

Leeuwin
1

0. angasi (95, 96)

Oyster Harbour 0. angasi (95, 97-101)

Mannlng-Hawkesbury S. glomerata, 0. angasi (35, 36, 38)

Camden Haven Estuary S. glomerata, 0. angasi (3 6 ,102,103)

Clarence River S. glomerata (36)

Hawkesbury River S. glomerata, 0. angasi (36)

Pambula River S. glomerata, 0. angasi (36)

Port Stephens S. glomerata, 0. angasi (36)

Sydney Harbor S. glomerata, 0. angasi (36, 38)

W allis Lake S. glomerata, 0. angasi (36)

North Patagonian Gulfs 0. puelchana (104,105)

Banco Las Grutas 0. puelchana (105,106)

Golfo San José 0. puelchana (106)

Golfo San Matías 0. puelchana (105)

North Sea
1

0. edulis (107,108)

Dogger Bank English Channel 0. edulis (5 0 )

Firth of Forth 0. edulis (50, 54, 59)

Rivers Crouch andRoach 0. edulis (50, 53, 57, 58)

The Wash 0. edulis (5 0 )

W adden Sea 0. edulis (14,15,109-119)

Northeastern Brazil C. rhizophorae (120)

Itamaracá C. rhizophorae (120)

Northeastern New Zealand 0. chilensis (76,121)

Northern California 0. conchaphila (122,123)

Elkhorn Slough 0. conchaphila (122,124-127).

M orro Bay 0. conchaphila (122,125-127)

San Francisco Bay 0. conchaphila (35,122,123,127-139)

Northern Gulf of Mexico C. virginica (35, 81, 91,140-144)

Apalachicola Bay C. virginica (91,143,145-150)

Cedar Key C. virginica (35, 81, 82)

Galveston Bay C. virginica (141,142,151-156)

M obile Bay C. virginica (157-159)

M ississippi Sound C. virginica (3 5 ,140)

Pensacola Bay C. virginica (160-162)

OR, W A, Vancouver Coast and Shelf
1

0. conchaphila (163,164)

Barclay Sound
1

0. conchaphila (35,165-167)

Coos Bay
1

0. conchaphila (164,168-172)

Hum boldt Bay
1

0. conchaphila (35,122,125,127)

Kyuquot Sound
1

0. conchaphila (173)

Netarts Bay
1

0. conchaphila (164,170,174,175)

Nootka Sound
1

0. conchaphila (173)

W lllapa Bay
1

0. conchaphila (123,135,163,176-179)

Yaquina Bay 0. conchaphila (164,170,171,180-182)
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3 2 1 0
Eco region Bay Condition Species References

Puget Trough/Georgia Basin 1 0. conchaphila (163,166,176,177,179,183)

Boundary Bay 10. conchaphila (173)

Ladysmith Harbor 0. conchaphila (173)

Puget Sound - Northern 10. conchaphila (176,177)

Puget Sound - Southern 1 0. conchaphila (135,163,176-178,183-185)

Rio de la Plata 0. puelchana (186,187)

Banco Ingles 0. puelchana (186)

Isla de Flores 0. puelchana (187)

South Australian Gulfs 0. angasi (30 ,188)

Boston Bay 0. angasi (188-190)

Coffin Bay 0. angasi (188-190)

Kangaroo Island 0. angasi (188-190)

Oyster Bay 0. angasi (188-190)

Port Lincoln 0. angasi (188-190)

South European A tlan tic  Shelf 0. edulis (191-193)

Southeastern Brazil C. gasar (194-196)

Cananéla C. gasar (196)

Cananéla-lguape Estuaries 1 C. gasar (195,197)

Guaratuba C. gasar (194)

Southern California Bight 1 0. conchaphila (122,125)

Southern Caribbean 1 C. rhizophorae (8 8 ,198)

Laguna de Tacarigua 1C. rhizophorae (199)

Southern Gulf of Mexico C. virginica (200 , 201)

Southern New Zealand 1 O.chllensls (121, 202)

Foveaux stra it 1 O.chllensls (121, 202)

Southwestern Caribbean C. rhizophorae (88, 203, 20 4 )

Ciénaga Grande De Santa Marta 1C. rhizophorae (2 0 4 )

Tweed-Moreton S. glomerata (35-38)

Great Sandy Strait S. glomerata (35, 37, 38)

M oreton Bay S. glomerata (35-38)

Tin Can Bay S. glomerata (3 5 ,3 8 )

W ide Bay 1S. glomerata (3 5 ,3 8 )

Uruguay-Buenos Aires Shelf 1 0. puelchana,O.equestris (105, 205)

Virginian 1C. virginica (91,107,123, 206)

Chesapeake Bay 1 C. virginica (123, 207-218)

Delaware Bay 1 C. virginica (123, 211,219-225)

Great South Bay 1C. virginica (35)

Hudson Raritan Estuary C. virginica (35,107,123, 226-228)

Narragansett Bay 1C. virginica (107,229-235)

Pamlico Sound 1 C. virginica (49,123,140, 218, 236-242)

W estern Mediterranean 0. edulis (107,243)

Gulf of Lion 1 0. edulis (3, 243, 244)

M ar Menor Lagoon 0. edulis (244-246)

Yellow Sea 1
_

C. ariakensis, C. gigas (80, 247-250)

Bohai Bay C. ariakensis, C. gigas (248, 249)

Laizhou Bay (Dajiawa Reef) 1 C. ariakensis, C. gigas (247, 248, 250)

Laizhou Bay (Xiaoqinghe Reef) I C. ariakensis, C. gigas (8 0 )

Nantong Sea (Xiaomiaohong Reef) 1 C. ariakensis, C. gigas (251)
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