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ABSTRACT: We reviewed the scale and intensity of  disturbance, and the response o f  benthic  and  epibenthic commu- 
nities, to intertidal aquaculture activities in Pacific Northwest  estuaries. Available data indicate a spect rum o f  influences 
on the ability o f  estuaries to sustain biota unrelated to the cultured species. Certain disturbances, such as adding gravel 
to mudflats and sandflats to enhance clam production,  may subtly impact certain benthic and epibenthic invertebrates 
without changing the carrying capacity for es tuar ine-dependent  taxa, such as juvenile Pacific salmon (Oncorhynchus spp.). 
However, habitat shifts might alter the relative suitability for  different  salmon species. In contrast, acute disturbances 
that produce  large-scale changes in community dominants,  such as manipulation o f  burrowing shr imp or  eelgrass with 
pesticides or  mechanical harvesting and manipulat ion o f  oyster grounds,  strongly influence the carrying capacity for  
many fish and macroinvertebrates.  Ensuring that estuarine ecosystems are sustainable for  the breadth of  processes  and 
resources requires a comprehensive assessment o f  both natural and anthropogenic disturbance regimes, landscape influ- 
ences, and the effects  o f  local management  for  particular species on other  resources. 

Introduct ion 

T h r o u g h  manipulat ion of  estuarine habitats, 
many types of  aquaculture disturb endemic  com- 
munities (Pillay 1992); however, it is often unclear  
whether  the degree  of  disturbance exceeds that to 
which the communit ies  are naturally accommodat-  
ed. Sousa (1984) def ined disturbance as "a  dis- 
crete, punc tua ted  killing, displacement,  or dam- 
aging of  one  or more  individuals (or colonies) that 
directly or indirectly creates an oppor tuni ty  for 
new individuals (or colonies) to become estab- 
lished." This definit ion is descriptive of  aquacul- 
ture because it encompasses physical as well as bi- 
ological or chemical  agents. Disturbance is not  
u n i d i m e n s i o n a l ;  scales inc lude :  areal  ex ten t ,  
intensity (magnitude) ,  local and regional frequen- 
cy, predic tabi l i ty ,  and  ro t a t i on  p e r i o d  (Sousa 
1984). Correspondingly,  adaptation to natural dis- 
turbance regimes implies that the disturbing agent  
is chronic,  that is, occurs at sufficient f requency to 
encompass the lifetime of  an individual (Thistle 
1981). I .ower-frequency events, which tend to be 
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acute (more  intense),  are te rmed disasters (Paine 
1979). Although the nature  and scales of  distur- 
bances and resultant communi ty  responses have 
been examined extensively in rocky intertidal hab- 
itats (Dayton 1971; Paine 1979; Sousa 1984) and 
coral reef  (Connell  1978; Moran and Reaka-Kudla 
1991; Woodley 1992), they have received little at- 
tent ion in estuarine intertidal sofl-bottom com- 
munities, and especially relative to aquacul ture  as 
a disturbance factor. This is particularly true for 
Pacific Northwest estuaries, which are both p rone  
to modera te  levels of  natural  disturbance and are 
sites of  intensive aquaculture.  An examinat ion of  
disturbance effects on  estuarine and coastal ma- 
rine ecosystems due to aquacul ture  is timely, both 
from the s tandpoint  of  increasing an thropogenic  
change and new scientific approaches  (see, for  ex- 
ample, Heip  and Nienhuis 1992). 

Estuarine communit ies  have evolved to accom- 
modate  certain levels o f  physicochemical  stress and 
disturbance. Benthic and epibenthic  communit ies,  
in particular, have co-evolved in highly variable re- 
gimes of  salinity, temperature ,  and substrate that 
vary on temporal  scales f rom tidal cycles to geo- 
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logic trends in relative sea-level rise. The  ability of  
estuarine communit ies  to accommodate  distur- 
bance at low intensities but  often high frequencies,  
and to rapidly recow.'r f rom occasional disasters, 
implies that they are more  resilient than commu- 
nities that are more  ecologically than physically 
regulated. Although ext reme events such as hur- 
ricanes and p ro longed  freezing may devastate ben- 
thic communit ies  over the short  term, the rate of  
recovery can be quite rapid (e.g., within 1 yr) 
(Wolff 1973; Boesch et al. 1976; de Vlas 1982) as 
long as the per turbing tactor does not  persist; even 
then, recovery may not  be entirely complete  (Wolff 
1990) and is dependent ,  in part, on the lifespan 
of  communi ty  dominants.  In part  because of  this 
resiliency to inheren t  environmental  dynamism, es- 
tuaries are highly productive and often support  
h igher  standing stocks and secondary product ion  
of  consumers  than more  stable terrestrial and oce- 
anic ecosystems (Day et al. 1989). 

H u m a n  civilizations have harvested tish and 
shellfish in estuaries for  centuries. More recently, 
however, declining yields have been supplemented  
by culturing species of  particular economic  impor- 
tance. Intense, single-species aquacuhure  has in 
some circumstances p romoted  condit ions in estu- 
aries indicative of  stressed ecosystems (Lockwood 
1991; Folke and Kautsky 1992). Mternatively, o ther  
aquaculture systems p romote  high hiodiversity and 
produc t ion  without deleterious effects to endemic  
c o m m u n i t i e s  (Pillay 1992). Aquacul tur is ts  also 
tend to be staunch advocates tbr  maintaining or 
improving estuarine water quality in the face of  in- 
creasing domestic and industrial waste discharge, 
wetland development ,  and water withdrawal (Che- 
ney and Mumford  1986). 

Aquaculture of  cstuarine organisms, principally 
molluscs, may disturb benthic-epibenthic habitats 
beyond natural intensities or frequencies,  perhaps 
for years or decades. When scales of  human  dis- 
turbance exceed that of  natural regimes (e.g., in- 
volves major changes in species composit ion,  and 
componen ts  of  pr imary and secondary produc- 
t ion),  effects can potentially cascade through the 
estuarine foodweb to affect product ion  of  o ther  es- 
tuarine, marine,  and anadromous  populations. In- 
tertidal habitats are impor tan t  elements  of  estua- 
r ine  ecosystems.  T h e y  are h ighly  p roduc t ive ,  
expor t  organic mat ter  to the estuary's detritus 
pool, and funct ion as habitat  for  fish and wildlife 
during specific life-history stages (Peterson and Pe- 
terson 1979; Phillips 1984; Nichols and Pamatmat  
1988; Barnhar t  et al. 1992). Thus, resource man- 
agers should consider  effects of  all types of  unnat-  
ural (e.g., an thropogenic)  disturbance, including 
aquaculture,  at communi ty  and ecosystem levels. 

Several types of  aquacul ture  take advantage of  

the unique structure and biological productivity of  
intertidal habitats in Pacific Northwest estuaries. 
Oyster culture, and to a lesser extent  clam culture, 
are the dominant  aquaculture activities that have 
persisted, often relatively unchanged,  since their  
inception up to a century ago. Mthough  not  nec- 
essarily pervasive within these industries, some cul- 
ture methods  may disturb indigenous intertidal 
communit ies  and thereby affect large segments of  
estuarine ecosystems where culture is concentrat-  
ed. 

Potential disturbance regimes of  estuarine inter- 
tidal habitats by aquaculture must be considered 
within tile context  of  the age and inherent ly  dy- 
namic nature  of  Pacific Northwest estuaries. Essen- 
tially all Pacific Northwest estuaries were fo rmed  as 
a result of  40,000 yr of  Wisconsin glaciation and 
associated sea-level changes, and the climatology of  
the following 10,000 yr of  the Pleislocene (Cran- 
dell 1965). The i r  young geologic age is f l l r ther  ac- 
cen tua ted  by periodic tectonic events that have of'- 
ten resulted in dramatic changes in intertidal 
elevation. For example,  subsidences of  0.5-2.0 m 
along the outer  coast have occur red  at least six 
times in the last 7,000 yr (Atwater 1987). Super- 
imposed on this geologic scale of  regional distur- 
bance, estuarine intertidal habitats in this region 
are subjected to smaller scales of  climate-associated 
disturbance due to waves, currents,  and freshwater 
discharge from major North  Pacific storm events. 
This can produce  wide salinity and tempera ture  
fluctuations, and comparatively dynamic sedimen- 
tation regimes. As a result, estuarine communi t ies  
in this region are naturally shaped by broad ex- 
tremes and frequencies  of  disturbance. 

In this paper, we review practices of" intertidal 
aquaculture in Pacific Northwest estuaries with re- 
spect to scales of  disturbance on intertidal benthic 
and epibenthic  communities.  Our  objectives are to 
examine deve lopment  of  intertidal oyster and clam 
culture in this region, to describe p redominan t  
culture methods,  to describe scientific studies that 
evaluate intertidal communi ty  responses to various 
types and scales of  disturbance imposed by inter- 
tidal aquacul ture  activities, and to assess ecological 
and managemen t  implications of  the observed re- 
sponses at the populat ion,  intertidal community,  
and estuarine ecosystem levels. Interpretat ions of  
benthic-epibenthic communi ty  responses to aqua- 
cuhure  disturbance are placed in the context  of  
the level of  natural disturbance to which the com- 
munity has adapted,  and the ability of  tile com- 
munity to accommodate  additional chronic  distur- 
bance. Although this approach is amenable  to 
many tenets of  ecological economics (Farber and 
Costanza 1987), we do not  judge  the economic  val- 
ue of  aquaculture-al tered intertidal communit ies  
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relative to indigenous  communi t ies .  We recognize 
that the economics  and  j o b  oppor tuni t ies  o f  aqua- 
culture are often cons idered  acceptable  trade-offs 
for some ecological changes,  especially if the 
changes  are subtle and  do not  persist. It  is our  in- 
tent, however, to illustrate that some dis turbances 
from intert idal  aquacul ture  can deleteriously affect 
o ther  natural  resources d e p e n d e n t  upon  estuarine 
habitats and processes, and that the economic  val- 
ue of  these resources should be considered when 
assessing such trade-~)ffs. 

Methods  

Our  summary  of  the history, technical  develop- 
ment ,  and  extent  of  intertidal oyster and  clam cul- 
ture in the Pacific: Northwest  is based on publ ished 
literature, resource agency files, and  consultat ion 
with estuarine resource managers .  Data and  obser- 
vations on intertidal communi ty  responses were 
also assembled f rom diverse sources, often unpub-  
lished data familiar to us. Because these studies 
were limited in number ,  scope, and  rigor, they rep- 
resent  only a qualitative mosaic of  dis turbance 
scales, t ime frames, and  communi ty  responses. In 
particular, our  quantitative assessments are restrict- 
ed to density differences for a few p r o m i n e n t  taxa 
of  benthic  infauna and epibenthic  crustaceans and  
fishes. Where  possible, we have also made  quali- 
tative estimates of  habi ta t  changes,  such as in the 
density and  standing stock of  eelgrass (Zostera 
spp.).  We emphasize  that  little of  the tollowing in- 
fo rmat ion  has app ea red  in peer-reviewed scientitic 
l i terature,  and thus must  be cons idered  principally 
f rom the hypothesis-generat ing ra ther  than the hy- 
pothesis-testing standpoint .  Given the limitations 
of  the available informat ion,  our  major  objective is 
to postulate aquacul ture-re la ted disturbances that 
warrant  r igorous testing and  considerat ion in fu- 
ture estuarine research and managemen t .  

TOPICAI, AND GEOGRAPHIC SCOPE 

We define dis turbance as any physical modifica- 
tion of  intertidal or shallow subtidal substrates that  
results f i 'om aquacultural  practices (see Sousa 
1984). In the case of  intert idal  aquacul ture  in the 
Pacific Northwest,  most  d is turbance is the result of  
rout ine  practices, but  we acknowledge that  differ- 
ent  cultural  practices in o ther  regions may also 
p roduce  dis turbances by less f requen t  means.  Dis- 
turbances  included unde r  this definit ion are ad- 
dition of  high densities of  cul tured animals  to nat- 
ural  subs t r a t e s  and  i n d i g e n o u s  c o m m u n i t i e s ,  
al tering sed iment  s tructure by mechanica l  modifi- 
cation of  existing sediments  or  addit ion of  differ- 
ent  sediments,  mechanical ly  or chemically remov- 
ing or reducing popula t ions  of  certain indigenous  
plants or  animals that are cons idered  deleter ious 

to the efficient culture of  the target  species, and 
-al ter ing natural  hydrologic and  sed imentary  re- 
gimes. We consider  only direct  d is turbance to ben- 
thic-epibenthic communi t i e s  and  not  secondary  el: 
fects on water  quality and  nut r ien t  cycling; these 
are addressed by o ther  papers  in this issue (Findlay 
et al. 1995; Levings 1995; T h o m p s o n  1995). 

We focus on benth ic  in fauna  and  epi fauna,  
both  mac ro fauna l  and  me io fauna l  inver tebrates ,  
and  ep iben th ic  feed ing  fishes because  o the r  in- 
fo rma t ion  is scarce. In a few cases, we have da ta  
for  responses  of  benthic  macroa igae  and  eeigrass 
(Zostera spp.) .  O u r  measu re  of  response  is an in- 
creasc or  decrease  in density or  s tanding stock. 
T h e r e  were few data  available on intert idal  com- 
muni ty  changes.  Consequent ly ,  c o m m u n i t y  re- 
sponses were in t e rp re t ed  as changes  in i m p o r t a n t  
benth ic  and  ep iben th ic  taxa, pr incipal ly c o m m u -  
nity dominan t s .  

In evaluating intertidal aquacuhure ,  only the 
" o n - b o t t o m "  intertidal culture of  oysters (the in- 
t roduced  Pacific: oyster, Crassostrea ,u:gas, and to a 
very mino r  ex ten t  the native Olympia  oysters, Os- 
trea hr and clams (p redominan t ly  litt leneck 
clam, Protothaca staminea, and Manila clam, Tapes 
philippinarum) are considered.  This includes prin- 
cipally ground,  stake, long-line, and  rack culture of  
oysters, and beach  graveling and  enclosures (e.g., 
nett ing) for hardshell  clam product ion .  In the case 
of  oysters, this also includes practices used to re- 
move (i.e., "harves t " )  bivalves f rom the intertidal. 
"Of f -bo t tom"  culture such as nori  net  culture,  and  
suspended  or float culture,  are not  considered.  We 
also do not  consider  commerc ia l  or recreat ional  
harvest  activities on natural  bivalve populat ions,  
which involve extensive dis turbance of  intertidal 
communi t ies  in some estuaries (Cheney and  Mum- 
ford 1986; T h o m p s o n  and Cooke 1991). 

We utilized ahnost  exclusively data f rom estuar- 
ies in Washington State familiar to us. We |ocused  
on Willapa Bay, an extensive coastal estuary in 
southwestern Washington (Fig. 1), because of  its 
extensive history and  magni tude  of  intertidal oys- 
ter culture.  

TYPES AND CHARACTERISTICS OF 
ESTUARINE INTERTIDAL HABITATS 

USED FOR AQUACUI;FURE 

There  are approximate ly  100 estuaries in Wash- 
ington, ranging f rom large coastal estuaries (Wil- 
lapa Bay and Grays Harbor )  to the con t inuum of  
d rowned  river valley estuaries l inked by transitional 
habitats that  forms  the inland sea of  Puget  Sound 
(Simenstad et al. 1982). Tile mosaic of  habitats 
within an estuary depends  largely on sed iment  dis- 
persal and  accumula t ion  patterns,  which in turn  
are d e t e r m i n e d  by outflow dispersion and basinal 
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Fig. 1. Puget  Sound  and  coastal estuaries of  Pacific North-  
west, with locations o f  the  pr imary  locations of  intertidal aqua- 
cul ture of  oysters, clams, and  mussels;  specific sites m e n t i o n e d  
in text inc lude Bywater Bay = 1, and  Oakland  Bay = 2. 

processes (Simenstad 1983). Although a diverse ar- 
ray of  vegetated and unvegetated habitats are 
found  in Washington's estuaries, only modera te  
gradient  gravel-cobble beaches and low gradient  
mudflats and sandflats are significantly used for in- 
tertidal aquaculture.  

Gravel-cobble habitats are c o m m o n  in more  ex- 
posed regions of  estuaries and along margins of  
the  Puge t  S o u n d  e s tua r ine  system (Downing  
1983). Owing to waves and currents,  these habitats 
seldom form as flats but  ra ther  as beaches. Al- 
though vegetation is often minimal, native eelgrass 
(Zostera marina) may occur  in finer sediments while 
kelps (Laminaria spp., Nereocystis leutkiana) may at- 
tach to larger gravel and cobble at lower elevations. 
Most natural and cul tured populat ions of  hardshell 
clams are found  on gravel beaches. 

Much of  the intertidal area of  estuaries in Wash- 
ington consists of  low gradient  mudllats and sand- 
flats. Nearly all intertidal oyster culture in Wash- 
ington occurs on this type of  habitat. Mudflats 
typically occur  in broad  expanses of  >1 km z be- 
tween vegetated marsh areas and MIJ~W along 
channels  and at delta foreshores of  major  rivers. 
Sandflats tend to occur  along the more  exposed 

boundar ies  of  mudflats in estuarine river deltas 
and in moderately exposed bays and beaches of  
Puget Sound. 

Mid and lower tidal elevations of  some mudflats 
and sandflats are colonized by seagrasses and mac- 
roalgae. Two species of  seagrass occur, the native 
species, Zostera marina, and the exotic species, Z. 
japonica. Z. marina occurs predominant ly  between 
+ 1.0 m and - 1 . 0  m, and Z japonica between ap- 
proximately +2.0 m and + 1.0 m MLLW. The  com- 
plex structure and invertebrate assemblages of  eel- 
grass communit ies  provide valuable habitat  for  fish 
and wildlife (Phillips 1984; Posey 1986a, 1987, 
1988; Baldwin and Lovvorn 1994) and are a major  
source of  detrital carbon for estuarine foodwebs in 
this region (Simenstad et al. 1979; Simenstad and 
Wissmar 1985). Numerous  species of" at tached and 
unat tached macroalgae are found  in the more  sa- 
line estuaries. For example,  T h o m  (1984) identi- 
fied 29 taxa in (/rays Harbor,  the most common  of" 
which included Ulva spp. and Enteromorpha spp. 

INTERTIDAl, AQUACIJIJI 'URE 

Oysters 

The  most significant "on-bo t tom"  type of  aqua- 
culture both  economically and in terms of  amoun t  
of benthic habitat  affected is oyster culture. The  
oyster industry began in Washington in Willapa 
Bay in 1851 when native oysters were first harvest- 
ed and shipped to markets in San Francisco (Arm- 
strong 1857; Townsend 1893; Gahsoff  1929; Kin- 
caid 1951; Minks 1971; Magoon and Vining 1981; 
Cheney and Mumford  1986). Native oyster popu- 
lations crashed by the last 1800s (Galtsoff 1929; 
Kincaid 1951; Cheney and Mumford  1986). Sub- 
sequently, oyster producers  focused their  efforts on 
the culture of  two non-native species: eastern (Cras- 
sostrea virginica) and Pacific oysters; these were in- 
t roduced as early as 1895 in Willapa Bay and 1905 
in Puget  Sound (Galtsoff 1929; Minks 1971; Ma- 
goon and Vining 1981; Scholz et al. 1984; Cheney 
and Mumford  1986). A few Puget Sound oyster- 
men  cultivated native Olympia oysters using a dik- 
ing system developed in France (Galtsoff 1929; 
Cheney and Mumford  1986), a practice that per- 
sists today. Cuhure  of  Pacific oysters was a com- 
mercial success, especially following the discovery 
that recently settled juveniles, or "seed,"  could be 
impor ted  f rom Japan (Steele 1964; Scholz et al. 
1984). 

Since the early 1930s, Pacific oysters have been  
the dominan t  oyster grown in all areas of  Washing- 
ton, presently (1990 landings) account ing for over 
98% of  the landed value of  cul tured oysters in 
Washington (Washington Depar tment  of  Fisheries 
[WDF] unpubl ished data). Today, oysters are cul- 



tured on tidelands that are privately or publically 
owned or leased in many estuaries of Washington 
(Fig. 1). Total cultured oyster production is worth 
approximately $30 million, with approximately 4.5 
million kg of meat harvested during the past year 
(K. Chew, Western Regional Aquaculture Center, 
University of Washington, Seattle, Washington, 
personal communication). Willapa Bay, ahme, con- 
tributes more than 50% of the production. About 
17,200 ha of tidelands in Willapa Bay are exposed 
at low tide but 10,500 ha are technically classified 
oyster lands (Dory 1990; Burrowing Shrimp Con- 
trol Committee 1992). Currently, about 3,645 ha 
of Willapa Bay are managed for oysters (21% of 
the tidelands of the bay) with much of this cur- 
rently under cuhure. In Grays Harbor, only about 
2% of the intertidal habitat (365 ha) is used for 
oyster culture (Doty 1990; Burrowing Shrimp Con- 
trol Committee 1992). 

Most oyster culture, regardless of the method, 
occurs from -0.5 m to +1.1 m MLLW on varying 
combinations of mud, sand, and gravel, with pre- 
dominance of mud. While many factors influence 
oyster production, bottom substrate, exposure, du- 
ration, temperature, and salinity are particularly 
important (Galtsoff 1929; Kincaid 1951; Shotwell 
1977; Scholz et al. 1984; Cheney and Mumford 
1986). Pacific oysters are grown either directly on 
the bottom ("ground culture"), on longlines sus- 
pended several feet off the bottom, or on racks. 
However, ground culture is by far the dominant 
technique used; one grower estimated that about 
98% of the intertidal habitat cultivated in Willapa 
Bay is farmed using ground culture methods (R. 
Schuman, Shoalwater Bay Oysters, Bay Center, 
Washington, personal communication). 

Detailed descriptions of how oysters are cul- 
tured in Washington, as represented generically 
in Fig. 2, can be found in Gahsoff (1929), Kincaid 
(1951), Magoon and Vining (1981), and Quayle 
(1988). Figure 2 represents the extreme distur- 
bance case, however, because of the extent of me- 
chanical and chemical manipulation of the oyster 
grounds; culture methods conducted by hand, 
which are still commonly employed, are much less 
disruptive. Ground culture of oysters can directly 
disturb the benthic community repeatedly, and to 
various intensities, over the approximately 3-yr 
harvest cycle. For example, to reduce density and 
improve growth, growers may transplant oysters 
several times. Harvesting oysters is frequently 
done with mechanical dredges, although some 
manual harvesting still occurs (Quayle 1988). In 
addition, mechanical harrowing, raking and lev- 
eling of intertidal flats can be used to improve the 
distribution of oysters on the plot (Sayce and Lar- 
son 1965). How any group of oysters or any extent 
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Fig. 2. A general depiction of the sequence and activities 
involved in tile ground culture of Pacific oysters in Washington 
state. Tiffs model is based primarily on practices in Willapa Bay, 
where tile use of carbaryl to control burrowing shrimp varies 
dramatically among oyster growers and specitic plots. 

of intertidal area under oyster culture is actually 
treated depends on many factors, such as oyster 
growth rates, which are influenced by environ- 
mental conditions, planting density, and plot lo- 
cation. I,ongline, stake, and rack culture generally 
tend to be used on ground that is marginal for 
bottom culture and are considered more expen- 
sive than bottom culture. 

Beginning in 1963, growers in Willapa Bay and 
(;rays Harbor, but infrequently in Puget Sound, 
have sprayed oyster grounds with the insecticide 
carbaryl (1-naphthyl-N-methylcarbamate; used 
principally as Sevin, tradename of Rhone Poulenc 
[formerly Union Carbide]). Carbaryl is sprayed di- 
rectly on the intertidal substrate to kill populations 
of burrowing shrimp, including both ghost shrimp 
(Neotrypaea [ Callianassa] californiensis) and mud 
shrimp (Upogebia pugettensis). Oyster growers in 
Willapa Bay and Grays Harbor contend that peri- 
odic control and elimination of burrowing shrimp 
is necessary for a healthy oyster industry because 
high densities of burrowing shrimp destabilize the 
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substrate. As a result, oysters placed direcdy on 
burrowing shr imp-dominated plots e i ther  sink into 
or are smothered  by sediment  redistributed by the 
bioturbat ion of  shrimp. Burrowing shrimp are also 
considered a problem with o ther  forlns of  culture, 
such as longlines, because oysters that fall onto  the 
bot tom are covered with sediment.  

Some  oyster  growers  claim that  b u r r o w i n g  
shrimp populat ions have recently exploded over 
historic levels, and that formerly productive oyster 
g round  has become unusable because of  high 
shrimp densities; we could find no quantitative 
data to test this assertion. Thallinassid shrimp ap- 
pear to have been a pervasive problem as early as 
1929, when Stevens (1929) repor ted  that they hin- 
dered  oyster cuhure  in the region and infested 
some areas to such an extent  that oysters were un- 
economical  to harvest. Eberhardt  (1966) repor ted  
an " e v e r  e x p a n d i n g  p o p u l a t i o n  o f  soft shell 
shrimp." Early oyster growers often covered their 
plots with boards or placed a "d i r t "  layer over the 
mud to stabilize it for the oysters (Unpublished 
letter fronl Milo Moore,  director, to Dr. V. L. Loo- 
sanoff, November  5, 1959. Washington Depart- 
ment  of  Fisheries files, Nahcot ta  Shellfish Labora- 
tory, Nahcotta,  Washington; Eberhardt  1966). 

To our  knowledge, the practice of  applying in- 
secticide to control  borrowing, shrimp is unique  to 
this region and controversial (Buchanan et al. 
1985; Washington Depar tment  of  Fisheries/Wash- 
ington Depar tment  of  Ecology 1985, 1992). Spray- 
ing is permi t ted  only in late spring or summer  
(generally August). Application rate has been quite 
variable but  is generally 11.2 kg ha -1 (Washington 
Depar tment  of  Fisheries/Washington Depar tment  
of  Ecology 1992). From 1976 to 1984 an average 
of  97.7 ha was treated, while an average of  171.9 
ha was treated from 1984 to 1988 (Washington De- 
pa r tmen t  of  Fisheries/Washington Depar tment  of  
Ecology 1985, 1992; Burrowing Shrimp Control  
Commit tee  1992). I~and is t reated on tile average 
every 6 yr. Since 1963, approximately 890 ha of  
intertidal habitat in Willapa Bay have heen treated 
with carbaryl at least once (Washington Depart- 
m e n t  of  F i s h e r i e s / W a s h i n g t o n  D e p a r t m e n t  o f  
Ecology 1985, 1992). 

The  most impor tant  intertidal habitats used for 
oyster product ion  in Willapa Bay are the 1,000- 
1,200 ha used for " fa t tening"  oysters (Shotwell 
1977; B u r r owing  S h r i m p  Con t ro l  C o m m i t t e e  
1992). In general,  oysters spread by the grower as 
"seed"  over 3 ha can be moved onto  1 ha to t  the 
subsequent  fat tening (Shotwell 1977). Comparable  
data on the area of  intertidal habitat unde r  oyster 
culture in Puget Sound were not  available, but  Pu- 
get Sound (including H o o d  Canal) produces  be- 
tween 40% and 45% of  the total state product ion,  

the remainder  of  which is contr ibuted by Willapa 
Bay and Grays Harbor  (K. Chew, Western Regional 
Aquaculture Center, University of  Washington, Se- 
attle, WA; personal  communica t ion) .  

It was not  possible to estimate the area actually 
utilized by cul ture  opera t ions  in the state in any 
one  year since it depends  on many factors such a~s 
market  forces and how often oysters are moved 
(e.g., use of  growing and fauen ing  plots). A min- 
inmm estimate can be ob ta ined  by dividing the 
total annual  oyster landings by an estimate of  the 
p roduc t ion  in I ha ~ (920-1,226) obta ined  with 
bot tom cul ture  (Cheney and Mumtord  1986). 
Fur the rmore ,  we assume each crop requires  3 ha 
of  growing g round  to 1 ha of  fa t tening g ro u nd  
and that 3 year-classes are being fa rmed  in ally 1 
year. These  calculations suggest that f rom 1979 to 
1989, 2,673 ha to 6,197 ha of  estuarine intert idal  
habitat  in Washington state were used for oyster 
culture.  

Review of  the few historic accounts and photo-  
graphs of  the region's estuaries suggest that cul- 
ture practices have ahered  intertidal and shallow 
subtidai habitats f rom their  historic composit ion.  
Early reports f rom Willapa Bay suggested that na- 
tive oysters grew clustered in large groupings or 
"reefs"  up to 1 m thick ill the low intertidal and 
shallow subtidal channels  (Armstrong 1857; Town- 
send 1893; Swan 1857; McDonald 1966). Some un- 
marketable native oysters were transplanted from 
subtidal and low intertidal areas to higher  intertid- 
al areas that were diked, where oysters were natu- 
rally less abundant .  Oysters were collected after 
they had increased in size (Townsend 1893). Due 
to overharvest, as well as perhaps adverse climatic 
condit ions and disease, populat ions of  native oys- 
ters were drastically diminished. Normally, when 
native oysters were cuhured,  dikes were built in 
Willapa Bay to hold the oysters. The  dikes were 
in tended  to retain water so that the native oysters, 
which are sensitive to heat  and siltation, would 
have higher  survival. However, mortality of  trans- 
planted oysters was high and the overall popula- 
tion diminished. Pacitic oysters were eventually in- 
t roduced  to maintain the industry. 

Once Pacific oysters became the focus of  cultur- 
ists, they were grown primarily on littoral flats 
above MIJ,W. Presently, ground-cul tured oysters 
are distributed over broad intertidal flats in a rel- 
atively thin layer (at most one  oyster thick) in or- 
der  to maximize growth. Consequently, oyster cul- 
ture appears to have changed the nature of  oyster 
habitat from a thick reef-like structure to one  that 
is analogous to fine sediments with a thin layer of  
large substrates (i.e., oysters) over it. As suggested 
by Fig. 3, some regions within the bay that were 
not  heavily used by native oysters became more  
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Fig. 3. Map of  Willapa Ba}, Washington,  indicating historic 
distr ibutions of" native oysters (from Townsend  1893) and  areas 
available for cuhu re  and  harvest  of  Pacific oysters in the  mid 
1920s (Pacific County  unpub l i shed  data).  

suitable tor Pacific oyster culture while o ther  areas 
that were historically occupied by native oysters 
were not  cultured.  

In summary,  oyster plots unde rgo  chronic  dis- 
tu rbance  that  is o f  various levels of  intensity. They 
may be harrowed,  dredged,  raked, leveled, and  
t reated with carbaryl.  Some cultural activities can 
be repea ted  on a plot  several t imes in a year. More- 
over, activities on the most  intensively cultivated in- 
tertidal plots have been  repea ted  annually for de- 
cades .  T h e s e  act ivi t ies  i m p o s e  s o m e  level o f  
dis turbance on the benthic  substrate and associat- 
ed community .  

Clam,~ 

Washington is the only state in the western Unit- 
ed States where commerc ia l  quanti t ies of  hardshell  
clams are regularly f a rmed  (Cheney and Mumford  
1986). Clam aquacul ture  in Washington is a much  
more  recen!  industry than tile oyster industry, hav- 
ing developed mostly over the last 30-40 yr (Ma- 
goon and Vining 1981). Some 50 species of  clams 
occur  in Washington,  including hardshell  and  
softshell varieties and  subtidal and  intertidal pop-  
ulations (Magoon and Vining 1981); eight  are ac- 
tively farmed.  Manila and li t t leneck clams are most  
relevant to this pape r  since they involve cuhur ing  
activities that restllt in direct  impacts  to benthic  
habitats, and  ntoreover  account  for  nearly 100% of  
the total cul tured hardshell  clam landings in Wash- 
ington (Washington D e p a r t m e n t  of  Fisheries un- 
publ ished data).  Nearly all clam aquacul ture  oc- 
curs in Puget  Sound, with Cheney  and  Mumford  
(1986) repor t ing  at least 21 clam farmers  who 
owned or leased 270 ha in Puget  Sound. 

Manila clams grow and survive optimally on in- 
tertidal beaches  that  are pro tec ted  fi-om heavy 
wave action where the substrate has a high ratio of  
gravel to fines (Magoon and Vining 1981; Ander- 
son et al. 1982; Toba  et al. 1992). They occur  nat- 
urally and  grow best in the high intertidal zone 
between +0.6 m arid +2.0 m tidal elevation. Con- 
versely, li t t leneck clams survive and  grow best be- 
low +0.6 m MLLW in substrate  with higher  pro- 
por t ions  of  gravel. Al though li t teneck clams are 
found  in intertidal and subtidal areas, only inter- 
tidal popula t ions  are presently fa rmed.  Manila 
clams are tbund  closer to the surs than native 
littlenecks (Magoon and Vining 1981). 

Two types of  cul turing activities are utilized by 
�9 growers in Washington State, e i ther  separately or  
in combinat ion:  manipula t ion  of  clam seed on nat- 
u r a l  substrates, and  habitat  modif icat ion (Magoon 
and Vining 1981; Anderson  et al. 1982; T h o m p s o n  
and Cooke 1991; Toba  et al. 1992). Clam seed ma- 
nipulat ion,  involving the distribution, fo rm (e.g., 
individual, bagged) ,  and  t iming of  seeding, does 
not  directly impact  benthic  habitats unless clams 
are placed in bags on the substrate, and thus will 
not  be considered further.  

Habi ta t  modificat ion techniques involve placing 
gravel on beaches  and  using protective netting. 
Since the 1950s, some growers have placed gravel 
or gravel mixed  with c rushed  oyster shell over mud  
and sand beaches  to create a m o r e  product ive d a m  
h a b i t a t  ( W a s h i n g t o n  D e p a r t m e n t  o f  F isher ies  
1988; T h o m p s o n  and Cooke 1991; Toba  et al. 
1992). Best restdls have been obta ined  with gravel 
0.9-1.9 cm in d iamete r  that  is placed in layers 10- 
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20 cm thick (Washington D e p a r t m e n t  of  Fisheries 
1988; T h o m p s o n  and Cooke 1991). 

On  some beaches,  including those that have 
been  graveled, protective net t ing is used to hold  
clams in place and  reduce  losses f rom predat ion 
(Toba et al. 1992). Best results have been  obta ined  
with net t ing with a mesh size of  1.27 cm. The  fre- 
quency with which habitat  alterations are em- 
ployed in cul ture opera t ions  is quite variable and  
depends  on such factors as location of  plot, marke t  
forces, and the grower 's  preferences .  

Intertidal Community Responses to 
Aquactflture Disturbance 

PI [YSICAL DISTURBANCE 

Modification of Substrate Structure 
Evaluations of  immedia te  responses by benthic  

communi t ies  to substratc modif icat ion f rom aqua- 
culture activities do not  exist. Data are restricted 
to post facto situations in which sites unde r  oyster 
or  clam cuhurc  arc c o m p a r e d  to adjacent  "refer-  
ence"  sites p r e sum ed  to be unde r  natural  distur- 
bance  regimes. In some cases, this compar i son  may 
be invalid because habi tat  utilized as a reference  
site may have been  cul tured and  thus not  repre-  
sentative of  natural  communi t ies  (see discussion of  
carbaryl studies, following). We must  also acknowl- 
edge that  some reference  sites may bc inherent ly  
different,  as selection of  oyster or  clam culture sites 
is often not  r andom;  however, we have no way of  
de te rmin ing  the existence of  such pre-existing dif- 
ferences.  

In addit ion to obvious shifts in substrate com- 
position, o the r  physicochemical  characteristics and 
processes may be al tered that are impor t an t  to in- 
tertidal biota. T h o m p s o n  (1995) and  Thorn et al. 
(1994) indicate that  substrate modii icat ion ibr  en- 
hanced  clam produc t ion  can significantly depress 
cover of  macroalgae ,  enhance  chlorophyll  a con- 
centrat ions,  increase benthic  respiration,  and  in- 
crease nut r ien t  fluxes (particularly PO~ :~ , total in- 
organic N, N O c ,  NH4+). The  magn i tude  of  these 
communi ty  responses,  however, tend  to bc very 
site-specific. 

Benthic Infauna in Graveled Clam Plots 

The  Washington D e p a r t m e n t  of  Fisheries has in- 
vestigated differences in benthic  infauna  compo-  
sition and  densities at sites that have been graveled 
to enhance  clam product ion.  In fauna  were sam- 
pled with a 78.5-cm" d iamete r  core inserted 10-15 

cm d e e p ,  with the  e x t r a c t e d  ma te r i a l  s ieved 
th rough  1.0-mm screen. The i r  results (Washington 
D e p a r t m e n t  of  Fisheries 1988; T h o m p s o n  and 
Cooke 1991; T h o m p s o n ,  1995; Washington De- 
p a r t m e n t  of  Fisheries and  Fisheries Research Insti- 
tute, University of  Washington unpubl i shed  data) 
indicated a shift away f rom communi t ies  numeri-  
cally domina t ed  by glycerid, sabellid, and  nere id  
polychaetes to ones domina ted  by bivalve molluscs 
and nemer teans .  

Epibenthic Meiofauna in Graveled Clam Plots 
In 1989, Simenstad et al. (1991) investigated epi- 

benthic  me io fauna  at two intertidal sites in Puget  
Sound that  had  been  t reated with gravel to en- 
hance  clam product ion.  At one  site, Bywater Bay 
(a broad  sandflat  with median  grain size of  0.42- 
0.56 m m ) ,  a layer of  coarse-screened gravel 1.7 cm 
thick was placed over 0.56 ha at a tidal elevation 
of  approximate ly  MI,LW in 1979. The  o ther  grav- 
eled site, Oakland Bay, is a low-gradient mudflat .  
At a tidal elevation of  MIJ,W, gravel (6 m m  to 19 
m m  diameter)  in a layer approximate ly  10 cm 
thick was added  in 1974. Sampling was conduc ted  
utilizing a 0.018-m" epibenthic  suction p u m p  with 
re tent ion of  organisms on 125-~tm screens. Twenty- 
five replicate samples, which were sufficient to de- 
tect a 100% change in density with 95% confi- 
dence,  were distr ibuted haphazardly  along a 100-m 
sampling transect located a long the MLI,W con- 
tour; santpling occur red  live t imes biweekly f rom 
late March th rough  late May. In the laboratory,  
samples were re-sieved th rough  25~p~m screens to 
concent ra te  large taxa d o c u m e n t e d  to be impor-  
tant  prey of  nea rshore  fishes such as juvenile  Pa- 
cific salmon. Epibenthos  taxa and  total densities 
were logx0(x + 1) t rans formed before  statistical 
compar isons  using one-way analysis of  variance. 
Taxa richness (S) and  diversity (Shannon-Weiner  
H ' )  were based on both  t axonomic  and  life-history 
stages appl ied consistently across all samples. 

Epibenthos  assemblages on graveled plots were 
different  at the two sites, suggesting the impor-  
tance of  local, site-specific condit ions,  including 
level of  natural  dis turbance (Fig. 4). The  graveled 
t r ea tment  at Bywater Bay had  consistently more  
taxa but  lower diversity for four  of  the five sam- 
pling dates, while tax richness and diversity t ended  
to be h igher  at Oakland Bay. Changes  in densities 
of  impor t an t  fish prey, however, were bo th  taxa- 
specific and  site-specific (Table 1). For instance, 

--) 

Fig. 4. Temporal changes in the density (number m 2) of epibenthic organisms on natural (control) and graveled (treatment) 
intertidal sandflats and nmdflats at Bywater and Oakland bays, Washington, March 26-May 22, 1989. 
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TABLE 1. Statistical significance levels of one-way analyses of variance for differences in the log-transformed densities of epibenthic 
crustaceans on natural (control) and treatment (gravel additions) littoral flats at Bywater Bay, t food Canal, and Oakland Bar, Puget 
Sound, Washington, between March 26 and May 24, 1989. Values in boldface type denote enhancement, and underlined values 
indicate depression, of" epibenthos densities at the graveled site relative to the control; - -  indicates insufficient densities to test. 

Dam 

Taxa Mar 26 April 10-12 April 25-26 May 8-9 May 22-24 

Bywater Bay 

7~sbe spp. 0,0164 0.0006 0,0000 0,0000 0,0825 
Zaus spp. 0.0000 0.0000 0.0000 0.0000 0.0000 
Itarpacticus spp. 0.0431 0.0000 0.0000 0.0000 0.4410 
Dactylopusia sp. 0.5978 0.3223 - -  - -  - -  

Other I tarpacticoida 0.8692 0.0000 0.0000 0.0000 0.9244 
Carophium spp. - -  . . . .  
Paracalliopiella pratti 0.0000 0.2056 0.1628 - -  - -  
AnisogamTrutrus pugettensis 0,0030 0.4486 0.0000 0.0021 0.0180 

Total Gammaridea 0.0000 0.5956 0.0000 0.0003 0.0180 
Cumella mdgaris 0.1006 0.0000 0.0000 0.(X)00 0.0003 
Lamprops quad~iplicata 0.0000 0.0397 0.1551 0.3702 0.3223 

Total Cumacea 0.0000 0.0000 0.0000 0.0000 0.0003 

Oakhznd Bay 
Tisbe spp. 0.0000 0,0000 0.0000 0.0160 0,0013 
Zaus spp. - -  - -  - -  - -  0.3223 
Harpacticus spp. 0.0000 0.0000 0.0000 0.2610 - -  
Dact~lopodia sp - -  . . . .  

Other t larpacticoida 0.0015 0.0097 0.0000 0.0000 0.0000 
Corophium spp. 0.7097 0.3012 0.0588 0.0000 0.0006 
Paracalliopiella pratti . . . . .  
Anisogamnuwus pugettensis - -  - -  1.000 - -  - -  

"Ibtal Gammaridea 0.1542 0.3012 0.1817 0.0000 0.0006 
Cumdla wdgaris 0,0000 0.0000 0.0033 0,0010 0.0000 

Lamprcrps quadr ip l i ca ta  . . . . .  
Total Cumacea 0.0000 0.0000 0.0033 0.0010 0.0000 

ha rpac t i co id  c o p e p o d s  (e.g., 7~sbe spp.) that  are 
i m p o r t a n t  prey of  some  species of  j u v e n i l e  s a lmon  
(e.g., Oncorhvnchus keta; Simens t ad  et al. 1982) 
were s igni t icant ly  e n h a n c e d  at bo th  Bywater a n d  
O a k l a n d  bays, while HaTpacticus uniremis popu la -  
t ions  were e n h a n c e d  at O a k l a n d  Bay a n d  de- 
pressed at Bywater Bay. Similarly, densi t ies  o f  o t he r  
ha rpac f i co id  taxa, such as Ilarpacticus spinulosus, 
that  cons t i tu te  prey for  recent ly  m e t a m o r p h o s e d  
p l e u r o n e c t i d s  a n d  inve r t eb ra t e  p reda to r s  were  sig- 
n i f icant ly  depres sed  at Bywater Bay a n d  e n h a n c e d  
at O a k l a n d  Bay. Densi t ies  of  g a m m a r i d  a m p h i p o d s  
a n d  c u m a c e a n s  ( p r e d o m i n a n t l y  Cumella vulgaris), 
which are also i m p o r t a n t  prey of  d i f fe ren t  species 
o f j u w m i l e  s a lmon  (e.g., O. tshazoytscha a n d  O. kis- 
utch), genera l ly  inc reased  at O a k l a n d  Bay h u t  de- 
c l ined  at Bywater Bay. 

Overall ,  the  n e t  d i f fe rences  be tween  the gravel- 
t rea ted  a n d  con t ro l  beaches  (Table  2) ind ica ted  
that  some  taxa 's  a b u n d a n c e s  were depres sed  by 
grave l ing  at Bywater Bay b u t  the i r  a b u n d a n c e s  did  
no t  c h a n g e  or  were actual ly e n h a n c e d  at O a k l a n d  
Bay. S imens t ad  et  al. (1991) c o n c l u d e d  that  these 
results were a f u n c t i o n  of  the a lmos t  total replace-  
m e n t  of  na tu r a l  sand  subst ra te  with gravel at By- 
water  Bay, as c o m p a r e d  1o a n e t  increase  in sedi- 

m e n t  diversity, b u t  n o t  total loss of  m u d  a n d  silt, 
by add i t i on  of  gravel at O a k l a n d  Bay. 

Epibenthic Meiofauna Associated with Predator 
Exclusion Nets 

Simens t ad  et al. (1993) c o n t i n n e d  inves t igat ions  
of  in te r t ida l  c lam cu l tu re  i n t l u e n c e s  on  e p i b e n t h i c  
m e i o f a u n a  by e x a m i n i n g  effects of  plastic nets  
p laced  over beach  areas to exc lude  p reda to r s  of  
j u v e n i l e  clams. As in the study of  be a c h  gravel ing  
by S i me ns t a d  et al. (1991),  the  i n f l u e n c e  of  pred-  
a tor  exc lus ion  nets  was tes ted with pair-wise com- 
par i sons  of  covered  plots to ad j acen t  na tu ra l  beach  
substrates.  Plots were tes ted that  had  b e e n  n e t t e d  
for at least a year  a n d  thus  ha d  stabil ized after  the 
i m m e d i a t e  d i s t u r ba nc e  of  ins ta l l ing  the  nets. T h e  
same key prey o rgan i sms  of  in te r t ida l - fo rag ing  fish- 
es a n d  s a m p l i n g  t e c h n i q u e  ( e p i b e n t h i c  p m n p )  
were used  as in the gravel ing  study. Study plots 
were also loca ted  at Bywater a n d  O a k l a n d  hays. 
Plots for the p r e d a t o r  exc lus ion  n e t  study were 
charac te r ized  by m o r e  gravel subst ra te  a n d  were 
located h ighe r  in the in te r t ida l  (+1.1 m to +1.2  
m MIJ ,W) .  T h e  nu l l  hypotheses  tested were tha t  
the re  were n o  s igni f icant  d i f fe rences  in densi t ies  
of  se lected prey ot+juvenile s a h n o n  a n d  o t he r  ma- 
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TABLE 2. Summary of effects on epibenthic tish prey of graveling and placement of predator exclusion nets on intertidal habitats 
at ]?,),water Bay, tIood Canal, and Oakland Bay, southern Puget Sound, Washington, March 25-May 24, 1989, as inferred fi'om diffea~ 
ence between natural and graveled or netted treatments; summarized from Simcnstad et al. (1991) and Simenstad et al. (1993). +-'- 
= strongly enhanced densities, ~ = moderately increased densities, * = no detectable effect; - = moderate decrease in densities, 
and - -  = strongly decreased densities; hlank indicates insufficient densities to conduct tests. 

Predator Exclusion 

Graveling Bywater Oaklmld 

Prey "Paxa Bywater Oakland Trea tment  Block Treatment  Block 

Harpacticoid copepods 
Tisbe spp. 
Zaus sp. 
tla)pactic~s spp. 

(H. uniremis and H. sp. uniremis group) 
( IL spinul~*sus, H. arcticus) 

Dactylopu,~ia sp. 
Other Harpacticoida 

Gammarid amphipods 
Corophium spp. ( C. salmoms, C. spinicorne) 
Paracalliopzella pratti 
A nisogammarus pugettensis 

Total (;ammaridea 

Tanaids 
Tanais sp. 

Cumaceans 
Cumella ~mlgaris 
Lamprops quadTiplicata 

Total Cumacea 
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r i n e  f i shes ,  a n d  s e d i m e n t  s t r u c t u r e  b e t w e e n  p l o t s  
wi th  p r e d a t o r  e x c l u s i o n  n e t s  ( t r e a t m e n t )  a n d  ad-  
j a c e n t  n a t u r a l  ( c o n t r o l )  p lo t s .  S ta t i s t i ca l  ana lys i s  

was  c o n d u c t e d  o n  l o g - t r a n s f o r m e d  d e n s i t i e s  in  a 

r a n d o m i z e d  b l o c k  A N O V A ,  w h e r e  n i n e  p a i r s  ( o n e  
n e t t e d ,  o n e  c o n t r o l )  o f  s a m p l i n g  p l o t s  w e r e  at-- 

r a n g e d  p e r p e n d i c u l a r  a l o n g  t h c  b e a c h  c o n t o u r .  

T h i s  c o n s t i t u t e s  t h e  s ta t i s t i ca l  b l o c k  i n d i c a t i n g  a n  
i n d e p e n d e n t  s o u r c e  o f  v a r i a t i o n  d u e  to  l i n e a r  p o -  

s i t i o n  a l o n g  t h e  b e a c h .  S a m p l i n g  o c c u r r e d  in  1991 
a t  a p p r o x i m a t e l y  m o n t h l y  i n t e r v a l s  f r o m  A p r i l  to  

J u n e  to  e n c o m p a s s  t h e  p e r i o d  w h e n  i n t e r t i d a l  h a b -  

TABI.E 3. Statistical significance levels of analyses of variance, using a randomized block design within month, for diftbrences in log- 
transformed densities of selected epibenthic crustaceans on natural (control) and treatment (predator exclusion nets) littoral flats at 
Bywater Bay, Ilood Canal, and Oakland Bay, Puget Sotmd, Washington, between April 2 and .June 5, 1991. Values in boldt;ace type 
denote enhancement, and underlined indicates depression, of epibendaos densities at the netted site reladve to the control; neither 
bold nor underlining indicate not deternfinable (i.e., nearly identical or densities were too low to deternfine). 

Date 

April 2 -3  May 6-7  June  4-5  

Taxa Treatment  Block Trea tment  Block Trea tment  Block 

B y w a t e r  B a y  

Tisbe spp. <0.05 0.816 0.751 0.270 0.846 0.350 

HaTpacticus uniremis 
Copepodites <0.05 <0.05 <0.05 0.270 0.656 0.350 
Adults <0.05 <0.05 <0.05 <0.05 0.198 <0.05 

Tanais sp. 0.798 0.464 <0.05 <0.05 0.501 <0.05 
Corophium spp. 0.860 0.083 <0.05 0.094 0.161 <0.05 
Cumella vulgaris <0.05 <0.05 <0.05 <0.05 0.085 <0.05 

O a k l a n d  B a y  

Tisbe spp. <0.05 <0.05 <0.05 <0.05 0.940 <0.05 

Hmpacticus uniremis 
Copepodites <0.05 <0.05 0.855 <0.05 0.788 <0.05 
Adults 0.673 <0.05 <0.05 0.070 0.627 0.203 

Dactylopusia sp. <0.05 0.446 <0.05 0.386 0.134 0.105 
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itats are most extensively used by juvenile epi- 
benthic-feeding marine fishes. 

S e d i m e n t  s t ruc tu re ,  as m e a s u r e d  by Folk 's  
(1965) methodology  of  dry-sieving and pipette 
analysis, indicated that at both study sites, mean 
grain size was consistently finer in net ted plots 
than on the natural beach,  but  only significantly so 
for one  of  three months.  Basic sediment  structure 
was different  at the two study sites; Bywater Bay had 
higher  propor t ions  of  fine sand and very fine sand 
and silt compared  with higher  propor t ions  of  gran- 
ules to pebbles at Oakland Bay. However, the in- 
crease in sediments <1 -2  mm in t rea tment  plots 
at both sites implied that nets decreased near-bed 
resuspension and t rapped more  material trans- 
por ted  alongshore,  thus p romot ing  a comparative- 
ly more  stable and muddier  substrate than in con- 
trol plots. 

Results were similar to what was repor ted  for 
beach graveling by Simenstad et al. (1991). Epi- 
benthos  responses to nett ing were site-specific, and 
probably d e p e n d e d  on the inheren t  level of  natu- 
ral disturbance. In general,  most epibenthic  crus- 
taceans at Bywater Bay were depressed in predator  
exclusion net  ( t reatment)  plots compared  to the 
unne t ted  (control) plots. Densities of  adult  har- 
pacticoid copepods,  such as Dactylopusia spp., Har- 
pacticus spinulosus, Amphiascus sp., Robertsonia sp. cf 
knoxi, and the cumacean Cumella vulgaris were con- 
sistently higher  in control  plots. However, differ- 
ences were not  statistically significant compared  to 
the high block effects (Table 3). An except ion was 
adult  and copepodi te  Harpacticus uniremis, which 
were strongly enhanced  on the net ted plots in 
April and May but  not  in June  (when densities had 
generally decl ined).  Block effects were also strong- 
ly significant in all months  for adults, and during 
one  mon th  for copepodites.  Predator  exclusion 
nets at Oakland Bay, in contrast, often resulted in 
enhanced  total epibenthos  densities, especially in 
April (Table 3). Densities of  Tisbe sp., Dactylopusia 
sp., and Itarpacticus uniremis copepodi tes  were all 
enhanced  except  in June,  when densities decl ined 
compared  to thc uncovcred plots. 

Epibenthic Meiofauna on Oyster Plots 
Epibenthic communi ty  structure on two oyster 

plots in Willapa Bay was sampled by Simenstad and 
Cordell  (1989) dur ing their  evaluation of  carbaryl 
effects but  were not  r epor ted  therein.  One  actively 
cul tured plot was composed  of  dense 3-yr-old oys- 
ters on silty sand substrate, included some m u d  
shrimp burrows, and had at tached macroalgae 
( Ulva and Enteromorpha) covering much of  the sub- 
strate and oysters. The  second plot was an inactive 
oyster cuhure  plot with patchy (:overage of  mixed 
eelgrass (Z. marina) and oyster shell over silty sand 

sediment; it also included m u d  shrimp burrows 
and minor  amounts  of  macroalgal cover. To our  
knowledge, both plots had been undis turbed for 
at least 3 yr. All methodology followed the design 
and protocols of  the carbaryl spray effects experi- 
ment  (see below), in which 10, randomly selected 
replicate samples were taken with a 0.018-m ~ epi- 
benthic suction pump over a 100 m X 100 in sam- 
pling area on one  plot. 

Although structure, density, and taxa diversity of  
the epibenthos  assemblages on the two plots were 
generally similar, several major differences were 
noted  (Table 4). First, harpact icoid taxa diversity 
was higher  in the active oyster plot, and second, 
prey taxa (e.g., ttarpacticus spinulosus, Tisbe sp., Par- 
alaophonte congenera, Corophium sp., Pontogeneia sp. 
and Crangonidae)  of  some epibenthic-feeding fish- 
es, such as juvenile salmon, tended  to be more  
dense on the inactive oyster plot. Third,  prey taxa 
(e.g., Ectinosomatidae,  Microarthridion littorale, and 
Tachidius triangula~s) of  o ther  fishes, such as juve- 
nile flatfishes, were more  dense on the active oys- 
ter plot. It is possible that interstitial harpacticoids 
(including those specifically listed in the previous 
sentence) were more  prevalent  and dense on the 
active oyster plot because of  the dense oyster pseu- 
dofeces and finer, more  organic sediments that ac- 
cumulated.  The  higher  density of  nematodes  filr- 
ther  suggests that surface sediments may ha#e 
contr ibuted more  t au n a  in samples obta ined from 
the active oyster plot. 

Reduction or Removal of Attached Vegetation 
Since the 1800s, oyster growers in Willapa Bay 

have generally regarded eelgrass as a nuisance. In 
some cases, eelgrass is moved on oyster plots in 
order  to maximize water flow over the plots and 
increase ease of  harvest by dredging (Townsend 
1893; Eberhardt  1966; McDonald 1966). We could 
find no documenta t ion  on how pervasive this prac- 
tice is today. Eelgrass may also be impacted by 
dredging,  harrowing, and leveling, all of  which ex- 
tensively disrupt  surface sediments and potentially 
destroy aboveground eelgrass shoots and leaves, 
and perhaps belowground roots and rhizomes as 
well. Data describing quantitative changes in e i ther  
shoot  density or aboveground or beiowground bio- 
mass of  eelgrass on oyster culture sites, or for ad- 
jacent ,  undis turbed intertidal habitats, does not  ex- 
ist in the Pacific Northwest. However, effects of  
oyster culture (primarily dredging) were studied in 
1962 and 1963 by Waddell (1964) in Arcata Bay, a 
part  of  Humbold t  Bay in no r the rn  California. 
Compar ing paired plots (one cul tured plot and 
one  uncul tured) ,  he concluded that oyster cuhure  
impacted eelgrass shoot  density, plant size (i.e., 
shoot  length),  and biomass, hnpacts  d e p e n d e d  on 
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TABLE 4. Taxa composition, mean densities ( _+ 1 standard deviation), and diversity of epibenthic meiofauna and small macrofauna 
from an active oyster culture plot and an inactive oyster plot in Willapa Bay, Washington, June 1988. See text for description of plots 
and sampling methodology. 

Plot 

Active Oyster Inactive Oyster 

Dominant Life- Mean Density Mean Density 
Iaxa History Stages (number m ~) % (number m -~) % 

Turbellaria all 5.6 (17.6) 0.06 
Nematoda all 1,322.2 (1,657.1) 14.54 
Polychaeta all 227.8 (307.0) 2.50 
Oligochaeta all 
Mesogastropoda juvenile 
Bivalvia juvenile 188.9 ( 114.81 2.08 
Halacaridae all 88.9 (187.4) 0.98 
Ostracoda 

Podon leuckarti aduh 577.8 (344.7) 6.35 
Myodocopa juvenile 5.6 (17.6) 0.06 
Podocopida all 122.2 (90.0) 1.34 
( 'opepoda nauplii 122.2 (205.9) 1.34 
( 'alanoida copepodite 5.6 (17.6) 0.06 

Paracalanus sp. cupepodite 5.6 (17.6) 0.06 
Centropages ab&mdnalis copepodite 
Eurytemara americana copepodite 122.2 (82.0) 1.34 
Acartia sp. copepodite 1,483.3 (1,314.2) 16.31 

1 larpacticoida copepodite 244.4 (307.9) 2.69 
Tegastidae aduh 5.6 (17.6) 0.06 
Longipedia sp. copet)odite 411.1 (502.5) 0.06 
Scottolana canadensis copepodite 5.6 (17.6) 0.06 

Ectinsomatidae all 583.3 (524.6) 6.41 
Harpacticus spinulosus adult 11.1 (23.4) 0.12 
Zaus spp. mating pair 12.3 (37.0) 0.19 
77sbe spp. all 222.2 (216.0) 2.44 
Microarthridion littorale adult 561.1 (775.8) 6.17 
Tachidius triang'ularis adult 688.9 (666.8) 7.57 
Danielssenia sp. aduh 44.4 (86.1) 0.49 
Laophontidae copepodite 188.9 (174.1) 2.08 
Paralaophonte congenera adult 516.7 (449.1) 5.68 
lleterolaophonte longisetigera adult 
Hetzrolaophon te hamondi gravid fimlale 
tteterolaophonte sp. adult 5.6 (17.6) 0.06 
Ameiridae aduh 
Ameira Iong4pes aduh 92.6 (196.4) 1.46 
Ameira sp. aduh 43.2 (5,t.0) 0.68 
Cletodidae adult 27.8 (60.0) 0.31 
Huntemanniajadensis adult 16.7 (37.5) 0.18 
Nannopus palustris adult 6.2 (18.5) 0.10 
Acrenhydrosoma kadingi aduh 33.3 (38.8) 0.37 
Amonardia normani copepodite 11.1 (23.4) 0.12 
Amphiascus sp. adult 67.9 (77.5) 1.07 
Stenhelia penieulata aduh 55.6 (86.9) 0.61 
Stenhelia sp. adult 44.4 (73.1) 0.49 
Stenhelia sp. A mating pair 11.1 (35.1) 0.12 
Typhlamphiaseus pectinifer adult 50.0 (80.5) 0.55 
Amphiascoides sp. A adult 83.3 (87.8) 0.92 
Robertsonia sp. cf knoxi adult 38.9 (87.1) 0.43 
Bryocamptus sp. copepodite 38.9 (123.01 0.43 
Mesochra sp. adult 27.8 (6(}.0) 0.31 
Dactylopusia vulgaris adult 11.1 (23.4) 0.12 
Diarthrodes sp. adult 44.4 (51.1) 0.49 

Poecilostomadoida all 16.7 (26.8) 0.18 
Clausidiidae copepodite 238.9 (173.8) 2.63 
Oithona helgvlandica adtdt 5.6 (17.6) 0.06 

Balanornorpha larvae 33.3 (46.8) 0.37 
Cumacea 

Leucon sp. all 166.7 (196.0) 1.83 
Cumella vulgaris all 333.3 (238.6) 3.67 

18.5 (39.3) 
450.6 (444.0) 
135.8 (152.4) 
24.7 (40.4) 
]2.3 (24.5) 
49.4 (70.5) 
55.6 (78.6) 

6.2 

117.3 

6.2 

6.2 
166.7 
870.4 

61.7 

197.5 

123.5 
148.1 

469.1 
49.4 
8(I.2 

74.1 
1,284.0 

74.1 
6.2 

(18.5) 

(122.5) 

(18.51 

(18.51 
(138.91 
(731.8) 
(128.6) 

(326.4) 

(126.6) 
(162.0) 

(659.8) 
(128.6) 
(68.7) 

(1o3.9) 
(1,454.9) 
(92.1) 
(18.5) 

24.7 (74.1) 

43.2 (60.7) 

6.2 (18.5) 

6.2 (18.5) 
43.2 (110.3) 

30.9 
117.3 
160.5 
74.1 
30.9 

530.9 
6.2 

86.4 

80.2 

37.0 
246.9 

(56.3) 
(89.8) 
(189.3) 
(169.0) 
(62.8) 

(542.3) 
(18.51 
(92.6) 

(74.11 

(92.1) 
(269.5) 

0.29 
7.12 
2.14 
0.39 
0.19 
0.78 
0.88 

0.10 

1.85 

0.10 

0.10 
2.63 
2.63 
0.97 

3.12 

1.95 
2.34 

7.41 
0.78 
1.27 

1.17 
20.27 

1.17 
0.10 

0.39 

0.68 

0:10 

0.10 
0.68 

0.49 
1.85 
2.53 
1.17 
0.49 

8.38 
0.10 
1.36 

1.27 

0.58 
3.90 
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TABLE 4. Continued. 

Plot 

Active Oyster Inactive Oyster 

Dominant Life- Mean Density 
Taxa History Stages (number m '~) 

Me,m Density 
% (number lrl ~) 

Tanaidacea-Dikonophora .juvenile 
Leptochelia savign?ii all 

Epicaridea unidentified 
Amphipoda-Gammaridae 

Corophium. sp. juvenile 
Pontogeneia sp. juvenile 

Amphipoda-CapreUidea juvenile 
Caprella laeviuscula mating pair 

Decapoda-Caridea 
Crangonidae larvae 

Diptera 
Cbironomidae larvae 

Unidentified egg 

Total 

Total number of taxa categories 
Numerical diversity; Shannon-Weiner H' 

Brillouin 

16.7 (37.5) 0.18 
5.6 (17.6) 0.06 

11.1 (35.1) 0.12 

5.6 (17.6) 0.06 

12.3 (24.5) 0.19 
6.2 (18.5) 0.10 

24.7 (29.3) 0.39 
6.2 (18.5) 0.10 

18.5 (27.8) 0.29 
6.2 (18.5) 0.10 

6.2 (18.5) 0.10 

18.5 (55.6) 

9,094.44 6,333.33 
(4,217.35) (3,978.34) 

5(1 53 
4.29 4.36 
4.29 4.35 

0.29 

the length of  time each area had been cultured, 
with effects increasing as the length of  time the 
plot had been under  culture increased. For ex- 
ample, the mean reduction in eelgrass biomass 
ranged from 30% after one season under  culture 
to 96% after four seasons and appeared to persist 
for up to two additional years after culture (Wad- 
dell 1964). 

Although we could find no comparable  infor- 
mation in Washington estuaries, we developed an 
approximate,  qualitative estimate for one intensely 
cultured area of  Willapa Bay in the vicinity of  Stony 
Point. We exantined this area using infrared aerial 
photographs  to assess effects of  apparent  dredging 
and other  oyster culture activities (Fig. 5). The 
photographs  were 1:2,000 scale and encompassed 
a 66.4 km ~- area in the region of  Stony Point (33.4 
km 2 of  which was intertidal) taken in .June 1986; 
from these photographs  we delineated polygons of  
apparent  habitat disruption. Based on colorimetric 
differences with adjacent plots known to have con- 
siderable eelgrass coverage, we classified distur- 
bance as (1) modera te  to intense or (2) minor  to 
moderate.  These polygons presumably reflected 
sediment  disruption and lower coverage of  eelgrass 
and macroalgae, but  these interpretations could 
not  be verified by ground-truthing.  Based on com- 
puter-generated estimates of  the total area of  the 
polygons, we estimated that 2.53 km" (12.6%) of  
the 20.07 km '~ available for oyster culture within 
our  survey area was moderately to intensely dis- 
turbed and 1.03 km 2 (5.1%) was minimally to mod- 
erately disturbed. 

Even though this analysis indicated disturbance 

to eelgrass habitat, we cottld not  documen t  the ex- 
tent or standing stock of  eelgrass that was there 
before oyster culture activities occurred,  or what 
remained thereafter. However, Doty (1990) pre- 
sented qualitative data on percent  coverage of  eel- 
grass in the same general area of  oyster culture 
plots near Stony Point after carbaryl spray appli- 
cation in 1986-1988. All sites had historically been 
under  oyster cultivation. At the time of  carbaryl 
application, none  of  the five oyster culture plots in 
the Stony Point-Palix River region had more than 
--25% "light" eelgrass (i.e., 21 +- 18 shoots m-'-') 
and - 4 5 %  "heavy" eelgrass coverage (i.e., 80 + 
34 shoots m 2). "Light"  shell (10-50% coverage) 
was prevalent (e.g., >50%) in three of  the five sites 
and "open  habitat" (<10% shell or eelgrass) oc- 
cupied between almost 15% and 85% of the plots' 
areas. Although this composit ion may be represen- 
tative of  sites under  long-term cultivation, there 
are no comparable  data from an "undis turbed"  
eelgrass site (i.e., one that has not  been cultured).  
Reexamination of  two of  these plots over the next 
3 yr indicated an overall increase in "heavy" shell 
(e.g., >50% shell cover), with either a small in- 
crease or decline in eelgrass coverage. While inter- 
pretat ion of  these data is hampered  by a lack of  a 
natural control,  it indicates a variable effect of oys- 
ter culture on eelgrass in the area we examined by 
photographic  analyses. Brooks (1993) also attrib- 
uted generally higher  abundances  of  most inver- 
tebrate taxa on control  sites compared  to carbaryl 
t reatment  sites in the same vicinity to be the result 
of  "significantly more  eel grass (sic) cover." Such 



Fig. 5. Insert map of Stony Point region of Willapa Bay in 
which areas of extreme arm moderale disturbance of interlidal 
tlats was estimated fi'om infrared aerial photographs; white dots 
represent oyster culture plots examined by Doty (1990) for eel- 
gr~ss and oyster coverage. 

differences were presumably due to oyster culture 
activities on the t rea tment  plots in the same year. 

Disturbance of  eelgrass habitats may not  be con- 
fined to g round  culture methods  for oysters. Carl- 
ton et al. (1991) and Pregnall (1993) documen ted  
modifications or significant reductions in eelgrass 
habitat and biota as a result of  stake and rack cul- 
ture in the South Slough National Estuarine Re- 
search Reserve, Coos Bay, Oregon.  Carleton et al. 
(1991) found  at least a 75% reduct ion in eelgrass 
shoots commensura te  with decreased recru i tment  
and survivorship of  tellinid clams where stake and 
rack cul tured oysters were harvested manually. 
Pregnall (1993) found  almost an equivalent reduc- 
tion in eeigrass shoots in an area of  stake culture, 
associated with significant reduct ions in the den- 
sities of  Dungeness crab (Cancer magister), macro- 
fauna burrows, total infauna species, and small in- 
dividuals of  the bivalve Crvptomya californica. On 

Benthic Disturbance by Intertidal Aquaculture 57 

the o ther  hand,  significantly increased biomass of  
macroalgae and densities of  mobile species such as 
Cancer productus, Hemigrapsus spp., sculpins (Cotti- 
dae),  and blennies (Pholidae, Stichaeidae) were as- 
sociated with tile oyster beds. Pregnall 's (1993) 
work was also one  of  few studies to examine com- 
munity shifts that occur  with removal of  oysters. 
She described an influx of  hivalw: recruits and vir- 
tual disappearance of  large mobile epibenthic  or- 
ganisms. Moreover, the n u m b e r  of  eelgrass shoots 
in oyster plots had not  recovered to control  levels 
5 mo after removal of  oysters. Pregnall 's overall 
conclusion was that oyster culture should not  be 
allowed in areas of  eelgrass meadows. 

We must stress that the relationship between oys- 
ter culture and eelgrass is complex  because o ther  
intertidal oyster culture activities may enhance  eel- 
grass. In particular, it has been  argued that carba- 
ryl application may benefi t  eelgrass by permit t ing 
it to recrui t  and grow in areas where it has been  
el iminated by dense populat ions of  burrowing 
shrimp (see below; Washington Depar tment  of  
F i s h e r i e s / W a s h i n g t o n  D e p a r t m e n t  o f  Ecology  
1992). Other  than Doty's (1990) qualitative de- 
scriptions, we are current ly unaware of  o ther  data 
on eelgrass density or standing stock on any one  
oyster plot over time, much less over b roader  areas 
of  the estuary inf luenced by oyster culture. Fur- 
thermore ,  benthic disturbance to eelgrass habitats 
by oyster g round  culture certainly does not  ap- 
proach that of  escalator hydraulic dredging or 
clam "kicking" (i.e., suspending sediments and 
clams in a propel ler  wash) tisheries for soft-shell 
and hard-shell clams in o ther  regions (Godcharles 
1971; Peterson et al. 1987); these activities are of- 
ten prohibi ted in eelgrass habitats. 

CHEMICAL DISTURBANCE 

As described previously, intertidal plots unde r  
oyster culture in (;rays Harbor  and Willapa Bay 
(accounting for >50% of  the oysters p roduced  in 
the state) are treated with the insecticide carbaryl 
in order  to control  populat ions of  burrowing 
shrimp (primarily Neotrypaea and Upogebia). Exten- 
sive laboratory toxicity suldies have shown that car- 
baryl kills the target species of  burrowing shrimp 
(e.g., Stewart et al. 1967; Chambers  1970) but  is 
nonspecific and can have lethal and sublethal im- 
pacts on nontarge t  vertebrate and invertebrate spe- 
cies (Lindsay 1961; Stewart et al. 1967; Armstrong 
and MiUeman 1974; Tagatz et al. 1979; Mount  and 
Oehme  1981; BUchanan et al. 1985). These studies 
also demonst ra ted  that mortality depends  upon  
such tactors as taxa, concentra t ion of  carbaryl ap- 
plied, and durat ion of  exposure,  with crustaceans 
particularly sensitive (Stewart et al. 1967). Despite 
decades of  use, there  has been  relatively limited 
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research on the effect of  carbaryl on natural estu- 
arine communities.  In this section, we review rel- 
evant field studies on impacts of  carbaryl on ben- 
thic infauna, epibenthic  meiofauna,  and fish in 
Wiilapa Bay and Grays Harbor.  

Benthic Infauna 
In general,  field studies of  the effects of  carbaryl 

on burrowing shrimp show that mortality is vari- 
able, ranging up to 100%, and depends  on species 
of  shrimp, time of  application, concentra t ion of  
carbaryl applied, and o ther  factors. Snow and Stew- 
art (1963, cited by Buchanan et al. 1985) repor ted  
a 82-94% reduct ion in burrowing shrimp follow- 
ing carbaryl t rea tment  in Tillamook Bay, Oregon.  
In Willapa Bay, Dumbauld  et al. (1989) used 40- 
cm core samples of  shrimp densities to assess mor- 
tality as a funct ion of  carbaryl application rate on 
replicated, 16-m 2 plots in 1988 and 1989 and 100- 
m 2 plots in 1989. Shrimp mortality immediately fol- 
lowing t rea tment  was variable, ranging up to 100% 
(Fig. 6). In one  exper iment ,  mud  shrimp mortality 
was consistently greater, while in the others ghost  
shrimp mortality was greater, in 1989, the highest 
application rate tested (0.9 kg ha-~), which is one- 
halt" that p re fe r red  by oyster growers, resulted in 
~80% shrimp mortality (Washington Depar tment  
of  Fisheries/Washington Depar tment  of  Ecology 
1992). 

Because shrimp burrow counts are generally cor- 
related with shrimp density, they can be used as an 
index of  shrimp density (Posey 1986a; Posey et al. 
1991; B. Dumbauld,  Washington Depar tment  of  
Fisheries, Nahcotta,  Washington, personal com- 
municat ion) .  Tufts (1990) estimated percen t  re- 
duct ion in burrow counts  shortly after several oys- 
ter plots were treated in 1987. Burrow counts 
decl ined an average of  98.7% on seven ploLs with 
an application rate of  0.82 kg ha a of  carbaryl, and 
an average of  97.5% on six plots treated at 1.22 kg 
ha 1. On 10 plots t reated at rates f rom 0.82 kg ha -a 
to 1.64 kg ha -~ in 1986, the percent  reduct ion in 
burrow counts averaged 94.4% (Tufts 1989). 

The re  are few field studies examining mortality 
of  macroinfauna  "after carbaryl application. One 
study in Til lamook Bay, Oregon,  where effects of  
carbaryl application on benthic infauna were eval- 
uated on small exper imenta l  plots (Armstrong and 
Milleman 1974), is relevant. Significant reduct ions 
in the densities of  some clam species were found  
while there were no apparen t  affects on nemerte-  
ans and polychaetes. 

Impacts on the benthos  in Willapa Bay in 1984 
were evaluated in a study by t Iur lber t  (1986). Hurl- 
bert  sampled one  2.03-ha bed immediately pr ior  to 
t rea tment  in July 1984, on the low tide tbllowing 
treatment ,  and 60 d post-treatment; six cores (182 
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Fig. 6. Changes in density of  burrowing shr imp following 
experimental  application of  carbaryl on small plots in July and 
August 1988 and 1989 (fi'om Dumbauld et al. 1989). Percent  
mortality was de te rmined  by taking cores 24-48 h fbllowing 
t reatment  while burrows were counted  1 mo following applica- 
Lion. 

cm z) were taken on each sampling date and no 
control  was examined.  Densities of  several infauna 
taxa declined significantly, including Macoma bal- 
thica, Nephtys caecoides, and Pectinaria granulata, 
while o ther  taxa exhibited little or no change or 
increase in density. 

Hueckel  et al. (1988) coun ted  dead macroinver- 
tebrates on seven 100 m • 2 m transects on three 
oyster plots immediately tollowing carbaryl appli- 
cation in summer  1987. Carbaryl killed burrowing 
shrimp, nereid worms, crangonid  shrimp, scale 
worms, Dungeness crab, and nemer teans  (Table 
5). Estimates of  the n u m b e r  of  invertebrates killed 
were highly variable, as evidenced by the broad 
confidence intervals, and are conservative since 
they only include animals observed on the surface 
of  sediments. 

Several o n g o i n g  evaluations of  carbaryl 's im- 
pacts on benthic infauna indicate that there  are 
variable short-term effects on some taxa. Dum- 
bauld (Washington Depar tment  of  Fisheries, Nah- 



TABI,E 5. Densities of  dead invertebrates (A: num ber  m 2) 
and fish (B: number  ha 1) on three plots sprayed with carbaryl 
in 1987 (from Hueckel et al. 1988); values are means and 95% 
CI (value in table) from seven transects sampled on three plots. 

A. Invertebrates 
Density 

Taxa Number m -g 95% CI 

Burrowing shr imp 1.39 5.76 
Nereid worms 0.35 0.64 
Crangon shrimp 0.09 0.06 
Scale worms 0.03 0.08 
Dungeness crab 0.01 0.04 
Nemert ina 0.01 0.01 

B. Fish Taxa 
Density 

Taxa Number ha -~ 95% CI 

Saddleback gunnel  489 620 
Staghorn sculpin 361 790 
Bay goby 309 630 
Three-spined stickleback 40 141 
Starry f lounder  10 40 

cotta, Washington,  personal  communica t ion ) ,  for  
example ,  found  variable responses  in densities o f  
dominan t  benthic  infaunal  taxa on sprayed plots 
c o m p a r e d  to unsprayed plots within 24 hr, 1 d, 2 
d, 3 mo,  and  1 yr after  carbaryl  t reatment .  Marked 
depressions occur red  in densities o f  the a m p h i p o d  
Corophium acherusicum and the cumacean  Hemilu- 
con com~.s in rand sh r imp-domina ted  plots, the am- 
ph ipod  Eohaustorius estuarius in ghost  shr imp-dom- 
ina t ed  plots ,  a n d  in o l i g o c h a e t e s  in b o t h  
communit ies .  In contrast,  densities o f  the tanaid 
Leptochelia savignyi, the polychaetes Capitella capi- 
tata, Mediomastus californiensis, Hemipodus borealis, 
and the bivalves Cryptomya californica and Macoma 
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balthica ei ther  showed no a p p a r e n t  change  or 
measurably increased. 

Brooks '  (1993) study in the Palix River-Wilson 
Point  region of  Willapa Bay in 1992 showed differ- 
ential responses by sympatric in faunal taxa, and  
both  short- term and persistent  long- term effects 
( summarized  in Table 6). He  used a 0.1-m 2 modi-  
fied van Veen grab  to sample (n = 9) two carbaryl  
t rea tment  sites and  one  control  site 2 d before  and  
2 d, 14 d, and 51 d after appl icat ion of  1.4 kg ha -l 
of  carbaryl on July 14, |992.  Densities of  two tub- 
icolous crustaceans,  the a m p h i p o d  CorqOhium ach- 
erusicum and the tanaid Leptochelia saviffnyi, were 
bo th  reduced  within 2 d after carbaryl  application.  
While C. acherusicum densities were reduced  by an 
average of  97%, L. savignyi densities decl ined only 
--10%, and popula t ions  of  both  species had recov- 
e red  to densities comparab le  to the controls  by 51 
d post- t reatment .  Significant (ANOVA) differences 
in density were tound  for six of  10 taxa 2 d pr ior  
to t r ea tmen t  c o m p a r e d  to 2 d following carbaryl  
spraying. I Iowever, site effects were also significant 
in all but  one  (Cryptomya californica) of  the six 
cases, indicating that natural  variation a m o n g  sites 
was large or larger than the response  to carbaryl.  
Spray effects were evident in five of  the same 10 
taxa between 2 d and 51 d after  carbaryl  applica- 
tion, but  site effects were evident  for four  of  the 
five; only the cockle, Clinocardium nuttalli, showed 
a significant spray effect without  a site effect. The  
effect of  t ime was general ly more  significant as the 
a m o u n t  of  t ime elapsed following t rea tment  in- 
creased. 

Long- te rm effects o f  carbaryl on benthic  infauna  
are poorly documented .  Dumbau ld  et al. (1992) 

TABLE 6. Summary of benthic infauna and epibenthos responses to application of carbaryl in Willapa Bay, Washington, in July 1992; 
short-term refers to abundances changes between 2 d prior and 2 d after spraying, and long-term refers to changes between 2 d "after 
and 51 d after spraying; confounding factors are significant site and time effects based on analysis of  variance (modified from Brooks 
1993). 

Conli0unding Factors 

Site Time 

Taxa Short-term (S-T) Long-term (L-T) S-T L-T S-T L-T 

Sensitive taxa 

Amphipoda ~ 
Leptochelia savignyi 
Burrowing shrimp 2 
Cumacea 3 
1 larpacticoida 
Clinocardium nuttaUi 
Cryptomya californica 

Insensitive taxa 

Ostracoda 
Macoma balthica 

nearly eliminated rebounded dramatically X X 
reduced rebounded dramatically X X X 
nearly eliminated increased X X X 
nearly eliminated slow recovery X X X 
small reduction variable - -  - -  X 
small reduction substantial reduction X 
small reduction slow recovery X X 

i Primarily Corophium acherusicum. 
2 Upogebia pugettensis and Neotrypaea californiensis combined. 
s Primarily Cumella vulgalis and Leucon sp. 
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indicated that densities of  some taxa, such as the 
amphipod  Eohaustorius, may remain depressed for 
up to 1 yr, and some taxa, such as Cryptom~a and 
the phoron id  Phoronopsis hermeri, show delayed re- 
sponses. However, it is clear that the new commu- 
nity that develops on sprayed plots will be different  
than what existed before because shrimp are large- 
ly el iminated f rom the plots and oyster are added.  
Through  bioturbation,  burrowing shrimp strongly 
in f luence  ben th i c  c o m m u n i t y  compos i t ion ,  es- 
pecially sedentary macrofauna  such as spionid 
polychaetes, bivalves (especially Cryptomya califirr- 
nica, a commensal  clam living in shrimp burrows), 
gammarid  amphipods  (e.g., Corophium spp.), and 
the tanaid Leptochelia dubia (Peterson 1977, 1984; 
Brenchley 1981; Bird 1982; Murphy 1985; Wash- 
ington Depar tment  of  Fisheries/Washington De- 
pa r tmen t  of  Ecology 1985; Posey 1986a; Posey et 
al. 1991). However, despite over 100 yr of  oyster 
culturing and minor  scientific research on Willapa 
Bay, there is no informat ion on the type of  com- 
munity that will develop on oyster plots treated 
with carbaryl. It is likely that a reduct ion in shrimp 
density and conversion to oysters enhances  densi- 
ties of  some infaunal taxa and reduces densities of  
others. Although Bird (1982) indicated reduced  
benthic biodiversity with increased shrimp densi- 
ties, Posey (1986a) found  species richness basically 
unchanged,  which he at tr ibuted to the differences 
in scale of  the two studies. (Posey sampled at much 
finer spatial resolution.) Posey et al. (1991) spec- 
ulated that the long-term effect is one  of  changing 
relative abundances  ra ther  than reducing faunal 
densities. Of  course, the communit ies  colonizing 
oyster plots will probably be comparatively dynamic 
on the scale of  oyster culture cycles because regu- 
lar culture activities will cont inue  to disturb plots. 
Oysters will eventually be harvested and shrimp 
will reinvade until the next  cycle of  prepar ing  the 
plot for  re-sceding. This is a critical point  to con- 
sider when evaluating comparisons with so-called 
"na tura l"  reference  plots because these plots are 
probably still at early or in termediate  stages in de- 
ve lopment  fi'om an intensively cuhivated plot. No 
one  has documen ted  that their reference  sites ac- 
tually originated from plots that had not  been un- 
der  prior  oyster cultivation. 

Although most studies of  carbaryl intpacts have 
focused on the sprayed plots, some burrowing 
shrimp (and o ther  animals such as crabs; see Doty 
1990) may be killed adjacent to sprayed plots. Tufts 
(1989), for example,  repor ted  that there  were re- 
ductions in burrow counts in areas adjacent to 
t reated plots that generally corre la ted with carbao 
ryl concentra t ions  in water samples. 
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Fig. 7. A comparison of  young-of-year (YOY) crab set t lement 
(numbers  of  YOY crab m 2) in oyster shell habitats, eelgrass, 
and bare mud in Willapa Bay. Means (_+ 1 SD) are presented 
for four sites sampled in late June  and early July 1986-1987 
ei ther  prior to carbaryl t reatment  or at least 1 yr after treatment.  
The three habitats compared  are open nmd,  heavy eelgrass cov- 
er (>50% eelgrass and <10% oyster shell), and heavy shell 
(>50% oyster shell) (from Dory 1990). 

Fpibenthos 
Field evaluations of  carbaryl 's effects on epifau- 

na have focused primarily on Dungeness crab, be- 
cause of  its commercial  importance,  and to a lesser 
extc'nt on epibenthic  meiofauna.  Willapa Bay and 
Grays I t a rbor  are impor tan t  nursery areas for  Dun- 
geness crab (Armstrong and Gunderson  1985; 
Gunderson  et al. 1990). Crab larvae are released 
into coastal waters and settle on to  benthic habitats 
beginning in early spring (Gunderson  et al. 1990), 
with the highest juvenile set t lement  occurr ing in 
the coastal estuaries in oyster shell habitats fol- 
lowed by eelgrass (Armstrong and Gunderson  
1985; Doty 1990) (Fig. 7). Doty concluded  that 
shell is of  pr imary impor tance  for survival of  newly 
settled YOY (young-of-year) crab and that oysters 
planted in commercial  quantities provide a sub- 
stantial amotmt  of  cover for newly recrui ted crabs. 
The  impor tance  of  sonte type of  structure to YOY 
crab set t lement has also been documen ted  in Pu- 
get Sound (McMillan 1991). 

All YOY crab on intertidal areas sprayed with car- 
baryl are killed shortly after spraying, as are a por- 
tion of  the YOY crab in adjacent intertidal areas 
(Dory 1990). A small number  of  older  crab may 
also be killed, primarily on sprayed plots. Sonte re- 
colonization occurs within 1 mo of  the carbaryl ap- 
plication. 

Crab mortality depends  on type and extent  of  
habitat  in an area and timing of  the carbaryl ap- 
plication. In general,  the nuntber  of  crabs killed is 
directly correlated with the amoun t  and distribu- 



tion of  shell on a plot. Doty (1990) developed a 
"worst case" model  to estimate the impact of  the 
carbaryl application on Dungeness crabs in Willa- 
pa Bay from 1985 to 1987. He estimated that be- 
tween 1986 and 1988, 3-4% of the YOY crabs in 
Willapa Bay would be killed by carbaryl applica- 
tion, assuming 2,400 ha arc under  g round  culture 
and the acreage treated with carbaryl was 111-145 
ha annual ly .  The  r e p l a c e m e n t  o f  b u r r o w i n g  
shrimp with oysters provides high quality rearing 
habitat for crabs, thereby increasing the probability 
that more  crabs will survive than if shell were not  
there. Thus, by improving the habitat structure, 
the oyster industry might, to an unknown degree, 
mitigate impacts of  carbaryl on crabs by increasing 
crab production.  

Impacts of  carbaryl application on epibenthic 
meiofauna were examined by Simenstad and Cor- 
dell (1989) by sampling a sprayed plot and refer- 
ence plot that had not  been treated for several 
years. Both plots were low-gradient flats of  fine 
sand and mud  with a moderate,  patchy cover of  
eelgrass, and were located at approximately - 0 . 2  
rn MIJ~W. Densities of  meiofauna were sampled us- 
ing a 0.018-m 2 epibenthic pump at 10 randomly 
selected points over a 100 m • 100 m sampling 
grid located in the middle of  t reatment  and ref- 
erence plots. Plots were sampled soon after being 
inundated  by the flood tide on three occasions: 1 
d before carbaryl treatment,  immediately "after car- 
baryl application (which occur red  at low tide, with 
l he inlerfidal flat exposed),  and 12 d post treat- 
ment. 

One-way analysis of  variance using log~0(x + 1)- 
t ransformed density (no. rn '-') data indicated that 
carbaryl did not  kill all or most epibenthos on 
treated tracts (Table 7), in contrast to its effects on 
other  animals such as Dungeness crabs, where 
mortality is usually 100% (e.g., Doty 1990).Judging 
by the numbers  of  certain species that were on a 
treated area 24 h after spraying, some animals ei- 
ther were left alive following the spraying or re- 
cruited by migrating from adjacent intertidal areas. 
Given the mobile nature of  many epibenthos (e.g., 
Iticks and Coull 1983), we suspect that rapid col- 
onization explains in part the numbers  of  epibcn- 
thos on the plot after treatment.  Percent change 
(%) in density depended  on taxa and time period 
(Table 7). Densities of  the cumacean Cumella spp. 
and gammarid  amphipods  Corophium spp. did not 
decline immediately following spraying, but  did so 
within 12 d. In addition, densities of  the epibenthic 
hai~?acticoid Tisbe spp. declined immediately (one 
tidal cycle-one tidal day) after t reatment  but had 
recovered 2 wk later. 

Using a similar  e p i b e n t h i c  p u m p  sampler ,  
Brooks (1993) found some evidence that carbaryl 
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TABLE 7. Density (number m 2) of epibenthic taxa on one 
site treated with carbaryl and one control site. Carbaryl treat- 
ment occurred on July 1, 1988. Samples were taken 2 d befbre 
application (June 29, 1988), on the flood tide tbllowing treat- 
ment, (July 1, 1988), and 12 d after treatment (July 12, 1988) 
(from Simenstad and Cordell 1989). Taxa presented are those 
that are important food items of economically important fish, 
such as juvenile salmon. 

Sampling Period 

Taxa June 29, 1988 July 1, 1988 July 12, 1988 

Total harpacticoids 
Treatment 

Number 3,339.2 5,450.2 11,878.2 
SD 6,594.1 6,835.9 12,654.9 

Control 
Number 1,095.1 2,570.8 8,301.8 
SD 2,253.2 3,027.4 8,235.7 

Longipedia sp. 
"Fream~ent 

Number 66.7 266.7 405.5 
SD 122.3 307.5 301.1 

Control 
Number 83.3 105.6 855.6 
SD 160.8 155.9 490.5 

Tisbe spp. 
Treatment 

Number 305.6 122.2 894.5 
SD 4t3.1 116.5 1,272.1 

Control 
Number 166.7 366.7 777.7 
SD 202.9 461.5 821.1 

Cm'ophium spp. 
Treatment 

Number 27.8 188.9 5.6 
SD 47.2 448.7 17.6 

Control 
Number 5.6 16.7 61.1 
SD 17.6 52.7 92.4 

Cumvlla vulgm~s 
Treatment 

Number 57.8 933.3 88.8 
SD 131.9 1,402.9 140.8 

('ontrol 
Nmnber 105.6 272.2 1,116.7 
SD 222.9 604.1 861.7 

impacted epibenthic ostracods and copepods,  al- 
though  species-specific or  genera-specific differ- 
ences in densities were not  tested. Only ostracods 
and copepod  copepodi te  larvae illustrated signifi- 
cant spray effects (declines) between 2 d prior and 
2 d after spray application, but tile time effect was 
also highly significant for controls in both cases (a 
significance level was not  repor ted  for a site ef- 
fect). Harpacticoid copepod  densities declined at 
both t reatment  and control  sites, such that nei ther  
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spray nor  t ime effects were significant. Long- te rm 
changes,  between 2 d and 51 d "after spraying, were 
significant only for  harpact icoid  and calanoid co- 
pepods.  Harpact icoids  actually increased on bo th  
sites, result ing in significant spray, site, and  t ime 
effects; calanoids showed an initial post-spray in- 
crease and  then a b roade r  decline at the t r ea tmen t  
site c o m p a r e d  to the control  site, resulting in only 
a significant spray effect. A compl icat ing factor  in 
in terpre t ing  Brooks '  (1993) results was that  the 
taxonomic  level r epor t ed  did not  allow differenti- 
ation of  taxa that  were associated with substrate 
(i.e., " t r u e "  epibenthos)  f rom those that  were 
more  pelagic or  tidally advected. 

Demersal and Benthic/Epibenthic-feeding Fishes 
At low tide, when carbaryl is applied,  some fish 

may remain  on oyster plots in pools and shallow 
channels.  Fish species that have been  found  in 
these habitats include saddleback gunnels  (Pholis 
laeta), Pacific s taghorn  sculpin (Leptocottus arma- 
tus), bay goby (Lepidogobius lepidus), starry f lounder  
( Platichthys stellatus), English sole ( PleuroTectes [Par- 
ophrys] vetulus), and  shiner  pe rch  (Cymat0gaster ag- 
gregata) (Washington D e p a r t m e n t  of  Fisher ies /  
Washington D e p a r t m e n t  of  Ecology 1992). As ob- 
served for benthic  infauna,  fish on oyster plots 
t reated with carbaryl  are killed. Hueckel  et al. 
(1988) es t imated the n u m b e r  of  fish killed on the 
same three plots where  they surveyed the  n u m b e r  
of  mac ro in fauna  killed. Mortality averaged 1,209 
fish ha  -~ for all species combined ,  ranging f rom 10 
fish ha  ~ h)r starry t lounder  to 489 fish ha  ~ for  
gunnels  (Table 5). Tufts (1989, 1990) coun ted  the 
n u m b e r  of  fish killed in single 33.3 m • 3.3 m 
plots on each of  26 plots sprayed with carbaryl  in 
1986 and 1987. For all species combined ,  the av- 
eragc number s  killed were 92.8 fish ha  -a in 1986 
and 45.8 fish ha  1 in 1987. The  n u m b e r  of  fish 
killed varied considerably between tracts and  de- 
p e n d e d  mostly on the a m o u n t  of  wetted fish hab- 
itat (def ined as the a m o u n t  of  water >5  cm in 
depth) .  This ranged  f rom 0% to 100% depend ing  
on the plot  and  when it was sprayed following the 
low tide. 

Discuss ion 

The  inf luence of  an an th ropogen ic  dis turbance 
on established communi t i e s  depends  strongly on 
the temporal ,  spatial, and  intensity scales over 
which it occurs; thus, an evaluation of  the com- 
muni ty  responses should occur  over the same 
scales. In assessing potent ial  effects of  aquacul ture  
activities, we used a comparat ively short- term ap- 
p roach  using "na tu ra l "  dis turbance regimes of  
control  or  " r e f e r e n c e "  sites as the standard,  al- 
though  we acknowledge that  these sites may have 

been  inf luenced by previous aquacul ture  activities. 
Where  we found  a major  shift in taxa densities or  
distributions, primari ly th rough  reduct ion or ex- 
clusion of  selected taxa, we cons idered  dis turbance 
to be significantly h igher  c o m p a r e d  to natural  vari- 
ation exhibi ted by the indigenous  community.  
None  of  our  examples  tested dis turbance frequen-  
cies m u c h  beyond several years or  cons idered  fre- 
quencies  and  intensities o f  natural  disturbance,  
such as lO0-yr flood cycles, which the communi ty  
perhaps  canno t  withstand. Thus,  our  evaluation of  
the significance of  aquaculture-associated distur- 
bance  is relevant  only to chronic,  local scales rath- 
er than ecosystem-level spatial scales and disaster- 
level t empora l  scales. 

ECOI,OGICAI, RFPFRCUSSIONS OF 
AQUACULTURE-AssoCIATED DISTURBANCE 

On a communi ty  scale, responses to chronic,  low 
intensity or  infrequent ,  in te rmedia te  intensity dis- 
turbances  tend  to be within the scope of  behavioral  
or  ecological adaptability of  the flora and fauna. 
For instance, on a plot-specific basis, effects of  car- 
baryl spraying on epibenthic  me io fauna  appears  to 
be ext remely short- term, if not  inconsequent ia l  
(Brooks 1993). This is because dispersal of  most  
epibenthic  popula t ions  is often cont inuous  and dy- 
namic as a funct ion of  tidal advection and  resns- 
pens ion (Palmer  1984, 1988; Kern and  Taghon  
1986; }licks 1988; Simenstad et al. 1988) and  food 
resource exploi tat ion (Decho and Fleeger 1988). 
Also, meiofaunal  animals  tend  to have high, mul- 
tiw)ltine turnover  rates (Hicks and  Coull 1983) 
that facilitate rapid recolonization.  The  question 
then becomes  one  of  the spatial scale of  processes 
that  affect repopula t ion  and  how changing the ex- 
tent, t iming, and f requency of  carbaryl spraying 
might  induce a threshold response  in intertidal bi- 
ota. I f  such a threshold response  was attained,  re- 
colonizat ion could be inhibi ted over b road  spatial 
and  tempora l  scales. Iiowever,  at p resen t  there are 
no  data on the potent ia l  change  in r ec ru i tmen t  
success and  rate that  might  occur  if spraying oc- 
cur red  over  spatial scales of  square ki lometers  rath- 
er than hectares,  involved more  than a single ap- 
plication per  year, or  occur red  at t imes o the r  than 
mid summer.  

In addit ion,  it should be recognized that, with 
the existing data, the effects of  carbaryl  canno t  be 
separated f rom effects of  o the r  oyster culture prac- 
tices, or  o f  the oysters themselves (e.g., as substrate 
for algal a t tachment ,  habi ta t  for predators ,  pro- 
ducers  of  pseudofeces,  and  filtering the water col- 
umn) .  How these chemical ,  physical and  biological 
int luences are in ter re la ted  is unknown.  

Similarly, intertidal graveling or p reda to r  exclu- 
sion nets in some habitats (e.g., low energy, line 



sediment)  may enhance  average epibenthos  dive> 
sity and standing stock by increasing complexity of  
the sediment  structure. Moreover, introduct ion of  
substrates suitably large tbr  macroalgal a t tachment  
might mediate disturbance. In this case, seemingly 
subtle differences in the intensity of  disturbance 
(e.g., amoun t  of  gravel added) ,  the natural distur- 
bance reg ime (e.g., tidal or wave resuspension and 
resort ing of  sediments),  and o ther  factors impor- 
tant to intertidal communi ty  s tructure (e.g., sedi- 
mentat ion rate) define taxon-sp(.'cific responses. In 
this case, the intertidal communi ty  will likely be 
altered for as long as the gravel or net  persists 
(e.g., years). 

Changes in the composit ion of  intertidal soft- 
bot tom communi t ies  can "affect growth and surviv- 
al of  fish and wildlife lhat forage in these habitats. 
This is particularly ge rmane  in Pacific Northwest 
estuaries, where a n u m b e r  of  economically-impor- 
tant fishes feed preferentially on specific taxa of  
intertidal soft-bottom meiofauna  and small mac- 
rofauna. Of  pr ime interest  are juvenile  chum, chi- 
nook, and coho salmon that exhibit  a high fidelity 
for shallow estuarine habitats. These fish feed on 
a restricted suite of  epibenthic  harpacticoid cope- 
pods ,  g a m m a r i d  a m p h i p o d s ,  cumaceans ,  and  
emergen t  insects p roduced  in estuarine habitats. 
Fish growth and survival to the adult  stage may 
depend  upon  this early life-history per iod (Levy 
and Nor thcote  1982; Simenstad et al. 1982; Pearcy 
1992). When feeding in estuarine habitats, partic- 
ularly in eelgrass meadows and mud flats, juvenile 
chum salmon prey extensively on  only a few taxa 
of  harpact icoid copepods  such as ltarpacticus uni- 
remis, Tisbe spp., and Zaus sp. (I lealey 1979; Simen- 
stad et al. 1982, 1988; D'Amours  1987, 1988). A 
numbe r  of  o ther  species, including smelts (Os- 
meridae) ,  sand lances (kanmodytidae),  and stick- 
lebacks (Gasterosteidae) also prey heavily on these 
same prey taxa in estuarine habitats early in their  
life histories (Simenstad et al. 1988). Similarly, am- 
phipods such as Corophium salmonis and C. spinicor- 
ne and cumaceans are preyed upon  extensively by 
juvenile chinook sahnon (Dunford  1975; North- 
cote et al. 1979; I,evy and Nor thcote  1982; Simen- 
stad et al. 1982) and by migratory waterfowl and 
shorebirds such as sandpipers and dunlin (Caladris 
alpina) in mudflats and marshes (Albright and 
Armstrong 1982; Baldwin and Lovvorn 1994). 

Overall, many estuarine fishes utilize specific 
prey resources that are associated with unique hab- 
itats, or  perhaps even lnicrohabitats (e.g., discrete 
levels in a highly epiphytized eelgrass "canopy,"  
Simenstad et al. 1988). The i r  use of  these areas 
may be linked to taxon-specific productivity of  prey 
at these sites (e.g., Coull and Feller 1988). If prey 
required for growth and reproduct ion  of  the fish 
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are limiting, and there  are no  data to e i ther  vali- 
date or reject this hypothesis, significant declines 
in populat ions of  these prey as a result of  habitat  
modifications cotdd reduce  the carrying capacity 
for their predators.  In some cases, the prey of  one  
predator  might  be enhanced  while that of  ano ther  
depressed. An example of  this occur red  on the 
beach graveled at Bywater Bay, where densities of  
7~sbe spp. (a major prey of  juvenile chmn sahnon) 
were depressed and densities of  Cumella vulga,is 
(prey of  chinook) were enhanced.  Such shifts sug- 
gest that there  are costs and benefits of  distur- 
bance to natural  resources and points out lhe type 
of  informat ion needed  by estuarine habitat man- 
agers. 

We can only speculate on large-scale communi ty  
shifts over entire estuarine ecosystems, as there 
have been no evaluations of  ei ther  cumulative or 
overall  effects  of  aquacuhure -a s soc i a t ed  distur- 
bance at this scale. For instance, it is not  unreason- 
able to postulate that disturbance from aquacul- 
ture in Willapa Bay may have p romoted  shifts 
between soft-bottom intertidal communit ies  domi- 
nated by eelgrass and burrowing shrimp. Burrow- 
ing shrimp strongly inf luence the structure of  the 
b e n t h i c / e p i b e n t h i c  c o m m u n i t y  in which they  
dominate.  They essentially function as "distur- 
bance equivalents" to keystone predators  by re- 
ducing the p rominence  of  less mobile species (Pe- 
terson 1977, 1984; Posey et al. 1991; Dumbauld  et 
al. 1992) and often smother ing seagrasses (Sucha- 
nek 1983). In addition, bnrrowing shrimp influ- 
ence nut r ien t  cycling through release of  dissolved 
nutrients from their  burrows and modit ication of  
c o m m u n i t y  m e t ab o l i sm  ( M u r p h y  an d  K r e m e r  
1992). Alternatively, estuarine eelgrass communi-  
ties are speciose, productive and impor tant  as hab- 
itat for a myriad of  economical ly-important  fishes 
and their prey resources (Phillips 1984). 

In most cases, ghost shrimp and eelgrass do not  
overlap, but  mud shrimp and eelgrass do overlap 
(B. Dumbauld,  Washington Depar tment  of  Fish- 
eries, Nahcotta,  Washington, personal  communi-  
cation; the authors '  personal  observations).  There-  
fore ,  given the p o t en t i a l  o f  amensal i s t ic  
interactions between burrowing shrimp and eel- 
grass (Brenchley 1981), large-scale disturbance 
from oyster culture may have historically mediated 
the ability of  ghost shrimp to extensively colonize 
intertidal flats in estuaries such as Willapa Bay. Sev- 
eral Nine teenth  Century accounts suggest that 
there  was a considerable amoun t  of  dense eelgrass 
and reduced  natural  oyster (Ostrea lurida) popula- 
tions on the tideflats (Swan 1857; Townsend 1893). 
This suggests that dur ing some periods, or in cer- 
tain areas, one  or the o ther  al ternate communi ty  
states dominated,  perhaps as a funct ion of  natural 
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disturbance or biological (e.g., recruitment) cycles. 
I Iowever, persistent disturbance of eelgrass habitat 
by dredging, harrowing, and leveling for oyster cul- 
ture may have more recently promoted expansion 
of burrowing shrimp by allowing these distur- 
bance-oriented species to colonize stressed eelgrass 
habitats, and arresting successional development 
of the eelgrass community in favor of repeated in- 
vasions and dominance by burrowing shrimp. Such 
a disturbance-induced "release" of habitat for sub- 
sequent colonization by burrowing shrimp has 
been shown experimentally by I Iarrison (1987). 
He found that removal of all eelgrass shoots al- 
lowed adult shrimp and tube worms to dominate 
the sediment and inhibit survival of eelgrass (Z. 
japonica) transplants. 

A major question yet to be resolved is whether, 
in the absence of anthropogenic disturbances, bus: 
rowing shrimp can invade and degrade a fully de- 
veloped eelgrass bed, or if spreading eelgrass can 
displace burrowing shrimp. Harrison (1987) pro- 
poses that, under natural disturbance regimes, the 
cycles of activity of the eelgrasses and of the shrimp 
are sufficiently out of phase to allow eelgrass to 
expand and colonize new habitat at the expense 
of the adult animals, which do not reach peak ac- 
tivity until summer. Under this model, continued 
disturbance of eelgrass by intensive oyster culture, 
however, could shift dominance to burrowing 
shrimp. Peterson (1977, 1984) provided similar ev- 
idence of such multiple stable points in intertidal 
soft-bottom estuarine communities protected fronl 
or impacted by harvesting (digging) burrowing 
shrimp for bait. He found that over 3 yr N. califor- 
niensis could not reestablish dominance in an es- 
tuarine sandflat once the bivalve Sanquinolaria nut- 
tallii had recruited to a plot from which the ghost 
shrimp had been removed. Whether such large- 
scale shifts to burrowing shrimp-dominated com- 
munities has occurred and has resulted in a net 
reduction of eelgrass habitat for important fish and 
macroinvertebrates (e.g., Dungeness crab) is in- 
determinable because there are no data on the 
persistence, standing stock, and structure of eel- 
grass under various levels and activities of oyster 
culture. 

Initial recovery of eelgrass from potentially sim- 
ilar disturbances, however, may be slow. Peterson 
et al. (1987) found that eelgrass biomass did not 
recover from the disturbance of mechanical clam 
harvesting in Back Sound, South Carolina, until at 
least 4 yr, longer than the normal rotation period 
of oyster culture in the Pacific Northwest. 

Burrowing shrimp densities and distributions 
may also be controlled by predation, which may be 
variable according to natural ecosystem cycles 
(e.g., El Nifio) and disturbance events as well as 

anthropogenic factors. Intertidal benthic predators 
such as the staghorn sculpin, Leptocottus armatus 
(Posey 1986b), or gray whale, Eschrichtius robustus 
(Weitkamp et al. 1992), feed extensively on N. cal- 
if~r'niensis. However, only gray whale populations 
have probably been historically reduced enough to 
alter the balance in community dominants. Gray 
whale foraging can decimate intertidal N. califor- 
niensis populations, potentially removing 55-79% 
of the ghost shrimp standing stock. Although it is 
very likely that gray whale foraging in Pacific 
Northwest estuaries was reduced dramatically dur- 
ing the period of whaling, it is probably increasing 
as their populations again approach pre-whaling 
levels (Reilly 1981); Weitkamp et al. (1992) re- 
ported the presence of gray whale feeding pits in 
Willapa Bay in 1991. 

When evaluating cumulative influences of a dis- 
turbance at the ecosystem scale, we should not ig- 
nore potentially overwhelming landscape influenc- 
es. In the Pacific Northwest, forest harvest and 
other rural and urban alterations of shoreline, ri- 
parian, and upland habitats in the surrounding 
landscape can significantly change inflows of sedi- 
ments and fi'esh water to estuaries (Simenstad et 
al. 1992; Jay and Simenstad 1994). Clearly, factors 
other than burrowing shrimp and aquaculture can 
contribute to changes in eeigrass in Willapa Bay. 
For instance, logging in the watersheds of the Bay 
may have increased turbidity levels to the point 
that some eelgrass photosynthesis is affected. Sim- 
ilarly, the proliferation of shoreline armoring (e.g., 
bulkheads and rip-rap embankments) in Puget 
Sound has severely reduced the input of fine sed- 
iments to beach habitats (Downing 1983). Thus, 
beaches throughout Puget Sound have likely ex- 
perienced historic shifts in intertidal communities 
much greater than what has resulted from beach 
graveling and predator exclusion nets for clam cul- 
ture. 

In other estuaries, nutrient loading from water- 
sheds and shoreline dew.qopments have resulted in 
eutrophicat ion,  hypoxia, and other  system re- 
sponses that have resulted in large-scale commu- 
nity changes (Nixon et al. 1986). Although ecosys- 
tem effects of such physical and geochemical 
changes upon entire estuaries are not common in 
this region, increased toxic plankton blooms ("red 
tides") have resulted in frequent closures of oyster, 
clam, and mussel harvesting in several bays and 
beaches. Fecal coliform has also become a more 
pronounced problem (Nishitani et al. 1988; Pepe 
and Plews 1991). The long-term challenge will be 
discriminating the relative importance of these var- 
ious exogenous factors in the estuary (i.e., to gath- 
er information to manage at the ecosystem scale). 



MANAGING FOR SUSTAINABILITY ON TIIE 
ESTUARINE ECOSYSTEM Lr:VF, L 

To a large extent ,  the prevail ing at t i tude is that  
estuaries are relatively robust  and  self-maintaining, 
such that  only ex t r eme  an th ropogen ic  influences 
usually enter  into managemc 'n t  decisions (Wolff 
1990). Complex  physicochemical  and  ecological 
linkages a m o n g  estuarine organisms and  commu-  
nities can be ahe red  over the long-term by persis- 
tent  dis turbances that exceed natural  regimes. 
M a n a g e m e n t  strategies that fail to consider  the tol- 
e rance  of  estuaries to an th ropogen ic  disturbance,  
such as that  posed by intensive aquacul ture,  may 
well threa ten  the sustainability of  estuarine re- 
sources and  ecosystem processes upon  which coast- 
al economies  depend .  

Tlms, we suggest that  aquacul ture  should be 
m a n a g e d  not  only as an economic  asset, as it has 
been  historically, but  as an ecological force as well 
because it influences impor t an t  estuarine process- 
es (e.g., productivity of  o ther  estuarine resources) 
that  suppor t  o ther  'T ree"  resources (Schiewer and  
Arnd t  1990; I ,ockwood 1991). Estuaries have a crit- 
ical role in the life histories of  many  economical ly  
and  ecologically impor t an t  animals. Salmon,  her- 
ring, smelt, crab, and  flatfish feed in Pacific North-  
west estuaries (Simenstad el al. 1982; Simenstad et 
al. 1988; Gunder son  et al. 1990) and  several spe- 
cies of  migra tory  watertbwI and  shorebirds  feed on 
the large inver tebrate  p roduc t ion  that occurs on 
the mudflats  o f  several estuaries (Baldwin and Lov- 
vorn 1994). Growth and survival of  animals  in es- 
tuaries not  only depends  on specific habitats but  
on linkages between habitats and  areas within the 
estuary. The  detri tus utilized as food by a detriti- 
vorous a m p h i p o d  in one  site can originate f rom 
ano the r  location in the estuary. I , inkages are not  
only provided by physical processes but  by the or- 
ganisms as well. Many estuarine organisms are 
highly mobile ,  such as juvenile  sa lmon which use 
many  areas within one  estuary and may also use 
o ther  estuaries as well. Thus,  they can transfer en- 
ergy and o ther  material  t h roughou t  an estuary or 
even between estuaries. 

The  influences of  aquacul ture  on highly inter- 
d e p e n d e n t  ecological processes across whole estu- 
arine ecosystems have historically received little at- 
tent ion (Folke and  Kautsky 1989), a l though the 
European  C o m m o n  Communi ty ,  th rough  the In- 
ternat ional  Council  for the Explorat ion of  the Sea 
(ICES), is a notable  except ion (I ,ockwood 1991). 
Benthic aquacul ture  in the Pacific Northwest  has 
not  historically been  evaluated and  m a n a g e d  as a 
disturbance,  but  ra ther  has been  t rea ted  largely as 
a natural  resource,  comparab le  to organisms such 
as Dungeness  crab or salmon. Thus,  estuarine 
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m a n a g e m e n t  issues have tended  to focus on effects 
o f  activities such as water  pollut ion and navigation 
channel  d redging  on aquacuhure  ra ther  than con- 
sidering env i ronmenta l  effects o f  aquacuhure  on 
o ther  estuarine resources. Typically, env i ronmenta l  
effects of  certain aquacul ture  practices have only 
been  quest ioned or investigated when ano the r  im- 
por tan t  species, such as Dungeness  crab, is at risk. 

Large-sca le  d i s t u r b a n c e s  by a q u a c u l t u r e  (:an 
pose complex  ecological as well as soc ioeconomic  
m a n a g e m e n t  d i l e m m a s .  E s t u a r i n e  ecosys t ems  
should be able to sustain both aquacul ture  and  
critical habitat  of  es tuar ine-dependen t  resources, 
such as sahnon and Dungeness  crab. However, for 
this to be true, resource managers  need  to evaluate 
interactions and  compe t ing  demands  at the scale 
of  both  watershed and  estuary. All aspects of  inten- 
sive aquacul ture  practices should be cons idered  at 
these scales in evaluating cmnulat ive and cascading 
effects th rough  trophic,  nu t r ien t  recycling, and  
o ther  ecosystem processes. For instance, oyster 
plots general ly suppor t  a much  higher  diversity of  
benthic  and epibenthic  flora and fauna  associated 
with the complex  oyster shell substrate c o m p a r e d  
to the b io turba ted  habitat  domina ted  by burrow- 
ing shr imp (e.g., Table 4). Dense cultures of  sus- 
pension-feeding bivalves can also filter consider- 
able phytop lankton  and  part iculate material  f rom 
the water  co lumn and deposi t  it on the benthos.  
This can improve water quality in some cases, but  
high densities o f  bivalves, and  particularly cul tured 
populat ions,  can also effectively deplete  food par- 
ticles to the point  of  depressing growth of" indige- 
nous suspension feeders  (Pelerson and  Black 1987; 
H6ral 1991). 

A key par t  o f  manag ing  aquacul ture  within an 
ecological context  is to minimize impacts. "Best  
m a n a g e m e n t  pract ices"  can be designed in some 
cases to minimize adverse consequences  of  distur- 
bance,  such as efforts unde r  way to define alter- 
natives to carbaryl  (Burrowing Shr imp Control  
Commi t t ee  1992). Best m a n a g e m e n t  practices may 
also be able to address species-specific or  popula-  
tion-specific issues. For instance, effects o f  beach 
graveling and p reda to r  exclusion nets on epiben-  
thic crustaceans on Puget  Sound beaches  differ ac- 
cording to the sahnon species. In some cases, such 
as beach graveling in estuaries like Oakland Bay, 
an activity may be beneficial for all epibenthic-feed-  
ing fishes of  concern.  Impacts  o f  graveling could 
be minimized  by using thin layers of  gravel and  
reducing  the fl 'equency of  graveling. Best manage-  
m e n t  practices may not  be able to deal with some,  
notably larger  scale, disturbances,  suggesting the 
need  to investigate potent ia l  mitigative options.  Ex- 
amples  of  this include loss of  Corophium due to car- 
baryl applicat ion and impacts  to eelgrass. 
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INFORMATION NEEDS 

Estuarine lnanagement  would greatly benefi t  
f rom improved documenta t ion  0f the type, scale, 
and magni tude  of  aquaculture 's  effects on estua- 
fine communit ies  relative to natural disturbance 
regimes. Many basic issues have yet to be resolved, 
such as: competitive or o ther  amensalistic interac- 
tions between eelgrass and burrowing shrimp; 
postdisturhance successional pat terns in intertidal 
communi t ies  exposed to both natural and anthro- 
pogenic  disturbances; long-term responses to both 
natural disturbance and that induced by aquacul- 
ture; threshold responses by fish and wildlife to cu- 
mulative shifts in ecosystem habitat  composit ion,  
the roles of  rapidly expanding exotic species (in- 
cluding Zostera japonica and Spartina alterniflora) in 
modifying natural estuarine processes and distur- 
bance regimes; and changes in communi ty  struc- 
ture and basic benthic  processes associated with 
densely cultivated bivalves. While some of  these 
questions will require  long-term study, understand- 
ing resilience to natm'al disturbance will enable us 
to bet ter  manage an thropogenic  disturbance. 

We think significant and rapid improvements  in 
our  assessment of  the scope and scale of  impacts 
is both possible and essential, and requires under-  
standing inheren t  processes and mechanisms. We 
found it difficult to answer such basic questions as 
the intensity, frequency, and extent  of  intertidal 
habitat unde r  various aquacul ture  regimes. For in- 
stance, while some oyster growers mow eelgrass be- 
cause it is a nuisance, we were not  able to deter- 
mine the aerial extent,  timing, and location of  
mowing. It is difficuh to imagine a responsible as- 
sessment of  cumulative effects in the absence of  
this type of  irfformation. An increased understand-  
ing of  aquacul ture  as a disturbance within a mech- 
anistic, muhispecies,  multifactor "ecosystem" con- 
text  (Pe t e r son  1993) would  bene f i t  e s tua r ine  
managemen t  by allowing full considerat ion of  eco- 
h)gical costs and benefits. Fur thermore ,  aquacul- 
ture offers an approach to estuarine managemen t  
that is very amenable  to ecological exper imenta-  
tion (Peterson 1990, 1993), in which basic and ap- 
plied science can be merged  to provide the eco- 
logical informat ion necessary to manage estuaries 
as sustainable ecosystems ( I ,ubchenco et al. 1991). 
Rather than managemen t  by regulation, this ap- 
proach is more  likely to foster more  socially-ac- 
ceptable  and  economical ly-acceptable  strategies 
(e.g., best managemen t  practices). The  necessary 
goal is to obtain the scientific knowledge required 
for esmarine managemen t  on an ecosystem level 
before major  comnmni ty  shifts or the collapse of  
exploitable populat ions occur, as has often been 

the case with single-species fisheries managemen t  
(Ludwig et al. 1993). 

CONCI,USIONS 

Based upon the limited informat ion available for  
the Pacific Northwest, we found  many potential  
disturbances resulting from aquacul ture  to be with- 
in the scale of  natural variation. In addition, o ther  
changes in invertebrate assemblages involved spe- 
cies substitutions within the same general  taxa. In 
terms of  mobility-mode functional-group hypothe- 
ses (Brenchley 1981; Posey 1986a, 1987), tile an- 
t h r o p o g e n i c  d i s tu rbance  reg imes  are no rma l ly  
insufficient to modify interactions among function- 
ally similar organisms. This is particularly the case 
with smaller epibenthic  crustaceans; clam cuhure  
and oyster culture slightly modif ied habitat  struc- 
ture but  not  fimctional group or comnmni ty  diver- 
sity. If consequential  at all, the management  im- 
plication of  these changes involve issues of  tim 
cumulative impacts as a function of  the spatial and 
temporal  scales of  the aquacul ture  activity, and the 
costs and benetits to potentially impacted re- 
sources .  

I,arge-scale disturbances, such as those associat- 
ed with some intensive oyster practices, may induce 
chronic  shifts in the benthic communi ty  by remov- 
ing or reducing the influence of  communi ty  dom- 
inants such as eelgrass or burrowing shrimp, and 
altering the apparen t  amensalistic relationship be- 
tween them. However, disturbance to the larger 
ecosystem cannot  be assessed without: a much 
greater  unders tanding of  habitat associations and 
disturbance tolerance of  noncu l tu red  species; the 
cumulative response of  the system at the actual 
scale of  aquacuhure  disturbance ra ther  than the 
scale of  small exper imental  plots; and the trade- 
offs between benthic comnmnit ies  being modif ied 
and those impacted by aquacul ture  activities, both  
of  which have valid ecological, economic,  and cul- 
tural value. At present,  we are not  equipped  with 
the essential tools required  to unders tand  these 
complex interactions, particularly at the ecosystem 
level. We suggest that an impor tan t  initial step to- 
ward resolving this pred icament  would be devel- 
o p m e n t  of  conceptual  models of  ecosystem inter- 
actions among impor tan t  estuarine processes and 
communit ies  that (:an both incorporate  natural 
and an thropogenic  disturbance and be scaled 
across an estuarine ecosystem. 

Conflicts among resource-dependent  industries 
and o ther  socioeconomic concerns  such as tourism 
require inanagement  of  environmenta l  effects at 
the ecosystem rather  than the site level (Folke and 
Kautsky 1989). In most cases, tmders tanding the 
disturbance nature  of  intertidal aquacul ture  is no 
different  than assessing the impact of  increased 



loading o f  organic wastes and o ther  chemicals 
(e.g., antibiotics) f rom net  pert and pond  culture. 
Informat ion from baseline or  reference  condi- 
tions, relevant physicochemical processes (e.g., 
flushing rates, source and sink processes), and 
temporal and spatial variation are critical to pre- 
dicting the scope of  impacts and the ecosystem re- 
sponse (Pil!ay 1992). 

ACKNOW[ ,I:I)GMENTS 

We thank Brett Dumbauld and the Washington Department 
of Fisheries, Nahcotta laboratory, for access to historical data; 
the Pacific County Historical Society and llwaco Heritage Foun- 
dation for historical photographs and expert direction; Joe 
Marsh, United States ka-my Corps of Engineers ,~atde District, 
for assistance in accessing aerial photographs for Willapa Bay; 
and especially Blake Feist and Cathy Schwartz for exceptional 
graphics abilities. Finally, but most importantly, we especially ac- 
knowledge Ken Chew, Dan Doty, Marcus Duke. Brett Dum- 
bauld, Guy Fontanelle,.James l.oworn, Annette Olson, Charles 
Peterson, Martin Posey, Gordon Thayer, Ron l 'tmm, Doug 
Thompson, and two anonymous reviewers for their critical com- 
ments on various versions of the manuscript. 

LITERATIJRE CITED 

ALBRIGHI', R AND D. ARMSTRON(;. 1982. Corophium spp. produc- 
tivity in (;rays Harbor, Washington. Final report to United 
States Army Corps Engineers-Seattle District, DACW67-80-C- 
0091. Seattle, Washington. 

ANDFRSON, G. J., M. B. MILLER, AND K. CHEW. 1982. A guide to 
Manila clam aquaculture in Puget Sound. Washington Sea 
(;rant Technical Report WSG 82-4, University of Washington, 
Seattle, Washington. 

ARMSTRONt;, A. N. 1857. Oregon: Comprising a brief history 
and full description of the territories of Oregon and Wash- 
ington. C. Scott and Co., Chicago, Illinois. 

ARMSTRON(,, D. A. AND D. R. GUNDERSON. 1985. The role of 
estuaries in Dungeness crab early life history: A case study in 
(;rays HarboL Wa.shington, p. 145-170. In B. Melteff ted.), 
Proceedings of the Symposium on Dungeness Crab Biology 
and Management. I,owell Wakefield Fisheries Symposia Series 
No. 3. Alaska Sea Grant Report No. 85-3. 

ARMS'I'RON(;, I). A. AND R. E. MtLt.EMAN. 1974. Effects of the 
insecticide carbaryl on clams and some other intertidal mud 
flat alaimals. Journal of the Fishe~Tes Research Board of Canada 31 : 
46(V-469. 

AI'W,VrER, B. E 1987. Evidence for great Holocene earthquakes 
along the outer coast of Wasl'fington State. ,Science 236:942- 
944. 

BALDWIN, J. R. AND J. R. LOVVORN. in press. Major expansion 
of seagrass habitat by the exotic Zostera japonica, and its use 
by dabbling ducks and brant in Boundary Bay, British Colum- 
bia. Ma,ine t'2colo~ Progress Se~es. 

BAe,_';~RT, R. E., M.J. Bo~1), AxnJ. E. I)EQt:I~Qt:Aa ". 1992. The 
ecology of tlumholdl Bay, California: An estuarine profile. 
Ignited States Department of Interior, Technical Report Se- 
ries, Biological Report 1. Washington, D.(;. 

Bxm_~, E. W. 1982. Population dynamics of the thalassinidean 
shrimps and their community eftecLs through sediment mod- 
ification. Ph.D. Dissertation, University of Maryland, College 
Park, Maryland. 

BOESCII, D. E, R.J. DIAZ, ANI) R. W. VIRNSTEIN. 1976. Effects of 
tropical storm Agnes on soft-bottom macrobenthic commu- 
nities of the James and York estuaries and the lower Chesa- 
peake Bay. Science. 17:246-259. 

BRENCIIIJ"Y, G. A. 1981. Disturbance and community structure: 

Benthic Disturbance by Intertidal Aquaculture 67 

An experimental study of bioturbation in marine soft bottom 
communities. Journal of Ma)ine Research 3(.):767-790. 

BROOKS, K. M. 1993. Changes in arthropod and molIusk pop- 
ulations associated with the application of Sevin to control 
burrowing shrimp in Willapa Bay, July to September, 1992. 
Report prepared for Pacific County Economic Development 
Council, Aquatic Environmental Sciences, Port Townsend, 
Washington. 

BUCHANAN, D. V., D. C. BOTTOM, AND D. A. ARMSTRONG. 1985. 
The controversial use of the insecticide SEVIN in Pacific 
Northwest estuaries: Its effects on Dungeness crab, Pacific oys- 
ters, and other species, p. 401--417. In B. Melteff ted.), Pro- 
ceedings of the Symposium on Dungeness Crab Biology and 
Management. I,owell Wakefield Fisheries Symposia Series No. 
3. Alaska Sea Grant Report No. 85-3. 

BURROWING SHRIMP CONTROl. COMMITI'H.'. 1992. Findings and 
reconnnendations and an integrated pest management plan 
for the control of burrowing shrimp on commercial oyster 
beds in Willapa Bay and Grays I larboL Washington State. Re- 
port prepared for Grays llarbor Board of County Commis- 
sioners, Pacific County Boa,'d of County Commissioners, and 
Directors of WDE WDOA, and SDOE. 

CARI.FI'ON, J. Y., G. M. Rt;tz, AND R. A. EvEv,~'rr. 1991. The 
structme of benthic estuarine comnmnities associated with 
dense suspended populations of the introduced Japanese oys- 
ter Crassostrea gigas: Years 1 and 2. Final report to South 
Slough National Estuarine Reserve. 

CHAMBERS,J. S. 1970. Investigation of chemical conuol of ghost 
shrimp on oyster grounds, 1969-1963, p. 25-62. In Ghost 
shrimp control experiments with SEVIN, 1960-1968. Wash- 
ington Department of Fisheries. Technical Report No. 1. 
Olynq)ia. Washington. 

CHENEV, D. P. AXD T. E Mt:MVORI),.IR. 1986. Shellfish and sea- 
weed harvests of Puget Sound. University of Washington 
Press, Seattle, Washington. 

CONNELL, J. H. 1978. Diversity in tropical rain forests and coral 
reefs. Science 199:1302-1310. 

CouI.I, B. C. AYD R. J. FELLER. 1988. Site-to-site variability in 
abundance of meiobenthic copepods along a tidal gradient 
over 24 hours. Hvdrobiologia 167/168:477-483. 

CmXNDEI.t, D. R. 1965. The glacial history of western Washing- 
ton and Oregon, p. 341-353. In H. E. Wright and D. G. Frey 
(eds.), The Quaternary of the United States. Princeton Uni- 
versity Press, Princeton, New Jersey. 

1)'AMouRs, I). 1987. Trophic phasing of juvenile chum sahnon 
(Oncorhynchus keta Walbauln) and harpacticoid copet)ods in 
the Fraser River estuary, British Columbia. Ph.D. Dissertation, 
University of British Columbia, Vancouver, British Columbia, 
Canada. 

D'AMOLRS, D. 1988. Vertical distribution and abundance of ha- 
tam harpacticoid copepods on a vegetated tidal flat. Nether- 
lands Journal of Sea Hesearch 22:161-170. 

DA'r; J. W., JR., C. A. S. tlALI., W. M. KE'MP, AND A. YArqt~z-ARAN- 
CLgIA. 1989. Estuarine Ecology.Johla Wiley & Sons, New York. 

I)AvroN, R K. 1971. Competition, disturbance, and community 
organization: The provision and subsequent utilization of 
space in a rocky intertidal community. Ecological Monographs 
41:351-389. 

DECHO, A. W. AND J. W. FLEE(;ER. 1988. Microscale dispersion 
of meiobenthic copepods in response to food-resource l)atch - 
iness. Journal of Experimental Marine Biolog U and Fcology 118: 
229-243. 

DE VL,tS, .J. 1982. De effecten van de kokkelvisserij op de bo- 
de,nfatma van Waddenzee en Oosterschelde. Rijkinstitut voor 
Natuurbeheer. Texel, The Netherlands, RIN-rapport 82/19. 

I)OTY, D. C. 1990. Comparison of carharyl pesticide impacts on 
Dungeness crab (Cancer magiste)) versus benefits of improved 
habitat derived from oyster culture in Willapa Bay, Waslfing- 



68  C.A. Simenstad and K. L. Fresh 

tOll. M.S. Thesis, University of Washington, Seattle, Washing- 
ton. 

DOWNINO, J. 1983. The coast of Puget Sound: Its processes and 
development. Washington Sea Grant Program, University of 
Wa~shington Press, Seattle, Washington. 

DUMBAULI), B. R., D. ARMSTRONG, D. DOTY, AND K. DURANTE. 
1989. The use of carbaryl to control burrowing shrimp in 
Willapa Bay. Summary Report, 1989, Centennial Clean Water 
Fund Grant for Pacific County Conservation District, Wash- 
ington State Conservation Commission, School of Fisheries, 
University of" Washington, Seattle, Washington. 

1)UMBAULD, B. R., O. -['UH'S, D. A. ARMS*I'RONG, AND M. H. POSEY. 
1992. Tile effect of burrowing shrimp and the pesticide cm= 
baryl on tire benthic community in Willapa Bay, Washington 
(abstract). 46th Annual Meeting, Pacific Coast Oystergrowers 
Association and Pacitic Coast Second National Shellfisheries 
Association, Newport, Oregon, September 17-19. 

DUNFORD, W. E. 1975. Space and food utilization by salmonids 
in marsh habitats of tile Fraser River estuary. M.S. Thesis, 
University of British Columbia, Vancouver, British Columbia, 
Canada. 

EBE~ItARDT, I t. 1966. The Oysterman: Adventures and Ideas on 
a Journey through Life. Vantage Press, New York. 

FARBER, S. AND R. COSTANZA. 1987. The economic value of wet- 
lands systems. Jou~vml of l'nvi~vnnumtal Managen~nt 24:41-51. 

FINI)I~\Y, R. H., E. WA'ILING, AND I-  M. MAYER. 1995. Environ- 
mental impact of salmon net-pen culture on marine benthic 
communities in Maine: A case study. Estuaries 18:125-135. 

FOI.K, R. L. 1965. Petrology of Sedimentary Rocks. Hemphill 
Publishing Co., Anstin, "I~xas. 

FOLKE, C. AND N. I~U'rSKY. 1989. The role of ecosystems for a 
sustainable development of aquaculture. Ambio 18:234-243. 

FOt.KE, C. AND N. KAUTSKY. 1992. Aquaculture with its environ- 
rnent: Prospects for sustainability. Ocean-Coastal Management 
17:5-24. 

G.~d~rSOVV, P. S. 1929. The oyster industry of tile Pacific coast 
of the United States. United Stales Department of Commerce, 
Bureau of Fisheries, Document No. 1066:367-400. Washing- 
ton, D.C. 

(2,ODCHARL}'S, M. E 1971. A study of the effects of a commercial 
hydraulic clam dredge on henthic conmnmities in estuarine 
areas. Technical Series No. 64, State of Florida, Department 
of Natural Resomces, Marine Reseal:ch I.aboratory, St. Pe- 
tersburg, Florida. 

(.JtfNI)ERSON, D. R., D. 11. ARMSTRONG, Y-B. SHI, AND R. A. 
McCONNAt'GHEY. 1990. Patterns of estuarine use by juvenile 
English sole (Parophr~s vetulus) and Dungeness crab (Cancer 
magis~) . Estuaries 13:59-71. 

HARRISON, E G. 1987. Natural expansion and experimental ma- 
nipulation of seagrass (Zostera spp.) abundance and the re- 
sponse of iufaunal invertebrates. Estua~ine, Coastal and Shelf 
Science 24:799-812. 

IIE~L}'Y, M. C. 1979. Detritus and juvenile salmon production 
in the Nanaimo estuary: I. Production and feeding rates of 
juvenile chum sahnon ( Oncorhynchus keta). Journal of the Fish- 
ertes Research Board of Canada 36:488-496. 

HEW, C. H. R. AND E H. NIENIIUIS (EDS.). 1992. Proceedings of 
the 26th European Marine Biology Symposium, Biological Ef- 
fects of Disturbances on Estuarine and Coastal Marine Envi- 
ronments. Netherlands Journal of Sea Research 30. 

}t~RAI., M. 1991. Approaches de la capacitg trophique des 6co- 
systbmes conchyliocoles: Synth6se hibliographique, p. 48-62. 
In S. J. Lockwood (ed.), The Ecology. and Management As- 
pects of Extensive Mariculture. International Council for the 
Exploration of the Sea, Marine Science Symposium 192. 

I liCKS, G. R. E 1988. Sediment rafting: A novel mechanism for 
the small-scale dispersal of intertidal estuarine meiofauna. 
Marine Ecology Progress Series 48:69-80. 

IIK;KS, G. R. E AND B. C. COULL. 1983. The ecology of mariue 

meiobenthic harpacticoid copepods. Oceanography and Marine 
Biology Annual Review 21:67-175. 

HUECKlq., G., B. BENSON, D. PENI-IIIA, A. RF~.MAN, K. I J, AND R. 
BUCI~J~EY. 1988. Pilot studies on Sevin impacts to marine fish 
in Willapa Bay and Grays Harbor in 1987-1988. Washington 
State Department of Fisheries, Marine Fish Program, Habitat 
Investigations Unit, Olympia, Washington. 

IIURLBERr, E. F. 1986. Conu-ol of burrowing shrimp on oyster 
beds in Willapa Bay and Grays Ilarhor, 1984. Washington De- 
partment of Fisheries Special Shellfish Report No. 2, Olympia, 
Washington. 

JAY, D. A. AND C. A. SIMENSTAI). 1994. Downstream effects of 
water withdrawal in a small, high-gradient river basin: Erosion 
and deposition on the Skokomish River delta. Estuaries 17: 
702-715. 

KERN, J. C. AND G. L. TAGIION. 1986. Can passive recruitment 
explain harpacticoid copepod distributions in relation to epi- 
benthic structure? Journal of Experimental Marine Biology and 
Ecology' 101:1-23. 

FaNtail, T. 1951. The Oyster Industry of Willapa Bay, Washing- 
ton. The Tribune, Ilwaco, Washington. 

EEVINGS, C. D., A. ERV1K, P. JOHANNES,SEN, AND J. AL'RE. 1995. 
Ecological criteria used to help site fish farms in ijords. Es- 
tuaries 18:81-90. 

I,FVY, D. A. AND T. G. NOKI'HCO'IE. 1982. Juvenile salmon resi- 
dency in a marsh area of the Fraser River estuary. Canadian 
Journal of Fisl~ries and Aquatic Sciences 44:1233-1246. 

LINDSAY, I). E. 1961. Pesticide tests in the marine environment 
in the State of Washington. Proceedings of the National Shel~sh- 
eries Association 52:87-97. 

LO(',KWOOD, S. J. (ED.). 1991. The Ecolog-y and Management 
Aspects of Extensive Mariculture. International Council for 
the Exploration of the Sea, Marine Science Symposium 192. 

I,UBCliENCO, J., A. M. OI^'-;ON, L. B. BRt'BAKI'2R, S. R. CARPENTER, 
M. M. HOLLAND, S. P. ttt,BB}:kl, S. A. LF.XqN,J. A. MACMAIION, 
P. A. MATSON,J. M. MINELLO, H. A. MOONEY, C. H. PETERSt)N, 
H. R. PULI.IAM. L. A. RKAI., EJ. RFA(;AI, AND E G. RISER. 1991. 
The sustainable biosphere initiative: An ecological research 
agenda. Ecology 72:371-412- 

I,UDWIG, D., R. HILBORN, AND C. WALTFRS. 1993. Uncertainty, 
resource exploitadon, and conservation: Lessons from histo- 
ry. Science 260:17-36. 

MA(;OON, C. AND R. VININ(;. 1981. Introduction of Shellfish 
Aquaculture in the Puget Sound Region. Washington State 
Department of Natural Resources. Seattle, Washington. 

McDoNALD, I ,  1966. Coast Country. A History of Southwest 
Washington. Binsford and Mort, Portland, Oregon. 

Mr:MILI.AN, R. O. 1991. Abundance, settlement, growth, and 
habitat use by juvenile Dungeness crab, Cancer ma~st~ in in- 
land waters of northern Puget Somad, Washington. M.S. The- 
sis, University of Washington, Seattle, Washington. 

MINKS, R. 1971. A history of the native oyster industry of Shoal- 
water Bay, Washington (1851-1928). M.S. Thesis, University 
of Washington, Seatde, Washington. 

MORAN, D. 1). AND M. I.. RF.AKA-KuI)I~A. 1(t91. Ef|~cts of distur- 
bance: Disruption and enhancement of coral reef cryptofau- 
nal populations by hurricanes. Coral-Reefs 9:215-224. 

MOt;NT, M. AND E W. OEHME. 1981. Carharyl: A literature r-e- 
view. Residue Revieu,s 80:1-65. 

MURPHY, R. C. 1985. Factors affecting the disu'ibution of the 
introduced bivalve, Mere~m~a mere~enmia, in a California la- 
g o o n - T h e  importance of bioturbation. Journal of Marine Re- 
search 43:673-692. 

MURPHY, R. C. AND J. N. KI~MER. 1992. Benthic community 
metabolism and the role of deposit-feeding callianassid 
shrimp, fournal of Marine Research 50:321-340. 

NICI1OI~S, F. I-1. AND M. M. PAMATMAT. 1988. The ecology of the 
soft-bottom benthos of San Francisco Bay: A community pro- 



file. Biological Report 85 (7.23), United States Fish and Wild- 
life Service, Washington, D.C. 

NISIIlTANI, 1,., G. ERICK.SON, ANt) K. IC CIIEW. 1988. PSP re- 
search: hnplications for Puget Sound, p. 392-399. In Pro- 
ceedings of the First Annual Meeting on Puget Sound Re- 
search, Puget Sound Water Quality Authority, Seattle, 
Washington. 

NtXON, S. W., C. A. OvlArr, J. FRITIISEN, AND B. SULLIVAN. 1986. 
Nutrients and the productivity of estuarine and coastal ma- 
rine ecosystems. Journal of the Limnological Society South Afiica 
12:43-71. 

NORTHCOTE, T. G., N. T. JOItNSON, AND K. TSUMURA. 1979. 
Feeding relationships and food web su'ucture of lower Fraser 
River fishes. Westwater Research Centre TecImical Report 16. 
University of British Columbia, Vancouver, British Cohnnbia, 
Canada. 

PAINE, R. T. 1979. Disaster, catastrophe, and local persistence 
of the sea pahn Postelsia palmaeformis. Science 205:685-687. 

PALMER, M.A. 1984. Invertebrate drift: Behavioral experiments 
with intertidal meiobenthos. Marine Behavior and Physiology 10: 
235-253. 

PALMER, M. A. 1988. Dispersal of marine meiofauna: A review 
and conceptual model explaining passive transport and active 
emergence with implications for recruitment. MaTqn,e Ecology 
Progress Se*ies 48:81-91. 

PEARCY, W. G. 1992. Ocean ecology of North Pacific salmonids. 
Washington Sea Grant Program, University of Washington, Se- 
attle, Washington. 

PEPE, C. AND G. PLEWS. 1991. Microbiological and chemical 
contaminants in Puget Sound shellfish, p. 208-219. In Pro- 
ceedings Puget Sound Research '91, Puget Sound Water 
Quality Authority, Olympia, Washington. 

PETEP, SON, C. tI. 1977. Competitive organization of the soft- 
bottom macrobenthic communities of southern California la- 
goons. Marine Biology 43:343-359. 

PETF.RSON, C. II. 1984. Does a rigorous criterion for environ- 
mental identity preclude the existence of multiple stable 
points? American Naturalist 124:127-133. 

PETERSON, C. tl. 1990. On the role of ecological experimen- 
tation in resource management: Managing fisheries through 
mechanistic understanding of predator feeding behavior, p. 
821-846. In R. N. Hughes ted.), Behavioral Mechanisms of 
Food Selection. Springer-Verlag, Heidelberg, Germany. 

PFTFRSON, C. H. 1993. Improvement of environmental impact 
analysis by application of principles derived from manipula- 
tive ecology: Lessons from coastal marine case histories. Aus- 
tralian Journal of Ecology 18:21-52. 

PE'rERSOr% C. II. AND R. BLACK. 1987. Resource depletion by 
active suspension feeders on tidal flats: Influence of local den- 
sity and tidal elevation. Limnology and Oceanography 32:143- 
166. 

PETERSON, C. H. AND N. M. PETERSON. 1979. The ecology of 
intertidal flats of North Carolina: A community profile. I'~WS/ 
OBS-79/39, United States Fish and Wildlife Service, Office of 
Biological Services, Slidcll. Louisiana. 

PETERSON, C. H., H. C. SUMMERSON, AND S. R. FFGI.EY. 1987. 
Ecological consequences of mechanical harvesting of clams. 
Ftshcries Bulletin 85:281-298. 

PIIII,I,IPS, R. C. 1984. The ecology of eelgrass meadows in the 
Pacific Northwest: A community profile. I'~WS/OBS-84/24, 
United States Fish and Wildlife Service, Division Biological 
Services, Washington, D.C. 

Pn.taw, T. V. R. 1992. Aquaculture and the Environment. tIal- 
sted Press, John Wiley & Sons, New York. 

POSEY, M. 11. 1986a. Changes in a benthic community associ- 
ated with dense beds of a burrowing deposit feeder Calli- 
anassa caEtfarniensis. Marine Ecology Progress Series 31:15-22. 

POSEu M. H. 198611. Predation on a burrowing shrimp: I)istri- 

Benthic Disturbance by Intertidal Aquaculture 69  

button and community consequences. Journal of FxpeHmental 
Marine Biology and Ecology 103:14.'3-161. 

POSEr, M. 1 t. 1987. Influence of relative mobilities on the com- 
position of benthic communities. MaT~ne Ecology Progress Series 
39:99-104. 

POSEY, M. tl. 1988. Conmmnity changes associated with the 
spread of an introduced seagrass, Zosterajaponica. Ecology 69: 
974-983. 

POSEY, M. H., B. R. DUMBAULD, ANt) D. A. ARMSTRONG. 1991. 
Effects of burrowing mud shrimp, Upogebia pugettensis (Dana), 
on abundances of macro-infauna. ,]ournal of Experimental Ma- 
rine Biology and Fcology 148:283-294. 

PREGNALL, M. M. 1993. Regrowth and recruitment of eelgrass 
(Zost~a marina) and recovery of benthic community structure 
in areas disturbed by commercial oyster culture in the South 
Slough National Estuarine Research Reserve, Oregon. M.S. 
Thesis, Bard College, Annandale-On-Hudson, New York. 

Q~:AVLE, D. B. 1988. Pacific oyster culture in British Columbia. 
Canadian Department of Fisheries and Oceans, Bulletin Fish 
anti Aquatic Sciences, No. 218. 

REn.t,v, S. B. 1981. Population assessment and population dy- 
namics of the California gray whale (Eschrichtius robustus). 
Ph.D. Dissertation, University of Washington, Seattle, Wash- 
ington. 

SAYCI,', C. AND C. C. I~XRSON. 1965. Willapa Bay oyster studies. 
Annual Progress Report (April 28, 1964 to June 1, 1965). 
State of Washington, Department of Fisheries, Olympia, 
Washington. 

SCHtEWER, U. AND E. A. ArkxD'I'. 1990. Round table discussion 
on "Perspectives in estuary research and management." Lim- 
nologica 20:199-200. 

SCIIOI.Z, A., C. JONES, R. WESTLEX,; AND D. TUFIS. 1984. Im- 
proved techniques for culturing Pacific oysters (Crass0strea gi- 
gas). A summary of studies conducted by the Washington De- 
partment of Fisheries since 1955. Completion Report, State 
of Washington, Department of Fisheries, Olympia, Washing- 
ton. 

SHO'I'WEI.t., J. A. 1977. The Willapa Estuary. Backgrotmd studies 
for the preparation of a management plan. Department of 
Public Works, Planning Division, Pacific County, Washington. 

NIMENSTAD, C. A. 1983. The ecology of estnarine channels of 
the Pacific Northwest Coast: A conmmnity profile. FWS/OB~ 
83/05, United States Fish and Wildlife Service, Division of 
Biological Services, Washington, I).C. 

StMENS'rAD, C. A. AND J. R. CORDELI,. 1989. Effects of sevin ap- 
plication on littoral flat meiofauna: Preliminary sampling on 
Willapa Bay, June- |uly 1988. FRI-UW-8904, Fisheries Research 
Institute, University of Washington, Seattle, Washington. 

SIMENSTAI), C. A., J. R. CORI)EEt,, AND L. A. WEITKAMP. 1991. 
Effects of substrate modification on littoral flat meiofauna: 
Assemblage structure changes associated with adding gravel. 
FRI-UW-9124, Fisheries Research Institute, University of 
Washington, Seattle, Washington. 

SIMENSTAD, C. A.,J. R. CORDFEI. R. C. WISSMAR, K. I,. FREStt, S. 
SCIIRODFR, M. CARR, AND M. BERG. 1988. Assemblage struc- 
ture, microhabitat distribution, and food web linkages of epi- 
benthic crustaceans in Padilla Bay National Estuarine Re- 
search Reserve, Washington. FRI-UW-8813, Fisheries 
Research Institute, University of Washington, Seattle, Wash- 
ington. 

SIMENSIAI), C. A., K. L. FRESII, AND E. O. SAEO. 1982. The role 
of Puget Sound and Wasltington coastal estuaries in the life 
history of Pacific salmon: An unappreciated function, p. 343- 
364. In V. S. Kennedy ted.), Esmarine Comparisons. Academ- 
ic Press, New York. 

StMEYSTAD, C. A., D. A. JAv, AND C. R. SHERWOOD. 1992. Impacts 
of watershed management on land-margin ecosystems: The 
Columbia River estuary as a case study, p. 266--306. In R. J. 
Naiman ted.), Watershed Management: Balancing Sustain- 



70 C.A. Simenstad and K. L. Fresh 

ability and Environmental Change. Springer-Verlag, New 
York. 

SIMENSTAD, C. A., B. S. MII,LER, C. F. NYBI~M)F, K. TIIORNBIJRGII, 
:,ND L.J. BLEDSOE. 1979. Food web relationships of northern 
Puget Sound and the Strait of,}uan de Fttca: A synthesis of 
the available knowledge. United States Environmental Protec- 
tion Agency, Document Research Report EPA-600/7-79 259. 

SIMENSrA1), C. A., L. A. WEITI;a\MP, AND J. R. CORDEI.I.. 1993. 
Effects of substrate modification on littoral flat epibenthos: 
Assemblage structure changes associated with predator exclu- 
sion nets. FRI-UW-9310, Fisheries Research Institute, Univer- 
sity of Washington, Seattle, Washington. 

SIMENSTAD, C. A. AND R. C. WI.qSMAR. 1985. ~3C evidence of 
the origins and t~ttes of organic carbon in esmarine and nem~ 
shore marine tbod webs. Marine l".cology" Progress Series 22:141- 
152. 

SNOW, ('. 1). AND N. E. STEWART. 1963. Treatment of Tillamook 
Bay oyster beds with MGS-90 (SEVIN). Information Report, 
Fish Commission of Oregon, Portland, Oregon. 

SOUSA, W. P. 1984. The role of disturbance in natural com- 
munities. Annual Review of Ecology" and Systematics 15:353-391. 

STEELE, E. N. 1964. The immigrant oyster (Ostrea gigcas) now 
known as the Pacific oyster. Warren's Quick Printing, Olym- 
pia, Washington. 

STEVENS, B. A. 1929. Ecological observations on Callianassidae 
of Puget Sound. Ecology" i0:399-405. 

STEWART, N. E., R. E. MII.1.EMANN, AND W. P. BREESE. 1967. 
Acute toxicity of the insecticide Sevin and its hydrolytic prod- 
uct 1-Naphthol to some marine organisms. Transactions of the 
American Fisheries &)ciety 96:25-30. 

SUCH.*.'qEK, "12 If. 1983. Control of seagrass communities and 
sediment distribution by Callianassa (Crustacea, Thalassinid- 
ea) bioturbation. Journal of Marine Research 41:281-298. 

SWAN, J. G. 1857. The Northwest Coast, or Three Years' Resi- 
dence in Washington Territory_ t larper and Brothers, New 
York. 

"I'.~C;ATZ, M. E., J. M. Ivru ti. K. HEttMAN, AND J. L. OGLFSBY. 
1979. Effects of SEVIN on development of experimental es- 
tuarine communities. Journal of 7bxicolo~ and Environmental 
Health 5:643-651. 

THISTLE, D. 1981. Natural physical disturbances and commu- 
nities of marine soft bottoms. Ma~ine l'col~ogy, l'ro~'ess S~'rim 6: 
223-228. 

THOM, R. M. 1984. Composition, habitats, seasonal changes 
and productivity of macroalgae in (;rays Harbor Estuary, 
Washington. Estuaries 7:51-60. 

TnoM, R. M., T. PARKWEI.L, D. NWOGI, AND I). SHa~;FrLER. In 
revision. Effects of gravel placement on estuarine tidal fla! 
i)rimary productivity, respiration and nutrient tlux. Marine Bi- 
ology'. 

THOMPSON, D. S. 1995. Subsn-ate additive studies for d~e de- 
velopment of hardshell clam habitat in waters of Puget Sound 
in Washington state: An analysis of effects on recruitn~ent, 
growth, and survival of the Manila clam, Tapes phihppinarum, 

and on the species diversity and abundance of existing ben- 
thic organisms, tfstua~4es 18:91-107. 

TIIOMPSON, D. AN'I~ W. COOKE. 1991. Enhancement ofhardshell 
dam habitat by beach graveling, p. 521-527. In. Proceedings 
Puget Sound Research '91, Puget Sound Water Quality Au- 
thority. 

TOBA, D., D. S. TIIOMPSON, K. CIIEW, G. J. ANI)FRSON, AND M. 
B. MILLER. 1992. Guide to Manila clam cuhure. Washington 
Sea Grant, University of Washington, Seattle, Washington. 

TOWNSEND, C. II. 1893. Report of observations respecting the 
oyster resources and oyster fishery of the Pacific coast of the 
United States, p. 34,'3-372. [n Report of the Comulissioner, 
Part XVII, United States Commission of Fish and Fisheries, 
Washington, D.C. 

Turfs, D. E (v.r~.). 1989. The use of the insecticide SFNIN to 
control burrowing shrimp in Willapa Bay and (;rays Harbor 
in 1986. Special Shellfish Report No. 4, Washington Depart- 
ment of Fisheries, Olympia, Washington. 

Tt:vrs, D. F. (F.I).). 1990. Control of burrowing shrimp in Wil- 
lapa Bay and (;rays Harbor in 1987. Special Shellfish Report 
No. 5, Washington Department of Fisheries, Olympia, Wash- 
ington. 

W:mDELt., J. 1964. The effect of oyster cuhure on eelgrass, Zos- 
tera marina I,, growth. M.S. Thesis, Humboldt State College, 
Arcata, California. 

WASItINGTON DEPARrMENT OF FISHERIES/WASHINGTON DEPART- 
M~;NT O~ ECOLO~,V. 1985. Use of the insecticide carharyl to 
comrol ghost and mud shrimp in oyster beds of Willapa Bay 
and Grays IIarbor. Final Environmental Impact Statement. 
Washington Department of Fisheries and Wa~shington De- 
partment of Ecology, Olympia, Washington. 

WASIIINGTON DEPARTMFNT OF FISHERIES/WASItINGTON DEPART- 
XaENT OF ECOLOGY. 1992. Use of the insecticide carbaryl to 
control ghost and mud shrimp in oyster beds of Willapa Bay 
and Grays Harbor. Supplemental Environmental hnpact  
Statement, Washington Department of Fisheries and Wash- 
ington Department of Ecology, Olympia, Washington. 

WASHIN(;rI'ON DEPARTMENT OF FISIIERIES. 1988. The enhance- 
ment of hardshell clam production by beach graveling. Final 
Environmental hnpact Statement. Washington Department of 
Fisheries, Olympia, Washington. 

W~zrrKAMP, L. A., R. C. WI~MAR, C. A. SIMENSTAI), K. L. FRESH, 
A,\DJ. G. OI~ELI,. 1992. Gray whale foraging on ghost shrimp 
(CaUianassa califfa-n~nsis) in littoral sand flats of Puget Sound, 
WA. Canadian Journal of Zoolog,i 70:2275-2280. 

WOL~-V, W.J. 1973. The estuary as habitat. Zoologische Verhande- 
lingen (Leiden) 126. 

WOLF~, W.J. 1990. Anthropogenic influences and management 
of estuaries. Limnol%nca 20:153-156. 

WOODI.EY, J. D. 1992. The incidence of hm-ricanes on the north 
coast of Jamaica since 187(/: Are the classic reef descriptions 
atypical? Hydrobiologia 247:133-I 38. 

Received for considontion, December 27, 1993 
Accepted for publication, April 13, 1994 


